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Preface

...and what never frees us from the cost of knowledge, which is to act on what we know
again and again

Marge Piercy, American poet

Curative or preventive therapies for human and animal diseases would provide
optimal benefit, not only to individual patients in terms of quality and quantity of
life but as well to the healthcare system in minimizing the need for chronic and
often very expensive treatments and supportive measures. Preventive therapies in
the form of vaccines have been termed our “most effective public health measures,'”
yet their development provides limited economic incentive. Other preventive thera-
pies may be restricted to small subsets of patients who have a relatively high prob-
ability of manifesting disease, such as prophylactic mastectomy/oophorectomy in
patients with known high-risk mutations for breast and ovarian cancers (e.g., BRCA
mutation positive patients). While these measures are critically important to the
patients, the savings to the healthcare system are much more modest. In contrast to
therapeutic proteins such as monoclonal antibodies that address peripheral media-
tors of disease (e.g., TNF inhibitors), curative therapies, aimed at the underlying
pathophysiology of the disease (e.g., RA), remain elusive despite renewed emphasis.?
These unfortunate circumstances highlight the need for optimal, not just effective,
therapeutics to bridge the gap between an effective but expensive and chronically
administered therapeutic and a curative therapy for diverse clinical entities. Thus,
while the approval of a new therapeutic protein for an unmet clinical need is always
an important advance, once approved, there appears to be limited impetus to improve
the clinical performance of the initial product even though the means and ways to
do so may be known and feasible. The advent of “biosimilars” and their economic
impact (captured in the chapter by Berndt et al.) will hopefully change this land-
scape and offer strong economic incentive for development of biobetters.

'Bulletin of the World Health Organization, Volume 86 Number 2, February 2008, 81-160
2http://www.ncats.nih.gov/funding-and-notices/can/can.html
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This book was conceived to address the bridge to curative therapies, to improve
upon the gains of current therapeutics by enhancing their efficacy and safety pend-
ing the development of curative therapies. We have focused on two types of thera-
peutic proteins as providing illustrations for important concepts pertaining to
biobetters: monoclonal antibodies, the most rapidly growing class of therapeutic
proteins, and therapeutic enzymes for lysosomal storage diseases, therapeutics
which are frequently the sole treatments for rare and often rapidly fatal “inborn
errors of metabolism.”

The means to enhance pharmacokinetics (PK), to prevent degradation in the
in vivo environment, to minimize immunogenicity, and to enhance product efficacy
without incurring novel safety issues are common aspirations for both types of ther-
apeutic proteins. While enhancements in PK by technologies such as pegylation are
important improvements, especially for maximizing dosing interval, and thus
important for patient quality of life, the gains to be accrued from more highly effec-
tive therapies, both to the patient and to the healthcare system, are the key focus of
this book. Thus, the chapters regarding the means to enhance efficacy, such as
improved targeting to critical target tissues (e.g., penetrating the blood—brain barrier
in the absence of inflammation; targeting muscle with its low expression of critical
receptors for therapeutic enzymes), minimizing immunogenicity via protein engi-
neering or tolerance induction regimens, optimizing affinity of mAbs for receptors
or improving effector function via engineering of CDR and Fc regions, respectively,
or via employment of novel scaffolds, are of key importance.

Of course, great caution is warranted in such undertakings, as it may be possible
to be too “biobetter.” For example, sustained activity of some therapeutic protein
hormones may have unintended outcomes if downstream mediators which are key
factors in induction/proliferation of malignancies are induced and sustained at high
levels rather than having a transient exposure profile. For enzyme deficiency disor-
ders, sustained prolonged activity of the therapeutic enzyme leading to efficient and
near complete substrate depletion has the potential to cause serious problems. For
example, in the setting of Gaucher Disease, an overly efficient enzyme replacement
therapy (ERT) could cause rapid conversion of glucocerebrosides to ceramides,
high levels of which may cause cellular apoptosis. Similarly, in phenylketonuria
(PKU), there is concern that an overly active phenylalanine lyase could drop phe-
nylalanine to such low levels that protein production may potentially be limited in
younger children and those with metabolic stress. As to monoclonal antibodies and
their derivatives, the design of biobetters should take into account the fact that
higher affinities do not necessarily translate to clinical benefit and that new con-
structs targeting multiple pathways (e.g., bispecifics) should be carefully evaluated
for their potential to generate unintended adverse effects. Use of preclinical animal
models of diseases as well as carefully conducted clinical studies to test more highly
active biobetters should mitigate against the specter of “too biobetter.”

We would like to conclude with a reminder of addressing great efforts from a
great President facing a monumental task, that of President John F. Kennedy in
considering a program to put a human on the moon. In considering the magnitude
of the effort, he said, “We choose to go to the moon. We choose to go to the moon
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in this decade and do the other things, not because they are easy, but because they
are hard, because that goal will serve to organize and measure the best of our ener-
gies and skills, because that challenge is one that we are willing to accept, one we
are unwilling to postpone, and one which we intend to win....” Unlike putting a
human on the moon, we already have the ways and means and knowledge to opti-
mize our therapeutic protein products. So let us too proceed to utilize the best of our
energies, skills, and knowledge to improve therapeutic proteins to optimize clinical
outcomes for suffering patients.

Silver Spring, MD, USA Amy Rosenberg
South San Francisco, CA, USA Barthélemy Demeule
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Part I
Therapeutic Enzymes



Targeting Glucocerebrosidase to Macrophages
for Effective Treatment of Patients

with Gaucher Disease: Setting the Paradigm
of a “Fit for Purpose’ Approach to Enzyme
Replacement Therapy

Roscoe O. Brady

Gaucher disease is one of the most prevalent hereditary metabolic storage disorders
of humans. A patient with an enlarged spleen was described by the French medical
student Phillipe C. E. Gaucher who thought she had a splenic neoplasm (Gaucher
1882). Brill (1901) suggested that patients with such a presentation represented a
familial disorder. It was reported that the spleen of these patients contained a
hyaline-like material (Marchand 1907). Lieb (1924) believed that the accumulating
material in the spleen was galactocerebroside. However, the optical rotation of the
sugar released by acid hydrolysis was inconsistent with this assumption. Aghion
(1934) demonstrated that glucocerebroside was the substance that accumulated
(Fig. 1a). The kinetics of the formation of glucocerebroside was found to be normal
in patients with Gaucher disease (Trams and Brady 1960). It was postulated that the
metabolic defect in these patients was of a catabolic nature. Several years later, an
enzyme was discovered in mammalian organs that catalyzed the hydrolytic cleav-
age of glucose from glucocerebroside (Brady et al. 1965a) (Fig. 1b). Reduced activ-
ity of this enzyme was shown to be the cause of Gaucher disease (Brady et al.
1965b, 1966). The possibility of overcoming the insufficient glucocerebrosidase by
enzyme replacement was proposed (Brady 1966).

I wished to obtain a human source of glucocerebrosidase if it were possible. One
evening it occurred to me that the placenta might be useful in this regard. The next
day I homogenized some fresh placental tissue and found that it did indeed contain
glucocerebrosidase. My colleagues and I were able to obtain small amounts of com-
paratively pure glucocerebrosidase from this tissue (Pentchev et al. 1973). When we
injected it into two patients with Gaucher disease, we found a significant decrease
in the quantity of glucocerebroside that had accumulated in the liver (Brady et al.
1974). Moreover, there was marked decrease of the elevated glucocerebroside that

R.O. Brady, M.D. ()

National Institute of Neurological Disorders and Stroke, National Institutes of Health,
Building 10 Room 3D03, Bethesda, MD 20892-1260, USA

e-mail: bradyr @ninds.nih.gov
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a GLUCOCEREBROSIDE
SPHINGOSINE —— GLUCOSE
FATTY ACID
b

GLUCOCEREBROSIDASE

SPHINGOSINE— GLUCOSE + H,O— SPHINGOSINE + GLUCOSE

FATTY ACID FATTY ACID

Fig. 1 (a) Accumulating material in Gaucher Disease. (b) The catabolism of glucocerebroside is
initiated by the enzyme glucocerebrosidase

was associated with red blood cells in the circulation (Brady et al. 1974). Of particu-
lar interest was the lengthy period of time following the injection of glucocerebro-
sidase before glucocerebroside associated with red blood cells rose toward
pre-injection levels (Pentchev et al. 1975).

We were quite surprised when next patient we treated with glucocerebrosidase
showed an insignificant clearance of glucocerebroside. We discovered that she had
accumulated 24 times the quantity of glucocerebroside in her liver than the first
recipient and 11 times more than the second. We realized we would have to improve
our purification procedure in order to obtain sufficient quantities of glucocerebrosi-
dase to treat such patients. We achieved this goal by developing a technique to iso-
late the enzyme based on the incorporation of two hydrophobic column
chromatography steps in the purification procedure (Furbish et al. 1977). We were
quite startled with the findings when we injected enzyme purified in this fashion
into seven patients with Gaucher disease. Three of the patients had significant
reductions of glucocerebrosidase but four showed no change at all. This was not
caused by any lack of catalytic activity of the preparation. Glucocerebroside specifi-
cally accumulates in macrophages (Kupffer cells) in the liver. We suspected that we
probably were not targeting the glucocerebrosidase to macrophages that are
involved in biodegrading sphingolipids arising from rapidly turning over cells such
as white and red blood cells and blood platelets. We felt that the inability to deliver
glucocerebrosidase to macrophages was caused by the requirement to treat the pla-
cental extract with butanol in order to remove lipids that prevented the binding of
glucocerebrosidase to the hydrophobic columns. Among the lipids that were
extracted by this method was phosphatidylserine that had two specific effects on
glucocerebrosidase. It was shown by Dale et al. (1976) and Choy (1984) that it
markedly stimulated the activity of this enzyme. Moreover, Schroit et al. (1984)
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Abbreviations: Gal = galactose; Man = mannose; L-Fuc = fucose;
GlcNAc = N-acetylglucosamine; NeuNAc = N-acetylneuraminic acid

Fig. 2 Carbohydrate unit of native glucocerebrosidase

discovered that phosphatidylserine was specifically recognized by macrophages.
We tried to re-lipidate glucocerebrosidase that had been purified by hydrophobic
column chromatography with phosphatidylserine but achieved only modest success
in increasing its delivery to macrophages in which glucocerebroside accumulates.
Thus, my associates and I embarked on a different approach to target glucocer-
ebrosidase to macrophages. It was known that macrophages have a lectin (carbohy-
drate binding protein) on their surface that has a high affinity for mannose-terminal
oligosaccharides (Stahl et al. 1978). Glucocerebrosidase is a glycoprotein with four
oligosaccharide side chains, three of which have a complex array of sugars termi-
nating with N-acetylneuraminic acid that shields three underlying mannose residues
(Takasaki et al. 1984) (Fig. 2). A series of investigations was undertaken to deter-
mine whether altering the oligosaccharide chains of glucocerebrosidase to expose
such mannose residues would affect the cellular uptake of the enzyme. We sequen-
tially removed the three external moieties of the oligosaccharide chains with
exoglycosidases (Fig. 3) producing the mannose-terminal glycoform of glucocere-
brosidase (Fig. 4) (Furbish et al. 1978, 1981; Steer et al 1978; Brady and Furbish
1982). We discovered that mannose-terminated glucocerebrosidase was taken up by
macrophages 50 times more effectively than native placental glucocerebrosidase.
We began to administer glucocerebrosidase modified in this fashion intravenously
to patients with Gaucher disease. The first trial consisted of seven adults and one
child with Gaucher disease. Only the child showed evidence of benefit (Barton et al
1990). We realized that we should have carried out a dose-response study before
such a trial. We therefore undertook that investigation and found that a consistent
reduction of accumulated glucocerebroside was obtained by administering 60 IU of
mannose-terminal glucocerebrosidase per kg of body weight. An investigation of
this amount of enzyme administered to 12 patients with Gaucher disease revealed
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highly beneficial responses in all recipients. There was a reduction of the size of the
enlarged liver and spleen, an increase in blood platelets, an increase in hemoglobin
and improvement of the skeleton in all recipients (Barton et al. 1991). Based on
these findings, enzyme replacement therapy was approved by the U.S. Food and
Drug Administration (FDA) for patients with Gaucher disease on April 5, 1991. It
was quickly realized that the collection and processing of sufficient placentas to
treat all of the patients with Gaucher disease who required this therapy would be
extremely difficult, if not impossible. The Genzyme Corporation decided to pro-
duce the enzyme by recombinant technology in Chinese hamster ovary cells in large
bioreactors. The oligosaccharide side chains of glucocerebrosidase obtained in this
process also required modificationin the same manner as the placental
glucocerebrosidase. Recombinant glucocerebrosidase was approved for the treat-
ment of patients with Gaucher disease by the U.S. FDA in 1994. It was shown to be
as effective as oligosaccharide-modified placental glucocerebrosidase (Grabowski
et al. 1995).

More than 6,000 patients with Gaucher disease throughout the world are now
being successfully treated with macrophage-targeted glucocerebrosidase. Other
hereditary metabolic disorders affect different target tissues bearing different lectins
and thus, will require related procedures to deliver a therapeutic protein to treat
those conditions effectively. Alternatively, genetic regulation of the activity of the
glycotransfereases involved in creating the glycoforms of required enzymes may
evolve as a useful strategy to obtain effective products.

References

Aghion A (1934) La maladie de Gaucher dans I’enfance. These, Paris

Barton NW, Furbish FS, Murray GJ, Garfield M, Brady RO (1990) Therapeutic response to intra-
venous infusions of glucocerebrosidase in a patient with Gaucher disease. Proc Natl Acad Sci
U S A 87:1913-1916

Barton NW, Brady RO, Dambrosia JM, DiBisceglie AM, Doppelt SH, Hill SC, Mankin HJ, Murray
GJ, Parker RI, Argoff CE, Grewal RP, Yu K-T (1991) Replacement therapy for inherited
enzyme deficiency—macrophage-targeted glucocerebrosidase for Gaucher’s disease. N Engl J
Med 324:1464-1470

Brady RO (1966) The sphingolipidoses. N Engl J Med 275:312-318

Brady RO, Furbish FS (1982) Enzyme replacement therapy: specific targeting of exogenous
enzymes to storage cells. In: Martonosi AN (ed) Membranes and transport, vol 2. Plenum,
New York, pp 587-592

Brady RO, Kanfer J, Shapiro D (1965a) The metabolism of glucocerebrosides. 1. Purification and
properties of a glucocerebroside-cleaving enzyme from spleen tissue. J Biol Chem 240:39-42

Brady RO, Kanfer JN, Shapiro D (1965b) The metabolism of glucocerebrosides. II. Evidence of an
enzymatic deficiency in Gaucher’s disease. Biochem Biophys Res Commun 18:221-225

Brady RO, Kanfer JN, Bradley RM, Shapiro D (1966) Demonstration of a deficiency of
glucocerebroside-cleaving enzyme in Gaucher’s disease. J Clin Invest 45:1112-1115

Brady RO, Pentchev PG, Gal AE, Hibbet SR, Dekaban AS (1974) Replacement therapy for inher-
ited enzyme deficiency: use of purified glucocerebrosidase in Gaucher’s disease. N Engl J Med
291:989-993

Brill NE (1901) Primary splenomegaly with a report of three cases occurring in one family. Am J
Med Sci 121:377-392



8 R.O. Brady

Choy FYM (1984) Gaucher disease: the effects of phosphaticylserine on glucocerebrosidase from
normal and Gaucher fibroblasts. Hum Genet 67:432-436

Dale GL, Villacorte DG, Beutler E (1976) Solubilization of glucocerebrosidase from human
placenta and demonstration of a phospholipid requirement for its catalytic activity. Biochem
Biophys Res Commun 71:1048-1053

Furbish FS, Blair HE, Shiloach J, Pentchev PG, Brady RO (1977) Enzyme replacement therapy in
Gaucher’s disease: large-scale purification of glucocerebrosidase suitable for human adminis-
tration. Proc Natl Acad Sci U S A 74:3560-3563

Furbish FS, Steer CJ, Barranger JA, Jones EA, Brady RO (1978) The uptake of native and desi-
alylated glucocerebrosidase by rat hepatocytges and Kupffer cells. Biochem Biophys Res
Commun 81:1047-1053

Furbish FS, Steer CJ, Krett NL, Barranger JA (1981) Uptake and distribution of placental gluco-
cerebrosidase in rat hepatic cells and effects of sequential deglycosylation. Biochim Biophys
Acta 673:425-434

Gaucher PCE (1882) De 1I’épithélioma primitif de la rate. Thése de Paris

Grabowski GA, Barton NW, Pastores G, Dambrosia JM, Banerjee TK, McKee MA, Parker C,
Schiffmann R, Hill SC, Brady RO (1995) Enzyme therapy in Gaucher disease type 1: compara-
tive efficacy of mannose-terminated glucocerebrosidase from natural and recombinant sources.
Ann Intern Med 122:33-39

Lieb H (1924) Cerebrosidespeicherung bei Splenomegalie Typus Gaucher. Ztschr Physiol Chem
140:305-313

Marchand F (1907) Uber Sogennante idiopathische Splenomegalie (Typus Gaucher). Munchen
med Wchnschr 54:1102-1103

Pentchev PG, Brady RO, Hibbert SR, Gal AE, Shapiro D (1973) Isolation and characterization of
glucocerebrosidase from human placental tissue. J Biol Chem 248:5256-5261

Pentchev PG, Brady RO, Gal AE, Hibbert SR (1975) Replacement therapy for inherited enyzme
deficiency. Sustained clearance of accumulated glucocerebroside in Gaucher’s disease follow-
ing infusion of purified glucocerebrosidase. ] Mol Med 1:73-78

Schroit AJ, Tanaka Y, Madsen J, Fidler 1J (1984) The recognition of red blood cells by
macrophages: role of phosphatidylserine and possible implications of membrane phospholipid
asymmetry. Biol Cell 51:227-238

Stahl PD, Rodman JS, Miller MJ, Schlesinger PH (1978) Evidence for receptor-mediated binding
of glycoproteins, glycoconjugates, and lysosomal glycosidases by alveolar macrophages. Proc
Natl Acad Sci U S A 75:1399-1403

Steer CJ, Furbish FS, Barranger JA, Brady RO, Jones EA (1978) The uptake of agalacto-
glucocerebrosidase by rat hepatocytes and Kupffer cells. FEBS Lett 91:202-205

Takasaki S, Murray GJ, Furbish F, Brady RO, Barranger JA, Kobata A (1984) Structure of
N-asparagine-linked oligosaccharide units of human placental beta-glucocerebrosidase. J Biol
Chem 259:10112-10117

Trams EG, Brady RO (1960) Cerebroside synthesis in Gaucher’s disease. J Clin Invest 39:
1546-1550



Challenges of Enzyme Replacement Therapy:
Poor Tissue Distribution in Lysosomal
Diseases Using Pompe Disease as a Model

Priya S. Kishnani

After over two decades of concept studies, animal model studies, and safety trials,
the FDA approved the first human enzyme replacement therapy (ERT) for Gaucher
disease type I, a lysosomal storage disease (LSD), in 1991 (Barton et al. 1991). The
therapeutic enzyme effectively lowered buildup of glycosylceramide in the liver,
spleen, and bone marrow, among other tissues, resulting in notable clinical improve-
ments including reduced organomegaly, and improvements in hematologic, and
skeletal parameters. This landmark achievement marked not only the progress
towards reaching a life-saving treatment for Gaucher disease, one of the most com-
mon LSDs, but also planted the seeds of hope that ERT could be utilized for the
other LSDs. To date, seven LSDs are being treated with ERT including
Mucopolysaccharidosis I (MPS I), MPS II, MPS IV, MPS VI, Gaucher disease,
Fabry disease, and Pompe disease. For Gaucher disease there are three different
ERTs currently approved and two oral medications that reduce substrate accumula-
tion. For Fabry disease there are two approved ERTs. Several other disease-specific
ERTs are currently in development (Table 1).

ERT has revolutionized treatment for patients with LSDs, dramatically improving
lifespan, increasing overall quality of life, and diminishing the extent of organ
involvement. Despite this progress, certain challenges have been identified in patients
receiving ERT due to a number of factors including the following: minimal or no
enzyme delivery to all necessary target sites; delay in diagnosis enabling substrate
buildup with often irreversible consequences prior to the start of ERT; inability of the
therapeutic enzyme to reach certain sanctuary sites, including the central nervous
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system (CNS), bone, and cartilage (Hollak and Wijburg 2014); and immune responses
to the exogenous enzyme abrogating its effectiveness, especially in patients who are
cross-reactive immunologic material (CRIM) negative.

These therapeutic deficiencies are evidenced in varying ways in the different
LSDs. In Gaucher disease, patients receiving ERT can still experience osteopenia,
pulmonary infiltrates, mesenteric lymphadenopathy, Gaucheromas (Gaucher-cell
pseudo tumors), seizures, Parkinson-like symptoms, and pulmonary hypertension
(Bennett and Mohan 2013; Poll and Vom Dahl 2009). An increased incidence of
multiple myeloma is also present, which is believed to be caused by elevated levels
of IL-6 causing clonal expansion of B cells (Rosenbloom et al. 2005). ERT, unable
to cross the blood-brain barrier, fails to halt neurologic symptoms in the neurono-
pathic subtype of Gaucher disease (Schiffmann et al. 2008), MPS I, and MPS II
(Muenzer 2014). In Fabry disease, an LSD caused by a deficiency of the enzyme
alpha-galactosidase A resulting in glycosphingolipid buildup in vascular endothe-
lium, ERT with agalsidase alfa reduces and/or stabilizes symptoms of neuropathic
pain, nephropathy, and cardiomyopathy (Eng et al. 2001). Nonetheless, even with
ERT, patients with Fabry disease continue to experience complications such as renal
failure, strokes, arrhythmias, proteinuria, chronic neuropathic pain, and myocardial
fibrosis. Likely contributing to therapeutic failure is inefficient delivery to certain
target sites, and development of antibodies with neutralizing activity to ERT in male
patients with Fabry disease (Linthorst et al. 2004). Finally, myocardial fibrosis, a
common finding in older patients with Fabry disease, may be present prior to treat-
ment initiation and creates a hurdle, sometimes a barrier, to the efficacy of exoge-
nous enzyme (Weidemann et al. 2013, 2014).

The mucopolysaccharidoses, another subgroup of LSDs, have also encountered
both successes and shortcomings through ERT (Muenzer 2014). In patients with
MPS L, I, and IV, complications of the heart, skeletal system, lungs, and gastrointes-
tinal tract (organomegaly, hernias) visibly improve with ERT (Noh and Lee 2014). At
the same time, several symptoms tend to persist with ERT, including cardiac valve
disease (stagnation of mitral/aortic valve stenosis; progressive aortic valve regurgita-
tion), skeletal/joint disease (dysostosis multiplex), and airway disease (Muenzer
2014) likely attributable to failure of ERT to penetrate such tissues sufficiently. As in
neuronopathic Gaucher disease, the CNS is an elusive treatment area highlighted in
MPS and neurological progression persists despite ERT (Noh and Lee 2014).

In infantile Pompe disease (IPD), ERT with alglucosidase alfa has changed the
natural history of the disease. Improvements in cardiac and motor function have
been observed in long-term survivors of IPD. However a new emerging phenotype
is evident due to the longer term survival of these patients which includes proximal
and distal myopathy, sensorineural hearing loss, risk for arrhythmias, hypernasal
speech, dysphagia (with risk for aspiration), ptosis, and osteopenia (Jones et al.
2010; Nicolino et al. 2009; Yanovitch et al. 2010; Prater et al. 2012) again portray-
ing lack of effective penetration/activity of ERT in critical target tissues. A study of
long-term ERT in IPD patients indicates that skeletal muscle damage persists in
patients despite ERT, including those started within the first month of life (albeit to
a lesser extent than in patients who start ERT at an older age) (Prater et al. 2013).
There is also involvement of the anterior horn cells, and other CNS manifestations
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including delayed processing speed that is noted in long term IPD survivors
(Spiridigliozzi et al. 2013). Residual deficits in late onset Pompe disease treated
with ERT include respiratory insufficiency and difficulty walking and/or climbing
(Kobayashi et al. 2010; Strothotte et al. 2010).

Such persistent debilitating complications seen in LSDs treated with ERT exem-
plify how ERT, although a monumental step towards improving the quality of life
for patients, is not optimal and certainly not curative.

Present efforts towards bridging the gap between currently available therapies and
a cure for LSDs are best viewed through the lens of our collective experience with
Pompe disease. About 9 years after ERT was established for Gaucher disease, clini-
cal trials for ERT in Pompe disease unfurled with very promising results. The intra-
venous administration of alglucosidase alfa (GAA) for Pompe disease blazed the
trail as proof of concept for ERT use in neuromuscular disorders. Pompe disease, a
true disease spectrum, presents broadly as an infantile and adult onset form (Kishnani
etal. 2012). Across the continuum of Pompe disease, the enzyme GAA is partially or
completely deficient, leading to the accumulation of glycogen in many tissues, espe-
cially the cardiac, skeletal, and smooth muscles. Since alglucosidase alfa’s approval
by the FDA in 2006, many benefits, challenges, and underlying issues have been
highlighted. ERT dramatically transformed the prognosis for Pompe disease: the
infantile onset form is no longer fatal within the first year of life and the adult onset
form improves or stabilizes instead of worsening in many of the patients treated.
With the adult onset patients living longer and the infantile onset patients surviving
past 1 year, the natural history of the disease spectrum is becoming better understood
and increasingly useful to parallel with other GSDs and LSDs. Although progress
with ERT is notable in Pompe disease, long-term issues stemming from delayed
therapy initiation and/or poor ERT delivery to certain sanctuary sites are becoming
evident. While enhanced newborn screening programs, which aim to target neonates
and infants prior to symptom onset and enable early treatment initiation (Liao et al.
2014), have reduced delayed administration of ERT, residual motor deficits, which
can cause hypotonia and fatigue, are still noted in IPD (Chien et al. 2013).

Pompe disease serves as a useful treatment model for several reasons, including
the applicability of ERT across the whole disease continuum spanning from infan-
tile (severe) to adult (less severe) onset and the multi-systemic nature of Pompe
disease. The efficacy of ERT can be tested on patients of all ages and its effects on
different disease manifestations, i.e., cardiac, skeletal muscle involvement and
respiratory involvement in infantile and late onset disease, can be compared. The
extent of musculoskeletal involvement is also monitored across the disease spec-
trum, particularly in relation to the effect of ERT on its progression and patient’s age
at start of therapy. The infantile presentation, in particular, provides insight into the
long-term effects of treatment, as well as on the importance of early treatment.
Pompe disease especially serves as a beneficial model due to the rapidity of disease
progression: IPD left untreated proves fatal by 1 year of age and the clinical effects
of ERT and of immune responses to ERT are readily apparent. The availability of a
mouse model for Pompe disease is another strong point in this disease. Animal test-
ing enables better understanding of cellular mechanisms of Pompe disease as well
as the effects of potential treatments on said mechanisms.
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Although ERT in Pompe disease has proven to be very successful in many
regards, several limitations exist: the efficiency of ERT distribution and uptake in the
extensive muscular system, inability of ERT to cross the blood-brain barrier, patho-
logical preconditions, defective cellular machinery, and immune responses to
ERT. The biggest challenge remains the enormity of the target organ, muscle. ERT
is required in high doses, 30—100 times greater than in other LSDs, to attempt to
saturate muscle, which makes up 40 % of body mass (Desnick 2004). The heteroge-
neity of the muscular system and the muscle fiber type may also contribute to the
variable response of different tissues. It has been shown that cardiac muscle responds
much better to ERT than skeletal muscle, one theory being that because skeletal
muscle has both an endothelial barrier and endomysium, an exogenously introduced
enzyme may be deterred. Another theory for suboptimal skeletal muscle response
lies in the density of cation-independent mannose 6-phosphate (M6P) receptors
essential for the binding and uptake of ERT into the muscle and trafficking to lyso-
somes. Cardiac muscle tends to have a much higher density of M6P receptors than
does skeletal muscle, corresponding with the level of response to ERT (Raben et al.
2003; Winkel et al. 2004; Zhu et al. 2004). M6P receptors recognize ERT molecules
via their expression of M6P residues, which target them for transport to the lyso-
some and are therefore key in delivering exogenous enzyme to the lysosome for
glycogen degradation.

Biobetters, in which the ERT is engineered to express high levels of bis-mannose
6-P residues, could substantially improve uptake of ERT into skeletal muscle cells,
as could enhancing expression of M6P receptors on skeletal muscle cells. Similar to
the inhibitory effects of the endomysium and endothelial linings surrounding skel-
etal muscle tissue, ERT also cannot cross the blood-brain barrier to break down
glycogen accumulation in the CNS. This section of the book includes a chapter
discussing the means to address CNS penetration of therapeutic proteins.

A number of pathological factors in Pompe disease also govern response to
ERT. The degree of muscular and lysosomal damage present at the time of ERT
administration affects outcome: patients with little damage fare better (Kishnani
et al. 2007). This finding highlights the importance of accurate and early diagnostic
techniques, i.e., newborn screening, which in turn would lead to an early treatment
(Chien et al. 2011; Burton 2012; Shigeto et al. 2011). The muscle fiber type also
contributes to outcome. GAA enzyme breaks down less glycogen in “fast twitch”
type II muscle fibers, whereas “slow twitch” type I muscle fibers tend to undergo
significant glycogen clearance by ERT. In one study, muscle biopsies of eight infan-
tile onset patients who were on ERT showed varied reduction of glycogen accumula-
tion (Thurberg et al. 2006). Those patients who had lower glycogen storage, milder
cellular damage, more type I muscle fibers, and earlier initiation of ERT typically
exhibited better clinical outcome.

Defective autophagy, contributing to disease pathology, is being noted in patients
treated with ERT. Lysosomal storage of substrate has been found to impair proper
autophagic function, which, in both Pompe disease patients and in GAA knock out
mice, correlated to muscle weakness, buildup of dysfunctional mitochondria, and
muscle atrophy (Shea and Raben 2009; Raben et al. 2012; Nascimbeni et al. 2012).
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Although impaired autophagy has historically been more visible in adult cases,
infantile cases reveal autophagic buildup after as early as 6 months of ERT (Raben
et al. 2010). Raben et al. also noted greater autophagosome buildup in human type
II muscle fibers in comparison to the slow twitch type I muscle fibers, leading the
group to believe that defective autophagy may lead to enzymatic buildup within the
autophagosomes thus rendering ERT ineffective (Raben et al. 2007). This may clar-
ify why ERT appears to improve functionality in certain muscles based on the
majority fiber type with type II fibers tending to respond poorly to ERT (Raben et al.
2005).

The development of inhibitory antibodies in response to ERT poses a challenge
to successful sustained enzyme uptake and activity. Patients deemed CRIM positive
have some residual natural enzyme protein production that tolerizes their immune
systems to some extent, whereas those who are CRIM negative lack natural enzyme
protein and therefore tend to mount vigorous immune responses to ERT upon treat-
ment (de Vries et al. 2010; Kishnani et al. 2010). Of note, however, a subset of
CRIM positive patients also develop high-sustained antibody titers (Banugaria et al.
2011). The basis for lack of immune tolerance in such patients, and the ability to
predict which CRIM positive patients will mount such responses is of paramount
interest. Immune tolerance induction (ITI) has been successfully used to abrogate or
prevent development of such antibody responses (Messinger et al. 2012; Lacana
et al. 2012; Banugaria et al. 2013a, b)

In addition for the need to improve targeting of ERT via increased expression of
MG6P residues and receptors, dose is also an issue. The recommended ERT dose of
20 mg/kg every 2 weeks administered to IPD patients seems insufficient for long-
term treatment and is unable to keep pace with the requirements of a developing
child. Cases of clinical plateau and even decline have been documented, and as a
result some patients are now receiving up to 40 mg/kg of ERT once a week or once
every 2 weeks (Prater et al. 2012, 2013). One improvement correlated with an
increased dose is improvement in ptosis (Yanovitch et al. 2010). Other improve-
ments are also being noted such as symptoms of urinary incontinence, reduced
fatigue, and improvements in activities of daily living (PSK personal experience,
manuscript in preparation)

Many efforts to address the myriad of challenges in treating LSDs in addition to
or in place of ERT are currently under development. Immunomodulation, adjunc-
tive therapies, and reduction of defective autophagy supplement current ERT
whereas small molecule chaperone therapy, second generation (biobetter) ERT, and
gene therapy aim to supplant current methods.

‘ERT carried the torch a long way, enabling patients with once-fatal LSDs (such
as classic IPD) to live, and others (such as those with late-onset Pompe disease) to
live with an improved quality of life.” Much has been learned in the context of ERT:
the shortcomings and adverse effects of current therapies such as immune response
and fibrosis in Pompe disease and Fabry disease call for a therapy that bridges the
current improvements to definitive, curative treatments.

ERTs currently available are clearly life-saving. However, they have several limi-
tations as outlined above. Questions remain: does the perfect ERT exist, or could a
fine adjustment of timing, dosage, and/or combination therapy be the missing link?
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The concept of a biobetter, an ERT that would be highly efficient in reducing
substrate burden in all tissues, not just a subset of affected tissues and one that does
not elicit an immune response, would be a clear advance in the field and a boon to
patients. One could envision an ERT that is safe and highly efficacious with the abil-
ity to target all organs affected by disease as a next research milestone in the field.

There are several theoretical methods to achieve these goals, which may become
a reality in the near future. Due to the high demand for enzyme production, glyco-
sylation engineering can be utilized to produce not only a greater quantity of
enzyme, but enzyme with much better expression of product attributes critical for
efficacy such as enhanced levels of M6P moieties.

Inadequate delivery to tissues including the CNS is another problem which could
be altered by engineering ERT with other receptor tags or moieties to allow penetra-
tion of such tissues (Grubb et al. 2008, Pardridge et al. this issue).

Reducing or eliminating the immune response elicited by ERT has been shown
to improve or restore therapeutic efficacy. Protocols to most efficiently induce
immune tolerance to ERT should be pursued. Research considerations for immuno-
modulation include identification of at-risk patients prior to ERT, improving admin-
istration of immune modulation simultaneously with ERT, and development of
protocols to efficiently abrogate an established immune response.

Given the complexity of diseases such as Pompe disease, with numerous mani-
festations that require adjunctive therapy, it is likely that ERT alone will not be suf-
ficient to optimally treat this disease and other LSDs. Indeed, the defective autophagy
in LSDs, characterized by massive autophagic buildup in muscle fibers, muscle
degeneration, the presence and increasing burden of dysfunctional mitochondria,
has a compounding effect. Therapies to mitigate defective autophagy would reduce
substrate burden, enabling ERT's to produce results in a faster manner.

The use of small molecules to treat LSDs is yet another possible therapeutic
option. The stabilization of misfolded proteins may be the cause of enzyme defi-
ciency, where such exist (i.e., in CRIM positive patients), that can be enhanced by
the use of pharmacological chaperones - specific, low molecular weight, hydropho-
bic ligands that bind to and rescue specific misfolded or mistargeted proteins thereby
increasing protein function at the target site and improving clinical benefit. However,
although chaperones aid in the proper formation of the target enzyme, some of these
molecules bind to the active site of the enzyme and thereby act competitively with
the substrate upon which the enzyme is meant to act. If these issues can be addressed,
chaperone therapy may be able to help patients.

Gene therapy, via administration of AAV vectors encoding genes for defective
enzymes may also be able to correct lysosomal storage issues in LSDs. Again, it is
likely that the most effective approach to treatment would involve combining these
treatment approaches, which may address the majority or all of the challenges.

Thus, it is apparent that much critical work remains to be done in order to
optimize therapy for these rare, but devastating diseases.
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Introduction

Pompe disease (OMIM #232300), also known as glycogen storage disorder type II
(GSD II) or acid maltase deficiency, is an autosomal recessive disorder caused by a
deficiency of the lysosomal enzyme acid a-glucosidase (GAA; acid maltase,
E.C.3.2.1.20) (Cori 1952; Hers 1963; Hirschhorn and Reuser 2001). GAA is solely
responsible for hydrolyzing the a-1,4 and a-1,6 linkages in branched glycogen mol-
ecules within the acidic environment of lysosomes (Brown et al. 1970). Because this
is a systemic disorder, the lack of GAA activity results in the aberrant accumulation
of glycogen in numerous cell types, with some cell types being more severely
impacted than others. Notably, striated (cardiac and skeletal) muscle and liver are
more dependent on GAA activity as evidenced by the massive glycogen storage
observed in these tissues (Hirschhorn and Reuser 2001; Malicdan et al. 2008; Shea
and Raben 2009). However, the clinical manifestations of Pompe disease are most
prominent in cardiac and skeletal muscle. Patients exhibit a wide range of pheno-
types, with the onset and clinical course of Pompe disease correlating with the level
of residual enzyme activity. The most severely affected are infants with a complete
loss of enzyme function. This classical infantile form exhibits rapid progression,
and typically death occurs prior to 2 years of age due to cardiomyopathy and cardio-
respiratory insufficiency (van den Hout et al. 2003; Kishnani et al. 2006). In con-
trast, patients with residual enzyme function can survive into adulthood, and
individuals with very mild forms of the disease can live to 60 or 70 years of age. In
this adult or late-onset form of the disease, patients experience progressive skeletal
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muscle weakness, generally without cardiac involvement, and eventually succumb
to respiratory failure as a result of diaphragmatic weakness (Winkel et al. 2005;
Wokke et al. 2008). The clinical heterogeneity observed in this monogenic disease
can be explained, in part, by the diversity of mutations (over 460 sequence variants
of the GAA gene have been reported (see database at www.pompecenter.nl)) that
results in the variable level of GAA activity. The clinical phenotype is further com-
plicated by the fact that most Pompe patients are compound heterozygotes express-
ing two different mutant alleles (Kroos et al. 2012a, b).

The pathogenesis of Pompe disease is complex, and it is not fully understood
why cardiac and muscle cells are more severely impacted by glycogen accumulation
than other cell types. A general picture of the disease process includes: (1) an
increase in the number and size of glycogen-filled lysosomes that mechanically dis-
rupt contractile units, leading to a reduced myofibrillar transmission force, (2) rup-
ture of swollen lysosomes, with the release of their contents (i.e., hydrolytic enzymes
and the massive accumulation of glycogen) into the cytoplasm causing muscle dam-
age (Hesselink et al. 2003; Thurberg et al. 2006), and (3) impaired autophagy and
mitochondrial dysfunction which contribute to muscle damage (Raben et al. 2012).
Currently, the only FDA-approved treatment for Pompe disease is enzyme replace-
ment therapy (ERT) involving bi-weekly intravenous infusion of recombinant
human GAA (thGAA) (Kishnani et al. 2007; Byrne et al. 2011). Clinical studies
have shown that ERT increased the ventilator-free survival of infant-onset Pompe
patients (Kishnani et al. 2006, 2007; Amalfitano et al. 2001). Although administra-
tion of rhGAA reduced hypertrophic cardiomyopathy in these patients, it was less
effective in treating the cellular pathology of skeletal muscle. These results and oth-
ers (Nicolino et al. 2009) are consistent with data from a number of studies in the
Pompe mouse knockout model which show that administration of rhGAA results in
clearance of stored glycogen from liver and cardiac muscle, with only modest effects
observed in skeletal muscle (Raben et al. 1998, 2003; Zhu et al. 2005). Respiratory
failure is the leading cause of morbidity in adult-onset Pompe patients. Given that
the progressive respiratory and proximal muscle weakness cause most adult-onset
Pompe patients to require ambulatory and ventilator support (Hagemans et al.
20054, b; Oba-Shinjo et al. 2009), there is a great need to develop new and improved
treatments aimed at reducing the aberrant glycogen load in skeletal muscle.

Delivery of GAA to Lysosomes

Lysosomes are acidified organelles which break down macromolecules that are
delivered to them by endocytic, phagocytic, and autophagic pathways. The activity
of lysosomes is dependent upon the acquisition of a diverse set of over 60 soluble
acid hydrolases that are capable of degrading a heterogeneous population of proteins,
lipids, and glycans (Holtzman 1989). These hydrolytic enzymes are glycoproteins
that are synthesized in the endoplasmic reticulum. As they travel through the secre-
tory pathway, the acid hydrolases’ N-glycans undergo selective modification and
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Fig.1 Synthesisofthe M6P tag on N-linked glycans. Inthe cis Golgi, GIcNAc-1-phosphotransferase
specifically recognizes newly synthesized acid hydrolases and transfers GlcNAc-1-phosphate from
UDP-GIcNACc to selected mannose residues (blue) on the acid hydrolases’ N-glycans to form the
phosphodiester Man-P-GIcNAc (step 1). In the trans Golgi network, the uncovering enzyme
removes the GlcNAc to generate the phosphomonoester M6P (step 2)

acquire a specific tag, mannose 6-phosphate (M6P), that marks them for delivery to
lysosomes by specific receptors (Kornfeld and Sly 2001; Braulke and Bonifacino
2009) (Fig. 1). In the cis Golgi, UDP-N-acetylglucosamine:lysosomal enzyme
N-acetylglucosamine-1-phosphotransferase (GIcNAc-1-phosphotransferase; EC
2.7.8.17) distinguishes the ~60 acid hydrolases from among the myriad of proteins
traveling through the secretory pathway and adds GIcNAc-1-phosphate to the C-6
hydroxyl group of selected mannose residues to form a phosphodiester, M6P-
GIcNAc (Hasilik et al. 1980; Varki and Kornfeld 1980; Bao et al. 1996; Kudo et al.
2005). In the trans Golgi network (TGN), A second enzyme, N-acetylglucosamine-
1-phosphodiester a-N-acetylglucosaminidase (uncovering enzyme; EC 3.1.4.45),
removes the GlcNAc residue to reveal a phosphomonoester, M6P, that serves as a
high affinity ligand for M6P receptors (MPRs) (Waheed et al. 1981; Varki et al.
1983; Kornfeld et al. 1999; Rohrer and Kornfeld 2001; Do et al. 2002).

MPRs, which are expressed on most cell types, are defined by their unique abil-
ity to bind phosphomannosyl residues. There are two MPRs, the ~46 kDa cation-
dependent MPR (CD-MPR) and the ~300 kDa cation-independent MPR (CI-MPR),
both of which are dimeric type I membrane glycoproteins (Fig. 2). CD-MPR is
encoded by the M6PR gene and has an ~160-residue extracytoplasmic region con-
taining a single carbohydrate-binding domain, termed the MRH domain (Mannose
6-phosphate Receptor Homology). In contrast, CI-MPR is encoded by the /IGF2R
gene and contains a large, ~2,300-residue extracytoplasmic region with 15 contigu-
ous MRH domains, three of which bind carbohydrate (domains 3, 5 and 9)
(reviewed in Kim et al. 2009; Brown et al. 2009). MPRs travel continuously
between the TGN, endosomes, and the plasma membrane during their lifetime
(reviewed in Braulke and Bonifacino 2009). MPRs carry newly synthesized
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Fig. 2 Schematic diagram of the MPR proteins. The 46 kDa CD-MPR and 300 kDa CI-MPR are
type I transmembrane glycoproteins that contain a single hydrophobic membrane-spanning
domain. The CD-MPR is a homodimer with ~70-residue cytoplasmic region and a single extracy-
toplasmic MRH domain that binds the phosphomonoester M6P. The CI-MPR has an ~165-residue
cytoplasmic region and a large extracellular region comprised of 15 contiguous MRH domains.
MRH domains 3 and 9 bind M6P whereas MRH domain 5 of the CI-MPR interacts preferentially
with the phosphodiester (M6P-GIcNAc). For simplicity, only the single polypeptide of the homodi-
meric CI-MPR is shown

M6P-tagged acid hydrolases from the TGN to late endosomal compartments where
the acidic environment of the late endosome causes MPRs to release their cargo.
The hydrolytic enzymes are packaged into lysosomes whereas the receptors recy-
cle back to the TGN to repeat the process or move to the cell surface where the
CI-MPR, but not the CD-MPR, can internalize exogenous ligands (Tong and
Kornfeld 1989; Hoflack and Kornfeld 1985; Distler et al. 1987; Watanabe et al.
1990; Hoflack et al. 1987). Thus, the cell surface internalization of exogenously
supplied ligands, as occurs in ERT, is dependent upon receptor-mediated endocy-
tosis carried out by the CI-MPR.
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The GAA gene encodes a 952-residue precursor protein of 110 kDa. Like the
other soluble acid hydrolases, GAA is a glycoprotein that acquires the M6P tag on
its N-glycans. GAA is a heavily glycosylated protein: it contains seven
N-glycosylation sites, all of which are glycosylated (Hermans et al. 1993). Following
its MPR-mediated delivery to lysosomes, GAA undergoes proteolytic processing to
form the 76 and 70 kDa catalytically active, mature forms of the enzyme found
within lysosomes (Wisselaar et al. 1993; Moreland et al. 2005).

ERT and rhGAA Efficacy

The rationale behind ERT for Pompe disease is based on providing cells with a
functional GAA enzyme. The excessive accumulation of glycogen in cardiac and
skeletal muscle of Pompe patients is caused by insufficient amounts of catalytically
active GAA in the lysosome as a result of a genetic mutation of the GAA gene
(Hirschhorn and Reuser 2001). The ability to deliver adequate levels of functional
GAA to the lysosome by ERT is key for the degradation of the accumulated lyso-
somal glycogen. The goal of reversing the underlying cellular pathology (e.g., aber-
rant glycogen accumulation) is to significantly improve the clinical outcomes for
Pompe patients.

Large-scale production of recombinant human GAA (rhGAA) was obtained in
transgenic rabbit milk (Bijvoet et al. 1999) and Chinese hamster ovary (CHO) cells
(Van Hove et al. 1996). Although administration of thGAA from both origins was
effective in clearing glycogen from cardiac muscle and liver of Pompe mice, ERT
was much less efficient in removing aberrant glycogen stores from skeletal muscle
(Kishnani et al. 2006, 2007; Amalfitano et al. 2001; Raben et al. 2005; Hawes et al.
2007). Currently, ERT using thGAA (alglucosidase alfa, Genzyme Corporation,
Inc.) produced in CHO cells is the only FDA-approved treatment for Pompe dis-
ease. The approved dose of thGAA is 2040 times higher than that used for other
lysosomal storage diseases (20 mg/kg biweekly dose versus between 0.5 and 1 mg/
kg for the lysosomal storage diseases Gaucher, Fabry and mucopolysaccharidosis
I). Injection of this relatively high dose of exogenous rhGAA protein every 2 weeks
is associated with induction of a sustained immune response to the recombinant
enzyme, especially in cross-reactive immunological material (CRIM)-negative
patients (e.g., patients unable to produce native enzyme protein due to deleterious
mutations) (Kishnani et al. 2010; Amalfitano et al. 2001).

Several factors likely contribute to this relatively high dose, which has limited
efficacy in reducing glycogen accumulation in skeletal muscle (Nicolino et al. 2009;
Raben et al. 1998, 2003; Zhu et al. 2005). These include the properties of the tar-
geted tissue itself in which there is a relatively low blood flow to skeletal muscle
tissue compared to liver, heart and other tissues, and the expression level of CI-MPR,
which is low in skeletal muscle cells (Wenk et al. 1991; Funk et al. 1992). In addi-
tion, thGAA has only about 0.9-1.2 mol M6P per mole of enzyme and only a small
fraction of rhGAA glycans contain two M6P moieties (McVie-Wylie et al. 2008;
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Yang et al. 1998). Because glycans with a single M6P bind CI-MPR exhibit a lower
affinity than glycans containing two phosphomannosyl residues (Tong et al. 1989;
Tong and Kornfeld 1989; Varki and Kornfeld 1983; Bohnsack et al. 2009), the exist-
ing thGAA preparations used for ERT are not efficiently targeted to the lysosome
via receptor-mediated endocytosis due to their low affinity interaction with the
CI-MPR on the cell surface.

Inrecent years, several strategies described below have been employed to address
the limitations of the existing ERT for Pompe disease, with the ultimate goal of
reducing glycogen accumulation in skeletal muscle of Pompe patients and thereby
eliminating the need for ambulatory and ventilator support.

Glycoengineering of rhGAA

Because the existing thGAA preparations produced in CHO cells have a low
content of M6P, several strategies have been used to increase the number of phos-
phomannosyl groups on rhGAA, including enzymatic modification of thGAA,
chemical conjugation of synthetic glycans onto thGAA, and production of hGAA
in engineered yeast strains followed by enzymatic modification of the glycans.
These studies tested the hypothesis that increased M6P content on thGAA will
increase its affinity of interaction with CI-MPRs, and result in higher amounts of
intravenously administered thGAA being internalized by CI-MPRs and delivered
to lysosomes.

Stepwise Enzymatic Modification of rhGAA

The N-glycans of acid hydrolases undergo a two-step modification in the Golgi to
acquire the M6P tag: (1) GIlcNAc-1-phosphotransferase recognizes a lysine-
containing, conformation-dependent motif unique to soluble acid hydrolases and
adds GlcNAc-1-phosphate to selected mannose residues to form a phosphodiester,
M6P-GIcNAc (Hasilik et al. 1980; Varki and Kornfeld 1980; Reitman and Kornfeld
1981a, b; Bao et al. 1996; Cuozzo et al. 1998; Kudo et al. 2005), and (2) uncovering
enzyme removes the GIcNAc residue to generate the phosphomonoester, M6P. The
cloning and expression of recombinant GlcNAc-1-phosphotransferase (Kudo and
Canfield 2006) and the purification of the uncovering enzyme (Kornfeld et al. 1998;
Do et al. 2002) allowed for the generation of a form of thGAA with a higher M6P
content (referred to as HP-GAA) using the enzymes that in vivo normally modify
GAA’s N-glycans. thGAA was produced in CHO-KI cells that were cultured in the
presence of the a-mannosidase inhibitor kifunensine, and the purified thGAA con-
taining high mannose-type glycans was incubated sequentially in vitro with recom-
binant GlcNAc-1-phosphotransferase and purified uncovering enzyme (Chavez
et al. 2007). Although this HP-GAA preparation had increased M6P content com-
pared to thGAA produced in non-kifunensine-treated CHO cells (~3.5 mol/mol for
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HP-GAA versus ~1.3 mol/mol for CHO-GAA), a higher level of glycans containing
two M6P, and bound CI-MPR in vitro with higher affinity than CHO-GAA, testing
of this hyper-M6P variant revealed that it was no more effective than the CHO-
GAA at clearing accumulated glycogen from the tissues of Pompe mice (McVie-
Wylie et al. 2008). The authors hypothesized that this was due to HP-GAA
presenting additional mannose residues that led to the nonproductive sequestration
of the infused enzyme by mannose receptors on endothelial cells and/or fibroblasts,
rather than GAA being internalized via CI-MPRs on the desired skeletal muscle
cells. Although three different doses (i.e., 20, 60 and 100 mg/kg) were used in these
studies (McVie-Wylie et al. 2008), the use of a broader range of doses in their pro-
tocol may have revealed differences in the efficacy of the different thGAA
preparations.

Chemical Conjugation of Synthetic Glycans onto rhGAA

Synthetic glycans of the high mannose-type bearing M6P have been conjugated to
the N-glycans of hGAA produced in CHO cells using several different chemistries.
Key to this approach is that the catalytic activity and stability of GAA must remain
intact following the coupling chemistry and conjugation (Zhou et al. 2011), and
with no significant negative impact on the enzyme’s pharmacokinetics. In addition,
the method must be suitable for large-scale manufacture if it is to be used for
ERT. Cheng and co-workers synthesized a bi-antennary glycan containing six man-
nose residues, with the two terminal mannose residues being phosphorylated and in
an al,2-linkage to the penultimate mannose. The design of the glycan was based on
the higher affinity of the CI-MPR for a1,2-linked terminal M6P residues compared
to «l,3- and «al,6-linked M6P-containing glycans (Distler et al. 1991), and
CI-MPR’s higher affinity for glycans bearing two M6P residues rather than one
(Tong et al. 1989; Tong and Kornfeld 1989; Varki and Kornfeld 1983; Bohnsack
et al. 2009). In addition, the design of this bi-antennary glycan lacking free terminal
mannose residues, in contrast to HP-GAA, was chosen to reduce the potential inter-
action of the glycan with mannose receptors present on other cell types, such as
endothelial cells. The synthetic glycan was conjugated to periodate-oxidized sialic
acid residues of thGAA using either carbonyl-coupled hydrazone chemistry (neo-
rhGAA) (Zhu et al. 2004, 2005) or carbonyl-coupled oxime chemistry (oxime-neo-
rhGAA) (Zhu et al. 2009). Both approaches resulted in the modified thGAA
exhibiting a higher affinity for the CI-MPR than the unmodified enzyme.
Importantly, in comparison to the unmodified rhGAA, neo-thGAA and oxime-neo-
rhGAA displayed an increase in cellular uptake both in vitro and in vivo, and an
increase in glycogen clearance from muscle (heart, diaphragm, quadriceps, and
triceps) of the Pompe mouse. Together, these studies show that the cellular uptake
and delivery of rhGAA to lysosomes can be improved by providing high-affinity
ligands for the CI-MPR.

Zhou et al. has extended these studies by synthesizing a series of glycans with
mono-, di-, tri-, tetra-, or hexamannoses containing one or two phosphates
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(Zhou et al. 2013). The synthesized glycans were attached to an o or f aminooxy
linker, then conjugated to oxidized terminal sialic acid residues of rhGAA. The
results showed that the p-linked hexamannose with two phosphates was superior to
the a-linked hexamannose with two phosphates with respect to receptor-mediated
cellular uptake and glycogen clearance in the Pompe mouse. Importantly, a two to
fourfold improvement in the efficacy of glycogen clearance in quadriceps was
observed for the f-linked hexamannose with two phosphates compared to
rhGAA. The authors suggest that the p-linked hexamannose may mimic the natu-
rally occurring N-glycans that are attached to the core GlcNAc via a f3 linkage.

Chen and co-workers have recently generated synthetic glycans containing M6P
phosphomonoesters and/or M6P-GlcNAc phosphodiesters (Liu and Chen 2011;
Liu et al. 2013). Because the CI-MPR contains three carbohydrate-binding
domains, with MRH domain 3 and MRH domain 9 specific for M6P and MRH
domain 5 specific for M6P-GIcNAc (Song et al. 2009; Bohnsack et al. 2009)
(Fig. 2), the aim here is to generate high affinity ligands that interact with the
CI-MPR in a multivalent fashion. To date, these synthetic glycans have not yet
been evaluated for binding to the CI-MPR. Additional studies are needed to deter-
mine whether these glycans will prove useful for enhancing CI-MPR-mediated
uptake of thGAA by muscle cells.

Designer Yeast Strains Plus Glycosidase Treatment

Rather than producing rhGAA in mammalian cells, Tiels et al. took another approach
using yeast strains Yarrowia lipolytica and Pichia pastoris that have been “human-
ized” to express human-type Man8/Man9-containing glycans rather than the hyper-
mannosylated glycans typically found in yeast (Tiels et al. 2012). Yeast synthesize
MG6P containing N-glycans on their secreted and cell wall-associated mannoproteins
as phosphodiesters that are capped with a mannose (Ballou 1975), rather than with
a GlcNAc residue as found on mammalian acid hydrolases. It should be noted that
yeast do not express MPRs and do not use phosphomannosyl residues to target their
acid hydrolases to lysosomes (vacuoles). However, this N-glycan biosynthetic path-
way of yeast provides a template for generating M6P-containing recombinant acid
hydrolases. The challenge in the field had been identifying a method to efficiently
remove the capping mannose residue, thereby revealing the M6P phosphomonoes-
ter. Tiel et al. recently solved this problem by identifying and solving the crystal
structure of an enzyme from the bacterium Cellulosimicrobium cellulans that has
this uncapping activity (Tiels et al. 2012). rhGAA purified from an optimized M6P-
Man-modifying Y. lipolytica strain (yrhGAA) was incubated with the newly discov-
ered uncapping enzyme (CcGh92_5) followed by a-mannosidase. a-mannosidase
treatment was performed to remove terminal, non-phosphorylated mannose resi-
dues, thereby reducing the overall mannose content as a means to decrease the like-
lihood of mannose receptor-mediated clearance of the infused recombinant enzyme.
yrthGAA was found to have a 15-fold higher M6P content than alglucosidase alfa
(Myozyme®) and showed improved therapeutic efficacy compared to Myozyme®
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with respect to CI-MPR-mediated uptake by Pompe patient cells and glycogen
clearance from heart, but not quadriceps muscle, in the GAA-knock out mouse
model of Pompe disease. However, only a single dose (i.e., 20 mg/kg once a week
for 4 weeks) was evaluated in these studies (Tiels et al. 2012). Additional dosing
regimens and glycoengineering may be warranted in this system to obtain glycogen
clearance from skeletal muscle.

Generation of rhGAA with a Peptide-Based Tag (IGF-2)

ERT for the FDA approved treatments of six different lysosomal storage diseases is
dependent upon glycan recognition of the recombinant enzyme, with CI-MPR being
the receptor targeted in five out of the six lysosomal storage diseases (Brady 2006).
The large-scale production of glycoproteins such as acid hydrolases that rely on
specific glycosylation for their biological activity (e.g., M6P-dependent lysosomal
targeting) is challenging due to the heterogeneity of glycans and the influence cul-
ture conditions can have on glycosylation. A glycosylation-independent strategy
has been developed to target acid hydrolases to the lysosome that takes advantage of
the multifunctional nature of the CI-MPR: in addition to its three carbohydrate-
binding MRH domains, the CI-MPR binds the small (~7.5 kDa) polypeptide insulin-
like growth factor 2 (IGF-2) with high affinity (K;=~1-2 nM) via its MRH domain
11 (Brown et al. 2008). This novel peptide-based strategy was developed by
LeBowitz et al. and involved the generation of a cDNA construct encoding a chime-
ric protein in which a portion of IGF-2 was fused to the acid hydrolase -glucuronidase
(hGUS) (LeBowitz et al. 2004), which is the enzyme deficient in the lysosomal
storage disease mucopolysaccharidosis VII (MPS VII). The resulting chimeric pro-
tein was efficiently internalized into cultured MPS VII fibroblasts by binding to
CI-MPR’s IGF-2 binding site. Importantly, in vivo studies showed that the IGF-2-
tagged hGUS was more effective than untagged hGUS at delivering active enzyme
to a wide range of cell types (LeBowitz et al. 2004).

In a recent report, this approach was applied to Pompe disease in which the
IGF-2 tag was fused to the N-terminus of rhGAA to create a chimeric enzyme
(BMN 701) that binds to the CI-MPR with high affinity (Maga et al. 2013). BMN
701 is delivered more effectively to lysosomes of L6 myoblasts in vitro and infusion
of BMN 701 into Pompe mice greatly increases clearance of accumulated glycogen
in skeletal muscle tissue compared to equivalent doses of thGAA. BMN 701 is
more potent than untagged rhGAA in muscle tissue glycogen clearance: in most
muscle tissues examined, BMN 701 doses of 5 mg/kg led to greater clearance of
glycogen than untagged thGAA doses of 20 mg/kg. Furthermore, BMN 701 appears
to be most effective in clearing glycogen from heart, soleus, tibialis anterior, exten-
sor digitorum longus, gastrocnemius, and quadriceps. Unlike thGAA produced in
CHO cells in which only a small fraction (<5 %) of its glycans bear M6P (Tiels
etal. 2012), every BMN 701 enzyme contains the IGF-2 tag. This contributes to the
finding that BMN 701 is internalized and delivered to the lysosome 26-fold more
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efficiently than thGAA, enabling BMN 701 to be about fivefold more effective than
rhGAA in its ability to clear glycogen from skeletal muscle of Pompe mice (Maga
et al. 2013).

This approach has also been shown to be successful in cell-based assays for
another lysosomal storage disorder, mucopolysaccharidosis type IIIB (MPS IIIB or
Sanfilippo B syndrome). Fusion of IGF-2 to a-N-acetylglucosaminidase (rhNAGLU-
IGF2) resulted in enhanced cellular uptake and reduced cellular storage of glycos-
aminoglycans when compared to the untagged enzyme (Kan et al. 2013). Taken
together, these studies demonstrate that the glycosylation-independent IGF-2 tag is
a promising alternate method for generating high affinity ligands for the CI-MPR
that are suitable for ERT.

Increase CI-MPR Expression on Muscle Cells

The expression level of CI-MPR is relatively low in skeletal muscle cells (Wenk
et al. 1991; Funk et al. 1992; Koeberl et al. 2011), which supports the hypothesis
that CI-MPR is limiting for ERT in Pompe disease. Consistent with this view is the
observation that increasing M6P content on rhGAA or adding a different, high affin-
ity tag specific for the CI-MPR (i.e., IGF-2) improves the efficacy of ERT in Pompe
disease (see “Chemical Conjugation of Synthetic Glycans onto thGAA”, “Designer
Yeast Strains Plus Glycosidase Treatment”, and “ Generation of thGAA with a
Peptide-Based Tag (IGF-2)”) (Zhu et al. 2005, 2009; McVie-Wylie et al. 2008;
Maga et al. 2013). The critical role of the CI-MPR is further supported by a com-
parison of a transgenic mouse deficient in GAA alone and a double knockout mouse
generated by crossing the GAA knockout mouse with a muscle-specific conditional
CI-MPR knockout mouse (Koeberl et al. 2011). The results showed that the double
knockout mouse exhibits a markedly lower level of correction of aberrant glycogen
stores compared to the GAA knockout mouse following administration of the same
therapeutic dose of GAA (Koeberl et al. 2011). In addition, fibroblasts from Pompe
patients exhibit impaired CI-MPR trafficking and internalization of rhGAA is inhib-
ited (Cardone et al. 2008). The impaired internalization of thGAA can be explained,
in part, by the observed decrease in CI-MPR levels on the cell surface and the
reduced recycling of the CI-MPR between the plasma membrane and endosomal
compartments (Cardone et al. 2008). Because the existing FDA approved ERT tar-
gets the CI-MPR for the treatment of Pompe disease, one strategy to deliver more
exogenous enzyme to muscle is to increase CI-MPR protein levels and/or CI-MPR
surface expression in muscle cells.

Previous studies by Matsumoto et al. showed that oral administration of clen-
buterol, a 3,-agonist known to induce hypertrophy of skeletal muscles such as soleus
and masseter muscles, increased the mRNA expression level of CI-MPR in the mas-
seter muscle of rats (Matsumoto et al. 2006). Studies by Koeberl and co-workers
have extended these studies and evaluated the effect of clenbuterol treatment on
Pompe mice. Western blot analysis demonstrated administration of clenbuterol
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significantly increased CI-MPR protein levels in heart and quadriceps, and efficacy
of thGAA was improved in these animals as assessed by glycogen content in
selected muscle tissue (Koeberl et al. 2011). Subsequent studies indicate that clen-
buterol has both CI-MPR-dependent and CI-MPR-independent effects on the effi-
cacy of thGAA treatment in Pompe mice (Farah et al. 2014). Although preliminary,
as this pilot study did not include placebo controls, 3,-agonist treatment of adult
Pompe patients with albuterol showed that CI-MPR protein expression was
increased in three of the patients as assessed by Western blot analysis of quadriceps
muscle biopsy, and improvements were noted in the 6-min walk test for all seven
subjects (Koeberl et al. 2014). Clearly more studies are needed to determine whether
albuterol treatment will be a useful combination therapy to improve the efficacy of
rhGAA treatment in Pompe patients.

Nanocarriers

Polymer nanocarriers have been used for the delivery of acid hydrolases in
lysosomal storage diseases. Instead of CI-MPR, intercellular adhesion molecule-1
(ICAM-1), a transmembrane protein involved in inflammation and overexpressed
on many cell types under pathological conditions, including lysosomal storage
diseases (Marlin and Springer 1987), was the cell surface receptor targeted for the
uptake of an exogenously delivered acid hydrolase in Fabry disease (Hsu et al.
2011; Muro et al. 2006). These findings have been expanded upon to include
rhGAA. Hsu et al. have shown that thGAA coupled to polymer nanocarriers coated
with an antibody specific to ICAM-1 can be internalized by cells and reduce aber-
rant glycogen accumulation. In these studies, endothelial cells (human umbilical
endothelial cells, HUVEC) were treated with turanose, a competitive inhibitor of
GAA that induces intracellular glycogen accumulation, to generate a cellular
model of Pompe disease. ICAM-1-specific nanocarriers exhibited a threefold
enhancement of glycogen degradation compared to nontargeted rhGAA in this cel-
lular model of Pompe disease (Hsu et al. 2012). Importantly, ICAM-1-specific
nanocarriers administered to mice enhanced delivery of GAA in vivo over nontar-
geted enzyme to every tissue examined, including quadriceps and gastrocnemius
muscles. Taken together, these results are promising and indicate that [CAM-1
may serve as an alternate strategy to target enzymes to a number of tissues,
including muscle.

Polymer nanocarriers have also been coated with anti-CI-MPR antibodies, and to
enhance the internalization of polymer (polystyrene) carriers, the surface of the
polymer carriers was functionalized with sphingomyelinase (Ansar et al. 2013). The
rationale behind this approach is that the exogenous sphingomyelinase will hydro-
lyze the phospholipid sphingomyelin on the cell membrane into ceramide. The
resulting increased ceramide levels will alter the biophysical properties of mem-
branes, thereby facilitating the formation of engulfment structures to enhance the
intracellular transport of nanocarriers. These sphingomyelinase modified nanocarriers
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coated with anti-CI-MPR displayed improved delivery to lung and kidneys of C57/
BL6 mice compared to non-functionalized nanocarriers (Ansar et al. 2013).
However, additional studies are required to determine if these anti-CI-MPR coated
nanocarriers can be efficiently delivered to skeletal muscle.

Perspectives

The glycobiology surrounding the targeted delivery of acid hydrolases to the lyso-
some is well understood and has been instrumental in the development of FDA
approved ERT for six lysosomal storage diseases. Although the production of syn-
thetic glycans containing up to six mannose residues and two phosphates has been
achieved, the in vivo production of M6P-containing glycans that are homogeneous
remains a challenge. Increasing the M6P content on thGAA has been shown to
improve the efficacy of ERT in Pompe disease (Zhu et al. 2005, 2009; McVie-
Wylie et al. 2008). In order to improve the design of high affinity acid hydrolases
that will interact with the receptor in a multivalent fashion, the spatial orientation
of the CI-MPR’s three carbohydrate binding sites (six in the dimeric structure) is
needed. To date, the three-dimensional structures of eight (MRH domains 1-3,
domain 5, domains 11-14) out of the 15 MRH domains of the CI-MPR have been
determined (Brown et al. 2002, 2008; Uson et al. 2003; Olson et al. 2004a, b,
2010). However, the structure of the entire extracytoplasmic region of the receptor
is needed to determine how the three carbohydrate binding sites are oriented spa-
tially with respect to each other. This information will be critical for the design of
multivalent ligands in which M6P and/or M6P-GIcNAc residues are properly
spaced in order to align and engage with the corresponding carbohydrate binding
sites of the CI-MPR.

Clinical trials are ongoing to determine whether the glycosylation-independent
IGF-2 tagged version of thGAA (BMN 701) (Maga et al. 2013) exhibits enhanced
delivery to skeletal muscle and other tissues in Pompe patients. Currently, the
IGF-2 tag has been engineered successfully into three different acid hydrolases
without significant loss of catalytic activity (LeBowitz et al. 2004; Maga et al.
2013; Kan et al. 2013). Thus, this promising strategy may be applicable to a wide
range of proteins whose delivery is needed to numerous tissues that express the
CI-MPR.

Given the relatively low level of expression of the CI-MPR in skeletal muscle,
other receptors that are more abundantly expressed in this tissue should be evalu-
ated. Along these lines, hGAA coupled nanocarriers coated with an antibody to
another receptor, I[CAM-1, showed promising results in its ability to deliver hGAA
to mouse quadriceps and gastrocnemius muscles (Hsu et al. 2012). In addition to
[B,-agonists, are there other ways to upregulate CI-MPR expression? Studies by
Urayama et al. showed that epinephrine treatment of MPS VII mice enhanced the
delivery of the missing lysosomal enzyme, pB-glucuronidase across the blood brain
barrier in a M6P-dependent fashion. The authors hypothesized that the adrenergic
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effects of epinephrine may modulate the cellular distribution of the CI-MPR
(Urayama et al. 2007). Additional studies are needed to understand the molecular
mechanism underlying this effect and whether epinephrine may modulate the effi-
cacy of ERT in other tissues.

It is likely that a combination of approaches may be needed to efficiently elimi-
nate the glycogen burden in skeletal muscle of Pompe patients. However, the pathol-
ogy of Pompe disease is complex and other factors are likely important contributors
to muscle damage. For example, accumulation of autophagic debris is found in
skeletal muscle fibers and recent studies have shown that overexpression of tran-
scription factors (TFEB and TFE3) that regulate autophagy and autophagosome
exocytosis facilitates the clearance of cellular debris in Pompe disease (Spampanato
et al. 2013; Martina et al. 2014). These intriguing findings indicate there remain
exciting avenues to explore in the treatment of Pompe disease.
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IR Insulin receptor

IT Intrathecal

v Intravenous

LAMP1 Lysosomal associated membrane protein type 1
LC Light chain

M6P Mannose 6-phosphate

MAb Monoclonal antibody

MPS Mucopolysaccharidosis

MTH Molecular Trojan horse

NAb Neutralizing antibody

OD Optical density

PK Pharmacokinetics

RMT Receptor-mediated transport
SFM Serum free medium

Tf Transferrin

TfR Transferrin receptor

TH Trojan horse

VD Organ volume of distribution
Vs Systemic volume of distribution
Introduction

There are over 50 lysosomal storage disorders (LSDs), and approximately 75 % of
these conditions affect the central nervous system (CNS) (Cheng and Smith 2003).
A partial list of LSDs that affect the CNS is shown in Table 1. The principal therapy for
LSDs is Enzyme Replacement Therapy or ERT, where the patient is administered the
recombinant enzyme by intravenous (IV) infusion (Brady and Schiffmann 2004). This
has shown to be an effective therapy for the extra-CNS manifestations of many LSDs.
However, the recombinant enzymes are large molecule drugs that do not cross the
blood-brain barrier (BBB), and do not penetrate the brain from blood (Al Sawaf et al.
2008). Therefore, ERT is not effective for LSDs that affect the CNS, and this repre-
sents a premier challenge in current therapy for such disorders (Wraith et al. 2008).

Pharmaceutical companies that developed recombinant lysosomal enzymes for
ERT did so without a parallel development of a BBB drug targeting technology.
Consequently, the only approach available for enzyme delivery to brain was the
intra-thecal (IT) route, whereby recombinant enzyme is invasively injected into the
cerebrospinal fluid (CSF) compartment (Kakkis et al. 2004).

Intra-thecal Enzyme Delivery to the Brain

IT injection of enzyme, or any other drug, into the CSF compartment is not an effec-
tive brain delivery strategy when the goal is drug delivery to the parenchyma of
human brain (Pardridge 2012). The IT approach is suitable when the brain disorder
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Table 1 Inborn Errors of Metabolism: Candidates for CNS Enzyme Replacement Therapy

Group Disease Enzyme Genbank
MPS MPS-I (Hurler) IDUA NM_000203
MPS-II (Hunter) IDS NM_000202
MPS-III (Sanfillipo type A) SGSH NM_000199
MPS-IIIB (Sanfillipo type B) NAGLU NM_000263
MPS-IV (Morquio type A) GALNS NM_000512
MPS-IV (Morquio type B) GLB1 NM_000404
MPS-VI (Maroteaux-Lamy) ARSB NM_000046
MPS-VII (Sly) GUSB NM_000181
GSD GSD-II (Pompe) GAA NM_000152
Sphingolipidoses Gaucher GBA NM_000157
Fabry GLA NM_000169
Tay Sachs HEXA NM_000520
Niemann-Pick type A ASM NM_000543
Krabbe GALC NM_000153
GM 1-gangliosidosis GLB1 NM_000404
MLD ARSA NM_000487
Farber ASAHI1 NM_177924
Leukodystrophy Canavan ASPA NM_000049
NCL Type 1 PPT1 NM_000310
Type 2 TPP1 NM_000391

MPS mucopolysaccharidosis, GSD glycogen storage disease, NCL neuronal ceroid lipofuscinoses,
MPS mucopolysaccharidosis, GSD glycogen storage disease, GM gangliosidosis, MLD metachro-
matic leukodystrophy, IDUA iduronidase, /DS iduronate 2-sulfatase, SGSH N-sulfoglucosamine
sulfohydrolase, NAGLU alpha-N-acetylglucosaminidase, GALNS N-acetyl-galatosamine-6-
sulfatase, GLBI beta galactosidase, ARSA arylsulfatase A, ARSB arylsulfatase B, GUSB beta
glucuronisase, GAA acid alpha-glucosidase, GBA beta acid-glucosidase, GLA alpha-galactosidase
A, HEXA hexosaminidase A, ASM acid shingomyelinase, GALC galactosylceramidase, ASA ary-
sulfatase A, ASAH1 acid ceramidase, ASPA aspartoacylase, PPTI palmitoyl-protein thioesterase
type 1, TPP1 tripeptidyl amino peptidase type 1

affects the surface of the brain that is adjacent to the CSF flow tracts. However, drug
or enzyme does not effectively penetrate into brain parenchyma from the CSF sur-
face following IT administration. This is because CSF exits the brain rapidly via
bulk flow (convection), whereas drug diffuses from CSF to brain parenchyma slowly
via diffusion (Pardridge 2012).

The rapid rate of CSF exit from brain to blood is a product of the anatomical
properties of CSF formation and elimination within the brain. The CSF is produced
in the choroid plexus of the ventricles, moves over the surface of the brain, and is
absorbed into the venous circulation across the arachnoid villi into the superior
sagittal sinus (Davson 1969). In the human brain, there is about 100-140 mL of
CSEF, and this entire volume is turned over completely every 4-5 h, or 4-5 times per
day (Cutler et al. 1968). In the mouse brain, there is about 40 uL. of CSF, and the
entire volume is turned over every 2 h, or about 12 times per day (Rudick et al.
1982). Thus, the differential rates of convection of CSF (rapid) and diffusion of drug
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(slow) create the paradox that drug injected into the CSF distributes easily to blood
and poorly to brain beyond the ependymal surface. An IT injection of an enzyme is,
therefore, equivalent to a slow intravenous infusion.

Transport of drug from the CSF to brain tissue is limited by diffusion, which
decreases with the square of the distance. This is illustrated by the poor distribution
of a neurotrophin into brain parenchyma, as shown by autoradiography of rat brain
prepared 20 h after a single injection of ['I]-brain derived neurotrophic factor
(BDNF) into a lateral ventricle (Yan et al. 1994). The BDNF distributed only to the
ependymal surface of brain ipsilateral to the ventricular injection. This limited dis-
tribution into brain from the CSF is observed even for small molecules. The concen-
tration of water soluble small molecules in brain tissue at increasing distances from
the CSF surface was measured in the primate following the intra-cerebroventricular
injection of the drug (Blasberg et al. 1975), and revealed a logarithmically decreased
drug concentration in brain removed from the CSF surface. An approximate tenfold
decrease in drug concentration of small molecule is found with each mm of distance
removed from the brain surface (Blasberg et al. 1975). In the case of a lipid soluble
small molecule, which can diffuse into brain cells, there was a tenfold decrease in
drug concentration with each 500 pm of distance into the brain (Fung et al. 1996).
The logarithmic decrease in drug concentration in brain is even steeper for a large
molecule drug such as a lysosomal enzyme, which has a lower diffusion coefficient
as compared to a small molecule. In order to achieve a therapeutic drug level in
brain at a 5 mm distance from the CSF surface, it may be necessary to inject a dose
of drug that generates at least a 5-log increase in CSF drug concentration. This
approach may cover drug distribution in the mouse brain, where all parts of brain
are within 3—5 mm of the CSF surface. However, review of an atlas of the human
brain shows the distance between critical internal brain structures such as the stria-
tum and the CSF surface is up to 50 mm, which precludes significant drug distribu-
tion into brain parenchyma from the CSF compartment (Pardridge 2012). This
limited distribution of a lysosomal enzyme in the primate brain was shown for acid
sphingomyelinase (ASM), the enzyme mutated in Nieman-Pick Type A (Table 1).
A large amount of ASM, 960 mg, was infused into the CSF of Rhesus monkeys for
4 h (Ziegler et al. 2011). However, the distribution of the ASM to primate brain was
limited to the ependymal surface of the brain. Moreover, there may be consequences
to such very high concentrations of drug that localize near the CSF surface of the
brain. For example, leptomeningeal changes with axonal sprouting and astrogliosis
at the ependymal surface of the brain were observed in rats and monkeys following
IT administration of neurotrophins (Yamada et al. 1991; Day-Lollini et al. 1997).

Blood-Brain Barrier Molecular Trojan Horse Technology

In contrast to the limitations imposed on intrathecal drug delivery by diffusion
(Pardridge 2012), diffusion plays no role in the trans-vascular route of drug delivery
to the brain. Since the distance between capillaries in brain is about 40 pm and even
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a large molecule enzyme therapeutic diffuses 40 pm within a second, once enzyme
is targeted across the BBB from blood, there is instantaneous delivery of the enzyme
to virtually every cell within the brain. However, the trans-vascular route to brain is
not available for enzyme drugs, unless a BBB drug delivery technology is used to
enable enzyme transfer across the BBB. BBB delivery of protein therapeutics has
been attempted with BBB disruption, nanoparticles, or molecular Trojan horse tech-
nology. BBB disruption, such as with focused ultrasound following the intravenous
administration of microbubbles has been developed (Burgess and Hynynen 2013).
This approach delivers drug to a focal area of brain, whereas lysosomal enzyme
therapeutics must be delivered to all parts of the brain and spinal cord. BBB disrup-
tion leads to the brain uptake of plasma proteins, which are neurotoxic and can lead
to chronic neuropathologic changes in the brain (Salahuddin et al. 1988).
Nanoparticles are large structures that do not cross the BBB in the absence of a
mediated delivery system. Pegylated immunonanoparticles have been produced that
target an endogenous receptor on the BBB such as the transferrin receptor (Olivier
et al. 2002). Molecular Trojan horses are peptides or peptidomimetic monoclonal
antibodies (MADb) that target an endogenous BBB receptor transporter such as the
insulin receptor or the transferrin receptor (TfR). The molecular Trojan horse
(MTH) technology for BBB transport will now be discussed in the context of lyso-
somal enzyme delivery to brain.

The BBB MTH technology was developed following the discovery that certain
peptides or proteins in the blood penetrate the BBB via receptor-mediated transport
(RMT) (Pardridge 2012). The BBB insulin receptor mediates the BBB transport of
insulin (Duffy and Pardridge 1987), and the BBB TfR mediates the BBB transport
of transferrin (Tf) (Skarlatos et al. 1995). The RMT peptide transporters at the BBB
operate in parallel with the carrier-mediated transport (CMT) systems that transport
small molecules such as glucose or amino acids into the CNS (Pardridge 2012).
Knowledge of the molecular properties of the BBB CMT and RMT systems allows
the drug developer to re-engineer small molecule drugs, and large molecule drugs,
respectively, so that the pharmaceutical penetrates the BBB via the targeted endog-
enous transport system. For example, dopamine does not cross the BBB. However,
L-DOPA, which is the precursor to dopamine, is a large neutral amino acid, and
therefore crosses the BBB via the endogenous large neutral amino acid transporter
type 1 or LAT1 (Pardridge 2012).

Insulin or Tf could be used as a BBB MTH. However, insulin is not a preferred
MTH, because insulin administration would cause hypoglycemia. Tf is not a pre-
ferred MTH, because the concentration of endogenous Tf in the plasma is so high
that the Tf binding site on the BBB TfR is >99 % saturated by endogenous Tf.
However, peptidomimetic monoclonal antibodies (MAb) can be used as a BBB
MTH (Pardridge et al. 1991, 1995). The MADb binds an exofacial epitope on the
BBB receptor, which is spatially removed from the binding site of the endogenous
ligand, and the MAb undergoes RMT across the BBB. The most potent MTH for the
human BBB is a MAb against the human insulin receptor (HIR), and both chimeric
and humanized forms of this antibody have been developed, which are designated
the HIRMAb (Boado et al. 2007). The HIRMADb cross reacts with the insulin
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receptor in Old World primates, such as the Rhesus monkey, but does not cross react
with the insulin receptor in New World primates or lower animals such as rodents
(Zhou et al. 2012a). There is no known MAb against the rodent insulin receptor that
could be used as a BBB MTH. Therefore, drug delivery across the mouse BBB is
achieved with a genetically engineered chimeric MAb against the mouse TfR, des-
ignated the cTfRMADb (Boado et al. 2009a). Following the identification of a MAb
with properties of high receptor-mediated BBB transport, it is then possible to
genetically engineer IgG fusion proteins comprised of the transporting MAb and a
protein therapeutic that alone does not cross the BBB (Pardridge and Boado 2012).

BBB Delivery of Trojan Horse-Enzyme Fusion Proteins

The delivery of a therapeutic enzyme from blood to brain requires transport across
two membranes in series, the BBB and the brain cell membrane, as depicted in
Fig. 1. The advantage of targeting the BBB HIR or TfR is that these receptors are
expressed on the plasma membranes of brain cells as well as the BBB. Therefore, a
lysosomal enzyme can be delivered from blood to the intracellular compartment of
brain cells, following the re-engineering of the enzyme as a Trojan horse fusion
protein (Fig. 1). Whereas the MAb domain of the MAb-enzyme fusion protein trig-
gers transport across the BBB and the brain cell membrane, the enzyme domain
then triggers triage to the lysosomal compartment (Fig. 1). Enzyme triage to the

Trojan Horse Brain Enzyme Delivery
Blood | BBB | Brain

Fig. 1 The lysosomal enzyme (E) alone does not cross the blood-brain barrier (BBB). However,
re-engineering of the enzyme as a Trojan horse (TH) fusion protein enables penetration through
the BBB. The Trojan horse is an engineered MAb to the human insulin receptor (IR), which trig-
gers transport across both the BBB, and the brain cell membrane, on the endogenous insulin recep-
tor. The MAb-enzyme fusion protein is then triaged to the lysosomal compartment of brain cells,
where accumulated lysosomal products (S) are degraded to low molecular weight products (P).
From Boado et al. (2008)
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lysosome is mediated by a M6P-dependent pathway, as well as a M6P-independent
pathway (Braulke and Bonifacino 2009). The M6P-dependent pathway is mediated
by the cation independent M6P receptor (CI MPR), which binds to the mannose
6-phosphorylated glycan via a divalent binding reaction that requires the presence
of dual M6P moieties on the enzyme for high affinity (Tong and Kornfeld 1989).
Entry of the IgG-enzyme fusion protein into the lysosomal compartment has been
demonstrated for MAb-enzyme fusion proteins of IDUA, IDS, or ASA using confo-
cal microscopy (Boado et al. 2008, 2013a; Lu et al. 2011).

The structure of the MAb-enzyme fusion protein is shown in Fig. 2. The lyso-
somal enzyme, without its signal peptide, is fused to the carboxyl terminus of the
heavy chain of the HIRMAD, for BBB delivery in humans or Rhesus monkeys, or to
the carboxyl terminal of the cTfRMADb for BBB delivery in the mouse. The con-
struct shown in Fig. 2 places the lysosomal enzyme in a dimeric configuration,
which replicates the dimeric structure native to many lysosomal enzymes (Ruth
et al. 2000). The amino terminus of the heavy chain and the light chain of the MAb
is free of steric hindrance from the enzyme that is fused at the carboxyl terminus.
This is advantageous, since the complementarity determining regions of the MAb,
which bind the target antigen, are located near the amino terminus of the I[gG. When
engineering an IgG-enzyme fusion protein, such as that shown in Fig. 2, it is essen-
tial that the functionality of both the MADb and the enzyme be retained following

VH

Fig. 2 The IgG-enzyme
fusion protein is formed by
fusion of the amino terminus
of the mature enzyme to the
carboxyl terminus of the CH3
region of the heavy chain of
the targeting MAb. The
fusion protein is a
bi-functional molecule: the
fusion protein binds the
targeted receptor, such as the
insulin receptor or transferrin
receptor at the BBB, to
mediate transport into the
brain, and expresses enzyme
activity in the brain following
transport across the BBB

enzyme
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expression of the IgG-enzyme fusion protein. That is, the MAb-enzyme fusion
protein should bind the target BBB receptor with the same high affinity as the native
MAD. In addition, both the lysosomal enzyme activity, and the lysosome targeting
activity, of the MAb-enzyme fusion protein should be comparable to the native
recombinant enzyme. The IgG domain of the fusion protein may be engineered to
either include or exclude the Fc region of the IgG. The Fc region is intact in the IgG-
enzyme fusion protein shown in Fig. 2. The advantage of inclusion of the Fc region
is that the fusion protein may be purified by protein A affinity chromatography,
which simplifies the downstream processing in the fusion protein manufacturing.
Another advantage of Fc domain retention is that the fusion protein is a ligand for
the BBB Fc receptor (FcR), which binds the CH2—-CH3 region of the IgG domain.
The principal FcR expressed at the BBB is the neonatal FcR or FcRn (Schlachetzki,
et al. 2002). However, the BBB FcR only mediates the efflux of IgG in the brain to
blood direction, but does not allow for IgG transport from blood to brain (Zhang and
Pardridge 2001). The FcR binding properties of the MAb-enzyme fusion protein do
not contribute to enhanced brain uptake from blood, but do allow for a route of
egress from brain back to blood. However, the rate of efflux of the IgG from brain
is slow (Wu et al. 1997), because the surface area of the neuron is so much larger
than the surface area of the brain capillary endothelium. If the goal is to engineer a
MADb-enzyme fusion protein that does not bind to the FcR, this can be accomplished
by site directed mutagenesis of certain amino acid residues in the constant region of
the heavy chain.

Brain Enzyme Delivery in Mucopolysaccharidosis Type I

Mucopolysaccharidosis (MPS) Type I, MPSI, is caused by mutations in the gene
encoding the lysosomal enzyme, iduronidase (IDUA) (Table 1). Patients with dis-
tinct MPS I syndromes that affect the CNS (Hurler syndrome or Hurler-Scheie syn-
drome) are currently treated with weekly IV infusions of recombinant IDUA.
However, the IDUA does not penetrate the BBB, and thus, the ERT of MPSI does
not treat the brain manifestations of disease. To produce a BBB penetrating form of
IDUA, the human IDUA enzyme was fused to the HIRMADb, and the resulting
fusion protein is designated HIRMAb-IDUA (Boado et al. 2008). The HIRMAb-
IDUA fusion protein can be tested in Rhesus monkeys, but not in the mouse, because
the HIRMAb domain of the fusion protein does not bind to the mouse insulin recep-
tor (Zhou et al. 2012a). The reactivity of the HIRMADb for the dog insulin receptor
has not been tested. To enable treatment of the brain in mouse models of neural
disease, a surrogate MTH was developed that targets the mouse TfR, designated the
cTfRMAD (Boado et al. 2009a). Subsequently, the mouse IDUA enzyme was fused
to the cTfRMAD, and this fusion protein is designated the cTTRMAb-IDUA fusion
protein (Boado et al. 2011), as discussed below.
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HIRMAb-IDUA Fusion Protein for Humans and Monkeys

The gene encoding the 627 amino acid human IDUA enzyme was fused to the
3’-terminus of the gene encoding the heavy chain (HC) of the HIRMADb, which
produced a new fusion gene encoding the fusion protein of the HIRMAb HC and
IDUA (Boado et al. 2008). The HIRMAb-IDUA fusion protein was expressed in
stably transfected Chinese hamster ovary (CHO) cells grown in serum free
medium (Boado et al. 2009b), and the drug substance was purified principally
with a protein A affinity column (see below for additional manufacturing details).
The critical attributes of the protein, consisting of BBB and brain cell targeting
(HIRMAb domain) and lysosomal enzymatic activity (IDUA domain) were
retained in the fusion protein, as demonstrated with multiple assays. The IDUA
enzyme activity of the HIRMADb-IDUA fusion protein was comparable to that of
recombinant IDUA; and the fusion protein was taken up by Hurler fibroblasts and
triaged to the lysosomal compartment, as demonstrated by confocal microscopy
(Fig. 3a—c). Treatment of Hurler fibroblasts with the HIRMAb-IDUA fusion
protein caused a reduction in the cell content of glycosoaminoglycans (GAGs)
(Boado et al. 2008).

The affinity of the HIRMAb-IDUA fusion protein for the HIR was comparable
to that of the native HIRMADb (Boado et al. 2008). This property predicted that the
HIRMAD-IDUA fusion protein should rapidly penetrate the BBB in the Rhesus
monkey at a rate comparable to that of the native HIRMAD. Indeed this was the
case as film autoradiography of the primate brain removed 2 h after IV injection
showed a global distribution of the HIRMADb-IDUA fusion protein in the brain
(Fig. 3d), with higher uptake in gray matter as compared to white matter, owing to
the higher vascular density in gray matter. The brain scan in Fig. 3d is comparable
to a 2-deoxyglucose scan, and is produced by rapid transport of the fusion protein
across the BBB followed by penetration of the parenchyma of brain. The transport
of the fusion protein through the BBB was confirmed with the capillary depletion
method (Boado et al. 2008). The capillary depletion method separates the vascular
tissue in brain from the post-vascular compartment based on density centrifugation
(Triguero et al. 1990). Based on measurements of the specific activity of brain
capillary-specific enzymes, such as y-glutamyl transpeptidase or alkaline phospha-
tase, the post-vascular supernatant is >95 % depleted of brain vasculature. The pen-
etration of HIRMAD fusion proteins into brain parenchyma has also been
demonstrated with emulsion autoradiography of primate brain (Boado et al. 2013a).
The HIRMAb-IDUA fusion protein also distributes broadly to peripheral organs in
the primate (Boado et al. 2008). The uptake by peripheral organs is also discussed
below in the context of the reduction in GAG content in peripheral organs in the
Hurler mouse.
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Fig.3 (a, b, ¢) Hurler fibroblasts were incubated with HIRMAb-IDUA fusion protein for 24 h and
then fixed and immune stained for confocal microscopy. The fixed cells were stained with a rabbit
polyclonal antibody to human IDUA (panel a: red channel), and a mouse monoclonal antibody to
human lysosomal associated membrane protein (LAMP)-1 (panel b: green channel). The overlap
image in panel ¢ shows sequestration of the HIRMAb-IDUA fusion protein within lysosomes. (d)
Film autoradiography of Rhesus monkey brain removed 2 h after an intravenous administration of
['*T]-HIRMAb-IDUA fusion protein. Coronal sections through the forebrain (top panel), midbrain
(middle panel), and hindbrain/cerebellum (bottom panel) are shown. From Boado et al. (2008)

Pharmacokinetics of HIRMAb-IDUA Fusion Protein

The plasma IDUA enzyme activity in Rhesus monkeys was determined following a
30 min IV infusion of 3, 9, or 30 mg/kg of the HIRMAb-IDUA fusion protein, and
the enzyme activity data are plotted in Fig. 4. There was no change in either the PK
parameters or in the rate of removal of the IDUA enzyme activity from plasma at the
start (week 1) or end (week 25) of the chronic treatment study, indicating that the
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Fig. 4 Plasma IDUA enzyme activity (nmol/h/mL) in the Rhesus monkey between 5 and 360 min
after a 30 min infusion of the HIRMAb-IDUA fusion protein in the low dose (3 mg/kg), mid dose
(9 mg/kg) and high dose (30 mg/kg) treatment groups. Data are mean+ SE at each time point for
combined sexes. There were no significant differences between male and female enzyme activity.
Plasma profiles determined at the start of the study (week 1) are shown by solid squares (m), and
plasma profiles determined at the end of the study (week 25) are shown by the open squares (00).
From Boado et al. (2013c¢)

Table 2 Pharmacokinetic parameters of clearance of IDUA enzyme activity from plasma
following a 30 min IV infusion in Rhesus monkeys

HIRMADb-IDUA infusion dose

Parameter 3 mg/kg 9 mg/kg 30 mg/kg

Cruax (kilounits/mL) 11.56+1.90 33.19+8.24 141.92+9.39
AUC (kilounits - min/mL) 1,059+ 145 3,461 474 18,171+1,896
V, (mL/kg) 294+62 243+51 18227

CL (mL/kg/min) 2.25+0.31 2.06+0.28 1.31+0.13
T, (min) 89.8+16.0 81.6+13.2 95.9+11.9
Body weight (kg) 3.33x0.39 3.36+0.38 3.31+0.85
Injected dose (kilounits) 7,955+954 24,043 +2,706 79,003 £8,353

Parameters determined from data in Fig. 4 for the start of study infusion. From Boado et al. (2013c¢)

anti-drug antibodies (ADA) that formed during the course of the 6 months of treat-
ment (vide infra) had no effect either on the plasma IDUA enzyme activity or on the
rate of removal of the fusion protein from blood (Boado et al. 2013c). The pharma-
cokinetic (PK) parameters of the fusion protein removal from plasma are given in
Table 2. The plasma AUC is proportional to the injection dose (ID), which indicates
the fusion protein clearance from plasma follows a linear PK profile. Finally, the
HIRMADb-IDUA fusion protein remained intact in plasma, which was also demon-
strated by several orthogonal studies (Boado et al. 2009b).

Immune Responses to HIRMAb-IDUA Fusion Protein

Recombinant human proteins, such as the HIRMAb-IDUA fusion protein, can be
immunogenic in primates, and the immune response in primates, usually directed to
xenogeneic determinants, may thus not be predictive of the immune response in
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Fig. 5 Time course of ADA formation against the HIRMAb-IDUA fusion protein following
chronic treatment in the Rhesus monkey. Data are mean + SE (n=_8-12 monkeys per time point) for
combined sexes. There were no differences between male and female absorbance readings at any
time point. A490-A655 is the difference between the absorbance at 490 and 655 nm. The A655,
which accounts for light scattering, was <0.05. All plasma samples were diluted 1:50 in phosphate
buffered saline. From Boado et al. (2013c)

humans (Weinberg et al. 2005; Ponce et al. 2009). The sequence of the full length
Rhesus monkey IDUA is not known. Potential immunogenic domains of the
HIRMADb-IDUA fusion protein include the antibody variable (V)-region, the anti-
body constant (C)-region, and the IDUA domain. Chronic weekly IV infusion of
Rhesus monkeys with the HIRMAb-IDUA fusion protein over a period of 6 months
resulted in the formation of anti-drug antibodies (ADAs) as detected in plasma by a
sandwich ELISA assay where the HIRMAb-IDUA fusion protein is used as the
capture reagent, and biotinylated HIRMADb-IDUA fusion protein is used as the
detector reagent (Fig. 5) (Boado et al. 2009b, 2013c). The ADA titer was quanti-
tated as optical density (OD)/uL plasma. The ADA titer reached a plateau by 21
weeks, and then began to decrease. The ADA titer was not measured after 26 weeks,
because of study termination. The ADAs were primarily directed against the
HIRMAD V-region and the IDUA, and, to a lesser extent, to the HIRMADb constant-
region (Boado et al. 2013c).

ADAs directed against the V-region of the HIRMAD could either block or
enhance antibody binding to the insulin receptor. However, such anti-idiotypic
antibodies should alter the clearance of the fusion protein from plasma, which is
mediated by the endogenous insulin receptor. The ADAs formed against the
HIRMADb-IDUA fusion protein neither altered the plasma clearance of the fusion
protein, as demonstrated by the comparable rate of clearance of plasma IDUA
enzyme activity at the start (week 1) and end (week 25) of the study (Fig. 4), nor
displayed neutralizing activity of the IDUA enzyme. However, though not alter-
ing PK, it is possible for ADAs to alter the cellular targeting of their protein
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therapeutic ligands by directing the fusion protein into FcR bearing cells, thus
limiting delivery to the target cells of the disease. The ADAs formed against the
HIRMADb-IDUA fusion protein were observed in all primates, and some monkeys
demonstrated hypersensitivity reactions during the course of the 26-week treat-
ment (Boado et al. 2013c¢); such adverse reactions have been reported in chronic
dosing of primates with human recombinant proteins (Ponce et al. 2009; Chapman
et al. 2012).

c¢TfRMAb-IDUA Fusion Protein for the Mouse

A mouse model of Hurler’s disease was generated with an IDUA knockout line of
transgenic mice (Ohmi et al. 2003). This Hurler mouse model could not be treated
with the HIRMADb-IDUA fusion protein, because the HIRMAb domain does not
recognize the insulin receptor in the mouse (Zhou et al. 2012a). Therefore, the
cTfRMADb-IDUA fusion protein was engineered, expressed in host cells, and puri-
fied by protein G affinity chromatography (Boado et al. 2011). The cTfRMAb-
IDUA fusion protein demonstrated the following properties critical for in vivo
activity:

» High affinity binding to the mouse TfR with a KI of 0.67+0.11 nM using a
radio-receptor assay and mouse fibroblasts as the source of the mouse TfR

e IDUA enzyme specific activity of 776+79 units/ug protein, where 1
unit=1 nmol/h, based on a fluorometric assay using 4-methylumbelliferyl
a-L-iduronide as substrate.

* Treatment of mouse fibroblasts with a single 2-hour exposure to the cTfRMAb-
IDUA fusion protein caused a 20-fold increase in intracellular IDUA enzyme
activity that decayed with a half-time of 67 h

Supporting in vitro assessments of critical attributes for treatment of MPSI, the
in vivo activity of the fusion protein was demonstrated in the Hurler mouse model,
revealing the following important measures of efficacy:

» Elevation of IDUA enzyme activity in plasma, brain, and peripheral organs fol-
lowing the IV injection of 1 mg/kg of the cTfRMAb-IDUA fusion protein in
Hurler mice

* Reduction in GAG content: the GAG content in peripheral organs was measured
with an alcian blue dye binding method; GAG content was reduced from 24 % in
kidney to >95 % in liver in aged (6 months old) Hurler mice treated with twice-
weekly IV injections of the cTfRMAb-IDUA fusion protein at a dose of 1 mg/kg
for 8 consecutive weeks. The alcian blue method measures total GAGs in the
tissue, and total GAGs are not elevated in the brain of the Hurler mouse (Chung
et al. 2007). Therefore, the number of multivacuolated cells in brain was mea-
sured with microscopy (Boado et al. 2011).
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Fig. 6 Electron microscopy of MPSI mouse brain treated with saline (a) or the cTFRMAb-IDUA
fusion protein (b). Large perivascular lysosomal inclusion bodies seen in the brain of the saline
treated mouse (a) are diminished in the fusion protein treated mouse (b). Magnification bars in
panels a and b are 2 and 0.5 pm, respectively. The cells shown are representative of formal quanti-
tative counting of hundreds of cells in o-toluidine blue-stained sections of mouse brain. From
Boado et al. (2011)

* Reduction in the number of multivacuolated brain cells. The number of multi-
vacuolated brain cells (reflecting lysosomal inclusion bodies) was quantified by
light microscopy as the number of inclusions per 100 brain cell nucleoli (Boado
et al. 2011). The number of lysosomal inclusion bodies was reduced 73 % by
chronic treatment with the cTfRMAb-IDUA fusion protein in brain of the MPS
I mice following 8 weeks of treatment with the cTFRMAb-IDUA fusion protein.
An electron micrograph of the lysosomal inclusion bodies in the brain of
Hurler mice treated with saline or the cTTRMAb-IDUA fusion protein is shown
in Fig. 6. These largest multi-vesicular bodies were often perivascular as
shown in Fig. 6a.

Chronic treatment of the Hurler mice with the cTFRMAb-IDUA fusion protein
caused a measureable elevation of ADA in plasma in some mice, but the titer (OD/
ul) was low (Boado et al. 2011). The ADA titer produced in mice treated chroni-
cally with the cTfRMAb-IDUA fusion protein (Boado et al. 2011) was tenfold
lower than the ADA titer produced in Rhesus monkeys treated chronically with the
HIRMADb-IDUA fusion protein (Boado et al. 2013c). These findings are in agree-
ment with the exaggerated ADA response to human proteins in primates (Chapman
et al. 2012). The effect of the ADAs in the Hurler mice on fusion protein distribution
was not investigated. However, in a parallel study, it was shown that the ADAs
formed against a cTFRMAD fusion protein after 12 weeks of chronic treatment have
no effect on fusion protein distribution to peripheral organs or on BBB transport
(Zhou et al. 2011).

In conclusion, the Hurler mouse treatment study demonstrated that the IgG-IDUA
fusion protein is a bio-better, relative to IDUA alone, in that chronic treatment with
the cTFRMADb-IDUA fusion protein caused a reduction in lysosomal inclusion bod-
ies not only in peripheral organs, but within the CNS.
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Brain Enzyme Delivery in Mucopolysaccharidosis Type I1

MPS Type II, MPSII, also called Hunter’s syndrome, is caused by mutations in the
gene encoding the lysosomal enzyme, iduronate 2-sulfatase (IDS) (Table 1).
Patients with MPSII are currently treated with weekly IV infusions of recombinant
IDS. However, as with other ERTs, the IDS does not penetrate the BBB, and,
therefore, ERT does not treat the brain manifestations of MPS II. To produce a
BBB penetrating form of IDS, the human enzyme was fused to the chimeric
HIRMAD, producing the HIRMAD-IDS fusion protein (Lu et al. 2010, 2011).
Again, to utilize mouse models of disease, the human IDS enzyme was also fused
to the cTfRMAD, and this fusion protein is designated the cTTRMADb-IDS fusion
protein (Zhou et al. 2012b).

HIRMAb-IDS Fusion Protein for Humans and Monkeys

The IDS enzyme activity of the HIRMADb-IDS fusion protein was comparable to
recombinant IDS. The fusion protein was taken up by Hunter fibroblasts and triaged
to the lysosomal compartment, as demonstrated by confocal microscopy (Lu et al.
2011). Treatment of Hunter fibroblasts with the HIRMAb-IDS fusion protein caused
a dose-dependent increase in intracellular IDS enzyme activity (Fig. 7) which per-
sisted for several days. Following a 2-hour exposure of the cells to the HIRMADb-
IDS fusion protein, intracellular IDS enzyme activity remained high for at least
96 h and declined with a half-time of 72 h (Table 3).

The affinity of the HIRMADb-IDS fusion protein for the HIR was comparable to
that of the native HIRMAD (Lu et al. 2011), which predicted a high rate of uptake
by the Rhesus monkey brain in vivo. This was confirmed with a pharmacokinetics/
brain uptake study in the Rhesus monkey using [*H]-HIRMAb-IDS fusion protein
(Lu et al. 2011). The brain uptake of the HIRMADb-IDS fusion protein, 0.8 %
ID/100 g brain, is high compared to the brain uptake of a large molecule that does
not cross the BBB in the Rhesus monkey. The brain uptake in the Rhesus monkey
of GDNF, which has a comparable plasma pharmacokinetic profile as the HIRMAb-
IDS fusion protein, at 2 h after IV injection, is 0.033 % ID/100 g brain (Boado and
Pardridge 2009). Therefore, the brain uptake of the HIRMADb-IDS fusion protein is
>20-fold greater than the uptake expected for a molecule that is confined to the
plasma compartment of brain in the Rhesus monkey. Delivery of the HIRMAb-IDS
fusion protein across the BBB was verified by the capillary depletion method
(Fig. 8a). The brain volume of distribution (VD) of the fusion protein is high
compared to proteins that are confined to the brain plasma volume, such as an iso-
type IgG or GDNF (Fig. 8a).

The uptake by brain and peripheral organs of the HIRMAb-IDS fusion protein
was compared with the uptake of recombinant human IDS (idursulfase) in the
Rhesus monkey (Boado et al. 2013b). Both the IDS and the HIRMAb-IDS fusion
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Fig. 7 Intracellular IDS enzyme activity is increased in Hunter fibroblasts in proportion to the
concentration of medium HIRMAb-IDS fusion protein. Data are mean+SE (n=3 dishes/point).
The horizontal bar is the IDS enzyme activity in healthy human fibroblasts (17 +2 units/mg pro-
tein). From Lu et al. (2011)

Table 3 Time-response Time (h) | Intracellular IDS activity (nmol/h/mgp)
study of intracellular IDS

L 0 <5
enzyme activity in Hunter
fibroblasts after a 2-hour 2 140+11
exposure to the HIRMAD- 24 105+7
IDS fusion protein 48 77+4
72 T76+3
96 56+6

Mean+SE (n=4 plates/time point). Cells were
exposed to the HIRMAD-IDS fusion protein (6 ug/mL)
in the medium for 2 h, washed extensively to remove
the HIRMADb-IDS fusion protein, and incubated up to
96 h in fresh medium without HIRMADb-IDS fusion
protein. From Lu et al. (2011)

protein distribute equally to non-brain organs (Table 4). However, the brain uptake
of the HIRMADb-IDS fusion protein is 35-fold higher than the brain uptake of IDS
(Table 4). When the brain uptake of IDS is expressed as a brain volume of distribu-
tion (VD), it is shown that the brain VD of IDS is equal to the brain blood volume.
That is, the small distribution of IDS to brain that is detected simply represents IDS
sequestration within the blood volume of brain without any trans-BBB transfer of
the IDS (Boado et al. 2013b). The differential distribution to brain of recombinant
IDS vs the HIRMADb-IDS fusion protein is shown by the 2 h brain scan of the uptake
of the two proteins (Fig. 9). In contrast to the absence of any brain penetration by
the IDS, there is global distribution in brain of the HIRMAb-IDS fusion protein
(Boado et al. 2013b). Emulsion autoradiography complements the film autoradiog-
raphy, and shows the HIRMAb-enzyme fusion protein distributes beyond the BBB
to cells of the parenchyma of brain (Boado et al. 2013a).
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Fig. 8 (a) The brain homogenate volume of distribution (VD) is shown for three proteins: (1) a
non-specific IgG, which is a marker of the brain blood volume, (2) GDNF, which is a molecule that
does not cross the BBB (Boado and Pardridge 2009), and (3) the HIRMADb-IDS fusion protein (Lu
et al. 2011). The brain VD for the HIRMADb-IDS fusion protein is shown for the post-vascular
supernatant and the vascular pellet in primate brain. Comparison of the VD of the HIRMAb-IDS
fusion protein in the post-vascular supernatant and the vascular pellet shows that 90 % of the
HIRMAD-IDS fusion protein taken up by the Rhesus monkey brain has moved through the vascu-
lar barrier and penetrated brain parenchyma. (b) Brain VD is shown for the HIRMAD, the
HIRMAD-IDS fusion protein, or the cTfRMAb-IDS fusion protein in the mouse at 60 min after an
IV injection. The absence of transport of the HIRMADb-IDS fusion protein, or the HIRMADb alone,
into the brain of the mouse is due to the lack of reactivity of the HIRMAb domain with the insulin
receptor of the mouse. Data are mean+ SE (n=4 mice). From Zhou et al. (2012a)
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Table 4 Organ uptake of IDS compared to the organ uptake of the HIRMAb-IDS fusion protein
in the Rhesus monkey

Organ uptake (%ID/100 g)

Organ ['*1]-IDS ['*1]-HIRMAb-IDS
Brain-gray matter 0.030+0.004 1.04+0.07
Brain-white matter 0.026+0.007 0.99+0.19

Heart 1.1+£0.2 1.3+£0.1

Liver 27.8+0.7 33.2+4.5

Spleen 12.4+0.2 19.2+0.2

Lung 3.4+0.2 3.0+0.1

Skeletal muscle 0.20+0.05 0.23+0.05

Fat 0.27+0.03 0.25+0.02

Data are mean = SE of triplicates samples removed at 2 h after a single IV injection. The recombi-
nant human IDS or the HIRMAb-IDS fusion protein was radiolabeled with the ['*I]-Bolton-
Hunter reagent. From Boado et al. (2013b)

Fig. 9 Film autoradiogram A HIRMADb-IDS B IDS

of 20 pm sections of rhesus
monkey brain removed

120 min after IV injection of
the HIRMADb-IDS fusion
protein (a) or IDS (b). The
forebrain section is on the
top, the midbrain section is in
the middle, and the hindbrain
section with cerebellum is on
the bottom. Scans produced
after labeling of the
HIRMAD-IDS fusion protein
or IDS with ['*’I]-Bolton-
Hunter. X-ray films exposed
for 7 days. From Boado et al.
(2013b)
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cTfRMAb-IDS Fusion Protein for the Mouse

The affinity of the cTFRMADb-IDS fusion protein for the mouse TfR is equal to the
affinity of the cTfRMADb (Zhou et al. 2012b). Fusion of the IDS protein to the car-
boxyl terminus of the heavy chain of the cTfRMADb had no effect on binding to the
mouse TfR. The high affinity of the cTfRMAD-IDS fusion protein for the mouse
TfR predicted a high rate of brain uptake in the mouse, which was verified with
in vivo studies: brain uptake in the mouse was high for the cTfRMAD-IDS fusion
protein, and low for the HIRMAb-IDS fusion protein (Zhou et al. 2012a, b). The
brain volume of distribution (VD) measurement of the cTfRMAb-IDS fusion pro-
tein was high, 392+29 uL/g (Fig. 8b), indicating rapid penetration of the brain
parenchyma from blood. In contrast, the uptake of the IDS enzyme alone by the
brain was 100-fold lower than that of the cTTRMAD-IDS fusion protein (Zhou et al.
2012b), owing to lack of BBB transport of the native enzyme.

Manufacturing of MAb-Enzyme Fusion Proteins

The manufacturing of IgG-enzyme fusion proteins is simpler than the manufacturing
of the enzyme alone, because a protein A capture column can be used in the down-
stream processing of the IgG-enzyme fusion protein. Thus, fusion proteins are usually
~99 % purified with a single protein A column run. Subsequent cation exchange and
anion exchange columns remove residual traces of DNA and endotoxin (Boado et al.
2009b, 2013c). The final drug product is purified and characterized with respect to
quality (appearance, pH, osmolality), strength (A280), identity (human IgG and
enzyme Western blotting), purity (reducing and non-reducing SDS-PAGE, size exclu-
sion HPLC, anion exchange HPLC), potency (HIR binding affinity, enzyme specific
activity), and both process and product related impurities including protein A, CHO
host cell protein, CHO host cell DNA, endotoxin, bioburden, and sub-visible particles.
Protein characterization studies include amino acid analysis, peptide mapping, mass
spectrometry, monosaccharide, sialic acid, and mannose 6-phosphate content. The
proteins are N-glycosylated based on enzyme deglycosylation studies, and N-glycan
analysis. Product stability is also a critical parameter, and the HIRMAb-enzyme fusion
proteins are stable at 4 °C for 2 years, based on purity (electrophoresis, size exclusion
chromatography), identity (IgG and enzyme Western blotting, isoelectric focusing),
potency (HIR binding affinity and enzyme specific activity), and sterility.

Conclusions

There are several advantages to the re-engineering of lysosomal enzymes as IgG-
enzyme fusion proteins, as compared to the native enzyme. First, the presence of the
IgG domain allows for use of a protein A affinity capture column in the product
purification, which simplifies the downstream processing of the manufacturing pro-
cess. Second, the IgG domain may target a specific receptor, such as the IR or TfR,
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to enable receptor-mediated delivery of the fusion protein into target organs includ-
ing the CNS. Third, antibodies against the mannose 6-phosphate (M6P) moiety of
the enzyme may block target organ uptake via the M6P receptor, but such antibodies
have no effect in organ targeting via the insulin or transferrin receptors (Zhou et al.
2011; Boado et al. 2013c). Anti-M6P antibodies could theoretically alter intracel-
lular triage of the bound enzyme to the lysosome via the lysosomal CI MPR, but
such M6P bound antibodies might be restricted from ingress into cells not bearing
FcR and thus have limited access to the lysosomal membrane within the intracel-
lular compartment of target cells. Fourth, the constant region of the IgG domain
contains certain amino acid sequences, called Tregitopes, which induce T cell
immune tolerance (De Groot et al. 2008). The ability to treat the CNS with the IgG-
enzyme fusion protein warrants consideration of the use of bio-better therapeutic
enzymes that are re-engineered as IgG-enzyme fusion proteins.
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Novel Methods for Addressing
Immunogenicity of Therapeutic Enzymes

Leslie P. Cousens, Leonard Moise, and Anne S. De Groot

The Immunogenicity Problem in Protein Therapeutics

Therapeutic protein products encompass monoclonal antibodies, human cytokines,
cellular growth factors, hormones, clotting factors, enzymes, anticoagulants, and
fusion proteins. They offer the advantages of increased specificity and reduced tox-
icity compared to small molecule drugs. However, when administered to patients,
protein-based drugs have the potential to elicit anti-therapeutic protein immune
responses (Rosenberg 2003; Barbosa 2011). These immune responses may have a
number of clinical outcomes ranging in severity. Some immune responses may have
no observed clinical impact at all, while others may, to varying degrees, impact drug
safety and efficacy (Eser et al. 2013; Tatarewicz et al. 2014). Rarely, therapeutic
protein-induced immune responses may target an endogenous protein counterpart
of the therapeutic and result in life-threatening complications (Haselbeck 2003;
Eckardt and Casadevall 2003).

Drug-induced immunogenicity is typically measured as a function of the anti-drug
antibody (ADA) level. ADA can be measured by a number of a well-established,
low-cost, high-throughput platform technologies, including ELISA, radioimmune
precipitation, surface plasmon resonance, and electrochemiluminescence (Koren
et al. 2008; Shankar et al. 2008, 2014). Patient samples can be easily obtained from
small volumes of blood, thus both longitudinal sampling and long-term storage are
feasible. Direct consequences of ADA on pharmacokinetics (PK) and
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pharmacodynamics (PD) may be demonstrated using a number of in vitro methods
(Shankar et al. 2008; Pendley and Shankar 2011). Transient immune responses can
be observed to many protein therapeutics, usually driven by innate immune triggers
such as aggregates and process contaminants that drive non-specific, low titer anti-
drug immune responses. However, it is important to consider that the development
of a persistent ADA response represents the culmination of a complex “adaptive
immune response” process, involving antigen presenting cells (APC), T cells,
secreted cytokines, and B cells. Each component of this adaptive immune response
presents unique opportunities to intervene and mitigate therapeutic protein
immunogenicity.

T cell recognition of peptide epitopes derived from immunogenic protein thera-
peutics is an early event in the immunologic process that drives adaptive anti-drug
responses. In order for a therapeutic protein to be detected by the T cell arm of the
adaptive immune system, it must first be taken up by APC, and processed into small
peptides. Some of these peptides will stably bind to major histocompatibility com-
plex (MHC) class II molecules (human leukocyte antigen, HLA, in humans) to form
a peptide/MHC complex that may activate an effector T cell through interactions
with a T cell receptor at the APC/T cell interface, as depicted in Fig. 1 (Weaver et al.
2008). Since humans express a number of different HLA class II alleles, each of
which may bind a different epitope, the development of immune responses will vary
from individual to individual. In individuals who have one or more HLA that are
able to present therapeutic protein-derived T cell epitopes, a cascade of molecular
and cellular events may follow that can lead to B cell activation, isotype switching
(IgM to IgG), affinity maturation, and B cell memory development that are manifest
as ADA.

.-&’_
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Fig. 1 Processing and presentation of therapeutic proteins. Therapeutic proteins can be taken up
by antigen-presenting cells, processed by endosomal and lysosomal proteases, and presented in
complex with MHC class II molecules on the cell surface to stimulate antigen-specific T cell func-
tions, such as cytokine production
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Immunogenicity for Replacement Proteins: Pompe Disease

Immune responses to endogenous proteins are considered to be unlikely, due to
immunological tolerance that is established during fetal development and main-
tained throughout life. In contrast, immune responses to therapeutic proteins are
expected when the protein is foreign, either because its sequence is derived from a
different species or because patients lack the natural analog as a result of genetic
deletion or modification, as can be observed in Hemophilia A (lacking FVIII) and
Pompe disease (lacking lysosomal acid alpha-glucosidase (GAA) enzyme). The
development and phenotype of immune responses to FVIII and GAA, for instance,
may depend on several factors which include: (1) the extent of the genetic deletion
(minimal, partial, complete), (2) the prevalence of the protein in cells and circula-
tion, and (3) the HLA alleles expressed by the patient (Opdenakker et al. 2003;
Haribhai et al. 2003; Link et al. 2014; McLachlan et al. 2012; Romball and Weigle
1999; Bachmann et al. 1994).

For example, in Pompe disease, patients have genetic deficiencies in GAA that
result in accumulation of glycogen in lysosomes of cells throughout the body. These
deficiencies are manifest across a full spectrum of protein expression, ranging from
a complete lack of GAA protein expression to various degrees of partial protein
expression. Treatment with fully human recombinant GAA can trigger high titer
Anti-Drug Antibody (ADA) that interfere with drug efficacy. The severity of
immune responses to recombinant enzyme replacement therapy is inversely propor-
tional to the amount of endogenous GAA produced by the patient. Individuals that
do not produce any natural GAA are categorized as cross-reactive immunologic
material (CRIM)-negative, and those with partial GAA protein expression, are cat-
egorized as CRIM-positive. The interdependent relationship between incidence of
ADA and CRIM-status in Pompe patients leads to the following dilemma: the less
GAA expressed, the more severe the disease, the greater the dependence on the
replacement protein, but the greater the risk and severity of ADA.

For CRIM-negative Pompe infants (who have complete GAA deficiency),
repeated dosing of replacement enzyme is truly a life-saving treatment. But relief
for many of these children is transient, curtailed by ADA against the “foreign”
protein, after which they succumb quickly to disease (Joseph et al. 2008;
Mendelsohn et al. 2009; Garman et al. 2004). High ADA titers are clearly corre-
lated with poor outcomes. Thus, in spite of having an effective treatment for Pompe
disease, there remains a critical unmet medical need for a less immunogenic GAA,
especially for CRIM-negative babies. In this case “a biobetter” drug would be
clearly defined as less immunogenic. Development of a less-immunogenic GAA
replacement would also have broad-reaching implications in other replacement-
protein therapies, and generally for many other protein therapeutics. For example,
a number of other enzyme replacement therapies (ERTs) and therapeutic protein
products are limited by ADA to some extent (e.g. Fabryzyme, Factor VIII,
Cerezyme, monoclonal antibodies; (Deegan 2012; Saint-Remy et al. 2004; Starzyk
et al. 2007; Maneiro et al. 2013)).
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Approaches to Mitigating Immunogenicity

Drug-Induced Immunosuppression

The development of experimental immune tolerance regimens to inhibit ADA
against life-saving enzyme replacement therapies is an active area of investigation.
Current approaches for mitigating GAA-ADA are based on treatment with metho-
trexate (MTX) to inhibit the proliferation of lymphocytes, Rituximab (Rituxan) to
deplete antibody (Ab)-producing and antigen-presenting B cells (Joseph et al. 2008;
Garman et al. 2004; Rohrbach et al. 2010), and intravenous immunoglobulin (IVIg)
as both immunomodulatory agent, as well as an anti-infective (Messinger et al.
2012). This approach has had excellent outcomes in inducing immune tolerance to
the GAA enzyme replacement therapy (ERT) when applied prophylactically at the
commencement of ERT. However, this treatment strategy is not as effective in elimi-
nating entrenched immune responses mediated by long-lived plasma cells. Thus the
timing of intervention in patients experiencing an ADA response is critical. In such
scenarios, additional pharmacological agents that target long-lived plasma cells
have been shown to be of use: Bortezomib, a drug currently in use for plasma cell
leukemia and multiple myeloma, has been shown to reverse entrenched high titer
antibody responses (Banugaria et al. 2013; Moran et al. 2012). However, both the
short term and the long-term risks of Rituximab and Bortezomib, pertaining to their
broad and non-specific effects on the immune system, warrant rigorous study (Gea-
Banacloche 2010). Alternative strategies to immune tolerance induction (i.e. “treat
the therapeutic protein”) are presented below.

Deimmunization

The ability of a specific HLA molecule to present certain epitopes from a vaccine
antigen, contributing to the development of a B cell response via provision of T cell
help, is a key principle in rational vaccine design. Thus the presence of T cell epit-
opes tends to be correlated with the development of antibody responses. To escape
immune responses, tumor cells (Scanlan and Jager 2001) and pathogens (Mullbacher
1992; Hill et al. 1997) can accumulate mutations that alter T cell epitope sequences
(Vossen et al. 2002), rendering the tumor or pathogen invisible to the immune
response. It stands to reason, then, that the deletion of T cell epitopes from an
immunogen is a promising strategy to reduce detrimental immune responses (Celis
et al. 1998; Min et al. 1996; Zuckerman 1996; McDermott et al. 1999). Deliberate
removal of T cell epitopes to deimmunize biologic products is feasible, and has
been the focus of several previous reports and reviews (Parker et al. 2013; Jones
et al. 2009; De Groot and Martin 2009; Moise et al. 2012; Mazor et al. 2012; De
Groot et al. 2005). The first step in targeting T cell epitopes for deimmunization is
to identify the location and identity of T cell epitopes within a protein’s amino acid
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sequence. Towards this goal, a variety of approaches can be applied, including
immunoinformatics tools designed to predict T cell epitopes based on amino acid
sequence (Paul et al. 2013), or in vitro cultures of PBMC that can be exposed to
overlapping peptide fragments of the therapeutic protein that will elicit particular T
cell function (Li Pira et al. 2010). While tools to predict T cell epitopes are few in
number, their application in the context of immunogenicity screening has been vali-
dated in the literature (Wang et al. 2008; Jawa et al. 2013).

As noted above, a number of protein therapeutics have been de-immunized by
removing T cell epitopes. One of the first efforts in this regard was the deimmuniza-
tion of staphylokinase (Collen et al. 1996), where modification of specific amino
acids that contributed to HLA binding led to a reduction in T cell responses. In the
case of human FVIIIL, an epitope 15 amino acids in length was determined to bind to
particular HLA class II alleles. Modification of the amino acid sequence of this
epitope reduced its potential to bind to MHC class II; this molecule was subse-
quently determined to be less immunogenic by in vitro assays (Jones et al. 2005;
Gilles et al. 1999). Epitope modification has also been applied to other proteins in
studies performed by Hellendoorn et al. (2004), Tangri et al. (2005), Yeung et al.
(2004) and others, using a variety of approaches.

We have used an in silico algorithm for T cell epitope mapping in conjunction
with a design tool that iteratively searches optimal substitutions for any given amino
acid within a given epitope based on the contribution each makes to HLA binding.
This approach is designed to minimize the number of sequence changes to one or
two key amino acids per epitope, thus reducing the potential impact on protein
structure, function, and clinical performance. One of the key aspects of this approach
is to target promiscuous epitopes since a single amino acid alteration can have an
impact across HLA alleles, by lowering potential binding to multiple HLAs. As
described by Moise et al. for FVIII (Moise et al. 2012), in silico design was fol-
lowed with in vitro testing of the modified FVIII epitopes and in vivo validation of
lowered immunogenicity. In additional (unpublished) collaborations, we have
employed this strategy to map and modify the amino acid sequence of several thera-
peutic proteins. In multiple cases (unpublished studies), deimmunization by
OptiMatrix lowered immunogenicity (measured in vitro and/or in vivo) while
retaining function of the protein, supporting the feasibility of this approach.

We recently applied this approach to GAA (De Groot et al. 2003). First, we ana-
lyzed the full amino acid sequence of human GAA for T cell epitope content. The
GAA sequence was parsed into 9-mer frames, where each 9-mer overlapped the last
by eight amino acids. Each 9-mer was scored for predicted binding affinity to a panel
of Class I HLA alleles (De Groot et al. 2010). Eight 15 to 20-amino acid long pep-
tides predicted to bind multiple HLA types were selected for synthesis and the bind-
ing predictions were validated in HLA Class II binding assays (Steere et al. 2006).
As shown in Fig. 2, each of the peptides (GAA_1 through 8) was bound to multiple
HLA, as predicted. While confirmation using human T cells from exposed patients
is still required, the high binding affinity of the peptides predicted indicates that
there exist within the GAA sequence several potential promiscuous epitopes that
may contribute to its immunogenicity. We consider these promiscuous epitopes to be
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HLA DR Alleles
*0101 *0401 *1101 *1501

Moderate Moderate Weak

GAA_1
GAA 2 [ Moderate Moderate Moderate Moderate

GAA 3 [ Moderate Non-binder  Non-binder

GAA 4 IREEEZT Moderate
GAA 5 [IREVEIUUE Moderate Non-binder

GAA 6 | Moderate Weak Moderate

GAA7

GAA_8| Weak Moderate Moderate Moderate I

Very Strong Binders (IC5, < 100 nM)

Strong Binders (IC5, 100 — 10,00 nM)
Moderate Binders (IC5, 1,000 — 10,000 nM)
Weak Binders (IC5, 10,000 — 100,000 nM)

Non-binder (No concentration-dependent inhibition)

Fig.2 GAA epitope prediction and validation. In silico analysis of the GAA amino acid sequence
identified eight distinct peptides predicted to bind to different HLA alleles. Results were confirmed
by in vitro HLA binding assay to determine the concentration of test peptide to inhibit 50 % of
reference peptide binding (ICs), as summarized above

the best candidates for deimmunizing modifications, since a single amino acid
change in these epitopes may reduce binding to, and presentation by, multiple HLAs.
There are several important considerations in the deimmunization of therapeutic
proteins. Among them are the numbers of potentially immunogenic epitopes within
the protein sequence and the question of how many will be necessary to sufficiently
deimmunize. Further, when immunogenic regions overlap with functional domains
involved in ligand binding or enzymatic activity, sequence changes can impact criti-
cal quality attributes of the final product. Recently, King et al. described a protein
design method for reducing immunogenicity that combines targeting of known and
predicted T-cell epitopes with maximizing human sequence content to protect pro-
tein structure and function (King et al. 2014). As proof-of-concept, deimmunized
variants of sfGFP and PE38 were designed, expressed and the function of each
protein was validated in vitro. Successful deimmunization of sfGFP protein was
demonstrated in vivo in mice as measured by reduced antigen-specific T cells
detected by tetramer analysis. PE38 peptide variants were less immunogenic, dem-
onstrated by reduced IL-2 production, when cultured in vitro with human PBMC.
In our own efforts to address these concerns, we have combined iterative deim-
munization of epitope clusters and assessment of the impact that these changes have
on the overall stability of the tertiary protein structure. This tool, developed in col-
laboration with Chris Bailey-Kellogg of Dartmouth College, is called “Epi-3D”; it
is based on a previously-published tool called EpiSweep (Parker et al. 2013) but
uses EpiMatrix instead of online epitope-mapping tools. Use of the tool provides
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several solutions, each of which may contain several sequence modifications
designed to perturb HLA/epitope binding while maintaining protein stability. Once
these peptides and their parent proteins are produced, they can then be tested in vitro
(in HLA binding and functional assays) and in vivo (immunization studies). The
Epi-3D tool is being used to deimmunize lysostaphin.

Antigen Specific Immune Tolerance Induction

Immune responses to self-proteins are controlled by immunologic tolerance mecha-
nisms, certain of which have the potential to be exploited in the context of protein
therapeutics. In the immunologic sense, discrimination of self and non-self is ini-
tially established in thymus during the latter stages of T cell development. Medullary
epithelial cells present a wide range of tissue-specific self-protein epitopes in the
context of MHC to immature T cells. T cells bearing T cell receptors (TCR) with
either a high affinity for self-peptide:MHC complexes are deleted or deviated into
regulatory (i.e. suppressor) T cells. T cells bearing TCR with low or moderate affin-
ity for self-peptide:MHC complexes may escape deletion, complete their matura-
tion program, and exit into the periphery where they may function as either effector
cells or regulatory T cells (Treg) (Bluestone and Abbas 2003).

“Adaptive” tolerance develops and is maintained in the periphery where, upon
antigen-specific activation through the TCR in the presence of cytokines such as
IL-10 and TGF-f, mature T cells differentiate into ‘adaptive’ Treg. Adaptive Treg
induction can be facilitated in a contact-independent manner through the cytokine
milieu and/or contact-dependent interactions with APC bearing a regulatory pheno-
type (Bluestone and Abbas 2003). The role of these ‘adaptive’ Treg cells may be to
dampen effector immune responses (following the primary, vigorous immune reac-
tion, as a means of controlling inflammation), or possibly to facilitate co-existence
with some symbiotic bacteria and viruses. Adaptive Treg induction is associated
with sustained tolerance (to grafts, allergens and autologous proteins) and may
require the existence of Treg cells with the same antigen-specificity as the self-
reactive T cells.

In addition to strategies aimed at inhibiting proliferation or eliminating lympho-
cyte subsets participating in the ADA response, are those aimed at modulating the
immune system to become tolerant to a therapeutic protein. IVIG, a pooled blood
product from 1,000 or more donors, is used to induce tolerance in clinical settings
(Toubi and Etzioni 2005; Kaveri et al. 2011). IVIG has been shown to be associated
with modulation of the regulatory T cell axis, including induction of natural (n)
Tregs (Ephrem et al. 2008); reduction of IL-17 (Maddur et al. 2011), and by enhanc-
ing the suppressive function of Tregs (Kessel et al. 2007). It has thus been applied
with much success in a number of autoimmune diseases (Kaveri et al. 2011; Katz
et al. 2011). A recent report describes positive clinical outcomes in two Pompe
patients who had received prolonged methotrexate and Rituximab therapy for
ADA who were also placed on chronic IVIG in an effort to decrease infectious
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complications. The addition of IVIG may have provided an additional immuno-
modulatory benefit in promoting tolerance to the GAA therapy through a mecha-
nism that has yet to be defined (Messinger et al. 2012), such as induction of tolerance
by exposure to Tregitopes (see below).

Tregitopes

In 2008, evidence was published indicating that highly conserved, promiscuous T
cell epitopes are located in the Fc region and framework of the Fab region of IgG
(De Groot et al. 2008). We hypothesized that these epitopes, that we named
Tregitopes, were regulatory T cell epitopes. Tregitopes have the following four
characteristics: (1) Their sequences are highly conserved in immunoglobulin mol-
ecules; (2) Almost all contain single 9-mer frames predicted by EpiMatrix to react
withmultiple HLA Class Il alleles; (3) They stimulate Treg cells (CD4*CD25+FoxP3*)
to proliferate and to produce IL-10; and (4) Co-incubation of Tregitopes with immu-
nogenic peptides (e.g. pre-proinsulin) inhibits effector T cell (Teff) proliferation and
suppresses secretion of effector cytokines in response to antigens in vitro (Cousens
et al. 2013a). The presence of Tregitopes in immunoglobulins may explain why
these unique proteins that undergo somatic hypermutation in the periphery do not
appear to trigger immune responses directed at the new ‘foreign’ hypervariable
sequences (Soukhareva et al. 2006). The presence of Tregitopes has a very practical
application in the assessment of mAb immunogenicity. A retrospective immunoge-
nicity analysis of 21 human and chimeric mAbs was carried out using in silico tools
to predict T cell epitopes. The in silico immunogenicity score was a significant
predictor of observed clinical immunogenicity; adjustment for Tregitope content of
the mAb increased the predictive power (De Groot and Martin 2009).

Tregitopes may provide insight into mechanisms by which IVIG exerts its thera-
peutic effects. IVIG has been shown to induce expansion of Tregs and IL-10 secre-
tion in vivo in both animal models and humans (Katz et al. 2011; Lopez et al. 2006;
Maddur et al. 2010). IVIG is an effective therapy for Immune Thrombocytopenic
Purpura (ITP), Kawasaki Syndrome (KS), polymyositis, dermatomyositis, neuro-
logical syndromes such as Guillain-Barré and Chronic Inflammatory Demyelinating
Polyneuropathy (CIDP), in cases of severe steroid dependent asthma, and many
others (Mazer et al. 2005; Orange et al. 2006). The anti-inflammatory activity of
IVIG is attributed to multiple mechanisms including binding of the IgG Fc domain
to Fc-gamma receptors, blockade of the FcRn receptor, blockade of Fas-FasL inter-
actions, or interaction of sialylated Fc with a novel macrophage receptor DC-SIGN
(Anthony and Ravetch 2010). However, these models have never fully accounted
for the observed modulation in T cell phenotype upon co-stimulation with IgG and
antigen (Kirschbaum et al. 2006) and the increase of CD4+/CD25+ Tregs after
IVIG treatment in skin transplants (Tha-In et al. 2010) or experimental autoimmune
encephalitis (EAE) (Toubi and Etzioni 2005). Others have described the
immunosuppressive effects of specific I[gG-derived peptides subsequently identified
as Tregitopes (Maddur et al. 2011; Sharabi et al. 2006; Hahn et al. 2005), providing
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Fig. 3 Proposed Tregitope mechanism of action

independent confirmation of our work. Validation and introduction of Tregitopes as
alternatives to IVIG would have a dramatic impact on the use of IVIG for immune
modulation therapy and would certainly diminish potential infectious risks from a
human blood derived product (Maddur et al. 2010).

Tregitope Mechanism of Action

Since 2008, we have significantly advanced our understanding of the Tregitope
mechanism of action, leading to our working hypothesis of the step-wise process
that is illustrated in Fig. 3: (1) Tregitope effects are contingent upon APC/MHC
II-mediated presentation to a T cell; (2) Tregs recognize Tregitopes presented in the
context of MHC II, are activated, and proliferate; (3) these activated Tregs produce
IL-10 and interact with the APC to reinforce the development of a tolerogenic APC
phenotype; and (4) these tolerogenic APCs and/or Treg act on adjacent antigen-
specific effector T cells to suppress their effector responses and convert antigen
specific T effectors into antigen-specific Treg (Maddur et al. 2011; Kessel et al.
2007; Cousens et al. 2012, 2013, 2013b).

Applying Tregitopes to tolerance induction in the context of protein therapeutic
immunogenicity involves co-presentation of Tregitopes with a biologic protein.
While the concept of Tregitope-mediated tolerance induction is relatively novel, this
approach has emerged from studies carried out by our laboratory, and those of our
collaborators, demonstrating that these specific, highly conserved and promiscuous
T-cell epitopes derived from human immunoglobulins activate Treg cells (Maddur
etal. 2011) and suppress immune responses in vitro and in vivo (Tha-In et al. 2010).
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The corresponding murine epitopes are also effective in murine models (Kessel
et al. 2007; van der Marel et al. 2012). The Tregitope discovery has been further
validated in in vivo models of autoimmune diseases. Moreover, co-administration
of antigens with Tregitopes in vivo and in vitro leads to the induction of antigen-
specific tolerance (Kessel et al. 2007) and suppression of both antibody-mediated
(Su et al. 2013) and cellular immune responses (Sharabi et al. 2006; Hahn et al.
2005) to co-administered antigens.

Tregitope-Mediated Tolerance Induction for Pompe Patients

Anti-therapeutic antibodies can have a dramatic effect on the safety and efficacy of
a protein therapeutic product. Humanization and de-immunization have been
applied in therapeutic protein development to reduce immunogenicity with variable
success. However these approaches present significant drawbacks in the context of
GAA immunogenicity and Pompe disease. Recombinant GAA protein is a fully
human sequence and thus is not amenable to humanization. It appears foreign, in
part, because these patients are afflicted by a number of mutations within the GAA
that are translated into site-specific, truncated, or total gene deletion mutants. The
resulting immunological phenotypes are heterogeneous with different GAA epit-
opes activating variable T cell responses in each individual. Relying on the deim-
munization approach alone may be inadequate. Such may be the case where multiple
epitope modifications are necessary in order to produce a therapeutic that is deim-
munized for the majority of the patient population, but where the ability to imple-
ment these changes are constrained by structure or function. One means of inducing
protein-specific tolerance to GAA may be by stimulating natural mechanisms of
tolerance through the introduction of human regulatory T-cell epitopes into the bio-
logic sequence of GAA (Hahn et al. 2005). This strategy would provide a localized
tolerogenic signal for Tregitope-specific T cell induction in the context of GAA-
specific T effector activation to facilitate conversion of effector T cells to antigen-
specific Tregs. The approach could be further modified to provide co-administration
of Tregitope and epitopes that might be presented by the CRIM-negative patients’
HLA, potentially further improving the efficacy of the tolerance induction program.
Experiments at EpiVax are underway to validate this approach.

Conclusions and Future Directions

Much progress has been made in the field of enzyme-replacement therapy (ERT)
over the past decade. New treatments are benefiting patients, and approaches that
lead to the reduction of ERT-ADA are under evaluation. Despite these significant
advances, the long-term effects of current immune tolerance induction regimens
have yet to be defined. Proof of the principle that the combination of deimmuniza-
tion and Tregitope introduction would mitigate ADA in the context of Pompe
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disease would have an immediate impact on the field of enzyme replacement therapy
and could accelerate adaptation of Tregitope therapy to facilitate effective treat-
ments for these patients. Tregitopes merit consideration if only for reduced depen-
dence on immunosuppressive drugs. However, ongoing studies appear to indicate
that Tregitopes elicit antigen-specific tolerance (Kessel et al. 2007), augmenting the
potential benefits of this approach in mitigating ADA. Thus, further proof-of-
principle studies with Tregitopes are likely to have a far-reaching impact on the
clinical development of an entire range of biologic therapies, including enzyme
replacement therapy for Pompe disease.

Therapies that safely and permanently harness the immune system to induce
long-lasting and specific tolerance in Pompe disease children will address a critical
unmet medical need with broad-reaching implications for other replacement-protein
therapies that are also limited by ADA (the Lysosomal Storage Disorders,
Hemophilia A and B, etc. (Saint-Remy et al. 2004; Starzyk et al. 2007; Deegan
2011)). Clearly, these modified products would have to be produced in cell culture
and tested in the appropriate laboratory assays, but in our experience, changes that
minimize the perturbation of the three-dimensional structure can be rationally
selected a priori. This tolerization approach may accelerate development of a new
generation of protein therapeutics, providing an effective solution to the problem of
immunogenicity in this field.
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Introduction

Monoclonal antibodies (mAbs) are the fastest growing sector of the biopharmaceu-
tical industry, with nearly 30 mAbs currently on the market and hundreds more in
development. mAbs are large protein drugs and susceptible to many types of physi-
cal and chemical degradation. The most commonly observed degradation pathways
are aggregation, deamidation, isomerization, oxidation, disulfide rearrangement and
peptide bond cleavage. In addition to these modifications, heterogeneity due to mul-
tiple glycoforms can variably affect mAb stability and function. Since partially
degraded proteins have been associated with altered drug potency and an increased
potential for immunogenic side effects, understanding the mechanisms of these deg-
radation pathways is important to designing improved mAbs. In this introductory
chapter, the structure of mAbs is explained, with a focus on the functionally impor-
tant regions that are susceptible to chemical modification. The mechanisms of deg-
radation such as aggregation, deamidation, isomerization, oxidation, glycan
hydrolysis, disulfide rearrangement and peptide bond hydrolysis are presented in
subsequent chapters, together with available evidence for the effects of these modi-
fications on mAb function. Subsequent chapters also address the effects of in vivo
environments on these degradation pathways and the potential to make “biobetter”
mAbs by reducing susceptibility to degradation.

Chemical Structure of IgG Antibody

The chemical structure of an antibody is complex and has been reviewed in detail
elsewhere (Alzari et al. 1988; Burton and Woof 1992; Davies and Metzger 1983;
Harris et al. 1997, 1998; Burton 1985; Terry et al. 1968; Saphire et al. 2001). Briefly,
mAbs are comprised of four polypeptide chains, two identical heavy chains and two
identical light chains, with a total molecular weight of ~150kD. The chains are held
together by disulfide linkages and fold to form a “Y”” shaped tetramer (Figs. 1 and
2a). With regard to biological function, the amino- and carboxy-terminal halves of
an antibody chain are subdivided into variable and constant regions, respectively.
The variable region shows great variability in the amino acid sequence among anti-
bodies and serves as an antigen binding site, while the constant region determines
antibody isotype and effector functions.

Based on differences in the amino acid sequences in the constant region of the
heavy chains, immunoglobulins can be divided into five different classes: IgG, IgM,
IgA, IgD and IgE with heavy chains denoted by the Greek letters v, p, o, 8 and €
respectively. The structural differences in these isotypes contribute to their diverse
specificity and effector functions. All immunoglobulins within a given isotype have
very similar heavy chain constant regions. Based on differences in amino acid
sequences in the constant region, the light chains in immunoglobulins can be classi-
fied into two types, kappa (k) and lambda (). Distribution of these isotypes differs
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Disulfide Linkage

Fig. 1 Schematic diagram of typical IgG structure. The “Y” shaped tetrameric IgG molecule is
comprised of two identical light and two identical heavy chains. The light chain consists of Vi
(dark blue) and C, (dark violet) domains and the heavy chain of Vy (light blue), Cyl (light violet),
Cy2 (olive) and Cy3 (orange) domains. The region that connects the Cyl and Cy2 domains is
referred to as the hinge region (yellow). The CDRs in the variable domains and the N-glycan in the
Cy2 domain are represented as green loops and cyan rings, respectively

in all immunoglobulin classes, subclasses and among different species. However,
for any given antibody, the two light chains are always identical and consist of either
of ¥ or A chains. Unlike heavy chain isotypes, immunoglobulins with k or A light
chains have no known functional differences.

The remainder of this chapter focuses exclusively on IgG class antibodies, since
most therapeutic antibodies today are IgG based. The overall structure of IgG dif-
fers from the other antibody classes in the length of the heavy chain and/or the
number of structural domains. The IgG heavy chain has one variable heavy (Vi) and
three constant heavy (Cyl, Cy2, and Cy3) domains, while the light chain has one
variable light (V) and one constant light (C; ) domain (Figs. 1 and 2a). The sequence
connecting the Cyl and Cy2 domains forms the hinge region. Based on the length
of the hinge region, the IgG class can be further divided into IgG1, IgG2, IgG3 and
IgG4 subclasses (see section “Hinge region”).

Proteolytic digestion of IgG with papain cleaves the molecule in the hinge region,
producing two identical antigen binding fragments (Fab) and one crystallizable
fragment (Fc). Each Fab fragment contains one of each of the Vi, C., Vy and Cyl
domains from a light and heavy chain. The amino acid sequence in the Fab regions
varies among antibodies, so that each can bind specifically to a defined epitope of
an antigen. The Fc fragment is comprised of the Cy2 and Cy;3 domains from the two
heavy chains (Figs. 1 and 2). The Fc domain defines the effector functions of an
antibody and the pathway by which the antigen is cleared through different antibody
mediated immune responses.
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Fig. 2 Structure of monoclonal antibody. (a) Cartoon representation of the crystal structure of
monoclonal antibody 231 (murine IgG2ax) (PDB: 11GT) (Harris et al. 1997). The color codes for
domain representation are as shown in Fig. 1. Each domain consists of seven to nine f-strands in
two anti-parallel B-sheets forming a p-barrel structure. (b) Fab region; the CDR loops (L1, L2, L3,
H1, H2 and H3) that connect the p-sheets in V| and Vi domains are shown in green. The intra- and
inter-chain disulfide bonds are shown as red dashed and solid lines, respectively. (¢) Fc region
(N-glycan); the highly conserved Asn297 from the two Cy2 domains bear the biantennary
N-glycan. (d) Hinge region; the three inter-chain disulfide bonds that connect the two heavy chains
near hinge region are shown as red lines

The constant and variable domains are highly structurally homologous among
antibodies, with 70—110 amino acids per domain. Each domain is comprised of
seven to nine P-strands in two anti-parallel B-sheets forming a f-barrel structure
with one intra-chain disulfide bond (Fig. 2b). The orientation of hydrophobic side
chains towards the interior of the barrel and the intra-chain disulfide bonds stabilize
the constant and variable domains. The Vy/V,, Cyl/C. and C43/Cy3 domains are
paired through hydrophobic interactions. The hydrophobic surface in the Cy2
domain is covered by complex N-linked biantennary oligosaccharides, which limit
Cy2/Cy2 hydrophobic interactions (Figs. 1 and 2c). In addition to the hydrophobic
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interactions, each light chain is connected to a heavy chain through a disulfide bond
and each heavy chain is connected to another heavy chain through two to eleven
disulfide bonds in the hinge region, with the number of hinge disulfides varying
with IgG subtype (see section “Hinge region”) (Figs. 1 and 2d). The whole IgG
molecule is thus stabilized by the pairing of domains through non-covalent hydro-
phobic interactions and by covalent intra- and inter-chain disulfide bridges that con-
nect the B-sheets within and between domains. The structural complexities of
functionally important regions in IgGs are discussed below.

Fab—Complementarity Determining Region (CDRs)

The loops connecting B-strands within each variable domain are arranged non-
consecutively into three small sub-regions forming the antigen binding CDRs. The
three CDR loops are generally referred as CDR1, CDR2 and CDR3. However, to be
specific, the loops formed by the V| domain are referred to as L1, L2 and L3 and the
loops in the Vi domain are referred as H1, H2 and H3 (Figs. 1 and 2b). The CDR
loops show the greatest sequence variability between different antibodies and so are
sometimes referred as the hypervariable region. The CDR H3 is the most variable of
the CDR loops, both in amino acid sequence and length, and is generally the most
flexible. The six CDR loops from one Fab domain form a single antigen binding site
that can collectively come into contact with an antigen. The recognition of protein
antigens by Fab generally utilizes all six of the CDR loops. The crystal structure of
the first Fab-hapten complex (Padlan et al. 1973; Segal et al. 1974) showed that the
main site of interaction for antibody with antigen is the CDR loops of the Fab
domains. The chemical nature and orientation of amino acid residues on the CDR
surface determine the specificity and affinity of CDRs for an antigen, and chemical
modifications in the CDRs greatly affect these interactions. For example, in vivo
deamidation at an Asn residue in the H2 CDR loop may show significant decrease
in antigen binding (Huang et al. 2005). Similarly, tryptophan oxidation in the H3
CDR loop of humanized mAb against respiratory syncytial virus (RSV) showed
loss of antigen binding and biological function (Wei et al. 2007). Nearly 15-20 %
of endogenous IgG bears N-glycans in the V| and Vy regions (Mimura et al. 2007)
and the influence of IgG-Fab glycosylation on antigen binding has been the subject
of several reports (Kato et al. 1993; Khurana et al. 1997; Tachibana et al. 1993;
Wallick et al. 1988; Coloma et al. 1999). N-glycan in the L1 CDR loop of human
monoclonal antibody specific to lung adenocarcinoma (HB4C5) interfered with
antibody activity and an increase in antigen binding of HB4CS5 was observed fol-
lowing L1 deglycosylation (Kato et al. 1993; Tachibana et al. 1993). Glycosylation
close to the CDR region of an anti-gonadotrophin releasing hormone (GnRH)
monoclonal antibody is important for antigen binding, and the presence of sialic
acid containing mannose-rich carbohydrate is critical for defining the specificity of
antibody (Khurana et al. 1997). An anti-dextran monoclonal antibody with potential
N-linked glycosylation site in the H2 loop showed a 15-fold increase in binding
affinity to antigen (Wallick et al. 1988; Coloma et al. 1999).
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Effector Functions Mediated by FcR-IgGFc Interactions

The Fc receptors (FcRs) and complement binding regions of IgGFc are located in
the hinge proximal region of the Cy2 domain. The binding sites for neonatal Fc
receptor (FcRn), staphylococcal protein A (SpA), streptococcal protein G (SpG),
serum protein mannan binding lectin (MBL) and cellular mannose receptor (MR)
are all found in the Cy2/Cy3 interface.

N-glycosylation is arguably the most important co-translational modification in
antibodies. Each Cy2 domain of human IgG carries a single covalently linked bianten-
nary N-glycan at the highly conserved Asn297 residue (Fig. 2¢). The glycan features a
heptasaccharide biantennary core and can vary by the addition of fucose to the core
N-acetylglucosamine, by the addition of N-acetylglucosamine to the bisecting man-
nose, or by extending the arms with the addition of galactose and sialic acid (Fig. 3).
The a1-6 arm occupies the pocket formed in the Cy2 domain and the a1-3 arm projects
into the interface of the C;2 and Cy3 domains. The role of glycan is not limited to the
protection of hydrophobic surfaces in the Cy2 domain. Glycans also keep the Fc region
accessible to the various FcRs that selectively activate different effector pathways.

IgG Fc mediated stimulation of FcRs results in the activation of effector func-
tions, including antibody-dependent cellular cytotoxicity (ADCC), phagocytosis,
oxidative burst, and the release of inflammatory mediators. Similarly, complement
functions through a variety of mechanisms, including cell lysis, opsonization and
phagocytosis, and the production of anaphylatoxins. The nature of the amino acids
in the Cy42 domain and in the hinge region determines the ability of different IgG
isotypes to activate complement. Interactions between IgGFc and a specialized
FcR, FcRn, play an important role in the metabolism and elimination of IgG. IgG-
FcRn interactions are essential for endocytic rescue and transcytosis of internalized
IgG, mediating the increased plasma half-life.

Any chemical modifications in the Fc region or the N-glycans can influence the
effector functions of IgG. For example, deglycosylation or aglycosylation has been
shown to abolish the binding of IgG with FcRs and complement (Nose and Wigzell
1983; Pound et al. 1993), and removal of a fucose group from the oligosaccharides
enhanced mAb ADCC activity (Satoh et al. 2006). Disruption of intramolecular inter-

|GIcNAC}®* ‘{Man |ﬂ|G|cNAc|M|G|cNAc|— Asn-297

[Sia}**[Gal}*:* -4 Man|

GlcNAc = N-acetylglucosamine, Man = Mannose, Fuc = Fucose, Gal = Galactose, Sia = Sialic acid

Fig. 3 Structure of N-linked glycans in IgG. The N-glycans in IgG are composed of a common
heptasaccharide biantennary core structure (bonds shown as solid lines) and can be heteroge-
neously modified by the addition of sugar residues (bonds shown as dashed lines). The modifica-
tionsinclude the addition of fucose to the core N-acetylglucosamine, addition of N-acetylglucosamine
to the bisecting mannose or extension of arms by the addition of galactose and sialic acid
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actions between residues in the Cy2 domain and N-glycan leads to the exposure of
aggregation-prone regions and aggregation (Voynov et al. 2009). Similarly, increased
sialylation of Fc glycans has been shown to decrease antibody binding to FcRs and to
diminish the corresponding IgG ADCC activity (Scallon et al. 2007). The terminal
galactose content of IgG affects complement-dependent cytotoxicity (CDC), but not
ADCC activity. Deamidation in Fc domains occurs over time for mAbs administered
intravenously (Liu et al. 2009); however the effect of Fc deamidation on antibody
function in vivo has not been reported. Methionine oxidation in the Fc region has
been shown to decrease the binding affinity of IgGs to FcRs (Pan et al. 2009;
Bertolotti-Ciarlet et al. 2009) and increase the deamidation rate (Liu et al. 2008).

Hinge Region

In human IgG, the hinge region is formed by a stretch of 12 amino acids for IgG2 and
IgG4, 15 amino acids for IgG1 and 62 amino acids for IgG3 (Redpath et al. 1998).
The hinge region links the two heavy chains together by one or more inter-chain
disulfide bonds (Figs. 1 and 2d). The number of these bonds and their positions in the
hinge region vary both from class to class and within the subclasses of each class. The
number of disulfide bonds in human IgG subtypes is two for [gG1 and IgG4, four for
IgG2 and eleven for IgG3. In addition to the different number of Cys residues avail-
able for forming disulfide bonds, the hinge region is rich in Pro residues which pro-
mote a random coil structure, conferring flexibility. The hinge region serves as a
spacer that separates the Fab-arms of the molecule from the Fc. This allows each Fab
domain to move relative to the other during antigen binding. Along with the Cy2
region, the hinge region plays an important role in complement activation. X-ray
crystallographic analysis of a complex between IgG-Fc and a soluble form of FcR has
demonstrated that the FcR binds to the lower hinge and the hinge proximal regions of
the two Cy2 domains asymmetrically with a 1:1 stoichiometry (Radaev et al. 2001;
Sondermann et al. 2000). Since the hinge region is the least structured and most sol-
vent-exposed, it is often the most susceptible to peptide bond hydrolysis and disulfide
rearrangement (Smith et al. 1996; Wang et al. 2011). Incorrect disulfide bonding has
been shown to affect the biological functions of IgG (Liu and May 2012).

Summary

This introductory chapter has provided an overview of the structure of an antibody
and the functionally important regions that can undergo posttranslational modifica-
tions. As discussed above, chemical changes in the CDR, in the CH,—~CH; domain
interface, and in the hinge region are expected to have direct effects on mAb in vivo
performance. Chemical changes at other sites may also alter performance, however,
albeit indirectly. The next chapter reviews the physicochemical stability of mAbs,
including detailed descriptions of various antibody degradations pathways and their
effect on in vivo properties.
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Prediction of Aggregation In Vivo by Studies
of Therapeutic Proteins in Human Plasma
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Abbreviations

EM  Electron microscopy

i.a. Intra-arterial
im. Intramuscular
i.v. Intravenous

NTA Nanoparticle tracking analysis
PFI  Particle-flow imaging
s.C. Subcutaneous

Introduction

In the last decade major progress had been achieved in the detection of protein
aggregates and in the understanding of aggregation mechanisms. Using different
new analytical methods, it is possible to characterize a variety of protein aggregates
in aqueous solutions, ranging from loose oligomers to more rigid, larger aggregates
of nanometer to micrometer diameter. The goal of aggregation studies in the phar-
maceutical industry is to develop stable formulations for therapeutic protein
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products that contain, in general, the smallest possible number of aggregates in the
solution prior to in vivo administration. However, after injection of a non-aggregated
protein solution into organs or tissues, aggregation can occur at the injection site or
in specialized microenvironments in tissues. This local in vivo aggregation has been
used to develop slow-release formulations for marketed products such as the long-
acting insulin analog, Lantus® (http://products.sanofi.us/lantus/lantus.html) and
peptidic gonadotropin-releasing hormone receptor blocker, Firmagon® (www.
accessdata.fda.gov/drugsatfda_docs/label/2013/022201s0021bl.pdf).

In vivo aggregation of therapeutic proteins after administration may influence
the absorption/bioavailability properties of the drugs (Filipe et al. 2012; Demeule
et al. 2009a). These aggregation phenomena are not generally addressed in pharma-
cokinetic studies of biopharmaceuticals administered by s.c. and i.v. routes (Zheng
et al. 2012; Wang et al. 2012; Richter et al. 2012). The local in vivo aggregation of
therapeutic proteins after administration can be evaluated by initially analyzing the
aggregation that occurs in mixtures of human serum or plasma with clear protein
solutions rather than in formulation buffer alone (Arvinte et al. 2013). For example,
large aggregates, up to 10 pm diameter, were formed when human plasma was
mixed with 5 % dextrose solutions of Herceptin® (trastuzumab) and Avastin® (beva-
cizumab), but not Remicade® (infliximab); no aggregates formed when the antibod-
ies were formulated in 0.9 % NaCl (Arvinte et al. 2013). For Herceptin® and
Avastin® the prescribing information states that 0.9 % NaCl should be used as the
1.v. infusion solution and the use of 5 % dextrose is prohibited (www.accessdata.fda.
gov/drugsatfda_docs/label/2010/103792s52501bl.pdf, =~ www.accessdata.fda.gov/
drugsatfda_docs/label/2011/125085s2251bl.pdf). These new observations show that
antibodies may form aggregates in vivo when inappropriate infusion solutions are
used and indicate that these aggregates may be associated with immunogenic and
toxic effects (Arvinte et al. 2013). The presented antibody cases further demonstrate
how a formulation issue (and not the underlying protein) may cause aggregation
in vivo with potential negative effects on the patients. To minimize such risks, we
proposed that the development of protein formulations for new drugs, biosimilars
and biobetters should include studies of their compatibility in different formulations
with human plasma under conditions as near as possible to those planned to be used
in human studies. Such studies are of direct relevance to the drugs intended for i.v.
administration. Additionally biopharmaceuticals that have s.c. as the desired route
for delivery often require i.v. clinical Phase I or Phase II studies. The s.c. and i.m.
spaces contain interstitial fluid which has a similar composition to plasma, contain-
ing also lipoproteins (Lundberg et al. 2013). Since interstitial fluid is difficult to
collect and to have in large volumes (Lundberg et al. 2013), human plasma can be
used as a first model for aggregation properties in the s.c. compartment.

In this chapter we present new structural and size distribution analyses of the
aggregates formed when 5 % dextrose solutions of Herceptin® and Avastin® are
mixed with human plasma and propose a model for these aggregation phenomena.
Comparison of the plasma aggregation properties of an originator protein with its
biosimilar and biobetter protein products is proposed as a parameter that can be
used to improve the quality of these products.


http://products.sanofi.us/lantus/lantus.html
http://www.accessdata.fda.gov/drugsatfda_docs/label/2013/022201s002lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2013/022201s002lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/103792s5250lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/103792s5250lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/125085s225lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/125085s225lbl.pdf
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Materials

Bevacizumab (Avastin®, Roche), trastuzumab (Herceptin®, Roche) and insulin
glargine (Lantus®, Sanofi-Aventis) were purchased. All proteins were analyzed prior
to the expiration date. Herceptin® is a lyophilized antibody formulation; after recon-
stitution with water, the solution contains 21 mg/mL trastuzumab in 20 mg/mL
(52.9 mM) a,a-trehalose dihydrate, 0.5 mg/mL (2.4 mM) L-histidine HCI, 0.32 mg/
mL (2.1 mM) r-histidine and 0.09 mg/mL (0.009 % w/v) polysorbate 20, pH 6.
Avastin® is a liquid antibody formulation of 25 mg/mL bevacizumab in 60 mg/mL
(158.6 mM) a,a-trehalose dihydrate, 5.8 mg/mL (42 mM) monobasic sodium phos-
phate monohydrate, 1.2 mg/mL (8.5 mM) dibasic sodium phosphate anhydrous and
0.4 mg/mL (0.04 % w/v) polysorbate 20, pH 6.2. Lantus® consists of 3.64 mg/mL
insulin glargine, 30 pg/mL zinc, 2.7 mg/mL m-cresol and 20 mg/mL glycerol 85 %,
pH 4. Human plasma bags were purchased from Blutspendezentrum SRK Beider
Basel (Basel, Switzerland). Dextrose and NaCl were purchased as analytical grade
powders from Fluka (Switzerland). All other chemicals were of analytical grade.

Light Microscopy

Herceptin® stock solution of 21 mg/mL was diluted to 1 mg/mL with 0.9 % NaCl or
5 % dextrose. 2.5 pL of the 1 mg/mL Herceptin® solutions (in 0.86 % sodium chlo-
ride or 4.8 % dextrose in water) or 2.5 pL of undiluted Lantus®, were placed inside
microscope slides and then 2.5 pL of human plasma were added. Two types of
microscope slides were used: FastRead 102™ slides (Immune Systems, Paignton,
UK) and KOVA® Glasstic® slides (Hycor, Garden Grove, USA). A Leica DMRXE
microscope (Leica Microsystems GmbH, Wetzlar, Germany) with a 5X/0.15na
objective (Leica Microsystems GmbH, Wetzlar, Germany) was used. The images
were acquired with a Sony NEX-5 camera and its firmware, and processed using the
Imagel] version 1.43u software (National Institutes of Health, Bethesda, Maryland,
USA). The experiments were performed at room temperature; the micrographs
were taken within 1 min after addition of human plasma.

Particle-Flow Imaging (PFI)

Particle-flow imaging measurements were performed at room temperature with the
Occhio FC200S particle counter (Occhio, Angleur, Belgium). Presented data are
averages of three different measurements: each measurement was performed on
250 pL of solution. Herceptin® (21 mg/mL) and Avastin® (25 mg/mL) stock solu-
tions were diluted to 1 mg/mL in 5 % dextrose in water (final 4.8 % dextrose). Prior
to the measurements the 1 mg/mL antibody solutions in 4.8 % dextrose were mixed
1:1 (v:v) with filtered (0.22 pm) human plasma.
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Nanoparticle Tracking Analysis (NTA)

NTA measurements were performed with a NanoSight LM20 (Malvern,
Worcestershire, United Kingdom) equipped with a sample chamber with a 650 nm
laser, using the NTA 2.3 software for capturing and analyzing the data. The samples
were measured at room temperature for 120 s with manual shutter and gain adjust-
ments; presented data are the averages of four measurements. 10 pL of antibody
stock solutions (21 mg/mL Herceptin® and 25 mg/mL Avastin®) were diluted into
1.5 mL of 5 % dextrose in water (final concentrations: 0.14 mg/mL Herceptin® and
0.17 mg/mL Avastin®). 5 pL of filtered (0.22 pm) human plasma were then added to
the 1.5 mL antibody-dextrose solution prior to measurement.

Electron Microscopy (EM)

Herceptin® (21 mg/mL) and Avastin® (25 mg/mL) stock solutions were diluted to
1 mg/mL in 5 % dextrose in water. Prior to the measurements the 1 mg/mL antibody
solutions in 4.8 % dextrose were mixed 1:1 (v:v) with human plasma at room tem-
perature. 5 pL aliquots of each sample were incubated for 30 s on fresh glow-
discharged Cu grids (mesh 400) covered with parlodium/carbon film. The grids
were stained with fresh diluted 2 % uranyl acetate for 10 s. Excess of stain on the
grids was absorbed by filter paper and the grids were consequently air-dried. The
grids were analyzed using a transmission electron microscope Philips CM-100 with
an acceleration voltage of 80 kV.

Results and Discussion

Intra-arterial and i.v. routes are often used for the delivery of drugs. Different in vitro
and in vivo studies show that the solution leaving the infusion needle does not mix
immediately with the human blood: a stream of infused solution forms and flows
through the blood vessels. In vitro models using conventional catheters showed sig-
nificant streaming of the infused solutions for i.a. infusion at the commonly used
infusion rates (2—4 mL/min) (Lutz et al. 1986, 2002; Arasa and Aldridge 2013).
Streaming may contribute to non-uniform distribution of the drug in the body,
resulting sometimes in up to a fivefold higher concentration of the drug in periph-
eral blood vessels, which was proposed to be one origin of focal toxicity in vivo
(Lutz et al. 1986). Streaming of the i.a. infused solution was shown to exist in vivo
and this streaming was associated with heterogeneous chemotherapy drug deposi-
tion and side effects (Blacklock et al. 1986; Saris et al. 1991). Besides poor mixing
and non-uniform drug distribution, a large surface of contact forms between the
infused stream and the blood during streaming (Lutz et al. 1986). At this interface
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surface the infused therapeutic protein may aggregate with blood components, similar
to the aggregation observed in vitro by light microscopy when antibody solutions
come in contact with human plasma (Arvinte et al. 2013). The aggregates which
formed at the interface between plasma and Herceptin® in 5 % dextrose solution,
Fig. 1b, had sizes between 0.5 and 9 pm, with a mean diameter of 4 pm (Arvinte
etal. 2013). These aggregates in plasma were much larger than the aggregates pres-
ent in the clear solution of Herceptin® in 5 % dextrose, which were up to 200 nm,
Fig. 1a and (Demeule et al. 2009b).

An instantaneous and strong aggregation was also observed at the interface
between human plasma and Lantus®, a marketed slow-release formulation of insulin
glargine known to aggregate in vivo at the injection site. The aggregated zone
formed at the Lantus®—plasma interface was more compact and dense compared to
the aggregated zone formed when Herceptin® in 5 % dextrose was mixed with
human plasma, Fig. 1c and d, white arcs. These observations show that in vitro
plasma aggregation studies may be predictive for the in vivo aggregation of thera-
peutic proteins.

In the case of peptide and small protein drugs such as Lantus®, the plasma aggre-
gation model may be used for the development of s.c. or i.m. slow-release formula-
tions. For example, in the case of Lantus® we measured solubilization of aggregates
formed upon mixture with human plasma (similar appearance to Fig. 1d) within
24 h of incubation at 37°C (data not shown). Nonetheless, unintended aggregation
at s.c. injection site may result in loss of efficacy, local irritation or other immuno-
genic reactions and such adverse events may be more pronounced with larger pro-
tein aggregates.

Careful use of the proposed plasma model is advised; otherwise it may not detect
aggregation and incompatibility of the injected biopharmaceuticals in all cases. One
important element appears to be that aggregation may occur not immediately after
s.c. administration. In some cases we observed that clear protein—plasma mixtures
were aggregated only after 10 min (data not shown). Thus for each protein we rec-
ommend performing detailed plasma interaction studies and, if possible, to correlate
them with in vivo results.

The aggregates formed when Herceptin® and Avastin® in 5 % dextrose are mixed
with human plasma were characterized by nanoparticle tracking analysis (NTA),
light microscopy, particle-flow imaging (PFI) and electron microscopy. For these
proteins, all methods showed that the aggregation occurred rapidly, within seconds,
after mixing.

PFI experiments showed that the plasma-dextrose—Herceptin® sample contained
particles in the 3—10 pm region, Fig. 2a, as well as aggregates larger than 10 pm,
Fig. 2f and g. The plasma—dextrose—Avastin® sample contained less aggregates than
the Herceptin® sample, Fig. 2a, d, and e. The control plasma—dextrose—sample had
a very small number of aggregates, Fig. 2a, b and c. In both Herceptin® and Avastin®
mixtures, fibrils between 20 and 60 pm were observed, Fig. 2d—g. The PFI results
are in agreement with the published light microscopy data, Fig. 3a, and b also show-
ing that there are more particles in the Herceptin® sample (Arvinte et al. 2013).
Light microscopy showed that the particles formed in plasma—Herceptin®5 %
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Fig.1 Transmission electron microscopy picture of 1.28 mg/mL trastuzumab in 5 % dextrose (a);
experimental conditions described in Demeule et al. (2009b). Light microscopy pictures (b) and
(¢) of Herceptin® diluted in 5 % dextrose mixed with human plasma (from Arvinte et al. 2013)
and (d) the interface between Lantus® solution and human plasma
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Fig. 2 (a) Particle size distributions measured from particle-flow imaging experiments: (-¢-)
human plasma mixed with 5 % dextrose, (-A-) 0.5 mg/mL Avastin® in 2.5 % dextrose and human
plasma and (-B-) 0.5 mg/mL Herceptin® in 2.5 % dextrose and human plasma. (b—g) Pictures of the
aggregates detected by particle-flow imaging: (b, ¢) human plasma in 5 % dextrose; (d, e) 0.5 mg/
mL Avastin® in 2.5 % dextrose and human plasma and (f, g) 0.5 mg/mL Herceptin® in 2.5 % dex-
trose and human plasma
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Fig. 3 (a) Particle size distributions of the aggregates observed by light microscopy at the contact
region between Herceptin® diluted in 5 % dextrose and human plasma and (b) between Avastin®
diluted in 5 % dextrose and human plasma. Particle size distributions measured by NTA of: (c)
Herceptin® in 5 % dextrose and human plasma; (d) Avastin® in 5 % dextrose and human plasma;
(e) Herceptin® in 5 % dextrose; (f) Avastin® in 5 % dextrose; (g) human plasma mixed with 5 %
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dextrose and in plasma-Avastin®~5 % dextrose solutions had diameters between 0.5
and 9 pm, with a mean diameter of 4 pm for Herceptin® and 2 pm for Avastin®,
Fig. 3a and b (Arvinte et al. 2013).

Aggregates in the 100-1,500 nm size range were studied by NTA using diluted
solutions which permitted a good particle analysis, 0.17 mg/mL for Avastin®,
0.14 mg/mL for Herceptin® and 300 times diluted human plasma (5 pl of plasma
added to 1.5 mL of 5 % dextrose). In these very diluted antibodies and human
plasma solutions, many aggregates were observed, Fig. 3¢ and d, suggesting that the
aggregates are non-dissociable. More aggregates were observed in the plasma—
dextrose—Herceptin® sample: the size distribution showed one main peak around
500 nm and a shoulder at 900 nm, Fig. 3c. The aggregate distribution in the plasma—
dextrose—Avastin® sample had a population with peaks around 400, 500 and 700 nm,
Fig. 3d. Herceptin® was shown to aggregate in 5 % dextrose (Demeule et al. 2009b).
NTA analysis showed that Herceptin® aggregates in 5 % dextrose are between 50
and 600 nm with the main peak at 500 nm, Fig. 3e. Fewer aggregates were measured
in Avastin®-5 % dextrose solution, Fig. 3f.

Plasma diluted in 5 % dextrose contained a small number of particles, with sizes
between 100 and 900 nm, with a peak at about 400 nm, Fig. 3g. These particles are
very likely lipoproteins, the peak at 400 nm having a size distribution similar to that
of the very-low-density human lipoproteins (Bierman et al. 1966). The other lipo-
proteins found in human plasma have smaller diameters, 20-200 nm (Zhang et al.
2013). Dextrose alone contained few aggregates, Fig. 3h.

Electron micrographs of human plasma mixed with 5 % dextrose showed the
presence of globular lipoprotein structures, Fig. 4a and b, similar to published elec-
tron micrographs of lipoproteins (Bierman et al. 1966; Zhang et al. 2013). Larger
and more numerous globular structures were observed in plasma—dextrose—Avastin®
(Fig. 4c and d) and in plasma—dextrose-Herceptin® samples (Fig. 4¢ and f). For both
antibodies, large globular structures in the micrometer range were also observed,
Fig. 4d and f. These large globular structures appear to form by agglomeration of
smaller globular structures similar in appearance to the lipoproteins.

In Fig. 5 we propose a model for the aggregation phenomena that occur when
dextrose solutions of Herceptin® and Avastin® are mixed with human plasma. The
spherical shape of the structures observed by light and electron microscopy sug-
gests that the aggregates are formed through an agglomeration of antibodies and
plasma lipoproteins. At present we do not have data which explains the molecular
origin of the aggregates and support our model of an apparent affinity of plasma
lipoproteins with Herceptin® and Avastin® when formulated in dextrose, but not in
NaCl. In this context it is interesting to note that for other proteins such as
Neupogen®, dextrose is recommended and NaCl is prohibited.

In 5 % dextrose, Herceptin® forms loose aggregates; such aggregates do not
form in 0.9 % NaCl (Demeule et al. 2009b). These antibody aggregates have sizes
up to 500 nm in diameter, Fig. 5a (based on data in (Demeule et al. 2009b)). In our
model we propose that these loose antibody aggregates, when mixed with human
plasma, Fig. 5b, bind to lipoproteins and induce the agglomeration of lipoproteins
forming the larger globular structures observed by EM (about 1,500 nm) and NTA
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Fig. 4 (a, b) Transmission electron microscopy pictures of human plasma in 5 % dextrose; (c, d)
Avastin® mixed in 5 % dextrose and human plasma; and (e, f) Herceptin® mixed in 5 % dextrose
and human plasma

(500-1,000 nm), Fig. 5c. These globular structures continue to grow and bind one
to another, forming the 1-10 pm aggregates observed by light microscopy, Fig. 5d,
and the aggregates and fibrils up to 200 pm detected by PFI, Fig. Se. The model
does not explain why aggregation in human plasma occurred for 5 % dextrose for-
mulations of Herceptin® and Avastin® and why no aggregation was observed when
the antibodies were formulated in 0.9 % NaCl.
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Fig. 5 Model for the aggregation phenomena observed when dextrose formulations of Herceptin®
and Avastin® antibodies are mixed with human plasma. Aggregates of antibodies in 5 % dextrose
(a) interact with plasma lipoproteins (b) forming large aggregates (c). These aggregates coalesce
into large globular structures (d) and fibrils (e)

Formation of aggregates after infusion of protein drugs in vivo may be one origin
of observed “infusion reactions” during the clinical studies of biopharmaceuticals
(FDA Guidance for Industry 2014; Gamarra et al. 2006). The aggregates that form
when human plasma is mixed with 5 % dextrose—Avastin® solutions could be one
origin of the increased severe side effects (such as arterial thromboembolic events,
myocardial infarction and angina) observed for Avastin® in combination with che-
motherapy, compared to chemotherapy alone (FDA 2005). The formation of such
aggregates is likely to be facilitated by the streaming phenomena previously
described to be the origin of focal toxicity in vivo (Lutz et al. 1986). Human studies
showed that reduced streaming can be obtained by using a pulsatile infusion (Saris
et al. 1991). Theoretical studies showed that changing the geometry of the infusion
catheter tip can also reduce the streaming phenomena (Arasa and Aldridge 2013).

Plasma aggregation of some biopharmaceuticals may also be dependent on
the human donors. The same plasma aggregation behavior was observed when
Herceptin®, Avastin® and Remicade® in 5 % dextrose and 0.9 % NaCl formulations
were incubated with human plasma from three different donors (Arvinte et al.
2013). However, in other studies, we observed differences in aggregation when
plasma from different healthy donors was used. In one research study, where two
IgG antibodies of the same subtype were produced for the same target, the first
antibody candidate formed aggregates when mixed with plasma from five healthy
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volunteers and did not form aggregates in plasma from another five volunteers
(data not shown). The second antibody candidate did not aggregate in plasma from
any of the ten donors, and it was therefore selected for further development. The
origin of the difference in the aggregation properties of the two antibodies was not
further investigated. Based on such case studies we recommend using human plasma
from different donors when evaluating the plasma aggregation properties of bio-
pharmaceuticals in different formulations.

In the development of biosimilar and biobetter proteins, it is also important to
compare their plasma aggregation properties with those of the originator. For bio-
similars the aim should be to have formulations that have very similar or more favor-
able aggregation properties compared to the originator. In some cases we have found
that originator products that are administered by s.c. or i.m. routes, form aggregates
when mixed with human plasma. In these cases the biosimilar formulation should
be adapted to have similar aggregation properties as the originator product, Fig. 6,
unless such aggregation is correlated to significant immunogenicity or adverse

Fig. 6 Light microscopy pictures of the aggregates that formed in the mixing region of human
plasma of a biosimilar protein drug formulation (a) and the originator product (b). The aggregates
are small and diffuse forming the white arc
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events. In the case of biobetters that are administered by s.c or i.m. injection, plasma
aggregation can be used to improve the product. One possibility is to develop for-
mulations that do not aggregate at the injection site (in case the originator aggre-
gates) aiming for a better dose—response and dose reduction, less immunogenicity
and a reduction of adverse events. In other situations, developing slow-release bio-
better formulations that aggregate at the injection site may also have beneficial
effects on pharmacokinetic and pharmacodynamic properties compared to the origi-
nator, in addition to being more user-friendly with potentially reduced side effects.

The antibody plasma aggregation phenomena presented in this chapter have
different implications for research and development of new therapeutic protein prod-
ucts as well as of biosimilars and biobetters. Thus, the in vivo proof of concept for
the protein drug may depend on the formulation used in animal and human studies.
In early phases, compatibility of new protein drugs with plasma and serum can be
selection criteria in research (for example for monoclonal antibodies, Demeule et al.
2009b). For animal proof of concept and toxicity studies, the compatibility of the
formulation with the plasma of the animal model should be examined since aggrega-
tion can be different in animal plasma and in human plasma. Autologous animal
proteins studies provided very helpful information on immunogenicity profiles and
generation of antibodies against biotechnology products (Koren et al. 2008). In one
of our projects with a human protein drug, the autologous animal protein was pro-
duced biotechnologically to study its toxicological effects in the same animal model.
Unexpectedly, the animal protein therapeutic was found to aggregate strongly in the
animal plasma but did not aggregate in human plasma; the human protein did not
aggregate in either human or animal plasma. Had the toxicology evaluations been
performed in animals using the animal protein, the observed toxicology would likely
have been misleading (Therapeomic Inc., non-published data).

In summary, for the formulation development of new protein drugs, biosimilars
and biobetters we propose that the best formulation found in physical and chemical
stability studies should also be tested for its potential to generate protein aggrega-
tion in human plasma. For the intended i.v. administration of therapeutic proteins,
the plasma compatibility studies should be performed under conditions as close as
possible to those planned for use in the clinic. Human plasma compatibility can also
be used as a model for local aggregation after s.c. and i.m. administration, comple-
menting in vivo toxicity studies of local injection site reactions.
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scFv  Single chain fragment variable
SLE Systemic lupus erythematosus
SpA  Staphylococcal protein A

SpG  Streptococcal protein G

VH  Variable heavy chain

VL Variable light chain

Introduction

Hydrolysis is the cleavage of a covalent bond by reaction with water. Hydrolysis
constitutes one of two major classes of chemical degradation reactions in mAbs
and other protein drugs, the second being oxidation. Hydrolysis can occur in any
of the aqueous environments that mAbs encounter, including upstream and down-
stream processing, fill-finish operations, in the shipping and shelf-storage of
solution drug products, and in the bloodstream and tissues following administra-
tion. Less obviously, hydrolysis can also occur in solid forms of mAbs, such as
lyophilized powders, when residual moisture is present. Hydrolytic reactions can
change the composition of amino acid side chains, break peptide bonds in the
light and heavy chains, alter glycosylation patterns and disrupt the disulfide
bonds responsible for mAb quaternary structure, all of which have the potential
to affect both safety and efficacy. To develop biosimilar and “biobetter” mAbs in
a rational way, an understanding of hydrolytic reactions and their effects on
in vivo performance is necessary. When hydrolysis has little effect on safety or
efficacy, minor differences in hydrolytic stability between innovator and follow-
on products can perhaps be tolerated. Conversely, hydrolytic reactions or reaction
sites with demonstrable effects on safety and efficacy deserve increased industry
and regulatory attention.

This chapter reviews four of the most common hydrolytic reactions in mAbs:
deamidation, Fc-glycan hydrolysis, peptide bond hydrolysis (proteolysis) and non-
oxidative disulfide rearrangement. While non-oxidative disulfide rearrangements
are not formally hydrolytic, they are included because they involve proton transfer
and are not oxidative. For each reaction, the mechanism is first presented, followed
by adiscussion of the intrinsic and extrinsic factors known to affect its rate. Available
evidence for the effects of the reaction on mAb performance is then presented and
discussed. Ideally, such evidence would be based on in vivo studies in animal and/
or human subjects documenting a relationship between a specific type of degrada-
tion and altered efficacy, safety, pharmacokinetics or biodistribution. Such evidence
is scarce. The potential for in vivo effects of hydrolytic degradation can also be
inferred from in vitro studies such as receptor binding or cell-based bioactivity
assays; the available in vitro evidence for the effects of each hydrolytic reaction is
also presented. The chapter concludes with a discussion of approaches to mitigating
the effects of hydrolytic reactions in mAbs, including antibody engineering and
formulation approaches.
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Deamidation

Deamidation is one of the most common routes of protein degradation, and occurs
in vivo as part of aging as well as in therapeutic protein formulations. Of the 20
naturally occurring amino acids, Asn and Gln can undergo non-enzymatic deamida-
tion to form Asp (or isoAsp) or glutamyl products. The loss of the amide functional
group results in the formation of charged, more acidic products, which are often
responsible for the so-called “charge variants” detected in anion or cation exchange
chromatography. The subsections below describe the chemical mechanism of
deamidation, factors influencing the reaction, and evidence for the effects of the
reaction on the in vivo properties of mAbs.

Mechanism of Protein Deamidation

Deamidation occurs most commonly at Asn residues. At neutral to alkaline pH, the
backbone N+ 1 amide nitrogen becomes deprotonated and initiates nucleophilic
attack on the carbonyl group of the Asn side-chain. This generates a tetrahedral
intermediate, which gains a proton and subsequently degrades to form a succin-
imide intermediate with the loss of ammonia. The rate-limiting step is the forma-
tion of the succinimide, and hence pH is an important factor affecting deamidation
rates. In the presence of water, the succinimide hydrolyzes to form a mixture of
Asp and isoAsp products (Fig. 1). The ratio of isoAsp/Asp is typically on the order
of 3:1 (Geiger and Clarke 1987). At acidic pH, the side chain of Asn can undergo
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Fig. 1 Mechanism of Asn deamidation in neutral to basic aqueous solution. Deprotonation of the
N+ 1 amide nitrogen leads to the formation of a tetrahedral intermediate. Transfer of proton to the
amino group in the tetrahedral intermediate results in the expulsion of ammonia and irreversible
formation of a succinimide intermediate. Hydrolysis of the succinimide at either of the carbonyl
groups to form Asp or isoAsp variants of the original sequence. Asp can undergo isomerization to
form isoAsp through the succinimide intermediate
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direct hydrolysis to form an Asp derivative without the formation of isoAsp. Two
related routes of degradation are Asp isomerization and Asp racemization.
Isomerization refers to the dehydration-mediated conversion of Asp to iSoAsp via
the succinimide intermediate (Fig. 1) (Manning et al. 2010). Racemization is a
parallel degradation pathway that results in the formation of D-Asp and D-isoAsp
products from a racemized tetrahedral intermediate, with transient formation of
D-Asn (Li et al. 2003).

Deamidation of Gln forms glutamyl and isoglutamyl products. Deamidation is
less common at Gln than at Asn, since Gln deamidation requires the formation of a
six-membered ring intermediate that is thermodynamically unfavorable, as opposed
to the energetically favored five-membered succinimide ring formed in Asn deami-
dation (Manning et al. 2010). Hence, deamidation rates for Asn typically are much
faster than for Gln, and the products of Asn deamidation are much more commonly
observed as product variants in protein drug products.

Factors Affecting Deamidation

Several intrinsic (protein structure-related) and extrinsic (environment-related) fac-
tors affect the rate and propensity for deamidation:

Intrinsic Factors. The amino acid immediately C-terminal to Asn (i.e., N+ 1 amino
acid) affects deamidation rates to a greater extent than that to the N-terminal side
(i.e., N—1 amino acid). Unstructured peptides with Gly, Ser or Thr C-terminal to
Asn (i.e., XAsnGlyY, XAsnSerY and XAsnThrY) show faster deamidation than
sequences with other amino acids in this position (Brennan and Clarke 1994;
Manning et al. 2010; Chelius et al. 2005). The small side-chain of Gly and the
hydroxyl group-containing side chains of Ser and Thr offer little steric hindrance
and favor nucleophilic reactions, resulting in faster deamidation rates. Isomerization
and racemization tendencies have been observed for AspGly and AspAsp sequences
(Geiger and Clarke 1987; Zhang et al. 2011). However, not all susceptible sequences
are labile, since higher order structure also affects deamidation rates. Kosky et al.
observed slower Asn deamidation rates for peptides with greater a-helix content
(Kosky et al. 1999). In another study, the hinge region of mAbs, although relatively
flexible, showed higher deamidation rates only at elevated temperatures (Hambly
et al. 2009). Solvent exposure and local conformational flexibility of the deamidat-
ing or isomerizing residue determine whether the formation of the cyclic intermedi-
ate is energetically favorable (Capasso and Salvadori 1999; Stotz et al. 2004;
Wakankar et al. 2007). For example, although trastuzumab (Herceptin®) has six
AsnGly and AsnSer sequences which are potential sites of deamidation, the reaction
is observed only at Asn30 and Asn55, which are followed by Thr and Gly, respec-
tively (Harris et al. 2001). Cacia et al. observed that despite similar solvent expo-
sure, an AsnGly sequence in the light chain CDR region of an anti-IgE mAb
undergoes isomerization, while the same sequence in the heavy chain CDR region
does not (Cacia et al. 1996). Another mAb with two AsnGly sequences in the
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Fc region (Asn315 and Asn384) is deamidated predominantly at Asn384 under
physiological conditions in vitro, but showed deamidation at both sites under dena-
turing conditions (Liu et al. 2009). This behavior has been attributed to stabilization
of the primary sequence by side-chain hydrogen bonds and reverse turns, which
impose structural constraints on isSoAsp formation. While conformational changes
can affect deamidation propensity, deamidation can also induce local structural
changes, notably through the introduction of an extra methylene group in the pep-
tide backbone when the isoAsp product is formed. For example, deamidation of
Asn33 in an AsnGly sequence in the light chain CDRI1 region of an IgG antibody
produced Asp and isoAsp variants (Vlasak et al. 2009). The deamidated isoAsp spe-
cies was susceptible to papain proteolysis in an adjacent CDR2 loop, suggesting
that local conformational changes had occurred as a result of deamidation.

Extrinsic Factors. Extrinsic factors that accelerate the rate of deamidation include
high pH, high temperature and, to a lesser extent, high solvent dielectric constant
(Zheng and Janis 2006; Kroon et al. 1992; Brennan and Clarke 1993). These factors
affect the rate of deprotonation of the backbone nitrogen and the stability of the
nucleophilic nitrogen anion. In an 8-week stability study, Zheng and Janis showed
that the deamidation rate of Asn55 in the heavy chain of a mAb was a function of
pH, buffer components and temperature (Zheng and Janis 2006). In addition to
affecting reaction kinetics directly, these factors may also affect protein conforma-
tion and the deamidation propensity of otherwise protected residues. Deamidation
rates were higher in phosphate buffer than in citrate, succinate and tartrate, espe-
cially at higher temperature and pH (Zheng and Janis 2006). However, this chemical
instability did not translate to physical instability over the period studied, as the loss
of monomer and formation of soluble and insoluble aggregates was insignificant.
Similar chemical degradation via deamidation and absence of significant physical
degradation was observed for a humanized IgG1 antibody, even after storage at
40 °C for 6 months (Liu et al. 2006). In addition to three Asn deamidation sites, one
GIn deamidation site was found in these studies. Although the mAb has four AsnGly
sequences in the Fc region, none showed detectable deamidation, indicating that
they may be protected from solvent exposure. Of 62 Gln residues, the only deami-
dated residue was close to the N-terminus of the heavy chain and hence may have
had greater solvent exposure.

Enzymes are also known to influence deamidation. Glutaminase-mediated
deamidation of Gln occurs in several plant proteins such as wheat gluten and soy
protein (Suppavorasatit and Cadwallader 2012; Yong et al. 2006). Enzymatic deam-
idation of Asn in vivo is not known. However, enzymes appear to be involved in the
repair of isomerized Asp. The enzyme isoaspartyl carboxyl O-methyltransferase
(PIMT) methylates the deamidated isoAsp residue and catalyzes its conversion to
Asp (Aswad et al. 2000). The commercially available ISOQUANT kit detects
1s0Asp using recombinant PIMT (Aswad et al. 2000; Vlasak et al. 2009). For addi-
tional information on the mechanism and factors affecting deamidation and isom-
erization, the reader is referred to several excellent reviews (Robinson and Robinson
2004; Aswad 1994).



110 B.S. Moorthy et al.

Evidence for the Effects of Deamidation on mAb
In Vivo Performance

While in vivo evidence is lacking, there is in vitro evidence that deamidation can
affect antigen binding affinity and the potency of mAbs. When Asp isomerization
occurred in the CDR region of an anti-IgE antibody, Cacia et al. observed signifi-
cantly reduced binding affinity of the isoAsp species towards IgE compared to the
native form (Cacia et al. 1996). Similarly, reduced antigen binding was observed for
deamidated Asn33 in the light chain CDR region of an IgG antibody (Vlasak et al.
2009). In an unpublished BIAcore study, deamidation of Asn55 in the heavy chain
CDR region of a mAb caused a 14-fold reduction in binding affinity for the antigen
(Huang et al. 2005). In another case, deamidation of Asn30 to Asp in the light chain
CDR region of trastuzumab caused a 30 % loss in potency, while isomerization of
Aspl02 to isoAsp in the heavy chain CDR region caused >80 % loss of potency
(Harris et al. 2001).

Deamidation in the CDR region and Fc regions of an antibody can affect antigen
binding and Fc receptor binding, respectively. Deamidation at other sites may not
directly affect avidity for receptors or antigens, but may alter the antibody structure
sufficiently to allow further chemical and physical degradation. Endogenous IgG
antibodies show ~23 % deamidation in vivo, as observed by Liu et al. using deami-
dation at Asn384 in the Fc region (Liu et al. 2009). In addition, deamidation of a
recombinant IgG2 antibody was studied in vitro under conditions that mimicked
physiological conditions as well as in vivo. The antibody was administered intrave-
nously to three human subjects and serum collected at various time points for phar-
macokinetic studies. The fraction of deamidated Asn384 increased at a rate of
0.73 % per day, in agreement with the in vitro deamidation rate of 0.76 % per day,
with a serum half-life of ~102 days. The results showed that in IgG2, in vitro deami-
dation rates in which the in vitro conditions mimic key features of the in vivo envi-
ronment are comparable to in vivo rates.

Deamidation may produce proteins with altered potency and immunogenicity.
Although evidence for increased immunogenicity of deamidated mAbs is scant,
Mamula et al. demonstrated that injection of isoAsp variants of a peptide derived
from murine cytochrome c, an endogenous protein, elicited a stronger immune
response in mice than the normal Asp peptide (Mamula et al. 1999). Moreover, the
antibodies against the isoAsp antigen also cross-reacted on the endogenous unmodi-
fied protein. Similar antigenicity has been observed with deamidated tumor antigen
(Doyle et al. 2006). This raises concerns about potential autoimmune reactions that
may arise from deamidated protein therapeutics either in formulations or, to a
greater extent, in vivo. In addition to compromising safety, such immune responses
may also affect efficacy by altering pharmacokinetics. The development of antibod-
ies to therapeutic mAbs is not uncommon. Such responses can affect efficacy, but
the origin of such responses has not been elucidated (Baert et al. 2003; Bartelds
et al. 2007, 2011; Colombel et al. 2010; Garcés et al. 2013).
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The formation and clearance of a deamidated mAbwas monitored following
administration of a mAb in monkeys (Huang et al. 2005). As similar clearance rates
were observed for Asp and isoAsp products formed by deamidation at Asn55 in the
heavy chain CDR region, the deamidation half-life (i.e., the time at which 50 % of
the mAb is deamidated) of the chosen mAb was calculated to be 6 days. Moreover,
the route of administration (intravenous vs. subcutaneous) did not affect the deami-
dation rate. Khawli et al. compared in vitro and in vivo properties of a mAb that
showed acidic and basic charge variants after purification (Khawli et al. 2010). In
vitro binding studies using the acidic variants, which included deamidated product,
showed slightly decreased binding to rat FcRn when compared to basic variants and
wild-type protein. However, in vitro potency remained equivalent for all three spe-
cies indicating lack of effect on the CDR region recognizing antigen. No significant
pharmacokinetic differences were observed when these charge variants were admin-
istered to rats intravenously. Administration of the three fractions subcutaneously
too did not show differences between the fractions, in that similar exposure as mea-
sured by AUC and Tmax values was observed.

Racemization of proteins is known to occur in vivo during aging. Although there
is no evidence that the in vivo activity and immunogenicity are altered in racemized
mAbs, they may be present as impurities in the formulation. They may also accu-
mulate in the body as the enzyme PIMT has little to no ability to methylate D-Asp
and D-isoAsp (Clarke 1999; Lowenson and Clarke 1992).

Fc N-Glycan Hydrolysis

Glycan hydrolysis is not a major route of degradation for mAbs in vivo. The
N-linked glycans in the Fc domain undergo little lysosomal hydrolysis until the
protein is extensively degraded (Kuranda and Aronson 1986; Fisher and Aronson
1992; Brassart et al. 1987; Aronson and Kuranda 1989). Similarly, the stability of
N-glycans during formulation, manufacturing and storage of mAbs is seldom a con-
cern. However, variations in mAb glycoform structure introduced during upstream
processing can have a profound effect on in vivo performance, and removal of even
a single terminal monosaccharide can significantly affect receptor binding and bio-
distribution. These variations may be the result of enzymatic degradation, changes
in growth medium composition or drift in cell-line performance. This section
describes the mechanisms of enzymatic hydrolysis of Fc N-glycans and the evi-
dence for the effects of glycoform variability on the in vivo performance of mAbs.

Mechanism of Glycan Hydrolysis

Glycan hydrolysis includes complete glycan release (deglycosylation) by in vitro
enzymatic cleavage; semi-complete release via in vivo digestion by glycosidases
(e.g., from human bacterial pathogens); and the sequential removal of terminal
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Fig. 2 Mechanism of N-glycan hydrolysis. (a) PNGase F catalyzed N-glycan hydrolysis at
Asn297 releases N-glycan and converts Asn297 to Asp297 (R represents N-glycan groups
appended to the two GlcNAc groups shown). (b) Sialidase catalyzed sialic acid hydrolysis removes
the terminal sialic acid from the rest of the glycan structure (R represents the N-glycan groups).
The dashed line in both reaction mechanisms indicates the cleavage site by the enzyme

glycans by glycosidases in vitro. A number of enzymes catalyze these reactions,
each with its own specific mechanisms. Two are provided here as examples of enzy-
matic glycan hydrolysis (Huhn et al. 2009; Mechref et al. 2005; Omtvedt et al.
2006; Qian et al. 2007).

Complete Glycan Hydrolysis. Peptide-N-(N-acetyl-p-glucosaminyl) asparagine
amidase (PNGase F) catalyzes the cleavage of N-linked oligosaccharides from the
protein chain (Fig. 2). At N-glycosylation site Asn297, the glycosylamine linkage
between glycans and protein is hydrolyzed to release a 1-amino oligosaccharide,
while Asn297 is deamidated to Asp. The 1-amino-oligosaccaride then undergoes
hydrolysis to a di-N-acetylchitobiose unit as the reducing end (Tarentino and
Plummer 1994).

Terminal Monosaccharide Removal. Sialidases (or neuraminidases) catalyze the
hydrolysis of the glycosidic linkage between the terminal monosaccharide and the
rest of the glycan moiety, e.g., the terminal «2,6 sialic acid (Fig. 2). The reaction
mechanism consists of four steps including binding, formation of the endocyclic
sialosyl cation transition-state intermediate, and the formation and release of sialic
acid (Taylor and Vonitzstein 1994). This terminal hydrolysis occurs by a standard
double displacement mechanism with overall retention of the anomeric configura-
tion (Koshland 1953; Sinnott 1990; Mccarter and Withers 1994; Zechel and Withers
2000; Vasella et al. 2002; Taylor and Vonitzstein 1994).
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Factors Affecting Glycan Hydrolysis

Intrinsic Factors. The location of Fc glycan at Asn297 protects the carbohydrate
from solvent exposure and enzymatic accessibility, since the glycans are buried in
the pocket formed by the two Cy2 domains. This structural protection of Fc N-glycan
is amajor contributor to mAb stability, structure and effector functions. Denaturation
is usually necessary to expose the glycan for cleavage by enzymes. Glycan hydroly-
sis also depends on enzymatic specificities to the types of N-glycan substrates such
as high-mannose, hybrid or complex, as well as on particular glycosidic linkages.

Extrinsic Factors. Since glycans can only be hydrolyzed enzymatically, the
enzymes themselves are the major extrinsic factors affecting the reaction. PNGase
F is a well-known hydrolase that specifically cleaves carbon—nitrogen (C—N) bonds
(Fig. 2a). It hydrolyzes all types of N-glycans in mAbs after protein denaturation
and releases the intact glycan, and is often used in glycan and protein analysis
(Plummer and Tarentino 1991; Tretter et al. 1991; Maley et al. 1989; Tarentino et al.
1985; Elder and Alexander 1982). Sialidases are “retaining” glycoside hydrolases
(i.e., with retention of glycan stereochemistry) found in many organisms. They
hydrolyze andremove 2,3, 22,6 and a2,8 linked terminal sialic acid. B-Galactosidase,
as an essential retaining enzyme in the human lysosome, selectively catalyzes the
hydrolysis of p1,4 linked terminal galactose via a double displacement mechanism
(Asp and Dahlqvist 1972; Alpers 1969; Zhang et al. 1994; McCarter et al. 1997;
Distler and Jourdian 1973). Other enzymes specifically release many other terminal
monosaccharides, such as endo-N-acetyl-B-p-glucosaminidase for bifurcated
N-acetylglucosamine and a-mannosidase for terminal mannose groups (Karamanos
1997; Li 1967; Li and Li 1968; Kimura et al. 1999). All these enzymes are employed
for in vitro research.

Bacterial glycosidases (or glycoside hydrolases) from human bacterial patho-
gens often target the IgG of human adaptive immune system, hydrolyze its N-glycan,
destroy the immune response and even colonize the host. This also promotes nutri-
ent acquisition for the survival and persistence of pathogens (Burnaugh et al. 2008;
Roberts et al. 2000). Since the effects of these pathogens provide insights into the
importance of glycosylation, they are introduced briefly here. EndoS is a well-
characterized bacterial glycosidase discovered from Streptococcus pyogenes. It is
highly specific for human IgG and cleaves the 1,4 linkage between two GIcNAc
groups from the non-reducing end of the core glycan, releasing the chitobiose core
and leaving a GIcNAc with a a1,6 fucose attached (Collin and Olsen 2001b; Collin
et al. 2008). EndoS can hydrolyze all the classes of N-linked glycans from native
IgG without denaturation, while the other glycosidases only hydrolyze denatured
glycoproteins (Tarentino and Plummer 1994; Collin and Olsen 2001a; Collin et al.
2008). Molecular analysis of EndoS indicates that catalysis involves Glu235 and
Trp residues (Allhorn et al. 2008b). The N-terminus of EndoS is processed by the
cysteine proteinase SpeB, which also is secreted from Streprococcus pyogenes and
may regulate EndoS activity, while the C-terminus is necessary for direct interactions
with IgG, though the details have not yet been elucidated (Kimura et al. 1999).
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EndoS2, EndoC and EndoE have activity similar to EndoS and cleave the IgG
glycan with similar mechanisms (Collin and Olsen 2003; Sjogren et al. 2011; Garbe
and Collin 2012). Endo-f-N-acetylgluccosaminidases (EndoF1-3), expressed from
E. Meningoseptica, are similar to EndoS in activity, but each EndoF is specific for
particular glycan types (Waddling et al. 2000; Trimble and Tarentino 1991; Elder and
Alexander 1982). Endo-p-N-acetylgluccosaminidase (EndoD) from S. Pneumoniae,
often works together with EndoF1-3 to release complex oligosaccharides from IgG
(Muramatsu et al. 1978, 2001). All these glycosidases found in the aforementioned
human bacterial pathogens can hydrolyze the N-linked glycan of IgG, gaining nutri-
ents from the released glycans to promote growth and infectivity. The functional
effects of such deglycosylation follow in the next section.

Evidence for the Effects of Fc N-Glycan Hydrolysis
on mAb In Vivo Performance

As noted above, Fc N-glycans are stable and hydrolysis rarely occurs spontaneously
in vivo. Enzymatic removal of the N-glycans allows the two Cy2 domains to
approach each other to form a closed Fc structure leading to the failure of corre-
sponding effector functions (Krapp et al. 2003). In vitro analysis of the binding
affinity of various truncated glycoforms of IgG Fc demonstrated a progressive
decrease in the affinity of binding to FcyR (Krapp et al. 2003; Mimura et al. 2000,
2001; Zheng et al. 2011). As affinity between IgG Fc and FcyR is controlled by Fc
N-glycosylation, glycosidases may alter IgG effector functions through diminished
binding to Fc receptors and reduced activation of the complement pathway.
Modification of glycosylation by in vivo enzymatic hydrolysis is a promising
approach to modulating antibody effector functions, and the research findings
regarding pathogen-derived immunomodulatory molecules are being applied to
develop treatments for antibody-mediated pathological diseases such as autoim-
mune disorders (Collin and Fischetti 2004). For example, EndoS has been shown to
release all the N-glycans from four human IgG subclasses in vitro in purified plasma
as well as in human whole blood (Allhorn et al. 2008a). As expected, the affinity of
IgG for FcyRs decreased dramatically following EndoS exposure, with the excep-
tion of the IgG2 subclass, which showed increased binding to FcyRIIB. Furthermore,
the immunomodulatory ability of EndoS was demonstrated in vitro using samples
from patients with systemic lupus erythematosus (SLE), an autoimmune disease
with chronic or episodic inflammation (Lood et al. 2012). In studies of EndoS-
treated immune complexes (ICs) purified from SLE patients or RNA-containing ICs
formed in vitro, all pro-inflammatory properties of the ICs were abolished after
EndoS treatment. EndoS treatment also decreased IC size and glycosylation. These
findings support the potential development of EndoS as a treatment for SLE as well
as the potential for inhibition of the deglycosylating enzymes as an anti-microbial
strategy. The results also provide evidence for the in vivo effects of minor changes
in IgG glycoforms such as those catalyzed by EndoS.
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Peptide Bond Hydrolysis

Peptide bond hydrolysis is the cleavage of a peptide bond due to reaction with
water, resulting in free carboxy- and amino-terminal groups. The reaction is also
called ‘clipping’, particularly when it occurs near the N- or C-termini. Although all
peptide bonds are potential sites for hydrolysis, most are sufficiently stabilized by
resonance that hydrolysis is not observed. This section describes the mechanisms of
peptide bond hydrolysis and the amino acid sequences that are particularly prone to
the reaction, together with evidence for in vivo effects of peptide bond hydrolysis
in mAbs.

Mechanism of Peptide Bond Hydrolysis

Peptide bond hydrolysis is a nucleophilic reaction that occurs by several different
mechanisms, including:

Direct Hydrolysis. In direct hydrolysis, the polarized carbonyl carbon serves as a
site for attack by water or other suitable electron donating species (nucleophile)
(Fig. 3a). A tetrahedral intermediate is formed with the incoming nucleophile
and carbon. Subsequently, the C—N bond of CO-NH is cleaved to form COOH and
NH, groups.

Hydrolysis with Diketopiperazine (DKP) Formation. This reaction occurs when a
free N-terminal amino group attacks the carbonyl of the penultimate peptide bond.
A DKP is formed due to cyclization of the two N-terminal amino groups, and a
clipped protein is produced. This reaction occurs readily in solution, especially for
proteins containing Pro in the penultimate position near the N-terminus
(e.g.,Pro-Gly-NH,). Pro can exist in a cis conformation that is required for the reac-
tion, although DKP formation is also observed with Ala and Gly (Fig. 3b). DKP
cyclization is catalyzed by both acids and bases, and the type of buffer has an effect
on DKP formation (Goolcharran and Borchardt 1998; Stein 1993).

P-Elimination Mediated Hydrolysis. Hydrolysis of the Ser-Cys bond in IgG1 heavy
chain can occur via f-elimination (Cordoba et al. 2005; Cohen et al. 2007). In
B-elimination, hydroxide ion attack on the Ca proton of a Cys generates dehydroala-
nine and persulfide (Trivedi et al. 2009) (Fig 3c). Dehydroalanine is reactive and can
participate in electrophilic addition reactions. An N-terminal amide and C-terminal
peptide fragments with terminal amide Ser and pyruvoyl groups, respectively, are
produced upon dehydroalanine hydrolysis. The extent of Ser-Cys peptide bond
hydrolysis has been shown to increase with pH as hydroxide ion mediated deprot-
onation of Cys a-carbon is favored under alkaline conditions.
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Factors Affecting Peptide Bond Hydrolysis

Intrinsic Factors. Studies of peptides show that Asp-Ser, Asp-Tyr and Asp-Pro
sequences are susceptible to proteolysis (Liu et al. 2006; Manning et al. 2010).
While the C2 and Cy3 domains are structured, the interface between them is rela-
tively flexible and prone to enzymatic hydrolysis at low pH (Ellerson et al. 1976). In
addition, the hinge region is highly susceptible to hydrolysis and deserves special
mention. Hinge region hydrolysis has been reported for a number of mAbs (Rao and
Kroon 1993; Liu et al. 2006; Cordoba et al. 2005). In a month-long stability study
of four recombinant IgG1 antibodies at pH 5.2 and different temperatures, Cordoba
et al. observed Fab and Fab + Fc fragments. Little to no fragmentation was observed
at low temperature. Hydrolysis was detected in the heavy chain upper hinge region
sequence Ser-Cys-Asp-Lys-Thr-His-Thr for all the mAbs studied, with similar
extents of fragmentation. Within this sequence, the major hydrolysis reactions were
at Asp-Lys and His-Thr. The authors suggest that the local conformational flexibil-
ity of the hinge region may lower the activation energy for hydrolysis and favor the
formation of Fab and Fab +Fc fragments.

Extrinsic Factors. pH plays an important role in peptide bond hydrolysis.
B-elimination is accelerated at basic pH. Hinge region hydrolysis is increased at
both acidic and basic pH (Xiang et al. 2007; Usami et al. 1996). A stability study of
a recombinant humanized IgG1 antibody at 40 °C showed cleavage between hinge
region residues Asp-Lys and His-Thr at neutral, acid and basic pH (Xiang et al.
2007). The rate of degradation of a model peptide corresponding to the hinge region
sequence was much faster than that of the intact antibody or F(ab)2 fragments, sug-
gesting a protective effect against hinge region hydrolysis by the Fab region.
However, hinge region hydrolysis rates for intact antibody and F(ab)2 fragments
were similar, indicating that the Fc region does not protect the hinge region against
direct hydrolysis. Similar observations were made by Kamerzell et al. (2010). pH
also affects the site of fragmentation, possibly by affecting antibody conformation.
Stability studies at various pH conditions showed that the major hinge region hydro-
lysis site shifted towards the C-terminus with decreasing pH (Gaza-Bulseco and Liu
2008). At pH 4, the hydrolysis site was no longer in the hinge region, but was located
in the Cy2 region. The authors proposed that structural rearrangement of the anti-
body caused the Fab fragments to move closer to the N-terminus of the hinge region,
thus shielding it from hydrolysis. This is consistent with a study in which hydrolysis
increased the interaction between Cyl and Cy2 regions in rabbit IgG (Kravchuk
et al. 1994).

Enzymes catalyze hydrolysis and are regularly used to obtain mAb fragments,
and enzymes such as papain and pepsin are used to digest proteins in vitro. The
effect of host cell enzymes was studied by Cordoba et al. wherein a mAb was recov-
ered at various stages of production from CHO cell culture (Cordoba et al. 2005).
Although clipping was detected, enzymatic proteolysis was not observed with
increasing levels of host cell proteases, suggesting that fragmentation was not enzy-
matically mediated.
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Evidence for the Effects of Peptide Bond Hydrolysis
on mAb In Vivo Performance

In general, peptide bond hydrolysis is likely to be detrimental to mAb binding and
effector functions, and can promote further chemical instability (Voorter et al. 1988).
However, when appropriately designed, antibody fragments may provide benefits in
terms of serum stability and tissue uptake. In vivo studies using xenograft tumor
models have shown that the uptake of Fab and F(ab)2 fragments into tumors dis-
playing the corresponding antigen is better than the uptake of the intact antibody.
Moreover, the fragments are cleared more rapidly from non-tumor tissue, resulting
in higher tumor concentrations (Herlyn et al. 1983; Buchegger et al. 1983; Mather
et al. 1987). However, unintended in vivo hydrolysis is more likely to render therapy
ineffective due to the loss of the effector arm of the antibody or a reduction in bind-
ing affinity. Brezski et al. showed cleaved antibodies were not as effective as intact
protein and the loss of activity correlated with decreased affinity to Fc gamma
receptors (Brezski et al. 2009). As a general rule, IgG fragments have better distribu-
tion and shorter half-life than intact IgG. The half-life of intact IgG is known to be
extended by its interaction with Fc receptors. In a study using radiolabelled intact
IgG, F(ab’)2 and Fab in murine model, Bazin-Redureau et al. showed that the in vivo
distribution of IgG was dependent on molecular weight. Fab and F(ab’)2 were
cleared more quickly than intact IgG. The elimination half-life of intact IgG was
tenfold longer than that of the fragments (Bazin-Redureau et al. 1997). Smith et al.
showed differences in both pharmacokinetics and immunogenicity between intact
IgG and Fab fragments using rabbit and baboon models (Smith et al. 1979). They
demonstrated that Fab fragments had considerably higher intravascular distribution
but significantly weaker immunogenic response when administered intramuscularly
as compared to intact IgG, suggesting that hydrolysis of mAbs may reduce the
potential for immunogenic response. Whether these results with IgG fragments can
be extrapolated to partially degraded mAbs in humans is not known, however.

Interestingly, some serum antibodies are capable of catalyzing peptide bond
hydrolysis. It has also been shown that the proteolytic fragments of proteolytic
serum IgG are also active. Li et al. characterized serum IgG preparations and found
two proteolytic species with approximate masses of 50 and 150 kDa. The light
chain dimers (50 kDa) were shown to be primarily responsible for proteolytic activ-
ity along with some contribution from full-length tetrametic IgG (Li et al. 2000).
Proteolytic fragments may have different immunoreactivity, depending on the
enzyme that cleaves the antibody. Superior immune response and better tumor
localization were observed in a murine xenograft model following bromelain-
mediated hydrolysis of an antibody, compared to hydrolysis with papain and pepsin
(Milenic et al. 1989). Such fragments can be used for diagnostic purposes as they
retain the selectivity towards the site of interest while decreasing Fc mediated non-
selective binding. These limited studies suggested that the activity, biodistribution
and immunogenicity of mAbs may be increased or decreased by hydrolysis in vivo,
and that additional investigation is warranted.
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Disulfide Rearrangement

Disulfide bonds stabilize proteins by restricting structural flexibility. However, with
a dissociation energy 0.4-fold lower than that of C—C and C-H bonds, they are more
prone to undergo cleavage (Correia 2010). This section reviews the mechanisms of
hydrolytic reactions involving disulfide bonds as well as the evidence for the effects
of these reactions on the performance of mAbs in vivo.

Mechanism of Disulfide Rearrangement

Disulfide bonds can undergo rearrangement via multiple pathways. Reaction mech-
anisms for the dominant hydrolytic pathways are discussed here; oxidative path-
ways are discussed elsewhere in this volume. Disulfide scrambling, also called
“disulfide shuffling”, proceeds via disulfide bond reduction by direct attack of
hydroxyl ion in basic media and the subsequent generation of a thiolate anion (RS")
and sulfenic acid (RSOH) (Fig. 4a). Disruption of the disulfide bond is facilitated by
hydroxide ion deprotonation; o/f-elimination produces thiolate/thioaldehyde or
dehydroalanine/persulfide that are reactive and can participate in different reaction
pathways (Trivedi et al. 2009). RS~ is a reactive species that can then initiate scram-
bling by attacking a native disulfide (R’SSR"”) or reacting with RSOH (Fig. 4b) to
form non-native disulfides (Gilbert 1995). A related reaction, thiol-disulfide
exchange, involves the nucleophilic attack of RS~ on a disulfide bond (R’SSR") fol-
lowed by expulsion of the thiol group with a lower pK, (Summa et al. 2007) (Fig. 4c).
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Fig. 4 Mechanisms of disulfide rearrangement. (a) Hydroxyl ion mediated disulfide bond reduc-
tion generates thiolate anion and sulfenic acid. (b) Thiolate anion generated in (a) can react with
another sulfenic acid to form a non-native disulfide bond. (¢) Two mechanistically equivalent and
reversible thiol-disulfide exchange reactions. Nucleophilic attack of thiolate anion from (a) on a
native disulfide results in the formation of scrambled disulfides with the expulsion of a thiolate
anion
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Factors Affecting Disulfide Rearrangement

Intrinsic Factors. The C-terminal amino acid of the light chain influences disulfide
bond susceptibility to reduction in IgG1A (Liu et al. 2011). The presence of either a
Ser or Ala C-terminal to Cys on the light chain increased the susceptibility of the
inter light-heavy chain disulfide bond to reduction, but not the inter-heavy chain or
intra-light chain bonds (Liu et al. 2011). The contribution of the C-terminal amino
acid to bond reduction could be due to a conformational or redox potential change,
or both, as opposed to steric hindrance from an additional residue, which would be
expected to protect the disulfide bond. The effect of a C-terminal Ser on disulfide
rearrangement is different in IgG2. Three disulfide isomers of IgG2 have been iden-
tified in antibodies isolated from myeloma plasma and normal human serum:
I1gG2-A, IgG2-A/B and IgG2-B (Wypych et al. 2008). The conversion reaction fol-
lows the pathway: A«<A/B<B. In IgG2-A/B, one of the Fab-arms is linked to the
hinge region by disulfide bonds and the other arm is independent, as in IgG2-A. In
the B form, both Fab-arms are linked to the hinge region by disulfide bonds. IgG2s
with a A LC have low levels of A/B and B isoforms compared to IgG2 antibodies
with a ¥ LC. This difference could be due to steric hindrance, differences in the
kinetics or thermodynamics of the disulfide shuffling reaction or differences in flex-
ibility (Liu et al. 2008; Dillon et al. 2008).

Extrinsic Factors. Factors that promote disulfide bond reduction and/or generation
of a thiolate anion and increase the rate of disulfide scrambling include pH, tem-
perature, ionic strength, enzymes and low molecular weight thiols (Szajewski and
Whitesides 1980; Snyder et al. 1981; Liu et al. 2008; Park and Ryu 1995). Disulfide
scrambling is accelerated under basic conditions. Following administration, the pH
in blood and tissue fluids is sufficiently basic to promote the reaction relative to
rates in stabilized formulations, as is the higher body temperature. The presence of
low molecular weight thiols in vivo, such as glutathione and cysteine, may also
promote reactivity.; The reaction shows Arrhenius behavior and activation energies
in the range 30—70 kJ/mol have been reported (Wiita et al. 2006).

Protein disulfide isomerase (PDI) is found in the endoplasmic reticulum (ER) of
cells and plays an important role in disulfide bond formation in proteins. Park et al.
studied the kinetics of PDI catalyzed mAb refolding and assembly (Park and Ryu
1995). Differences observed in the rate of mAb assembly in the absence and pres-
ence of PDI demonstrated the role of enzyme catalysis in disulfide bond formation.
The reaction pathway is not altered in the presence of PDI, but the interconversions
of some intermediates that form the final mAb structure are favored. Since PDI is
found inside cells and mAbs interact externally with cell surface receptors, enzyme
catalyzed disulfide shuffling typically would not be expected to occur after
administration in vivo. Changes in the concentrations of disulfide isoforms over
time in serum have been attributed to the presence of reactive thiols such as those in
albumin, Cys, cystine and glutathione (GSH) (Liu et al. 2008) and not due to the
presence of enzymes. The concentration of thiols in serum is 13-20 pM; this is not
very different from cell culture medium conditions in which disulfide rearrangement
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is known to occur. Disulfide shuffling in serum has been observed for IgG1, IgG2
and IgG4 (Correia 2010) and under conditions mimicking human serum in vitro
(e.g., whole blood or PBS with low molecular weight thiols; see also below) (Dillon
et al. 2008). The redox environment in blood is thus favorable for mediating disul-
fide rearrangement reactions without the need for enzyme catalysis.

Evidence for the Effects of Disulfide Rearrangement
on mAb In Vivo Performance

In serum, IgG molecules adopt a compact structure due to the presence of hundreds
of other proteins and show enhanced association with antigens, other IgGs and low
molecular weight thiols (Correia 2010; Demeule et al. 2009). Disulfide bonds can
participate in multiple reactions that can disrupt native mAb conformation. These
covalent modifications include hinge region fragmentation, the formation of dimers/
oligomers, trisulfide variants and thioether linkage, and Fab-arm exchange.

Cohen et al. observed hinge region fragmentation following LC-HC disulfide
bond cleavage via p-elimination (Cohen et al. 2007). The reaction mechanism is
discussed in the peptide bond hydrolysis section. Yoo et al. demonstrated that IgG2
forms disulfide linked dimers/oligomers facilitated by Cys in the hinge region, both
in cell culture and human serum (Yoo et al. 2003). IgG2 is produced in response to
carbohydrate antigens in humans; these antibodies usually bind to their targets with
lower affinity than those that bind protein antigens. Thus the formation of cova-
lently linked polymers may promote more effective binding in the presence of mul-
tiple variable regions. Trisulfide variants formed by the insertion of a sulfur atom
occur in all IgG subclasses and trisulfide levels as high as 40 % have been detected
in a non-clinical recombinant IgG1 (Gu et al. 2010). Binding affinity to antigens
was not affected by the presence of trisulfides, however, even for an IgG1 with~39 %
trisulfide content. In vivo, IgG1 containing 20 % trisulfide converted completely
into disulfides following intraperitoneal injection in rats after 24 h (Gu et al. 2010).
Although loss of therapeutic efficacy was not reported, the quantitation of such
modifications may be important in determining the quality of drug product.

Significant differences in potency have been observed for antibodies with incom-
plete disulfide bond formation in the heavy chain variable domain. Cell-based bind-
ing assays and ELISA showed no difference in the binding affinity and potency of
an IgG1 that had unpaired Cys in the Vi domain of the heavy chain at Cys22 and
Cys96, residues which typically form an intra-chain disulfide bond (Zhang et al.
2012). However, in studies with omalizumab, an anti-IgE antibody that contains one
sulfhydryl/mol of antibody, a reduction in potency was reported for Fab fragments
that had unpaired Cys residues (Harris 2005; Ouellette et al. 2010; Shire et al. 2010).

The formation of thioether (also called lanthionine) linkages involves the
removal of sulfur from —C-S-S—C- to form —C-S—C-. Thioethers have been
detected in mAbs during production and storage (Tous et al. 2005). Although the
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mechanism needs further investigation, Cohen et al. observed that alkaline pH
favored the formation of a thioether-linked antibody (Cohen et al. 2007). Zhang
et al. monitored thioether level changes in IgG1 over time in blood following
single-dose intravenous injection in humans (Zhang et al. 2013). Conversion rates
were faster for IgG1 with a A LC than for those with a k¥ LC, a difference attributed
to dehydrogenation impairment with k LC. Thioether formation was also detected
in endogenous antibodies at the level of 5 % in [gGlk and 11 % in IgG1A. The effect
of thioether formation on the safety and efficacy of IgG1 is unknown, but may affect
Fab orientation and overall activity.

Dillon et al. also investigated the effect of the disulfide bonding pattern on the
biological activity of IgG2 (Dillon et al. 2008). The bioassay used to determine
binding properties was inhibition of IL-1p- induced IL-6 production in whole
blood and human chondrocytes. IgG2-A and IgG2-B isoforms showed significant
differences in inhibiting I1-6 production. In other biological activity studies with
IgG2 mAbs with different therapeutic targets, the isoforms exhibited differences
in potency depending on antigen accessibility. IgG2-A showed greater potency
when directed against a cell surface receptor while the two isoforms A and B
showed no difference in potency against a non-membrane bound antigen. Liu
et al. reported that in serum samples collected from patients after intravenous
administration of both 1,000 and 300 mg doses of IgG2, the relative concentration
of the three isoforms (A, A/B and B) changed over time. Isoform conversion
in vivo can thus be used as a marker for antibody age and changes in activity in
blood. The effect of disulfide heterogeneity on biological activity of IgG2 in vivo
is unknown.

Therapeutic IgG4 antibodies undergo Fab-arm exchange with endogenous
human IgG4 in vivo facilitated by the hinge and Cy3 regions (Labrijn et al. 2009).
The wild-type IgG4 hinge region has the sequence Cys-Pro-Ser-Cys that is thought
to promote intra-chain disulfide bonds instead of inter-heavy chain bonds (Burton
and Wilson 2007). Fab-arm exchange results in the formation of a hybrid antibody
that is bispecific but binds only monovalently, even to repeating antigens. Fab-arm
exchange in IgG4 is promoted by GSH concentrations as low as 0.5 mM in vitro
(van der Neut Kolfschoten et al. 2007). IgG4 antibodies; IgG4-EGFR, natalizumab
and TGN 1412 formed bispecific antibodies with IgG4-CD20 when added in equi-
molar amounts, and in the presence of 0.5 mM GSH after incubation at 37 °C for
24 h (Labrijn et al. 2009). Bispecific antibodies formed by Fab-arm exchange lose
their ability to cross-link antigen so that signaling and its downstream conse-
quences are dampened (Fig. 5). Thus, bispecific IgG4s show potential as therapeu-
tic agents for immunotherapeutic applications where the immune system’s effector
functions are undesired (Labrijn et al. 2011). Van der Neut Kolfschoten et al. have
shown that Fab-arm exchange can be useful in conferring anti-inflammatory prop-
erties to IgG4 in monkey models of myasthenia gravis (MG) (van der Neut
Kolfschoten et al. 2007). As an example, IgG1-637, an IgG1 patient-derived ace-
tylcholine receptor (AChR) specific antibody, triggers AChR degradation and
induced MG disease in rhesus monkeys. While studies in vitro with thabdomyo-
sarcoma TE671 cells expressing AchR showed that both 1gG4-637 and 1gG1-637
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Fig. 5 In vivo Fab arm exchange in human monoclonal IgG4 antibodies. IgG4 molecules are
dynamic and can undergo Fab arm exchange to form bispecific antibodies. The heavy chain—Ilight
chain pair of one IgG4 molecule exchanges with heavy chain—Ilight chain pair from another IgG4
to form antibody with two distinct Fab arms. The bispecific antibodies lose their ability to cross-
link identical antigens and to form immune complexes (van der Neut Kolfschoten et al. 2007).
Ag=antigen

have similar reactivity towards AChR after administration in vivo, the cross-
linking activity of IgG4-637 towards AChR decreased due to Fab-arm exchange,
offering protection against IgG1-637 induced MG. The results demonstrate that
Fab-arm exchange influences immune response, with beneficial effects in this
model of MG.

Fab-arm exchange may also have adverse effects. Labrijn et al. have shown that
Fab-arm exchange occurs in natalizumab (Tysabri®) and TGN 1412, both containing
a wild-type hinge region (Labrijn et al. 2009). Natalizumab is used in the treatment
of multiple sclerosis. TGN1412, a CD-28 specific IgG4 based therapeutic was
developed for rheumatoid arthritis and B cell chronic lymphocytic leukemia. The
kinetics of Fab-arm exchange for TGN1412 were found to be comparable to the
onset of adverse effects following treatment in a clinical study that ultimately led to
its discontinuation. However, the correlation between this reaction and the cytokine
storm post TGN1412 administration is not evidence of causation, and the in vivo
effects of Fab-arm exchange require further study.

Mitigating the Effects of Hydrolytic Reactions

Various high resolution biophysical and biochemical methods are used to identify
chemical modifications in mAbs and to study their effects on stability, antigen
binding, effector functions and pharmacokinetics (Wang et al. 2005; Huang et al.
2005; Boswell et al. 2010; Pace et al. 2013). The knowledge gained is being
applied to improve the stability and functions of antibody through careful formula-
tion design. In addition, recent advances in molecular engineering have made it
possible to eliminate many sites of degradation (Presta 2008). This section dis-
cusses formulation and protein engineering approaches to develop hydrolytically
stable mAbs.
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Ex Vivo Approaches to Mitigation: Antibody Formulation

One of the simplest approaches to mitigating the effects of hydrolytic reactions is to
minimize reaction rate by controlling the composition of the formulation. As dis-
cussed above, hydrolytic reactions such as deamidation, Asp isomerization, peptide
bond hydrolysis and thiol-disulfide exchange are sensitive to pH, and the appropriate
selection of buffer in solution formulations can be sufficient to control these reactions
in some cases. For example, a study of the effect of pH on human mAb subclasses
IgG1, IgG2, and IgG4 showed stability and minimal heat-induced degradation at
pH 5.0-5.5 (Ishikawa et al. 2010). Excipients such as sugars, polymers, surfactants
and amino acids can also have stabilizing effects and are commonly included in mAb
solution formulations. For example, optimized IgG formulations containing 20 %
sorbitol and 1 M Gly prevented fragmentation induced by various stresses (Mueller
et al. 2013). The mechanisms by which these excipients exert their effects are gener-
ally not as well understood as those of buffers, however, and the approach to selecting
and optimizing such excipients remains largely a matter of trial-and-error.

Water of course plays a key role in hydrolytic degradation reactions. Though
solution formulations are often desirable for administration, stability can often be
improved by removing water to produce dry powders that are reconstituted. These
powders typically are produced by lyophilization (freeze-drying) or spray-drying.
Although mAbs in lyophilized solids are usually more stable than in solution, it is
still necessary to protect antibodies during freeze-drying, storage and reconstitution
(Daugherty and Mrsny 2006). As with solution formulations, careful selection of
buffers and other excipients can improve stability in lyophilized formulations
(Cleland et al. 1993; Meyer et al. 2009). For example, sucrose at high concentration
in combination with Gly has been shown to reduce deamidation in a lyophilized
antibody formulation in an accelerated stability study (Meyer et al. 2009). Similarly,
specific molar ratios of the stabilizers sucrose, trehalose and mannitol have effec-
tively prevented lyophilization induced structural alterations and deamidation in a
mAb (Cleland et al. 2001). Lyophilization-induced structural perturbations have
also been associated with increases in intermolecular disulfide formation and aggre-
gation (Costantino et al. 1998). Inclusion of carbohydrate-like trehalose or sucrose
in antibody formulations has been shown to preserve the antibody native structure,
thereby reducing thiol-disulfide exchange mediated aggregation during storage
(Andya et al. 2003). Water cannot be completely removed from these solid formula-
tions, and the residual water that remains can have both stabilizing and destabilizing
effects (Breen et al. 2001; Chang et al. 2005).

Antibody Engineering Approaches to Mitigate Hydrolytic
Reactions In Vivo

Antibodies that have been engineered to improve the properties of an existing
product have been called “biobetter” antibodies (Beck 2011). The extent of such
alterations varies from mutating a single amino acid to the deletion of multiple
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Fig. 6 Antibody engineering to produce hydrolytically stable mAbs. (a) Glycoengineering to con-
trol the number of glycoforms. (b) Introduction of additional disulfide bonds to improve Fab stabil-
ity. (¢) Mutations to eliminate deamidation in the CDR regions. (d) Mutations to avoid disulfide
scrambling and proteolysis in the hinge region

domains from the structure without functional loss (Nakano et al. 2010; Holliger
and Hudson 2005; Filpula 2007). Examples of such modifications in specific mAb
domains are provided below (see also Fig. 6).

Antibody Engineering: Fab Region

Asn deamidation and Asp isomerization in the CDR loops are among the most com-
mon and deleterious types of antibody degradation. An approach to eliminating
these reactions is to mutate the Asn or Asp residue to another amino acid without
affecting antigen binding (Igawa et al. 2011). When mutating the Asn/Asp residue
adversely affects mAb function, the N+ 1 residue can be altered instead, exploiting
the sensitivity of these reactions to the neighboring amino acid. For example, in an
antibody containing the deamidation-prone Asn-Gly sequence, the N+1 Gly resi-
due was substituted with Arg in an attempt to eliminate the deamidating site (Nakano
et al. 2010).

The introduction of non-native disulfide bonds has been used to improve the
stability and the strength of interaction between domains in antibody. The interac-
tions between V| and Vy domains in scFv determine the mutual stabilization of
the two domains and their functions (Rothlisberger et al. 2005; Ewert et al. 2003).
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A second disulfide linkage between Cys54 and Cys78 in scFv increased the thermo-
stability of Vi domains by 14-18 °C (Kim et al. 2012). In another study, introducing
an additional disulfide in a Vi nanobody by mutating Ala/Gly54Cys and Ile78Cys
residues produced a significant increase in thermal stability and resistance to prote-
olysis with only minor perturbations in target binding affinities (Hussack et al.
2011). Changing the positions of inter-light and inter-heavy chain disulfide bonds
(C—Cyl) by mutating different residues in the C-terminal region of the Cy1 domain
led to the formation of thermostable IgG4 (Peters et al. 2012). Attempts have also
been made to prevent disulfide scrambling and Fab-arm exchange in IgG though
disulfide engineering. Replacing a single disulfide bond between Cp and Cyl
domains with a more stable thioether bridge increased the serum permanence time
in normal mice threefold and did not affect the pharmacokinetics (Rodrigues et al.
1993). It has also been proposed that Fab-arm exchange in human IgG4 can be pre-
vented by careful mutagenesis (Labrijn et al. 2009).

Antibody Engineering: Fc and Hinge Regions

Engineering the N-linked carbohydrates in the Cy2 domain of the mAb Fc region,
or “glycoengineering”, has been used to alter stability, pharmacokinetic and phar-
macodynamic properties. Afucosylated glycoforms of antibodies used to treat rheu-
matoid arthritis (Rituximab®) and breast cancer (Trastuzumab®) showed 40- to
100-fold increases in ADCC activity with decreased plasma half-life, respectively
(Beck et al. 2010; Beck 2011; Junttila et al. 2010). Glycoengineering has also been
used to evaluate various glycan structures for conferring resistance of the protein
backbone to papain digestion. The GO glycoform was shown to confer twice the
resistance to papain digestion as the G2 and G252 glycoforms, suggesting that ter-
minal sugars of Fc glycans may be important in antibody stability and in conferring
resistance to proteases, in addition to influencing effector functions (Raju and
Scallon 2007). Recently, a number of aglycosylated therapeutic antibodies have
entered clinical trials, with the absence of glycan compensated by mutations in the
Fc region. Eliminating glycosylation eliminates the need to control glycan isoforms.
In addition, the greater flexibility of the aglycosylated Fc region can be utilized to
produce antibodies with unique FcR selectivity and ADCC activity (Keymeulen
et al. 2005; Jung et al. 2011). Intermolecular disulfide exchange between the heavy
chains of IgG4 creates a mixture of bispecific antibodies. This has been prevented
by a single point mutation of a Ser residue to Pro (Ser241Pro) resulting in a normal
disulfide bonded homodimer (Angal et al. 1993). Adding engineered inter- and
intra-domain disulfide bonds at the C-terminus of the Cy3 domain increased the
thermostability of human IgG1 without modulating its function (Wozniak-Knopp
et al. 2012; Wozniak-Knopp and Ruker 2012). A single point mutation His229Tyr
improved the wild type antibody by inhibiting hinge cleavage by 98 % and sug-
gested that the redox active Tyr did not replicate the ability of His to facilitate radi-
cal induced degradation (Yan et al. 2012).
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Conclusions

mAbs are the most rapidly growing class of biopharmaceuticals and efforts are
being made to improve their stability and biological functions. The mechanisms of
common hydrolytic degradation reactions, their effects on mAb in vivo functions
and the various approaches to mitigate the effects of these reactions have been dis-
cussed in this chapter. While considerable progress has been made in understanding
the mechanisms of these reactions, the consequences for pharmacodynamic and
pharmacokinetic properties are less well understood. Controlling hydrolytic reac-
tions during formulation, manufacturing and storage deserves continued attention,
particularly in cases in which in vivo efficacy and safety are compromised.
Additional research is needed to improve our understanding of the effects of hydro-
lytic degradation on antigen binding, FcR interactions, effector functions and
immunogenicity. Such information will support the rational design of biobetter
mAbs with improved stability, safety and efficacy.
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Oxidation of Proteins in the In Vivo
Environment: What We Know; What

We Need to Study and Potential Mitigation
Strategies

Christian Schoneich

Introduction

The oxidation of proteins in vivo continues to be an important focus of biomedical
research (Davies 2005) as elevated levels of oxidized proteins have been associated
with a large number of pathologies (Guttmann and Ghoshal 2011; Martinez et al.
2010; Nakamura et al. 2012) as well as biological aging (Stadtman 1988, 1992;
Oliver et al. 1987). Protein oxidation can lead to changes in activity, conformation,
protein—protein interactions, and half-life (Stadtman and Oliver 1991; Levine et al.
1981; Bota and Davies 2002; Davies and Lin 1988; Davies et al. 1987a, b; Davies
and Delsignore 1987; Davies 1987), and trigger autophagy and/or apoptosis (Chan
etal. 2012; Dunlop et al. 2011). An important consequence of oxidative (and other)
covalent protein modifications can be the potential immunogenicity of the modified
proteins (Eggleton et al. 2013), especially if antibodies directed against neo-epitopes
cross-react with native, unmodified proteins, breaking immune tolerance (Griffiths
2008; Omersel et al. 2008, 2011; van Beers et al. 2011; Sauerborn et al. 2010;
Jiskoot et al. 2009; Schellekens and Jiskoot 2006). Here, autoantibody generation
may lead to autoimmune disorders. Analogous to endogenous proteins, therapeutic
proteins may be subject to oxidation in vivo (i.e., after administration to the patient)
though potential oxidation reactions of therapeutic proteins in vivo will likely be
restricted to the extracellular space. The potential for immunogenicity is, therefore,
not only an issue for endogenous proteins but also for the development and safe
delivery of protein therapeutics (van Beers et al. 2011; Sauerborn et al. 2010; Jiskoot
et al. 2009; Schellekens and Jiskoot 2006).

C. Schoneich (B<)

Department of Pharmaceutical Chemistry, The University of Kansas,
2095 Constant Avenue, Lawrence, KS 66047, USA

e-mail: schoneic@ku.edu

© American Association of Pharmaceutical Scientists 2015 137
A. Rosenberg, B. Demeule (eds.), Biobetters, AAPS Advances
in the Pharmaceutical Sciences Series 19, DOI 10.1007/978-1-4939-2543-8_9


mailto:schoneic@ku.edu

138 C. Schoneich

In the past, the chemical characterization of oxidized proteins from tissue
or biological fluids required careful isolation and/or fractionation of sufficient
quantities, mandated by the nature and/or detection limits of analytical methods such
as Edman sequencing, amino acid analysis and the available mass spectrometry equip-
ment. Today, modern proteomic/mass spectrometric methods allow protein character-
ization to be performed with significantly lower quantities of material (Witze et al.
2007; Dalle-Donne et al. 2005). In addition, the screening for and identification of
post-translational modifications on a large set of peptides and proteins has been signifi-
cantly accelerated by the development of bioinformatics tools (Cappadona et al. 2012).

Proteomic techniques are applied to an increasing number of tissues and biologi-
cal fluids in order to achieve a more exhaustive molecular characterization of such
tissues in disease states or assessing the outcome of therapeutic interventions (Witze
et al. 2007; Dalle-Donne et al. 2005; Lam et al. 2013; Lalowski et al. 2013; Lai et al.
2013; Indovina et al. 2013; Honda et al. 2013). These tools are also applied to care-
fully characterize the chemical integrity (Manning et al. 2010) of all protein thera-
peutics during the manufacturing and storage of drug substance and drug product
(Demartini et al. 2013). Interestingly, only a limited number of studies have focused
on the chemical, specifically oxidative, fate of protein therapeutics after administra-
tion to the patient, i.e. the chemical integrity of protein therapeutics in vivo (Yin
et al. 2013; Zhang et al. 2013). Results of such studies may have significant conse-
quences for the development of formulations and for protein engineering. For exam-
ple, if a specific degradation product affects potency and/or immunogenicity, its
administration or in vivo formation could have therapeutic consequences (i.e. it
would be considered a critical product quality attribute (CQA)) and consideration
should be given to mechanisms to preclude such degradation in vitro (by formula-
tion control) or in vivo (by protein engineering). In contrast, if a protein therapeutic
contains significant levels of a specific chemical degradation product but the
degraded product (1) maintains potency and (2) does not show any negative side
effects or enhanced immunogenicity, then one could argue that the degradation
product is not a CQA (Yin et al. 2013) and, to the extent that this is fully evaluated,
not require very tight control of levels or require protein engineering to preclude its
generation. Of course, wide variation in levels of the degradation product from lot
to lot speaks to potential problems in maintaining the consistency of manufacturing
and thus, a reasonable level of control of the levels are appropriate.

In the following, the available information on in vivo oxidation of protein phar-
maceuticals will be summarized with specific emphasis on antibodies. Prior to that,
a brief review on the generation of oxidants and potential oxidation sites in proteins
will be given.

The Generation of Oxidants

Multiple enzymatic and non-enzymatic pathways can generate a variety of radical
and non-radical oxidants in vivo. The extent to which these oxidants are formed in
or released into the extracellular space will depend, in part, on the physiological
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Scheme 1 Mechanisms of generation of radical and non-radical oxidants

conditions and/or activities of the organism (Rees et al. 2008; Nikolaidis and
Jamurtas 2009). For example, inflammatory conditions or exercise will affect the
number and/or activity of leukocytes and macrophages, which can release superox-
ide (O,™), hydrogen peroxide (H,0,), hypochlorous acid (HOCI) and/or peroxyni-
trite (ONOO™) (Rees et al. 2008; Nikolaidis and Jamurtas 2009). The reactions of
these oxidants with proteins will be summarized in more detail below. Additional
oxidants may be formed via the reactions of superoxide, hydrogen peroxide, hypo-
chlorous acid and peroxynitrite with redox-active transition metals (e.g., iron or
copper) or CO,. For example, the reaction of hydrogen peroxide with ferrous iron
(Fe) yields highly reactive hydroxyl radicals (HO") in the classic Fenton reaction
(Scheme 1, reaction 2), where Fe" may be provided by reaction of ferric iron (Fe™)
with superoxide (reaction 1) (Koppenol 1993; Goldstein et al. 1993). When gener-
ated through metal-catalyzed processes, hydroxyl radicals may either diffuse from
the metal complexes to react as “free” hydroxyl radicals or remain bound to the
metal and react as “complexed” hydroxyl radicals; both species are very reactive.
Hydroxyl radical formation has also been reported for the reaction of hypochlorous
acid with superoxide (reaction 3) (Candeias et al. 1993) and for the homolytic (i.e.,
the cleavage of a covalent bond into two radicals) dissociation of peroxynitrite in
acidic solution, i.e. of peroxynitrous acid (ONOOH) (reaction 6a) (Kissner et al.
2003; Koppenol and Kissner 1998; Merenyi et al. 1998; Merenyi and Lind 1998).
However, the yield of the homolytic dissociation is still a matter of considerable
debate. While the concentrations of free iron and copper will be very low and are
tightly controlled under normal physiologic conditions, this situation can change as
a result of certain pathologies such as, e.g., iron overload or neurodegenerative dis-
eases (Taba 2013; Parker et al. 2013; Litwin et al. 2013; Langkammer et al. 2013;
Williams et al. 2012). Moreover, metal-catalyzed reactions of oxidants (e.g., hydro-
gen peroxide or peroxynitrite) easily proceed with protein-bound metals (Stadtman
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Scheme 2 The fragmen- R-CH-0* ——> R*® + H,C=—0 (11)
tation of an alkoxyl radical

and Oliver 1991; Szweda and Stadtman 1992; Stadtman and Berlett 1991;
Stadtman 1990; Zhao et al. 1997). In the case of heme-proteins, these reactions lead
to the formation of ferryl species, which are strong oxidants on their own (Boccini
and Herold 2004; Herold and Shivashankar 2003; Mehl et al. 1999; Battistuzzi et al.
2010). In the case of non-heme protein-bound metals, the reaction with oxidants
frequently leads to site-specific protein oxidation of amino acids involved in metal-
binding or located adjacent to the metal-binding site (Stadtman and Oliver 1991;
Szweda and Stadtman 1992; Stadtman and Berlett 1991; Stadtman 1990; Zhao et al.
1997). Whenever hydroxyl radicals are generated, their efficient reaction with C-H
bonds (reaction 9) can generate carbon-centered radicals, most of which will react
in a diffusion-controlled manner, i.e. in a reaction which is associated with little to
no activation energy, with molecular oxygen to yield peroxyl radicals (ROO") (reac-
tion 10) (Davies 2005). Peroxyl radicals are good oxidants, which react via hydro-
gen transfer, one-electron or two-electron oxidation (Ingold 1969), where
two-electron oxidation may proceed via oxygen transfer. Specifically, hydrogen
transfer and one-electron oxidation generate an organic peroxide (ROOH), which is
a moderate oxidant itself. In contrast, the oxygen transfer results in the formation of
an alkoxyl radical (RO"), a highly reactive species, which can either react via hydrogen-
or electron transfer, or via a—f3 fragmentation (Scheme 2, reaction 11), generating a
carbonyl product and a carbon-centered radical, i.e. a source for an additional per-
oxyl radical.

The reaction of hydrogen peroxide with CO, produces peroxymonocarbonate
(HOC(0O)OO0"), an oxidant which reacts about 100-times faster with methionine
(Met) as compared to hydrogen peroxide alone (Richardson et al. 2003). At physi-
ological concentrations of CO, in blood, this would translate into a ca. twofold
acceleration of Met oxidation by hydrogen peroxide. In contrast, the reaction of
peroxynitrite with CO, (HCO;") ultimately generates a pair of radicals, nitrogen
dioxide ("NO,) and carbonate radical anion ("CO;"), both of which will further react
with various amino acids (Scheme 1, reactions 8 and 9) (Pryor et al. 1997; Uppu
et al. 1996; Lymar et al. 1996; Lymar and Hurst 1996).

In general, plasma has been reported to containx0.25 pM hydrogen peroxide
(Nikolaidis and Jamurtas 2009). In addition to leukocytes, erythrocytes represent a
viable source for oxidant generation (Nikolaidis and Jamurtas 2009). Hydrogen per-
oxide readily crosses cell membranes, so that even the intracellular generation of
hydrogen peroxide can elevate extracellular hydrogen peroxide levels (Rees et al.
2008). Nitric oxide (NO), a precursor of peroxynitrite, diffuses across cell mem-
branes, and even the diffusion of peroxynitrite across lipid and erythrocyte mem-
branes has been reported, which can be facilitated by ion channels (Carballal et al.
2013; Denicola et al. 1998; Marla et al. 1997). It is important to note, though, that
antioxidant and scavenging reactions inside the cell may limit the actual fraction of
oxidants diffusing into the extracellular space, as will reactions of these oxidants
with proteins and other biomolecules inside the cell and within the membrane.
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Several isoforms of NADPH oxidase, located on the plasma membrane, directly
release hydrogen peroxide into the extracellular space (Rees et al. 2008; Nikolaidis
and Jamurtas 2009). In fact, the generation of reactive oxygen species at the plasma
membrane has been identified as a mechanism for the unmasking or masking of
autoantibodies (Crane and Low 2008; Mclntyre et al. 2006), a mechanism relevant
for our discussion of the in vivo oxidation of therapeutic proteins. Here, the term
“masking” refers to rendering the autoantibody “unreactive” towards its usual epit-
ope and the term “unmasking” refers to a reversal of this situation. The various
NADPH oxidase isoforms are expressed in a tissue- and cell-dependent manner,
and, therefore, the release of hydrogen peroxide from the plasma membrane to the
extracellular space is not restricted to blood (Crane and Low 2008).

Target Sites for Protein Oxidation

It appears that protein therapeutics may encounter a variety of reactive oxygen spe-
cies depending on the physiologic conditions of the patients (Nikolaidis and
Jamurtas 2009). Consequently, the potential oxidation targets of therapeutic pro-
teins need to be discussed in view of the manifold species that may react. Frequently,
the oxidative degradation of therapeutic proteins is monitored via Met oxidation to
methionine sulfoxide (MetO). Specifically two Met residues in the Fc domain of
antibodies, Met-252 and Met-428, are critical for binding to the neonatal Fc recep-
tor (FcRn), where oxidation of these two Met residues can significantly reduce
binding (Bertolotti-Ciarlet et al. 2009), affect the conformation of the C,;2 domain
(containing Met-252) (Liu et al. 2008) and reduce serum half-life (Correia 2010;
Wang et al. 2011). It can be expected that oxidation of a single Met-252 or single
Met-428 within the dimeric antibody structure has a significantly lower effect of
FcRn binding as compared to oxidation of both Met residues in both chains. In
addition, oxidation of these Met residues affects binding to the Fcy receptor 131H
allele, FcyRIIa-131H (Bertolotti-Ciarlet et al. 2009), protein A and protein G
(Gaza-Bulseco et al. 2008). In fact, protein A chromatography has been developed
into an analytical tool to screen for Met-252 and Met-428 oxidation in antibodies
(Loew et al. 2012). Of the reactive oxygen species introduced in the previous sec-
tion, hydrogen peroxide, organic hydroperoxides, peroxynitrite, hypochlorous acid,
and peroxyl radicals convert Met into MetO and have, therefore, to be considered
as sources for Met oxidation of antibodies in vivo (Schoneich 2005). However,
specifically, peroxynitrite, hypochlorous acid and peroxyl radicals will generate
additional oxidation products via reaction with other amino acids. For example,
peroxynitrite will nitrate tryptophan (Trp) to nitro-Trp (nTrp; possible products
include 1-, 2-, 4-, 5-, 6- and 7-nTrp) (Nuriel et al. 2011) and tyrosine (Tyr) to
3-nitro-Tyr (3-nTyr) (Carballal et al. 2013; Radi 2013; Beckman and Koppenol
1996; Ischiropoulos et al. 1992), either via metal-catalyzed nitration or via the for-
mation of carbonate radical anion and nitrogen dioxide in the presence of CO..
Hypochlorous acid will chlorinate Tyr to 3-chloro-Tyr (3-cTyr) (Bergt et al. 2004;
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Himmelfarb et al. 2001; Hazen and Heinecke 1997), cysteine (Cys) to sulfenyl
chloride (R-S-CI) (Fu et al. 2002), and free amines to N-chloramines (R,N-CI)
(Pattison et al. 2011; Hawkins and Davies 1998, 1999). Here, the sulfenyl chloride
serves as a precursor for the formation of sulfenic acid, disulfide, or sulfonamide,
and chloramines serve as precursors for highly reactive aminyl radicals. Peroxyl
radicals will attack protein Trp, Tyr and Cys (Ma et al. 1999; Viner et al. 1997)
yielding a series of oxidation products: the main oxidation products generated from
Trp are N-formylkynurenine, hydroxyl-Trp and/or oxyindolealanine (Steinmann
et al. 2012). Tyr is converted into 3,4-dihydroxyphenylalanine (DOPA), its ortho-
quinone oxidation product, and additional cross-linked products, generated through
nucleophilic reaction of amines and amides with the ortho-quinone (Steinmann
et al. 2012). An important intermediate formed during Tyr oxidation is the tyrosyl
radical, which can couple with adventitious radicals such as nitrogen dioxide (to
3-nTyr) (Carballal et al. 2013; Bartesaghi et al. 2010), superoxide (to hydroperoxy
and hydroxyl-derivatives of Tyr) (Nagy et al. 2009; Winterbourn et al. 2004; Moller
et al. 2012), additional tyrosyl radicals (to dityrosine) (Giulivi et al. 2003; Giulivi
and Davies 1994) and peroxyl radicals (Shchepin et al. 2010). The latter generates
a para-coupling product amenable to inframolecular Diels-Alder reaction when
conjugated dienes are present, as expected for peroxyl radicals generated from
polyunsaturated fatty acids. The reaction of peroxyl radicals with Cys (Hildenbrand
and Schulte-Frohlinde 1997) is expected to generate thiyl radicals (RS*) and/or
sulfenic acid, depending on the propensity of the peroxyl radicals for one-electron
oxidation/hydrogen transfer vs. oxygen transfer. Sulfenic acids will either react
with thiol/thiolate to generate disulfide or oxidize further to sulfinic (RSO,H) or
sulfonic acid (RSO;H) (Ratnayake et al. 2013). In contrast, thiyl radicals may enter
into a series of intramolecular hydrogen transfer reactions, either within the Cys
residue (i.e., a 1,2- or 1,3-hydrogen transfer) (Nauser et al. 2012; Mozziconacci
et al. 2012) or with aC-H and/or side chain C—H bonds of adjacent amino acids
(Nauser et al. 2004; Nauser and Schoneich 2003; Mozziconacci et al. 2010a, 2011).
Specifically the 1,3-hydrogen transfer within Cys (Scheme 3, reaction 13) leads to
the elimination of HS® (reaction 14), generating dehydroalanine (Dha), an electro-
phile amenable for covalent cross-link formation with nucleophiles such as the
mercapto group from Cys or the amino group from Lys. In contrast, the hydrogen
transfer reactions with adjacent amino acids lead to the formation of carbon-cen-
tered radicals (reaction 15). The addition of oxygen to these carbon-centered radi-
cals provides another source for peroxyl radicals, and peroxyl radicals generated at
the aC-position of protein amino acids serve as precursors for fragmentation (reac-
tions 16-18) (Garrison 1987).

Specifically the presence of transition metals promotes the formation of hydroxyl
radicals or “complexed” hydroxyl radicals. Hydroxyl radicals will react with all
amino acids though preferentially with aromatic and sulfur-containing amino acids
(Davies 2005). When antibodies where exposed to metal-catalyzed oxidation, i.e.
reaction conditions consistent with hydroxyl radical generation, mass spectrometry
analysis confirmed the oxidation of histidine (His), Met, Trp, Tyr and phenylalanine
(Phe) (Luo et al. 2011; Zhou et al. 2013).
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Scheme 3 Thiyl radical-induced reactions in peptides and proteins

Among the amino acid targets discussed above, not only the oxidation of Met but
also of Trp can have biological consequences. For example, the oxidation of Trp-32
within the complementarity determining region 1 (CDR1) of the light chain in IgG1
reduces binding of antigen (Hensel et al. 2011). Theoretically, antibodies do not
contain reduced Cys, as all Cys residues are expected to be part of disulfide bonds.
However, in practice pharmaceutical antibodies contain a fraction of reduced Cys
residues (Brych et al. 2010; Yoo et al. 2003; Zhang and Czupryn 2002), amenable
to the oxidation reactions introduced above. To date, biological consequences of
His, Phe and Tyr oxidation in pharmaceutical antibodies are unknown. Oxidized
antibodies can be pro-inflammatory, and can display reduced binding not only to the
FcRn and FeyRIla-131H (Bertolotti-Ciarlet et al. 2009), but also to the C1q compo-
nent of the C1 complex and to antigens (Hensel et al. 2011; Griffiths and Lunec
1996). The latter suggest a chemical and/or conformational modification of one or
more of the CDRs, and in this regard the oxidation-sensitivity reported for Trp-32
located within the CDR1 of the light chain is important (Hensel et al. 2011). A char-
acteristic feature of antibodies is the high prevalence of Tyr in antigen binding sites,
where Tyr constitutes ca. 10 % of the CDR and is involved in ca. 25 % of the antigen
contacts (Ye et al. 2008; Birtalan et al. 2008; Fellouse et al. 2005). Hence, any oxi-
dation, nitration and/or chlorination of Tyr within the CDR may lead to significant
changes in antigen recognition. Representative studies with human interferon-f§
have revealed a high potential for metal-catalyzed oxidation to cause immunogenic-
ity (van Beers et al. 2011). Target amino acids oxidized under these conditions were
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Met, His, Tyr and Trp (van Beers et al. 2011; Torosantucci et al. 2013), suggesting
that the potential in vivo oxidation of these amino acids may also lead to immuno-
genicity of other therapeutic proteins, including antibodies.

Oxidation of Pharmaceutical Proteins In Vivo

Only a few studies have reported in vivo oxidation of therapeutic proteins. An inter-
esting example is the conversion of a disulfide bond to a thioether, which does not
represent a direct oxidation but includes an oxidation step in the mechanism
(Friedman 1999). When comparing the stability of IgG1 in different environments,
Yin et al. recognized that the formation of a thioether (lanthionine) between the
heavy and light chains occurred faster in rat plasma (0.7 %/day) and rats in vivo
(0.3 %/day) as compared to the reaction in PBS (0.1 %/day) (Yin et al. 2013). This
thioether bond replaced an original disulfide bond between heavy chain (HC) and
light chain (LC). The replacement of a disulfide by a thioether can have significant
conformational consequences as the distance between the two Cys residues initially
providing the disulfide bond is shortened by a distance equivalent to one sulfur—
sulfur bond in the thioether. Complementary studies by Zhang et al. on endogenous
antibodies in humans localized thioether formation in vivo to LC-Cys-214 and
HC-Cys-220 with a formation rate of ca. 0.1 %/day in healthy patients (Zhang et al.
2013) thus indicating that this is likely to occur in therapeutic proteins. One mecha-
nism of thioether formation is initiated by p-elimination of a disulfide, generating
dehydroalanine (Dha) and perthiol (RSSH), where the perthiol subsequently elimi-
nates elemental sulfur (S) (Friedman 1999) and the resulting thiol adds to Dha via
Michael addition. Technically, in this reaction sequence the release of elemental
sulfur from the perthiol represents an oxidation step. In vitro, alternative mecha-
nisms for thioether formation exist such as the photo-induced homolytic cleavage of
a disulfide, followed by disproportionation of a thiyl radical pair, dithiohemiacetal
formation, and photolytic conversion of the dithiohemiacetal to thioether
(Mozziconacci et al. 2010b). However, although these reactions have been observed
in vitro, such reaction sequence is unlikely to play a role for thioether formation
in vivo.

Interestingly, Yin et al. did not detect any significant in vivo oxidation of IgG1 in
rat blood at Met and Trp (Yin et al. 2013), i.e., amino acids, which have been
reported to be oxidation-sensitive in vitro. In contrast, human growth hormone
(hGH) undergoes significant Met oxidation in rat blood in vivo, specifically of Met-
14 (Battersby et al. 1995). An important difference between these two studies is the
timeframe of protein recovery from the blood, i.e. 5-45 min for hGH (Battersby
et al. 1995) and 2-10 days for IgG1 (Yin et al. 2013). If oxidized IgG1 were rapidly
turned over then oxidized IgG1 may be not be detectable in the recovered IgGl1.
However, previous results on serum half-life of IgG1 in human FcRn mice showed
that only significant but not mild Met oxidation resulted in a reduction of serum
half-life from 56+ 11 to 9.4+0.3 h (Wang et al. 2011). Hence, if the lack of oxidized
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IgGl1 in the study by Yin et al. (2013) were to be rationalized by rapid oxidation-
dependent turnover, oxidative modifications other than of Met (or even other, non-
oxidative post-translational modifications or combinations thereof) would need to
account for such rapid turnover. Clearly, more research on the effect(s) of post-
translational modifications on IgG1 turnover is needed.

Approaches to Mitigate Protein Oxidation In Vivo

While only limited information on the in vivo oxidation of therapeutic proteins is
available (see above), literally no studies have addressed the mitigation of specific
in vivo oxidation problems. However, lessons can be learned from in vitro oxidation
studies (i.e., accelerated stability studies and/or real-time storage conditions) where
protein engineering can been used to make conservative substitutions of specific
chemically labile amino acids while maintaining potency of the therapeutic
protein(s). In this regard, consideration should be given to expand accelerated sta-
bility studies such as to include oxidation by oxidants which are generated during
inflammatory conditions (i.e., hypochlorous acid, peroxynitrite and/or nitrogen
dioxide; see above).

Conclusion and Outlook

Considering the variety of oxidative post-translational modifications, which have
been detected on endogenous proteins, surprisingly few studies have addressed the
potential for oxidative modifications of therapeutic proteins in vivo. Specifically for
the development of proteins with long circulation half-lives in humans, such as
antibodies, the potential for oxidative modifications becomes an issue, especially
when these proteins can encounter inflammatory conditions. Additional complexity
may be expected for antibody-drug conjugates (ADCs), where oxidation cannot
only target the protein but also the linker and the conjugated drug(s).
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Molecular Assessment of Monoclonal
Antibody-Based Therapeutics Enabling Lead
Selection for Clinical Development

Vikas K. Sharma and Robert F. Kelley

Introduction

Monoclonal antibodies (mAbs) and mAb-based therapeutics (e.g. antibody drug
conjugates, bispecifics, Fab fragments, Fc-fusion proteins, etc.) continue to emerge
as an important class of biologics for the treatment of a variety of diseases. Over 35
mADb-based therapeutics have been approved and many hundreds remain in clinical
trials in the areas of oncology, cancer-immunology, immunology, infectious dis-
eases, and other acute and chronic ailments (as of October 2014) (http://www.
immunologylink.com/FDA-APP-Abs.html). The promise demonstrated by mAb-
based therapies in treating unmet medical needs has led several biopharmaceutical
companies to invest heavily in their development. Such investment has led to the
simultaneous development of several mAb-based drugs for a given indication and/
or target within an organization, and almost concurrent development of drugs for
similar indications across different biopharmaceutical companies. This is important
for patients and the medical community as it ensures that multiple therapeutic
options may become available for a given disease and, in some instances, provides
a tailored therapeutic regimen for a given disease. However, in order to enhance the
chances of clinical and commercial success, companies must ensure early on that
the lead molecule (also referred to as “lead candidate”) introduced into clinical tri-
als is optimal with respect to the therapeutics’ efficacy, safety, pharmacokinetics,
manufacturability, stability, and delivery profile.

Biopharmaceutical companies strive to produce “first-in-class” or “best-in-class”
efficacious and safe mAb-based therapeutics, primarily driven by their unique
mechanism of action or specific targeted biology. Furthermore, there is an effort to
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produce “biobetters”, or new mAb or mAb-based molecules, which target the same
validated target epitope as the original molecule. The biobetter is engineered to have
improved efficacy, safety, pharmacokinetics, or manufacturability/delivery (Thayer
2013). For example, a long-acting variant of an existing molecule generated through
altered FcRn binding would potentially be considered a biobetter. Along with the
improved therapeutic properties offered by a biobetter, an additional benefit to the
company may come in the form of prolonged patent protection on the new mole-
cule. There is a definite financial advantage associated with introducing a biobetter
since it capitalizes on the already existing market share associated with a specific
validated target.

Drug development of a new molecule associated with a novel target or of a bio-
better is a prolonged effort that typically spans more than a decade. Technical or
clinical delays during this process could potentially put the whole program at risk,
requiring significantly more investment and, most importantly, delaying the avail-
ability of the therapeutic to the patient. Therefore, many companies have adopted the
strategy of approaching first-in-human (FIH) Phase I trials faster because this pro-
vides the investigator the opportunity to decide early on whether the drug has the
potential to move forward based on its safety/efficacy profile. An efficient early
CMC (Chemistry, Manufacturing and Controls) development program (referred to
as process development in the remaining text) is highly desirable to achieving this
goal, and requires that the lead therapeutic candidate behave well during all of the
typical steps of development. These steps include: (1) upstream cell culture process-
ing, (2) purification or downstream processing, (3) drug product processing and fill-
ing, (4) storage stability, and (5) ability to deliver via the intended route (intravenous,
subcutaneous, ocular, etc.). Given the general similarities in overall conformation
and physicochemical properties of mAb-based therapeutics, strategies have been
built around developing efficient platform processes for manufacturing and formula-
tion (Shukla et al. 2007; Rathore et al. 2013). These strategies are beneficial for those
mAb-based therapeutics that are generally well behaved from a physical and chemi-
cal stability point of view. However, if a lead candidate does not behave as expected
(i.e., its physical-chemical characteristics do not meet the expectations of the plat-
form processes, it is not adequately stable to provide intended shelf-life in its dosage
form, or cannot be manufactured/delivered at high concentrations due to viscosity or
precipitation issues), significant delays with additional resource investment are
almost certainly likely and therefore to hamper achieving faster FIH trials. The main
concern is that with traditional development approaches to biologics (Fig. 1) the
information regarding whether the lead candidate is well behaved is often not avail-
able until the molecule actually enters the early process development phase.

“Molecular Assessment” (MA) or “Developability Assessment” programs have
been designed and put in place by several companies to de-risk such technical
development hurdles, alleviate CMC-related development concerns and ensure pre-
dictable behavior of mAb-based therapeutics during both early and long-term pro-
cess development (Ramachanderand and Rathore 2013; Yang et al. 2013). Figure 1
compares the traditional versus “MA-Enabled” approach of early development of
biologics. MA studies are carried out prior to deciding whether to bring a molecule
into full development and serve the following purposes:
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Fig. 1 A schematic of typical steps involved in the early process development phase of biologics
related to mAb-based therapeutics from generation of mAb variants through Phase I development.
(a) Conventional approach. (b) Molecule Assessment-enabled approach

1. Enable selection of a lead candidate (out of a number of available molecules)
that demonstrates fit-to-platform manufacturing processes and has an optimal
physico-chemical profile with respect to stability, manufacturability, and
delivery.

2. Generate information about potential technical liabilities associated with a given
molecule, in case the lead candidate retains undesirable properties, such that
adequate resources/timelines could be allocated once the molecule enters early
development

3. For biobetters, ensure that the selected lead is indeed superior to the existing
clinical/marketed molecule, especially when pharmaceutical/manufacturability
attributes are being improved to attain a certain clinical goal (for example,
improved stability to achieve sustained delivery)

Ultimately, information generated through MA studies is used in conjunction
with other relevant information, including affinity and pharmacokinetic profile, to
make decisions regarding the lead selection. Affinity is typically the top-level cri-
terion in molecule selection, i.e., given the biology and the target antigen, decision
making on lead candidate selection in almost all cases will be driven primarily by
affinity for the target.

In this chapter we discuss the MA studies in detail beginning with the current
technologies available for antibody generation and how these relate to the overall
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MA strategy. We then discuss how MA studies address specific concerns related to
technical development and lead candidate selection. Specific case studies are also
presented to further illustrate the utility of MA studies.

Technologies for Antibody Discovery and Optimization

One of the primary reasons contributing to the value of MA programs is the ability
of current antibody generation/engineering technologies to yield multiple variants
against a single antigen/target, such that MA studies can be carried out on these
multiple candidates. The broad pursuit of mAbs as human therapeutic agents began
with the capability of generating antibodies of human or human-like sequence, thus
reducing the potential for immunogenic, anti-therapeutic immune responses.
Initially, this involved using hydridoma technology (Kohlerand and Milstein 1975)
to isolate a monoclonal antibody of desired specificity, affinity, and potency from an
immunized rodent followed by “humanization” of the monoclonal (Riechmann
et al. 1988; Queen et al. 1989; Carter et al. 1992). Humanization has been hugely
successful with ~16 FDA-approved and US-marketed products originating from
this process. However, humanization can be labor and time consuming and the final
candidate may have many residues of rodent origin, in both complementarity-
determining regions (CDR) and framework regions, which can carry risk of immu-
nogenicity in humans. Several technologies have been developed that yield human
antibodies and ten such antibodies have received approval for US marketing.

Technologies that have been developed to generate more human-like antibodies
with increased speed and efficiency may be classified as employing in vivo or
in vitro selection to generate lead candidates. Transgenic animals expressing human
immunoglobulins have been developed such that human antibodies can be elicited
through immunization and recovered using standard hybridoma methodology
(Lonberg 2005; Jakobovits et al. 2007; Murphy et al. 2014). Hybridoma technology
is not routinely applied to human B-cells; nonetheless, therapeutic antibodies can
sometimes be recovered directly from humans through a B-cell-cloning process
(Wrammert et al. 2008; Nakamura et al. 2013). In this procedure, B-cells expressing
an antibody of desired specificity are identified from human peripheral blood cells
obtained via blood draw from infected or vaccinated donors and the antibody genes
recovered using recombinant DNA technology (Nakamura et al. 2013).

In vitro methods for antibody discovery include a variety of display technolo-
gies. These may be based on prokaryotic expression, phage (Barbas et al. 1991)
display, or eukaryotic expression systems, yeast (Feldhaus et al. 2003) or mamma-
lian (Bowers et al. 2011) cell display. In phage, yeast, and mammalian display,
antibodies specific to a target are selected from pools of variants displayed on bac-
teriophage or cells through binding to antigen in vitro. Specificity can be enhanced
via counter-selection either against closely related homologues, general non-specific
binding, or both. Since the genetic information for the selected antibody is con-
tained in the particle on which it is displayed, specific antibodies can be identified
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by sequencing the DNA from cells or phage enriched through the selection process.
The variant pool, or “library”, can be constructed from a natural, non-immune
source (de Haard et al. 1999), or be composed of semi-synthetic (Soderlind et al.
2000; Hoet et al. 2005) or fully synthetic antibody diversity (Lee et al. 2004; Zhai
et al. 2011; Rothe et al. 2008). Non-immune libraries can be prepared by cloning
antibody heavy and light chain variable domains from mRNA isolated from human
peripheral blood cells and typically yield antibodies of modest affinity and specificity.
Semi-synthetic libraries often combine donor-derived CDR3 sequences with syn-
thetic variable domains. In this approach, CDR3 sequences from pooled human
donors are cloned into acceptor synthetic human framework regions to generate a
complete variable domain gene. The synthetic acceptor domains may have diversity
in CDRs1,2 designed on natural sequences and built using synthesized DNA. Fully
synthetic libraries generate diverse CDRs, including the length and sequence diver-
sity of CDR3, with synthesized DNA and the designs are based on sequences
observed in natural human antibodies. A single human framework or multiple
human frameworks may be employed in the library. Both the semi- and fully-
synthetic libraries usually yield more sequence-diverse, antigen-specific, and higher
affinity antibodies than the non-immune libraries.

Merits of Antibody Discovery Technologies Relative
to Molecular Assessment

The in vivo and in vitro approaches present contrasting virtues for generation of
lead antibody candidates (Table 1). For immunization of normal or human Ig trans-
genic rodents, the power of the immune system to generate high affinity, specific
candidates is harnessed. The process of B cell clonal expansion eliminates many
non-specific clones and, coupled with somatic mutation, can produce high affinity
antibodies in a somewhat stochastic process. Although highly specific antibodies
can be obtained from in vitro methods by employing counter-selection, it is difficult
to know a priori what should be used for counter-selection to avoid off-target bind-
ing in vivo. Increased off-target binding can lead to atypical, fast pharmacokinetics
and adverse events (Hotzel et al. 2012).

Antibodies isolated from human Ig transgenic animals may have properties suit-
able for clinical development without further engineering. Monoclonals obtained
from immunization of wild-type rodents will obviously require humanization, with
expected time and labor costs. However, antibodies from both types of animals may
not meet potency requirements for a particular indication, or have sequence liabili-
ties, that require further in vitro engineering. For example, a higher affinity antibody
may be needed to neutralize a high copy target on a virus as well as enable less
frequent, subcutaneous dosing (Pantua et al. 2013). Affinities that can be obtained
in vivo may be limited by the selection process, and codon usage, to KD values of
>0.1 nM (Li et al. 2014a). In vitro display methods do not have these affinity limita-
tions and can be used to increase the affinity of antibodies derived from natural or
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Table 1 Relative merits of in vivo and in vitro selection

Property In vivo selection In vitro selection

Technology Hybridoma: wt or human Ig Phage, yeast, mammalian display
transgenics; B cell cloning

Specificity Highly specific through clonal | Limited off-target counter selection
selection

Affinity High affinity through somatic High affinity (KD <0.1 nM)
mutation with some constraints | possible via secondary library
(KD>0.1 nM) design/selection protocol

Engineering May require further CDR amino | May require extensive CDR
acid changes (assessed in vitro) | engineering to achieve affinity/
to increase affinity and/or fix specificity requirements and/or fix
instabilities instabilities

Cross-reactivity Cross-reactivity with rodent Rodent cross-reactive often
antigen may be challenging possible

CDR glycosylation sites | Potential sites introduced during | Potential sites can be minimized
somatic mutation with library design

Expression Clonal selection generates Frameworks can be pre-selected for

antibodies expressable in animals| high expression
but may not translate to
recombinant systems

Chemical stability No elimination of potential Can reduce potential sites with
unstable sites during selection library design

Physical stability Semi-random combination of Starting frameworks can be
frameworks may yield unstable | designed for thermal stability
antibodies

synthetic sources. Secondary libraries can be designed to optimize clones obtained
from initial screening; however, since the diversity that can be represented in a
library is in the range of 10'' unique sequences, and potential CDR diversity is 60%°,
affinity improvement can be labor intensive, especially if there is little information
on the structure of the antibody-antigen complex. In some cases, especially for ago-
nist antibodies that stimulate a signaling pathway (Hiinig 2012), it may be desirable
to limit the affinity improvement so as to avoid any safety consequences for the
engineered antibody. In addition, care needs to be taken during the affinity matura-
tion process to avoid the introduction of unintended cross-reactivity, with poten-
tially severe consequences (Linette et al. 2013), or off-target binding, which can
result in unexpected fast clearance (Hotzel et al. 2012).

Antibodies obtained from both in vivo and in vitro selections have the potential
for N-linked glycosylation sites (Asn-X(not Pro)-Ser/Thr) in the CDR regions.
These can be problematic, since, depending on the expression host and culture con-
ditions, there can be variability in glycosylation status resulting in batch-to-batch
inconsistency. Occurrence of glycosylation sites in antibodies from in vivo selection
is difficult to control, especially since for some germline genes, a single codon
change will create a potential glycosylation site (Li et al. 2014a). Such sites may
need to be removed through CDR engineering to enable a consistent drug substance.
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The potential for glycosylation sites can be reduced for in vitro selections through
the design used for synthetic libraries. For example, the potential for N-linked
glycosylation sites can be reduced by designing the oligonucleotides used to create
the CDR sequences in the library such as to avoid N-X-S/T glycosylation motifs.
Furthermore, the potential for known chemical instabilities, such as deamidation
and isomerization hot spots, to be present in CDR regions can be evaluated and
reduced through judicious library design (Tiller et al. 2013). An immune response
in rodents may elicit antibodies with thermally unstable VH/VL pairings that can
result in challenges for development. As shown by Tiller et al. (2013), this problem
can be avoided in synthetic libraries by limiting the repertoire to combinations
known to have stable properties, at least at the germline level. In any case, genera-
tion of multiple mAb candidates using the above-mentioned technologies is likely
to carry liabilities related to process development. Therefore, MA studies are crucial
to further assess mAb variants and de-risk long-term process development.

De-risking Process Development Through MA

As mentioned earlier, an efficient and streamlined early development program is
desirable to achieve fast FIH trials. However, challenges are often encountered dur-
ing these early stages where little is known about the physicochemical behavior of
the lead candidate. The question becomes what process development challenges can
be de-risked or alleviated through the MA exercise? In our experience MA studies
would typically address the following process development concerns:

» Expression during cell line development. If the yield is not above a certain g/L.
number, the cell culture process may not be economically acceptable.

e Compatibility and fit of the lead candidate into platform purification steps.
Additional development studies and alteration to platform steps would necessi-
tate additional resources and prolonged timelines.

e Identification of chemical degradation hotspots in the CDRs antigen binding
sites and assessment of overall physicochemical stability (for example, aggrega-
tion). Degradation could lead to unacceptable potency loss or present unwanted
risk in terms of safety, thereby limiting the shelf-life of the lead candidate as a
liquid dosage form.

* Amenability to high concentration formulations with respect to manufacturabil-
ity and delivery into subcutaneous space through a device. The primary concern
here is unacceptable viscosity, solubility and aggregation issues at high protein
concentrations

e Compatibility with the subcutaneous environment. The lead candidate should
remain soluble upon injection into the subcutaneous space

In this chapter we will primarily focus on how MA studies help de-risk some of
the process development challenges as outlined by the bottom three bullets in the
preceding paragraph. Additional MA studies may be performed regarding agitation,
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freeze-thaw, and filtration to support transportation and drug product manufacturing
(Ramachanderand and Rathore 2013). In the next section, we delve into specific
drug product related issues that are critical concerns during process development.

Site-Specific Chemical Degradation

Chemical modification of amino acid side chains, especially those involved in tar-
get/antigen binding, could lead to potency loss and a shortened shelf-life. These
chemical modifications may also lead to additional degradation pathways such as
aggregation (Philoand and Arakawa 2009), affect immunogenic properties
(Hermeling et al. 2004), or potentially alter the pharmacokinetic profile (Iwao et al.
2006) of the lead candidate. Common modifications include the reactivity of side
chains with solutes (glycation at lysine side chains, enzymatic glycosylation of cer-
tain asparagine side chains, i.e., Asn-X-Ser or Asn-X-Thr, where X is not Pro) or
degradation of the side chains (Asn deamidation, Asp isomerization, Met or Trp
oxidation, and/or hydrolytic clipping of Asp-Pro or Asn-Pro amino acid pairs)
(Manning et al. 2010; Wang et al. 2007). In addition, the presence of free Cys (free
thiol) in either the CDR or the variable domain is undesirable as it may lead to inter-
molecular dimerization via either oxidative formation of disulfides or intermolecu-
lar disulfide exchange (Yu et al. 2007). Therefore, as part of the initial sequence
assessment during MA, amino acids Asn (D), Asp (N), Met (M), Trp (W), Lys (K),
or Cys (C) should be carefully scrutinized.

Physical Instability

As part of the physical stability evaluation, the main concern for mAbs is the forma-
tion of either submicron or nanometer aggregates (SEC-based high molecular
weight species or oligomers) or visible particulates (greater than 100 pm) (Carpenter
et al. 2009; Narhi et al. 2012). The concerns with aggregates regard induction of
immune responses, infusion type reactions pertaining to fixation of C" and decreased
or enhanced potency (depending on mechanism of action) (Hermeling et al. 2004;
Kumar et al. 2011; Rosenberg 2006). Therefore, effort is made during both process
development and stability to ensure that the level of soluble aggregates remains at a
safe, preferably minimal, level and that no visible particulates are formed. The con-
cern with soluble aggregates is more elevated for higher molecular weight aggre-
gates than for dimer species (Rosenberg 2006). Therefore, while a few percent of
dimer presence is tolerable, even a fraction of percent of very high molecular weight
species (formed of multimers) may not be acceptable.

On the other hand, there is little tolerance for the presence of visible, large, par-
ticulates as the particulates could potentially lead to capillary occlusion, pulmonary
dysfunction, and immunogenicity (Doessegger et al. 2012), as well as needle clog-
ging during administration. Furthermore, such particles are alarming to end-users
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Fig. 2 An example of a Fab molecule with solubility issues observed during early development.
The molecule solubility is pH dependent where it transitions from clear solution (pH 5) to turbid
solution (pH 6) to a gel (pH 7) (top panel). The molecule’s solubility also showed salt-dependence
exhibiting higher solubility in solutions with high NaCl concentrations (bottom panel)

(health care professionals/patients) who are advised to inspect the product for visible
particles prior to preparation/administration and not use the product if visible parti-
cles are observed. Often times, the presence of visible particles in a drug product is
indicative of the fact that “something wrong has happened with product quality”.
Gross precipitation may actually indicate solubility issues with the lead candidate
and therefore directly affect the amount of soluble protein present. Figure 2 shows an
example of a Fab, whose solubility was dependent on solution conditions. The Fab
molecule was found to be more soluble at lower pH and under high ionic strength
conditions. Unfortunately, this Fab also contained an isomerization hot spot and,
therefore, could not be developed as a liquid formulation. This molecule illustrates a
“perfect storm” example where solubility (and therefore precipitation) can be miti-
gated by altering pH, salt-type, and ionic strength, but other issues, such as chemical
stability, may become more prominent at the newly selected formulation conditions.
This molecule was not selected using MA studies and, therefore, its subsequent
development required significant effort, time and resources. Balancing product qual-
ity for this Fab involved trade-offs on different aspects of molecular stability so that
a desirable drug product could be developed. Clearly, it makes sense if such issues
are identified prior to lead candidate selection and proper steps taken to select the
right lead candidate. Concomitantly, there is an opportunity to develop a biobetter
that could improve Fab stability and solubility, while the first generation molecule
moves forward to establish a clinical proof of concept and gets introduced into the
market due to patients’ needs. In such instances, MA can be used to ensure that the
“biobetter” is indeed devoid of such stability or solubility issues, with benefits poten-
tially extending to a better stability profile in the in vivo environment.
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High Concentration Formulation Considerations
Viscosity

One of the primary concerns of high concentration mAb solutions is increased vis-
cosity at higher concentrations. This presents two main challenges: manufacturabil-
ity and fitness for delivery in syringes (delivery into the subcutaneous space via a
syringe-needle device) (Schmit et al. 2014; Shire et al. 2004; Yadav et al. 2010). An
ultrafiltration/diafiltration (UF/DF) step using tangential flow filtration across a
membrane is required to concentrate a mAb solution to a desired concentration.
High viscosity solutions tend to develop high pressure across the membrane which
prevents the ability to reach the target concentration (Narasimhan et al. 2012).
Therefore, if the solution viscosity is above a certain limit, high concentration mAb
formulation may not be achievable without either additional processing or substan-
tial losses in yield. Similarly, a high viscosity solution may be difficult to expel
through the narrow bore needles typically used in pre-filled syringes or auto-
injectors as defined by the Poiseuille’s law (Adler 2012). mAbs of a similar isotype,
for example IgG1, that differ mostly in the CDRs could exhibit a range of viscosity-
concentration profiles (Fig. 3). Therefore if the lead candidate mAb entering into
early development exhibits high viscosity in its optimal formulation, it is likely to
present significant challenges with respect to manufacturing and delivery of the
therapeutic into the intended site.

Phase Separation

Phase separation is another manifestation of physical instability often associated
with high concentrations of mAbs, wherein two phases of liquid (one low in protein
and the second enriched in protein) may exist in equilibrium (Mason et al. 2010;
Nishi et al. 2010). Phase separation may affect product quality by causing protein
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Fig. 4 pH-dependent phase separation of a mAb at high concentration under high salt conditions.
The mAb was soluble at pH 5.5 at 150 mg/mL but formed an opaque gel at pH 6.5 following pro-
longed storage at 5 °C

concentration inhomogeneity within the final drug product container and potentially
leading to dose inhomogeneity. Additionally, the end-user may be advised to not use
a product if a “gel-like” phase is present. It is likely that prolonged storage of the
high concentration phase may lead to gelation, irreversible phase separation or
aggregation. Figure 4 illustrates an example of a mAb that exhibits pH-dependent
gelation with formation of a gel upon storage at 5 °C. Additional development work
will be required for such molecules to ensure that the final selected formulation does
not induce phase separation upon prolonged storage of the drug product. Both phase
separation and/or gelation should be assessed during MA studies.

Compatibility with the Subcutaneous (s.c.) Space

High concentration formulations are primarily developed for subcutaneous injec-
tions in order to accommodate high doses in a small injection volume. Often, mAb-
based drugs are formulated within an acidic pH range (pH 5-6), and only exposed
to more neutral pH and physiological salt conditions upon injection into the s.c.
space. The antibody should stay soluble under physiological conditions. Any mAb
insolubility in the form of large particles may cause local injection site reactions,
inflammation, or trigger an immune response. Therefore, antibodies with solubility
issues may not be the ideal candidates for s.c. delivery. Figure 5 illustrates an exam-
ple of a mAD that readily precipitates at concentrations as low as 75 mg/mL in buf-
fers that represent physiological conditions. It is no surprise that this mAb was not
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Supernatant -

150 mg/mL 100 mg/mL 75 mg/mL

Fig. 5 Concentration-dependent precipitation of a mAb in phosphate buffered saline (PBS) at
pH 7.2. The formulated mAb solution was dialysed against PBS at 37 °C for 24 h

a suitable candidate for subcutaneous administration at high concentrations. In fact,
injection of this high concentration mAb in non-primate models led to local inflam-
mation at the site of injection indicative of local intolerance. Once again, this pres-
ents an opportunity to develop a biobetter that is devoid of the issues related to
subcutaneous injection. MA can demonstrate if a biobetter molecule is devoid of
such delivery-related concerns.

Experimental Tools for MA and Data Interpretation

The experiments for MA need to be carefully devised to accommodate the typical
time and material quantity constraints associated with the timing of early clinical
studies (prior to the candidate being selected for IND-enabling toxicological stud-
ies). The quality of the material used in MA testing is also critical as impurities or
product quality heterogeneity (size variants and charge variants) may affect the out-
come of the studies. While material produced using a stable cell line is desirable, a
stable cell line may not be developed or available at the time when MA studies are
being conducted. Therefore, material from transient cell lines may be used for
MA. In general, prior to selecting the cell line, an evaluation should be performed on
whether data generated from material using transient cell lines is reliable enough to
understand the physicochemical behavior of mAb candidates, enable selection of the
lead candidate, or generate information about liabilities associated with final candi-
date. Various studies that are typically conducted as part of MA, along with typical
material requirements are primarily driven by the attribute that is being probed
(Table 2). Some of the details of MA studies are discussed in the next section.
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Table 2 Typical studies conducted as part of MA along with molecular attributes that are tested,
material requirements and typical analytical tools that are used for such studies

Molecule attribute Material
MA study tested requirement Analytical tools
Accelerated temperature Chemical hotspots 3-5 mg Size exclusion
study (low concentration) chromatography (SEC)
Asp isomerization Ion exchange
chromatography (IEC)/
Isoelectric focusing
(IEF)
Asn deamidation Peptide Map/LC-MS
Fragmentation
Aggregation
Oxidation
Induced oxidation Met oxidation 3mg Peptide map/LC-MS
Trp oxidation
Viscosity-concentration Viscosity 25-75 mg Rheometer
profile
Accelerated temperature Aggregation 25 mg Visual Assessment
study (high concentration) | Phase separation SEC
Solubility IEC/IEF
Gelation
In vivo compatibility Solubility 25 mg Turbidity
Visual Assessment
Thermal unfolding Onset of unfolding 1 mg Differential scanning
assessment calorimetry
Fluorescence Scanning
Dynamic Light
Scattering

Assessment of Chemical Hotspots
Accelerated Temperature Stability Studies

Similar to the stability studies conducted during typical formulation screening, a
stressed temperature study is carried out during MA to assess chemical hot spot
liabilities. For most mAbs and mAb-based drugs, 40 °C serves as an appropriate
stress temperature, which is close to the normal in vivo temperature of 37 °C. The
selection of the stress temperature is often driven by the onset of thermal unfolding
of the molecule(s) in consideration (as determined by differential scanning calo-
rimetry or a similar thermal scanning technique). Conducting stability studies at
temperatures close to the onset of thermal unfolding can lead to unnecessary deg-
radation that is not representative of the degradation experienced during shelf-life
storage conditions. Therefore, if molecular properties (aglycosylation, fusion



166 V.K. Sharma and R.F. Kelley

proteins), pH and/or presence of excipients lower the onset of unfolding, a milder
temperature such as 30 °C, may be considered for conducting stressed temperature
stability studies. It should be noted that the onset of unfolding is typically pH- and
ionic strength-dependent; therefore, a low unfolding temperature in formulation
conditions is not necessarily predictive of in vivo instability. For mAbs, the higher
in vivo pH (compared to typical formulation conditions) usually increases the
unfolding temperature so that a lower onset of unfolding temperature observed
under acidic formulation conditions may not be a concern under physiologically
relevant solution conditions.

The attributes typically assessed through accelerated temperature studies are Asp
isomerization, Asn deamidation, formation of aggregates and fragments, and over-
all changes in the charge variants. Typically, such studies are carried out using one
or more formulation conditions, including the intended platform formulation, to
assess the chemical and physical liabilities that are relevant to drug product formu-
lation. Asn deamidation sites are identified using neutral pH or basic pH conditions,
since deamidation may not occur at target (acidic) formulation conditions. Neutral
pH assessment also allows the understanding of potential degradation pathways that
could be relevant under physiological conditions.

The samples generated through these studies are analyzed using (1) peptide map-
ping to identify site-specific Asp or Asn degradation, (2) size-exclusion chromatog-
raphy (SEC) tomonitor changes insize variants and (3) ion-exchange chromatography
(IEC) or image capillary iso-electric focusing (icIEF) to monitor changes in charge-
variants (Chirinoand and Mire-Sluis 2004). These studies can be carried out at low
mAb concentration since the primary focus is to identify chemical hot spots with the
assumption that mAb concentration will not affect the degradation pathways. This
concentration-independence is likely true for chemical and charge-variant changes.
However, this does not hold for size-variants, where aggregation is often concentra-
tion dependent. Nevertheless, this early assessment at low concentration will help
highlight if any unusual behavior is observed in size variants upon stressed stability.
The use of peptide mapping at this stage also helps to identify any post-translational
modifications in the CDRs of the starting sample, such as glycation or glycosyl-
ation. Site-specific analysis by peptide map at this stage also allows the identifica-
tion and possibly removal by mutation of the problematic residues.

The interpretation of stability data from these studies depends on the amount of
acceptable mAb degradation from a product quality point of view. This knowledge
about degradation limits could come from historical experience with previous mol-
ecules or from Arrhenius-based predictions given the degradation mechanism
involved. For example, for Asp isomerization an activation energy of 21 kcal/mol/K
(Wakankar et al. 2007a) and a site-specific degradation at 40 °C over 1 week of
10 % would translate into a degradation over 2 years at 5 °C of 20 %. This amount
of degradation may not be acceptable, especially if such degradation is associated
with equivalent potency loss or induction of immune response. The above example
uses 21 kcal/mol/K as the activation energy, however, other activation energies, or a
range may be considered given prior experience with other molecules. A similar
approach can also be adopted for Asn deamidation.
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For size-variant and charge-variant changes upon stressed stability, the data
generated as part of MA studies could be evaluated against historical data with
other molecules. A risk-based assessment could be performed to decide upon what
extent of degradation under stressed conditions may be acceptable to yield a desir-
able shelf-life.

Oxidation Hotspots

Accelerated temperature stability studies may not identify oxidation hotspots
involving Met and Trp because several other factors besides thermal stress could
lead to oxidation. These factors include presence of metal, exposure to light and
levels of reactive oxygen species (Torosantucci et al. 2014). Therefore, additional
testing may be required to identify labile Trp or Met sites to capture these additional
oxidative mechanisms. One of the ways to address this is use of a known oxidizer,
such as fert-butyl hydrogen peroxide (TBHP) or 2,2'-Azobis(2-amidinopropane)
dihydrochloride (AAPH) (Wakankar et al. 2007a; Hensel et al. 2011; Ji et al. 2009),
to mimic presence of peroxide as well as organic free radicals in solution. In addi-
tion light sensitivity and metal sensitivity can be tested using appropriate light stress
and addition of metal oxidizing system, such as Fe?*/Fe**, respectively (Mallaney
et al. 2014). Appropriate controls, positive (known oxidation sensitive sites) and
negative (known oxidation-resistant sites) can be used to gauge the risk factor
around new molecules. While such an approach may not be predictive, it could be
used to identify potential hotspots that present oxidation risk during the product
development cycle from manufacturing to storage.

Viscosity

For high concentration mAb solutions, viscosity is an important attribute for both
manufacturability and delivery. Highly viscous mAb solutions may present signifi-
cant challenges and in some cases limit achieving the target concentration intended
for delivery. One of the primary challenges of viscosity measurements during pre-
development stages is the requirement for significant quantities of material which
may not be readily available. High concentration mAbs are often formulated at
>100 mg/mL and therefore, the viscosity needs to be assessed at such concentra-
tions. Often, a multi-point viscosity concentration curve is useful for understanding
the concentration-dependence due to a non-linear dependence of viscosity on
concentration.

The commonly available tool to measure viscosity of mAb solutions is a cone-and-
plate based rheometer (Shire et al. 2004; Jezek et al. 2011). Viscosity can be mea-
sured using volumes as low as 60 uL, thereby substantially reducing the material
requirements. While many mAb solutions exhibit a non-Newtonian rheology, i.e.,
these solutions exhibit a shear-dependent viscosity profile, measurement at a single
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shear rate is sufficient to rank order various mAbs in terms of their relative viscosities.
Viscosity-concentration curves are generated by concentrating the mAb solution to a
high concentration, diluting it to generate 2 or 3 different concentrations and measur-
ing the viscosity at a constant shear rate and temperature. Such experiments requiring
multiple concentration measurements for a single mAb variant may use >50 mg total
protein. However, if material is limited viscosity measurement at a single concentra-
tion can be performed for rank ordering multiple mAb candidates; a single concentra-
tion measurement can be performed by using 15 mg or less of the protein.

Other methods available to measure viscosity of mAb solutions include capillary-
based rheometers (Hudson et al. 2014). There are also technologies available to
measure viscosities of smaller volumes of liquid such as quartz crystal based rhe-
ometry (Saluja et al. 2007), micro-fluidics based rheometry (Jezek et al. 2011), par-
ticle tracking velocimetry based rheology (Jezek et al. 2011), etc. However, these
methods need further evaluation to be adapted for broader use

Solubility Studies

Solubility studies are required to ensure that the mAb candidate remains soluble in
formulation buffer at the target concentration upon manufacturing and upon stor-
age. For mAbs that are delivered through the subcutaneous route, it is also necessary
to ascertain that the lead candidate is soluble in physiologically relevant conditions.
This is because mAb solutions for subcutaneous delivery are high concentration
solutions and may have substantial localized residence time (several hours) before
complete disposition into the systemic circulation (Porterand and Charman 2000).
This concern may be somewhat lowered for intravenous delivery because of typical
low protein concentrations used and dilution into the blood stream. However, there
may be concerns about aggregation of mAbs in the infusion bags commonly used to
infuse such drugs through i.v. route. It has been reported that mAb aggregates could
form in an infusion bag depending on the solution type in the infusion bag (for
example, dextrose versus NaCl) and/or on the protein formulation composition
(Arvinte et al. 2013; Kumru et al. 2012). Therefore, candidates that form aggre-
gates, soluble, subvisible or visible precipitates, in physiologically relevant condi-
tions or infusion solutions may not be the best candidates to move forward with.
Solubility studies in formulation conditions can be done as part of the stability
study set up at the intended target concentration. A simple visual assessment of the
formulated bulk is often sufficient to inform of either absence or presence of large
particulate material. Attention should be paid while formulating and/or concentrat-
ing the mAb solution to look for any unusual visual phenomena and ensure that the
resulting solution is clear and free of particulate matter. To assess solubility of a
mAb under physiological conditions following a s.c. injection, the mAb can be first
concentrated to high concentration (since this is mostly relevant for high concentra-
tion s.c. injection) and then dialyzed against a physiologically relevant buffer such
as phosphate buffered saline at pH 7.2. The dialyzed solution is then assessed for
any visible precipitation/formation of particulates. Compatibility of mAbs with
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infusion bag solutions can be assessed by mixing and diluting mAbs (in their respective
formulations) in the infusion bag followed by storage at the appropriate tempera-
tures for a reasonable period of time. Further analysis for soluble, subvisible and/or
visible aggregates as well as chemical analysis could be carried out to assess the risk
around the compatibility of mAbs with infusion solutions.

Critically, the in vivo solubility should be assessed in the presence of human plasma
or serum (or other relevant body fluids), as discussed in Chap. 7 of this volume.

Miscellaneous Studies

Often, additional studies may be conducted to screen candidates early on, especially
when multiple variants are available and are still being optimized with respect to
biological affinity. These typically include thermal scanning techniques such as dif-
ferential scanning calorimetry, differential thermal fluorescence scanning and/or
thermal scanning using dynamic light scattering. The basic idea here is to remove
candidates based on simple response in thermal scanning and to move forward with
only those candidates, which are more stable to thermal scanning stress. Thus mol-
ecules that show propensity to aggregate or unfold at lower temperatures are not
considered for further development. Note that this approach may only be useful
when a restricted number of molecules are available against a single target such that
later MA studies need not be performed on a large set of molecules.

MA Case Studies

In Silico Engineering of Chemical Hotspots

Table 3 shows the heavy chain CDRs and light chain CDRs of a mAb. Simple
examination of the sequence identifies several potential hotspots (shown as under-
lined). These include isomerization sites (DS and DG), deamidation sites (NS), clip-
ping sites (DP), a glycosylation site (NLS) and oxidation sites (W and M).
In this case, certain sites were engineered out prior to conducting any experimental
stability studies. The binding affinity of the re-engineered molecule with these
changes incorporated was not affected and the potency (as determined by binding
affinity) of the molecule was maintained (data not shown). Note that certain other
residues, while identified as potential hotspots, were not altered (HC CDR1 W, HC
CDR3 M, LC CDR2 NS and LC CDR NP). This was based on the sequence com-
parison of this particular mAb with other mAbs, which revealed the presence of
these residues being conserved and information that these amino acid residues are
known not to undergo significant degradation. Additional experimental testing did
show that these unaltered residues were stable against thermal stress and, therefore,
no further changes were made to the CDR sequence.
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Table 3 An example of in silico MA assessment of chemical hot spots in a mAb and engineering
approaches to alleviate associated stability risks

CDR sequences Stability liability Re-engineered sites

Heavy Chain CDRs:

DSIXXXYWN Isomerization, Oxidation ESIXXXYWN

YIXXXXXTYYNLSLRS N-Linked Glycosylation NLS site mutated to
remove glycosylation
hotspot

ITXXXXAMDY Oxidation ITXXXXAMDY

Light Chain CDRs:

RXXESVDGXXNSFLH Isomerization, Deamidation | RXXESVSGXXLSFLH

LAXXXNS Deamidation LAXXXNS

QXXXVDPWT Hydrolytic Cleavage, QXXXVDPWT

Oxidation

Identified hotspots are underlined and sites that were engineered out to remove stability liabilities
are shown in bold and underlined

Examples of Chemical Hotspots

In this section, two separate examples are provided to illustrate the utility of early
MA studies for identification of Asp isomerization sites and steps that can be taken
to either fix the labile site or pick a more stable candidate.

The first example compares two different mAbs for different antigen targets
(same clinical indication) and therefore, both mAbs were considered lead candi-
dates for early development. Table 4 shows the heavy chain CDR 2 sequences of
these two mAbs, mAb 1 and mAb 2. As shown by the underlined and bolded resi-
dues, MAD 1 contains multiple isomerization sites, DD, DG, and DS, whereas mAb
2 contains a different isomerization motif, DD. Both mAbs were prepared in buff-
ered solution and were subsequently stressed at 40 °C for 2 weeks. The extent of
isomerization was measured by monitoring formation of isoAsp using peptide map
followed by Extracted-lon-Chromatogram (EIC)/LC-MS. Only 1 % formation of
iso-Asp at the DD/DG site was observed in mAb 1 over 2 weeks at 40 °C, whereas,
a 25 % formation of iso-Asp was detected for the first Asp at the DD motif in mAb
2 at similar stressed conditions. It is interesting to note that the extent of isomeriza-
tion for the DG site is significantly reduced in mAb 1, compared to the first Asp in
DD (mAb 1). Based on simple peptide models, DD would have been predicted to be
less reactive based on the more bulky D residue at the n+ 1 location (Wakankar et al.
2007b). Clearly, the tertiary fold of the antibody and local environment has impact
on the Asp isomerization rate in a mAb. A comparison of the sequence between
mAb 1 and mAD 2 revealed a DS motif in mAb 1 at the same location where DD
was present in mAb 2. From previous studies it was known that this DS motif is
stable against isomerization under the given stress conditions. Based on this infor-
mation, the DDF motif in mAb 2 was switched to a DSV motif and this completely
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Table 4 A comparison of isomerization rates (formation of isoAsp) among different mAbs as part
of MA to identify chemical hotspots

Isomerization rate

mAbs CDR at 40 °C (site)
mAb 1 Heavy Chain CDR 2 XXXXPDDGDTDYADSVXX 0.5 %/week (DDG)
Not detected (DS)

mAb2 Heavy Chain CDR 2 XXXXTETGEPTYADDFXX 12.5 %/week (DD)

mAb 3 Heavy Chain (VH1 framework) Not detected (DD)
XXXXTYTGEPTYADDFXX

mAb 4 Heavy Chain (VH3 framework) 6 %/week (DD)
XXXXTYTGEPTYADDFXX

mADbs were stressed at 40 °C for 2 weeks and analyzed by enzymatic digestion and peptide map-
ping followed by LC-MS. The rates are shown for the bold and underlined isomerization hotspots.
For DD hotspots, the rates correspond to the first D in the pair

alleviated the isomerization at this specific site. mAb 2 was therefore re-engineered
from an isomerization-labile to an isomerization-stable molecule.

The second example compares two mAb candidates for the same target and
therefore, only one of these would be selected to move into early development. This
is an interesting example because the two mAb variants generated had the exact
same six CDRs but had different frameworks for the constant domain. The isomeri-
zation site of interest was the first Asp of the DD motif present in the heavy chain
CDR?2 of both mAbs (Table 4, mAb 3 and 4). One of the mAbs used VHI as the
heavy chain framework construct, while the other used the VH3 heavy chain con-
struct. Similar to the above-mentioned example, both mAbs were prepared in a
buffered solution and were stressed at 40 °C for 2 weeks. The extent of isomeriza-
tion was measured by monitoring formation of isoAsp using peptide mapping fol-
lowed by Extracted-Ion-Chromatogram (EIC)/LC-MS. The results show that the
framework construct can impact the isomerization rates even when the CDRs have
the exact same sequence. The DD motif in the VH1 heavy chain CDR2 showed only
a 1 % formation of isoAsp over 2 weeks at 40 °C compared to a 12 % formation of
isoAsp for the same motif in VH3 heavy chain CDR2. Based on these data, the mAb
with the VHI1 framework was selected for further development. These data also
point to the fact that the tertiary fold and the presence of neighboring residues in the
variable domain can affect the reaction rates of residues in the CDRs.

Case Study for Improved Stability

Herein, we present an example of a molecule, Molecule 1, that presented significant
stability issues such that the formulation needed to be lyophilized to attain the
desired shelf-life. Regardless of shelf life, the stabilized lyophilized formulation
proved sufficient for therapeutic use only requiring short half-life in vivo (days).
However, Molecule 1 may not be suitable for sustained delivery approaches due to
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Fig. 6 Case study of a molecule being developed to improve upon the stability where a liquid
formulation was not feasible with the existing molecule. Molecule 1 mutant shows reduction in
percent main peak loss as measured by IEC in PBS at 37 °C (Panel a) corresponding to retention
of affinity as measured by Biacore under similar solution conditions as compared to Molecule 1
itself (Panel b)

its high rate of Asn deamidation, poor solubility, and aggregation under physiologi-
cally relevant conditions Therefore, a subsequent version of Molecule 1 was devel-
oped, termed as Molecule 1 mutant. Modifications were made to the Molecule 1
mutant amino acids without much effect on the binding affinity to the target epitope,
while overcoming the stability liabilities. Figure 6 shows the percent main peak loss
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profiles as measured by IEC as well as the antigen binding as measured by Biacore
comparing Molecule 1 and Molecule 1 mutant at 37 °C in PBS. As shown, improve-
ment in the stability profile along with a decreased loss in potency was observed in
Molecule 1 mutant compared to Molecule 1 itself. In this case MA was valuable in
ensuring that the amino acid changes resulted in stability improvements. From a
stability point of view, therefore, Molecule 1 mutant could potentially be considered
as the biobetter version of the original molecule.

mAbs and Viscosity

As mentioned previously, viscosity is a critical parameter for manufacturing and
delivery of high concentration mAb solutions. mAb solutions with high viscosity
produce significant challenges during the UF/DF process and may not be inject-
able through a narrow gauge needle without considerable force. With respect to
MA studies, the additional challenge with mAbs is that high viscosity is not eas-
ily fixable unlike the chemical hotspot liabilities. That is, “fixing” viscosity
problem is not a matter of simply engineering a few residues, since the origins of
high viscosity are typically attributed to the non-specific interactions (electro-
static or hydrophobic) that usually extend to a larger molecular surface than
encompassed by just a few residues (Yadav et al. 2010; Duand and Klibanov
2011; Kanai et al. 2008). As a consequence it may be difficult to generate mul-
tiple variants against a single target that show sufficient variance in the sequence
to result in significantly different viscosity profiles without affecting other rele-
vant biological properties such as affinity and/or pharmacokinetics. Therefore,
unless antibody engineering enables generation of multiple candidates within a
desired affinity range, in many cases it may not be matter of “selection” but more
so of “information generation” when it comes to evaluating viscosity as part of
the MA studies. This enables the team to make decisions whether platform pro-
cesses will be acceptable to manufacture a certain mAb or if significant addi-
tional development work/alternate strategies will be required to manufacture/
deliver a given mAb candidate.

Figure 7a, b shows examples of viscosity profiles of four mAbs, mAb 5, mAb 6,
mAb 7 and mAb 8 compared to a high viscosity mAb and a low viscosity mAb in
the same-buffered solution as function of concentration. mAb 5 and 6 were two
candidates generated against the same target, whereas, mAb 7 and 8 were two
different mAbs against different targets. All four mAbs are of the IgG1 isotype and
are at least 90 % homologous with respect to sequence comparison. Based on the
viscosity profile, mAbs 5 and 6 were considered acceptable with respect to viscos-
ity profile and no additional processing or extensive formulation development work
was required (Fig. 7a). On the other hand, mAb 7 was considered to have a viscos-
ity profile that required additional steps to enable the UF/DF process in order to
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Fig. 7 (a) Viscosity profiles
of two mAbs as part of
molecule assessment studies.
Both mAbs are considered
low viscosity. (b) Viscosity
profiles of two mAbs as part
of molecule assessment
studies. mAb 7 was
considered high viscosity and
needed further processing
modifications to manufacture.
mADb 8 was not considered
manufacturable at the
intended target concentration
without significant
challenges. The points are
experimental data and the
line represents a fit to the
equation y =a+ bexp(cx)
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achieve the desired target concentration (Fig. 7b). mAb 8 was considered to be
highly viscous at the initial target concentration and would have posed significant
challenges for the UF/DF process to be successful (Fig. 7b) (Ramachanderand and

Rathore 2013).

The above examples clearly demonstrate the utility of MA as a critical strategy
to enable re-engineering mAbs to attain target stability characteristics, enable selec-
tion of the “stable” candidate when multiple options may be available, or simply
generate information to develop strategy around process development with the
appropriate allocation of time and resources.
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Future Directions

While the molecule assessment strategy has been well established in many compa-
nies, the process of performing this early assessment continues to evolve concomi-
tantly with antibody engineering technology to produce multiple candidates against
a single target. Current approaches are still largely experimentally based and require
several milligrams of material to complete the assessment. The future direction is
likely to evolve in two pathways: (1) miniaturization techniques to minimize mate-
rial requirements and (2) in silico analysis to perform risk assessment on candidates
with respect to various properties.

Material quantity is always a concern while performing early assessment of
mAb-based candidates. The question often asked is “can a certain experiment or test
be carried out with less?” or “what’s the minimum material needed?” There is an
obvious need to do more with less as part of MA studies. The analytical tools play
a critical role in defining the material required. While stability studies can be min-
iaturized using microgram levels of protein, use of newer analytical tools such as
Ultra Performance Liquid Chromatography (UPLC) along with sophisticated MS
technology can help miniaturize performance of such studies. Other studies such as
rheology still demand several mgs of proteins. Advances in microfluidics and
micro-rheology may help reduce the material requirements while providing ade-
quate information on the rheological properties of mAb solutions. Another approach
is use of dilute solutions to measure properties apparent at high concentrations. One
such example is use of diffusion interaction parameter, k, measurable at low con-
centrations to assess viscosity behavior at high concentration (Connolly et al. 2012).
It has been shown that kp measured in dilute solution conditions can be used to
provide a rank ordering of viscosity values at higher concentration. While the tech-
nique looks promising, a broader data set may be needed for the technique to have
high rate of prediction success. Furthermore, kD provides a qualitative rank-ordering
and fails to quantitatively predict the viscosity values. Nevertheless, if multiple can-
didates are available, the technique could still be used to screen out candidates that
demonstrate attractive interactions. Overall, with the improvements in analytics and
study designs, a reduction in material requirement will facilitate testing more candi-
dates or perform more tests with the available amounts.

In silico assessment of physicochemical properties of mAbs could greatly facili-
tate screening in order to select or narrow down the number of candidates for final
experimental testing, especially when a large pool of candidates may become avail-
able. In silico tools could also aid in reducing material requirements if certain deci-
sions regarding molecular liabilities could be made without performing the actual
experiment and therefore, eliminating the need for experimental testing.
Computational tools have been presented in the literature to assess various molecu-
lar properties such as aggregation, isomerization, and viscosity. For example, spatial
aggregation propensity parameter has been developed to identify aggregation-prone
regions using three-dimensional structures of antibodies (Chennamsetty et al. 2009).
As another example, recently, a multi-variable approach has been proposed to
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predict viscosity of mAbs using several structural properties of Fv region of mAbs
including net charge, zeta potential, and pI (Li et al. 2014b). Regarding the chemical
stability aspect, a structure-based approach has been proposed to identify Asn or
Asp hotspots of deamidation and isomerization, respectively (Sydow et al. 2014).
The authors have shown that parameters of conformational flexibility, the size of the
C-terminally flanking amino acid residue, and secondary structural parameters can
be used to identify such labile hot spots. While these tools are relatively new and
their broader use needs to be assessed, they offer promise in being implemented
and, along with experimental studies, can aid in molecular assessment studies
towards lead candidate selection.

Summary

“Molecular Assessment” or “Developability Assessment” studies have become a
necessary part of drug development strategies for biologics, especially for monoclo-
nal antibody based therapeutics. These early studies play a critical role in either
selecting the “right” lead candidate with optimal physicochemical properties or
generating information about molecule behavior/liabilities that help define the long-
term strategy towards technical development. The overall goal, essentially, is to
“de-risk” the technical development and achieve faster FIH trials, as well as to
enhance the probability of commercial success with minimal unforeseen/unpredict-
able events. Together with affinity maturation and early pharmacokinetic assess-
ment, MA studies ensure that enough information is available prior to the entry of
the lead candidate into the clinical development program and therefore, enhance the
likelihood of technical and clinical success.

Furthermore, while MA has become an essential strategy for new lead candidates
entering clinical development and targeting novel targets/epitope, MA plays an
equally important role in introducing biobetters. In some sense, MA is perhaps even
more crucial for biobetters, as these molecules are designed to overcome a certain
suboptimal attribute of the existing clinical/marketed molecule (efficacy, safety,
pharmacokinetics, manufacturability). Therefore it needs to be ensured that the bio-
better indeed exhibits the desired improved attribute and meets the requirements of
it being developed as a better therapeutic. One example of such attribute from a
technical development point of view is improved stability. A biobetter “stable” mol-
ecule could be a better candidate for a preferred dosage form, i.e., liquid compared
to a lyophilized drug product or could enable sustained delivery by being more
physico-chemically resistant to the in vivo environment. MA can help ensure that
such attributes are indeed being exhibited prior to a molecule being selected and
designated as a biobetter.
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Perspectives on Engineering Biobetter
Therapeutic Proteins with Greater Stability
in Inflammatory Environments

V. Ashutosh Rao

The Need for Biobetters to Overcome Degradation,
Aggregation, and Instability in a Proinflammatory
Physiological Environment

Rapid progression of genetic engineering technology has accelerated the
development and availability of protein-based biopharmaceuticals for clinical use.
However, their unique and complex structures render them susceptible to a plethora
of post-translational modifications (PTMs) as well as chemical degradative pro-
cesses they may encounter in distinct in vivo environments. Among the more com-
mon degradative reactions that can impact the structure and function of therapeutic
proteins are oxidation, proteolysis, phosphorylation, and deamidation. Several
PTMs such as oxidative modifications further render modified proteins vulnerable
to aggregation or proteolytic degradation by enzymatic or non-enzymatic mecha-
nisms (Torosantucci et al. 2014). Degradation of a therapeutic protein in vivo
becomes problematic when the structural modification alters its intended function
and safety or efficacy profile (Foye 2008). As a result of protein aggregation or deg-
radation, therapeutic activity can be decreased, increased, or altered to have off-
target effects. Protein degradation or aggregation could be facilitated under
inflammatory circumstances in diverse clinical settings such as cancer, chronic
inflammatory diseases, organ transplants, infectious diseases, and cardiovascular
disorders, and can exacerbate an inflammatory response with unintended conse-
quences (Chennamsetty et al. 2009; Hermeling et al. 2004). Therefore, character-
izing and controlling the degradation or aggregation profiles for a therapeutic
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protein, especially for indications where the physiological environment presents
additional opportunity for instability, is an essential component of a drug manufac-
turer’s control strategy. Evaluating a manufacturer’s control strategy is a key risk
assessment tool for the regulation of investigational and licensed biologic drugs for
human use. Better risk assessment can result from greater characterization of criti-
cal structural modifications that can influence therapeutic protein function, applica-
tion of sensitive and suitable methods to objectively measure protein modifications,
and use of relevant preclinical models or human tissue samples for predicting the
in vivo impact of the inflammatory environment on such protein alterations
(Torosantucci et al. 2014; Foye 2008; Chennamsetty et al. 2009). The increasing
number of novel investigational drugs and the simultaneous demand for safer and
more effective drugs warrants the need to examine the mechanisms by which thera-
peutic proteins are modified in vitro and in vivo, as well as apply modern analytical
and genetic engineering techniques to design biobetter biologic drugs with improved
safety and efficacy profiles. This chapter will examine factors known to alter the
stability of therapeutic proteins in vivo, potential interactions of susceptible proteins
with the inflammatory environment, and review some challenges and potential strat-
egies for designing biobetters.

The Fate of Degraded and Aggregated Therapeutic Proteins
in an Inflammatory Environment

Dysfunctional protein aggregation of therapeutic proteins in the body can be trig-
gered by physiologic conditions as they impact on protein dynamics and accelerated
by inflammatory physiological conditions. The thermodynamic instability resulting
from the conformational changes associated with hydroxyl radical attack and/or
metal binding is thought to be responsible for peptide bond cleavage and protein
fragmentation, and do not always require a proteolytic enzyme catalyst (Stadtman
2006). Indirect oxidation of protein amino acid side chains occurs through forma-
tion of reactive adducts with products of oxidized lipids, amino acids, sugars, and
glutathione. The oxidation of granulocyte colony-stimulating factor (G-CSF), inter-
leukin-2, interferons alpha and beta, erythropoietin, growth hormone, insulin, and
monoclonal antibodies such as muromonab-CD3 and trastuzumab are well docu-
mented and reviewed (Torosantucci et al. 2014). Newer investigational therapeutic
proteins with reactive amino acid side chains under appropriate destabilizing condi-
tions are also susceptible to oxidation, degradation, and aggregation (Foye 2008;
Kroon et al. 1992; Lam et al. 1997).

Many systemically administered proteins undergo degradation and/or activation
via proteolytic enzymes (Kaufman 1998; Zhong and Wright 2013). Others undergo
receptor-mediated uptake, non-specific endocytosis, autophagy, target-mediated
clearance, and/or formation of immune-complexes followed by complement- or
Fc-receptor-mediated clearance mechanisms (Xiao and Gan 2013; Vugmeyster
et al. 2012; Rajadhyaksha et al. 2011; Xu and Vugmeyster 2012; Han et al. 2008).
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The classical pharmacokinetic paradigms of adsorption, distribution, metabolism,
and excretion have unique aspects when it comes to biologic drugs, primarily due to
their large, complex structures, and biologic functions. Upon administration, thera-
peutic proteins can trigger receptor-mediated reactions or interact with endogenous
proteins for signaling. Upon entering the blood, a range of hydrolytic enzymes
including, but not limited to, carboxypeptidases (cleave C-terminal residues), dipep-
tidyl carboxypeptidases (C-terminus dipeptides), amino peptidases (N-terminal
residues), and amidases (internal peptide bonds) hydrolyze the peptide bonds of the
protein and recycle the components for the biogenesis of new proteins (Foye 2008).
In some instances, such as with amyloid-p aggregates, the plasmin/plasminogen
system is induced and proteolyzes the aggregates (Tucker et al. 2000). Hence, the
transport and global tissue distribution of locally administered proteins in their
native state is potentially somewhat limited. Within cells, protein aggregates or mis-
folded proteins can be chaperoned by the heat shock proteins such as Hsp70 and
Hsp90 in an ATP-dependent manner to limit their toxicity by sequestering and/or
disassembling them (Labbadia et al. 2012). Extracellular chaperones such as clus-
terin, haptoglobin, a,macroglobulin, aS,-casein, and p-casein are implicated for the
disposal of misfolded proteins in the extracellular space (Almeida and Saraiva 2012;
Wyatt et al. 2013; Dabbs et al. 2013). These chaperones can sense and form stable,
solubilized high molecular weight complexes with misfolded proteins in an ATP-
independent manner (Dabbs et al. 2013; Hochgrebe et al. 2000). Such complexes
are then cleared from the extracellular fluids through receptor-mediated endocytosis
and subsequent degradation in lysosomes (Wyatt et al. 2013). Current evidence sug-
gests that clusterin and haptoglobins lack the ability to independently refold mis-
folded proteins after stress (Yerbury et al. 2005; Poon et al. 2000). Therapeutic
proteins and their hydrolyzed, aggregated, or fragmented byproducts can be identi-
fied as foreign and can trigger immune effector mechanisms that may neutralize
therapeutic activity or activate desired or undesired biological mechanisms.
Human biological environments significantly influence the fate of a therapeutic
protein in vivo. In turn, a protein modified by in vivo reactions can elicit intended
and unintended pharmacodynamic responses. Despite the presence of proteases,
catabolic processes and chaperones, unintended protein aggregates are associated
with clinical symptoms in humans. The pathophysiological conditions of infection,
graft rejection, aging, myocardial infarction, neurodegeneration, diabetes, rheuma-
toid arthritis, amyotrophic lateral sclerosis (ALS), systemic lupus erythematosus
(SLE), other auto-immune disorders, and some cancers represent possible instances
in which a proinflammatory environment could accelerate the oxidation and aggre-
gation of a therapeutic protein (Dobson 2006; Rosenberg 2006; Ratanji et al. 2014;
Takalo et al. 2013). Misfolding and aggregation of islet amyloid polypeptides have
been investigated in the context of diabetes, whereas the deposition of aggregated
amyloid proteins in the form of amyloid fibrils is a hallmark of Alzheimer’s,
Huntington, Parkinson’s, and prion-linked diseases such as BSE (Meredith 2005;
Calabrese et al. 2006). Hence, it is reasonable to expect that protein aggregates can
manifest and persist in vivo, long enough to trigger unintended consequences.
During infection, cytokine activation as well as neutrophil and macrophage
congregation at the site of infection would be expected in patients with a robust
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inflammatory response. Phagocytosis in neutrophils triggers a respiratory burst that
generates large amounts of superoxide and hypochlorous acid that can degrade or
aggregate proteins (Matheson et al. 1979; Shacter et al. 1988). Altered proteins
(either endogenous or therapeutically administered) can trigger macrophages and
microglia activation as a first response. These then produce reactive oxygen species
(ROS), cytokines, nitric oxide, and prostaglandin E2, and prostaglandin E2, and
recruit cells of the adaptive immune system (Amor et al. 2014). Oxidant attack on
tyrosine residues of proteins form dityrosyl cross-links, whereas carbonylation and
deamidation on lysine, arginine, proline, and threonines can also result in an alde-
hyde or ketone on the side chain and increase aggregation and degradation (Hazell
et al. 1994; Shacter 2000). Histidine residues of proteins are particularly susceptible
to oxidation and chelation due to their proximity to the metal binding site resulting
in formation of oxo-histidine, asparagine or aspartate. Hypochlorous acid, produced
by myeloperoxidase released from activated neutrophils, has been shown to inacti-
vate the enzyme alpha-1-proteinase inhibitor by methionine oxidation. Oxidized
alpha-1-proteinase inhibitor has been isolated from synovial fluid of arthritic
patients and in lung lavage of smokers (Matheson et al. 1982). Oxidized and aggre-
gated immunoglobulins in rheumatoid arthritis indicate that levels of reactive oxy-
gen species that can modify and aggregate therapeutic proteins can occur in vivo
(Jasin 1983). Similarly, elevated levels of reactive oxygen species are present in
diabetes patients, at least in part, due to hyperglycemia and protein kinase
C-dependent activation of NAD(P) oxidase (Inoguchi et al. 2003).

In addition to reactive oxygen species, reactive nitrogen species (RNS) such as
nitric oxide can be formed during inflammation by inducible nitric oxide synthase
(iNOS) in macrophages. Nitric oxide in turn induces aggresome formation of nitric
oxide synthase and renders the aggregated iNOS inactive (Wang and Xia 2012). While
this occurrence is indicative of a feedback loop in iNOS regulation, it suggests that
reactive nitrogen species can also trigger protein aggregation in inflammatory envi-
ronments. In Parkinson’s disease, a-synuclein polymers are formed by peroxinitrite-
mediated nitration and this forms stable dityrosine cross-linked a-synuclein aggregates
in Lewy bodies (Butterfield and Kanski 2001; Giasson et al. 2000).

A protein may also possess inherent structural features that make it susceptible
to in vivo aggregation. An interesting example of this possibility is the recent iden-
tification of mutant p53 aggregates in cancer (Xu et al. 2011). The p53 protein,
which naturally occurs as a tetramer, is proposed to have a prion-like core structure
that, upon mutation, has a propensity to form aggregates in vivo (Rangel et al.
2014). The functional DNA-binding domains of p53, where most mutations related
to cancer development are found, have the highest propensity to form amyloid-like
oligomers and fibrils. While the exact structural mechanisms are still being investi-
gated, the R248Q and R280K mutants have shown to have higher propensity to
aggregate (Rangel et al. 2014; Ano Bom et al. 2012) and appear to accelerate the
aggregation of wild-type pS3. These mutant p53 monomers can even co-aggregate
with p63 and p73. A greater degree of tumor invasiveness was found to be corre-
lated with increased mutant p53 aggregation, suggestive of a gain-of-function for
mutant p53 via aggregation in tumors (Silva et al. 2014).
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Under healthy physiological conditions, antioxidant defense mechanisms
scavenge and mitigate excessive ROS. These include the scavenging enzymes
superoxide dismutase (SOD), thioredoxin, catalase, glutathione, peroxiredoxins,
heme oxygenase, and others which convert excessive superoxide, hydrogen perox-
ide, and hydroxyl radicals to less reactive products. For example, manganese super-
oxide dismutase converts superoxide radicals to hydrogen peroxide, which then is
converted to water through the glutathione or thioredoxin/peroxiredoxin pathway.

However, in several proinflammatory conditions, elevated ROS coincides with a
deficiency of key antioxidant enzymes. For instance, while there is an increased
release of ROS in Crohn’s disease, there are decreased levels of catalase (but not
SOD or glutathione peroxidase) during active disease (Iborra et al. 2011).
Inflammatory chronic obstructive pulmonary disease (COPD) and asthma are also
associated with increased levels of ROS released from macrophages and an acute
loss of superoxide dismutase activity, for which the reasons are not fully clear
(Combhair et al. 2000; Kirkham and Rahman 2006). In Alzheimer’s and Parkinson’s
disease, excessive ROS coupled with the high oxygen demand of the brain, lead to
a higher propensity for oxidant-induced protein aggregation (Mohsenzadegan and
Mirshafiey 2012; Jomova et al. 2010). A markedly low catalase activity in neuronal
mitochondria is also in agreement with the finding that these cells rely on other
antioxidant systems such as thioredoxin/peroxiredoxin to control the elevated levels
of ROS (Sorgato et al. 1974; Lopert et al. 2012). In type 2 diabetes, chronically
increased hydrogen peroxide, in the blood and islets, due to a catalase gene muta-
tion, is a proposed risk factor for the disease (Tarnai et al. 2007), with the suggested
mechanism being peroxide-mediated damage to pancreatic p-cells (Goth 2008).
The aggregation of islet amyloid polypeptide oligomers in pancreatic p-cells has
been correlated with the development of type 2 diabetes, in agreement with the
hypothesis that autoinflammatory conditions present elevated ROS levels that pro-
mote protein oligomerization (Soong et al. 2009).

While autoimmune disorders and the proinflammatory state can present condi-
tions conducive to therapeutic protein oxidation, the converse may also be possible.
Oxidative damage to proteins, lipids, and DNA by elevated endogenous free radi-
cals and the resulting byproducts and aggregates can produce highly immunogenic
antigens, triggering pathogenic antibodies and platelet activation such as those
reported in systemic lupus erythematosus and other diseases (Perl 2013; Shah et al.
2013; Herczenik et al. 2007). Antibodies to superoxide dismutase and catalase are
also proposed to be responsible for increased oxidative damage in SLE patients,
thereby presenting a cyclical pathogenic state that favors excessive levels of ROS
(Mansour et al. 2008). Most non-functional aggregates occurring in physiological
systems are controlled with a combination of chaperones and proteases that can be
explained by Le Chatelier’s dynamic equilibrium principle which suggests that
physiological systems are designed to control high concentrations of insoluble
aggregates by induction of mechanisms to lower them to levels that are soluble and
non-toxic (Gsponer and Babu 2012). However, in SLE this mechanism is over-
whelmed by autoantibodies which form against the chaperone proteins (such as
Hsp90) which ensure proper folding of other proteins, thereby increasing protein
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misfolding and aggregation under elevated ROS conditions (Shukla and Pitha
2012). Understanding the physiological environment in the intended patient popula-
tion, tissue distribution, and target tissue profile can help design smarter drugs that
maintain their therapeutic profile while limiting adverse events.

Concomitant administration of redox-active drugs such as doxorubicin, bleomy-
cin, and cisplatin can also transiently modulate the in vivo environment by increas-
ing the release of cytokines and ROS (Wondrak 2009). It is conceivable that such an
increase in oxidants and cytokines can facilitate aggregation of coadminstered ther-
apeutic proteins. Increased reactive oxygen species, lipid peroxidation and protein
oxidation is reported in breast cancer patients and in animals exposed to clinically-
relevant doses of doxorubicin (Amin et al. 2012). Similarly, exposure to therapeutic
levels of ionizing or ultraviolet radiation could also elevate highly reactive oxidants
(Bossi et al. 2008; Leach et al. 2001). Upregulation of proinflammatory cytokines
TNF-a, IL-1p, IL-6, and CCL2, as well as mitochondrial dysfunction and increased
ROS/RNS, occur during chemotherapy-induced neuropathy (Areti et al. 2014;
Wang et al. 2012). Levels of the antioxidants catalase and glutathione were found
diminished in breast carcinoma patients prior to treatment, thus increasing the sus-
ceptibility to induced levels of ROS.

Product Features and Physiological Conditions as Critical
Factors for Designing Biobetters

Oxidation of methionine and cysteine are the most well-established oxidative modi-
fication for therapeutic proteins. However, other types and sites of modifications are
also likely (Shacter 2000; Arakawa et al. 1993). Exposure to light (photoinstability),
alkaline pH (chemical instability), and conformational changes in higher-order struc-
ture (physical instability) present destabilizing conditions that can result in oxidation
and denaturation of native proteins. Some preventive measures include lowering pH
to minimize sulfhydryl reactions, lowering oxygen tension, use of low molecular
weight antioxidants, and inclusion of inert gas layers to mitigate the oxidation and
degradation reactions in storage containers. Product-specific formulation and pack-
aging are used to control many of the potentially deleterious conditions a therapeutic
protein can encounter during storage and use. Unfortunately, metal leachates or even
some excipients can result in unintended oxidation and degradation of proteins after
filling of the final drug product during storage and handling. When administered in a
proinflammatory environment, such aggregated or degraded protein could exacer-
bate cytokine release and mediate aggregation of therapeutic or endogenous proteins
especially in the context of elevated levels of ROS. The use of excipients such as
polysorbate 80 (when autooxidized), citrates, phenols, and EDTA can cause oxida-
tion resulting in degradation or aggregation. This has been observed with G-CSF in
the presence of peroxides from expired polysorbates in formulation (Yin et al. 2005;
Patel et al. 2011; McGoff and Scher 2000). Similarly, leachates from the container
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closure system can oxidize proteins. For instance, in the well-documented case of
erythropoetin alfa in the presence of tungsten oxide metal leachates resulted in oxi-
dation induced aggregates and induced an erythropoietin-specific immune response
in patients (Bennett et al. 2004; Sharma 2007a, b; Seidl et al. 2012). Stressed or
accelerated stability studies are particularly useful in characterizing degradation and
aggregation profiles as well as for making sure that real-time stability assays are
capable of capturing variants of the native protein. However, these measures are not
absolute due to the limitations of antioxidants to control for all forms of oxidation,
the need for reconstituting or reformulating some final drug products, and the human
factor limitations on the in-use conditions that a final drug product encounters during
handling and storage. Therefore, there is a need to start with a pharmacologically-
active biobetter protein that is less susceptible to oxidation and degradation under
stressed conditions. Reduced susceptibility to degradation and aggregation would of
course be of further benefit in minimizing the susceptibility to aggregation and
chemical degradation in proinflammatory in vivo environments.

Despite the limited tissue distribution of many therapeutic proteins, there are
certain tissue sites that might be particularly sensitive to small but sustained expo-
sure to protein aggregates and redox-active variants. For instance, some systemi-
cally administered proteins with the propensity to undergo oxidation or the ability
to redox cycle and generate reactive free radicals might be toxic to tissue with low-
ered endogenous levels of antioxidant enzymes such as the heart. In this instance,
the damage could result from reactive free radical-mediated damage to endogenous
proteins, lipids, and/or DNA. Cardiac tissue is selectively sensitive to oxidative
damage because it expresses significantly lower levels of catalase and superoxide
dismutase antioxidant enzymes (Doroshow et al. 1980). There are several approved
protein therapeutics, including interleukin-2, interferon alpha, and trastuzumab
which trigger cardiotoxicity in cancer patients, although a direct link between expo-
sure to oxidized protein and cardiac damage has not been established for these
agents (Della Pina et al. 2012). The tissue-selective cardiotoxicity of doxorubicin is
linked to the oxidation of cardiac myosin binding C protein and impairment of
actin-binding activity (Aryal et al. 2014).

Autophagy, which is normally associated with lysosomal recycling of damaged
proteins, is deficient in conditions where misfolded proteins result in a proinflam-
matory clinical disorder such as Alzheimer’s, elevating the risk from unscavenged
oxidants and aggregates from therapeutic proteins (Nilsson et al. 2013). Even at
tissue sites that are considered relatively immune privileged, the presence of aggre-
gates can still cause inflammation as well as impact the flow of physiological fluid
and lead to adverse events. One such example is the obstruction of aqueous outflow
by high-molecular weight aggregates of bevacizumab (in a circumstance in which it
was repackaged and used off label) with subsequent elevation in intraocular pres-
sure reported in some patients (Kahook et al. 2010). However, focused research on
the exact mechanism of oxidative stress, impact of product-related variants, and
systemic or tissue-specific toxicity directly resulting from degraded or aggregated
therapeutic proteins is needed to better understand the risk.
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It may also be pragmatic to develop preclinical models in which in vivo assessments
of the native and stressed proteins could be evaluated to better predict stability and
immunogenic potential. And while new models might be able to better discriminate
risk from a drug product and its variants, it would seem prudent to start by designing
biobetter molecules that have a higher threshold for degradation and aggregation to
minimize the extent to which they can be degraded and aggregated and thus trigger
an immune or toxic response, especially in an inflammatory environment such as in
patients with autoimmune disorder (e.g., lupus) or with a propensity for protein
misfolding (e.g., Alzheimer’s).

Challenges and Potential Strategies for Designing Stable
Biobetter Molecules

Protein engineering has already made great strides in designing a new generation of
small proteins and peptide therapeutics, such as the development of rapid-acting or
long-acting insulins and long acting growth hormone (Phillips et al. 2010; Heikoop
et al. 1997). By replacing amino acids, adding glycosylation sites, or conjugating
with targeting moieties or stabilizing scaffolds, these newer, engineered versions
offer better bioavailability, reduced adverse events, and offer greater convenience to
patients. The structural modifications that resulted in a better safety and efficacy
profile for some protein therapeutics have been well examined and reviewed else-
where (Dulaney and Huang 2012; Vigneri et al. 2010; Zinman 2013). While no sin-
gle intervention can completely eliminate safety risks, currently available protein
engineering strategies allow us to prospectively minimize the risk by incorporating
structural modifications that might maintain efficacy while lowering the propensity
for degradation and aggregation. The structure-based design and development of
biobetter large protein therapeutics is challenged by the inherent complexity in struc-
ture, range of possible post-translational modifications, different PEGylation or gly-
cosylation chemistries, need for high concentration dosing, and irregular solubility
and absorption at high concentrations. A key challenge after modifying the protein
molecule to better withstand degradation and aggregation is to confirm the intended
biological activity at the intended target site in the patient population. It is also
important to proactively characterize any unintended biological activity that might
result as a consequence of the structural modifications. Some examples of licensed
and investigational biotechnology-derived drugs and their respective protein engi-
neering stabilization strategies are discussed below. This discussion is intended to
provide a snapshot of some strategies using one or two examples from the literature
and not intended to be a complete listing of all possible strategies or all drugs that
could benefit from them. These examples fall under the following general approaches:

* Designing oxidation-resistant or protease-resistant forms of therapeutic proteins

» PEGylation or glycosylation to stabilize or lower antigenicity

» Liposomal encapsulation of therapeutic proteins to delay degradation

» Stabilizing or targeting therapeutic proteins by fusion with proteins or small
molecules
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The aforementioned structure-based approaches can be considered in combination
with local administration of some high-risk proteins and lowering the minimal effective
dose of proteins conjugated with targeting antibodies or synergistic small molecules.

Designing Oxidation-Resistant Forms of Therapeutic Proteins

One design strategy to maintain stability and biologic activity involves designing
oxidation-resistant forms of therapeutic proteins that are functional but do not have
unnecessary methionines, free cysteines, or other reactive side chains. Recombinant
human G-CSF is a hematopoietic growth factor wherein oxidation of methionine
residues causes a loss in biological activity and receptor binding (Lu et al. 1999;
Reubsaet et al. 1998). While there are histidine, tyrosine, tryptophan, and phenyl-
alanine residues in G-CSF that can also be oxidized, the oxidation of one free sulf-
hydryl on a cysteine residue has been studied for propensity to aggregate G-CSF
and four reactive methionine residues have been linked to decreased receptor dimer-
ization, lowered biological activity, and altered serum half-life (Reubsaet et al.
1998; Raso et al. 2005). The oxidation at Met127 and Met122 results in an unstable
protein conformation and decreased biological activity. Oxidation at both Met1 and
Met138 resulted in greater loss in biological activity than at Metl alone. Oxidizing
all four methionine residues resulted in retention of 3 % of the remaining biological
activity of the native protein. The G-CSF molecule also contains a free cysteine at
Cys17 and two intramolecular disulfide bonds at Cys36-Cys42 and Cys64-Cys74.
Site-directed mutagenesis studies have suggested that Cys17 oxidation can result in
structural changes, covalent dimerization, and aggregation (Arakawa et al. 1993;
Lu et al. 1992).

Replacing both Met127 and Met138 (but not individually) with Leu, confers
greater stability than that of the native G-CSF and retains in vitro biological activity
(Lu et al. 1999). In this study, biological activity was measured by cell mitogenesis
and G-CSF receptor binding, whereas stability was measured by size-exclusion
chromatography of samples held at 37 °C. The substitution of Cys17 with Alal7
had five times the heat stability (at 53 °C) of native G-CSF, whereas Ser17 had
comparable stability to the native G-CSF (Ishikawa et al. 1992). The Alal7-
containing modified G-CSF, which also included four additional amino acids at the
N-terminus, increased neutrophil counts to a higher level with a concomitant slower
declining rate in murine and primate animal models following irradiation or cyclo-
phosphamide than did the wild type G-CSF (Jiang et al. 2011). A pharmacokinetic
study also reported higher serum half-life, concentration time curve values, and
maximum serum concentration than the parent G-CSF in rats. Consistent with its
greater stability, the Cys17Ala modified G-CSF showed a lower rate of degradation
than the parent G-CSF in whole blood and serum from rats. The increased granulo-
poiesis and higher bioavailability with the modified G-CSF presents the advantages
of greater stability and sustained activity, although the required human dosage
would need to be addressed as well. Finally, it should also be mentioned that human
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growth hormone is another well-studied example where methionine and cysteine
residues have been modified for improved stability and activity (Brems et al. 1990;
Mulinacci et al. 2013).

Screening for Protease-Resistant Proteins or Peptide Regions

Proteolytic cleavage of proteins is an evolutionarily conserved metabolic process.
Members of the protease families of enzymes are involved in hydrolysis of proteins
at serine, threonine, cysteine, aspartate, and glutamic acid residues; some metallo-
proteases require a metal cofactor such as zinc. Substrate-specific proteases reside
in almost every major tissue and organ including the gut, skin, and blood. The bio-
availability, immunogenicity, and stability of therapeutic proteins, therefore, is
dependent on their ability to withstand hydrolysis by proteases long enough to per-
form their intended biological activity. Fortunately, the sequence specificity for the
protease family members, their need for co-factors, and methods to study their
enzyme kinetics using purified protein drugs have been relatively well studied.
There are also several predictive tools based on molecular modeling and bioinfor-
matics that allow a preliminary and theoretical assessment of the potential cleavage
sites in a peptide sequence (Chennamsetty et al. 2009; Boyd et al. 2005; Gasteiger
et al. 2005; Song et al. 2011, 2012). Therefore, one potential strategy for biobetter
molecules would be to engineer proteins with sequences that are relatively resistant
to proteases or contain a scaffold to potentially hide the cleavage sites.

Glycosylation and PEGylation of therapeutic proteins are among the more well-
studied modification for engineering protease-resistant peptides (Raju and Scallon
2006; Park et al. 2010). Some of the more novel approaches include the generation
of macrocyclic peptides by converting linear peptides into stable macrocycles via
allylic substitution catalyzed by palladium (Lawson et al. 2013), adding interchain
disulfide bonds to stabilize a coiled coil peptide structure (Tong et al. 2013), and
covalently crosslinking hydrocarbons across peptide regions to stabilize o-helical
structures (Bird et al. 2010; Braun et al. 2010). In these and other investigations,
proteolytic degradation was tested in vitro using o-chymotrypsin, proteinase-K,
trypsin, or pepsin at acidic and neutral pH and/or in vivo by pharmacokinetic mea-
surements of a bioavailable drug in an animal model. In the instance of an HIV-1
gp41 specific therapeutic, addition of interchain disulfide bonds conferred greater
stability and sustained the product’s anti-HIV activity (Tong et al. 2013). Covalently
crosslinked hydrocarbons or hydrocarbon double-stapling also appeared to slow
down the kinetics of proteolytic degradation while sustaining the proposed antiviral
activity of the modified protein (Bird et al. 2010). Overall, there appears to be sev-
eral established and investigational approaches for engineering a protease-resistant
protein; the application of the optimal approach(es) for a given molecule might be
dependent on the number of stress points on the molecule, dosage and drug concen-
tration expectations, intended route of administration, and therapeutic index of the
drug in its intended target population.
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PEGylation, Acylation, or Glycosylation to Stabilize or Lower
Antigenicity of Degraded or Native Proteins

Polyethylene glycol (PEG) molecules are flexible and soluble polymers that are
conjugated to primary amines on protein structures to increase their size, reduce
exposure of the protein to degradative factors, and increase their bioavailability.
PEGs of varying size (3.5—40 kDa), structure (linear/branched), and polymer length
can be titrated to some extent with the goal of reducing aggregation, immunogenicity,
and increasing serum half-life of the therapeutic protein (Beals and Shanafelt 2006).
There are several approved products on the market that are PEGylated versions of
their native molecule, including growth hormones, insulin, interferons, G-CSF, and
L-asparaginase. PEG moieties are usually attached to the protein using
N-hydroxysuccinamide or aldehyde chemistry and pH modulation (Park et al. 2010;
Clark et al. 1996; Luxon et al. 2002; Wang et al. 2010). An advantage of the
PEGylation chemistry is the ability to attach the PEG polymer to reactive amino
acids such as an unpaired cysteine. The steric hindrance offered by PEGylation to
protect the molecule also presents a challenge when considering reductions in
receptor binding and site-specific protein—protein interactions from such hindrance.
In the case of PEGylated interferon alfa-2a, while there is a significant increase in
serum half-life upon PEGylation, there is also a reduction in specific activity (Luxon
et al. 2002; Bailon et al. 2001; Wang et al. 2002). Also, while PEGylation can
reduce immunogenicity of therapeutic proteins (Veronese and Mero 2008), this may
not always be the case and PEG itself may elicit immune responses (Li et al. 2001;
Garay et al. 2012), although additional studies are needed to address this concern
(Schellekens et al. 2013). Other challenges with PEGylation include the difficulty
in predicting the site-specific modification on specific amino acid amines, the cou-
pling efficiency of the PEG, the need for controlling additional quality attributes
related to PEG at release and stability, and the need for revisiting patient dosage due
to greater bioavailability and/or lower receptor binding for some molecules. The
mechanisms of biodegradation for PEG and the fate of chronically administered
PEG in patients also warrant further studies. Finally, acylation of protein molecules
with a fatty acid conjugate has also been tested with insulin to extend the duration
of activity although this technique has not been as well investigated with large thera-
peutic protein molecules (Beals and Shanafelt 2006). These and other alternative
protein scaffolds and antibody constructs are discussed in greater detail in the chap-
ter by M. Gebauer and A. Skerra presented in this book.

More than half of known human proteins are naturally glycosylated and approxi-
mately 90 % of these are N-glycosylated. Glycosylation can facilitate protein fold-
ing and enhances stability by increasing solubility. Glycosylation is also an
important part of the targeting and potency activities of therapeutic enzymes (such
as human glucocerebrosidase for Gaucher disease), monoclonal antibodies (cyto-
toxicity of humanized IgG1 antibodies), cytokines (interferon-beta and -gamma),
and clotting factors (recombinant Factor IX). The enzymatic process that attaches
glycans to proteins has been applied to the engineering of glycosylated therapeutic
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proteins with the intent of stabilizing them (Sola and Griebenow 2009). Designing
proteins with glycosylation sites and manufacturing them in mammalian cells is
intended to result in increasing serum half-life and limiting exposure to stressful
physiological conditions. N-linked glycosylation at asparagine residues and
O-linked glycosylation at serine or threonine residues using fucose, galactose, man-
nose, N-acetylglucosamine (GIcNAc), N-acetylgalactosamine, and sialic acid
(N-acetylneuraminic acid) residues are among the most prevalent modifications of
therapeutic proteins, serving to enhance stability, solubility and reduce aggregation.
Glycosylation can reduce pH-mediated denaturation, decrease hydrophobic interac-
tions resulting in improved chemical stability, and reduce aggregation by increasing
protein solubility or steric hindrance (Chennamsetty et al. 2009; Sola and Griebenow
2009). Thus, not surprisingly, targeted glycosylation has been used as a tool to opti-
mize clinical performance (Zhong and Wright 2013; Walsh and Jefferis 2006). For
example, increasing the sialic acid-containing carbohydrate content of erythropoi-
etin on additional N-linked sites created darbepoetin alpha with an increased circu-
lating half-life and in vivo potency compared to unmodified erythropoietin (Egrie
et al. 2003; Elliott et al. 2004; Egrie and Browne 2001). Therefore, glycoengineer-
ing these and similar molecules for greater stability requires careful consideration
in order to maintain the intended biological activity while preventing unintended
“off target” pharmacokinetic and pharmacodynamic outcomes (Zheng et al. 2014).
For a more extensive discussion of current strategies for pharmacokinetic optimiza-
tion, please refer to the chapter by U. Binder and A. Skerra presented in this book.

The common challenges for all biochemical modifications that provide steric
protection to large proteins is justifying the need for stabilizing the molecule, under-
standing the relative stability and dosing differences with the modified version, and
characterizing both the in vitro/specific activity and in vivo activity of the modified
versions.

Encapsulation of Therapeutic Proteins to Delay Degradation

Microencapsulation of small molecules is a well-established engineering step to
delay release and subsequent metabolism. Whether liposomal or other forms of
drug delivery systems can minimize a therapeutic protein’s degradation and aggre-
gation has not been thoroughly investigated. There have been instances of liposomal
delivery of investigational large therapeutic proteins including endonucleases that
were topically applied for UV protection, insulins for hyperglycemia, and asparagi-
nase or interleukins for anticancer cytotoxicity (Wolf et al. 2000; Adibzadeh et al.
1992; Gaspar et al. 1996). In vitro models have suggested that liposomes are effi-
cient carriers and that there is biological activity associated with the protein cargo,
although confirmatory and follow-up studies have been limited. There have been
very few clinical studies in human patients with such agents to better understand
their risk to benefit profile (Weiner 1994). There are also other limitations related to
manufacturing scale-up and need for sterilization that are challenging with proteins
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encapsulated in liposomes (Swaminathan and Ehrhardt 2012). An important opportunity
with encapsulated therapeutic proteins might be the ability to combine liposomal
delivery with intranasal administration to transport therapeutic proteins across the
blood brain barrier (Rajadhyaksha et al. 2011). Such strategies might be especially
worth investigating for delivering neurotropic factors to treat neurological indica-
tions. Investigations have been made in delivering proteins via the nasal epithelial
barrier for transcellular transport within the perineural space and ultimately to the
cerebrospinal fluid and brain (Rajadhyaksha et al. 2011; Lochhead and Thorne
2012). Milgore et al. showed that intranasal ovalbumin could be delivered to the
brain via cationic liposomes by 6 h in rats (Migliore et al. 2010). Similarly, intrana-
sal administration of nerve growth factor in mice has been reported (De Rosa et al.
2005). Potential local and systemic toxicity, especially in cases of chronic adminis-
tration, need to be considered for such cationic liposomes. A better understanding
of the biophysical aspects of the liposomal components, their interaction with the
protein cargo, release triggers, and means for scaling-up and sterilization is needed
to make optimal use of this potentially promising approach for biobetter protein
drugs (Weiner 1994; Ulrich 2002).

Stabilizing or Targeting Therapeutic Proteins by Fusion
with Proteins or Small Molecules

Proteins can be fused with other proteins or other longer-lasting conjugates to
enhance their effectiveness or stability. The conjugates most widely tested are albu-
min and the Fc portion of antibodies. Etanercept, a TNF-alpha antagonist for the
treatment of rheumatoid arthritis, is one such example where the extracellular
domain of p75 TNF receptor and the Fc domain of human IgG1 are fused to increase
the serum half-life by increasing its size and mediating endosomal recycling
(Goldenberg 1999). Fc fusion also offers the advantage of increasing solubility,
secretion, and valency. In cases where a secondary immune function might be
desired, Fc fusion proteins can also complement the immune functions of the pri-
mary cargo protein by enhancing the effector function (Cines et al. 2008). Other
novel forms of antibody-engineered fusion constructs such as Fab (fragment anti-
gen binding) and single chain Fv (fragment, variable) modifications are discussed in
detail in other reviews (Jazayeri and Carroll 2008; Gillies et al. 2002). This is dis-
cussed in further detail in the chapter by A. Lugovskoy et al. presented in this book.
The use of albumin (human serum albumin or rabbit serum albumin) as a fusion
protein for prolonging the half-life has also been well-studied. Recombinant Factor
VIIa and IX are two coagulation factors whose half-lives have been increased by
fusion to albumin using a cleavable peptide linker. In both cases, preclinical studies
suggest sustained biological activity to correct bleeding time and blood loss associ-
ated with hemophilia B (Schulte 2008, 2009). Interleukin-2 has also been conju-
gated with human serum albumin to increase half-life and tumor killing in preclinical
models (Yao et al. 2004). The conjugation of therapeutic proteins such as TRAIL
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with transferrin has also been a novel approach for improving tissue targeting of
anticancer agents with increased accumulation compared to the parent molecule in
preclinical models (Kim et al. 2012). In this study, the authors examined the impact
of fusion with both PEG and transferrin in immune-deficient mice, hence studies in
an immune proficient preclinical model would be desirable to truly assess the tissue-
specific targeting and stabilization of novel fusion proteins. Other tissue targeting
opportunities include fusion peptides with a mitochondrial localization signal
sequence and lipophilic cations such as triphenylphosphonium are also under devel-
opment and might offer ways of limiting exposure of the therapeutic protein to
oxidation and proteolysis before reaching the intended site of action (Keeney et al.
2009; Reily et al. 2013). It may be advantageous to develop biobetters with stabiliz-
ing conjugates that allow tissue-specific targeting or, when possible, consider local
administration to minimize systemic exposure and degradation in proinflammatory
environments in vivo. Engineering stable, conjugated biobetters may also accelerate
clinical development by avoiding the need for titrating greater solubility and stabil-
ity with excipients (Pavisic et al. 2010).

Closing Thoughts

Protein oxidation and the resulting degradation and/or aggregation can have a pro-
found impact on the stability, immunogenicity, safety, and efficacy of therapeutic
proteins. These effects are magnified under disease conditions where a proinflam-
matory environment and elevated level of ROS/RNS might accelerate protein aggre-
gation and elicit undesired immune responses. The stress points of some large
protein molecules that render them susceptible to fragmentation and aggregation
have been extensively studied and can be leveraged for designing biobetter thera-
peutic proteins including monoclonal antibodies. Preclinical models and predictive
bioinformatics tools are helpful for preliminary assessments of the risk factors and
potential strategies, and should involve animmune-proficient and pharmacologically-
relevant test models. Protein engineering strategies that might aid future drug devel-
opment of biobetters include, but are not limited to, site-directed mutagenesis to
obtain oxidation- and protease-resistant molecules, scaffolding the protein or its
active moieties to shield it from physiological stress, conjugation with large oligo-
mers or stabilizing peptides and small molecules, encapsulation of the complete
protein into liposomes, and local drug administration at the intended site of action
(Fig. 1). In conclusion, a more sound strategy for improving the clinical perfor-
mance of therapeutic proteins is to design biobetter protein molecules that are engi-
neered for stability and sustained biological activity in vivo, rather than to solely
augment stability into the final formulation with excipients. Stable biobetters should
aim to provide sustained/intended efficacy, reduce immunogenicity, reduce dosing
frequency, enhance patient convenience of use, minimize instability during routine
handling by health care professionals and patients, and be thoroughly evaluated for
off-target or unintended biological activities.
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Physicochemical Biological

Relative resistance to oxidation and Pre-existing inflammatory condition
proteolysis Route and frequency of administration
Stability in final formulation under routine Minimum effective dose and serum
storage and handling conditions concenetionial S'TE_Df action.
Stability in physiological environment Immunogenic potential of the molecule
Solubility and correct folding Pharmacokinetic profile (serum half-life and
Potential sites for conjugation with rates of absorption, tissue/systemic
stabilizing moieties distribution, secretion, elimination)
Interaction with container and excipients Pharmacodynamic profile (relative biological
Higher order structure activity, specific activity)
* Intended receptor/substrate affinity
Specificity for receptor/substrate
Off-target activity

Fig. 1 Physicochemical and biological considerations for designing biobetters

Disclosure The views expressed in this article are those of the author and do not necessarily
reflect the official policy or position of the U.S. Food and Drug Administration and the Department
of Health and Human Services, nor does mention of trade names, commercial products, or organi-
zations imply endorsement by the U.S. Government.
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Antibody-Like Molecules Designed
for Superior Targeting and Pharmacokinetics

Alexey A. Lugovskoy and Melissa L. Geddie

Introduction

Antibody therapeutics is a thriving field with currently over thirty treatments that
are approved primarily for oncology and inflammatory disorders. Antibodies have
many advantages as drugs, including high specificity to their targets, long half-lives,
and generally highly favorable toxicity profiles. The majority of the currently
approved antibody therapeutics are conventional immunoglobulin Gs directed at a
single target. However, as the field of protein engineering has advanced, a signifi-
cant number of new antibody-like formats have been developed that possess robust
bioactivity and manufacturability profiles. A number of these molecules have dem-
onstrated superiority to conventional monoclonal antibodies in preclinical settings
and have entered clinical testing. This review will discuss engineering of antibody-
like molecules that optimize efficacy by targeting multiple receptors or by incorpo-
rating additional mechanisms of action, including altered effector function against
established therapeutic targets. These molecules are commonly termed biobetters,
which, formally speaking, are biologic drugs that are developed against previously
validated target antigens but have some properties that are superior compared to
currently approved products for commercial use.
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Engineering Antibody-Like Molecules for Success

While therapeutic antibodies have attracted a great deal of attention from the bio-
pharmaceutical industry, their development continues to be far from straightfor-
ward. In fact, these molecules experience comparable attrition rates to small
molecules through development stages, with the situation being particularly dire in
cardiovascular disease and oncology (Hay et al. 2014). Most of these failures occur
in Phase II studies, where the biological hypothesis is often being tested in the clini-
cal setting for the first time. If this test and confirmatory studies are successful, the
pathology of the disease becomes linked to the activity of the specific antigen (e.g.
a growth factor receptor) and to its treatment by blockade of the antigen’s activity
by an antibody. It is tempting to think that this group of disease-linked antigens
constitutes a special subset of targets that would be easier to interrogate. This belief,
coupled with the commercial success of subsequent generation small molecules,
(e.g., atorvastatin was the fifth drug in the statin class to be developed), strongly
support the development of biobetter antibodies against validated targets. Biobetters
can be engineered to have improved target affinity, enhanced crosslinking or degra-
dation of target molecules, better engagement or recruitment of the immune system,
longer circulation half-life, decreased immunogenicity, improved tolerability, and
other potentially useful qualities. A classic example of a validated target is TNFa,
where four antagonists have been approved by the United States Food and Drug
Administration following infliximab (Tracey et al. 2008). While these molecules are
considered to be largely similar efficacy-wise, they are differentiated by the conve-
nience of dosing, tolerability and immunogenicity.

It is worth noting that while TNFa is a soluble molecule, a typical antibody target
in the oncology setting is a cell-surface protein. Cancer cells may express differing
amounts of the target antigen, may mutate in the face of selection pressure to express
very low levels of such antigen, or develop other mechanisms to limit the activity of
the mAb. For example, despite higher affinity for EGFR and lower immunogenicity,
panitumumab has not been proven to be clinically superior to cetuximab (Price et al.
2013). Furthermore, biobetter development has proven to be challenging in the case
of targeting the CD20 antigen, an established target for B cell malignancies and
autoimmune disorders, for which rituximab was developed and approved (Cang
et al. 2012). Second generation molecules focused on decreasing immunogenicity,
by reducing the murine amino acid content in the antibody and/or increasing affinity
to CD20, have failed to demonstrate clear advantages over rituximab. This led to the
realization that immunogenicity may be a less important differentiator in therapeu-
tic oncology candidates, but only when co-administration of cytotoxic drugs
(Cunningham et al. 2013) depletes immune cells, thus minimizing the anti-antibody
immune responses.

Surpassing the therapeutic efficacy of an innovator antibody by a biobetter
through improvements in antibody pharmacokinetics and pharmacodynamics may
be limited. If an antibody competes with the cognate interaction partner for its anti-
gen or deposits on the cellular membrane in sufficient quantities to activate effector
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function and if its half-life is sufficient to optimally support these activities, the
target mechanism may become saturated and further improvements in affinity or
half-life may not lead to a significant increase in biological activity. Consequently,
third generation biobetter mAb candidates of anti-CD20 molecules have focused on
improving efficacy through diversifying the mechanism of action. One of these in
particular, obinutuzumab, has shown a clear advantage over rituximab in a head-to-
head clinical trial (Goede et al. 2014) and has been approved in combination with
chlorambucil for patients with previously untreated chronic lymphocytic leukemia.
In addition to being glycoengineered to induce more potent immune destruction of
CD20 positive cells via ADCC (Golay et al. 2013), obinutuzumab targets an alter-
native CD20 epitope that allows it to induce direct cell death (Herter et al. 2013)
thus complementing the additional immune effectors. The success of obinutuzumab
underscores an important step in engineering a successful biobetter mAb: the analy-
sis of the limitations of the innovator molecule thereby guiding engineering of addi-
tional mechanisms of action in the follow-on molecule. Confirming this observation,
currently developed next-generation EGFR targeting agents, such as GA201,
(Gerdes et al. 2013), CetuGEX (Reichert and Dhimolea 2012), Sym(004 (Pedersen
et al. 2010) and MM-151 (Fauvel and Yasri 2014) achieve superior activity by
employing new mechanisms of action. They engage immune function more potently
(GA201, CetuGEX and MM-151), induce removal of the receptor from the cancer
cell surface by triggering internalization and degradation (Sym(004 and MM-151),
and act as EGFR superantagonists (MM-151). The engineering of new mechanisms
of action into the biobetter often mandates modulating the effector function or
topology of the classical immunoglobulin G (IgG) format.

Overview of Immunoglobulin G Structure

An immunoglobulin G is a symmetric homodimer that consists of two Fab arms
with one Fc arm connected by a ‘hinge’, a cysteine-rich linker region (Fig. 1). The
antigen binds to the Fab arms, so improvements in the affinity or stability are gener-
ally done through optimization of this region, by altering the complementary deter-
mining regions (CDRs) and framework regions (FR). The Fab region is a heterodimer
comprising the VH and CHI portion of the heavy chain and the entire light chain,
which is composed of the VL and CL domains. The Fc region comprises the CH2
and CH3 domains of the heavy chain and is responsible for dimerization and for
effector functions, i.e., the engagement of the immune system through the Fc recep-
tor, complement binding, and maintaining a long half-life through interaction with
the neonatal Fc receptor, FcRn. Distinct antibody isotypes have different affinities
for Fc receptors and activities as mediators of complement function via binding to
Clq. Thus, they vary in their ability to engage immune system components and in
their circulation half-lives. (Alyanakian et al. 2003).

IgGs can be engineered in many ways, but they are primarily modified to improve
affinity and stability through engineering of the Fab portion or to alter effector
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Fig.1 Domain structure of an IgG1 antibody

function through engineering of the Fc domain. Although it was originally thought
that the Fab arms and the Fc arm functioned independently of one another, there is
increasing evidence that each can influence the function of the other. For example,
when an antibody binds to a multivalent antigen or a cell-surface protein, the second
Fab arm will have accelerated binding leading to an increase in the apparent affinity.
This effect, termed cross-arm binding or avidity, is caused by increases in the local
concentration of antibody in the vicinity of its target, triggered by the first binding
event (Harms et al. 2014). Also, proteins with identical Fc regions, but different Fab
arms, can have vastly different pharmacokinetic properties. This could be due to
their different internalization capacities, or due to Fab-dependent modulation of
FcRn binding (Wang et al. 2011). Further, antibodies with the same Fab fragment
but different Fc regions can exhibit vastly different antigen cross-linking and inter-
nalization functions. This highlights the need for concordant optimization of Fab
and Fc regions of an antibody-like molecule.

Effector Functions Are Mediated by the Constant Region

The constant region of an antibody mediates four primary different effector func-
tions, which are often desirable in a therapeutic. An Fc containing antibody gener-
ally has a long half-life, typically weeks, which allows for greater exposure and less
frequent dosing intervals. This is primarily due to the interaction of the Fc region
with FcRn (Brambell et al. 1964) which promotes recycling of the antibody back
into the circulation. Additionally, the constant region mediates interactions with
FcyRs, which modulate antibody-dependent cellular toxicity (ADCC) and antibody-
dependent cellular phagocytosis (ADCP). Furthermore, Fc-dependent interactions
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with complement proteins such as Clq trigger complement-dependent cellular
cytotoxicity (CDC), which leads to damage of the cellular membrane of targeted
cells. Retaining these effector functions has been shown to be critical for the effi-
cacy of several marketed antibodies, including trastuzumab (Clynes et al. 2000) and
rituximab (Weiner 2010). Given the importance of both effector function and half-
life for antibody bioactivity, a large amount of engineering has been done to opti-
mize the Fc to support these components of mechanism of action (Zalevsky et al.
2010). As a result, there are now well-characterized mutations within the Fc region
that alter antibody effector function by modulating binding to Fc receptors and Clq
(Presta 2006, 2008).

Engineering Effector Function to Enhance Activity
of a Therapeutic Antibody

When considering the design of immune effector function for a therapeutic, it is
important to determine the desired type and magnitude of effector function up-front.
This level will depend both on the antigen characteristics and chosen molecular
format, and also may need to be determined empirically for each new therapeutic to
prevent life-threatening overactivation of the immune system (“Can super-antibody
drugs be tamed?” 2006; Stebbings et al. 2007). For a biobetter, this determination is
more straightforward as it is guided by the clinical data generated with the first
generation molecule. There are three approaches that are commonly employed for
altering immune effector function: isotype optimization, glycoengineering, and
targeted mutagenesis within the Fc region.

Isotype Optimization

Selection of isotype can have a major impact on the properties of an antibody drug.
While most therapeutic antibodies are IgG1s, IgG2s or IgG4s have been also used.
In fact, the most straightforward way to reduce effector function is to select a non-
IgGl1 isotype. Both IgG2 and IgG4 show weaker binding to Fc receptors, particu-
larly to the activating FcR, FcyRIIIA (Nimmerjahn and Ravetch 2008), with IgG4
also having low affinity for the complement protein C1q (Salfeld 2007). In addition,
IgG4 has been shown to exchange Fab arms with endogenous human IgG4 due to its
unique hinge and CH3 domain composition (Labrijn et al. 2009). Therefore, in
human plasma, unmodified IgG4s should be considered to be functionally monova-
lent molecules that have poor antigen cross-linking capability. This property was
shown to be present in natalizumab, an FDA approved IgG4 antibody targeting
a-4-integrin which is used in the treatment of multiple sclerosis and Crohn’s disease
(Shapiro et al. 2011). Additional examples of IgG4 antibodies in the clinic include
nivolumab and pembrolizumab, anti PD-1 antibodies that are being tested in Phase
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IIT clinical trials in several oncology indications (Lu et al. 2014). These molecules
contain IgG4 Fc domains to reduce the depletion of anti-tumor T cells, which are
activated following inhibition of PD-1/PD-L1 interactions. However, due to their
stabilized hinge regions via reversion to an IgG1 consensus motif, nivolumab and
pembrolizumab do not scramble with serum [gG4 and are functionally bivalent.

Targeted Mutagenesis

Just as it is possible to change the antibody isotype, it is also possible to introduce
mutations into the IgG1 Fc that reduce effector function. A single point mutation
(K322A) in IgG1 has been found to reduce ADCC twofold while completely remov-
ing CDC, and a double mutation (L234A, L235A) removed both ADCC and CDC
(Hezareh et al. 2001). The triple IgG1 mutant (L234F/L235A/P331S) has complete
abolishment of both ADCC and CDC. Structural analysis of the mutant antibody
revealed a very similar structure to unmodified antibodies (Oganesyan et al. 2008).
Perhaps the most effectorless Fc variant described to date is an IgG2-based mutant,
IgG2m4, which has four amino acid substitutions derived from IgG4 (H268Q,
V309L, A330S, P331S). IgG2m4 has been shown to be completely devoid of
ADCC, ADPC and CDC functions while maintaining stability (An et al. 2009).
Antibody Fc mutants with reduced immune effector function are commonly used to
treat immunological disorders. An example of an engineered clinical stage IgG1
antibody with reduced effector function is MPDL3280A, a therapeutic candidate in
oncology which targets PD-L1, one of the PD-1 ligands important for regulation of
immune checkpoint. Similar to anti-PD-1 antibodies, this is designed to minimize
the depletion of PD-L1 positive anti-tumor immune cells.

Similar to reducing effector function, targeted mutagenesis can be implemented
to enhance effector function. For example, triple mutations in the CH2 domain of
IgG1 (S267E, H268F, S324T) can enhance complement activation approximately
sevenfold (Moore et al. 2010). Similarly, there are IgG1 mutations that improve
affinity to FcyRs (S239D, I332E), or are specific to activating receptors FcyRIla and
FcyRIlIa relative to the inhibitory receptor FcyRIIB (G236A/I332E) (Lazar et al.
2006; Richards et al. 2008). An extension of an antibody’s half-life can decrease the
frequency of dosing and/or increase its bioactivity. In that regard, there are muta-
tions reported to increase the half-life of the antibody, primarily by promoting its
binding to FcRn at endosomal pH. These include mutations in both the CH2 and
CH3 regions (e.g., M252Y/S254T/T256E or M428L/N434S) (Hinton et al. 2004;
Dall’ Acqua et al. 2006; Richards et al. 2008; Zalevsky et al. 2010). Motavizumab,
an antibody against RSV, has a serum half-life of 24 days in the clinic (Abarca et al.
2009) and requires monthly infusions. In contrast, the YTE IgG1 mutant (M252Y/
S254T/T256E) showed a tenfold increase in the binding of FcRn at endosomal pH,
which led to a fourfold increase in half-life in monkeys (Dall’ Acqua et al. 2006).
The reports of clinical Phase I data for this antibody demonstrate a marked
improvement in half-life in humans extending it up to 100 days (Robbie et al. 2013).
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The increased serum circulation time for engineered mAbs requires a more exten-
sive evaluation of the stability of the antibody, as in vivo conditions of higher tem-
perature (37 °C) and higher pH (7.4) are known to increase the rate of degradation
reactions (such as oxidation or deamidation) that could lead to greater immunoge-
nicity or loss of activity. Moreover, potential off target effects should also be rigor-
ously evaluated.

A complementary technique to increasing half-life via FcRn is to promote anti-
body recycling (reviewed in Tesar and Bjorkman 2010) within the endosome
through the engineering of pH-sensitive antigen binding. This is typically done by
histidine scanning of the CDRs and variable regions to derive mutations that
decrease target binding affinity at the endosomal pH, while maintaining it at neutral
pH (Igawa et al. 2010). This technique was successfully used to improve the half-
life of tocilizumab (Igawa et al. 2010) and a cholesterol lowering antibody targeting
PCSKO9 (Chaparro-Riggers et al. 2012).

Glycoengineering

An additional approach to alter effector function is to engineer the N-linked glycans
that are present in position 297 in the CH2 domain of the heavy chain. Removing
the glycan completely (by mutating the N297/S298/T299 glycosylation motif, typi-
cally N297Q or T299A) leads to a nearly complete ablation of FcyRIIIA binding.
Reciprocally, one could also enhance immune effector function through the removal
of core fucose. Afucosylated variants bind FcyRIIIA with greater affinity and show
enhanced ADCC (Beck 2013; Listinsky et al. 2013). The first approved glycoengi-
neered antibody, mogamulizumab, was produced in a Chinese Hamster Ovary
(CHO) cell line with a genetic knock out of fucose transferase 8 (FUTS) (Beck and
Reichert 2012). Alternatively, one can use a CHO cell line engineered to express
N-acetylglucosaminyltransferase III (GnTIII), which catalyzes the addition of
bisecting N-acetyl-p-glucosamine to block the addition of fucose. This method has
been used to produce obinutuzumab, which was recently approved for the treatment
of chronic myeloid leukemia (Mdssner et al. 2010).

Improving Efficacy Through Bispecific Targeting

In addition to engineering of the constant region, the variable domain of antibodies
can be optimized to improve activity by using altered antibody formats that allow
the simultaneous targeting of different receptors. These multispecific antibodies
have gained significant traction for treating diseases such as cancer, where cells
commonly rely on different signaling pathways for proliferation and survival, and
thus optimal treatment would consist of targeting both pathways (Kontermann
2012). Additionally, multispecific antibodies can be more potent than mixtures of
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separate antibodies, likely due to the increased avidity of multiple covalently-linked
arms acting on proximal targets expressed on the same cell surface (Rudnick and
Adams 2009; Harms et al. 2014). Currently there is only one bispecific antibody
with an Fcbackbone approved, catumaxomab, an anti-EpCAM +anti CD3 molecule
originally generated from a rodent quadroma (Linke et al. 2010). However, many
more antibody-like inhibitors are now advancing through preclinical and clinical
development. Multispecific antibodies have generally been engineered to optimize
their activity within a certain disease-related pathway or to engage non-redundant
pathways important for supporting the pathology of the disease.

Biobetter Antibody-Like Molecules in the Clinic

Multispecific antibody-like molecules can improve on existing therapies by target-
ing multiple receptors simultaneously, which can lead to greater efficacy or broader
activity profile. They also could have greater potential for off-target effects. Many
multispecific formats have been developed (Fig. 2) and several of them have entered
clinical testing. One of them is DVD-Ig™, which contains two additional variable
domains on each IgG monomer that are linked N-terminally to heavy and light

Dual Action Fab CrossMAb One Armed Knobs-into-Holes

Fig. 2 Formats of bispecific antibody-like molecules in clinical trials. (a) Formats with symmetric
pairing of the heavy chain and light chain, resulting in bivalent or tetravalent binding. (b) Formats
that allow asymmetric binding of Fab arms that can lead to monovalent antigen binding
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chains (Fig. 2a). The earliest reported DVD-Ig was designed as an anti-IL-12/anti
IL-18 bispecific (Wu et al. 2007). This antibody was one of the first multispecific
formats to show robust manufacturability, excellent pharmaceutical properties and
good circulation half-life. Careful analysis of antigen recognition showed that this
antibody-like molecule bound two molecules of each target, demonstrating that all
four arms are simultaneously engaged. Because two variable regions are in tandem
with each other, the inner variable domain has sometimes been found to have
reduced binding affinity to its target. This reduced affinity can be mitigated by intro-
ducing longer linkers between the two domains, suggesting that shorter linkers may
be sterically hindering the antigen access (Wu et al. 2007). More extensive linker
optimization of the format revealed a complex relationship between length and
composition; but overall, partially ordered longer linkers were more likely to allow
antibodies in the inner domain to retain their affinity (Digiammarino et al. 2011). At
least two of DVD-Ig molecules are currently in clinical trials, one targeting TNF
and IL-17 and the other targeting IL-1 o and IL-f (Wu et al. 2009; DiGiammarino
et al. 2012; Gu and Ghayur 2012).

Another example of a clinically-tested bispecific format with superior activity on
validated targets is MEHD7945A, a Dual Action Fab (DAF) that targets EGFR and
ErbB3 (Schaefer et al. 2011a) (Fig. 2b). This antibody retains the architecture of a
conventional monoclonal antibody, but recognizes two antigens within its variable
regions (Eigenbrot and Fuh 2013). DAFs are typically developed by taking an anti-
body that recognizes a first target and then randomizing either the light chain
(Bostrom et al. 2009) or heavy chain CDRs (Lee et al. 2014) and selecting against
a second target while introducing affinity retention screening against the first target.
Preclinical work demonstrated that MEHD7945A had increased activity in multiple
tumor models driven by EGFR when compared to a combination of two monospe-
cific antibodies (Schaefer et al. 2011a). This antibody has now advanced to Phase 11
clinical trials in head and neck and colorectal cancer where it will be compared to
cetuximab (NCT01577173, NCT01652482) on the backbone of standard of care
chemotherapeutic regimen.

The DVD-Ig and DAF molecules are all symmetric due to the native pairing of
the Fc fragment of their heavy chains, which renders the molecule bivalent or tetra-
valent. However, for a subset of targets that are activated through ligand-induced
dimerization, such symmetric antibodies can activate agonistic, rather than the
desired antagonistic, signaling due to crosslinking of antigens (Prat et al. 1998).
This limitation triggered a significant interest in engineering monovalent antibodies
through altering the constant regions to promote asymmetric pairing of heavy
chains. Many of these antibodies build on “knobs-into-holes” technology (Ridgway
et al. 1996), which relies on steric hindrance of asymmetrically mutated CH3
domains to impede symmetric pairing. This method has been used to engineer onar-
tuzumab, a monovalent Hepatocyte Growth Factor Receptor (HGFR or c-Met)
antagonist with one Fab arm and knobs-into-holes in the heavy chain (Fig. 2b);
onartuzumab has advanced to Phase III clinical testing (Merchant et al. 2013).
However, this original knobs-into-holes heterodimeric format does not address ran-
dom association of the heavy and light chain chains in the Fab fragment, making it
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difficult to create a homogeneous bispecific with two different Fab specificities
(Klein et al. 2012). One solution to this problem was provided by the CrossMab
format (Schaefer et al. 2011b) that has one arm of the antibody dimer domain
crossed over between VH-VL or the CH1-CL domains, allowing for specific light
chain pairing (Fig. 2b). The heterodimerization of the Fc fragment is accomplished
by introducing knobs-into-holes mutations. The CrossMab format has shown good
manufacturability and demonstrated IgG-like circulation half-life. Recent preclini-
cal work suggests that a bispecific CrossMab targeting Vascular Endothelial Growth
Factor A (VEGF-A) and Angiopoietin-2 (Ang-2) (RO5520985, RG7221) may be a
more effective anti-tumor agent (Kienast et al. 2013) when compared to VEGF-
targeted therapies. Phase I trial results for this molecule have been recently reported
with RO5520985 showing an acceptable safety and desired pharmacokinetic and
pharmacodynamic profile (Lieu et al. 2014). An ongoing Phase II trial is evaluating
the safety and efficacy of the RO5520985 compared to bevacizumab in combination
with oxaliplatin/folinic acid/5-fluorouracil chemotherapy in metastatic colorectal
cancer (NCT02141295).

Advances in antibody engineering described in this chapter have enabled the
generation of many types of antibody-like molecules with adequate stability and
manufacturability to support their clinical development. However, the choice of tar-
gets, formats, and modes of action that can yield superior clinical activity remain
complicated by the redundancy and heterogeneity found in many human diseases.
To address this challenge Merrimack Pharmaceuticals has developed a Network
Biology approach that provides an analytical framework for highlighting disease-
relevant cellular pathways for therapeutic intervention, guiding selection of action-
able drug targets within these pathways, and identifying optimal inhibitor
characteristics for these targets. In brief, this method involves building computa-
tional models of biochemical and cellular pathways, training these models using
vast arrays of experimental data, conducting sensitivity analyses to identify the pre-
ferred intervention points and to reveal the desired inhibition profile, and optimizing
properties of the hypothetical therapeutic relative to this profile (Schoeberl et al.
2009; Fitzgerald and Lugovskoy 2011; Harms et al. 2012, 2014).

Case Studies of Antibody-Like Molecules Designed
for Superior Blockade of Growth Factor Induced Oncogenic
Signaling

Growth-factor signaling pathways are activated to support host growth, control met-
abolic responses, and resist apoptotic stress. During malignant transformation, can-
cer cells upregulate these pathways to support their autonomous proliferation and to
resist anti-tumor action of the immune system and cytotoxic therapies (Huang et al.
2010; Yano et al. 2012). Thus, it is not surprising that the strategy of blocking
growth factor signaling pathways with mAbs has been an intense focus of develop-
ment and yielded three classes of drugs: VEGF blockers (e.g., bevacizumab), EGFR
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blockers (e.g., cetuximab) and ErbB2 blockers (e.g., trastuzumab). However, tumors
that are exquisitely sensitive to these agents are rare, as most of them use multiple
growth factor signaling pathways to non-redundantly support their proliferation and
survival. Even in a context of a dominant oncogene such as ErbB2, the merits of
co-blocking multiple targets such as ErbB2 and ErbB3 (through antagonism of
ErbB2/ErbB3 dimerization) have been demonstrated clinically, leading to the
approval of pertuzumab, trastuzumab, and docetaxel combinations for the treatment
of HER2-positive metastatic breast cancer (Swain et al. 2013). Using a Network
Biology platform, Merrimack’s bispecific antibody MM-111 (McDonagh et al.
2012) was designed to have superior activity on ErbB2/ErbB3 signaling by employ-
ing a novel mechanism of action. MM-111 directly targets ErbB2/ErbB3 heterodi-
mers on the cell surface by binding to ErbB2 with high affinity and then to ErbB3
with high avidity due to ErbB2 anchoring. It promotes displacement of the ErbB3
ligand heregulin and sequesters ErbB2/ErbB3 heterodimers into inactive com-
plexes. MM-111 does not trigger internalization of ErbB2/ErbB3 complexes, pre-
serving the ability to co-target them with trastuzumab, which can elicit immune
effector function. Preclinical studies have shown that MM-111 can be combined
with trastuzumab and paclitaxel for increased antitumor activity. A randomized
Phase II study of MM-111 with paclitaxel and trastuzumab in second line patients
with ErbB2 positive carcinomas of the distal esophagus, gastroesophageal junction
and stomach is currently on-going (NCT01774851).

The case study of MM-141, a dual antibody inhibitor of IGF-1R and ErbB3,
provides another informative example of applying Network Biology to the design of
next-generation antibody drugs against well-established targets that were subopti-
mally treated by the first-in-class molecules. It is well known that high levels of
insulin-like growth factor 1 (IGF-1) are associated with poor prognosis in multiple
cancers. In response to ligand binding, IGF-1 receptor (IGF-1R) activates pro-
survival PI3K/AKT/mTOR signaling, rendering cancer cells resistant to therapy.
Although antibody inhibition of IGF-1R was expected to eliminate this key resis-
tance mechanism, clinical results to date have been disappointing (Pollak 2012). We
have previously demonstrated that ErbB3 signaling, activated by its ligand heregu-
lin, can limit the utility of IGF-1R inhibition. Specifically, we have shown that a
majority of IGF-1 sensitive cell lines produce autocrine heregulin, which upregu-
lates and activates ErbB3 in response to IGF-1R blockade. This compensation leads
to rapid reactivation of PI3K/AKT/mTOR signaling and can result in the increase of
oncogenic signaling rendering IGF- 1R inhibitors ineffective. To facilitate the design
of a dual inhibitor of IGF-1R and ErbB3, we constructed and trained a biochemical
model of the PI3K/AKT/mTOR signaling network with IGF and ErbB family
receptors, their ligands, and key intracellular proteins encoded (Fitzgerald et al.
2014). Modeling of the optimal antibody co-inhibitor of IGF-1R and ErbB3 (Fig. 3)
demonstrated the need for two mechanisms of action: IGF-1, IGF-2 and heregulin
ligand blockade through high affinity IGF-1R and ErbB3 binding and induction of
IGF-1R and ErbB3 degradation. The simulation also revealed that high cross-target
avidity was required, which led to the choice of a tetravalent bispecific format as
opposed to a mixture of two immunoglobulins. We did not expect MM-141 to
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Fig. 3 Simulation guided design of the optimal dual inhibitor of IGF-1R and ErbB3. A sample
antibody inhibitor was introduced into the trained model of IGF-1R and ErbB mediated PI3K/
AKT/mTOR signaling with the following variable parameters: cross-target avidity, affinities to
ErbB3 and IGF-1R, rates of internalization of antibody/receptor complexes and ErtbB3 and IGF-1R
recycling. High affinities to IGF-1R and ErbB3, cross-target avidity and the rapid receptor were
identified as the most sensitive parameters for optimal PI3K/AKT/mTOR signaling inhibition
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accumulate on the cell membrane in quantities sufficient to support ADCC, ADPC
and CDC due to the low numbers of IGF-1R and ErbB3 expressed. Coupled with
this expectation and with internalization being a major component of mechanism of
action, our design was antibody isotype agnostic. We chose IgG1 Fc fragments due
to its superior biophysical properties. As all highly engineered antibody-like mole-
cules could be unstable, we conducted an extensive engineering campaign to derive
lead molecules with robust pharmaceutical properties (Xu et al. 2013).

In preclinical studies MM-141 blocked IGF-1 and IGF-2 binding to IGF-1R as
well as heregulin binding to ErbB3. MM-141 was also shown to trigger rapid deg-
radation of receptor complexes containing IGF-1R and ErbB3, including their het-
erodimers with Insulin Receptor and ErbB2, showing superiority to monospecific
antibodies targeting IGF-1R (Fitzgerald et al. 2014). By employing these novel
components of mechanism of action, MM-141 was able to counteract pre-existing
ligand-mediated resistance to several classes of cytotoxic therapies including anti-
metabolites (e.g., gemcitabine) and taxanes (e.g., nab-paclitaxel), as well as reverse
the acquired resistance mediated by upregulation of IGF-1R and ErbB3 and their
heterodimerization partners. MM-141 is currently undergoing Phase I development,
where it is being tested as a monotherapy, in combination with everolimus, and in
combination with nab-paclitaxel and gemcitabine (Isakoff et al. 2014). The Phase II
study of MM-141 in combination with nab-paclitaxel and gemcitabine in metastatic
pancreatic cancer is planned.
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Fig. 4 Effect of avidity on the bioactivity of antibody-like molecules

Hepatocyte Growth Factor Receptor (HGFR or c-Met) is another important
tyrosine kinase receptor in cancer biology. Normally involved in development and
wound healing, c-Met and its ligand, hepatocyte growth factor (HGF), are often
overexpressed in many cancers, including lung, colon, and colorectal. HGF binding
triggers c-Met dimerization and activation. Conventional antibodies can also induce
c-Met dimerization, therefore acting as agonists. One-armed antibody-like mole-
cules, such as onartuzumab, do not cross-link c-Met and can inhibit its HGF-induced
signaling (Feng and Ma 2011; Merchant et al. 2013). However, such monovalent
antibodies can lose up to 100-fold in bioactivity due to the loss of avidity in their
binding, making restoration of bivalent targeting beneficial (Fig. 4). To increase the
therapeutic utility of a monovalent antibody c-Met antagonist, we have explored
tumor antigens that could serve as anchors for bivalent cell surface binding (Harms
et al. 2014). Network Biology simulations have suggested that the performance of
the resulting bispecific biobetter would be dependent on the relative expression of
the anchor target relative to the therapeutic target. These simulations have also led
us to select an anchor antigen that is expressed at higher levels than c-Met. The
resulting bispecific Fc-containing molecule, MM-131, has shown marked improve-
ment in the inhibition of c-Met signaling in vitro and in vivo due to de novo engi-
neered avid bivalent binding to the target cells. MM-131 is engineered to be
manufacturable and is thus appropriate for development as a therapeutic for human
diseases (Geddie et al., manuscript in preparation).

Concluding Remarks

Advances in protein engineering techniques have provided the means for precise
manipulation of antibody structure and function. The development of these tech-
niques has enabled the construction of many antibody-like therapeutic formats that
possess unique properties while retaining the stability and manufacturability of
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conventional IgGs. These useful modifications have the ability to expand the utility
of antibody therapies by broadening the spectrum of their activity and increasing
efficacy against validated targets. However, such modifications by no means give a
recipe for success, as the success of biobetter mAb molecules should be exquisitely
tuned to a specific therapeutic task in hand. Comprehensive systems-level analysis
of the limitations of first generation molecules, engineering modes of action that
address these deficiencies, and prioritization of design objectives and success crite-
ria are required for the continuous progress in the field of antibody-like biobetters.
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Alternative Protein Scaffolds as Novel
Biotherapeutics

Michaela Gebauer and Arne Skerra

Introduction: The Route to Antibody Alternatives
as Biobetters

Proposed as a new type of medicine more than a century ago by Emil von Behring,
initially as “antitoxins” and only later dubbed “antibodies” (Lindenmann 1984),
monoclonal antibodies (MAbs) reached regulatory approval in 1986 and subse-
quently, in a humanized or human format, have become the most successful and fast-
est growing class of biopharmaceuticals with more than 30 marketed drugs today
(Reichert 2012, 2014; Strohl and Strohl 2012). Antibody technology has gone through
a long evolution, starting with animal sera for passive immunization against toxins.
The first breakthrough with regard to developing monoclonal as opposed to poly-
clonal antibodies was the invention of hybridoma technology in 1975, thus allowing
the preparation of monospecific antibodies obtained via immunization of rodents
(Kohler and Milstein 1975). However, only one MAD derived from mouse hybridoma
cell culture was successful in the clinic: Muromonab-CD3/Orthoclone (OKT3®),
approved in 1986 (discontinued in 2010) as an immunosuppressant drug to reduce
acute rejection in patients after organ transplantation (Strohl and Strohl 2012).

The recognition that MAbs from animal sources elicit an anti-drug immune
response in patients prompted efforts to make them more alike their human
counterparts. The first strategy was the construction of chimeric MAbs by combin-
ing the pair of murine variable domains, carrying the antigen-binding site, with the
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constant region of a human immunoglobulin (Ig) (Morrison et al. 1984). Since anti-
genic sites predominantly occur in the xenogenic constant regions, the resulting
chimeric Ig proteins were well tolerated (although somewhat biased by their nature
as immune suppressants), as first demonstrated with Rituximab (Rituxan®; anti-
CD20) and Daclizumab (Zenapax®; anti-IL-2Ra), both approved by the FDA in
1997 for treating Non-Hodgkin’s lymphoma (NHL) / rheumatoid arthritis (RA) and
to prevent transplant rejection, respectively (Strohl and Strohl 2012).

Following this major breakthrough, the technology of CDR-grafting was invented
(Jones et al. 1986), allowing more complete humanization of MAbs by further
exchanging the framework regions within the variable domains with those from a
human Ig. One of the first and most successful examples has been Trastuzumab
(Herceptin®) (Carter et al. 1992), a humanized antibody directed against the HER2
cell surface receptor overexpressed on metastasizing breast cancer cells, which was
approved in 1998. However, as the conformation of the six CDRs is also influenced
by the framework region, this type of humanization is a tricky approach that usually
necessitates introduction of additional affinity-preserving mutations via protein
engineering (Carter et al. 1992). This caveat eventually stimulated the development
of alternative methods for MAb humanization, for example by resurfacing (Strohl
and Strohl 2012).

With the advent of phage display techniques, the age of so-called “human” MAbs
arose, initially by selecting recombinant antibody fragments from naive variable
gene/cDNA libraries that were cloned from non-immunized human donors. The
first MAb that emerged from this technology was Adalimumab (Humira®), which
neutralizes tumor necrosis factor o (TNFa) and received approval for the treatment
of RA and Crohn’s disease in 2002 (Bain and Brazil 2003; Osbourn et al. 2005).
Various other experimental strategies, both in vitro and in vivo, have followed, cul-
minating in the breeding of transgenic animals that have their own Ig gene loci
replaced by corresponding human chromosomal segments, thus directly allowing
the biosynthesis of human MAbs—e.g. followed by cloning of the relevant V-genes
from antibody producing B-cells (Lee et al. 2014; Lonberg 2005). However, it
should be kept in mind that in spite of the commonly used term “human”, each MAb
developed by one of these technologies is still foreign to the body of an individual
who receives corresponding treatment since it exhibits novel CDR sequences
(Harding et al. 2010). Hence, immunogenicity in the patient cannot be fully pre-
vented and, in fact, with regard to immunological tolerability, it is clear that the
early chimeric antibody concept already had the strongest impact (Getts et al. 2010;
Strohl and Strohl 2012).

Far from over, technology development in the antibody field continues apace (cf.
the Chapters in Part II of this monograph). Apart from searching for innovative
MABDs directed against new targets and/or novel epitopes, having greater affinities
and specificities, or even agonistic activities, there are numerous ongoing approaches
to improve the generic features and the Ig format as a whole (Strohl and Strohl 2012).
In particular, these efforts aim at the following features: enhancing immune effector
functions (usually associated with the Fc region) such as antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC);
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prolonging (or adjusting) circulation half-life; achieving more homogeneous and
functional glycosylation; arming with drugs or radioactive payloads; and creating
bispecific MAbs, resulting in so-called second or third generation antibodies (Beck
et al. 2010). Application of these strategies to marketed MAbs, while retaining the
original validated epitope specificity, results in “biobetters” in the true sense. One
recent example is the antibody Ado-Trastuzumab Emtansine (T-DM1, Kadcyla™),
a toxic drug conjugate of Trastuzumab (Dirix et al. 2013).

Generally, the term biobetter refers to a therapeutic protein that is functionally
similar (not identical) to an established biopharmaceutical but has improvements
over the original in critical attributes and clinical performance (Beck 2011).
However, in the case of antibodies this rather narrow definition deserves broader
interpretation, especially if the focus is on the tunable antigen-binding function as
dominating feature (Skerra 2003). In fact, the past two decades have given evidence
that full size Igs with their characteristic Y-shaped molecular architecture are not the
only suitable platform for the generation of protein reagents with novel ligand-
binding properties for applications in biomedical research and human therapy. Once
the technical challenges of engineering recombinant antibody fragments had been
mastered, so-called alternative protein scaffolds were identified which, too, can pro-
vide specific binding sites with high affinities against a wide range of biochemical
or cellular target structures (Skerra 2000a). Consequently, biobetters may be under-
stood in this context also as advancements in the molecular format of Ig-based
biologics as a class.

Functional Ig Fragments: from Fab to Domain Antibody

MABbs differ from classical biologics such as hormones or cytokines insofar as the
generation of new molecular entities with differing target specificities and varying
mode of action is possible on the basis of the same molecular format, the one of Igs.
These proteins owe their remarkable ability for molecular recognition of almost any
kind of antigen as well as their utility for diverse medical applications to their
unique modular format (Bork et al. 1994; Padlan 1994; Strohl and Strohl 2012). On
the first level, their molecular architecture comprises two types of domains which
are either of constant or of variable character. Both rest upon the same basically
conserved Ig fold which is characterized by a sandwich of two p-sheets with alto-
gether 7 or 9 strands, respectively. Several constant domains assemble to form the
Fc part at the stem of the Y-shaped protein, which is responsible for most effector
functions, in particular binding and/or activation of cellular receptors or comple-
ment. The two arms of the Y are called antigen-binding fragments, Fabs, which are
mutually identical in natural Igs and flexibly linked to the Fc stem via the hinge
region. At each tip of the Y a pair of variable domains, VH from the heavy and VL
from the light chain, forms the antigen-binding site.

Within these paired variable domains, there is another level of separation between
structurally conserved and variable polypeptide segments, the so-called framework
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region(s) on the one hand and the hypervariable region(s) on the other. As regards
the hypervariable regions there are in total six hypervariable loops, three per vari-
able domain, also known as complementarity-determining regions (CDRs), which—
upon tight association between VH and VL via their inner $-sheets —together form
the combining site that intimately contacts the antigen during complex formation.
Within each V-domain the three hypervariable loops are supported by the 3-sandwich
fold, which provides the structural framework. This discontinuous region shows
high similarity in its backbone conformation, not only among the human antibody
repertoire but also across species, a feature that provides the basis of the CDR-
grafting technology for antibody humanization mentioned above.

This modular format explains the success of MAbs as almost universal protein
tools for the tight and highly specific binding of a vast number of biomedically rel-
evant molecular structures. Obviously, the -sheet framework is sufficiently stable
to structurally support a more or less unlimited number of CDR peptide sequences
and to impose a defined three-dimensional conformation on them by providing the
proper geometrical constraints. As a consequence, the number of possible CDR
backbone conformations, called canonical structures, seems to be restricted
(Al-Lazikani et al. 1997). However, the conformational stability of the Ig fold is not
indefinite. In fact, it has been shown that the folding energy of the Ig framework
statistically varies about some consensus sequence, which appears to constitute the
thermodynamic minimum (Steipe et al. 1994), whereas the stability of the variable
domain as a whole is clearly influenced by the individual sequences of the hyper-
variable loops (Jung and Pliickthun 1997). Interestingly, these long known struc-
tural properties of Igs also match well with observations made for the alternative
protein scaffolds discussed further below.

Nevertheless, with the ever increasing application of antibodies during the last
two decades, several disadvantages have become apparent. For example, MAbs
have a very large size and complicated composition, comprising four polypeptide
chains, glycosylation of the heavy chains, at least, as well as multiple structurally
relevant disulfide bonds. Thus, intact antibodies require manufacturing in eukary-
otic expression systems, usually involving stably transfected mammalian cell lines,
whose optimization and fermentation is laborious and costly (Steinmeyer and
McCormick 2008; Werner 2004). Consequently, the exploration of alternative pro-
tein reagents that are capable of specifically recognizing and tightly binding ‘anti-
gens’ has been stimulated, which led to the investigation of different types of
antibody fragments and, eventually, even to the use of isolated Ig domains (Holliger
and Hudson 2005; Skerra 1993).

Initially, the development of methods for the production and manipulation of
functional Ig fragments in the bacterial host cell Escherichia coli (Better et al. 1988;
Skerra and Pliickthun 1988) enormously stimulated the field of antibody engineer-
ing (Humphreys 2003; Skerra 1993), not only with regard to research and discovery
but also concerning biological drug development (Holliger and Hudson 2005;
Nelson and Reichert 2009). Two major types of recombinant antibody fragments
carrying the intact antigen-binding site of a MAb are commonly in use: first, the Fab
fragment, which consists of the entire light chain and the N-terminal half of the
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heavy chain and has been traditionally prepared by selective proteolysis of full size
Igs and, second, the Fv fragment; this smallest functional antibody fragment com-
prises just the two variable domains and is readily accessible only via recombinant
DNA technology (Riechmann et al. 1988; Skerra and Pliickthun 1988).

The conventional Fv fragment is made of the paired variable regions from both
Ig chains which are held together just by non-covalent forces such that its stability
is limited, in particular at elevated temperatures (like body temperature), low pro-
tein concentration and in the absence of antigen. Chain dissociation may be pre-
vented by introducing Cys residues at appropriate locations into the framework of
VH and VL, resulting in a disulfide crosslink (Glockshuber et al. 1990; Reiter et al.
1996) and yielding so-called disulfide-stabilized Fv fragments (dsFv). However, the
gain in stability is often accompanied by poorer expression yields, as typically
observed when introducing additional Cys residues and/or disulfide bridges into
recombinant proteins.

A more widely applied approach is the construction of a fusion protein compris-
ing the two variable domains artificially linked via a flexible peptide segment, yield-
ing the so-called single chain Fv fragment (scFv) (Bird and Walker 1991). In this
manner, VH and VL are not only covalently associated, but also the difficulty on the
genetic level of simultaneously coexpressing two different polypeptide chains is
avoided. Nevertheless, several disadvantages have been observed with this strategy,
most notably the frequently reduced antigen-binding activity as a result of connecting
one N-terminus—usually close to the combining site—with the peptide linker,
which can lead to conformational changes or steric hindrance during antigen binding.
This is especially the case for scFvs that are originally derived from full length
MAbs and not directly selected from V-gene libraries (e.g. via phage display).

The scFv format also shows other undesired properties, such as low folding
efficiency upon expression in E. coli, enhanced aggregation and, importantly, a
pronounced tendency to form oligomers (Arndt et al. 1998; Demarest and Glaser
2008; Power et al. 2003), which can significantly hamper bioprocess development.
Although numerous attempts were made to vary the length and amino acid sequence
of the peptide linker and to alter the mutual order of the VH and VL domains
within the fusion protein, these caveats have not been fundamentally alleviated
and, therefore, laborious individual optimization is needed (Strohl and Strohl
2012). This may explain why, despite their flourishing in biomedical research for
more than 25 years, no scFv has been approved as a biopharmaceutical to date
(Nelson 2010). The currently most advanced scFv under clinical development
(beside an immunotoxin fusion protein discussed below) is a PEG-linked conju-
gate with doxorubicin-charged liposomes targeting HER2, MM-302 (Merrimack,
http://merrimackpharma.com), that has entered phase II/III studies for the treat-
ment of breast cancer (Reichert 2015; Nielsen et al. 2002; Wickham et al. 2010).

Still, there were attempts to generate scFvs with elevated stability, for example
using the so-called Immuna® screening platform (ESBAtech, http://www.esbatech.
com) which involves the generation of stable humanized single-chain Fv fragments
from rabbit monoclonal antibodies (Borras et al. 2010). A few scFv candidates,
directed against TNFoa (ESBA105) and VEGF were developed up to clinical phase
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IT for topical application on the eye (Strohl and Strohl 2012; Thiel et al. 2013).
Further development was pursued in the form of the PENTRA®body technology
(Delenex, http://www.delenex.com) for local application in dermatology, where the
anti-TNFa scFv (DLX105) appeared to induce a clinical response in psoriasis
patients after intradermal administration (Tsianakas et al. 2014).

In the area of antimicrobial therapy, Efungumab (Mycograb™) (Pachl et al.
2006), which binds to the heat shock protein 90 of Candida albicans, and Aurograb™
(NCTO00217841), an scFv directed against a surface protein of methicillin resistant
Staphylococcus aureus, were brought to advanced clinical stages before their devel-
opment was discontinued. Efungumab formed aggregates in solution, was contami-
nated with host proteins, and administration was associated with cytokine release
while no treatment benefit was seen (EMEA 2007). In fact, reevaluation of its
in vitro activity indicated that the presumed antifungal potentiation of amphotericin
B was a nonspecific effect that was also seen with a wide range of unrelated proteins
(Richie et al. 2012). Aurograb was discontinued following a review of phase II data
showing lack of efficacy (Nelson 2010).

Other scFvs were clinically exploited as part of fusion proteins, either with dis-
tinct functional modules or in bispecific form, as will be discussed in greater detail
further below. For example, Darleukin (L19-IL2) is a fusion protein between the
scFv L19 selected from a phage display library against the extra-domain B (ED-B)
of oncofetal fibronectin (a splice form specific for neovasculature described below)
and the cytokine interleukin-2 (IL-2) to trigger immunopotentiating and antineo-
plastic activities. This immunocytokine has been developed as combination therapy
with dacarbazine for the treatment of melanoma in several clinical studies up to
phase II (Philogen, http://www.philogen.com). The same L19 scFv moiety is also
under clinical investigation in different formats and/or combination therapies, for
example as TNFa fusion protein, as well as for radio-immunotherapy (RIT). While
initially L19 was described as a high-affinity scFv having a remarkable K, in the
low picomolar range (Pini et al. 1998), a significantly diminished potency was mea-
sured when reformatted to a Fab (Gebauer et al. 2013). Indeed, detailed inspection
of the scFv revealed its propensity to form a stable homodimer, and this form
showed much enhanced ED-B binding activity (most likely due to an avidity effect)
in a head to head comparison with both the isolated monomeric scFv and the inher-
ently monovalent Fab.

In a similar fusion protein approach, an immunotoxin (VB4-845) has been devel-
oped by combining a humanized anti-EpCAM scFv with a truncated fragment of
Pseudomonas exotoxin A (Premsukh et al. 2011). This biological drug candidate is in
phase II clinical trials (Viventia, http://www.viventia.com) and has shown promising
results in the treatment of loco-regional tumors such as non-invasive-bladder cancer
(Vicinium™) as well as recurrent refractory cancer of the head and neck (Proxinium™).
Notably, to allow repeated systemic dosing, VB4-845 was recently reformatted as a
Fab fragment fused to a deimmunised version of the plant proteotoxin bouganin via a
furin-cleavable linker (VB6-845) (Cizeau et al. 2009; Entwistle et al. 2012).

The currently most advanced recombinant immunotoxin utilizing an Fv moiety
is Moxetumomab pasudotox (CAT-8015 or HA22), which is in phase III clinical
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trials (Reichert 2013). This fusion protein comprises PE38, a catalytically active
fragment of Pseudomonas exotoxin A, fused to an anti-CD22 Fv. Originally, this
program had started with an scFv fragment derived from the anti-CD22 MAb RFB4;
however, to increase protein stability an interchain disulfide bond was introduced
instead of the peptide linker, thus converting the Fv moiety into the dsFv format
(Kreitman and Pastan 2011). In a phase I trial for refractory hairy-cell leukemia
(HCL), Moxetumomab pasudotox showed a high response rate and a remarkable
number of complete remissions, despite some residual immunogenicity (Kreitman
etal. 2012).

A clearly more robust functional antibody fragment is the Fab, comprising the
entire light chain and the variable domain and first constant domain of the heavy
chain (also known as Fd fragment). Due to the additional tight packing between the
pair of constant domains from both chains, compared with the association between
VH and VL alone, and an interchain disulfide bond that is usually located close to
the C-termini, the Fab is a structurally well-defined protein with high stability simi-
lar to a full size Ig. Thus, Fabs were considered early on for medical applications
wherein either an Fc effector region is not needed or one of the usually beneficial
features of intact MAbs is detrimental in the clinical context, for example the long
circulation or the bivalency which may cause cellular signaling via receptor cluster-
ing. The first Fabs for clinical use were prepared according to the classical route by
proteolysis from polyclonal antibodies elicited in immunized sheep and have served
as antidotes to treat acute intoxications since decades (Holliger and Hudson 2005).
Also, several Fabs were approved as diagnostic reagents for radio-immuno imaging
of tumors via single-photon emission computed tomography (SPECT) in vivo:
mTc-Sulesomab (LeukoScan) and *™Tc-Bectumomab (LymphoScan) (Mendler
etal. 2014).

The first Fab that was approved for therapy by the FDA in 1994 was Abciximab
(RheoPro®), which binds to the platelet glycoprotein IIb/IlIa (integrin a2b/p3) on
blood platelets (Knight et al. 1995), thus inhibiting their aggregation in cardiovas-
cular disease. Notably, this Fab is produced by papain cleavage from a full length
chimeric MAD. In contrast, Ranibizumab (Lucentis®) was the first fully recombi-
nant Fab produced in E. coli approved by the FDA in 2006 for treating wet age-
related macular degeneration (AMD) by intravitreal injection (Rosenfeld et al.
2006). Ranibizumab (Y0317), which binds and neutralizes vascular endothelial
growth factor (VEGF-A), was derived from the same parent mouse antibody as the
humanized Ig Bevacizumab (Avastin®), previously developed for antiangiogenic
cancer therapy, in a process involving in vitro affinity maturation via CDR mutagen-
esis and phage display (Chen et al. 1999).

The strictly monovalent nature and the lack of immunological effector functions
are usually considered advantages of the Fab format, in particular if just the block-
ing of a biomolecular disease target or use as antidote is intended. However, the
much shorter plasma half-life compared with full size Mabs, due to the smaller size
and lack of endosomal recycling as explained in the next Chapter of this book, is a
general disadvantage which hampers the broader clinical application of this protein
class. One approach to circumvent this problem is PEGylation, as exemplified by



228 M. Gebauer and A. Skerra

Certolizumab pegol (CDP-870, Cimzia®), a bacterially produced Fab directed
against TNFa conjugated to a branched PEG chain of 40 kDa via a single Cys resi-
due that was introduced into the hinge region (Melmed et al. 2008; Rose-John and
Schooltink 2003). Cimzia is approved since 2008 for the treatment of Crohn’s dis-
ease and RA (Blick and Curran 2007; Goel and Stephens 2010).

The number of marketed Fabs is still rather limited (Nelson 2010), despite previ-
ous optimistic expectations (Nelson and Reichert 2009). However, there is a robust
clinical pipeline for this class of Ig fragments, often as PEGylated versions, with
examples from major pharma and biotech companies: anti-TNFoa Afelimomab
(AZD9773, MAK195F, CytoFab™) for the treatment of severe sepsis; a PEGylated
Fab directed against the type III secretion system of Pseudomonas aeroginosa (KB-
001); anti-Factor D Lampalizumab (RG-7417) for treatment of dry AMD; anti-C5
Fab LFG316A against the same condition as well as other inflammatory eye dis-
eases; the PEGylated humanised Fab CDP7657 developed as a monovalent CD40L
antagonist for the treatment of systemic lupus erythematosus; and a humanized Fab
(Idarucizumab, BI655075) destined as an antidote for dabigatran etexilate mesylate
(Pradaxa®) to reverse its anticoagulation effect (Brennan 2014; Reichert 2015;
Strohl and Strohl 2012).

Apart from scFv and Fab, another class of small Ig fragments known as domain
antibodies (dAbs) or Nanobodies has attracted attention (Holliger and Hudson
2005). These artificial binding proteins comprise an isolated variable domain and
exhibit a binding site made of just three CDRs. Consequently, such single-domain
Ig fragments (sdIgs) cannot be derived from intact MAbs but must be generated by
different methods. This approach is complicated by the fact that an unpaired vari-
able Ig domain usually exposes a significant hydrophobic surface area to solvent,
which is otherwise shielded by association either with the second variable domain
from the other Ig chain or, as often seen for light chains, via formation of so-called
Bence Jones homo-dimers (Stevens et al. 1991). Especially in the case of isolated
heavy chain variable domains (VH) this fundamental property normally causes
aggregation (Davies and Riechmann 1994; Glockshuber et al. 1990) and/or non-
specific adsorption.

Natural antibodies that are devoid of light chains were initially identified as an Ig
subclass in camels (Hamers-Casterman et al. 1993; Muyldermans et al. 2001;
Wiecek 2010). In such “heavy-chain” antibodies, which are composed of a pair of
heavy chains that lack the Cy1 domain and sometimes have an extended hinge
region, the VH domains have apparently evolved to stay soluble without hetero- or
homo-dimerization. These camelid VH domains (dubbed VHH), which are found in
camels, dromedaries, and also in llamas, reveal elevated surface hydrophilicity in
the region that faces the VL domain in ordinary Igs. In addition, they have a much
longer CDR-H3, which often participates in an additional disulfide bridge within
the VH domain, thus partially shielding this interface region from solvent (Conrath
et al. 2005; Muyldermans 2013).

Engineered camelid VHH domains (detached from the constant region) are
exploited for disease diagnosis and therapy (Siontorou 2013) as Nanobodies®
(Ablynx, http://www.ablynx.com). As these sdlgs intrinsically have a very short


http://www.ablynx.com/

Alternative Protein Scaffolds as Novel Biotherapeutics 229

plasma half-life, the corresponding drug candidates are usually developed as fusion
proteins to enlarge size and retard kidney filtration. This involves combining either
several copies of the same domain or domains with different specificities, including
one that confers affinity to serum albumin in order to prolong circulation via endo-
somal recycling, a mechanism further explained in the following Chapter. Notably,
the latter strategy also provides a general targeting activity in the case of cancer and
inflammatory diseases as these tissues are known to actively take up albumin
(Merlot et al. 2014; Tijink et al. 2008).

Two advanced clinical candidates are Caplacizumab and Ozoralizumab (Ablynx).
Caplacizumab (ALX-0081 and ALX-0681, respectively, for i.v. and s.c. administra-
tion) is a bivalent Nanobody, with two domains fused in tandem, directed against
the Al domain of von Willebrand Factor (vWF) that has successfully completed
phase II trials in hematology to treat the rare disorder thrombotic thrombocytopenic
purpura (TTP) (Bartunek et al. 2013; Holz 2012). Ozoralizumab (ATN103 or
PF-5230896) is a bivalent Nanobody comprising two anti-TNFo modules which are
linked to a third Nanobody that binds to human serum albumin to extend plasma
half-life. A phase Ila study demonstrated a statistically significant improvement of
disease scores compared with placebo in patients with active RA (Comer et al.
2012). Similarly, a monovalent anti-IL-6 receptor (IL-6R) Nanobody (ALX-0061)
comprising a bispecific fusion protein with a second Nanobody that confers binding
activity towards albumin has completed phase Ila studies and is developed for the
treatment of inflammatory diseases like RA (Van Beneden et al. 2014). Two addi-
tional Nanobodies are part of phase I programs: ALX-0171 is a trivalent Nanobody
(three identical copies consecutively fused to each other) that neutralizes Respiratory
Syncytial Virus (RSV) and offers potential for inhalational administration to treat
pulmonary infections; ALX-0761 constitutes a bispecific half-life extended
Nanobody that neutralizes both IL-17A and IL-17F—comprising an N-terminal
IL-17F specific moiety, a C-terminal moiety that binds both IL-17A and F and a
central module conferring albumin affinity —which has shown efficacy in a cyno-
molgus monkey model of RA (Vanheusden et al. 2013).

Beyond therapeutic applications, Nanobodies have attracted attention for in vivo
imaging (Chakravarty et al. 2014; Vaneycken et al. 2011). In this setting, their small
size and rapid renal elimination allows high tumor to blood contrast already shortly
after administration. The lead optimized HER2-specific Nanobody 2Rs15d was pre-
pared in current-good-manufacturing-practice grade, labeled with ®Ga via a
1,4, 7-triazacyclononane-1,4,7-triacetic acid (NOTA) derivative and assessed in bio-
distribution and positron emission tomography/computed tomography (PET/CT)
studies using a murine SK-OV-3 tumor xenograft model, resulting in high-specific-
contrast imaging of HER2-positive tumors with no observed toxicity (Xavier et al.
2013). $%Ga-NOTA-2Rs15d is under development for first-in-human clinical trials.

Another type of sdIg has been derived from the human immune system as so-
called domain antibodies, dAbs (Connelly 2005), by employing cloned repertoires
of human V-genes together with stringent selection protocols to achieve high protein
solubility, apart from target-binding activity (Holt et al. 2003). So far, two products
have advanced to the clinical trial stage. An anti-TNFoa dAb-Fc fusion protein
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(Placulumab, ART-621, CEP-37247) (Gay et al. 2010) was tested in a phase II
clinical study (NCT00928317) for the treatment of stable plaque psoriasis and RA
(Strohl and Strohl 2012). Another dAb (dubbed AlbudAb™), which was selected to
bind with affinities in the mid nM range to serum albumin from various species, was
initially employed to create a fusion protein with the interleukin-1 receptor antago-
nist (IL-1Ra, also known as Anakinra), thus resulting in an immunomodulator for
RA treatment that showed extended plasma half-life in a mouse model (Holt et al.
2008). AlbudAb was also combined with some bioactive peptides, in particular the
orexigenic peptide YY (PYY) and Exendin-4, a clinically approved GLP-1 mimetic
(Bao et al. 2013). A recombinant fusion protein of AlbudAb with Exendin-4
(GSK2374697) was investigated in a phase I study in normal and obese healthy
volunteers (Hodge et al. 2013).

An alternative source of naturally occurring sdIgs are the so-called Ig novel anti-
gen receptors (IgNARs) of shark (Kovaleva et al. 2014). Antigen-specific VNAR
fragments of these receptors have similar structure and properties as VHH from
camels and llamas (Stanfield et al. 2004; Streltsov et al. 2004), and they can be
cloned as isolated proteins either from immunized animals or selected in vitro from
combinatorial libraries. However, despite some efforts to exploit the shark VNAR
format for therapeutic applications by biotech companies, e.g. AdAlta (http://adalta.
com.au) and Haptogen/Wyeth (http://www.wyeth.co.za), clinical applications have
not thus far been publicized (Zielonka et al. 2015).

The Concept of Alternative Protein Scaffolds

sdIgs offer a kind of conservative approach for generating MAb biobetters insofar
as the methods for their selection (in vivo or in vitro) as well as their biophysical
properties are related to conventionally engineered antibody fragments, except that
they do not rely on the characteristic light/heavy chain association of natural human
Igs. However, it is still not fully clear whether all sdIgs behave as truly monomeric
proteins (Schiefner et al. 2011). At least in some cases, X-ray structural analysis has
indicated a mode of dimerization in the crystal packing that resembles either the
VH/VL pairing of classical Igs or the structurally analogous light chain homo-
association that is typical for Bence-Jones proteins (George et al. 2014; Jespers
et al. 2004b). Thus, like for scFvs, intrinsic oligomerization and aggregation pro-
pensities may affect bioprocess development and/or biological drug formulation
and must be carefully assessed in each instance.

Interestingly, however, proteins with non-Ig fold can also be furnished with
novel binding sites. This has been achieved using the methodology of combinato-
rial biotechnology, that is site-directed random mutagenesis in combination with
phage display or other molecular selection techniques (Rothe et al. 2006; Skerra
2003). The resulting class of novel alternative binding reagents has also become
known as engineered “protein scaffolds” (Skerra 2000a), illustrating the fact that a
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structurally rigid natural protein is utilized either to modify an existing binding site
towards a prescribed target or to implement a new one. This development has trig-
gered a paradigm shift since antibodies have no longer to be considered as a unique
class of binding reagents in biomedical research or biotechnology (Sheridan 2007,
Skerra 2003) and, eventually, it has enabled the concept of biobetters discussed in
this Chapter.

Usually, a protein scaffold suitable for therapeutic applications may be derived
from either of two sources: (1) a robust and small monomeric soluble protein (e.g.
a lipocalin or a Kunitz protease inhibitor—for details on the latter, see (Fiedler and
Skerra 2014; Nixon et al. 2014)) or (2) a stably folded domain excised from a cell
surface (e.g. protein A or fibronectin) or cytoskeletal protein (e.g. ankyrin).
Compared with antibodies or their recombinant fragments, such protein scaffolds
promise practical advantages, in particular elevated stability and high production
yield in microbial expression systems, together with an independent intellectual
property situation (Fiedler and Skerra 2014).

As these novel binding proteins are obtained via biomolecular engineering
in vitro, with the primary goal to achieve tight and highly specific target-binding
activity, they can also be subjected to additional selection schemes in order to
address other desired properties such as solubility, thermal stability and protease
resistance (Jermutus et al. 2001; Jespers et al. 2004a; Jung et al. 1999; Sieber et al.
1998). Resulting protein reagents are expected to provide beneficial properties for
subsequent drug development and manufacturing as a built-in feature. Since the
effort to generate and/or develop such alternative binding proteins still is greater
than that for preparation of a conventional antibody (or a recombinant Ig fragment),
most of the ongoing activities in this area are directed towards therapeutic use—
instead of aiming at research or in vitro diagnostic reagents—hence offering the
chance of a high return on investment from a business perspective. This has led to a
series of corresponding biobetter formats developed by biotech companies, some of
which have already been adopted by the pharmaceutical industry, as will be
described in detail in the following sections.

So far, more than 50 different protein scaffolds have been proposed during the
past two decades and these approaches have been extensively summarized in sev-
eral recent reviews (Binz et al. 2005; Gebauer and Skerra 2009; Gill and Damle
2006; Hey et al. 2005; Mintz and Crea 2013; Nuttall and Walsh 2008; Wurch et al.
2012). This field emerged in the late 1990s with research on three different protein
scaffolds, initially: (1) the Z-domain of staphylococcal protein A, a three-helix bun-
dle of 58 residues, providing an interface for protein binding on two of its a-helices,
leading to the Affibodies® (Nord et al. 1995); (2) the 10th extracellular domain of
human fibronectin III (*°FN3), which adopts an Ig-like p-sandwich fold (94 resi-
dues) with two to three exposed loops but lacks the central disulfide bridge, leading
to the Monobodies (Koide et al. 1998), subsequently also dubbed Adnectins™; (3)
the lipocalins, comprising a diverse family of soluble B-barrel proteins that naturally
form binding sites for small ligands with four structurally variable loops, resulting
in the Anticalins® (Beste et al. 1999).
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Fig. 1 Structural comparison between single domain Ig fragments and advanced alternative pro-
tein scaffolds (shown from left to right in different colors), each in complex with a biomedically
relevant target protein (light grey): Nanobody (green) and EGFR fragment (PDB entry: 4KRL);
Nanobody (green) and ricin (4LHQ); AdNectin (violer) and IL23 heterodimer (3QWR); AdNectin
(violet) and EGFR extracellular region (3QWQ); DARPin (orange) and HER2 fragment (4HRL);
Affibody (albumin binding domain; blue) and albumin (1TF0); Affibody (blue) and HER2 extra-
cellular region (3MZW); Anticalin (red) and CTLA-4 extracellular region (3BX7); Anticalin (red)
and ED-B as part of a three-domain fibronectin fragment (4GH7); DARPin (orange) and caspase
3 (2XZT)

Whereas the Affibodies were initially derived from a bacterial protein, Adnectins
and Anticalins are both based on endogenous human proteins. In contrast, the
designed ankyrin repeat proteins, DARPins, were more recently proposed as an
alternative scaffold as result of a protein design effort. In this case an artificial con-
sensus sequence was derived from a series of known ankyrin repeat proteins, which
are present in virtually all species and provide a rigid interface arising from modules
with typically two anti-parallel a-helices and a fB-turn as the underlying principle
(Binz et al. 2003). Together, these four scaffolds (Fig. 1) currently constitute the
most advanced approaches in this field, each with multiple target specificities exem-
plified in basic research as well as preclinical studies and at least one drug candidate
tested in the clinic (Gebauer and Skerra 2009).

Otherwise, the field of engineered protein scaffolds has undergone some consoli-
dation and appears to focus on those few that may potentially yield products with
commercial value. In particular, technical demands at the outset of biopharmaceuti-
cal drug development left behind many protein scaffolds that were once proposed in
an academic setting, but never matured beyond an initial model case study (Gebauer
and Skerra 2009). As result, only few scaffold technologies, in particular those men-
tioned above, have successfully expanded after first in vitro proof of concept and
now see increasing application toward medical use, as discussed in the following
sections.
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Adnectins

The fibronectin type III domain (FN3), a small (10 kDa) autonomous folding unit
found in the abundant extracellular matrix proteins fibronectin and tenascin, as well
as in a large variety of other multidomain cell adhesion proteins (Hohenester and
Engel 2002), was one of the first protein scaffolds employed for generating novel
binding sites. The FN3 structure closely resembles the Ig domain fold, exhibiting
three exposed loops, termed BC, DE, and FG, analogous to the CDRs described
further above. In contrast, the FN3 domain lacks the central disulfide bond which
normally connects the sandwich of B-sheets. Despite their conserved structure, indi-
vidual FN3 domains show considerable sequence divergence, which hinted at their
tolerance for mutations introduced in order to implement desired binding functions
(Koide et al. 1998).

FN3 random libraries were based on the 10th type III (\°FN3) domain from
human fibronectin to generate antibody (or, more precisely, sdIg) mimics initially
by randomizing the BC and FG loops and, later, also the DE loop (Koide et al. 1998;
Lipovsek et al. 2007; Xu et al. 2002). The first variant of this scaffold that had a
significant, though still moderate affinity (Kp~5 pM) for ubiquitin as a model tar-
get was selected from a phagemid display library and called “Monobody”. In com-
bination with mRNA display technology, this scaffold was subsequently
commercialized as “Trinectin” and continued as “Adnectin™” (Lipovsek 2011).

The design of the '°FN3-based random libraries was successively improved
using insights from synthetic antibody libraries, including loop length variation and
bias in amino acid composition within the binding site, which eventually allowed
the generation of high-affinity binding proteins against various targets (with Kp
values down to the pM range) (Hackel et al. 2008, 2010; Hackel and Wittrup 2010;
Koide et al. 2007). Furthermore, the '°FN3 scaffold was investigated for the poten-
tial to utilize all six loops—at both ends of the f-sandwich structure —to implement
binding activities (Batori et al. 2002). No consensus has yet emerged as to which
loop design strategy is most effective, although some studies indicate that the BC
and FG loops, which are topologically equivalent to the CDRs H1 and H3 of a VH
domain, are most important for target binding (Koide et al. 2007). Recently, an
alternative recognition mode was described that utilizes a concave binding site on
the surface of the B-sandwich (Gilbreth and Koide 2012; Ramamurthy et al. 2012).
Hence, the wedge-shaped 'FN3 scaffold offers the possibility to address either
cleft-like epitopes, e.g. on interleukin 23 (IL-23), or those with a convex shape, e.g.
on epidermal growth factor receptor (EGFR) (Fig. 1), depending on the interface.

In 2006 the first Adnectin, Pegdinetanib (CT-322, BMS-844203, Angiocept),
which specifically inhibits the vascular endothelial growth factor receptor 2
(VEGF-R2), i.e. the primary receptor in mediating tumor angiogenesis, entered
clinical trials (Bloom and Calabro 2009; Dineen et al. 2008; Mamluk et al. 2010).
Pegdinetanib, whose penultimate Cys residue (no. 93) is modified with a doubly
methoxy-PEG-derivatized (40 kDa) maleimide, binds VEGF-R2 in vitro with a Ky,
value of 11 nM (Mamluk et al. 2010). The first in human study confirmed the
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favorable pharmacokinetics of the PEGylated protein scaffold, showing slow
plasma clearance with T, of 3—4 days (Tolcher et al. 2011). Notably, the majority of
patients developed anti-drug antibodies (ADAs), which appeared to be specifically
directed against the engineered binding loops, as no cross-reactivity with the origi-
nal '°FN3 scaffold was seen. However, no adverse events associated with the ADA
response appeared in this phase I trial (Tolcher et al. 2011). Nevertheless, a novel
design of the Adnectin libraries aiming at eliminating immunogenic hot spots was
recently published (Davis et al. 2013). In this approach, key areas within the $-strand
B, the BC loop and f-strand C were kept as wild-type sequence while modifications
were introduced into other regions of the scaffold to achieve high affinity target
binding. Pegdinetanib was subsequently evaluated in multiple phase II trials to
assess its applicability in a range of cancers including non-small cell lung cancer,
glioblastoma multiforme and metastatic colorectal cancer.

Recently, a phase I clinical study of a second Adnectin (BMS-986089), a myo-
statin inhibitor developed to enhance muscle growth in indications such as muscular
dystrophy or sarcopenia in older people (Cload et al. 2014), was initiated (BMS,
http://www.b-ms.co.uk/research/pipeline). Myostatin is a secreted protein and
member of the TGF-P family that is produced primarily in skeletal muscle cells,
preventing muscle cell growth and differentiation, thus being of great interest as a
therapeutic target in myopathies (Dschietzig 2014).

Other Adnectins in preclinical development include a fusion protein between
fibroblast growth factor 21 (FGF21) and an “Adnectin pharmacokinetic enhancer”
(AdPKE) as a potential therapeutic agent in diabetes. In FGF21-AdPKE the
Adnectin moiety confers binding activity towards human as well as monkey serum
albumin, thus extending the very short circulation half-life of human FGF21 from 4
to 96 h in cynomolgus monkeys (Klohn et al. 2013), potentially offering once
weekly subcutaneous dosing in human patients (Mukherjee 2013). The second
Adnectin in advanced preclinical stage, BMS-938790 (likely in a PEGylated form),
is a potent inhibitor of the inflammatory cytokine IL-23, whose increased levels are
associated with several autoimmune diseases such as RA, multiple sclerosis (MS)
and Crohn’s disease (Das Gupta 2014).

Apart from this '°FN3 scaffold, similar domains derived from the same fibronec-
tin or related extracellular matrix proteins were also employed to generate scaffold
libraries. For example, so-called Pronectins™ were developed on the basis of the
14th type III domain of fibronectin utilizing a bioinformatics approach (Mintz and
Crea 2013). The Pronectin phage display library (Cappuccilli et al. 2014) was
designed after analysis of the natural loop diversity found in thousands of non-
redundant human FN3 sequences and comprises a combination of three sublibrar-
ies, each having mutations in only two of the exposed BC, DE and FG loops
(Protelica, http://www.protelica.com).

Another related concept was recently adopted during development of the
Centyrins (Jacobs et al. 2012). In this case, random libraries were built on an artifi-
cial consensus sequence derived from the tenascin FN3 domains. Not only the
CDR-like loops but also exposed side chains on some of the p-strands were random-
ized to generate novel binding proteins, e.g. against human hepatocyte growth factor
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receptor (HGFR, ¢c-MET), murine IL-17A and rat TNFa (Diem et al. 2014).
Centyrins also offer potential as bispecific reagents (for broader discussion see fur-
ther below), for example c-METXEGFR, engineered as a fusion protein of two
Centyrin modules that are additionally linked to an albumin-binding domain (Klein
et al. 2013).

Affibodies

Affibody molecules are small (7 kDa) artificial binding proteins originally derived
from protein Z (Nilsson et al. 1987), an isolated engineered IgG-binding domain of
the “protein A” found on the bacterial cell surface of Staphylococcus aureus.
Combinatorial phage display libraries were generated by targeting random muta-
genesis at residues exposed on the first two a-helices of the three-helix bundle scaf-
fold in a region that is naturally involved in binding to the Fc part of antibodies
(Nord et al. 1995, 1997). To date, a large number of Affibodies have been described,
not only as research or purification reagents, but also exerting binding activities
towards various medically relevant protein targets, e.g. insulin, fibrinogen, transfer-
rin, TNFa, IL-8, gp120, CD28, IgA, IgE, IgM, EGFR, HER?2 (Lofblom et al. 2010)
and, recently, ErbB3/HER3 (Krongvist et al. 2011). One Affibody, Zigr».342, Specific
for the breast cancer target HER2, constitutes probably the most intensely studied
protein of this class (>200 hits in PubMed; http://www.ncbi.nlm.nih.gov). This
Affibody, which after extensive in vitro maturation shows extraordinary affinity for
its target (Kp=22 pM) (Orlova et al. 2006), will be discussed further below.

Affibodies have been predominantly exploited for use in diagnostic settings, espe-
cially molecular imaging, where they offer beneficial features. The small size of this
scaffold ensures rapid tissue penetration, fast blood clearance and, moreover, allows
production via solid-phase peptide synthesis, permitting the direct site-specific incor-
poration of various chemical functionalities such as fluorescent probes or chelating
groups for radioactive metal ions. The generally high stability, independent of disul-
fide bonds, in concert with the high solubility of most Affibodies further enable these
molecules to resist even harsh chemical labelling conditions while retaining binding
activity. Nevertheless, some Affibodies may adopt molten globule structures in the
absence of their target proteins, probably due to the extensive mutagenesis of sec-
ondary structural elements (Wahlberg et al. 2003). Also, one Affibody was described
that surprisingly adapts to the hairpin conformation of its target, the Alzheimer
amyloid-f peptide, by dimerizing and forming a four-stranded intermolecular
[-sheet, thus giving rise to an extended groove (Hoyer et al. 2008).

Up to now, Affibodies were developed in the clinic mainly as tracers for HER2-
specific molecular imaging. In 2010, the %Ga- or '''In-radiolabeled chelator-
functionalized Affibody ABY-002 (DOTA-Zygr2:342-pep2) demonstrated for the first
time that it is possible to localize via SPECT or PET/CT imaging even very small
HER2-positive cancer lesions in patients with recurrent metastatic breast cancer
and, notably, as early as 2 h after injection of the tracer (Baum et al. 2010). Imaging
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with ABY-002 was also successful in a patient that had already received Herceptin
treatment. Indeed, ABY-002 binds to an epitope distinct from those of Trastuzumab
(Herceptin®) and Pertuzumab (Perjeta®) (Eigenbrot et al. 2010) and, hence, this
tracer may be useful for monitoring changes in HER2 expression during therapeutic
intervention with these antibodies.

Compared to the current standard of tumor imaging, '®F-FDG PET, which indi-
cates increased glucose metabolism, the uptake of ABY-002 in some metastatic
lesions was distinct, either due to differing levels of HER2 expression or to the
limited sensitivity of *F-FDG PET/CT in early-stage cancer (Baum et al. 2010).
However, this study also showed that the Affibody was mainly cleared via the liver,
which obscured imaging of metastases in this organ. To address this issue, the scaf-
fold of ABY-002 was reengineered by substituting surface-exposed side chains out-
side of the target interface to increase hydrophilicity, to achieve higher thermal and
chemical stability, and to reduce unwanted binding to Ig as well as normal tissues,
thus effecting elimination predominantly via the kidney (Feldwisch et al. 2010).
The resulting anti-HER2 Affibody, Zygro.0801, had an optimized surface that, despite
the considerable deviation from the parental scaffold, fully retained tumor targeting
functionality in vitro and in vivo in a mouse xenograft model (Ahlgren et al. 2010).

The clinical safety and efficacy of Zygro.asei for HER2 imaging in metastatic
breast cancer was recently evaluated (Sorensen et al. 2014). In contrast to the paren-
tal molecule ABY-002 (DOTA-Zygro340-pep2), the new lead candidate ABY-025
([IMMA-DOTA-Cys61]-Zygr2.2801-Cys) can also be produced (apart from peptide
synthesis) by recombinant expression in E. coli (Feldwisch et al. 2010) and, via a
C-terminally introduced Cys residue (Zygroog0-Cys), coupled to the chelator
maleimido-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA). The
resulting radiolabeled molecule, !''In-ABY-025, allowed diagnosis of HER2 expres-
sion in seven patients while lacking the disadvantage of ABY-002, as the highest
uptake of the new Affibody was seen in the kidneys (S6rensen et al. 2014). Probably
as a benefit of the reengineered scaffold of ABY-025, and in good agreement with
previous animal experiments (Ahlgren et al. 2010), no anti-ABY-025 antibodies
were observed after single administration (100 pg). In one patient, molecular imag-
ing with ABY-025 in conjunction with '®F-FDG PET enabled detection of a con-
verted receptor status on metastases despite a HER2-positive primary tumor, and, in
another patient, a brain lesion was diagnosed that was not seen via previous '*F-
FDG PET alone (Sérensen et al. 2014).

Anti-HER2 Affibodies were also labeled with radionuclides suitable for RIT.
Generally, the small size and rapid pharmacokinetics (Orlova et al. 2009), which is
compatible with very short-lived positron emitting radionuclides like %Ga, is par-
ticularly advantageous for molecular imaging, especially if compared to imaging
with 8Zr-Trastuzumab, whose optimal time point to assess tumor accumulation is
4-5 days post injection (Dijkers et al. 2010). However, pronounced renal reabsorp-
tion of the Affibody radioconjugates and, thus, high levels of kidney exposure con-
stitute a potential safety problem for therapeutic applications. Two approaches were
evaluated to alleviate this problem for Affibodies: first, reducing renal uptake by



Alternative Protein Scaffolds as Novel Biotherapeutics 237

modifying the pharmacokinetics via fusion to a second Affibody module that effects
reversible binding to albumin (Orlova et al. 2013; Tolmachev et al. 2007, 2009b)
and, second, decreasing renal retention of radioactivity by means of modified label-
ling chemistry (Orlova et al. 2010; Tolmachev et al. 2009a).

Notably, use of serum albumin as a drug carrier is often not only paired with
longer circulation half-lives but also favors tumor targeting as albumin is known to
preferentially localize to malignant versus normal tissue (Kratz 2008; Merlot et al.
2014). In the novel Affibody construct, '"In-ABY-027, the same target-specific
molecule used for ABY-025 was fused to a small, high-affinity albumin-binding
domain, ABDy;5, an engineered bacterial three-helix bundle protein with similar
structure as the Z-domain (Jonsson et al. 2008), and site-specifically radiolabeled.
In a mouse xenograft model '''In-ABY-027 showed a prolonged kinetic profile and
significantly lower renal accumulation of radioactivity together with an increase in
the delivered dose to the tumor compared to previous anti-HER2 Affibody reagents
(Orlova et al. 2013). The impact of the nature and position of the radionuclide
chelator within the protein molecule on the biodistribution of Affibodies was dem-
onstrated using Zygro342 With different radiolabels, including mercaptoacetyl-con-
taining peptide-based chelators for *™Tc-labelling. In this case, the use of more
hydrophilic chelators resulted in a switch from predominantly hepatobiliary excre-
tion to renal excretion, which significantly improved image contrast in the abdomi-
nal area (Tolmachev and Orlova 2009).

While most of the molecular imaging studies were performed with Affibodies
specific for HER?2, this approach was recently complemented by Affibodies target-
ing other important members of the transmembrane receptor tyrosine-kinase family
such as EGFR (Malmberg et al. 2011; Tolmachev et al. 2010) and PDGF-Rf (Strand
et al. 2014; Tolmachev et al. 2014), which are both overexpressed in many
malignancies.

Anticalins

Anticalins are antibody mimetics with designed ligand-binding properties derived
from the natural scaffold of the lipocalins, a family of compact, soluble proteins that
are abundant in human plasma and other body fluids and serve to transport or scav-
enge low molecular weight molecules. Lipocalins are found in many organisms
including vertebrates, insects, plants and even bacteria (Akerstrom et al. 2006).
These functionally diverse small proteins, with a single polypeptide chain of 160—
180 residues, generally form complexes with chemically sensitive biological com-
pounds, in particular, vitamins, steroids, signaling molecules, lipids and other
secondary metabolites. In humans, more than 12 different lipocalins have been
identified thus far (Breustedt et al. 2006; Schiefner and Skerra 2015). Due to their
high abundance in blood and their capacity for binding various physiologically
active compounds, even some natural lipocalins have been considered for
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therapeutic use. In this regard, not only endogenous human lipocalins attracted
attention, but also lipocalins from blood-sucking insects with medically relevant
binding activities as well as low immunogenicity in humans.

For example, human neutrophil gelatinase-associated lipocalin (NGAL, also
known as lipocalin 2, Lcn2, or as siderocalin), which tightly binds the catecholate-
type siderophore Fe''- enterochelin/enterobactin (Goetz et al. 2002) as well as other
siderophores of mycobacteria, was proposed for anti-infective drug development
(Holmes et al. 2005). Apart from its potential use as antibacterial agent, its thera-
peutic application for renal protection from ischemia-reperfusion injury was sug-
gested—based on the notion that NGAL also mediates iron trafficking in kidney
epithelial cells (Mori et al. 2005). Furthermore, two insect lipocalins have attracted
interest for clinical use: the histamine-binding protein (HBP) from the saliva of the
tick Rhipicephalus appendiculatus (Paesen et al. 1999) and the C5 complement
inhibitor (OmCI) from the soft tick Ornithodoros moubata (Barratt-Due et al. 2011;
Fredslund et al. 2008).

In vivo efficacy was demonstrated for recombinant HBP (rEV131) in preclinical
studies, where it was found to inhibit murine allergic asthma (Couillin et al. 2004),
and this lipocalin was further evaluated up to a phase Il clinical trial (NCT00353964).
Preclinical studies of recombinant OmCI, initially termed rEV576, showed effec-
tive inhibition of complement and significantly reduced weakness in vivo in two rat
models of experimentally acquired myasthenia gravis (Soltys et al. 2009). Other
preclinical studies of OmCI demonstrated a protective effect against neural injury in
an in vitro mouse model of the Miller Fisher syndrome (Halstead et al. 2008) as well
as reduction of excessive inflammatory reactions associated with severe forms of
Influenza A virus infections in mice (Garcia et al. 2013). OmCI, meanwhile named
Coversin (Varleigh Immuno Pharmaceuticals, http://www.vipimmunopharma.
com), has been evaluated in a phase I clinical study (Weston-Davies et al. 2013).

The central folding motif of the lipocalins is a structurally highly conserved
[-barrel: eight antiparallel f-strands wind around a central axis and form an almost
cylindrical cup-shaped structure. The bottom of this f-barrel is closed by short
loops, and a hydrophobic core is formed there by densely packed amino acid side
chains. At the open end, a set of four loops forms the entrance to the ligand pocket.
While in general the amino acid sequence homology among the lipocalins is
extremely low (Flower 1996), these four loops additionally exhibit large differences
in their lengths and backbone conformations, in line with the diverse ligand speci-
ficities seen for the different family members (Skerra 2000b; Schiefner and Skerra
2015). Thus, in principle, the ligand-binding sites of lipocalins with their four struc-
turally hypervariable loops resemble those of Igs with their set of six CDRs.
However, a major advantage of the lipocalin scaffold is its simple composition of
just one rather short polypeptide chain. Thus, biotechnological production and puri-
fication of lipocalins and their engineered variants is much easier and more cost-
effective than antibody production, especially in connection with an E. coli
expression system.

The peculiar ligand-binding site of the lipocalins with its (outside the Ig super-
family) unprecedented structural plasticity has prompted the engineering of novel
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antigen-binding proteins with antibody-like properties that were named “Anticalins”
(Beste et al. 1999; Skerra 2001). Employing the methods of combinatorial protein
design to alter the four hypervariable loops at the entrance to the ligand pocket as
well as adjoining f-strand regions in a directed manner, artificial lipocalins with
novel ligand specificities for prescribed targets can be generated (Gebauer and
Skerra 2012). Meanwhile, several different natural lipocalin scaffolds for which
three-dimensional structures became available have been utilized to generate Anticalins
(Richter et al. 2014): e.g. the bilin-binding protein (BBP) from the butterfly Pieris
brassicae, the human apolipoprotein D (ApoD), human lipocalin 1 (Lcnl, also
known as tear lipocalin, Tlc) and human lipocalin 2 (Lcn2, NGAL).

In the case of BBP, a blue pigment protein that naturally protects insects from
oxidative stress (Schmidt and Skerra 1994), the first Anticalins with novel specifici-
ties were selected via phage display from a semi-synthetic random library to bind
the dye fluorescein (Beste et al. 1999), the plant steroid digoxigenin (Schlehuber
et al. 2000) and a phthalic ester plasticiser (Mercader and Skerra 2002). These find-
ings demonstrated the high tolerance of the lipocalin scaffold for introduction of
artificial side chains into the binding site on a wider scale and, with the help of site-
directed mutagenesis studies and crystal structure analyses (Korndérfer et al. 2003a,
b; Vopel et al. 2005), confirmed the fundamental similarity with the combining site
of antibodies.

Building on this knowledge, Anticalins were subsequently designed on the basis
of human lipocalins, in particular Lenl and Len2, with the goal to ensure high toler-
ability to patients upon therapeutic application (Mendler and Skerra 2013). Again,
these Anticalins were generated via combinatorial protein engineering in an in vitro
process that in principle resembles the humoral immune response against an antigen
(Gebauer and Skerra 2012). One notable aspect of this technology is that due to the
large differences between natural members of the lipocalin family each scaffold
involves an individually optimized random library design. This pertains to choosing
the most suitable set of residues to be targeted for mutagenesis, whereby the total
number of randomized positions is generally limited according to theoretical con-
siderations (Richter et al. 2014). In case of the Lcn?2 scaffold it was nicely demon-
strated that the library design can be optimized in a few iterative cycles, also taking
advantage of X-ray structural information (Gebauer et al. 2013). The third genera-
tion Lcn2-based Anticalin library resulting from this endeavor is highly potent in
yielding binding proteins against a wide range of biomolecular targets, showing
high affinities in the nM to pM range directly after phage display selection from the
naive library (Richter et al. 2014) while still offering the potential for further
improvement via in vitro affinity maturation.

Anticalins have been selected against a series of disease-relevant protein anti-
gens. An early example was the extracellular domain of cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4, CD152), which has attracted considerable interest as
target of immune-checkpoint inhibitors (Pardoll 2012). In agreement with its func-
tion as a negative regulatory T-cell co-receptor, the lead Anticalin showed potent
blocking activity and, consequently, an immunostimulatory effect on the T-cell
response in an animal model of infectious disease (Schonfeld et al. 2009).
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Furthermore, this Anticalin has shown potential for the immunotherapy of cancer in
preclinical studies (Pieris, http://www.pieris-ag.com). Another protein-specific
Anticalin recognizes a disease-specific splice variant of the extracellular matrix pro-
tein fibronectin (Fn) exhibiting the extra-domain B (ED-B) (Gebauer et al. 2013).
Since in adults ED-B-positive, so-called oncofetal Fn is almost exclusively
expressed during tumor angiogenesis, apart from wound healing and some other
pathophysiological states that involve neovascularization, it has emerged as a prom-
ising marker for various cancers and constitutes a validated target for in vivo imag-
ing (Kaspar et al. 20006), as already mentioned further above. Cognate Anticalins
show specific staining of ED-B positive cells in immunofluorescence microscopy
and, notably, allow the detection of primary glioblastoma multiforme in human
patients (Albrecht et al. submitted).

Beside Lcen2-based Anticalins, other human lipocalin scaffolds have been suc-
cessfully applied to generate highly specific and functionally active binding proteins
against medically relevant targets. The human Lcnl/Tle scaffold served to develop
an Anticalin that effectively blocks VEGF-A (Chekhonin et al. 2013) and constitutes
a drug candidate for the treatment of solid cancers. This Anticalin, dubbed Angiocal®
(PRS-050; conjugated with 40 kDa branched PEG), has been investigated as inhibi-
tor of tumor angiogenesis in a first-in-human phase I trial, demonstrating safety and
high tolerability as well as a terminal half-life (t,) ranging from 5.5 to 7.0 days
(Mross et al. 2013). Importantly, PRS-050 appeared to lack immunogenicity, based
on the absence of an ADA response in 24 patients with post-baseline samples avail-
able, including six patients who received biweekly dosing and one who had received
altogether 17 doses. Based on the encouraging data from this repeat dose escalating
study, Angiocal shows promise for phase II clinical trials.

Recently, another Anticalin based on the Lcnl/Tle scaffold (PRS-110; conju-
gated with 40 kDa branched PEG) was shown to act as a highly potent and specific
c-Met antagonist with both ligand-dependent and ligand-independent activity in
mouse xenograft models (Olwill et al. 2013). Moreover, a radiolabeled version of
this PEGylated Anticalin, #Zr-PRS-110, allowed visualization of c-Met tumor
expression via in vivo imaging in mice (Terwisscha van Scheltinga et al. 2014).

Like the natural lipocalins and as mentioned above for the BBP platform,
Anticalins derived from a human scaffold, in particular Lcn2, can also tightly bind
low molecular weight substances, i.e. hapten-like targets. This has been shown for
an Anticalin developed with pM affinity against a metal-chelate complex compris-
ing a lanthanide ion, e.g. Y™, and a derivative of diethylenetriamine pentaacetic acid
(DTPA) (Eggenstein et al. 2013; Kim et al. 2009), which offers a promising reagent
for in vivo pretargeting radioimmuno therapy and diagnostics. Hapten-specific
Anticalins based on the BBP scaffold have been investigated for therapeutic appli-
cations as well. The fluorescein-specific Anticalin FluA was used, after genetic
fusion to an scFv fragment recognizing the Fn extra-domain A as angiogenesis
marker, for pretargeted payload delivery in a mouse tumor xenograft model (Steiner
et al. 2013). Also, an affinity-improved digoxigenin-binding Anticalin (DigiCal)
showed promising results in a rat study as antidote to treat digitalis intoxication
(Eyer et al. 2012).
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High affinity Anticalins with blocking activity were also selected against pep-
tides, for example the AP peptide (Rauth et al. in preparation), which plays a crucial
role in the pathophysiology of Alzheimer’s disease, and hepcidin (Hohlbaum et al.
2011), a negative regulator of iron homeostasis relevant in anemia (Ruchala and
Nemeth 2014). The development of Anticalins against the hepcidin peptide has
been funded by the European Commission via the EUROCALIN Consortium
(EUROCALIN, http://www.eurocalin-fp7.eu) to promote clinical investigation.
PRS-080, an anti-hepcidin Anticalin designed to treat anemia, has entered a phase I
clinical trial in 2014 (Pieris). Generally, the lipocalin scaffold appears to offer the
most versatile platform to engineer binding proteins against a wide range of target
molecules with different sizes, shapes and biomolecular properties (Fig. 1), includ-
ing the potential to create multispecific or multifunctional fusion proteins (e.g. so-
called Duocalins). Furthermore, it is the only type of scaffold for which natural
representatives have been subjected to biopharmaceutical development.

DARPins

The so-called designed ankyrin repeat protein (DARPin) scaffold emerged from a
consensus design approach (Binz et al. 2004; Forrer et al. 2004) based on the highly
abundant natural ankyrin repeat proteins, ARPs (Grove et al. 2008; Mosavi et al.
2002). ARPs are found, for example, as cytoskeletal proteins, transcriptional initia-
tors, cell cycle regulators and signal transducers mostly in the cellular cytoplasm,
where they mediate protein-protein interactions. This protein class exhibits a rigid
and also modular fold comprising characteristic repeat units of 33 amino acids, each
with two anti-parallel o-helices that are mutually connected by a short loop and are
linked to the next unit by an extended p-turn. Natural ARPs usually contain four to
six of these repeats (while this number can rise up to >24, e.g. for ankyrin itself),
which are stacked on each other to form a compact, overall rod-shaped domain, also
called linear solenoid (Fig. 1). To generate DARPins, random amino acid substitu-
tions are introduced into the P-turn and the first a-helix of each module, usually
employing three repeat units (depending on the DARPin library), together with N-
and C-terminal capping units. Typically, six potential target interaction positions per
internal repeat are mutated in the artificial ARP consensus sequence.

From such combinatorial libraries DARPins with high affinities have been
selected, normally via ribosome display, against a variety of proteins, including
several medically relevant targets: for example, HIV gp120 (Mann et al. 2013;
Schweizer et al. 2008), EpCAM (Stefan et al. 2011), Alzheimer amyloid-p peptide
(AP) (Hanenberg et al. 2014) and, as will be described in greater detail below,
VEGF-A (Stahl et al. 2013). Since the advantageous biophysical properties of the
parental ankyrin scaffold such as high-level expression, solubility, and stability are
often retained in these DARPins, they are also well suited for the generation of
multispecific constructs (Molecular Partners, http://www.molecularpartners.com).
Indeed, the therapeutic potential of DARPins in the area of cancer therapy is supported
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by the development of bispecific and/or biparatopic DARPins (Jost et al. 2013) as
well as toxin fusions (Simon et al. 2014).

Furthermore, methods were established to extend the intrinsically very short
plasma half-life of DARPins (Zahnd et al. 2010), which appears to be only few min-
utes in cynomolgus monkeys (KlIshn et al. 2013). To this end, DARPins were site-
specifically functionalized using unique Cys residues or, alternatively, through
incorporation of non-natural amino acids via metabolic pressure in order to allow
selective conjugation with PEG, serum albumin and, optionally, with cytotoxins
(Moody et al. 2014; Simon et al. 2013, 2014). An interesting concept of DARPins
directed against tumor-specific cellular surface receptors such as HER2, EGFR and
EpCAM aims at gene therapy: different DARPin-targeted viruses were shown to
efficiently discriminate between tissues, potentially offering cell type-specific in vivo
gene delivery (Friedrich et al. 2013; Munch et al. 2013). Notably, viral envelope
proteins fused with DARPins showed superior incorporation to corresponding fusion
proteins with scFvs, which are typically used for this kind of approach (Munch et al.
2011), probably owing to the more robust nature of this non-Ig scaffold.

The lead clinical candidate DARPin, Abicipar pegol (initially developed as
MPO112, after reformulation named AGN-150998), is a potent antagonist of
VEGF-A and inhibits all relevant subtypes with ICs,<10 pM (Binz et al. 2014;
Kléhn et al. 2013; Stahl et al. 2013). Abicipar pegol is currently tested in two human
eye diseases related to neovascularization: age-related macular degeneration
(AMD), a painless eye condition that leads to the gradual loss of central vision, and
diabetic macular edema (DME) (Campochiaro et al. 2013). In two phase I/II clinical
trials, MPO112 was shown to be well tolerated and to efficiently neutralize VEGF-A
after a single intravitreal injection. However, application of the DARPin was also
associated with adverse events such as ocular inflammation in most of the patients,
probably caused by impurities from the bacterially produced drug. MP0112 was
subsequently reformulated into AGN-150998 (EudraCT 2011). Although the spon-
sor has not yet publicized which modifications were made, it appears that the for-
mulation of AGN-150998 comprises a DARPin covalently linked to a single
molecule of methoxy maleimide polyethylene glycol 20 (mPEG20), possibly even
containing a modified Fc part of human Ig (CROSS 2011; INN 2012).

Safety and efficacy of AGN-150998 were recently tested in a phase II clinical trial
(REACH study), where the reformulated drug proved to be at least as effective as
monthly dosed Ranibizumab (Lucentis), the standard of care for wet AMD, while
showing longer duration of action (NCT01397409; Reuters 2014). However, in con-
trast to Ranibizumab, a humanized high affinity anti-VEGF Fab produced in E. coli
(Rosenfeld et al. 2006) mentioned already further above, patients treated with AGN-
150998 still experienced ocular inflammation, although to a lesser extent than in
phase I (Campochiaro et al. 2013). Improvements to the manufacturing process for
AGN-150998 are expected before commencing phase III studies (Bloomberg 2013).

Apart from this monospecific protein drug, the dual-antagonistic DARPin
MP0260, which is directed both against VEGF-A and platelet-derived growth fac-
tor B (PDGF-B), is under development for the treatment of wet AMD and related
conditions (Molecular Partners). Considering that another anti-VEGF/anti-PDGF
combination therapy of wet AMD, i.e. Fovista® with Ranibizumab, had already
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shown superior efficacy in a phase II trial compared to Lucentis monotherapy
(Boyer 2013), a bispecific “all-in-one” drug such as MP0260 might prove benefi-
cial. However, in light of the potential complications and burden for the patient
associated with repeated intravitreal drug injections for the treatment of chronic
ocular diseases, an alternative route of administration would be highly desirable.
Yet, only preclinical data were published so far with regard to the potential appli-
cation of DARPins as eye-drops (Stahl et al. 2013).

Bispecific Constructs

Engineered protein scaffolds are no longer regarded as alternatives to conventional
MADs just for the sake of intellectual property or other commercial aspects; rather,
there is increasing recognition that they, together with robust Ig fragments, may
enable unique therapeutic modes of action more easily owing to their small size and
facile manipulation, possibly extending to bioprocess development. One area of
great interest (Garber 2014) is the preparation of bispecific binding proteins, in
particular by way of the modular fusion approaches mentioned above. In fact,
despite the long history of bispecific MAbs (Milstein 2000) —starting with hybrid
hybridoma (quadroma) technology —this classical format still poses a challenge
with regard to biomanufacturing, even though several strategies were recently
developed to drive heterodimerization of the two halves of the Y-shaped Ig mole-
cule more efficiently (Strohl and Strohl 2012).

One successful strategy that makes use of scFv fragments is the bispecific T-cell
engager format, BiTE® (Biuerle and Reinhardt 2009), directing the patient’s T-cell
immune response to cancer cells by creating a physical link. This concept arose
from the notion that bispecific MAbs which redirect non-cognate T-lymphocytes to
tumor cells were found to be generally more efficient in triggering cell killing or
elimination than conventional MAbs of the same target specificity (Riethmiiller
2012; Weiner and Hillstrom 1991). To provide a simpler molecular format, BiTEs
are composed of two flexibly linked scFvs, fused in tandem, one binding to CD3 as
part of the T-cell receptor (TCR) complex and the other one to a predefined surface
antigen on the tumor cell, for example CD19 on B-cell lymphomas. The small size
of BiTEs allows bringing target and effector cells in close proximity, thereby
enabling the formation of a cytolytic synapse and triggering tumor cell killing—a
process that is normally seen only between T-cells and antigen presenting cells
(Dreier et al. 2003; Hoffmann et al. 2005; Offner et al. 2006).

In the BiTE approach, systemic cytokine release and toxicities are low or negligi-
ble, probably as a result of the monovalent format, which does not activate the CD3
receptor on non-engaged T-cells in the absence of target cells (Brischwein et al. 2007).
So far, BiTEs have been generated against several tumor-associated target molecules
such as CD19, CD33, EpCAM, HER2, CEA, ephrin A2 (EphA2), and melanoma-
associated chondroitin sulfate proteoglycan (MCSP) (Biuerle et al. 2009).

Blinatumomab (AMG103, formerly MT103 or MEDI-538) (Loffler et al. 2000)
was the first genetically engineered bispecific antibody that entered clinical trials
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and constitutes the most advanced BiTE (Garber 2014). Besides CD3, it targets the
B-cell surface marker CD19 which is ubiquitously expressed throughout all stages
of B-cell differentiation and, in particular, present on virtually all tested malignant
B-lineage cells in acute lymphoblastic leukemia (ALL) (Raponi et al. 2011). This
biological drug candidate has been tested in combination with chemotherapy in a
phase III trial in ALL patients who were not cured by chemotherapy alone and were
given a poor prognosis (NCT02013167). A preceding large phase II study had con-
firmed antileukemic activity of Blinatumomab alone in a difficult-to-treat popula-
tion with relapsed/refractory ALL (Topp et al. 2014). Considering these encouraging
results, the FDA designated Blinatumomab in July 2014 as breakthrough therapy
for ALL and, furthermore, this compound received orphan drug designation for the
treatment of non-Hodgkin’s lymphoma (NHL) (Viardot et al. 2013). Blinatumomab
was approved by the FDA in the end of 2014 as Blincyto™ for treating a rare form
of B-cell ALL (Sheridan 2015).

Another BiTE (AMG330) targets CD33, a cell surface marker of acute myeloid
leukemia (AML), i.e. the most frequent form of acute leukemia in adults. Ex vivo
studies of AMG330 with primary AML cells revealed potent cytotoxicity, showing
efficient T-cell activation and expansion even in samples with low CD33 expression.
Moreover, AMG330 did not modulate surface expression of CD33, suggesting that
long-term exposure to the BiTE, as in the clinical application of Blinatumomab,
should not diminish expression of the receptor (Krupka et al. 2014; Laszlo et al.
2014). Given the fact that all previous attempts to introduce novel targeted therapies
for AML have failed to date—ultimately including the anti-CD33 antibody-drug
conjugate (ADC) Mylotarg®, which had been approved in 2000 but was subse-
quently withdrawn from the market due to safety issues and limited benefit (Strohl
and Strohl 2012)—it will be interesting to see if this BiTE may offer a more potent
treatment.

The success of this bispecific format triggered the design of other scFv-based
constructs with similar size and valence. A competing technology is the dual-affinity
re-targeting (DART®) molecule (Johnson et al. 2010), a heterodimer composed of
two polypeptide chains, each comprising a VH domain from one Fv fused to a VL
domain from another one, thus resembling the classical Diabody format (Holliger
et al. 1993). However, DARTSs are covalently linked by a C-terminal interchain
disulfide bond, which makes them independent of the stability of the natural VL/VH
association and avoids domain exchange, which is known to affect conventional
Diabodies (Johnson et al. 2010).

In head-to-head in vitro experiments comparing the DART and BiTE formats
with the same Fv sequences, the CD19xCD3 DART was 4-60 fold more potent in
redirecting cell killing (Moore et al. 2011). This was surprising insofar as the DART
protein displayed only a twofold higher affinity for each target molecule.
Consequently, this platform has been developed for different targets (MacroGenics,
http://www.macrogenics.com). The first DART that entered phase I clinical study is
MGDO006 which binds the tumor target CD123 and redirects, via its CD3 specificity,
T-cells against corresponding leukemic cells, resulting in the clearance of AML
blasts in vitro and in vivo (Al Hussaini et al. 2013). Furthermore, the DART
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MGDO007, directed against gpA33, is under development for the treatment of
colorectal cancer and other gastrointestinal tumors (MacroGenics).

The relatively short biological half-life of BiTEs and DARTSs, which is only a
few hours in humans (Hoffman and Gore 2014), requires an appropriate dosing
schedule and/or formulation to ensure lasting activation of T-cells against target
cells. Blinatumomab, for instance, is administered as continuous intravenous infu-
sion over four weeks to achieve sufficient steady-state plasma levels of the drug.

In comparison, a more favorable pharmacokinetic profile has been described for
TandAb®s (Kipriyanov 2009; Kipriyanov et al. 1999; Klohn et al. 2013). In this
format, two pairs of scFvs with different specificities are genetically fused in tan-
dem to self-assemble in a head-to-tail fashion, thus forming a tandem Diabody
structure (Kontermann 2012). By individually engineering the lengths and composi-
tions of the linker sequences that join the four Fv moieties, the individual V regions
can be forced to specifically pair with their counterparts in the second polypeptide
chain, thus stabilizing the bispecific protein (Le Gall et al. 2004). With their higher
molecular weight (110 kDa) the molecular size of TandAbs is slightly above the
renal threshold for first-pass kidney clearance and their half-life in non-human pri-
mates is between 3 and 23 h, depending on the dosage (K16hn et al. 2013). Exhibiting
binding activity for both the T-cell effector CD3 and the disease target CD19, the
TandAb AFM11 was demonstrated to induce killing of tumor cells in preclinical
studies, without any cytotoxicity toward target-negative cells (Zhukovsky et al.
2012b, 2014). Also, compared to similar BiTE and DART reagents, the tetravalent
AFM11 showed increased avidity for both CD19 and CD3 as well as higher potency
in preclinical experiments (McAleese and Eser 2012; Zhukovsky et al. 2014).

As in classical MAbs, bivalent binding activity is expected to lead to higher avid-
ity and also efficacy, but this must be evaluated for each target with great care.
Interestingly, application of elevated concentrations of AFM11 to T-cells in the
absence of target-positive cells caused down-modulation of the CD3/TCR-complex
following an initial T-cell boost (Zhukovsky et al. 2012a, b), a phenomenon that has
not been reported for monovalent BiTEs and DARTS. A phase I clinical study with
AFM11 in patients with CD19-positive B-cell malignancies was started in 2014
(NCTO02106091). The most clinically advanced TandAb AFM13 (CD30xCD16A),
which recruits host natural killer cells and macrophages via CD16A (FcyRIlIla) to
kill CD30-positive cells in both B- and T-cell malignancies (Rajkovic et al. 2012),
has been scheduled for a phase II study after it was demonstrated to be well toler-
ated and had shown anti-tumor activity in advanced Hodgkin lymphoma patients
(Affimed, http://www.affimed.com). Like BiTEs and DARTSs, TandAbs are also
under development for the treatment of solid tumors (e.g. AFM21; EGFRVIIIxCD3).

In the context of bispecific biobetters, beyond the Ig fragments and alternative
scaffolds discussed so far, there are also some miscellaneous approaches that
deserve mention, especially as these have already reached the clinic or are close to
it. For example, Fcab™s are engineered (homo-dimeric) Fc fragments that carry
mutated loop sequences at the C-terminal tip of the Cy3 domain, thus conferring
target specificity while retaining FcRn binding as well as immunological effector
functions (Wozniak-Knopp et al. 2010). A HER2-specific drug candidate, FS102
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(Batey et al. 2013), is expected to reach a phase I investigation in the near future
(F-star, http://www.f-star.com). Notably, this technology forms a link between anti-
body fragments and alternative scaffolds insofar as the binding site in the Fc frag-
ment is generated via combinatorial design in a manner typical for non-Ig proteins.
In an extension of the Fcab technology the mAb*™ format comprises a full-length
MAD in which the natural Fc region has been replaced by an Fcab (Woisetschldger
et al. 2013). Such bispecific MAbs can bind (bivalently) two different antigens at
the same time, with corresponding drug candidates in the discovery to preclinical
stage in immuno-oncology.

Furthermore, Fynomers® are non-Ig scaffolds based on the SH3 domain of the
human intracellular Fyn tyrosine kinase, which carries two flexible loops suitable
for randomization (Grabulovski et al. 2007). The FynomAb® technology platform
involves fusion of several Fynomers with an Ig Fc region, thus creating a hybrid
homodimeric construct. The lead product COVA322, a bispecific anti-TNFa/anti-
IL17A FynomAb (Covagen, http://covagen.com), is in a phase Ib/Ila study for pso-
riasis (NCT02243787).

Conclusions and Outlook

Both recombinant antibody fragments and engineered binding proteins based on
non-Ig scaffolds have emerged as biobetters which complement and, in the future,
may even supersede MAbs for various applications in medical therapy (Table 1).
With regard to Ig-derived binding proteins, either as recombinant fragments of
existing MAbs or directly selected from cloned V-gene libraries, the Fab format is
currently most successful, with several established biopharmaceuticals and a grow-
ing number of drug candidates in the clinical pipeline (Nelson and Reichert 2009).
While their stably monovalent behavior provides a clear mechanistic benefit in a
range of therapeutic settings, the predominant disadvantage of Fabs is their short
circulation in the blood, which they share with all other platforms discussed in this
Chapter. With Cimzia there is already a clinically approved version that shows an
in vivo half-life comparable to MAbs, achieved with the help of PEGylation. Further
conjugates of this kind are under development, both for Fabs and for most of the
alternative scaffolds. However, PEGylation, with its potential burden of a non-bio-
degradable synthetic polymer, will likely be replaced by more advanced technolo-
gies, for example by albumin-binding peptides (Dennis et al. 2002) or by PASylation
(Schlapschy et al. 2013), as will be discussed in the next Chapter.

Despite its long history and broad use in basic science, the scFv format is less
likely to become a successful therapeutic drug class by itself, especially with regard
to systemic application. The reason lies in the generally poor biochemical behavior
and inferior stability at the level of protein folding and solubility (Demarest and
Glaser 2008). The scFv format appears more promising as part of fusion proteins
such as bispecific antibody reagents, e.g. the BITEs, or if linked to cytotoxic
enzymes as recombinant immunotoxins. Nevertheless, even in these settings the
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labile VH/VL pairing and the presence of two crucial disulfide bonds often cause
problems during biosynthesis and bioprocess development. In this context the
advantages of truly single-domain binding proteins, including sdIgs and alternative
scaffolds, are brought to light, which likely will replace scFv fragments as target-
specific fusion partners in the long run.

Currently, Nanobodies are the most broadly developed class of sdIgs with regard
to molecules in the clinic and disease-relevant target specificities. In contrast to
dAbs, Nanobodies are generated from immunized animals and, although it is
claimed that their immunogenic potential in patients is low, still a certain risk pre-
vails due to the set of conserved mutations that are necessary to maintain solubility
and folding stability of the camelid VHH format but that are distinct from the human
germline V-gene sequences. Also, it is interesting to note that, at least for therapeu-
tic applications, Nanobodies are not employed as single domain proteins per se but
are usually fused with other Nanobody modules. Apart from achieving higher avid-
ity for the biomedical target in case of the biparatopic constructs, the resulting larger
size generally slows down kidney filtration, even if not incorporating an albumin-
specific Nanobody module to further extend plasma half-life.

In some sense, sdlgs of this kind bridge conventional antibody technology,
including their antigen-binding fragments, to the alternative scaffolds with their
fully synthetic binding sites. The non-Ig scaffold that is structurally most closely
related to dAbs or Nanobodies is the Adnectin, whose fold still remotely belongs to
the Ig superfamily but shows important deviations, in particular the missing central
disulfide bond. Nevertheless, Adnectins exhibit three CDR-like loops in homolo-
gous regions at one end of the wedge-like f-sandwich, which can be randomized in
order to create Adnectin libraries suitable for in vitro selection against prescribed
targets. Consequently, Adnectins are likely to show a similar preference for pocket-
like epitopes as has been discussed for Nanobodies (Gebauer and Skerra 2009).
While the number of publicized development programs has remained low, there is
still considerable academic research on this protein scaffold in progress (Gilbreth
and Koide 2012; Hackel and Wittrup 2010). Of note, the Adnectin scaffold consti-
tutes an isolated domain from the abundant extracellular matrix protein fibronectin
and, thus, it does not occur as such in the body. Consequently, there has been con-
cern about the exposure of immunological neoepitopes in Adnectins. However, in
clinical trials conducted so far, ADA responses, though detected, were mostly
directed against the engineered loops (Tolcher et al. 2011).

Like the FN3 format, the scaffold for Affibodies is an isolated domain excised
from the larger extracellular region of a cell surface protein, in this case the Z
domain of protein A from Staphylococcus aureus. As this small three-helix bundle
does not offer a set of spatially contiguous loops, exposed side chains in two neigh-
boring a-helices were chosen for random mutagenesis. This leads to a rather flat
interface for complex formation, fixed by the underlying secondary structure. A
problem inherited by this scaffold is its bacterial origin, which poses a risk with
regard to ADA formation. Even though a deimmunized version has been developed
recently (Feldwisch et al. 2010), it is probably wise to apply this class of alternative
binding proteins preferentially either to in vivo imaging, where only minute protein
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amounts are administered and multiple doses are not required, or to highly immune-
suppressed patients.

DARPins are based on an engineered consensus sequence from the ankyrin
repeat proteins and, albeit the fold differs, this scaffold is characterized by a confor-
mationally rigid secondary structure not unlike Affibodies. This may be considered
an advantage and explains the stability and beneficial biochemical behavior of many
DARPins. Generally, it appears that this scaffold with its rather flat binding site is
optimally suited to recognize protein targets (Binz et al. 2004; Boersma and
Pliickthun 2011); in fact, similar to Nanobodies, DARPins have found use as
reagents for co-crystallisation of sensitive proteins to promote their X-ray structural
analysis (Bukowska and Griitter 2013). To make DARPins also amenable to small
molecule or peptide targets, so-called loop-DARPins were recently designed
(Schilling et al. 2014). However, it remains to be seen if this concept is useful for
wider application, especially with regard to biopharmaceutical development.
Notably, so far, DARPins have only been studied in phase II clinical trials for local
application in the eye, which is a relatively immune-privileged organ.

Anticalins distinguish themselves from the other non-Ig scaffolds discussed here
as they are derived from natural soluble plasma proteins abundant in the human body.
This is not the only feature they share with Igs. In addition, their natural binding site,
which is made of four structurally hypervariable loops mounted on a sandwich-like,
almost circular arrangement of f-strands, shows fundamental similarity to the CDRs
of MAbs. However, there are also two key differences: first, natural lipocalins prefer
small molecules as ligands and, second, they are not subject to genetic mechanisms of
somatic recombination and hypermutation like antibodies. Nevertheless, the method-
ology of combinatorial protein design has closed this gap, and Anticalins have con-
vincingly demonstrated the ability to address the full spectrum of conceivable
medically relevant targets, i.e. proteins (both soluble and as part of cell surface recep-
tors), peptides and, naturally, haptens, similar to their endogenous counterparts.

The preparation of Fc fusion proteins, which is discussed more broadly in the
next Chapter of this book, has become popular for most of the non-Ig scaffolds and
even for scFv fragments, in this case yielding so-called small modular immuno-
pharmaceuticals (SMIPs) (Hayden-Ledbetter et al. 2009). This concept has been
carried further by creating fusions between engineered binding proteins specific for
one target and a full length MAb that carries its own specificity for another target,
as exemplified by the mAb? platform (Woisetschliger et al. 2013). These approaches
form another link between the more conservative antibody engineering field and the
presumably more innovative area of alternative scaffolds, indicating that at least
from the industry perspective, both territories are on their way to optimize novel
biopharmaceuticals by incorporating the best properties of each platform. However,
with increasing complexity of the resulting constructs (Kontermann 2012), which
also creates challenges for bioprocess development and quality control, the ratio-
nale behind the molecular design is not always clear, especially if compared to the
classical bispecific antibody format (Milstein 2000).

In fact, it has to be questioned whether the diverse constructs that are currently
in discussion really provide for biobetters in a functional sense. From the protein
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design perspective, it may be worthwhile examining more critically the features as
well as benefits and drawbacks of the individual concepts to generate binding pro-
teins before combining them in a hasty manner. A fast and successful biological
drug development program is most likely based on a simple molecular design. This
is probably easiest to realize for the construction of antagonists which just block a
cell surface receptor or a signaling molecule, and there are already numerous exam-
ples of that in the alternative scaffold field. Another area with future potential for
biobetters could be their combination with toxic drugs, as an alternative to the cur-
rently flourishing ADCs. Here, the non-Ig scaffolds may provide decisive advan-
tages, including (1) the capability for site-directed conjugation with the drug in
defined stoichiometry while retaining high target-binding activity, (2) possibly bet-
ter endosomal escape into the cytoplasm of the target cell, enhancing cytotoxic
effects, and (3) lower liver toxicity due to distinct routes of clearance.
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Current Strategies for Pharmacokinetic
Optimization

Uli Binder and Arne Skerra

Introduction: The Generation of Biobetters via Half-Life
Extension

One of the most straightforward strategies to design biobetters from existing biolog-
ics is to prolong their in vivo life-time. Looking at the published pharmacokinetic
(PK) data of the first generation of biotechnological drugs, which includes block-
buster biopharmaceuticals such as erythropoietin (EPO), granulocyte colony stimu-
lating factor (G-CSF), growth hormone (GH) and various interferons (IFNs), their
plasma half-lives in human patients are disappointingly short, typically just a few
hours (Tang et al. 2004). The quick elimination from circulation provokes excessive
dosing at short intervals to reach a therapeutic effect. However, the alternating peak/
trough-like shape of the resulting drug concentration profile in the body makes it
difficult for the physician to optimally adjust the therapeutic window, whereas
administration of overt high bolus amounts favors side effects and may lead to
adverse reactions at the injection site.

The only class of conventional biopharmaceuticals that does not suffer from this
trait comprises human(ized) monoclonal antibodies (M Abs)—also known as immu-
noglobulins (Igs)—which possess a long natural half-life of typically 1-2 weeks
(Lobo et al. 2004), certainly one of the reasons for their current clinical and com-
mercial success (Elvin et al. 2013). While glycosylated IgGs with their large size of
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Fig. 1 Strategies for plasma half-life extension. Available technologies prolong circulation of bio-
logics either by increasing the hydrodynamic molecular volume beyond the kidney pore size and,
thus, retarding kidney filtration via a biophysical effect (leff) or by utilising FcRn-mediated endo-
somal recycling via biomolecular complex formation mediated by an Ig Fc fragment or HSA (right).
Both strategies are explained in greater detail in the text. The molecular model to the right shows the
crystal structure (PDB entry 4NOF) of the complex between HSA (light blue) and FcRn (cyan/green).
In HSA the N- and C-termini, which are available for genetic fusion, are depicted as blue and red
spheres, respectively, whereas the free thiol side chain of Cys 34, which can be used for chemical
coupling, is highlighted as yellow sphere. The molecular model to the left shows the crystal structure
of IL1-Ra (PDB entry 1IRA; blue) with a PAS chain of 200 residues (red) fused to its C-terminus and
depicted in a simulated exemplary random coil conformation to illustrate its fluctuating structure
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approximately 150 kDa are mostly eliminated in receptor-dependent processes,
including antigen- and FcyR-mediated catabolism (Tabrizi et al. 2006) as well as
carbohydrate receptor-mediated clearance in the liver (Wright et al. 2000), conven-
tional biologics with typical sizes between 10 and 30 kDa are predominantly subject
to plasma filtration in the kidneys. There, the narrow pores of the renal slit dia-
phragm, 35-40 A wide, and the mesh-like glomerular basement membrane allow
rapid permeation into the primary urine in a size-dependent manner, followed by
reabsorption and degradation in the proximal tubular cells (Haraldsson et al. 2008).
Apart from these differences in molecular physiology, MAbs can take advantage of
a peculiar mechanism called endosomal recycling, mediated by the neonatal Fc
receptor (FcRn) (Kuo and Aveson 2011; Roopenian and Akilesh 2007), which fur-
ther prolongs their circulation.

Accordingly, already in the 1990s first attempts were made to modify non-Ig
biopharmaceuticals in order to boost their in vivo half-life. To this end, two different
mechanisms were exploited: (1) increasing the apparent molecular size to slow
down renal filtration and (2) conferring binding activity towards FcRn to effect
endosomal recycling (Fig. 1). Meanwhile, several advanced technologies have
emerged to accomplish these goals, which will be described in the following sec-
tions: Ig Fc fusion, albumin conjugation, conjugation with synthetic polymers,
genetic fusion with disordered polypeptides and, finally, enhanced glycosylation
(for an overview, see Table 1).

Fc Fusion Strategies

Beside their large molecular size, the main reason for the atypically long plasma
half-life of IgGs in humans is endosomal recycling via interaction with FcRn. FcRn
is present on several cells types, in particular vascular endothelial cells (Borvak
et al. 1998), hematopoietic cells (Zhu et al. 2001), podocytes (Akilesh et al. 2008)
and liver cells (Telleman and Junghans 2000). Binding of an antibody via its Fc por-
tion to FcRn occurs under low pH conditions but not at the quasi-neutral pH 7.4 in
the blood. Thus, taken up into endosomes by fluid phase pinocytosis, MAbs are able
to transiently associate with FcRn under the acidic condition in early endosomes.
Whereas most common plasma proteins are subsequently degraded in the lysosome,
FcRn-bound IgG is recycled via exocytosis to the cell surface and there gets released
back into circulation (Rath et al. 2013).

Capon et al. (1989) first demonstrated that this mechanism can be transferred to
non-Ig molecules by fusing the Fc fragment of IgG1 with a biologically active pro-
tein. The first Fc hybrid was a so-called CD4 immunoadhesin, which blocked
in vitro cell killing of CD4-positive T-cells by a HIV-1 T-lymphotrophic isolate with
the same potency as soluble recombinant CD4, but showed much increased plasma
half-life in rabbits, from 0.25 to 48.0 h. Since then, nine approved Fc fusion proteins
have appeared on the market, among those the highly successful drug Enbrel®
(Etanercept) (Kerensky et al. 2012), originally designed by Bruce A. Beutler and
coworkers (Peppel et al. 1991).
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Beyond the half-life extending effect, Fc fusion also facilitates purification of
hybrid proteins via protein A affinity chromatography, a widely applied method for
full size antibodies (Shukla et al. 2007). The majority of the approved Fc fusion
proteins so far are homodimeric receptor antagonists derived from the extracellular
domains of membrane proteins such as the TNF receptor 1 (Enbrel®, Etanercept)
(Goldenberg 1999), cytotoxic T lymphocyte-associated antigen 4 (Orencia®,
Abatacept and Nulojix®, Belatacept, respectively) (Grinyo et al. 2013; Keating
2013) or the lymphocyte associated antigen 3 (Amevive®, Alefacept) (Ortonne and
Prinz 2004). In contrast, Arcalyst® (Rilonacept) (Stahl et al. 2009) and Eylea®
(Aflibercept) (Jin et al. 2010) comprise combinations of different receptor domains
fused in line to each Fc chain: the IL-1 accessory protein followed by the ligand-
binding domain of IL1 receptor in case of Rilonacept, the second domain of VEGF
receptor 1 and the third domain of VEGF receptor 2 in case of Aflibercept.

Recently, Aprolix®, a long-acting coagulation factor IX (fFIX-Fc) (Shapiro et al.
2012), and Eloctate™, an engineered FVIII with deleted B-domain (rFVIII-Fc)
(Peters et al. 2013), were approved, thus extending the original concept of receptor-
Fc fusions to enzymes as cargoes and, furthermore, demonstrating that biobetters of
conventional first generation biotech products can be created in this way. Notably, the
molecular design of these latter products deviates insofar as only one chain of the
dimeric Fc domain is fused to one blood clotting factor. Initially developed for pul-
monary delivery, such monomeric Fc fusions show improved properties compared to
their homodimeric counterparts like enhanced transepithelial delivery and, appar-
ently, even greater extension of the circulating half-life. In addition, this format leads
to higher bioactivity in vitro and in vivo as demonstrated e.g. for IFNB-Fc, IFNa-Fc
and EPO-Fc (Dumont et al. 2006). In phase I/I1a clinical studies, rFIX-Fc and rFVIII-
Fc reached 3.0- to 4.0-fold and 1.5- to 1.7-fold longer elimination half-lives, respec-
tively, than the natural blood clotting factors, thus offering a once-weekly and an
every 5 day dosing regimen, respectively (Mancuso and Mannucci 2014).

Some innovative antibody constructs may be considered as other examples for
monomeric Fc fusion proteins, e.g. MetMAb (Genentech) and the Unibody™ for-
mat (Genmab). MetMADb blocks the hepatocyte growth factor receptor—also known
as c-Met—a receptor tyrosine kinase, which promotes tumor survival, growth,
angiogenesis and metastasis (Teng and Lu 2013). This novel engineered one-armed
antibody comprises one Fab fragment linked to an Fc part, a molecular design that
prevents unwanted tumor cell activation due to receptor crosslinking and also allows
production in E. coli (Martens et al. 2006). Unibodies™ consist of only one pair of
heavy and light chains based on IgG4 (instead of the conventional IgG hetero-tetra-
mer), which avoids activation of the immune system. The deletion of the IgG4 hinge
region abolishes heavy chain homodimerization, thus resulting in antigen-specific
monovalent light/heavy chain heterodimers while retaining an Fc region to provide
stability in vivo. Again, the monovalency precludes cross-linking of cell surface
antigens, thus avoiding unwanted receptor activation (Nelson 2010).

Recently, some new Fc fusion platforms were developed with the goal of improv-
ing safety and activity profiles. For instance, the hybrid Fc (hyFc) technology
(Genexine) involves the fusion of a therapeutic protein, such as erythropoietin
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(EPO), to the Fc part of human IgG4 linked via the flexible hinge region of human
IgD (Yang et al. 2012). This highly flexible natural spacer minimizes the loss of
bioactivity upon fusion. As the IgG4 Fc region does not bind to phagocytes or to the
complement factor C1q, typical immunological effector functions such as antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC) are avoided, which results in better safety. Nevertheless, interaction with
FcRn guarantees a long plasma half-life as shown for GX-E2, a (homodimeric)
EPO-hyFc fusion currently tested in clinical phase II. The terminal plasma half-life
of EPO-hyFc after i.v. injection in Sprague—Dawley rats was slightly longer than
that of conventional EPO-IgG1-Fc (29.1 vs. 24.7 h). Furthermore, the bioactivity of
GX-E2 measured in a cell culture assay showed an EDs, of 27.6 pM, which was
approximately fourfold better than EPO-IgG1-Fc (EDsy=111.5 pM) (Im et al.
2011). Other hyFc biobetters with prolonged half-life and improved efficacy, e.g.,
GX-H9 (hGH-hyFc) (Kim et al. 2013b) or GX-G3 (G-CSF-hyFc), are currently
under evaluation in phase I trials (cf. Table 1).

The LAPSCOVERY™ (Long Acting Protein/Peptide Discovery) technology
(Hanmi Pharmaceuticals) presents a different solution to reducing steric hindrance
upon Fc conjugation. By chemical coupling of a pharmacologically active com-
pound via a synthetic PEG linker to an aglycosylated IgG Fc region, bioactivity is
largely retained while certain advantages over genetic fusion are offered by this
strategy. For example, the linker is resistant to proteases, the optimal site for linker
attachment can be chosen, a monovalent Fc conjugate can be easily prepared and
production costs are lower since the Fc part can be produced in E. coli (Kim et al.
2012)—even though there is additional downstream effort for chemical coupling
and purification of the conjugate. In this manner, long-acting biobetters of follicle-
stimulating hormone (FSH) (Jung et al. 2014) and insulin (Park et al. 2012) were
prepared. In PK studies, s.c. injected LAPS-insulin showed significantly extended
elimination half-lives of 15 and 32 h in normal rats and dogs, respectively, whereas
native insulin is normally eliminated with a short terminal half-life of just ~20 min
in rats and of 50-90 min in beagle dogs (Plum et al. 2000).

LAPS-GLP/GCG, a monovalent long-acting oxyntomodulin analog, was devel-
oped by site-specific conjugation of the peptide analog to an aglycosylated Fc moi-
ety of human IgG4 linked via a PEG chain. LAPS-GLP/GCG acts both as GLP-1
(glucagon like peptide) and glucagon agonist, leading to synergistic effects in obe-
sity. In high fat diet induced obese mice, a once weekly s.c. 5 nmol/kg dose of
LAPS-GLP/GCG reduced body weight by ~31 % after 2 weeks, whereas a daily
100 nmol/kg dose of the gold standard liraglutide only led to ~17 % body weight
loss (Jung et al. 2013). Further biobetters such as LAPS-hGH, LAPS-G-CSF and
LAPS-CA-Exendin-4 are currently tested in clinical phase II (cf. Table 1).

Beyond linker optimization, several studies have demonstrated a correlation
between affinity of IgG to FcRn and plasma half-life, which prompted engineering
of the Fc region to further prolong circulation. For instance, Fc variants with
increased binding to FcRn at pH 6.0 have been reported (Xencor) and, in particular,
one mutant with the substitutions M428L and N434S provided an 11-fold improve-
ment in FcRn affinity (Zalevsky et al. 2010). The correspondingly mutated anti-
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VEGF antibody Bevacizumab showed a 3.2-fold improvement in plasma half-life
in monkeys (t,,=31.1 days) compared with the native Fc region (t,,=9.7 days). In
addition, this so-called Xtend™ Bevacizumab variant showed a statistically greater
level of xenograft tumor reduction compared to the native IgG1 version in an hFcRn/
Ragl” mouse model (Zalevsky et al. 2010).

Another example is the anti-respiratory syncytial virus (RSV) monoclonal anti-
body Motavizumab (Medimmune). Introduction of the three point mutations
M252Y/S254T/T256E (YTE) led to a tenfold increase in affinity toward human
FcRn at pH 6.0. In healthy adults, these amino acid replacements resulted in an 2—4-
fold increase in plasma half-life, from 19 to 34 days for the original Motavizumab
to 70-100 days for Motavizumab(YTE) (Robbie et al. 2013). The NHance™ tech-
nology (arGEN-X) uses a different engineered IgG1 Fc region, in this case carrying
the amino acid substitutions H433K and N434F, which resulted in increased FcRn
affinity at acidic pH and prolonged plasma half-life of a correspondingly modified
anti-lysozyme antibody (Ward Ober 2012). So far, Fc engineering has only been
applied to create biobetters of full-length MAbs. On the other hand, it is well known
that Fc fusion proteins exhibit a three to fivefold weaker binding to FcRn, in line
with their generally shorter half-life (Suzuki et al. 2010). Consequently, Fc engi-
neering should also be an option to improve immunoadhesins.

Furthermore, several biotech companies have used Fc fragments as carriers to
modulate the PK properties of peptides. The most advanced technology is the “pep-
tibody” platform (Amgen). Expressed at high levels as inclusion bodies in E. coli,
manufacturing of peptibodies is inexpensive, leading to unglycosylated homogenous
products after refolding and purification. In contrast to the rapid elimination of pep-
tides from the human body within just a few minutes, the plasma half-life of the
peptibody format reaches 3-8 days due to the large size increase and endosomal
recycling as described above (Wu and Sun 2014). Peptibodies are constructed by
fusion either to the N-terminus of IgG1 Fc (Furie et al. 2014; Glaesner et al. 2010)
or to its C-terminus (Cines et al. 2008). Alternatively, peptides can be inserted into
the Fc framework within the CH3 domain, which resulted in improved refolding
efficiency, yield and in vitro stability of the bacterially produced Fc chimeric pro-
teins compared with the N/C-terminal fusions (Hall et al. 2010; Shimamoto et al.
2012). In addition, improved exposure may be achieved in the latter case as the Fc
context protects the peptide from proteolytic degradation.

The functional bivalency of peptibodies can lead to increased receptor binding
activity via an avidity effect. In some cases, avidity can be further enhanced by
employing peptide concatamers spaced by linkers, as demonstrated for NPlate®
(Romiplostim), which was approved by the U.S. Food and Drug Administration
(FDA) in 2008 for the treatment of thrombocytopenia. This peptibody was con-
structed from the human IgG1 Fc via fusion with two copies of a 14 amino acid
thrombopoietin receptor binding peptide on each chain. Another example is
Trebananib, an angiopoietin antagonist currently investigated in a phase III clinical
trial (Monk et al. 2014; Shimamoto et al. 2012), which likewise carries two peptides
per Fc chain and has shown a tenfold increased potency in a cell culture assay com-
pared with the single peptide fusion. Other peptibody products such as Dulaglutide
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(LY2189265; Eli Lilly), a GLP-1 analog N-terminally fused to IgG4 Fc (Umpierrez
et al. 2014), or Blisibimod (Anthera), an antagonist of the B-cell activating factor
(BAFF, also known as B-lymphocyte stimulator or BLyS) (Furie et al. 2014), are
currently undergoing phase III clinical studies.

At first glance, peptide fusion to an antibody Fc fragment seems a simple
approach; however, several challenges have to be considered. In most cases, the
fused peptide dramatically loses activity due to loss of conformational flexibility
and/or steric hindrance (Glaesner et al. 2010). Furthermore, unwanted effector func-
tions and cytotoxicity may cause issues in clinical trials (Czajkowsky et al. 2012).
Therefore, each peptide fusion necessitates extensive protein engineering efforts to
restore bioactivity, to ensure product homogeneity and stability and to control Fc
functionality. For example, in the case of Dulaglutide, conjugation of a dipeptidyl
dipeptidase IV (DPP4)-protected GLP-1 variant (see below) to the hinge region of
IgG1 Fc initially resulted in a >95 % loss of potency in vitro. Optimization of the
linker sequence between the peptide and the IgG hinge region was required to res-
cue bioactivity. In addition, to avoid ADCC, an IgG4 Fc was chosen and Phe234 as
well as Leu235 were both replaced by Ala to reduce interaction with high affinity Fc
receptors. Moreover, Ser228 was mutated to Pro to stabilize the Fc homodimer, and
its C-terminal Lys residue was deleted to reduce product heterogeneity (Glaesner
et al. 2010).

The MIMETIBODY™ platform (Centocor) uses specially designed amino acid
sequences as linkers to fuse peptides to an Fc fragment, claiming improved bioac-
tivity (Bugelski et al. 2008). MIMETIBODIES can be produced as functional pro-
teins in mammalian cell culture but, like peptibodies, they require protein
engineering to individually optimize activity, stability and PK (Picha et al. 2014).
The MIMETIBODY platform has been applied to various bioactive peptides, among
those a GLP-1 agonist (CNTO0736) (Picha et al. 2008) and an EPO-mimetic pep-
tide (CNTO528). The latter exhibited a terminal half-life of ~5.9 days in a phase I
clinical study (Perez-Ruixo et al. 2009). Apart from genetic fusion, peptides can
also be chemically linked to the antibody scaffold, which is of special interest for
synthetic peptides with non-natural modifications.

Half-Life Extension by Albumin Conjugation

Human serum albumin (HSA) is the most abundant plasma protein in the body,
found at concentrations of up to 50 g/l (Yousefpour and Chilkoti 2014). Similar to
Igs, HSA exhibits a very long plasma half-life of ca. 19 days (Peters 1996) owing to
several mechanisms. First, HSA is a large, acidic protein with dimensions of ca.
80x80x30 A (Sugio et al. 1999) and an isoelectric point (pI) near 5. Both of these
properties hamper permeation through the narrow pores of the kidney slit diaphragm
and the likewise negatively charged glomerular basement membrane (Haraldsson
et al. 2008; Tojo and Kinugasa 2012). Second, HSA interacts with FcRn, which
protects this plasma protein—like Igs—from premature intracellular degradation
and further prolongs its circulation (Andersen et al. 2012).
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As albumin has a complex fold, comprising three domains and 17 disulfide
bridges, initial attempts to produce this protein in E. coli failed (Yousefpour and
Chilkoti 2014) whereas efficient yeast-based expression systems were developed in
the early 90s (Fleer et al. 1991; Sleep et al. 1990, 1991). Shortly after these micro-
bial secretion systems were established, the first albumin fusion protein was pub-
lished, consisting of the two N-terminal extracellular domains of CD4 fused to the
C-terminus of HSA. The CD4 moiety retained HIV gp160-binding as well as anti-
viral activity in vitro and, notably, the plasma half-life in rabbits was 140-fold
increased compared to the soluble extracellular fragment of CD4 comprising
domains D1-D4 (Yeh et al. 1992).

Since then, a variety of pharmaceutically relevant proteins have been fused to
albumin in attempts to create biobetters, including IFNa2b (Joulferon®, Zalbin™,
Albuferon), hGH (Albutropin®), G-CSF (Neugranin®, Albugranin), GLP-1 agonists
(Tanzeum™ (US) / Eperzan® (EU), Albiglutide), insulin (Albulin) or the blood clot-
ting factors VIIa (CSL689) and IX (CSL654). However, although CD4-HSA was
developed more than two decades ago, the first albumin fusion protein, Tanzeum,
received FDA approval only recently in 2014 for the treatment of type 2 diabetes
(Poole and Nowlan 2014). Tanzeum (GlaxoSmithKline) was constructed by fusing
two tandem copies of a modified human GLP-1 fragment (His7-Gly36) to HSA. The
GLP-1 sequence was modified to achieve resistance against proteolysis by DPP4
via replacement of Ala8 by Gly (Bush et al. 2009). While the natural, non DPP4-
resistant GLP-1 exhibits a terminal half-life of just 5 min in humans, the plasma
half-life of Tanzeum is 5 days (Matthews et al. 2008).

Typical half-lives of albumin fusions in humans range between 1 and 6 days, thus
offering no more than a once weekly dosing frequency (Sleep 2015). Beside impair-
ment of the interaction with FcRn, enhanced receptor-mediated clearance and/or pro-
teolysis mediated by the biologically active fusion partner are reasons for the
substantially shorter half-life of albumin fusions compared to HSA itself. To pave the
way for bi-weekly or even monthly dosing, the Veltis® technology (Novozyme) has
been developed. This approach involves engineered albumins with altered binding to
FcRn, thus leading to prolonged circulation (Andersen et al. 2012, 2014). For exam-
ple, the single amino acid substitution Lys573Pro resulted in a 60 % increase in plasma
half-life. With an albumin variant carrying several substitutions even a 2.5-fold longer
circulation time was achieved in a non-human primate model (Sleep 2015).

Other albumin fusion proteins like Albugranin (Halpern et al. 2002) and
Albuferon (Subramanian et al. 2007) raised high expectations but did not obtain
regulatory approval. Albuferon, developed to treat hepatitis C, was constructed by
fusing human IFNa2b to the C-terminus of HSA, which led to prolongation of the
plasma half-life from 4 to 141 h in humans (Rustgi 2009). These data supported
biweekly dosing, compared to the once weekly dosing of Pegasys, the current gold
standard PEG-IFNa2a (described further below) with a published terminal half-life
of 72 h (Garcia-Garcia et al. 2010). In two phase III clinical studies, ACHIEVE 1 in
patients with chronic hepatitis C genotype 1 (Zeuzem et al. 2010) and ACHIEVE
2/3 in patients with genotypes 2 and 3 (Nelson et al. 2010), the biweekly injected
Albuferon in combination with ribavirin met the primary efficacy endpoint of non-
inferiority of sustained viral response rate (SVR), but achieved a numerically lower
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SVR than the once weekly administered Pegasys. Adverse events of a 900 pg dose
were similar to Pegasys, but the 1,200 pg dose arm showed a higher rate of serious
pulmonary adverse events and necessitated treatment discontinuation. Following
concerns by the FDA and the European Medicines Agency (EMA) regarding the
risk-benefit assessment, the marketing application was withdrawn (GEN 2010).

As HSA fusion proteins are complex molecules, special caution is required with
regard to immunogenicity. The molecular complexity can result in poor solution
stability and aggregation, which may stimulate an immune response (Mitragotri
et al. 2014). In addition, the free cysteine of HSA can cause disulfide-mediated
aggregation associated with increased immunogenicity as shown for IFNa2b-HSA
(Zhao et al. 2009). Furthermore, the junction in the fusion protein between albumin
and a therapeutic protein or peptide may generate novel T-cell epitopes. Resulting
anti-drug antibodies could be problematic in the light of potential cross-reactivity
with endogenous albumin.

Apart from genetic fusion, drugs can also be chemically coupled to HSA, espe-
cially by utilizing the single unpaired thiol side chain of the Cys residue at position
34 (Sleep et al. 2013). This strategy was exemplified with Albuviritide, an albumin-
conjugated HIV entry inhibitor related to the approved antiviral peptide Fuzeon®
(T20, Enfurvitide) (Chong et al. 2012), which suffers from a poor plasma half-life
of just 4 h and, therefore, requires twice daily injections (Patel et al. 2005). The
synthetic peptide that forms part of the long-acting Albuviritide differs in three
amino acid residues from the natural (so-called C34) peptide sequence within the
helical region of the C-terminal heptad repeat 2 domain of HIV glycoprotein 41
(gp41). Whereas the Met2 to Glu and Ser17 to Glu substitutions were introduced
into the C34 peptide to improve stability, solubility and antiviral activity, the Ser
residue at position 13 was replaced by Lys to introduce a 3-maleimidopropionic
acid, allowing subsequent chemical coupling to the free Cys residue of recombinant
HSA. The plasma half-life of Albuviritide, which is currently subject to phase III
clinical studies (Frontier Biotechnologies), has been reported to be 10—13 days in
humans, while the HIV RNA level was suppressed for 6-10 days after a single
injection, indicating suitability for once-weekly dosing (Chong et al. 2012).

Another example of a chemical HSA conjugate, developed using the PC-DAC™
(Preformed Conjugate-Drug Affinity Complex) technology (ConjuChem), is CJIC-131,
an Exendin-4 peptide with an additional C-terminal 2-[2-(2-maleimidopropion-amido)
ethoxy]Jethoxy-acetamide-modified Lys covalently coupled to the free Cys of albumin
(Elsadek and Kratz 2012). This substance was well tolerated as an adjunct therapy to
metformin in a phase I/II trial, achieving up to 2.0 kg reduction in body weight for
patients as well as significantly diminished HbA1c levels (Wang et al. 2009).

Although in principle albumin conjugation appears as a promising technology to
design monovalent biobetters with extended plasma half-lives, it should be kept in
mind that efficient production of albumin fusion proteins is restricted to yeast or
mammalian expression systems. In addition, both fusion and chemical coupling
with the 66.5 kDa HSA molecule often leads to steric hindrance of its fusion partner,
resulting in lower affinity for the biomedical target and, hence, decreased bioactiv-
ity. For instance, in a cell-culture assay using Madin-Darby bovine kidney cells
infected with vesicular stomatitis virus (VSV), Albuferon was clearly less potent on
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a molar basis than native IFNa while still being approximately equivalent to PEG-
IFNo2a (Subramanian et al. 2007). In the case of an albumin fusion with factor IX,
bioactivity was rescued by inserting a cleavable linker peptide sequence containing
one of the FIX activation sites between both moieties, thus allowing release of FIX
after cleavage by FXIa or FVIIa/tissue factor (Metzner et al. 2013).

Alternatively, it is possible to take advantage of HSA as a well known carrier
protein in the blood which transports physiological ligands such as thyroid
hormones, bilirubin, vitamin A and fatty acids as well as many pharmacological
substances (Elsadek and Kratz 2012; Kratz 2014). This feature led to the develop-
ment of a novel insulin analog for diabetes treatment by coupling myristic acid to
its Lys residue at position B29, thus effecting non-covalent complex formation with
endogenous albumin in human plasma (NovoNordisk). This molecule, insulin
detemir, approved in 2004 in EU and 2005 in US and marketed as Levemir®, shows
an extended plasma half-life of 5-7 h in humans and is used as a basal bolus. The
second generation product Tresiba® uses palmitic acid linked via a y-L-glutamyl
spacer to LysB29 of insulin, resulting in a threefold greater half-life of 17-21 h, and
was launched in 2013 (Kratz 2014).

In a similar manner, Liraglutide ((y-L-glutamoyl(N-a-hexadecanoyl)-Lys*Arg3-
GLP-1(7-37)), a once-daily dosed GLP-1 agonist marketed under the tradename
Victoza®, was generated. The palmitic acid side chain of Victoza® leads to formation
of heptamers by self-association, allowing slow absorption via the subcutaneous
route, while subsequent albumin binding retards glomerular filtration and also likely
hinders DPP4 access (Kratz 2014). Together, this results in a functional plasma half-
life of ~13 h (Deacon 2009; Sjoholm 2010), that is more than 150-fold longer com-
pared to the natural peptide (1-5 min) (Hui et al. 2002). Alternatively, the synthetic
compound  2-(3-maleimidopropanamido)-6-(4-(4-iodophenyl)-butanamido)-hex-
anoate, termed Albu-tag, can be employed to promote non-covalent HSA associa-
tion—possibly due to its similarity with thyroid hormones, which are natural
albumin ligands (Bartalena and Robbins 1993). Chemically conjugated to an scFv
antibody fragment that recognizes the extra domain A (ED-A) of oncofetal fibronec-
tin, the plasma half-life was extended from 20-30 min in mice to approximately
1,000 min (Trussel et al. 2009). In addition, the uptake into murine F9 tumors
increased by about tenfold.

Association with HSA can also be mediated by genetic fusion with small
albumin-specific binding peptides or proteins. For example, the naturally occurring
albumin-binding domain (ABD) of streptococcal protein G supports virulence of
pathogenic bacteria by coating the pathogen surface with plasma proteins (Kraulis
et al. 1996). The three-helical ABD comprises just 46 amino acid residues and has
been used as fusion partner to prolong plasma half-life of tumor targeting agents
such as Fab fragments (Schlapschy et al. 2007), single chain diabodies (scDb)
(Stork et al. 2007) and Affibodies (Andersen et al. 2011; Tolmachev et al. 2007) (see
previous Chapter). In a comparative study of an scDb fused to ABD mutants having
low (Kp=634 nM), medium (21.4 nM), and high affinity (1.8 nM) for murine serum
albumin, respectively, the terminal plasma half lives in mice were 28.4 h (low affin-
ity variant), 36.4 h (medium affinity variant) and 47.5 h (high affinity variant).
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Notably, this gain in half-life was less than expected, considering the more than
350-fold variation in affinity (Hopp et al. 2010). This may be explained by the high
concentration of albumin in plasma, which promotes biomolecular complex forma-
tion according to the Law of Mass Action even for low affinity interactions, such
that a tunable plasma half-life is hard to achieve (Andersen et al. 2011).

Nevertheless, the ABD was subjected to an affinity maturation toward human
albumin using phage display, and the variant ABD034 with an extremely low
dissociation constant in the femtomolar range was selected (Affibody). ABD034
showed cross-reactivity with rat, mouse and cynomolgus serum albumin, which
facilitates preclinical development. Subsequently, ABD034 was deimmunized,
resulting in ABD094 (Frejd 2012), which forms the basis of the Albumod™ half-life
extension platform. ABD094 was applied to generate a long-acting GLP-1 agonist
(Lindgren et al. 2014) and is currently being tested in further development programs
(Nilvebrant and Hober 2013). In principle, due to a binding constant in the fM range
and the high albumin concentration in blood plasma, ABD(094 fusion proteins should
predominantly exist in the albumin-bound state and, consequently, biodistribution
should be similar to albumin. This may be an advantage for radionuclide tumor
therapy, as it is well known that albumin accumulates in the malignant tissue due to
a defective vascular architecture and the enhanced permeability and retention (EPR)
effect (Kratz 2010; Merlot et al. 2014). Reciprocally, biodistribution and extravasa-
tion into healthy tissue may be hampered by this albumin-binding approach.

Meanwhile, several other engineered albumin-binding proteins have been gener-
ated by immunization and/or phage display, including peptides (Dennis et al. 2002)
and proteins as explained in the previous Chapter. Among those are small proteins
based on the single Ig domain format, e.g., human domain antibodies (dAb) (Bao
et al. 2013; Walker et al. 2010), the new antigen receptor domains from shark
(VNAR) (Muller et al. 2012) and camelid heavy chain antibody fragments, so-
called Nanobodies (Tijink et al. 2008). In addition, albumin-binding proteins based
on non-Ig scaffolds such as Adnectins (Gosselin et al. 2011) and DARPins (Binz
et al. 2012) were discovered.

However, it remains to be seen if these artificially designed binding proteins
elicit an immune response upon repeated dosing in humans and, thus, require addi-
tional deimmunization efforts—as described for the ABD above and as discussed
for some of the other binding proteins in the preceding Chapter. Another concern
relates to the complex and multiple biological interactions of serum albumin. HSA
not only binds FcRn, but also a wide range of cellular receptors including albondin,
gpl8, gp30, calreticulin, cubilin and megalin (Merlot et al. 2014). Some of these
receptors, in particular gp18 and gp30, are scavengers for chemically and/or confor-
mationally modified albumins (Sleep 2015) that may be responsible for accelerated
elimination of drug-modified albumins. Generally, binding to these and other recep-
tors could result in off-target effects if a biopharmaceutical is linked to albumin
itself or via a binding domain. Also, HSA binds a wide variety of endogenous and
exogenous ligands including fatty acids, thyroxine, bilirubin and many small mol-
ecule drugs such as warfarin or diazepam (Ghuman et al. 2005); these may undergo
preferential receptor targeting along with an albumin-tagged protein or peptide.
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Finally, from volume of distribution measurements in PK studies it appears that
albumin association confines a biopharmaceutical predominantly to the vascular
compartment (Schlapschy et al. 2007). Even though albumin is also abundant in the
extravascular space, the mutual exchange seems to be slow.

Nevertheless, several biologics have been fused with AlbudAb™, a human
domain antibody directed against HSA (GSK), to study the effect of extended circu-
lation. These include interleukin 1 receptor antagonist (IL1-Ra) (Holt et al. 2008)
and IFNo2b (Walker et al. 2010). After s.c. injection into rats, the plasma half-life
of the AlbudAb-IFN was 28.3 h, more than 18-fold longer than that of the unfused
IFN (1.5 h). Interestingly, direct fusion with HSA resulted in a shorter plasma half-
life of just 19.7 h while the bioavailability and in vivo efficacy of the AlbudAb
fusion was greater (Walker et al. 2010), probably due to steric hindrance and impair-
ment of IFN folding upon direct fusion with albumin (as in the case of Albuferon).
Exendin-4 fused to an AlbudAb (GSK2374697) has been investigated in a phase I
study (Hodge et al. 2013). Apart from that, Ozoralizumab (ATN-103), a trivalent
Nanobody® (Ablynx) consisting of two anti-TNF-« modules and one albumin-bind-
ing Nanobody, is currently under investigation in phase II clinical trials, evaluating
once-monthly dosing (Elsadek and Kratz 2012; see also the preceding Chapter).

PEGylation and Chemical Coupling to Other Polymers

PEGylation, the conjugation of a drug with the synthetic polymer polyethylene gly-
col (PEG), currently constitutes one of the most successful strategies to develop
biobetters with extended PK. The chemically inert, uncharged and highly water
soluble PEG adopts a disordered structure in aqueous solution, and each ethylene
glycol unit can interact via its polar ether oxygen as a hydrogen bond acceptor with
up to two water molecules. As a consequence, the hydrodynamic molecular volume
of the linked biopharmaceutical is increased above the glomerular pore size of the
kidneys, which effectively retards excretion (Veronese and Pasut 2008).

Initially dubbed “pegnology” (Davis 2002), this strategy was devised to suppress
the formation of antibodies against xenogenic therapeutic proteins (Abuchowski
etal. 1977). Indeed, bovine adenosine deaminase coupled with multiple PEG chains
of 5 kDa molecular weight (Davis et al. 1981) showed reduced immunogenicity and
slower clearance in mice. Accordingly, Adagen® (Pegademase bovine; Enzon) was
the first PEGylated protein that received approval by the FDA in 1990 for the treat-
ment of severe combined immunodeficiency disease (SCID) (Booth and Gaspar
2009). This was quickly followed by likewise multi-PEGylated L-asparaginase
(Abuchowski et al. 1984; Park et al. 1981) from E. coli (Pegaspargase, Oncaspar®)
for treating acute lymphoblastic leukemia (ALL) in patients who are hypersensitive
to the native unmodified form of the bacterial enzyme (Patel and Benfield 1996).
While multiple attachments of short chain PEG molecules to a non-human protein
seem to have a shielding effect on the immune system and to suppress formation of
anti-drug antibodies (ADA) (Singh 2011), this has not been reported for products
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that were later developed utilizing a single modification with a long, sometimes
branched PEG chain. Moreover, PEG itself appears to be immunogenic as will be
discussed further below. Hence, the retarding effect of PEGylation on kidney elimi-
nation has become the focus of current applications.

Remarkably, this strategy has led to the approval of more than ten PEGylated
proteins (Kolate et al. 2014). Half of them are biobetters of well-known first
generation biologics, most notably interferons such as PEG-Intron®, Pegasys®
and the recently approved PLEGRIDY™, where the longer duration of action
and less frequent dosing provide clearly better convenience for patients.
Moreover, a meta-analysis revealed a lower probability of serious adverse events
for PLEGRIDY compared with other therapies (Tolley et al. 2014). PEGylated
biologics are conjugated with either multiple short (5-10 kDa) PEG chains
(Krystexxa™, Adagen®, Oncaspar®, Somavert®), single longer chains (12-30 kDa;
Lonquex®, Neulasta™, PLEGRIDY™, PEG-Intron®, Mircera®) or branched
40 kDa PEG derivatives (Pegasys®, Cimzia®) using different coupling chemistries
(Alconcel et al. 2011). Branched PEG derivatives are more expensive but exhibit
lower viscosity and sometimes lead to longer plasma half-life than the linear poly-
mer (Kling 2013).

Pegasys, for instance, is produced by random coupling of chemically activated
branched 40 kDa PEG to Lys side chains of IFNa2a (Reddy et al. 2002), which is
accompanied by a significantly reduced bioactivity (see below). On the other hand,
Cimzia, a PEGylated Fab fragment of an anti-TNFa antibody, represents the second
approved biological equipped with a branched 40 kDa PEG, in this case site-specif-
ically coupled to a free Cys residue, resulting in a well-defined conjugate without
loss in antigen affinity (Blick and Curran 2007). Cimzia has been approved for
Crohn’s disease, rheumatoid arthritis and psoriatic arthritis, offering the advantage
of monthly dosing (Pasut 2014a). In this context, PEG attachment provides an addi-
tional benefit because the large hydrodynamic volume leads to accumulation in
inflamed tissue due to the EPR effect (Veronese and Mero 2008). The missing CDC
and ADCC in the absence of an Fc moiety result in an improved safety profile
(Pasut 2014a).

Several further PEGylated products are currently in clinical trials, e.g., blood
clotting factors such as PEGylated rFVIII (BAX855; Baxter) (Ehrlich et al. 2013),
developed using a proprietary PEGylation technology (Nektar Therapeutics), and
PEGylated B-domain-deleted recombinant factor VIII (BAY94-9027; Bayer) (Ivens
et al. 2013), as well as several PEGylated versions of human growth hormone
(hGH), including NNC126-0083 (Novo Nordisk) (de Schepper et al. 2011),
ARX201 (Ambrx) and ACPOO1 (Ascendis). However, despite the success of
PEGylation technology so far, drawbacks have emerged and the pharmaceutical
industry has started to search for PEG alternatives. Generally, PEGylation is associ-
ated with high production costs, as clinical grade PEG is very expensive and chemi-
cal coupling requires additional processing and purification steps. Furthermore, the
inherent polydispersity of the chemical polymer (Bagal et al. 2008), together with
the additional product heterogeneity that arises from nonspecific chemical coupling,
e.g., to Lys side chains (Foser et al. 2003b), hampers downstream processing, ana-
lytics and affects product performance (Kling 2013).
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Notably, a substantial proportion of patients develop antibodies against the PEG
moiety. In the case of KRYSTEXXA, a PEGylated uricase approved in 2010, 41 %
of treated subjects developed anti-PEG antibodies in a phase III clinical trial (EMA
2013b). Also, for PEG-asparaginase (Armstrong et al. 2007) and PEGylated phe-
nylalanine ammonia lyase (Kling 2013) the formation of anti-PEG antibodies has
been reported. Recently, it was found that anti-PEG antibodies are detectable in
20-25 % of all healthy blood donors, which is probably caused by the increased
exposure to PEG from cosmetics, pharmaceuticals and processed food products
(Garay et al. 2012). Anti-PEG antibodies may adversely affect drug efficacy, not
only in the course of primary treatment but also for other PEGylated drugs that may
be administered to the same individual later on (Armstrong 2009; Verhoef et al.
2014). Based on the notion that the terminal methoxy group constitutes the major
immunogen, hydroxy-PEG has been developed (Mountain View Therapeutics),
which is expected to lead to a reduced ADA response (Saifer et al. 2014).

Another concern regarding PEGylated products is the decrease in binding activ-
ity that is usually observed for cytokines, hormones or other binding proteins,
including small antibody fragments or alternative scaffolds. Generally, in vivo bio-
logical activity of PEGylated proteins depends on the PEG attachment site within
the protein (Cho et al. 2011) as well as on the number, length and structure of con-
jugated PEG chains (Pfister and Morbidelli 2014). In the case of Pegasys, for exam-
ple, only 7 % of the antiviral activity of the unmodified interferon was retained
(Bailon et al. 2001). Even though the loss in pharmaceutical potency is compen-
sated by the increased overall systemic exposure due to the prolonged circulation,
indicated by the much enlarged area under the curve (AUC) in PK studies, substan-
tial efforts have been made during the last 20 years to reduce adverse effects of PEG
on bioactivity.

Several previously approved PEGylated products, including Pegasys and
Mircera, are randomly modified with one long PEG chain, and the resulting mono-
PEGylated products are purified and formulated as a mixture of positional isomers
(Foser et al. 2003a). Nowadays, however, there is a clear trend toward site-specific
PEGylation, which promises a more homogeneous product, less reduction in bioac-
tivity and higher yield during purification. First attempts to couple PEG site-specif-
ically to a biologic were made during the development of PEG-Intron. This
conjugate is prepared by coupling of 12 kDa PEG-succinimidyl carbonate to
IFNa2b at low pH, resulting predominantly (47 %) in a carbamate linkage to His34.
This unstable conjugate avoids loss of activity by releasing native IFNa2b in the
plasma over time (Alconcel et al. 2011). Compared to Pegasys, PEG-Intron shows
a ca. fourfold higher in vitro activity (Veronese and Mero 2008). Today, site-specific
conjugation is often accomplished by selective PEGylation at the N-terminal amino
group of the polypeptide via reductive alkylation with PEG-aldehyde. For instance,
Neulasta was prepared in this way using a 20 kDa linear PEG chain, resulting in a
ca. 12-fold longer plasma half-life (42 h) compared to the first generation G-CSF,
Neupogen (3.5 h) (Molineux 2004).

Alternatively, site-specific PEGylation can be achieved by modifying a single
unpaired thiol side chain using maleimide coupling chemistry. However, as most
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therapeutic proteins carry structural disulfide bonds, the introduction of an addi-
tional Cys residue usually results in lower expression yields and less homogeneous
product, due to formation of non-physiological disulfide isomers and/or adducts
with thiol-containing metabolites from the host cell or culture medium. Thus, the
identification of a viable drug candidate with retained binding activity as well as
efficient folding properties requires considerable positional optimization, as dem-
onstrated for G-CSF (Doherty et al. 2005; Rosendahl et al. 2005) or thyroid stimu-
lating hormone (Qiu et al. 2013), for example.

A potentially more elegant approach for site specific PEGylation is the use of an
exposed natural disulfide bridge. In the TheraPEG™ conjugation procedure
(PolyTherics), a structurally accessible disulfide bond is first reduced, and the two
contributing Cys side chains are then reconnected by bis-alkylation via a three-carbon
bridge to which the PEG chain is attached in the middle. This mimics the geometry
of a disulfide cross-link, thus maintaining the fold and function of the protein, as
demonstrated for L-asparaginase and [FNoa2b (Balan et al. 2007; Brocchini et al.
2008). Another technology, HIPEG™, allows site-specific PEGylation via an N- or
C-terminal Hise-tag using PEG sulfone (Cong et al. 2012).

In a different approach, N- or O-glycosylation sites within a protein are targeted
via glycoPEGylation. As natural sugar side chains often show low interference with
target binding or folding stability of a protein, they provide useful conjugation sites.
Recently, the first glycoPEGylated product was approved in Europe: Lonquex
(TEVA) is based on recombinant G-CSF produced in E. coli, which is selectively
glycosylated by in vitro treatment with a recombinant O-GalNAc-transferase fol-
lowed by conjugation with a 20 kDa PEG-sialic acid derivative employing a sialyl-
transferase (DeFrees et al. 2006; Scheckermann et al. 2013). Lonquex possesses an
approximately tenfold prolonged plasma half-life (28-34 h) compared to Neupogen.
GlycoPEGylated factors VIIa (Ljung et al. 2013; Stennicke et al. 2008), VIII
(NN7088) (Stennicke et al. 2013) and IX (NN7999) (Ostergaard et al. 2011) were
developed using a slightly modified procedure (Novo Nordisk). First, the glycosylated
blood clotting factors were produced in mammalian cell culture; then, the terminal
sialic acid groups were removed using a sialidase in order to expose terminal galac-
tose (Gal) sugars, to which a PEG-modified sialic acid was enzymatically attached.

The ReCODE™ technology (Ambrx) uses synthetic biotechnology with an
expanded genetic code to introduce non-natural amino acids having “bioorthogonal”
chemical reactivity—e.g. p-acetylphenylalanine (pAcF)—for subsequent site-
specific PEGylation of proteins. To this end, a UAG (amber) stop codon is intro-
duced at a predefined site within the structural gene. The non-natural amino acid is
then precisely inserted at this position in the course of protein biosynthesis in a cell
that co-expresses an engineered aminoacyl-tRNA synthetase with the required sub-
strate specificity together with a cognate amber suppressor tRNA (Kim et al. 2013a).
The purified recombinant gene product carrying the exposed keto side chain effi-
ciently reacts with an aminooxy derivative of PEG by forming a covalent oxime. In
this way, a mono-PEGylated hGH (ARX201), conjugated at residue 35 with a linear
30 kDa PEG chain, has been prepared. In GH-deficient adults, ARX201 demon-
strated efficacy and safety comparable to therapy with native hGH while showing a
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plasma half-life of 89—102 h (Cho et al. 2011), which is ca. 30-fold longer than the
one of the unmodified recombinant hGH, Genotropin® (~3.0 h).

An alternative to permanent PEGylation is TransCon (Ascendis), a transient PEG
conjugation technology that takes advantage of hydrolyzable linkers when coupling
PEG to the protein or peptide of interest. Depending on temperature and pH, both
precisely controlled in the human body fluids, the linker undergoes autohydrolysis and
slowly releases the unmodified, fully active protein (Hersel et al. 2009). A correspond-
ingly modified hGH is under current investigation in several phase II clinical studies.

Beyond coupling chemistry, advances have been made with regard to novel
shapes and lengths of the PEG molecule. The first approved PEG products Adagen
and Oncaspar were randomly coupled via multiple Lys residues (modifying
60-70 % of all free side chains) (Davis et al. 1981; Park et al. 1981) to an activated
derivative of linear low molecular weight (5 kDa) PEG. As the main goal initially
was the reduction of immunogenicity, the greater shielding effect of multiple PEG
chains outweighed a potential steric hindrance, which also played a lesser role for
these enzymes that act on highly diffusible small molecule substrates. Later prod-
ucts used single linear PEGs of greater lengths or a 40 kDa branched PEG as dis-
cussed above, resulting in even more pronounced half-life extension. Generally, an
increase in PEG length prolongs plasma half-life (JevSevar et al. 2010), but at the
same time decreases binding activity for receptors or other macromolecular interac-
tion partners (Caserman et al. 2009). Branched PEG can lead to longer circulation
compared with linear PEG of the same size (Veronese et al. 1997) while, similarly,
the loss of binding activity often is stronger. On the other hand, viscosity of branched
PEG is much lower (Sim et al. 2012), which is of particular interest if a protein has
to be administered at high concentration using thin needles, e.g., via s.c. injection.
In a related approach to overcome viscosity issues, PolyPEG™ was designed as a
multi-branched macromolecule comprising PEG ‘teeth’ stitched along a
poly(methacrylate) backbone to form a comb-shaped structure (Kling 2013).

Novel PEGylation technologies primarily address the loss of bioactivity, the het-
erogeneity of the protein conjugate or its high viscosity; however, the main draw-
backs of PEG, namely its immunogenicity and, most importantly, its lack of
biodegradability, are not solved. Especially during chronic treatment and/or for drugs
applied at high doses, the synthetic PEG polymer can accumulate in various organs.
In a number of animal studies, PEG-rich vacuoles were observed in the liver or kid-
ney (Bendele et al. 1998), in macrophages (Young et al. 2007) or even in ependymal
cells of the choroid plexus in the brain (EMA 2010, 2012). Recently, the EMA sent a
reminder on elevated precaution regarding the use of PEGylated drug products in the
paediatric population (EMA 2012).

To tackle this problem, several biodegradable PEG substitutes have been pro-
posed. Semi-synthetic polyacetals, e.g. poly(1-hydroxymethylethylene hydroxy-
methylformal), also called PHF or Fleximer® (Papisov et al. 2005), are biochemically
inert, hydrophilic polymers and, thus, may provide an alternative to PEG. PHF is
degradable due to the pH-sensitive acetal groups which are stable under physiologi-
cal conditions, at pH 7-7.5, but are hydrolysed under the acidic conditions faced
after endocytosis or phagocytosis (Yurkovetskiy et al. 2005). So far, the Fleximer
technology (Mersana Therapeutics) has been mainly applied to small molecule
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oncology drugs such as the topoisomerase 1 inhibitor camptothecin (CTP) (XMT-
1001) (Yurkovetskiy and Fram 2009) or an anti-angiogenic fumagillin analog
(XMT-1107). In these instances, the drug is coupled to the Fleximer backbone via a
customized linker and, as result of its chemical design, a slow and sustained release
of the active compound is achieved, allowing higher drug levels to be dosed while
minimizing off-target side effects (Yurkovetskiy and Fram 2009).

Fleximer conjugation not only improves solubility of the drug and decreases its
toxicity, but also prolongs plasma half-life as shown in a phase I clinical study.
Indeed, a CTP analog conjugated to a 60 kDa Fleximer, XMT-1001, showed an
extended half-life of 4.8—12.3 h in humans (Sausville et al. 2009). In principle, the
Fleximer can also be coupled to biologics such as antibody fragments or full-length
antibodies, e.g. to develop antibody-drug conjugates (ADCs) that carry multiple
toxin cargoes (Carlson 2012).

Currently emerging biobetters that are coupled to biodegradable polymers are
based on polysaccharides, in particular polysialic acid (PSA), hydroxyethyl starch
(HES) and heparosan. The conjugation of biologics to the naturally occurring,
biodegradable a(2 — 8) linked PSA to prolong circulation was proposed more than
20 years ago (Gregoriadis et al. 1993) and is marketed today as PolyXen® technol-
ogy (Xenetic Biosciences). PSA is a linear, non-immunogenic polymer of
N-acetylneuraminic acid naturally produced by mammalian and bacterial cells and
present on cell surfaces as well as glycoproteins. In fact, bacteria decorated with
PSA are protected against host phagocytosis and complement activation (Gregoriadis
et al. 2005). However, one bottleneck is the pronounced polydispersity of PSA,
which results from its complex bacterial biosynthesis, depending on several factors
such as pH, growth rate and temperature (Zheng et al. 2013).

Nevertheless, Polysialylation has been successfully applied to a number of bio-
logics to generate biobetters with prolonged plasma half-lives: al-antitrypsin
(A1AT) (Lindhout et al. 2011), oxyntomodulin (Vorobiev et al. 2013), L-asparaginase
(Fernandes and Gregoriadis 2001), insulin (Jain et al. 2003; Zhang et al. 2010),
G-CSF, IFNa2b, rFVIII, DNAse I and EPO (Bader and Wardwell 2014). L-Aspara-
ginase from Erwinia carotovora chemically conjugated via its Lys side chains with
multiple 10 kDa PSA chains showed a three- to fourfold greater terminal plasma
half-life in mice compared to the native enzyme, while the modification reduced its
antigenicity (Fernandes and Gregoriadis 2001). PSA is safe and well tolerated in
humans as shown in a clinical phase I trial for SuliXen®, an insulin with a 14 kDa
PSA attached to the a-amino group of the B chain (Zhang et al. 2010). ErepoXen®,
a polysialylated EPO, is currently being tested in a phase II/III clinical trial (Xenetic
Biosciences).

In addition to chemical coupling, PSA can be enzymatically attached in vitro to
preexisting N-linked glycans on glycoproteins by first using Campylobacter jejuni
Cst-II a2,8-sialyltransferase to form a primer, followed by polysialylation using the
Neisseria meningitidis o2,8-polysialyltransferase (Lindhout et al. 2011). The range
of the PSA chain length can be controlled by variation of the acceptor protein con-
centration in the polysialylation reaction. Using this approach, A1AT was modified
with a PSA polymer of ca. 20 kDa, resulting in a terminal half-life of 27 h compared
to 5 h for the unmodified protein and an 18-fold greater AUC (Lindhout et al. 2011).
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HESylation®, the covalent coupling of a protein with the semi-synthetic, biode-
gradable and highly water soluble polymer hydroxyethyl starch (HES), is another
strategy to increase the molecular size of a drug above the renal clearance threshold.
The half-life of the HES polymer can be controlled by its rate of enzymatic degrada-
tion in plasma, depending on the extent of hydroxyethylation of the plant starch
backbone (Jungheinrich and Neff 2005). So far, there are only a few published stud-
ies on proteins modified with HESylation technology (Fresenius Kabi). For instance,
the interleukin-1 receptor antagonist (IL-1Ra) Kineret® was conjugated predomi-
nantly at its N-terminus with 85 kDa propionaldehyde-HES via reductive amination
(Liebner et al. 2014). In surface plasmon resonance measurements binding activity
towards the IL1 receptor was decreased from 50 to 320 pM, mainly due to a more
than eightfold slower association rate compared to the native IL-1Ra. This is a com-
mon phenomenon, also seen for other polymers such as PEG, most likely due to a
shielding effect and the lower diffusion coefficient of the conjugate with its enlarged
molecular dimensions (Kubetzko et al. 2005). In PK studies in rats, the HESylated
IL-1Ra showed a ca. 6.5-fold increase in plasma half-life and a 45-fold AUC com-
pared to Kineret (Liebner et al. 2014).

To avoid potential detrimental effects on the protein upon chemical coupling, an
enzymatic HES conjugation strategy using microbial transglutaminase has been
developed as an alternative (Besheer et al. 2009). Although HES was initially con-
sidered to be non-toxic and safe in its primary use as a plasma volume expander
(Brecher et al. 1997), this assumption has been challenged as clinical trials revealed
an increased risk of death and renal impairment in septic patients treated with HES
(Ghijselings and Rex 2014; Perel and Roberts 2007; Zarychanski et al. 2013). As a
consequence, the Pharmacovigilance Risk Assessment Committee (PRAC) of the
EMA recommended suspending marketing authorizations for infusion solutions
containing hydroxyethyl starch (EMA 2013a) and the FDA also communicated a
serious warning with respect to the use of HES as plasma expander (FDA 2013).
Whether these safety concerns are also relevant for the HESylation technology in
the area of biobetters, where the polymer is applied at a much lower concentration,
remains to be seen.

Finally, another sugar-based biodegradable polymer is heparosan ([GlcUA-1,4-
GlcNAc-1,4],), the unbranched, unsulfated, negatively charged polysaccharide pre-
cursor of heparin and heparan sulfate, two polysaccharides ubiquitously found in
mammalian cells. Several pathogenic bacteria, e.g. E. coli KS or Pasteurella multo-
cida Type D, are decorated by heparosan to evade the host immune system
(Chavaroche et al. 2013). Therefore, heparosan has been presumed to be non-
immunogenic. Also, this polymer likely is biodegradable, as intracellular glucuroni-
dase and hexosaminidase enzymes can efficiently hydrolyze heparosan into
non-toxic monosaccharides. The lack of O-sulfation prevents both cleavage in
plasma by the mammalian heparanase and clearance via binding to the hyaluronan
receptor, which would lead to endocytosis. In contrast to heparin, heparosan does
not affect clotting of human plasma (DeAngelis 2013). Intramuscular (i.m.) injec-
tion of a radioiodinated 100 kDa heparosan polymer in rats showed a plasma half-
life of around 3 days and no signs of organ accumulation.
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Heparosan is produced in a chemoenzymatic process from UDP-GIcUA and
UDP-GIcNAc monomer precursors using PmHS1, a bacterial polymerizing enzyme
called heparosan synthase. Since UDP sugars required for this synthesis are quite
expensive, production costs are high (Chavaroche et al. 2013). The size of the poly-
mer can be controlled by the concentration of the acceptor, a mixture of heparosan
tetrasaccharide and hexasaccharide, and in this manner polymers up to 800 kDa
with a polydispersity in the range of 1.06—1.18 can be produced (Sismey-Ragatz
et al. 2007). Functionalized heparosan can be coupled to amino-, carbonyl-, or sulf-
hydryl groups of biologics. Although data on heparosan-conjugated biologics are
not yet published, the corresponding HEPtune™ technology (Caisson) may evolve
to become a biodegradable alternative for PEGylation in the future.

Apart from polysaccharides, poly-L-amino acids provide another class of quasi-
natural and biodegradable polymers. A synthetic polymer of L-glutamic acid has
been used to enhance solubility, to decrease toxicity and to achieve tumor targeting
of the cytotoxic drug paclitaxel (Northfelt et al. 2014). Due to the large hydrody-
namic volume of the polyanionic polymer conjugate, the drug cannot extravasate
from blood vessels in normal tissue; however, it accumulates in tumors due to the
EPR effect (Iyer et al. 2006). In human clinical studies, conjugation of paclitaxel to
polyglutamate led to a 3- to 14-fold prolonged plasma half-life compared to the
small molecule itself (Singer 2005). Paclitaxel poliglumex (Opaxio™, formerly
known as XYOTAX™) is currently tested for various cancer types, including ovar-
ian cancer, glioblastoma and head and neck cancer (Cell Therapeutics).

This technology was also proposed for the development of biobetters with less
frequent dosing. For instance, G-CSF was genetically fused at its N-terminus with
175 Glu residues and IFNa2b was C-terminally fused with 84 Glu residues (see also
next section). Both fusion proteins were successfully produced in a soluble state in
E. coli and showed bioactivity in cell culture assays (Leung et al. 2002). However,
no further data have been published.

Genetic Fusion with Recombinant Biopolymers

In the past few years, several approaches for the generation of biobetters were pub-
lished that involve the genetic fusion of therapeutic proteins or peptides with spe-
cifically designed polypeptides, i.e., polymers of L-amino acids with defined
sequences. This developing area is considered as one of the most important break-
throughs in biological drug development (Pasut 2014b), offering multiple advan-
tages over the chemical coupling with synthetic polymers. In particular, two distinct
technologies have emerged, PASylation® (Schlapschy et al. 2013) and XTEN™
(Schellenberger et al. 2009), which both employ recombinant polypeptides to mimic
the size-enlarging effect of PEG for plasma half-life extension.

XTEN (Amunix) comprises unstructured, non-repetitive, charged and hydro-
philic amino acid sequences (Schellenberger et al. 2009). These sequences were
derived from an extensive screening process for a soluble, chemically stable and
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predominantly unstructured polypeptide that provides a maximal hydrodynamic
radius to shield its protein payload. In this process, hydrophobic amino acids, which
are prone to aggregation and may contribute to HLA/MHC-II mediated immune
responses, were excluded. In addition, crosslinking Cys residues and positively
charged amino acids, which may interact with cell membranes, as well as
amide-containing amino acids, which are considered unstable during long-term
storage, were avoided. Consequently, the remaining six amino acids P, E, S, T, A and
G were chosen to create a library of random, non-repetitive amino acid segments.

Interestingly, these amino acids are quite similar to a deimmunized version of the
natural sequence repeat found in the secreted trans-sialidase of Trypanosoma cruzi
comprising the amino acids P, S, T, A, D. This parasitic protozoan appears to use
repeat sequence extensions in order to gain prolonged life-time for its virulence fac-
tors in the host organism. In fact, such sequences were demonstrated to extend the
plasma half-life if fused to the catalytic domain of trypanosomal trans-sialidase or
to a rat tyrosine aminotransferase by a factor 4.5-6 in mice (Alvarez et al. 2004).

After initial screening of the XTEN amino acid library, highly expressed
sequences were iteratively ligated and rescreened, finally yielding several different
XTEN sequences, which are all characterized by a substantial amount of Glu resi-
dues, thus resulting in a high overall negative charge (Schellenberger et al. 2009).
Meanwhile, a series of biologics were fused to XTEN, including exenatide
(Schellenberger et al. 2009), glucagon (Geething et al. 2010), glucagon-like pep-
tides 1 and 2 (Alters et al. 2012), annexin A5 (Haeckel et al. 2014) and hGH (Cleland
et al. 2012).

The mammalian glucagon peptide sequence was C-terminally fused with XTEN
sequences of 288, 144, 72, or 36 residues, and the observed terminal half-lives were
found to correlate with the sequence length. Glucagon fused with the 288 residue
XTEN showed the longest circulation, with 9 h in cynomolgus monkeys. As
XTENYylated glucagon was intended for the treatment of nocturnal hypoglycemia,
the fusion with 144 residues having a shorter plasma half-life, termed Geg-XTEN,
better matched clinical requirements. Notably, in a cell culture assay, E. coli pro-
duced Geg-XTEN only retained 15 % bioactivity compared to the unmodified pep-
tide. Nevertheless, due to the optimized PK, Gecg-XTEN was effective in preventing
hypoglycemia in fasted dogs without associated hyperglycemia as it would have
been expected for glucagon (Geething et al. 2010).

The most advanced XTEN program is a long-acting hGH (VRS-317) fused both
at its N-terminus with a 83.3 kDa XTEN sequence and at its C-terminus with a
shorter 13.3 kDa XTEN peptide. The polyanionic XTEN changed the pI of the pro-
tein from 5.2 to 3 and led to a 12-fold lower in vitro potency in a cell culture assay.
However, this turned out as an advantage since the lower affinity retarded receptor-
mediated clearance and potentially minimized certain side effects such as lipoatro-
phy. In PK studies in cynomolgus monkeys plasma half-life after s.c. injection was
extended to 110 h. Only a mild antibody response directed against hGH and not
against the XTEN moiety was detected (Cleland et al. 2012).

Efficacy and safety of VRS-317 in pediatric patients with growth hormone defi-
ciency was tested in a clinical phase II trial (Versartis). Results at the 6 month time
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point indicate that monthly administration of VRS-317 at a concentration of 5 mg/
kg (daily thGH mass equivalent of 30 pg/kg/day), achieved a similar height velocity
compared to daily injections of conventional thGH administered at 33 pg/kg/day.
There were no signs of nodules or lipoatrophy and only mild adverse events.
In addition, IGF-I levels were significantly increased and maintained during the
dosing interval (Bright et al. 2014). XTEN polypeptides can also be applied for
chemical conjugation to drugs, as recently exemplified with the antiviral peptide
T20 (Ding et al. 2014) and the glucagon-like peptide 2 (Podust et al. 2013).

PASylation® is the conjugation of a drug with conformationally disordered,
repetitive and uncharged polypeptides having defined sequences composed of the
small L-amino acids Pro, Ala, and/or Ser (Schlapschy et al. 2013). This technology
was developed based on previous studies with Gly-rich homo-amino acid polymers
(HAP), intended to mimic the physical and hydrodynamic properties of PEG as
closely as possible with a polymer made of simple uncharged amino acids
(Schlapschy et al. 2007). In this earlier investigation, repeat sequences of the type
(Gly,Ser), were found to form a stable random coil in solution, conferring an
increased hydrodynamic volume to a recombinant Fab fragment upon fusion to the
C-terminus of its light chain. However, such a Gly-rich sequence with up to 200
residues only led to moderate half-life extension while also showing an aggregation
tendency under certain buffer conditions—in line with historical knowledge of the
limited solubility of Gly-based poly-amino acids (Schlapschy et al. 2007).

Consequently, the more advanced PAS polypeptides were rationally designed to
avoid any aggregation propensity and to adopt a maximally expanded hydrody-
namic volume—proportional to the length of the PAS chain—while exhibiting an
unstructured, uncharged and highly hydrophilic character. This was managed suc-
cessfully by combination of the small amino acids Pro, Ala and Ser (Schlapschy
et al. 2013). Whereas a homopolymer of each one of these amino acids is known to
adopt a defined secondary structure, an appropriate mixture breaks regular hydrogen-
bonding patterns and results in a stable random coil polypeptide with expanded
molecular dimensions under physiological conditions. The well known cis/trans
isomerization propensity at the N-terminal peptide bond of the interspersed Pro
residues appears to further promote this behavior.

Similar to PEG, these biophysical features retard permeation through the filtra-
tion slits of the glomerular basement membrane in the kidney, thus prolonging circu-
lation of a conjugated biopharmaceutical. In contrast to PEGylation, genetic fusion
allows cheaper single-step production, obviating in vitro coupling or modification
steps while expensive clinical-grade PEG material and additional bioprocessing pro-
cedures to separate unconjugated species are not required. Furthermore, PAS poly-
peptides are stable in the blood plasma, but are degraded by intracellular proteases
into non-toxic, metabolizable L-amino acids, thus avoiding tissue accumulation.

PAS sequences are typically designed to be repetitive at the amino acid sequence
level, e.g. comprising 12mer, 20mer or 24mer repeats. The repetitive nature of these
PAS amino acid sequences guarantees uniform biophysical properties over the
entire length of the polymer, which can range from 100 to 1,000 residues and
beyond.
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The use of biopolymers composed of Pro, Ala and/or Ser has several advantages
for the design of biobetters with regard to bioactivity and manufacturing. PAS is
highly hydrophilic but does not influence the isoelectric point (pI) of the fusion
partner due to its complete lack of charged side chains. Consequently, diffusion into
the negatively charged extracellular matrix, where target receptors of most biophar-
maceuticals are located, is not hampered by electrostatic repulsion. The uncharged
nature of these polypeptides also allows efficient translocation across biological
membranes, both in bacteria, where secretion into the oxidizing milieu of the peri-
plasm facilitates disulfide bond formation, and out of mammalian cells, resulting in
high titers in the culture medium. Furthermore, endogenous biosynthesis of the
small amino acids is feasible in most biotechnological production organisms and
does not limit protein expression. Another advantage with regard to bioprocess
development is the resistance to posttranslational modification, as well as to chemi-
cal degradation, due to the lack of reactive amino acid side chains, thus yielding
uniform protein preparations usually characterized by a single peak in mass-spec-
trometric analysis (Schlapschy et al. 2013).

So far, PAS sequences with lengths up to 1,000 residues have been successfully
fused to the N- or C-terminus, or to both termini, of more than 20 biologics, includ-
ing hGH, GM-CSEF, leptin, interferons (including engineered interferon superago-
nists and antagonists), diagnostic antibody fragments (suitable for in vivo imaging)
or peptides such as a GLP-1 analog (Harari et al. 2014; Mendler et al. 2015; Morath
et al,, 2015; Schlapschy et al. 2013). Even bispecific molecules, where the PAS
sequence serves as a linker between two functional modules, have been generated.
In each case, the PASylated protein was directly produced in a soluble, fully active
state (without refolding), showed a dramatically increased hydrodynamic volume
and a much prolonged plasma half-life in animals while retaining high biological
activity. Remarkably, in all animal studies so far, no antibody response against the
PAS moiety was detected, even after active immunization (Schlapschy et al. 2013).

For instance, a PASylated IFN superagonist carrying 600 PAS residues to treat
MOG;3s_ss peptide-induced experimental autoimmune encephalomyelitis (EAE), a
mouse model of human multiple sclerosis (MS), did not induce antibodies upon
repeated administration, and its biological efficacy remained unchanged after 21
days of treatment. The tenfold extended pharmacodynamic half-life led to improved
disease protection compared to IFNP, the standard of care drug, despite being
injected with a fourfold less frequency and at an overall 16-fold lower dosage
(Harari et al. 2014).

In the case of hGH, N-terminal fusion with a PAS sequence comprising 600
amino acids prolonged plasma half-life after i.v. injection in mice by 95-fold, from
2.8 min for the unmodified hormone to 265 min for PAS(600)-hGH. A similar ter-
minal half-life and excellent bioavailability were evident after s.c. injection. In vitro
receptor-binding activity measured via surface plasmon resonance was only mar-
ginally influenced by PAS fusion, with 780 versus 300 pM for the unmodified pro-
tein. The small difference in affinity was a consequence of a lower k,,, most likely
due to a slight shielding effect of the polymer and/or slower diffusion of the enlarged
protein, as already described for PEGylation further above. Pharmacodynamics of
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PAS(600)-hGH was investigated in so-called “little” mice (Bellini and Bartolini
1993), an established mouse model having a lower level of endogenous growth
hormone and responding to the human ortholog. S.c. injected PAS(600)-hGH led to
a threefold increased net weight gain compared with unmodified hGH, even if
applied at double the dosing interval (Schlapschy et al. 2013).

Multiple PK studies in mice, rats, dogs, swine and monkeys have demonstrated
that PASylation is suited for intramuscular, subcutaneous and intravenous injection
routes, showing fast and high bioavailability in each case. Furthermore, plasma
half-life can be tuned by variation of the PAS length. Whereas for in vivo imaging
Fab fragments with PAS sequences around 200 amino acids result in optimal tumor
contrast (Mendler et al. 2015), PAS polypeptides with 600 to 1,000 residues are
suitable for long-lasting biobetters with projected once or bi-weekly dosing in
humans.

PASylation was also successfully applied to leptin, a satiety hormone which
acts on receptors in the hypothalamus. From recent studies with PASylated leptin
(as well as a PASylated leptin antagonist), it seems that PASylation does not ham-
per crossing of the blood-brain barrier via leptin-specific receptors (Morath et al.,
2015). After a single i.p. injection of PAS(600)-leptin into C57BL/6 J mice,
strongly increased and sustained hypothalamic STAT3 phosphorylation (13-fold
AUC) was observed compared with the unmodified hormone. Furthermore, a
reduction in food intake by 60 % and a loss in body weight of more than 10 %,
which lasted for more than 5 days, were achieved, whereas the unmodified leptin
(applied at the same molar dose) resulted in minute detectable effects for only
1 day after administration.

PASylated proteins can be produced at high yields in established expression sys-
tems including mammalian cells (CHO, HEK, COS), yeast (P. pastoris, K. lactis)
and E. coli. Bacterial production of PASylated proteins is compatible with both
cytoplasmic and periplasmic routes and even with secretion into the bacterial cul-
ture medium as demonstrated using ESETEC® technology (Wacker Biotech). Using
this E. coli production system, high density fermentations of PASylated hGH and of
a PASylated Fab fragment directed against an immunological disease target yielded
multiple g/L. of soluble, fully functional protein (Di Cesare et al. 2013).

An alternative to genetic fusion is chemical coupling with isolated PAS poly-
mers. These substances can be produced in high yields in E. coli, and the only reac-
tive N-terminal amino group can be specifically activated for regioselective coupling
to small molecules, DNA/RNA aptamers, cyclic- or modified peptides and even to
proteins. Available preclinical data and multiple in vivo proof of concept studies
indicate that PASylation has the potential to become an ideal tool to generate bio-
betters with extended plasma half-lives and potentially less side effects than
PEGylation while offering surprisingly similar biophysical properties. Several
PASylated biobetters are currently under development (XL-protein).

Compared with PASylation and XTEN, the genetic fusion with Elastin-Like
Polypeptides (ELPs) represents a different approach to prolonging the plasma half-
life of biologics. ELPylation technology (Phasebio) uses artificially designed, repet-
itive amino acid sequences derived from a five residue motif found in tropoelastin,



294 U. Binder and A. Skerra

the natural precursor of elastin. Proteins or peptides are fused with repeating ELP
building blocks, e.g., (VPGXG),, wherein the “guest residue” X may be any amino
acid except Pro. The resulting fusion protein can be expressed in a soluble form in
the cytoplasm of E. coli (Floss et al. 2010) or in plants (Phan and Conrad 2011).
ELPs undergo reversible phase transition at a specific temperature, which is depen-
dent on the type of guest residue, the length of the ELP moiety, the cargo protein
and salt concentration. Above the transition temperature, the ELP collapses from an
extended chain to a highly ordered hydrogen-bonded structure that reversibly forms
microaggregates. These insoluble ELP conjugates can be precipitated by centrifuga-
tion, thereby facilitating purification (Floss et al. 2010).

Importantly, ELPs can be designed to remain soluble at room temperature but to
form microaggregates at body temperature. This leads to the formation of a gel-like
depot after s.c. injection, which significantly prolongs the in vivo half-life of the
fused biologic (Betre et al. 2006; Shamji et al. 2007). For instance, in a phase Ila
clinical study, a 636 amino acid polypeptide comprising GLP-1 genetically fused to
numerous ELP repeats significantly reduced mean average glucose levels in humans
over a 7 day period with minimal loss of glycemic control (PB1023; Phasebio).
PB1023 was well tolerated and only one patient developed low titer non-neutralizing
antibodies. These data suggest a once weekly treatment for hyperglycemia in
patients with type 2 diabetes (Christiansen et al. 2012). Other biologics such as
Vasomera™ (del Rio et al. 2013), a novel long-acting VPAC2-selective, vasoactive
intestinal peptide agonist, or PE0139, a basal insulin, are currently being evaluated
in clinical phase L.

Bolstering Protein Glycosylation

Apart from the in vitro conjugation with polysaccharides mentioned further above,
it is well known that natural glycosylation of therapeutic proteins can have a stabi-
lizing effect in plasma by reducing susceptibility to proteolysis and increasing the
hydrodynamic volume and/or negative charge, thus prolonging in vivo half-life
(Sinclair and Elliott 2005). Consequently, boosting the number or size of N- or
O-linked sugar side chains in recombinant proteins produced in eukaryotic host
cells—which provide the necessary biochemical glycosylation machinery, if neces-
sary, after appropriate genetic engineering (Lepenies and Seeberger 2014)—has
emerged as another means to create biobetters.

This technology reached the market in 2010 with the FDA approval of the
“hyperglycosylated” EPO derivative Aranesp® (Amgen), which was created by
exchanging five amino acid side chains leading to two additional (in total five)
N-glycosylation sites. Whereas the additional glycosylation decreased receptor
affinity 4.3-fold, probably as a result of steric shielding, in vivo activity was overall
increased due to the longer circulation (Egrie and Browne 2001, 2002). In human
clinical trials the mean terminal half-life was 26.3 h, approximately threefold longer
than for the conventional biologic Epoetin alfa (8.5 h), thus allowing once weekly
dosing (Macdougall et al. 1999).
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Nevertheless, hyperglycosylation is a complex process, as carbohydrate addition
not only depends on the presence of a glycosylation consensus sequence (the so-
called sequon), but also on protein folding and local conformation as well as acces-
sibility to glycosyltransferases during biosynthesis. Both the introduction of changes
into the amino acid sequence and the attachment of new oligosaccharide side chains
(with their high steric demand and, potentially, charge) can adversely affect receptor
binding, recombinant protein folding or immunological tolerance. Therefore, an
extensive screening for mutants with the desired properties is required.

NexP™ technology (Alteogen) offers an alternative and faster approach to direct
hyperglycosylation of biologics. By fusion of a therapeutic protein or peptide to an
already hyperglycosylated long-acting al-antitrypsin mutant, the plasma half-life
of the fusion partner can be significantly extended (Chung et al. 2010). However, an
even more elegant way is the use of a small unstructured glycosylated peptide as
fusion partner, instead of a large globular glycoprotein that may influence folding
efficiency or binding activity of the pharmaceutically active component. In this
regard, an arabinoglycan module was proposed to create biobetters with prolonged
circulation. Such glycomodules are found in hydroxyproline (Hyp)-rich glycopro-
teins (HRGPs) of plants and green algae which contain Hyp-rich clusters that are
highly O-glycosylated. An X-Hyp-X-Hyp (X=Ser or Ala) repeat motif has been
identified that promotes addition of long O-linked arabinogalactan chains to the
hydroxyl group of Hyp if expressed in tobacco cells (Tan et al. 2003).

When genetically fused with a glycomodule consisting of multiple Ser-Hyp
repeats, therapeutic proteins such as human IFNa2b (Xu et al. 2007) and hGH (Xu
et al. 2010) not only showed higher yield in tobacco cell culture, but also a pro-
longed plasma half-life in mice. For instance, secretion of hGH C-terminally fused
with 10 Ser-Hyp repeats into the medium yielded a 500-fold higher level than wild
type hGH. hGH-(Ser-Hyp),, comprised relatively few (~8) glycan compositional
isomers, with an arabinogalactan carrying in total 25 sugar residues O-linked to
Hyp as the predominant species. Plasma half-life in mice reached 2.5 h in this case,
which is six times longer than for unmodified hGH (roughly 25 min) (Xu et al.
2010). Unfortunately, this technology is restricted to plant expression systems as
Hyp incorporation into the recombinant polypeptide is a prerequisite for this type of
glycosylation. Furthermore, caution has to be taken with regard to potential immu-
nogenicity of the non-mammalian oligosaccharide, also considering that
[-arabinosyl-Hyp is present on pollen allergens (Leonard et al. 2005).

GlycoPolymer technology (Aequus Biopharma) involves the genetic fusion of a
therapeutic protein or peptide with repeating units of the human N-glycosylation
sequon Asn-Asn-Thr (NNT) or Asn-Asn-Ser (NNS), which results in multiple addi-
tional N-linked glycans on the Asn side chains upon expression in mammalian cell
culture. The bulky, solvated carbohydrate structures increase the hydrodynamic vol-
ume of the biologic, thus leading to prolonged PK. The lead product, AQB-101, a
human G-CSF C-terminally fused with 51 NNT repeats, has been successfully pro-
duced in CHO cells. In preclinical studies the plasma half-life of this protein was
similar to PEGylated recombinant hG-CSF, Neulasta. When a single s.c. injection
of AQB-101 was compared to an equimolar amount of Neulasta a similar increase
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in neutrophil counts was observed, although the duration of the AQB-101-induced
response was slightly shorter.

The first biobetter that makes use of fusion with a natural human glycosylation
moiety and has received market approval in Europe in 2010 is Elonva®, a long-
acting follicle stimulating hormone (FSH) for the treatment of female infertility.
Elonva was generated by fusing FSH at the C-terminus of its f-subunit with the 28
amino acid C-terminal peptide (CTP) of the human chorionic gonadotropin (hCG)
B-subunit (Fares et al. 1992), which carries four O-linked glycosylation sites
(Sugahara et al. 1996). Peptide extension with the additionally negatively charged,
sialylated oligosaccharides prolonged the elimination half-life of this chimeric FSH
to 6075 h in healthy pituitary-suppressed females, which is approximately twice as
long as that of rFSH (Duijkers et al. 2002). A formulation allowing once weekly
dosing of this biobetter led to an equally effective ovarian response in terms of the
number of growing follicles and number of eggs compared to conventional daily
FSH injection (de Lartigue 2011; Ledger et al. 2011).

Further CTP fusions with thyrotropin (Joshi et al. 1995), hGH (Fares et al. 2010)
and EPO (Fares et al. 2011) demonstrated that the attachment of this module does
not affect secretion in mammalian cells, receptor affinity or bioactivity in vitro. To
increase the moderate plasma half-life extending effect of a single module, multiple
CTPs have also been used. In this manner, a long-acting EPO was created by fusing
one and two CTPs, respectively, to the N- and C-termini of the cytokine. The circu-
latory half-life of this EPO-(CTP); after i.v. injection was 13.1 h, which is roughly
threefold longer than the one of thEPO and even slightly longer than that of the
hyperglycosylated EPO derivative Aranesp (10.8 h). Moreover, EPO-(CTP); was
more effective than both thEPO and Aranesp in increasing reticulocyte number in
mouse blood (Fares et al. 2011). Clinical development is underway for several CTP
fusion proteins, including factor VIIa-CTP in the area of hemophilia, oxyntomodulin-
CTP (MOD-6030) for the treatment of obesity and a once-weekly dosed hGH-CTP
for use in growth hormone deficiency, which is currently subject to a phase III trial
(OPKO Health).

Conclusions and Outlook

During the last two decades numerous biopharmaceuticals have reached the market,
among those a growing number of biobetters with extended plasma half-life. These
long-lasting biologics have led to a new generation of drugs, promising improved
efficacy as well as patient compliance. Consequently, implementation of prolonged
action in vivo is no longer considered just an opportunity for the life cycle manage-
ment of existing biologics but has become a crucial aspect also for the development
of innovative biopharmaceuticals (Leader et al. 2008). Following increasing demand
by the pharmaceutical industry, multiple half-life extension technologies have been
devised, mostly by biotech companies or in an academic environment. Their under-
lying principle is either to expand the hydrodynamic molecular volume of a
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biological drug, to form a reversible depot, or to make use of endosomal recycling
via FcRn interaction.

For the latter strategy, the most successful approach is the Fc fusion technology,
with nine approved products so far. Notably, among these, only two long-acting
blood clotting factors actually represent improvements of previously approved ther-
apeutic proteins, whereas all other Fc fusions received regulatory approval as new
biological entities (mostly derived from cell surface receptor domains). One expla-
nation for this situation may be the dimeric nature of the Fc moiety, which is com-
patible with the structure of homo-dimeric receptors but interferes with the typical
monomeric state of conventional therapeutic proteins such as cytokines, hormones
or growth factors. Indeed, the bivalency may cause unwanted side effects due to
target receptor clustering, leading to agonistic signalling. Consequently, a new gen-
eration of monomeric Fc fusions has entered the market with the approval of
Eloctate and Aprolix, the two blood-clotting factor fusion proteins mentioned above.
However, the biotechnological production of these novel monomeric Fc fusion pro-
teins is clearly more complex.

Other concerns may be unwanted immunological side effects caused by the Fc
moiety, which constitutes the effector region of Igs, and the frequent loss in bioac-
tivity of the pharmaceutically active component as part of an Fc fusion protein.
Novel technologies such as LAPSCOVERY or hyFc may partially solve this prob-
lem. Another aspect is that plasma half-life extension via Fc fusion may just be too
long for certain medical indications—with the potential to cause adverse events.
One should keep in mind that strong PK prolongation for short acting factors is
highly unphysiologic and may have unknown long term consequences. Just as one
example, hGH has a pulsatile secretion naturally and it cannot be fully excluded that
off-target effects might be accrued from long acting hGH with consequent induction
of IGFs which may be linked to cancer (Yu and Rohan 2000).

Nevertheless, adjusting—or even further extending—the in vivo life-time by
altering affinity to FcRn is possible, as exemplified with the Xtend technology
(although merely applied to full-length antibodies up to now) and as also demon-
strated with the engineered albumin fusion technology Veltis. On the other hand,
approaches like CTP fusion or hyperglycosylation rather achieve moderate prolon-
gation of circulation per se. In comparison, the most promising strategy for a pre-
cisely tuned plasma half-life is based on polymer conjugation, in particular
PEGylation technology, but also its innovative biopolymer alternatives PASylation
or XTEN (Binder and Skerra 2012). In these cases, the in vivo life-time of a drug
can be tailored in a wide range by adjusting the length of the polymer.

All glycosylation technologies and most of the Fc fusion technologies (except
for LAPSCOVERY and PEPTIBODIES) are limited to mammalian expression
systems. Likewise, albumin with its 17 disulfide bridges necessitates yeast or
mammalian expression hosts while Hyp-rich protein fusions even require expres-
sion in plant cells. In contrast, polymer conjugation technologies are not restricted
to a specific expression system. For PEGylation, HESylation, Sialylation or
HepTune, the protein or peptide of interest is first produced in the host cell of
choice and is then conjugated to the polymer in a second step. Of course, this
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in vitro modification causes additional effort for the chemical or enzymatic cou-
pling procedure itself and for subsequent purification. However, this can be
avoided by using genetic fusion with XTEN or PAS polypeptides. For instance,
PASylated proteins can be produced efficiently in one step in E. coli, yeast, or
typical mammalian cells such as CHO; this offers freedom to choose the optimal
host cell according to the requirements of the pharmaceutically active protein
with regard to disulfide bridge formation or other kinds of posttranslational modi-
fications. As PAS sequences are uncharged, they are compatible with high yield
secretion across cellular membranes into the bacterial periplasm or into the cul-
ture medium, which is a clear benefit compared to other technologies. Genetic
fusion with unstructured polypeptide sequences also has advantages for GMP
production and product analytics as the corresponding fusion proteins are usually
monodisperse. This is in clear contrast to all synthetic polymers, in particular
PEG or polysaccharide-based polymers like HES, heparosan or polysialic acid,
which are inherently polydisperse.

At present, PEGylation still represents the gold standard for plasma half-life
extension with more than ten approved products, including several drugs with
annual sales of more than 1 billion US dollars, which provides a successful track
record. Novel developments in this area such as site-specific coupling technologies,
glycoPEGylation, branched PEG derivatives or transient PEGylation will yield
future biobetters. However, these advanced PEGylation strategies do not solve a
fundamental problem of this synthetic polymer, which is its lack of biodegradabil-
ity. To address this issue, novel biopolymers based either on polysaccharides (HES,
polysialic acid, heparosan) or on polypeptides (XTEN, PAS) have been developed
and should allow, in principle, to profit from the beneficial macromolecular features
of PEG while avoiding tissue and organ accumulation. To the extent data are avail-
able so far, PASylation appears to be the closest mimic of PEGylation with regard
to biophysical characteristics, since representing an uncharged, highly solvated and
flexible random chain polymer.

For comparison, many other conjugation technologies, based e.g. on albumin,
heparosan, polyglutamate, XTEN or the Fleximer polymers, involve multiple
anionic charges and significantly lower the pl of the biologic. While this electro-
static effect may additionally retard renal clearance due to repulsion from the like-
wise negatively charged glomerular basement membrane, endothelial surfaces of
blood vessels as well as many cell surfaces are negatively charged, too, which could
hamper efficient extravasation and receptor targeting.

Taken together, facing the looming patent cliff for first generation biologics and
the need for more effective and convenient biopharmaceuticals, biobetters with
extended plasma half-life offer a lucrative market opportunity with a much lower
attrition rate compared with the original development of new biological entities.
Beyond the two classical approaches, Fc fusion and PEGylation, multiple new tech-
nologies have become available. Although these are still novel platforms, their
promise of cost effectiveness, enhanced bioactivity and high patient compliance
render them of great interest to the pharmaceutical industry.
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Biosimilar and Biobetter Scenarios for the US
and Europe: What Should We Expect?

Ernst R. Berndt and Mark R. Trusheim

Introduction and Background

FDA-approved biologics have been marketed in the US for more than 30 years
(human insulin was the first recombinant therapeutic approved by the FDA in
1982)." In spite of this considerable history, the pathway to follow-on biologics
(dubbed “biosimilars” by some observers) subsequent to originator loss of patent
protection or other exclusivity has only recently begun to evolve, albeit at a more
rapid pace in Europe than in the U.S. In this manuscript we discuss how biosimilar
development, regulatory approval, manufacturing, branding and marketing, distri-
bution, utilization, pricing and cost savings will differ from the historical experi-
ences of generic small molecules, chemically synthesized therapies, both in the U.S.
and Europe. We will also address how and why the European biosimilar diffusion
process will likely differ from that in the U.S.

We begin by overviewing the stylized facts and existing literature concerning the
evolution of U.S. and European generic small molecule markets, and then review
the smaller but rapidly growing body of literature concerning U.S. and European
markets for biosimilars and other specialty drugs. Finally, we explore the financial
incentives that may drive development of biobetter vs. biosimilar therapeutics.
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Stylized Facts of U.S. Generic Small Molecule
Market Evolution

The seminal legislation governing generic entry of small molecules into the U.S.
market is the 1984 Hatch-Waxman Act. Rather than requiring duplicative clinical
studies demonstrating safety and efficacy, this legislation facilitated more rapid and
less costly generic entry by only requiring the abbreviated New Drug Application
(ANDA) applicant to demonstrate bioequivalence to the innovator drug, as well as
compliance with current good manufacturing practices (cGMP). If the innovator’s
patents are not successfully challenged, typically relatively unfettered and massive
generic entry now occurs on the day of loss of exclusivity (LOE), with the number
of entrants depending in large part on the dollar or prescription volume of pre-LOE
sales, and/or on the complexity the manufacturing or use of the drug entails.
Although generally increasing over time since passage of the Hatch-Waxman legis-
lation, the generic efficiency rate (for molecules having multisource entry following
LOE, the proportion of brand plus generic scripts dispensed as generics) has
exceeded 90 % in the U.S. retail market in recent years, approaching its theoretical
limit of 100 %, and has done so increasingly rapidly—on average over all small
molecules, within 3—4 months of LOE the generic penetration rate (the proportion
of all prescriptions dispensed as generic) now approaches 80-90 %.* Though not
utilized initially for more than a decade, the legislation also provided incentives for
generics to challenge innovators’ patents as being invalid or not infringed by the
ANDA applicant; the successful first-to-file ANDA Paragraph IV challenger is
rewarded by being given 180 days of exclusivity, during which time no other ANDA
holder can market the drug formulation/strength. However, brands can enter under
their original New Drug Application (NDA) during the 180-day exclusivity period,
launching their authorized generic (AG) to compete in a triopoly setting with the

2Grabowski et al. (2011) define a complex small molecule as one meeting two or more of the fol-
lowing criteria: black box warning, narrow therapeutic index, prescribed by specialists, oncology
products, or manufacturing technology that is available to only a limited number of firms. The
more complex the drug, ceteris paribus, the fewer the number of generic entrants at the time of
LOE. Olson and Wendling (2013) find that entry both during and after the 180-day exclusivity
depends not only on pre-LOE market size, but also is greater if the drug at issue was originally
designated a New Chemical Entity (NCE) by the Food and Drug Administration during the NDA
approval process.

3IMS Institute for Healthcare Informatics (2011a), p. 21, and Aitken et al. (2013). Earlier studies
include those by Hurwitz and Caves (1988), Ellison et al. (1997), Cook (1998), Reiffen and Ward
(2005), Saha et al. (2006), Aitken et al. (2008), Aitken and Berndt (2011), Berndt and Aitken
(2011) and Berndt and Newhouse (2012). Regarding complexity, as discussed in the previous
endnote, Grabowski et al. (2011, pp. 540-541) report that “On average, drugs with two or more
characteristics faced 2.5 geneic entrants 1 year following initial generic entry, while drugs with one
or no complexity characteristics faced an average of 8.5 entrants.” Mean generic share of non-
complex small molecules was 1.7 times larger than for complex small molecules, while the mean
price discount from brand price was 1.6 times larger (price here reflecting manufacturer’s revenues
from sales to wholesalers and direct customers).
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entrants consisting of the possibly cannibalized own brand, the successful first-to-file
Paragraph IV challenger, and the authorized generic.*

In the case of a triopoly during 180-day exclusivity, at the retail level average
prices for the ANDA and the AG are about 20 % less than the brand, although phar-
macy acquisition prices (and hence, average revenues to the ANDA and AG manu-
facturers) are discounted even more, implying that during the 180-day exclusivity
retail margins are very substantial.’ In spite of this modest retail price reduction
during the 180-day exclusivity, early evidence suggested that within 4 weeks of
LOE, the volume share of the combined successful ANDA challenger plus the AG
was about 75 %.° Since the choice of who will be the AG is a decision made by the
brand seeking to maximize its post-LOE profits (the AG could be an independent
generic firm licensed to market the AG while paying the brand a royalty for the
privilege, or a generic subsidiary of the brand), the more interesting combined share
is that of the brand and the AG, particularly since according to the Federal Trade
Commission (2011, p. 85), in recent years the royalty rate paid the brand by the AG
has been in excess of 90 %. Evidence from the 2009-2013 time frame in the U.S.
suggests that during the 180-day exclusivity, the brand volume share ranges from
about 15 to almost 50 %, and the AG share from 20 to 30 %, with the combined
brand plus AG share ranging between 50 and 65 %, while that for the successful
first-to-file ANDA challenger is between 35 and 50 %.” To date, sample sizes in
studies analyzing AG pricing patterns have been too small to detect whether pricing
during the 180-day exclusivity differs depending on whether the AG is marketed by
an independent generic or a subsidiary of the brand. The evidence does, however,
suggest that the presence of an 180-day exclusivity period with restricted entry
(either duopoly or triopoly) has no long-term effect on the extent of generic entry
post-180-day exclusivity.® Notably, in recent years almost all brands at risk for ini-
tial LOE have faced patent challenges; these challenges have increasingly occurred
at precisely 4 years following initial NDA approval which is the earliest time from
initial NDA approval at which the brand’s patent can be challenged. In most cases
when there is a successful Paragraph IV challenger, the brand has responded with
AG entry, although in some settlement situations generic entry has been delayed, or
the brand agrees not to launch an AG.’

For many years conventional wisdom held that total molecule (brand plus all
generic) utilization generally declined following LOE. This post-LOE decline has

*If multiple Paragraph IV filers submit their challenge on the same day, the various challengers
share the 180-day exclusivity, resulting in a larger number of competitors. See Federal Trade
Commission (2011, especially Chap. 7) for more details.

3See Federal Trade Commission (2002, 2011), and Aitken et al. (2013) for further details.
®Berndt et al. (2007). Also see Branstetter et al. (2011) for estimated effects of Paragraph IV entry
on consumers’ welfare in the U.S.

7Aitken et al. (2013).

8Berndt et al. (2007); Federal Trade Commission (2011); Aitken et al. (2013).

Federal Trade Commission (2011, Chaps. 2 and 7, Aitken et al. (2013), Grabowski et al. (2014),
and Drake et al. (2014).
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been thought to reflect reduced marketing efforts by the brand as LOE approached
and after it arrived, attempts by the brand to switch Rx-only to an over the counter
version or to its next generation product in the same therapeutic class, as well as an
absence of product differentiation marketing competition by generic manufacturers
following LOE. However, in recent years a new phenomenon has emerged by which
cross-molecule substitution from a patent protected brand to a generic version of
another molecule results in total utilization of the off-patent generic molecule
increasing following the brand’s LOE. This occurred in 2006-2007 when Zocor
(simvastatin) went off patent, inducing efforts by payers and their pharmaceutical
benefit manager (PBM) agents to incent substitution toward simvastatin and away
from the branded more costly Lipitor.' More recent data suggest the Zocor-
simvastatin-Lipitor increase in post-LOE sales was not unique historically, and
instead may become the norm as payers and their PBMs increasingly exercise their
ability to effect cross-molecule substitution. Specifically, as reported in Aitken et al.
(2013), among the top 50 prescribed molecules in 2013, for four of the six mole-
cules experiencing initial LOE between 2009 and 2013, total utilization post-LOE
increased, for one molecule it was relatively stable, and for only one molecule
decrease in post-LOE utilization occurred, and that was only a very slight decrease.

In terms of number of generic entrants post-LOE, due to a combination of con-
solidation M&A activity among generic manufacturers and actual product exit, the
total number of generic entrants in the US has tended to peak between 30 and 36
months following LOE.'! In aggregate, over all products in 2009 the generic pene-
tration rate (the proportion of all retail prescriptions dispensed as generics) was
about 80 %, the unbranded generic revenue share was 10—15 % of total revenues,
while branded products captured 75 % of revenues, with branded generics obtaining
10~15 % of total revenues.'? By 2013 the generic penetration rate increased to 86 %,
the unbranded generic revenue share increased to 17 %, branded products captured
only 71 % of revenues, and branded generics obtained 12 % of total medicine
spending.'

Stylized Facts Regarding European Small Molecule Generic
Market Evolution

Although recent trends in generic efficiency improvements and average price reduc-
tions have accelerated, European small molecule generic efficiency rates have not
been as high and average molecule prices have not fallen as much proportionately

10See Aitken et al. (2008) for details.

""Berndt and Aitken (2011); Reiffen and Ward (2007).
12IMS Institute for Healthcare Informatics (2011a, p. 21).
3IMS Institute for Healthcare Informatics (2014, p. 40).
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as has occurred in the U.S. There are several reasons behind this historically less
aggressive generic diffusion and pricing in European countries than in the U.S.

First, on-patent brand prices in Europe are generally lower than in the U.S. Even
if a manufacturer launching a new drug launches it at parity pricing across the globe,
in many European countries there are various forms of price controls, such as pro-
hibitions on manufacturers raising prices more rapidly than some measure of overall
national price inflation. This constrains European post-launch on-patent brand price
growth, and so when patent expiration occurs, the brand’s price relative to its price
at time of initial launch is typically lower than in the U.S. This makes generics less
of a “bargain” to European payers and consumers. It also implies that entry by
generic manufacturers is not as profitable, thereby reducing incentives for, and miti-
gating the extent of, entry by generic manufacturers.

Second, and related to lower European brand prices than in the U.S., in most
European countries the purchasing of medicines is centralized in national or regional
governments, providing them with critical monopsonistic leverage in negotiating
prices with manufacturers marketing patent-protected medicines. In some coun-
tries, such as the U.K. and Germany, in order to gain reimbursement from payers,
manufacturers are required to provide data (via a national health technology assess-
ment) showing their drug is at least as if not more cost-effective relative to existing
treatments and their outcomes. Relative to this European standard, the U.S. market
is much more fragmented, and up to this point in time has not demanded as much
comparative cost-effectiveness data.

Third, in the U.S. the possibility of being the exclusive generic entrant for the
first 180-days following loss of exclusivity acts as a powerful lure to generic firms,
for during that 6 month time frame the successful generic challenger can monopo-
lize substitution away from the off-patent brand, and by pricing just under the
brand’s umbrella price, the generic can capture a substantial temporary profit bonanza.'*
Comparable “Paragraph IV Challenge” provisions to the U.S. Hatch-Waxman leg-
islation do not exist in most European countries.

Fourth, as has been pointed out convincingly by Danzon and Furukawa (2011),
in the U.S. and in only several European markets, dispensing pharmacies face
national healthcare reimbursement policies that direct whether brand-generic deci-
sion making is driven largely by pharmacies, by incentivizing patients with lower
copayments for generic drugs, mandating generic for brand substitution, and induc-
ing pharmacies to aggressively seek out the lowest-cost generic available among the
generic manufacturers. By contrast to these pharmacy driven markets, Danzon and
Furukawa describe physician-driven markets as ones in which physicians typically
prescribe a specific off-patent molecule by brand name or the originator brand
name, in which case generic suppliers are incentivized to compete on brand image
rather than on price. Although there are differences among them, at the time Danzon
and Furukawa (2011) were writing their article, they characterized the U.S., UK.,

14 For a discussion of the lucrative profitability of a successful Paragraph IV first to file challenger,
even if the brand responds by launching an authorized generic, see, for example, Drug Channels
(2011, 2012).
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Netherlands and Canadian markets as pharmacy driven and Germany as becoming
more so over time, whereas most other European markets (including France, Italy
and Spain) were characterized by them as physician driven. Danzon-Furukawa
document that pharmacy acquisition costs are generally lower in pharmacy driven
markets, other things equal. Their empirical findings are largely corroborated in the
eight European country study by Berndt and DuBois (2012).'3

A related body of literature has examined the effective length of market exclusivity
for small molecules across countries. Effective length of market exclusivity has
been defined as the time period between regulatory approval of the drug and initial
multi-source generic entry (entry may be delayed beyond patent expiration due to
the presence of other market exclusivity provisions, such as the 6 month pediatric
exclusivity extension in the US). Danzon and Furukawa (2011) report remarkable
homogeneity in mean exclusivity length across the nine countries in their sample,
close to 12 years. A similar length of time is reported by Hemphill and Sampat
(2012) for the U.S., with “evergreening” attempts by brands to extend exclusivity
through filing of additional patents offset roughly equally by “prospecting” patent
challengers from generic firms. Hemphill and Sampat (2012) report relative stabil-
ity with a mean of about 12 years for small molecules between 1991 and 2001.
Slightly different findings have been reported by Grabowski and Kyle (2007), who
suggest that for small molecules in the U.S., effective patent life has declined
slightly over the last few decades.

Due to the very small number of biosimilar entries approved to date in the EU
and US, there do not appear to be any studies yet comparing effective market exclu-
sivity durations for biologics across countries.

With virtually no biosimilars in the US on which to provide pricing and entry
empirical evidence, some insights might be gained by examining studies of spe-
cialty drugs as they lose exclusivity in the U.S. because like biologics many of the
specialty drugs are injectable or infused and quite costly when under patent protec-
tion. To the extent biosimilar entrants will be therapeutic substitutes rather than be
rated as fully interchangeable by the FDA,'® one might plausibly view the amount
of entry and the degree of price decrease from entry observed after LOE in spe-
cialty drugs in the U.S. as providing an upper bound to the extent of entry and
magnitude of price effects likely to occur as biologics go off patent in the U.S.

5Berndt and DuBois (2012) amend the Danzon and Furukawa (2011) classification slightly, char-
acterizing France as becoming pharmacy driven in 2006 (when pharmacies were first given strong
financial incentives to substitute generics for brands) and Germany in 2007.

16 According to the FDA (2014b, p. 15), biosimilarity means that “the biological product is highly
similar to the reference product notwithstanding minor differences in clinically inactive compo-
nents,” and that “there are no clinically meaningful differences between the biological product and
the reference product in terms of the safety, purity and potency of the product.” Regarding inter-
changeability decisions, in the same FDA (2014b, pp. 5-6) document, draft guidance specified
four possible process decision outcomes: definitely not interchangeable; might be interchangeable
if enough clinical and analytical data to support it is developed; looks like it is interchangeable but
needs more clinical and analytical data to support it; and biosimilar is a “fingerprint” of the innova-
tor product, as demonstrated by analytical data, and no further clinical data is required.
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The upper bound interpretation is supported by the fact that many generic specialty
injectable or infused drugs are essentially small molecules dissolved in water. They
do not have the manufacturing complexity issues that arise in creating biologics,
although they do have some manufacturing complexity relating to ensuring that
they are sterile and may require thermal and/or lighting-constrained distribution
and storage.

In this context, it is useful to examine recent research by Conti and Berndt (2014)
focusing on 41 cancer molecules (15 oral, 26 physician-administered injectable/
infused) that faced initial LOE in the U.S. between 2001 and 2007. A number of the
conclusions are particularly relevant. First, entry by generics following the brand’s
LOE was generally quite modest, and certainly much smaller than that typically
observed for small molecule tablets and capsules: the mean number of ANDA spon-
sors entering a new molecule formulation after LOE ranged from 1.66 in 2003 to
4.9 in 2007, with what appears to be an upwards trend in entry count in 2006 and
2007 compared to previous years. Among several specialty drugs, exit by the
branded manufacturer in the first few years following LOE was observed, as well as
delayed and sequential ANDA entry into a given molecule undergoing LOE. Among
another subset of drugs that were always generic between 2001 and 2007, the aver-
age number of manufacturers declined from 3.04 in 2001 to 2.3 in 2007, suggesting
that generic manufacturers of cancer drugs may have been exiting from producing
very old generic drugs and instead entering into segments experiencing initial LOE
that offered potentially more profitable opportunities. Market size as measured by
brand revenues for the molecule pre-LOE, the number of distinct indications for
which the molecule was FDA approved or reimbursed by Medicare, and oral (as
distinct from injected/infused) formulations increased the extent of entry. Although
no monoclonal antibodies experienced initial LOE in this 2001-2007 sample time
period, the results suggest that to the extent current on-patent monoclonal antibod-
ies are large revenue products (such as Humira™ and Rituxan™), and are used to
treat multiple indications, we can expect that as monoclonal antibody agents experi-
ence initial LOE in the US in the near future, they will attract a substantial number
of biosimilar or biobetter entrants.

In this sample branded prices rise and generic prices fall in response to LOE and
generic entry, with the brand price increases being considerably larger for injected/
infused than for oral drugs, but decelerating as the number of generic manufacturers
increased. While generic prices of oral formulations fall rapidly and steeply as the
number of manufacturers increases, for injected/infused drugs generic prices fall
more modestly as the number of manufacturers increased.

In terms of total generic plus brand volume following LOE, a common finding
among the specialty cancer drugs was that total volume post-LOE was greater than
that pre-LOE; this result may be unique to cancer drugs since a common phenom-
enon in oncology, but not widely observed elsewhere, is that newly approved drugs
are combined with old off-patent oncologic agents in cocktail combination treat-
ments. This positive volume impact is also larger for oral than for injected/infused
cancer drugs.
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Manufacturing Distinctions of Biopharmaceuticals

The manufacturing processes for biologic drugs are considerably more complex and
costly than for traditional small molecules that are formulated as oral tablets/cap-
sules. Classic small molecules pharmaceuticals such as aspirin are chemically syn-
thesized and manufactured into tablets or capsules to be taken orally by patients.
Biopharmaceuticals, or biologics, such as insulin and monoclonal antibodies, are
large molecules usually produced by unicellar organisms (such as yeast or microbes)
or by immortalized mammalian cells in large fermentation vessels. The large mol-
ecules are then purified from the cellular broth and formulated for administration to
patients by injection or infusion to avoid their gastro-intestinal tract which would
digest these biologic products. Because of their scientific and manufacturing differ-
ences, small molecule and biologic pharmaceuticals are subject to somewhat differ-
ent regulatory rules and clinical handling which in turn may affect their development,
distribution, reimbursement, competition, product life cycles and so economic
incentives. Prior research suggests that the commercial experiences of biologics and
small molecules differs significantly.!”

Due to their size and propensity to fold into different conformations, biologics
can be difficult to chemically characterize fully, as is typically done with small mol-
ecule pharmaceuticals. A famous set of rules for successful small molecule proper-
ties was developed by a Pfizer chemist and his colleagues after examining many
successful, and failed, candidate drugs.'® Now called the Lipinski rule of five, some
of the rules state that successful drugs have a molecular weight less than 500, the
number of hydrogen donating groups is less than five, and the total number of
hydrogen atoms should be less than ten. Biologics violate all these rules. For exam-
ple, the molecular weights of somatropin, erythropoietin alpha and filgrastim are
22,124, 30,400 and 18,800 respectively. Each is a folded protein consisting of a
chain of amino acids. Depending on the product, the chain ranges from 165 to 191
amino acids long. Hence, since any single amino acid has at least two oxygen atoms
and a nitrogen atom, each of these biologics clearly violates most of Lipinski’s rules
for a successful pharmaceutical.

Due to their size and complexity, fully characterizing a biologic through physio-
chemical means such as is used for pharmaceuticals or biological assays is not cur-
rently possible. Furthermore, the links among such features and medically important
characteristics such as bioequivalence, interchangeability among products, immu-
nogenicity, pharmacokinetics/dynamics, metabolism and even safety and efficacy
are not yet well understood."

The molecular size of biologics raises manufacturing and quality control issues
that also confront biosimilar manufacturers. Biomanufacturing is complex, requir-
ing isolation of the DNA or RNA to produce the protein, insertion of that DNA/RNA

"Trusheim et al. (2010).
8 Leeson (2012).
19Schellekens (2005).
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into a cell line and optimization of it for production, establishment of fermentation
conditions, development of purification processes and the logistics of packaging,
distribution and storage to preserve the protein. The result is that biopharmaceutical
production costs are relatively high with cost of goods sold ranging from 15 to 30 %
for today’s products,? significantly higher than that for small molecule pharmaceu-
ticals. It is unclear if biosimilars will achieve lower production costs or experience
higher costs than the reference product(s). Some estimate that biosimilar manufac-
turers will be unable to exploit the economies of scale or match the accumulated
expertise of established players, and so may incur substantially higher unit costs.?!
However, new bioproduction technologies may enable substantially lower unit pro-
duction costs through lower capital costs and with higher product yields through
modern cell lines, but whether they will still be designated as fully interchangeable
products with the brand by regulators is uncertain.??

Given this regulatory uncertainty (on which, more below) and potentially greater
average production costs, it may be more attractive economically for biologic man-
ufacturers to pursue a “biobetter” product entry strategy with an NDA/BLA rather
than an abbreviated biosimilar application, consciously differentiating their product
from the brand that is now off-patent, rather than seeking biosimilar approval, even
though with the latter the number of clinical investigations and costs are likely to be
smaller. Other factors affecting the choice between a biosimilar or biobetter strategy
include the ease and speed of patient recruitment, the speed with which manufactur-
ing facilities are approved, the willingness of prescribers and payers to adopt bio-
similars, concerns regarding immunogenicity, regulatory restrictions on marketing
claims, and legal liability. Many of these factors are likely to vary across geogra-
phies. Hence with regulatory, commercial and scientific uncertainty all playing
critical roles, it is plausible that the choice between biosimilar and biobetter strate-
gies will differ in the US and EU, and depend on more than simply the degree to
which EMA-FDA regulatory policies are harmonized or divergent.

With this as background, we now examine the accumulating evidence on bio-
similar uptake trends in Europe since 2006.

European Evidence on Biosimilar Uptake

The Committee for Medicinal Products for Human Use (CHMP) of the European
Medicines Agency (EMA) issued draft guidelines on similar biological medicinal
products in November 2004, which were adopted by CHMP in September 2005 and
came into effect on 30 October 2005.% According to the guidelines, products will
be evaluated on a case-by-case basis but the general approval pathway will be abbre-

0Ziegler and Santagostino (2011).

2 Kelley (2009).

2Morrow (2006).

2 European Medicines Agency (2005).
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viated relative to an entirely new biologics product application. This framework
includes an overarching set of principles; general guidelines on quality, safety and
efficacy; and guidelines specific to product classes. To date, the EMA has issued
class-specific guidelines in seven classes,* and guidance is under development for
several other major biologics product classes including recombinant follicle stimu-
lation hormone, and recombinant interferon beta.”> The EMA has also approved
biosimilars in five product classes—somatropins, erythropoietins, granulocyte
colony-stimulating factors (G-CSFs), tumor necrosis factor alpha (TNF-a, inflix-
imab), and human follicle stimulating hormone (FSH, follitropin a).?* An appendix
to this paper provides further details on the reference products, biosimilars, and
non-reference products in these five product classes.

Table 1 lists the EMA action history on biosimilars from the inception of the
program up to April 18, 2014. Applications currently under review and those which
were submitted and then withdrawn prior to EMA action (such as the Marvel appli-
cations for insulin biosimilars) are not included.

Sandoz’s Omnitrope human growth hormone product was the first biosimilar
approved in the EU (April 12, 2006) with Pfizer’s Genotropin serving as the refer-
ence product.?’” As of June 2010, 14 biosimilars for somatropin, epoietin and filgras-
tim/lenograstim had been approved and were being marketed in the EU: seven for
filgrastim (a granulocyte colony stimulating factor), two for somatropin (growth
hormone), and five for short-acting epoietin.

The mid-2010 to 2013 lull having only limited EMA approval action activity was
broken in the autumn of 2013 with CHMP recommendations for an eighth filgras-
tim biosimilar, for the first two biosimilars for a monoclonal antibody and for a
fertility hormone. Remsima and Inflectra are both biosimilars for infliximab using
Janssen’s Remicade as the reference product. Monoclonal antibodies are perhaps
the largest class of biologic products, both in terms of numbers of products as well
as global revenues. From 2006 through mid-2010 the EMA had ruled on 15 biosimi-
lar applications, approving all but one.

In the middle period (2010-2013) the EMA subsequently withdrew approval for
two of the products and approved none. In addition it saw Marvel LifeSciences
withdraw its applications for three insulin biosimilars.”® The EMA noted that the
company had stated that, “the decision to withdraw is in order to have sufficient
time to repeat and submit bioequivalence T1D (type 1 diabetes) PK/PD

**The product-specific biosimilar guidelines include recombinant erythropoietins, low-molecular-
weight heparins, recombinant interferon alpha, recombinant granulocyte-colony stimulating fac-
tor, somatropin, recombinant human insulin, and monoclonal antibodies. See European Medicines
Agency (2006a, b, ¢, 2009a, b, 2010, 2012a, b, ¢).

% European Medicines Agency (2010, 2011a, b, ¢, 2012a, ¢ (a finalized version of 2010))

2 European Medicines Agency (2013a).

“"European Medicines Agency (2013a, p. 4). BioPartners’ Valtropin was approved by the EU on
the same day as Sandoz’ Omnitrope with Humatrope as the reference product, but Valtropin has not
been marketed.

2 European Medicines Agency (2012b).
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(pharmacokinetic/pharmacodynamic) data on each clamp study in order to comply
with the planned new insulin guideline..., at a validated CRO (contract research
organization).”?® This experience demonstrated the impact that regulatory guidance
regarding the level of evidence required from sponsors to demonstrate biosimilarity
can have on the number and timing of biosimilars. Compared to small molecule
generics, the amount of scientific and clinical effort required for biosimilar determi-
nation by regulatory authorities such as the EMA is significantly greater.

Instead of documenting efficacy and safety of the follow-on biologic via clinical
trials, for therapeutic substitutability a follow-on biologic must prove biosimilarity.
To date the EMA has required at least one Phase II or Phase III clinical trial for a
biosimilar to demonstrate similar safety and efficacy to its reference molecule.
Notably, the EMA framework does not result in any findings of interchangeability,
with questions of substitutability being left to the member state competence to regu-
late. Local substitution laws differ among EU member states, with some (e.g.,
Spain, Sweden) including explicit prohibition on automatic substitution for biolog-
ics (i.e., prohibiting mandatory pharmacy-level substitution).*® This contrasts with
US policy, by which the FDA approves applications as therapeutic substitutes or
interchangeable therapies. Within the EU framework, the EMA also determines the
extent to which biosimilarity of a biologic for treatment of one indication can be
extrapolated to other indications for which the reference biologic had received EMA
approval.’!

Of note in the US, there has been considerable activity at the state legislature
level, with legislation being introduced frequently following the principles advo-
cated for by organizations such as the Biotechnology Industry Organization (BIO).
Specifically, the principles BIO advocates that states should follow include: (1) sub-
stitution should occur only when the FDA has designated a biologic product as
interchangeable; (2) the prescribing physician should be able to prevent substitu-
tion; (3) the prescribing physician should be notified of the substitution; (4) the
patient, or the patient’s authorized representative, should, at a minimum, be notified
of the substitution; and (5) the pharmacist and the physician should keep records of
the substitution.’ Other countries have used a European-like approach, including
Canada (where biosimilars are termed “subsequent entry biologics”, or “SEBs”)
and Japan. Australia adopted the EU guidelines in August 2008.%

Because the phenomenon of biologic patent expiration is only a relatively recent
development, the evidence on pricing of biologics to date is rather sparse. One pub-
licly available peer-reviewed article is that by Calfee and DuPre (2006), who find
that while the first generation of biologics (such as the “branded generic” insulins)
were priced substantially lower in Europe than in the U.S., the later generation

2 European Medicines Agency (2012b).

0Ehmann (2010).

31 European Commission (2013, p. 27).

32 Biotechnology Industry Association (2013). For additional discussion, see Karst (2013a), who
also provides a state-by-state legislation scorecard.

3 Grabowski et al. (2013, p. 3).
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single source branded biologics were priced close to parity in Europe and the
U.S. Whether prices of more recent cohorts of newly launched branded biologics
are parity priced in Europe and the US is unknown.

However, a recent publication, by Grabowski et al. (2011, updated in 2013, p. 24)
surveys various U.S. studies that have projected biosimilar price discounts relative to
pre-entry U.S. brand prices. Grabowski et al. (2007a, b) projected a 10-30 % dis-
count in year 1, the Congressional Budget Office (2008) a 20 % discount in year 1
increasing to 40 % by year 4, Steve Miller and Jonah Houts (2007) of Express Scripts
25 % in year 1, and Roland (Guy) King (2007) of Avalere Health a 20 % discount in
year 1 increasing to 51 % in year 3. Notably, each of these projected discounts for
biosimilars is considerably less than the discounts achieved in recent years by generic
small molecules in the U.S.,** but is in the range of injected/infused cancer specialty
drugs experiencing initial LOE in the U.S. in 2001-2007.%

Before presenting empirical evidence from biosimilars in the EU, we digress
briefly to focus on some measurement issues. Because some medicines are used to
treat diverse conditions having very different dosages across individuals (such as
those based on weight or body mass index) and indications, measuring the volume
of these multipurpose medicines is very challenging. The IMS Health Midas sales
data in local currencies and extended units that we employ are derived from ex-
manufacturer invoices; these data therefore reflect revenues received by manufac-
turers, they exclude wholesale and retail margins, and therefore do not reflect actual
reimbursements by national health authorities or other payers to the retail sector.
The local currency sales have been converted to US dollars at contemporaneous
quarterly varying exchange rates, for all countries.

Some researchers transform these data into days of therapy utilizing the World
Health Organization (WHO) Defined Daily Dosage (DDD) metric. The WHO
Collaborating Center for Drug Statistics and Methodology defines the DDD as
follows:

“The DDD is the assumed average maintenance dose per day for a drug used for its main
indication in adults.... It should be emphasized that the defined daily dose is a unit of mea-
surement and does not necessarily reflect the recommended or Prescribed Daily Dose.
Doses for individual patients and patient groups will often differ from the DDD and will
necessarily have to be based on individual characteristics (e.g. age and weight) and pharma-
cokinetic considerations.... Drug consumption data presented in DDDs only give a rough
estimate of consumption and not an exact picture of actual use. The DDD provide a fixed
unit of measurement independent of price and dosage form (e.g., tablet strength) enabling
the researcher to assess trends in drug consumption and to perform comparisons between
population groups.... The DDD is nearly always a compromise based on a review of the
available information including doses used in various countries when the information is
available. The DDD is sometimes a dose that is rarely if ever prescribed, because it is an
average of two or more commonly used doses.”

34 Aitken et al. (2008), Berndt and Aitken (2011) and Aitken et al. (2013).
35 Conti and Berndt (2014).

*World Health Organization (2009, pp. 1-2); italics and bold in original text. For further details
concerning DDD, see World Health Organization (2003 (Chap. 6), 2011); also see International
Federation of Pharmaceutical Manufacturers and Associations (2006).



Biosimilar and Biobetter Scenarios for the US and Europe: What Should We Expect? 329

For our purposes, it is useful to note that the WHO DDD assigned to a drug is
time invariant, and is identical across countries and dosage strengths. While it would
be preferable to utilize the IMS Health daily average consumption (DACON) metric
derived and updated from actual retail prescription data, as in Berndt and Aitken
(2011), currently IMS Health DACON data are only available for some countries,
and they are often not available for medicines dispensed outside the retail sector
(thereby excluding biologics administered in hospitals or outpatient clinics).

Other possible volume measures include extended units, standard units, and
eaches. Extended units are the number of tablets, capsules, milliliters, ounces, etc.
of a product shipped in each unit. This number is calculated by multiplying the
number of units by the product size. According to IMS, “...extended units are not
meaningful above the package level, because a product may have different forms
and strengths and therefore a different type of unit for each presentation.”””’ Standard
units represent the number of dose units sold for a particular product. Examples of
standard units are the number of tablets sold, the number of 5-ml doses for liquid
products sold, or the number of vials sold. According to IMS personnel, “Standard
units enable you to compare sales volume data for products across different product
forms and dosing regimens. For example, you can compare solid to liquid forms
more precisely by equating the number of milliliters of a liquid preparation—such
as 5 ml of liquid—to the standard solid dosage of one tablet. Standard units are
defined for all product forms, allowing you to make accurate comparisons among
several product forms.”® It is our understanding that standard units replaced earlier
measures based in part on eaches, and that standard unit measures for MIDAS and
other IMS data bases such as the U.S. National Sales Perspective are not available
before 2006. Regarding eaches, IMS personnel indicate that eaches represent “the
number of single items (such as vials, syringes, bottles, or packet of pills) contained
in a unit or shipping package and purchased by providers and pharmacies in a spe-
cific time period. An each is not a single pill or dosage of medicine (unless one
package consists of a single dose). An each may be the same as a unit if the unit
does not subdivide into packages. Eaches are usually used to look at injectable prod-
ucts. Eaches are most meaningful at the package level, since packages and their
subunits may contain different quantities of strengths and volumes.”*

As we shall see when discussing biosimilar utilization studies appearing in the
existing literature, various researchers have differed in their choice of volume mea-
sure. DDD requires assumptions about actual clinical use, whereas standard units is
more directly observable. Thus for gross market analyses, standard units may be a
preferable measure to DDD. However, it is our understanding that standard units do
not always account properly for unit size differences (e.g., a vial is a vial regardless
of ml volume). In the results of our utilization research presented later in this section,
we employ standard units; by contrast, Grabowski et al. (2011, 2013) employ DDDs

From email correspondence with Terry McMonagle at the IMS Institute for Healthcare
Informatics, September 4, 2013, 11:15 am.

8 See footnote 37.
¥ See footnote 37.
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as their unit of volume measure, while in Grabowski (2013) volume measures are
entirely omitted and only dollar revenue share data are presented.

One other issue meriting discussion is that considerable diversity exists across
molecules and countries in the setting in which biologics are dispensed such as
retail pharmacies, physicians’ offices or hospitals.*’ Not only might this affect
which volume measure is most appropriate for a particular molecule, but because of
the extensive tendering that occurs for hospitals in Europe, actual and average mea-
sured prices of biologic molecules could depend on the composition of dispensing
sites. As best we understand it, to the extent the tendering process results in rebates
paid by manufacturers to national or regional health authorities, these rebates are
unlikely to be reflected in the invoice prices monitored by the IMS MIDAS data
system.

We begin our overview of biosimilar diffusion in certain EU countries by dis-
cussing the Grabowski et al. (2013) results that utilized 2007-2009 DDD data for
five large EU countries, and then update and compare our new analyses using more
recent IMS Health MIDAS standard unit measures and a larger number of
countries.

Table 2 above summarizes biosimilar DDD volume shares in five large European
countries—France, Germany, Italy, Spain and the U.K.—for three molecules—
somatropin, erythropoietin alpha, and granulocyte colony stimulating factor
(G-CSF) from 2007 to 2009, as reported in Grabowski et al. (2013, Table 2, p. 6).
The most striking finding is the absence of any pattern—the extent of biosimilar
penetration varies substantially both across therapies within a country, and across
countries for the same therapy. Through 2009, Germany exhibited the highest level
of aggregate demand and market share for any biosimilar product (a 62 % market
share for erythropoietin alpha in 2007). According to one analyst, Germany’s influ-
ential Federal Healthcare Committee which has jurisdiction over which products
and services are reimbursed, has in fact embraced biosimilars wholeheartedly, and
reinforced its preference by implementing a reference pricing system. Germany
also has placed specific targets or quotas for physicians and sickness funds for bio-
similars that vary geographically. Finally, Germany has become the dominant
source of biosimilar manufacturing in Europe.*!

Relative to that in Germany, the uptake of biosimilars in other European coun-
tries through 2009 was much slower. Recall that while EMA approval is necessary
for a biosimilar to be marketed in EU member countries, actual sales may be delayed
since reimbursement must still be negotiated between manufacturers and regional/
national government payers. This reimbursement approval delay may be partly
responsible for later biosimilar entry dates in several European countries.

For erythropoietin alpha, in Germany the biosimilar products accounted for 62 %
of total biosimilar and innovator erythropoietin products sold in 2009, within 2 years
of its launch. However, the cross-country heterogeneity in biosimilar takeup is sub-

40See Walsh (2013) for examples and discussion.

4“'The analyst’s comments are referenced in the note below Table 2 of this document; also see
Walsh (2013).
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Table 2 Initial biosimilar competition in selected EU countries: market share evidence biosimilar
unit share of the molecular entity, 2007-2009

France (%) Germany (%) Italy (%) Spain (%) U.K. (%)
Somatropin
2007 2 3 6 1 0
2008 10 6 17 1 0
2009 16 8 27 5 1
Erythropoietin alpha
2007 0 0 0 0 0
2008 0 35 0 0 0
2009 4 62 0 4 1
Granulocyte colony stimulating factor
2007 - - - - -
2008 0 1 0 0 2
2009 7 17 N/A 9 21

Notes: Taken from Grabowski et al. (2013, p. 6). An endnote adds that “Data are based on IMS
Midas data as reported in Rovira et al. (2011). Biosimilar share of unit sales are measured based
on Defined Daily Dose. Biosimilar G-CSF was not launched until 2008, so biosimilar shares for
2007 are not reported in Table 3. For G-CSF in Italy in 2009 the biosimilar share is recorded as
N/A to reflect insufficient data for calculating a biosimilar share—fewer than 5,000 DDDs were
reported in the data for combined innovator and biosimilar unit sales in Italy that year.”

stantial; for France and Spain the erythropoietin biosimilar share was only 4 %, and
even less at 1 and 0 % for the U.K. and Italy, respectively.

Cross-country patterns are quite different for G-CSF (filgrastim). As seen in
Table 2 above, biosimilar shares for G-CSF in 2009 ranged from 7 % in France to
21 % in the U.K., with Spain at 9 % and Germany at 17 % being in between.
Biosimilar sales of G-CSF in 2009 failed to reach minimum reporting thresholds in
Italy.

Finally, cross-country patterns for biosimilar somatropin differ from those both
for erythropoietin alpha and G-CSF. As seen in the top panel of Table 2, in 2009
biosimilar somatropin volume shares were on average larger than for the other bio-
similar molecules, with Italy at 27 % having the largest share, followed by France
at 16 %, Germany 8 %, Spain 5 % and the U.K. 1 %.

European Relative Biosimilar Volume Shares, 2007-2012

To shed light on the importance of measurement issues concerning whether one
measures volume based on DDD vs. standard units, in Table 3 we present standard
unit based volume shares for the same five countries for years 2007-2012 as in
Grabowski et al. (2013); note that the years 2007-2009 overlap in both Tables 2 and
3, facilitating a direct comparison. We also expand the set of countries to include
several smaller ones in northern Europe and Scandinavia: Belgium, Finland,
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Table 3 Biosimilar standard unit share of the molecular entity

France |Germany |Italy Spain | UK |Belgium |Finland |Norway |Sweden

(%) (%) (%) [(%) (%) | (%) (%) (%) (%)
Somatropin
2007 1 1 1 0 0 0 0 0 0
2008 5 2 2 0 0 0 0 0 0
2009 7 2 3 1 0 5 0 0 3
2010 9 3 4 1 1 6 0 0 7
2011 10 4 4 2 1 7 5 0 7
2012 11 5 4 3 1 7 5 0 8
Erythropoietin alpha and zeta
2007 0 2 0 0 0 0 0 0 0
2008 0 41 0 0 0 0 0 0 1
2009 4 58 0 3 3 0 0 0 19
2010 9 64 5 19 7 0 100 0 49
2011 11 69 13 31 10 |0 100 100 62
2012 16 68 21 39 7 0 100 100 70
G-CSF (fHgrastim)
2007 0 0 0 0 0 0 0 0 0
2008 0 0 0 0 1 0 0 0 0
2009 6 8 1 9 20 |0 0 25 5
2010 26 15 9 23 53 |0 15 0 40
2011 35 23 36 33 71 |0 33 0 70
2012 48 27 60 51 81 |0 65 20 86

Norway and Sweden. We begin with a comparison limiting our attention to the five
large EU countries, and then consider whether the smaller northern European and
Scandinavian countries exhibit similar or divergent trends.

For the five large EU countries considered by Grabowski et al. (2013), a com-
parison of molecular shares for the 2007-2009 overlapping years in Tables 2 and 3
suggests a pattern in which biosimilar shares based on standard units tend generally
to be somewhat smaller—in some cases considerably smaller—than those based on
DDDs. For example, in 2009 for France, Germany, Italy, Spain and the U.K. the
standard unit (DDD) shares for biosimilar somatropin are, respectively, 7 (16 %), 2
8 %), 3 (27 %), 1 (5 %), and 0 % (1 %); for erythropoietin alpha and zeta the
respective molecular shares in 2009 are 4 (4 %), 58 (62 %), 0 (0 %), 3 (4 %) and 3 %
(1 %), while forfilgrastim(G-CSF) they are 6 (7 %), 8 (17 %), 1 (N/A), 9% (9 %),
and 20 % (21 %).

Looking at years beyond 2009 for the five large EU countries in the first five
columns of Table 3, we observe that each of the three products continued to follow
a distinct adoption pattern. Across product classes, the most successful of these
three biosimilar product classes is filgrastim (G-CSF), the least successful is soma-
tropin, with erythropoietin alpha and zeta being in between. Filgrastim reaches
50 % market share or higher in most large EU countries by 2012 while somatropin
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exceeds 10 % share in only one (France) with erythropoietin achieving the most
varied market shares, ranging from 7 % in the UK and 16 % in France to 39 % in
Spain and 68 % in Germany, the highest single large EU country market share
observed.

As with the DDD data, the standard unit data shows that adoption in the first
years (2007-2009) was cautious across all five large EU countries and three prod-
ucts, with the exception of erythropoietin in Germany which achieved 50 % market
share in only its third year, 2009. In addition to clinicians taking a cautious view to
using biosimilars, this slow diffusion may reflect the range of dates for biosimilar
regulatory and reimbursement decisions for the products among these five large EU
countries.

By 2012, among these five large EU countries, biosimilar filgrastim has become
the most widely successful biosimilar product to date, at least as measured in terms
of standard unit market shares.*? Perhaps surprisingly given its rapid initial use of
the first biosimilar erythropoietin alpha, Germany has the lowest filgrastim biosimi-
lar market share at 27 %. By 2012, the biosimilar filgrastim share in the U.K. has
grown to an impressive 81 %, in Italy it increased from 36 % in 2011 to 60 % in
2012, and in both France and Spain it captured about half the filgrastim product
market (48 and 51 % respectively)..

Biosimilar somatropin has continued its gradual but low penetration over time
among these five large EU countries, with the greatest penetration being but 11 %
for France in 2012, and with all other countries experiencing single digit market
shares, usually below 5 %. Of the three products, somatropin is the only one in
which France leads the five country usage.

Biosimilars to erythropoietin alpha (including the zeta forms that also used Eprex
as a reference product, see Table 1) have maintained and leveled off their market
share in Germany at 64-69 %, but the most rapid growth of this biosimilar molecule
among the five largest EU countries has occurred in Spain (from 3 to 39 % between
2009 and 2012) and in Italy (from O to 21 % between 2009 and 2012). France has
seen a steady increase in the biosimilar erythropoietin alpha share, but at 16 % in
2012 this share is still quite low. Finally, in the U.K. the biosimilar erythropoietin
alpha share has an uneven trend, increasing from 3 to 10 % between 2009 and 2011,
but then falling to 7 % in 2012.

Another common theme from Tables 2 and 3 is that there is significant heteroge-
neity across the largest EU countries in the penetration of a given biosimilar prod-
uct, and across products in penetration by country. For example, at 81 % the U.K.
has the greatest penetration of biosimilar filgrastim, Germany has the largest
penetration of biosimilar erythropoietin alpha at 68 %, and France the highest pen-
etration of biosimilar somatropin at 11 %. Heterogeneity in biosimilar uptake is the
dominant theme.

“2We note in passing that the 81 % biosimilar share reported for filgrastim in the UK in 2012 in
Table 3 based on standard unit measures is very similar to the part-year 2013 83 % share for fil-
grastim in the UK reported in Walsh (2013, slide 8).



334 E.R. Berndt and M.R. Trusheim

Germany adopted biosimilar erythropoietin alpha quickly and has achieved
nearly double the relative usage in 2012 with 68 % biosimilar compared to the sec-
ond place country Spain at 39 % and more than four times the 16 % standard unit
market share in France. For somatropin, however, Germany’s market share quickly
fell behind that of France and in 2012 somatropin biosimilars had only achieved
5 % market share in Germany, half that in France. Moreover, with filgrastim,
Germany has achieved the lowest biosimilar penetration of the five countries with
only 27 % market share, merely about half of most other countries and only a third
that of the leading country, U.K. with 81 %. Biosimilar filgrastim is also strong in
Italy where its 60 % biosimilar penetration places second, the country’s highest
relative rank. Notably, these diffusion rates do not support earlier observations by
Senior (2009), and Grabowski (2013) and Grabowski et al. (2011, 2013) based on
data ending in 2009, suggesting a German exceptionalism due to its centralized and
biosimilar encouraging Federal Healthcare Committee, its biosimilar reference
pricing system, specific targets or quotas for physician and sickness funds for bio-
similars, and its role as the main source of biosimilar manufacturing in Europe.
Moreover, in 2012, Germany lagged in biosimilar use in two of the three product
areas, with the U.K. and France leading in the other two.

Perhaps most surprisingly, Spain and Italy which have arguably suffered the
most from the austerity of the Great Recession, do not lead in biosimilar use in any
of the three products (see Table 3). This lower use of biosimilars in the most cost
constrained countries may be changing, however. From 2010 to 2012, Italy’s use of
biosimilar filgrastim lept from last place at 9 % biosimilar penetration to a second
place 60 % penetration in 2012. Similarly, Italy’s acceptance of biosimilar erythro-
poietin moved from essentially none to 12 %, surpassing the penetration achieved in
France and the U.K. We conclude, therefore, that among the five largest EU coun-
tries, the adoption of biosimilars remains dynamic with a stable equilibrium between
biosimilar and branded drugs apparently not yet achieved.

It may be instructive, however, to expand the analysis to examining biosimilar
uptake trends in smaller EU countries, such as Belgium and the Scandinavian coun-
tries of Finland, Norway, and Sweden; biosimilar uptake shares for these four coun-
tries are presented in the final four columns of Table 3. Perhaps the most striking
result is that while Belgium has been very slow in converting to biosimilars, the
Scandivanian countries initially delayed in biosimilar uptake, but since 2010 their
penetration of biosimilars has been dramatically rapid and deep. For somatropin
(the top panel in Table 3), biosimilar penetration has been modest—greater than that
of France but less than that of the four other large EU countries. For erythropoietin
alpha and zeta, however, by 2011 both Finland and Norway achieved 100 % bio-
similar penetration, with Sweden in 2012 at 70 % being even more biosimilar-
friendly than Germany at 68 %. In the case of filgrastim, while Norway at 20 %
biosimilar volume share is lower than that of any of the large five EU countries, at
65 % Finland is second only to the U.K. among the large five EU countries, and
Sweden tops them all with an 86 % biosimilar standard unit volume market share.
In stark contrast to the Scandinavian countries, Belgium’s adoption of biosimilars is
strikingly small—only 7 % of somatropin in 2012, and no biosimilar adoption
through 2012 for both erythropoietin alpha and zeta and filgrastim. It should be
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noted that volumes in these countries tend to be quite low and therefore substantial
share changes may be driven by alterations in but a few contracts or by a few medi-
cal groups.

In summary, Germany experienced a rapid uptake of biosimilars, but the adop-
tion rate has stabilized since about 2009. Scandinavian countries delayed their ini-
tial adoption, but their acceptance of biologics has been very rapid and deep since
then. Belgium’s transition to biosimilars has been among the slowest and shallowest
among the nine EU countries examined here.

European Relative Biosimilar Revenue Shares, 2007-2012

It would normally be plausible to expect that the revenue weighted shares of bio-
similars will be much lower than standard unit market shares, since it is usually
assumed that biosimilars will be priced significantly lower than the reference prod-
uct and other branded, first to market products in the same class. Table 4 shows the
revenue market shares of biosimilars in the same format used for standard unit mar-
ket shares in Table 3, not only for the three products in the five largest EU countries
studied over the 2007-2009 time period by Grabowski et al. (2013), but also updated
for 2010-2012 and expanded to four other northern European and Scandinavian
countries. Again the analysis is based on aggregated quarterly IMS MIDAS data in
which revenues were collected in local currencies and converted to US Dollars
using the exchange rate in effect for that period. Data for the five large EU countries
considered by Grabowski, Long and Mortimer are presented in the first five col-
umns of Table 4, while that for the additional four countries we examine are in the
final four columns.

Like the standard unit market shares in Table 3, even within the five largest EU
countries the dollar shares in Table 4 exhibit a wide range of values among products
and countries. However, some of the relative positions of the countries change. For
instance, Germany biosimilar filgrastim use in 2012 came in lowest at 27 % among
the five largest EU countries when using standard unit measures (Table 3) but bio-
similar filgrastim’s share doubles to 54 % in Germany when using dollar share
(Table 4), placing it in a tie for second with Italy, but still trailing the UK’s 81 %
share. For somatropin, Spain’s second to last place in standard units (3 %) rises to a
10 % share using dollar revenue share placing it in first place before France whose
dollar share at 9 % is slightly lower than the 11 % standard unit share. The relative
country rankings among the five largest EU countries for erythropoietin alpha/zeta
remain unchanged.

Turning to standard unit (Table 3) vs. dollar (Table 4) shares for the three bio-
similar molecules in the four additional countries (Belgium, Finland, Norway and
Sweden), for somatropin we observe Belgium’s dollar shares are slightly smaller
than its standard unit shares (although both are small), but for Finland and Sweden
the dollar shares are larger than the standard unit shares. Across all nine countries,
Norway has the smallest and France the largest somatropin standard unit shares,
and while Norway continues to have the smallest somatropin biosimilar dollar
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Table 4 Biosimilar dollar share of the molecular entity

France | Germany | Italy |Spain | UK |Belgium | Finland |Norway |Sweden

(%) (%) (%) | (%) (%) | (%) (%) (%) (%)
Somatropin
2007 |1 1 1 0 0 0 0 0 0
2008 |3 2 2 1 0 0 1 0 0
2009 |5 2 4 2 1 3 3 0 4
2010 |7 4 5 5 1 3 4 0 11
2011 |8 5 6 7 1 4 5 0 11
2012 |9 6 5 10 2 5 6 0 14
Erythropoietin alpha and zeta
2007 |0 1 0 0 0 0 0 0 0
2008 |0 32 0 0 0 0 16 1 2
2009 |3 50 0 2 4 0 55 3 21
2010 |10 60 4 9 7 0 84 3 52
2011 12 69 9 15 9 0 97 54 65
2012 |19 72 17 26 8 0 99 66 73
G-CSF (fHgrastim)
2007 |0 0 0 0 0 0 0 0 0
2008 |0 0 0 0 1 0 0 0 0
2009 |5 22 1 7 19 0 0 12 5
2010 |20 35 7 17 54 |0 11 5 29
2011 |28 47 30 24 73 |0 29 4 57
2012 |43 54 54 48 81 |1 54 9 80

shares (at zero), Sweden’s dollar shares for somatropin biosimilars is larger than
any of the other eight EU countries. Notice also that in Finland and Sweden, the
switch from branded to biosimilar occasionally happens completely within a single
year, e.g., Finland in 2010 and Norway in 2011 for erythropoietin alpha and zeta.
A plausible hypothesis is that the volumes in these countries are quite small, so that
simply switching a small number of contracts (perhaps just one?) results in dramatic
product share changes.

Whether measured in terms of standard unit or dollar shares, diffusion of bio-
similar versions of erythropoietin alpha and zeta, as well as filgrastim, in to Belgium
is virtually nil. In sharp contrast, while the diffusion of biosimilar erythropoietin
alpha and zeta among the five large EU countries was most rapid and deep for
Germany (whether measured in shares of standard units or dollars), in both Norway
and Sweden the extent of diffusion of this biosimilar molecule is close to that of
Germany, and in the case of Finland the biosimilar share of erythropoietin alpha and
zeta approaches 100 %.* Relatively slow and shallow adoption of biosimilar fil-

#The dollar and standard unit shares do not show complete concordance for Finland and Norway.
The underlying IMS MIDAS data shows some minimal reference product dollar sales in spite of
zero standard unit shipments. This could be due to reporting timing differences or other idiosyn-
cratic causes affecting the very small values.
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grastimis observed in Belgium and Norway, but as with erythropoietin alpha and
zeta, adoption of biosimilar filgrastim by 2012 is very substantial in both Finland
and Sweden. Although the relative standard unit/dollar share sizes differ among the
four small EU countries for somatropin (standard unit shares larger than dollar
shares for Belgium, smaller for Finland and Sweden, both zero for Norway), for
erythropoietin alpha and zeta by 2012 standard unit (dollar) shares for Finland and
Norway are at 100 % (99 and 66 %, respectively), for Sweden in all years the dollar
shares of this biosimilar molecule are slightly greater than the standard unit shares.
Finally, the same country patterns of share inequalities holds in the case of filgras-
tim: standard unit shares are greater than dollar shares for Finland and Norway, but
the reverse inequality is observed in Sweden.

It is not clear what accounts for the differences between the standard unit and dol-
lar shares. As reported above, while in most cases dollar shares are larger than shares
in standard units, this is not always the case (e.g., somatropin in France, epoieten
alpha and zeta in Spain, and filgrastim in Italy, Spain, Finland, Norway and Sweden).
As discussed earlier, standard units may not be perfectly comparable if vial sizes or
relative dosing forms (infusion, number injections from multi-dose vials, single use
syringe injection) vary among countries and/or biologic products. Moreover, if rebates
to government payers are not incorporated in the invoice data, nominal invoice prices
could considerably overstate net of rebate payments; this might occur in the context of
hospital tendering practices.* What is clear is that whether measured by standard unit
or dollar shares, the diffusion of biosimilars among the four smaller EU countries is
slowest in Belgium, followed by Norway, and generally most rapid in Finland and
Sweden. Moreover, compared with Germany, the country adopting biosimilars most
rapidly among the five largest EU economies, biosimilar adoption in Finland and
Sweden is on a par if not more rapid and deep than in Germany.

European Relative Biosimilar/Brand Prices

Table 5 illustrates another surprising feature when comparing standard unit shares
in Table 3 with dollar shares in Table 4: if for a given country/molecule/year the
dollar share is greater than the standard unit share, then a logical inference is that the
relative prices of the biosimilars appear to be higher than the reference and other
branded products with which they compete. Table 5 shows the share changes
between Tables 3 and 4—standard unit share minus dollar share. It shades in light
grey those instances in which the standard unit share is smaller than the dollar share.
This implies that the relative pricing of biosimilars might be higher, thus increasing

#We note, however, that in our nine country sample, for somatropin and filgrastim, only in Spain
is dispensing limited to the hospital setting; in all other countries for these two molecules, dispens-
ing occurs in both the hospital and retail setting. For erythropoietin alpha, in both Spain and
Belgium dispensing occurs only in the hospital setting, and in all other countries dispensing takes
place in both the hospital and retail settings.
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Table 5 Biosimilar unit share minus dollar share of the molecular entity

France | Germany |Italy K Spain | UK | Belgium | Finland | Norway | Sweden

(%) (%) (%) [ (%) | (%) | (%) (%) (%) (%)
Somatropin
2007 |1 0 0 0 0 0 0 0 0
2008 |2 0 0 0 0 0 -1 0 0
2009 |2 0 -1 -1 0 2 -3 0 -2
2010 |2 -1 -1 -4 0 3 -4 0 -4
2011 |2 -1 -1 -5 0 3 0 0 -4
2012 |2 -1 -1 -7 -1 2 -1 0 -5
Erythropoietin alpha and zeta
2007 |0 1 0 0 0 0 0 0 0
2008 |0 10 0 0 0 0 -16 -1 -1
2009 |0 7 0 0 -1 0 =55 -3 -2
2010 | -1 4 2 10 0 0 16 -3 -3
2011 | -1 0 3 17 1 0 3 46 -3
2012 | -3 -4 4 13 -1 0 1 34 -3
G-CSF (filgrastim)
2007 |0 0 0 0 0 0 0 0 0
2008 |0 0 0 0 0 0 0 0 0
2009 |2 -14 0 2 1 0 0 13 0
2010 |6 =21 2 7 0 0 4 -5 11
2011 |7 =25 6 8 -2 0 4 -4 13
2012 |5 =27 7 3 0 -1 11 11 6

Gray shaded means Unit Share is less than dollar share. This implies Biosimilars having
higher prices

biosimilar dollar share. Alternatively, the analysis might be interpreted as indicating
that standard units are imperfectly comparable across these products, or as noted
earlier, the dollar shares exclude rebates from manufacturers to national/regional
government authorities. Several patterns are worth noting, however. First, by coun-
try across all three products and 6 years, shaded cells occur for all nine countries,
with half or more of the cells being shaded in Germany, the U.K., and Sweden. In
France and Belgium, less than one third of the cells are shaded. Countries with
between one third and one half of the cells being shaded include Italy, Spain,
Finland, and Norway. Second, if one instead looks for molecule specific patterns,
one finds that across the 6 years and nine countries, 33 of the 54 or 61 % of the cells
are shaded for somatropin, for erythropoietin alpha and zeta, only 35 % of the cells
are shaded, and for filgrastim the share of shaded cells is only 24 %. Hence, while
the existence of biosimilar prices being apparently greater than for the branded
competitors of the same molecule is widespread, it is particularly prevalent in
Germany, the U.K. and Sweden, and for somatropin. Alternatively, this apparently
counterintuitive finding concerning relative prices is observed least frequently in
France, Finland, Norway and Sweden, and for filgrastim. It will be important for
future research to focus on assisting researchers in understanding and interpreting
these seemingly paradoxical pricing findings.
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Several other characteristics of the EU biosimilar market merit attention, based
on the IMS data. First, among the five largest EU countries, entry by biosimilar
manufacturers is quite limited outside Germany. While Germany has multiple bio-
similar entrants in all three products plus some cross-border shipments, Novartis/
Sandoz is the only biosimilar entrant for two (somatropin and erythropoietin alpha)
out of the three products in the other EU countries. With Germany again being the
exception, since the early wave no new biosimilars have been entering these three
product markets in the last few years. In most of the five largest EU countries the
number of branded products outnumbers the number of biosimilar products by a factor
of two or more. This market behavior contrasts with small molecule generics where
multiple entrants over time are common.* This could reflect few other products losing
their market exclusivity in recent years, but could also be indicative of the challenges
of biosimilar entry, such as a preference for biobetters over biosimilars (e.g., long-
acting Aranesp and Neulasta vs. short-acting biosimilars for erythropoietin/Eprex and
filgrastim/Neupogen), particularly in countries such as Germany and Sweden.

The evidence from all nine EU countries demonstrates that at least for some
products, biosimilars will be widely accepted by clinicians. The evidence further
suggests that biosimilar usage in each country that chooses to allow them will be
unique depending on the regulatory, reimbursement and clinical actions taken
within each country. A somewhat surprising finding from this research is that at
least up through 2012, in an ever more globalized therapeutic marketplace, biosimi-
lar usage to date exhibits a distinctly local result for each product. Whether this is
simply a differential initial market experience phenomenon with greater conver-
gence and uniformity delayed but ultimately achieved, remains to be seen.

More generally, given differences in health care systems and cultures, biosimilar
market development and share uptake may differ not only among the EU countries,
but also in a systematic way between EU countries and the U.S. Although one could
hypothesize that given the more litigious environment in the U.S., the FDA may
decide to proceed more cautiously and require more clinical data than the EMA has
in the past, the fact that the FDA approved Sandoz’s enoxaparin sodium ANDA
(referencing Sanofi’s brand name Lovenox) without requiring any additional clini-
cal evidence, whereas the EMA required additional clinical data to approve a
biosimilar application for a low molecular weight heparin, seems to suggest that
even such broad generalizations may not be valid.

Immunogenicity and INN Naming Implications
for Biosimilar Adoption

Biological medicines have a higher risk than small molecule medicines of immuno-
genicity—being recognized by the body as “foreign” and inducing unwanted immune
reactions.* As noted in European Commission (2013, pp. 32-33), immunogenicity

4 Aitken et al. (2013), and Berndt and Dubois (2012).
#European Commission (2013, pp. 32-33).



340 E.R. Berndt and M.R. Trusheim

is a significant safety element assessed by regulatory authorities considering
approval of a new biologic, and is assessed in clinical trials by extensive testing and
characterization of short and long term anti-product immune responses. Determining
whether the original branded biologic and a potential biosimilar have similar short
and long-term immune responses may take a considerable time and patient expo-
sures. European regulators have often balanced this risk with granting patient access
as early as legally possible by requiring extensive post-marketing risk management
efforts. To the extent physicians, payers and patients are concerned about potential
immunogenicity variations between the original branded biologic and the biosimi-
lar, and potential emergence of immunogenicity after switching from the original
branded biologic to the less costly biosimilar (and perhaps back), the pace at which
the biosimilar is adopted may be diminished, limited perhaps only to new patients
or to those not being satisfactorily treated by the original branded biologic and so
unlikely to switch back to the original brand. Therefore, immunogenicity concerns
may constrain biosimilar penetration more than for small molecule generics.

These immunogenicity concerns have created concerns whether approved bio-
similars should have the same International Non-proprietary Name (INN) as the
reference brand name biologic product or unique INNs recognizing the inevitably
unique characteristics of each biologic product. For generic small molecules
approved through an ANDA in the US or analogous application procedure in the
EU, generics generally have identical INNs as their branded reference product.
Although there are some exceptions (more on this below), for the most part brand-
name drug makers and biotechnology manufacturers want biosimilars to have
unique, non-proprietary or generic names to distinguish the medicines from the
original biologics. From their perspective, distinct names would lessen confusion in
the marketplace and via distinct product tracking and tracing through the product
distribution channel process, would contribute to ensuring patient safety. For exam-
ple, Geoff Eich, an Amgen spokesman, was quoted as stating “They should not all
share the same name. I want to know which product was given the patient so I can
work with the physician to understand what may have gone awry. We need
distinguishable names because that’s what tells us who to contact.”¥

Generic drug manufacturers, however, along with many pharmacies, health
insurers, unions, pension plans and pharmaceutical benefit management organiza-
tions, disagree and believe that creating a new INN for biosimilars would, in fact,
create confusion and inhibit adoption of lower priced medicines. They argue that
pushing for distinct INNSs is essentially a smokescreen and an attempt by branded
biotechnology companies to blunt their revenue declines, especially in the lucrative
U.S. market.*® For example, Richard Davies, Hospira’s chief commercial officer,
has been quoted as saying, “Having the same name is clearly important for market
uptake. We see the naming argument more around whether the products are differ-
ent, but they’re not.... Having the same name will help with market formation.”*

47 As quoted in FiercePharma (2014).
4 Staton (2014).
4 Staton (2014).
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While much of this debate focuses on whether physicians would be more willing
to substitute a biosimilar for the branded original if the two had identical INNs, and
thereby contribute to lowering healthcare costs, there is also considerable disagree-
ment about the extent to which distinct INNs would make it easier to identify, moni-
tor and address safety issues. Monitoring via tracking and tracing biosimilars could
be accomplished even when biosimilars had identical INNs, provided they had
unique NDC codes, as well as information on lot number if these are also included
in patient health records and prescription labels. Currently, while all small molecule
generics have unique NDC codes they are not generally recorded and printed on
each dispensed prescription. Alternatively, one could have a hybrid policy in which
each biosimilar of a molecule had a common INN followed by a hyphen and the
name or abbreviated name of the distributor.

The INN naming controversy has been particularly prominent recently in the
U.S. For example, the Generic Pharmaceutical Association filed a citizen’s petition
with the FDA in September 2013 requesting that all biosimilars share the same INN
as the original biologics. Brand name manufacturer Novartis, which has as a wholly
owned subsidiary the generic manufacturer Sandoz, obviously has ambivalent con-
cerns. Interestingly, in October 2013 the Novartis Group of companies filed a citi-
zen’s petition requesting that FDA “require that a biosimilar be identified by the
same (INN)...as the reference product.” Johnson and Johnson filed a petition argu-
ing that biosimilar names should not be identical to the underlying biologic, and
Amgen filed a massive 89-page document in December 2013 that detailed seven
arguments supporting its case for distinguishable non-proprietary names.>

Amgen’s position on INN naming conventions for a biosimilar is an interesting
one, for it historically has been a major innovator biotechnology company, but cur-
rently is considering biosimilar entry. As Sanford Bernstein analyst Geoffrey Porges
noted, “The company is clearly straddling two business opportunities that some-
times seem in conflict with each other—a defender of the innovative products and a
participant in biosimilar products. That tension is going to continue to be difficult
for them to manage”.’! Although it provided few details and specifics, Amgen
announced in early 2013 it was planning to launch six biosimilars beginning in
2017—uversions of four cancer drugs (Avastin™ Herceptin™, Rituxan™ and
Erbitux™) and two rivals of Amgen’s Enbrel franchise (Humira and Remicade). An
Amgen spokesman hinted at the possibility of different launching strategies in the
U.S. and emerging economies, thereby viewing biosimilars as more of an emerging
market opportunity, stating “We feel that these medicines are very valuable and in
many parts of the world patients have no access to them because they are expensive.”>
Bernstein analyst Porges expanded on this, saying, “They are a bellwether for the
industry. The real focus is on getting into lower-priced markets and lower-priced
products and driving business through cost efficiencies.”>?

S0Karst (2013b),

31 As quoted in Berkrot (2013).
32See footnote 51.

3 See footnote 51.
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An alternative interpretation of the Amgen strategy is that, given the substan-
tial regulatory uncertainties in the U.S. and to a lesser extent in the EU, a risk
diversification strategy focused on building low-cost, highly productive biologic
manufacturing capacity might produce a higher return portfolio of biosimilar,
innovator and biobetter products through differential pricing and distribution
based on local market ability to pay and regulatory stringency. Might an attractive
strategy be to gain approval for and market the same biologic formulation as a
biobetter in the US (and perhaps Europe), but as a biosimilar in less wealthy and
more price-sensitive regions of the globe?

Economic Incentives Facing Biosimilar and Biobetter
Developers

The European experiences described above demonstrate that sufficient incentives
already exist to induce some manufacturers to develop and introduce biosimilars.
The experience also demonstrates, that with perhaps the exception of Germany, the
number of biosimilar manufacturers for any specific biologic in a regulatory juris-
diction is generally less than five and sometimes limited to a single firm. For some
products in some jurisdictions, the number of reference or other branded products
significantly exceeds the number of introduced products. For instance, in France
seven branded manufacturers have marketed somatropin since 2005 while only a
single biosimilar somatropin, from Novartis, has been marketed since 2007. As
noted in section “European Relative Biosimilar Volume Shares, 2007-2012” above,
in some smaller EU countries such as Belgium and the Scandinavian countries of
Finland, Norway, and Sweden the introduction of a single biosimilar under national
contract has garnered significant share, presumably facilitated by national contract-
ing. However, from the perspective of potential biosimilar manufacturers, the EU
experience to date might suggest that the markets may support relatively few bio-
similar manufacturers.

The reasons for the low numbers of biosimilar entrants cannot be inferred directly
from the sales (standard unit and dollar share) evidence examined above. Some
qualitative observations and resulting hypotheses can be made from the described
development, regulatory and manufacturing processes as well as the immunogenic-
ity phenomenon particularly relevant to biologics.

First, section “European Evidence on Biosimilar Uptake” above highlights that
the EU biosimilar regulatory processes require substantial clinical development of at
least one significantly sized trial. Recall that small molecule generics generally
require no clinical trials conducted by the generic manufacturer, but only require
very small bioequivalence studies based on cross-over designs. The US regulatory
process for biosimilars also requires clinical trial evidence and moves further in
distinguishing biosimilarity from interchangeability, with the latter requiring addi-
tional original clinical trial evidence from the biosimilar applicant. Qualitatively, a
biosimilar manufacturer faces product development costs greater than those required
of a small molecule generics manufacturer. The costs and risks, however, are quali-



Biosimilar and Biobetter Scenarios for the US and Europe: What Should We Expect? 343

tatively lower than those facing a novel pharmaceutical manufacturer. The biosimilar
developer knows a priori that a reasonably replicated biologic will likely prove
effective and incur similar safety risks as the reference product. These U.S. required
clinical development investments entail multiple years, which from an economic
valuation perspective delays and lowers, through discounting, the value of future
profits. Compared to small molecule generics, it would appear that particularly U.S.
biosimilar sponsors face greater development costs, time delays and some, albeit
low, risk of clinical failure.

Second, section “European Relative Biosimilar Volume Shares, 2007-2012”
above documents that biosimilar market share growth can reach levels at or above
80 %, (filgrastim in UK and Sweden, erythropoietin in the Scandinavian countries)
but may also barely exceed single digit market shares even after multiple years of
availability (somatropin in all examined countries). These represent relatively slow,
low and variable clinical adoption rates compared to small molecule generics. It is
not possible to determine from this data the extent to which physician and patient
concerns about immunogenicity, interchangeability or simply true biosimilarity are
responsible for the relatively slow EU market penetration by biosimilars. Other rea-
sons such as branded product price reductions, continued sales and marketing
efforts, and payer contracting delays may also reasonably play roles. Unlike the
case for generic small molecules, national payers in EU countries have to this point
not designated biosimilars as being fully interchangeable with their reference prod-
ucts. As a result, physicians may take a wait and see attitude as the biosimilar devel-
ops a track record, and thereby delay peak adoption of the biosimilar. Regardless of
the detailed causes, it appears that biosimilar manufacturers face relatively low,
variable and slow adoption which in turn should lower their financial expectations
and enthusiasm for investment in biosimilars.

Third, as discussed in section “Manufacturing Distinctions of Biopharmaceuticals”,
biologic manufacturers traditionally face higher manufacturing costs than small
molecules which could limit the downward pricing flexibility for biosimilar prod-
ucts. Section “Manufacturing Distinctions of Biopharmaceuticals” also notes that
biologic manufacturing technologies have seen dramatic yield increases through
improvements in production organisms and their growing conditions which lower
costs per dose. In addition, new single-use manufacturing equipment is lowering
the required capital costs and minimum efficient scale for biomanufacturing overall
compared to the large, stainless steel tank production approaches of most biologic
reference products. While each biologic product will face unique circumstances, it
appears likely that biosimilar manufacturers, being free to adopt the newest tech-
nologies, should enjoy lower manufacturing costs than the reference products
which should improve biosimilar expected financial returns.

Fourth, section “European Relative Biosimilar/Brand Prices” surprisingly indi-
cated that biosimilar pricing may be close to or even higher than reference product
pricing. The pattern was not consistent across countries or products and while the
relative pricing may be similar, the absolute price level for the biosimilar products
is likely lower than the branded pricing prior to biosimilar entry. Unlike with small
molecule generics, at least some branded reference products attempt to defend their
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markets through continued marketing and importantly, price reductions. While it
appears that biosimilars may obtain higher relative pricing compared to generic
small molecules, it is not guaranteed. In summary, it is not qualitatively clear that
the potentially favorable biosimilar pricing offsets the challenges above.

On net, it is not clear whether biosimilar manufacturers can contemplate ade-
quate financial returns in either absolute terms or relative to small molecule generic
manufacturing. Compared to novel biologics, some factors are favorable to biosimi-
lars: development is shorter, less costly and more likely to succeed; manufacturing
costs are likely lower. However, other factors are not favorable: adoption appears
relatively slow with highly variable peak market shares with likely lower pricing
(although exceptions have been observed), and mandatory substitution through
interchangeability designation has not been implemented. But in comparison to
small molecule generics, nearly all the factors are less favorable, with pricing per-
haps being the exception. These economic incentives, between those of novel thera-
peutics and generic small molecule medicines may help explain the relatively few
observed biosimilar entrants in the EU. Generic small molecule manufacturers con-
templating biosimilar entry may find the incentives insufficient to build the required
extensive clinical development skills, especially if they perceive the financial out-
comes directionally lower, more uncertain, or both. Novel therapeutic sponsors may
find that the mixed incentives do not overcome their cultural preferences and opera-
tional infrastructure tuned for high risk, high commercial intensity and high margin
therapeutics

Novel therapeutic sponsors may find the incentives for biobetters superior to
those for biosimilars. Drug developers create biobetters by incrementally improving
the pharmacologic or convenience characteristics of the reference product. For
instance, developing an extended release version of the biologic through pegylation,
which involves direct structural change to the molecule or through a formulation
approach, may constitute a biobetter option. Biobetters are considered new products
by regulators, requiring safety testing and clinical trials. However, since the under-
lying molecular biology and clinical performance of the reference product are well
established, the safety testing can sometimes be streamlined and the clinical trial
outcomes more easily predicted. Compared to a completely novel therapeutic, the
development timelines are likely to be shorter and the clinical outcomes relatively
low risk. The resulting time and cost savings improve financial returns for the
investment. Upon commercialization, biobetters may be differentiated from the ref-
erence product, unlike biosimilars. This differentiation may allow for some pricing
advantages for the biobetter and nearly always can provide a value rationale to the
physician and patient for switching to the biobetter. Biobetter developers may there-
fore expect greater revenues from stronger pricing, larger ultimate market share and
faster attainment of those larger shares. This approach of shorter, less expensive and
less risky development resulting in a differentiable product for a known market may
provide attractive risk-adjusted expected returns and so earn a place in the portfolio
of a novel pharmaceutical firm. A possibly attractive mixed global strategy alterna-
tive, discussed earlier, would gain approval for and market the same biologic formu-
lation as a biobetter in the US (and perhaps Europe), but as a biosimilar in less
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wealthy and more price-sensitive regions of the globe, thereby taking advantage of
newly available more efficient biologic manufacturing processes that reduce global
production costs, but more importantly achieving differentiated product pricing
with higher pricing and adoption rates in markets able to pay for the biobetter
improvements while not forfeiting access to jurisdictions preferring only biosimi-
larity, with of course the usual trans-jurisdiction arbitrage shipment and public per-
ception issues that such price discrimination strategies incur.

Some Final Observations on Other Issues Affecting
Biosimilar Adoption

Notably, large traditional pharmaceutical companies as well as established innova-
tor biotechnology companies have announced diverse strategies involving entry into
the biosimilar/biobetter product spaces. For example, already in 2008 Merck
announced a biosimilar development division Merck Bioventures with a commit-
ment to invest $1.5 billion in which an initial target was a follow-on version of
Amgen’s erythropoietin-stimulating agent Aranesp™. Citing scientific complexi-
ties, Merck abandoned the Aranesp™ project in 2010, and instead focused on a
follow-on to Amgen’s multi-indication immunomodulator Enbrel™. A year later, in
2011 Amgen made a surprise announcement concerning a judicial decision that
delayed considerably the patent expiration of Enbrel™, and shortly thereafter
Merck Bioventures announced it was abandoning development of an Enbrel™ fol-
low-on. Later in February 2013, Merck announced it was changing its strategy of
developing follow-on biologics, and instead of going it alone Merck was reorganiz-
ing into a partnership with Samsung Bioepis, itself a joint venture formed by South
Korean conglomerate Samsung and Biogenldec; It also announced it was merging
Merck Bioventures into a division of Merck Research Laboratories. In the Merck
and Samsung Bioepis partnership, Merck ceded all development work to Samsung
Bioepis, but gained exclusive global commercialization rights.>*

The Samsung Bioepis joint venture was formed shortly before the Merck and
Samsung Bioepis partnership announcement, and involved an agreement between
Samsung Biologics, a newly minted development and manufacturing group, and
Biogenldec. Samsung officials initially described plans to develop a biosimilar to
Rituxan™, a blockbuster treatment developed in partnership between Biogenldec
and Genentech, but at the December 2011 announcement of the formation of
Samsung Bioepis, Biogenldec officials went to some pains to make clear that
Samsung Bioepis would not involve Rituxan™ or any of Biogenldec’s branded
therapies. Within this joint venture, Samsung Biologics was responsible for sales
and marketing, while Biogenldec focused on manufacturing. According to
Biogenldec CEO George Stangos, “The manufacturing facilities have costs to run

34 Carroll (2013a, b).
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them, so the more products you run through them, the more efficient they are. To set
ourselves up commercially could be a big distraction. I’d like a partner to take over
that...This relationship will allow us to leverage our world-class protein engineer-
ing and biologics manufacturing capabilities, while maintaining focus on our mis-
sion of discovering, developing and delivering innovative therapies for patients
worldwide™ A subsequent news story reported that two of the anti-inflammatory
monoclonal antibodies targeted by the Samsung Bioepis joint venture were
Remicade™ and Enbrel™.>

Although terms of the Samsung Bioepis joint venture did not allow it to pursue
development of a biosimilar to Roche’s Rituxan (marketed in the U.S. by
Biogenldec), in a separate alliance with the large contract research organization
Quintiles, Samsung was able to attempt to develop a biosimilar to Rituxan™. In
October 2012, however, a Korean newspaper reported that Samsung was halting
development of its biosimilar to Rituxan™, because of “some internal reasons”
speculated to involve difficulties in complying with recent regulatory guidance from
the U.S. FDA. A Samsung spokesperson stated that Samsung was “speaking with
FDA officials about clinical development requirements and a way forward for the
SAIT101 program.” Samsung’s termination followed by about a month an earlier
announcement by Israeli-based Teva that it was terminating its own late-stage devel-
opment of a Rituxan™ biosimilar.>” About 6 months later, in April 2013, Celltrion—
another South Korean-based biotechnology company—and its partner Hospira
announced the delay and potential termination of their late-stage development of a
biosimilar version of Rituxan™. By mid-2013 both Teva and Samsung-Hospira had
bailed out on their attempts to develop a biosimilar to Roche’s Rituxan™, but
observers have noted that other companies, such as Novarti’s generic Sandoz unit
and Boehringer Ingelheim, were continuing to pursue Rituxan™ biosimilars.*®
Although Samsung may have exited from development of a biosimilar to Roche’s
Rituxan™, Samsung has not gotten out of the biosimilar development business. In
October 2013, Samsung and Roche announced they had clinched a “long-term stra-
tegic manufacturing agreement” whereby Samsung will manufacture an undis-
closed number of Roche’s cell-based products at its two manufacturing facilities in
Incheon, South Korea.>

Another alliance announced with great fanfare in 2009 involved Israeli-based
generic manufacturer Teva and the Swiss-based contract manufacturing firm Lonza
Group, a Novartis subsidiary. Four years later, in July 2013, Teva and Lonza
announced termination of the agreement to develop a series of biologics, including
biosimilars. According to a Lonzo spokesman, “In our assessment those invest-
ments in biosimilars will require more capital than initially planned and will also
take more time until they reach the market...This is why we intend in the future to

3 As quoted in Carroll (2011).
6 Carroll (2013c¢).

"McBride (2012).

3 McBride (2013).

*Palmer (2013).
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limit our role by focusing on our core expertise in the areas of contract manufactur-
ing and cell line development.” Rather than retreating from developing follow-on
biologics, Teva vowed to continue developing them, stating that “Teva has a track
record of success in the biologics arena and we plan to continue and build on that
success.”®

Interestingly, Teva has in fact been able to achieve some success with developing
and gaining approval to market follow-on bioloigcs, not only in the EU but also in
the US. However, success has been achieved not via the biosimilar pathway of the
US’s section 351(a) that allows applicants to use data from the innovative product
to support their application, but instead via the recently enacted 351(k) provision by
which Teva filed a traditional Biologics License Application (BLA). In October
2013 Teva received FDA approval to launch brand name Granix™ having the exact
same recombinant active ingredient, filgrastic, as Amgen’s Neupogen™; simultane-
ously, however, Teva withdrew its BLA for Lonquex, a long-acting pegylated ver-
sion of filgrastim that Amgen markets under the US brand name of Neulasta™ and
whose INN is pegfilgrastim. Neupogen™ is a once-daily medication, while
Neulasta™ can be used less frequently on a once per chemotherapy dose regimen.
Teva has another long-acting version of filgrastim, an albumin-fusion version, under
BLA review at the FDA, which is called balugrastim. Because both the Granix™
and balugrastim applications are filed as BLAs, they are not subject to the biosimilar
INN naming dispute, and therefore Teva has given them INNs of tbo-filgrastim and
balugrastim. As noted earlier in this manuscript, Teva’s Ratiograstim™, a filgrastim
biosimilar, has been on the EU market since 2008 and its follitropin alfa biosimilar
was just recently approved by CHMP in late 2013. In terms of the potential for
Granix™ and balugrastim in the US market, analysts have noted that Amgen’s
Neupogen™ and Neulasta™ both are often on many pharmacy benefit plans’ high-
est tie—number three or four. At a lower price, Granix™ and balugrastimc may
stand a good chance of being listed on the second, “preferred”, tier of those plans if
they can overcome payer concerns of general overuse of the class in oncology,
offering patients an opportunity to have a lower cost-sharing burden at a time when
they will have many medical expenses.®!

The diversity and volatility of strategies for follow-on biologics is striking.
Presently there does not appear to be any observable convergence or dominant set
of strategies. Although some firms exiting biosimilar alliances reference unexpected
regulatory and capital cost developments, whether they are instead moving to a
biobetter rather than biosimilar pattern is unclear. Predicting what will happen to
biosimilars, biobetters, and other follow-on biologics in the US and EU is therefore
speculative and highly likely to be inaccurate, particularly if a single theme is pur-
ported. It does appear likely that the extent of entry and decrease in price from
branded innovator is likely to be much smaller than has been observed for generic
small molecules in the US approved via ANDAs. Early indications are that the
evolving market dynamics may be closer to what has been observed for injected

% As quoted in pmlive.com (2013).
% Gardner (2013).
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specialty drugs that have been approved as AP-rated to the brand in the US. However,
to date there has been little if any published research on the EU experience to con-
firm these preliminary observations and validate the analogy.

An alternative way to obtain insights on likely future follow-on biologic paths
involves examining time paths of costs and revenues in simulation models compar-
ing net present values of BLA/biobetter, biosimilar and entirely novel BLA paths for
traditional molecules in selected therapeutic areas. Financial simulators driven by
evidence based parameters can illustrate the range of incentives and challenges fac-
ing a drug developer considering an investment decision—whether that be in bio-
similar, bio-better or a traditional novel therapeutic. Such evidence based simulations
have been successfully employed to estimate the costs of drug development
generally,® for therapeutic modalities,® for stratified medicine and companion diag-
nostic development,**% and for adaptive licensing policy.®® Beyond aiding individ-
ual firm investment choices, such simulations have informed public policy
discussions regarding potential market inefficiencies in the drug development inno-
vation chain, the effectiveness of the therapeutic innovation eco-system, and actions
that might improve the level and productivity of therapeutic R&D investments.
Similarly, further work on evidence based, financial simulators focused on biosimi-
lar and biobetter market sub-segments could raise the level of public discussion
regarding the future paths facing biologic therapeutics and point to the key exter-
nally observable evidence that might distinguish among competing perspectives and
market dynamics. In addition since end of product life cycle revenues for a biologic
or small molecule pharmaceutical often occur more than a quarter century after
initial development, any differences among traditional novel compounds, novel bio-
logics, biosiimilars and biobetters in the time at which significant events occur dur-
ing the product life cycle—e.g., patent applications, regulatory filings, initiation of
clinical trial phases and patient recruitment, FDA and EMA marketing approvals,
launch and post-launch marketing efforts, initial loss of exclusivity (LOE), and
extent and speed at which revenues are eroded post-LOE—can have significant
impacts on net present value calculations. Note that the sensitivity of NPV calcula-
tions to differences among these molecule types in significant event timing will
likely increase along with the choice of discount rate (that might also differ among
traditional novel compounds, novel biologics, biosimilars and biobetters).

In summary, the biosimilar phenomenon is a relatively recent one involving
complex options to develop, regulate, market and utilize biosimilars via an abbrevi-
ated BLA, biobetters via a BLA, or entirely novel but traditional small molecule
medicines via NDAs. Understanding the historic and likely future evolution of these
medicines will require addressing serious measurement issues involving volumes

%2DiMaisi et al. (2003).

% DiMasi and Grabowski (2007).
%Trusheim et al. (2011).
%Trusheim and Berndt (2012).
%Baird et al. (2013).
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and prices, and carefully analyzing descriptive market data trends for biologics and
related specialty products in the EU, the US and other major global geographic
regions, as well as how biosimilar adoption will alter incentives to develop biobet-
ters or entirely new products.®’ But such understanding will also depend critically
on simultaneously developing and implementing evidence-based financial, epide-
miological, and clinical simulation models whose design, structure and underlying
data are likely to differ substantially across therapeutic sub-segments.
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Appendix

Biologic Molecules with Biosimilar Entry in Europe
and Elsewhere

Short-Acting Epoietin Recombinant (Erythropoietin, Alpha,
Beta, Theta, Zeta)

According to the US Food and Drug Administration, “Erythropoietin is a glycopro-
tein whose main function is to stimulate the proliferation and differentiation of ery-
throid precursors in the bone marrow. Erythropoietin is produced mainly in the
kidneys, though several other tissues produce lesser amounts of the growth factor.”®
Approved by the FDA on June 1, 1989, Epogen/Procrit (epoetinalfa) was produced
in Chinese Hamster Ovary cells that have modified through recombinant DNA tech-
nology to encode the gene for human erythropoietin, and was initially approved for
the treatment of anemia in patients with chronic renal failure. Epogen/Procrit was
subsequently approved for the treatment of anemia due to ziduvodine therapy in
HIV-infected patients (1991) and for the treatment of anemia in patients with non-

7 According to Brennan (2014), as of June 2014 24 countries have established biosimilar pathways
or have approved follow-on biologics.

% Epoietinalfa, June 24, 2011 Division Director Summary Review, STN BL 103234/5166, p. 5 of
38. Available online at Drugs @FDA.
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myeloid malignancies whose anemia is due to the effect of concomitantly adminis-
tered chemotherapy (1993). Both these supplemental approvals were based on
demonstration of a reduction in the proportion of patients receiving shaded blood
cell (RBC) transfusions.

Within Europe, the epoietin alpha reference product is Johnson & Johnson’s
Erypo or Eprex. As of June 2011, there were five approved biosimilar products:
Binocrit (Sandoz/Novartis), Epo A (Hexal/Novartis), Abseamed (Medici), Retacrit
(Hospira) and Silapo (Stada), all approved between August 28, 2007 and December
18,2007.% Using the IMS Health classification scheme, there are two non-referenced
products in the epoietin biosimilar accessible market (defined as an original prod-
uct, granted market exclusivity at the start of its commercial life in Europe, whose
exclusivity is now expired, with the product never have been referenced, or may
have been referenced but the referencing biosimilar has not yet launched): Roche’s
NeoRecormon, and Teva’s Eporatio/Biopoin.” In the U.S., in addition to having
been approved by the FDA for treating anemia in cancer patients on chemotherapy,
anemia in chronic renal failure patients, and anemia in zidovudine-treated, HIV-
infected patients, epoietin alfa is approved for the reduction of allogenic blood
transfusion in surgery patients. As of 2011, Epogen/Procrit was available in 2000,
3000 and 4000 units/ml 1 ml single-dose vials for subcutaneous injection or intra-
venous solution administration, in 20000 units/ml 1 ml multidose vials, in 10000
units/ml 1 ml single-dose and 2 ml multidose vials, and in 40000 units/ml single-
dose vials for subcutaneous injection or intravenous solution administration.

Another erythropoietin stimulating agent (ESA) approved in both the US and EU
is Amgen’s darbepoetin alfa (brand name Aranesp in the US). Darbepoietin is dis-
tinguished from epoietin agents primarily because of Aranesp’s longer serum half-
life, implying generally less frequent dosing than the epoietins.”! Currently Aranesp
is patent-protected in the US and EU, with its earliest reported year of key US patent
expiry being 2024, for Epogen this US patent expiry date is 2013.7

Growth Hormone for Children Born Small for Gestational Age—SGA
(Somatropin Molecule)

Of the approximately 2.5 % of children who are born small for gestational age
(SGA), 10-15 % fail to “catch up” by age two. Children who do not catch up by age
two, if left untreated, are destined in many cases to have compromised final height,
relative to the norm for the population. A relative height measure is SDS—the num-
ber of standard deviations an individual at a particular age is away from the

% Grabowski et al. (2013, p. 4).

0IMS Health (2011), slides 10, 11 and 40.
'Drug Facts and Comparisons (2011), p. 154.
72 Grabowski (2013, slide 5).
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age-specific population mean. Though there are differences across and within coun-
tries on the measure of SDS triggering treatment, growth hormone supplementation
in children born SGA can enhance growth velocity, height SDS, and predicted adult
height. Aside from the known adverse effects of growth hormone therapy, of con-
cern in treating these children is a risk of accelerating bone age beyond chronologi-
cal age, with the possibility of precipitating precocious puberty and compromising
final stature on that basis.”

On August 24, 1995, the FDA approved Pharmacia and Upjohn’s NDA # 020280
application for Genotropin (somatropin recombinant) for children born SGA who
fail to manifest catch-up growth by 2 years of age, caused by an inadequate secre-
tion of endogenous growth hormone. Over the years the FDA has approved a num-
ber of supplemental indications (e.g., growth failure associated with chronic renal
insufficiency, with Noonan syndrome, with Prader-Willi syndrome, with Turner
syndrome, in adults with either adult- or childhood-onset growth hormone defi-
ciency, and others) as well as several related somatropin products, such as Omnitrope
(Sandoz), Serostim (Serono), Humatrope (Eli Lilly), Nutropin (Genentech), Salzen
(Serono), Tev-Tropin (Gate), HumatroPen (Eli Lilly), Zorbtive (Serono), Norditropin
(Novo Nordisk), Accretropin (Cangene), and Nutropin AQ, Nutropin AQ NuSpin 5,
NuSpin 10 and NuSpin 20 (Genentech). Most of these formulations are subcutane-
ous injection, lyophilized power for solution, although some products, such as
Norditropin, involve pen or two-chamber cartridge delivery systems, with a
reconstitution device used to mix the diluent and powder.”* Somatropin must not be
injected intravenously. Genotropin lyophilized powder contains somatropin of
rDNA origin, a polypeptide hormone. The amino acid sequence of the product is
identical to that of human growth hormone of pituitary origin (somatropin).
Genotropin is synthesized in a strain of Escherichia coli that has been modified by
the addition of the gene for human growth hormone.”

According to IMS Health, as of June 2011 both Pfizer’s (who acquired rights
with the acquisition of Pharmacia and Upjohn) Genotropin and Eli Lilly’s Humatrope
were reference products, the two approved biosimilar products were Novartis
Sandoz’ Omnitrope and Somatropin (unknown manufacturing laboratory), whereas
the non-referenced products included Sanofi Aventis’ Maxomat, Nova Nordisk’s
Norditropin, Ipsen’s Nutropinaq, Merck Serono’s Saizen, and Ferring’s Zomacton.”

3 Genotropin, FDA Center for Drug Evaluation and Research, Application Number 20-280/S-031,
Review—Administrative Documents, dated July 23, 2001. Available online at Drugs@FDA,
Approval History, NDA 020280, 07/25/2001 031, p. 1 of 3, letter from David G. Orloff, M.D.,
Director, Division of Metabolic and Endocrine Drug Products to file NDA 20-280/S-031.

7“Somatropin”, Drug Facts and Comparisons (2011), pp. 523-526.

>Genotropin Draft Package Insert, p. 3of 15, NDA 20-280/S-031, available online at Drugs@
FDA, Approval History, NDA 020280, 07/25/2001.

"6IMS Health (2011), slide 41.
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Granulocyte-Colony Stimulating Factor (G-CSF), Filgrastim
and Lenograstim Molecules

On February 20, 1991, the US FDA approved Amgen’s filgrastim (trade name
Neupogen) to decrease the incidence of infection, as manifested in febrile neutrope-
nia, in patients with non-myeloid malignancies receiving myelosuppressive anti-
cancer drugs associated with a significant incidence of severe neutropenia with
fever. On April 2, 1998, the FDA granted a supplemental NDA approval for acute
myeloid leukemia (AML) adult patients receiving induction or consolidation che-
motherapy, for reducing the time to neutrophil recovery and the duration of fever.”’
Other approved’ uses of filgrastim include in patients with nonmyeloid malignan-
cies undergoing myeloablative chemotherapy followed by bone marrow transplan-
tation, and for the mobilization of hematopoietic progenitor cells into the peripheral
blood for collection by leukapheresis.

Neutropenia is condition with an abnormally low number of neutrophils in the
blood—the body’s primary cellular defense system against bacteria and fungi.
Neutrophils also help heal wounds and ingest foreign debris, such as embedded
splinters. People who have severe neutropenia (fewer than 500 neutrophils per
microliter of blood) can rapidly succumb to infection because their bodies lack the
means to fight the invading organisms. Neutrophils mature in the bone marrow in
about 2 weeks. After entering the blood stream, they circulate for about 6 h, search-
ing for infective organisms and other intruders. When they find one, they migrate
into the tissues, attach themselves to the intruders, and produce toxic substances that
kill and digest the intruders. This reaction may damage healthy tissue in the area of
the infection. The entire process produces an inflammatory response in the infected
area, which appears on the body’s surface as redness, swelling, and heat. Neutropenia
has several causes. The number of neutrophils can decrease because bone marrow
production isn’t adequate or because large numbers of white blood cells are
destroyed in the circulation. Aplastic anemia, and certain rare genetic diseases such
as infantile genetic agranulocytosis and familial neutropenia cause decreases in the
number of white blood cells. Certain drugs, especially chemotherapies used in can-
cer treatment, impair the bone marrow’s ability to produce neutrophils. Growth fac-
tors that stimulate the production of white blood cells, particularly granulocyte
colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating
factor (GM-CSF) can eliminate neutropenic episodes in cyclic neutropenia.”

In the U.S., Neupogen is still marketed exclusively by Amgen. Four dosage forms
are approved—two in single use vials, and two as pre-filled injectable syringes.

""Neupogen, “Review and Summary Basis of Approval”, Application Number 103353/000, Center
for Drug Evaluation and Research, February 20, 1991. “Supplement 1036, Letter, April 2, 1998.
Available online at Drugs @FDA.

"8“Filgrastim”, Drug Facts and Comparisons (2011), p. 163.

7“Neutropenia”, in White Blood Cell Disorders, ch. 158, in Robert Berkow, Editor, The Merck
Manual of Medical Information, (Home Edition), Whitehouse Station, NJ: Merck Research
Laboratories, 1998, pp. 761-763.
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Neupogen is produced by Escherichia coli (E coli) bacteria into which has been
inserted the human granulocyte colony-stimulating factor gene. The protein has an
amino acid sequence that is identical to the natural sequence predicted from human
DNA analysis, except for the addition of an N-terminal methionine necessary for
expression in E coli. Because Neupogen is produced in E coli, the product is non-
glycosylated and thus differs from G-CSF isolated from a human cell. Neupogen is
a sterile, clear, colorless preservative-free liquid for parenteral administration.
In order to maintain clinical benefit, chronic daily administration is required.*

A second form of recombinant human granulocyte colony-stimulating factor is
lenograstim (brand name Granocyte, Chugai Pharmaceuticals, marketed in the EU
by Sanofi Aventis), a Chinese hamster ovary-derived G-CSF, indistinguishable from
native G-CSF, and differing from filgrastim which is an Escherichica coli-derived
G-CSF and is non-glycosylated, having an extra methionine group at the N-terminal
end of the peptide chain.?! Granocyte (lenograstim) is not available in the U.S., but
is a non-referenced product in the EU, having brand names in addition to Sanofi
Aventis’ Granocyte, Euprotin (Almirall), Myelostim (Italfarmaco) and Roche’s
Neutrogin. As of June 2011, a number of biosimilars were approved in the EU using
Amgen’s filgrastim (Neupogen) as the reference product. These biosimilars include
a Biograstim (CT Arzzneimittel), Novartis’/Sandoz filgrastim Zarzio, Teva’s
Tevagrastim, Ratiopharm’s Ratiograstim, Hexai’s Filgrastim Hexal, and Hospira’s
Nivestim, all approved between September 15, 2008 and June 8, 2010.%>

Neulasta (pegfilgrastim) is a second-generation injectable granulocyte colony
stimulating factor approved in both the US and EU. Pegfilgrastim is distinguished
from filgrastim agents primarily because of pegfilgrastim’s longer serum half-life,
implying generally less frequent dosing than the filgrastims. Specifically, whereas
filgrastim requires daily dosing, pegfilgrastim is administered only once per chemo-
therapy cycle.®? Currently Neulasta is patent-protected in the US and EU. According
to Grabowski (2013, Slide 5), while the earliest reported year of key US patent
expiry is 2013 for Amgen’s Neupogen, for its Neulasta it is 2015.

Infliximab (Remicade)

The EMA’s Committee on Human Medicinal Products (CHMP) approved Hospira’s
biosimilar application for infliximab (injection) on September 10, 2013 with
Centocor’s (Johnson & Johnson) Remicade serving as the reference product.
Infliximib is a monoclonal antibody, an immunomodulator distributed as a

80“Neupogen (Filgrastim) Drug Information: User Reviews, Drug Side Effects...”, p. 1 of 3 in
RxList..., last reviewed June 4, 2012. b Available online at http://www.rxlist.com/neupogen-drug.
htm.

$1Kim et al. (2003), p. 1 of 14.

82IMS Health (2011), slide 42. According to Grabowski et al. (2013, p. 4), Ratiopharm’s Filgrastim
ratiopharm was approved by the EU on September 15, 2008, but was withdrawn on July 20, 2011.

83 “Pegfilgrastim”, Drug Facts and Comparisons (2011), p. 166.
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lyophilized powder for solution. In the EU it is approved for treating ankylosing
spondylitis (a chronic inflammatory disease of unknown origin, first affecting the
spine and adjacent structures and commonly progressing to eventual fusion of the
involved joints®*), psoriatic arthritis and psoriasis (see Table 1 in main text). In addi-
tion to these three indications, in the U.S. infliximab (Remicade) is approved by the
FDA for treatment of Crohn disease, fistulizing Crohn disease, rheumatoic arthritis,
and ulcerative colitis.®® Infliximab is the first monoclonal antibody approved as a
biosimilar in the EU. Like several other immunologic agents, infliximab has a risk
of serious infections, since patients treated with infliximab are at an increased
risk for developing serious infections that may lead to hospitalization or death.
According to Drug Facts and Figures (2011, p. 2822), “Most patients who devel-
oped those infections were taking concomitant immunosuppressants such as metho-
trexate or corticosteroids.”

Since EMA approval of biosimilar infliximab (referenced to Remicade) occurred
just several months ago, data on its uptake within EU countries are not yet available.
Indeed, it is likely that Hospira has not yet obtained reimbursement approval from
any of the EMA member countries.

Follitropin Alfa (Gonal-F)

The EMA’s Committee on Human Medicinal Products (CHMP) approved Teva’s
biosimilar application for follitropin alfa (injection) on September 27, 2013 with
Merck Serono’s Gonal-F serving as the reference product. Follitropin alfa is a
human follicle stimulating hormone (FSH) distributed as a sterile, clear solution for
subcutaneous injection. In the EU it is approved for treating an ovulation (the failure
of the ovaries to release an egg during an ovulation cycle®®), stimulation of multifol-
licular development in women undergoing superovulation for assisted reproductive
technologies (ART) such as in vitro fertilization (IVF), gemete intra-fallopian trans-
fer and zygote intra-fallopian transfer, and for ovaleap in association with a luteisis-
ing hormone (LH) preparation for women with severe LH and FSH deficiency. It is
also approved in the EU for the stimulation of spermatogenesis in men who have
congenital or acquired hypogonadotropic hypogonadism with concomitant human
chorionic gonadotropin (hCG) therapy.?’ In the U.S. follitropin alfa FDA approved
indications are limited to an ovulation and ART treatments.®® Follitropin alfa is the
first fertility biosimilar approved in the EU.

84“Ankylosing spondylitis” in Anderson et al. (1998), pp. 94-95.
% Drug Facts and Figures (2011), pp. 2822-2823.

8 “Folliropin Alpha” Drug Facts and Comparisons (2009), p. 350.
8" European Medicines Agency (2013c).

8 Food and Drug Administration (2014a).
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Since EMA approval of biosimilar follitropin alfa (referenced to Gonal-F)
occurred just several months ago, data on its uptake within EU countries are not yet
available. Indeed, it is likely that Teva has not yet obtained reimbursement approval
from any of the EMA member countries.
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Building Biobetters: The Regulatory
Landscape

Emanuela Lacana, Lynne Yao, Anne Pariser, Amy Rosenberg,
and Janet Woodcock

Introduction

A biobetter is an improved or optimized version of an existing biological drug,
or a new biologic carefully designed to maximize clinical performance, i.e.,
safety and efficacy. For many diseases, particularly serious or life-threatening
diseases with unmet medical needs, biobetters are important in optimizing clini-
cal outcome where no curative therapy currently exists. Several contributors in
this book explored a variety of strategies to optimize product performance
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through the following: enhanced delivery to target organs and tissues; improve-
ment in the activity and longevity of the product, largely through improving
in vivo stability; and reduced immunogenicity. This chapter describes the current
regulatory landscape and focuses specifically on the regulatory pathways that
strongly promote the development of biobetters.

In recent years, considerable effort, incentives, and legislative mandates have
redefined the drug development environment for patients with serious or life-
threatening disorders, with unmet medical needs and for children. The FDA under-
stands that the development of drugs in an efficient and successful process is
important for all patients, and especially important for patients who suffer from
diseases for which there is no approved treatment or for whom existing treatments
are inadequate. The FDA has carefully considered the development pathway for
drugs to increase the efficiency and success of these programs.

In particular, for serious or life-threatening diseases, there is recognition that
patients and physicians are generally willing to accept greater risks or side effects
from products that treat life-threatening or severely-debilitating illnesses (US
Food and Drug Administration 2012a). The broadest flexibility in applying statu-
tory standards for approval will be exercised in these situations, without compro-
mising safety and effectiveness, and the drugs will be evaluated in light of the
severity of the disease. General considerations and procedures incorporated into
the development of drugs in this environment include early consultation with reg-
ulators focusing on the risk/benefit analysis, consideration for early access to
experimental agents outside of clinical trials, where appropriate (i.e., expanded
access or “compassionate use” (US Food and Drug Administration 2012b)), safe-
guards for patient safety, and continued study and evaluation in post-marketing
phases, where appropriate and as needed. Beyond general considerations, the
FDA has at its disposal a variety of programs to facilitate and expedite drug
development.

Expedited Programs

The ability to apply flexibility in drug development programs will heavily depend
upon foundational and translational information obtained during early drug devel-
opment phases, and on frequent and early communication with the FDA to incorpo-
rate flexibility and scientific judgment into clinical planning without compromising
the ability to define the efficacy and safety of the intervention.

In the US, there are four “expedited programs” available to developers of drugs
for serious and life-threatening diseases with unmet medical needs: Fast Track,
Breakthrough Therapy, Accelerated Approval, and Priority Review (see Table 1)
(US Depart HHS 2014). Table 1 provides an outline of the important features of
each program.
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Table 1 Expedited programs

Program Qualifying criteria: serious condition and... Features
Fast track Nonclinical or clinical data demonstrate Actions to expedite
potential to meet an unmet medical need development and review, e.g.,
meetings
* Or, QIDP* * Rolling review
Breakthrough | Preliminary clinical evidence indicates drug All Fast Track features
therapy may demonstrate substantial improvement on a| Intensive guidance on
clinical significant endpoint over available efficient drug development
therapies * Organizational commitment
Accelerated Provides meaningful advantage over available | Approval based on a
approval therapies surrogate or intermediate

Demonstrates effect on surrogate endpoint | clinical endpoint reasonably
reasonably likely to predict clinical benefit or likely to predict clinical

on a clinical endpoint that can be measured | benefit

earlier than IMMP that is reasonably likely to

predict an effect on IMM or other clinical

benefit (i.e., intermediate clinical benefit)

Priority review | Would provide a significant improvement in Shorter review clock goal for

safety or effectiveness marketing application review
* Or, other qualifying programs® (6 vs. 10 month for a standard
review)

*QIDP qualifying infectious disease product

°IMM irreversible morbidity or mortality

Other qualifying programs, i.e., supplements that propose a labeling change pursuant to a report on a
pediatric study under the Best Pharmaceuticals for Children Act (Federal Food, Drug, and Cosmetic
Act 2012a), QIDP (Federal Food, Drug, and Cosmetic Act 2012b), or any application or supplement
for a drug submitted with a priority review voucher (Federal Food, Drug, and Cosmetic Act 2012c, d)

Fast Track (US Depart HHS 2014; Federal Food, Drug,
and Cosmetic Act 2012¢)

The Fast Track program is intended to facilitate development and expedite review
of products intended to treat a serious or life-threatening disease and that have the
potential to address an unmet medical need. Fast Track provides the opportunity for
frequent interactions with the FDA review team in terms of milestone meetings,
such as pre-IND, end-of-phase-1 and end-of-phase-2 meetings. Under Fast Track,
designated drugs may submit marketing applications for “rolling review”, where the
application may be submitted in modules, rather than as a complete application
(Federal Food, Drug, and Cosmetic Act 2012e). Importantly, fast track designation
can be based on clinical or non-clinical findings that indicate the drug’s potential to
meet an unmet medical need. Fast Track’s benefits apply to drug developmental
phases rather than to application review or to the post-marketing period and would
be appropriate to consider for development of a biobetter product for a serious dis-
ease or unmet medical need, such as exists for many rare diseases.
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Breakthrough Therapy Designation (Federal Food,
Drug, and Cosmetic Act 2012f)

Breakthrough Therapy Designation is a relatively new program, available as of
2012 (US Depart HHS 2014; Federal Food, Drug, and Cosmetic Act 2012f).
Products are granted Breakthrough designation when preliminary clinical evidence
indicates that the drug may offer substantial improvement on a clinically significant
endpoint over available therapies. Breakthrough Therapies are eligible for all of the
Fast Track features (such as rolling review), and similar to the Fast Track Program,
focus on early collaboration and communication between drug developers and FDA
during the drug development phase. However, designation as a Breakthrough
Therapy provides additional, intensive FDA guidance on efficient product develop-
ment and includes an organizational commitment involving senior managers and
experienced cross-disciplinary review and project management staff. Breakthrough
also differs from Fast Track in that eligibility for the Breakthrough program requires
preliminary clinical evidence indicating that the drug may demonstrate substantial
improvement over existing therapies for a serious or life-threatening disease, while
Fast Track eligibility requires either preclinical or clinical data. Despite these dif-
ferences, both the Fast Track and Breakthrough Programs are intended to foster and
encourage early engagement and ongoing communication between drug developers
and FDA during the developmental phase, specifically to the earlier clinical devel-
opment phases (ideally before end-of-phase-2). Thus, breakthrough would be
appropriate to consider for development of a biobetter product for a serious disease
for which preliminary clinical evidence indicates the drug may demonstrate sub-
stantial improvement over available therapies.

Priority Review (US Depart HHS 2014)

Products eligible to receive priority review pertain to the following categories: those
for serious conditions that, if approved, would provide a significant improvement in
safety or effectiveness over available therapies (US Depart HHS 2014); products that
qualify under special programs (i.e., qualifying infectious disease products QIDP
(Federal Food, Drug, and Cosmetic Act 2012b)), supplements that propose a labeling
change pursuant to a report on a pediatric study under the Best Pharmaceuticals for
Children Act (BPCA) (i.e., studies submitted to fulfill a Pediatric Written Request);
or an application or supplement for a drug submitted with a priority review voucher
(PRV) (Federal Food, Drug, and Cosmetic Act 2012c, d). Priority review provides a
marketing application review time goal of 6 months, rather than the standard review
goal of 10 months (for new molecular entities and original biologics, there is an
additional 2-month review period added to the timeline for both priority and standard
reviews (US Depart HHS 2014)). Products that are intended to offer a major advance
in treatment (such as a biobetter) or provide treatment when no adequate therapy
exists are eligible to receive a Priority Review.
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Accelerated Approval (US Depart HHS 2014; Federal Food,
Drug, and Cosmetic Act 2012g)

Accelerated approval is a path for marketing approval for products intended for a
serious or life-threatening disease or condition that may offer a meaningful advantage
over existing therapies. Accelerated approval may be granted: “upon a determination
that the product has an effect on a surrogate endpoint that is reasonably likely to pre-
dict clinical benefit, or on a clinical endpoint that can be measured earlier than irre-
versible morbidity or mortality, that is reasonably likely to predict an effect on
irreversible morbidity or mortality or other clinical benefit, taking into account the
severity, rarity, or prevalence of the condition and the availability or lack of alterna-
tive treatments”(US Depart HHS 2014).

Importantly, for drugs granted accelerated approval, postmarketing confirmatory
trials have been required to verify and describe the anticipated clinical benefit or effect
on irreversible morbidity or mortality. This pathway has been used to approve biologics
for rare diseases and may be appropriate as an approval pathway for biobetter agents.

Selected Incentive Programs

There are number of incentive programs available in the U.S. that are intended to
encourage and facilitate the development of therapies for specific public health
needs and special populations. Some of the longest-standing and most well-known
of these programs are the incentives for rare diseases available under the Orphan
Drug Act and for children under BPCA. Newer incentive programs include the
Neglected Tropical Disease Priority Review Voucher Program and the Rare Pediatric
Disease Priority Review Voucher Program (see Box 1).

Orphan Drug Act (1983)

The Orphan Drug Act (ODA), enacted in 1983, is one of the first incentive programs
passed by Congress. The ODA provides incentives intended to make the develop-
ment of products designated to treat rare diseases financially viable. A rare or
orphan disease is defined as a disease or condition that affects less than 200,000
people in the U.S. The financial incentives include the following:

* May be eligible for 7 years of marketing exclusivity upon approval

* Waiver of the orphan drug’s marketing application user fee (approximately $2
million in 2014)

* Tax credits of up to 50 % of clinical trial costs incurred for studying an orphan
drug in a rare disease

Since the passage of the ODA, over 450 products designated to treat a rare dis-
ease have been approved.
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Box 1: Selected Incentive Programs

1. The Orphan Drug Act (1983)
The Orphan Drug Act (ODA) was enacted in the US in 1983, which defines
orphan drugs as those drugs intended to treat, prevent or diagnose diseases
or conditions affecting fewer than 200,000 persons in the US, and that
have shown promise, based on supporting evidence, in the treatment of the
disease or condition. If designated as an Orphan drug, the drug sponsor is
eligible to receive incentives intended to make the development of drugs to
treat small populations financially viable, including:

e Tax credits—up to 50 % of clinical trial costs
e Waiver of the user fee
e 7 years of marketing exclusivity upon approval

2. Best Pharmaceuticals for Children Act (BPCA) (Federal Food, Drug, and
Cosmetic Act 2012a; Best Pharmaceuticals for Children Act 2002)
In 2002, the Best Pharmaceuticals for Children Act was passed. This leg-
islation authorizes FDA to grant an additional 6 months of marketing
exclusivity to sponsors who voluntarily complete pediatric clinical studies
outlined in a Written Request (WR). A WR is a document issued by the
FDA requesting submission of a certain study or studies to determine
whether the use of a drug could provide a meaningful health benefit in the
pediatric population.

3. Priority Review Voucher Programs (Federal Food, Drug, and Cosmetic Act
2012c, d)
There are two PRV programs available for Neglected Tropical Diseases
and Rare Pediatric Diseases. Briefly, a PRV is a voucher awarded to the
developer of a qualifying drug upon approval of that drug, which may be
applied to a future product to convert a standard review to a priority review
(see expedited programs, Table 1). Alternatively, the voucher may be
transferred or sold to another drug developer.

Best Pharmaceuticals for Children Act (Federal Food, Drug,
and Cosmetic Act 2012a; Best Pharmaceuticals for Children
Act 2002)

Many diseases that occur in adults also occur in children, and children are often
treated with the same drugs as adults. However, prior to 1994, over 80 % of all drugs
used in adults lacked specific information about use in pediatric populations. In
order to advance the development of products used to treat pediatric populations,
incentives for the development of products to treat pediatric populations were first



Building Biobetters: The Regulatory Landscape 367

incorporated into law in 1997. These incentives, first enacted under the Food and
Drug Administration Modernization Act of 1997 (Food and Drug Administration
Modernization Act 1997) ultimately formed the basis for The Best Pharmaceuticals
for Children Act in 2002 (Best Pharmaceuticals for Children Act 2002). Under
BPCA, FDA may grant drug manufacturers an additional 6 months of marketing
exclusivity that may be added to any existing exclusivity or patent for completion
and submission of studies that FDA considers a meaningful health benefit in chil-
dren. These studies are established under a Written Request issued by the FDA. In
addition to the incentives under BPCA, the Pediatric Research Equity Act (PREA),
enacted in 2003, requires drug manufacturers, under certain circumstances, to per-
form pediatric studies. Since the passage of the incentive and requirement provi-
sions under BPCA and PREA, over 500 labeling changes that provide additional
effectiveness, safety, or dosing information for pediatric populations have been
approved.

Neglected Tropical Disease and Rare Pediatric Disease Priority
Review Voucher Programs (Federal Food, Drug, and Cosmetic
Act 2012c¢, d)

The Neglected Tropical Disease (NTD) Priority Review Voucher (PRV) program,
passed in 2007, encourages the development of new drug and biological products
for prevention and treatment of certain tropical diseases. Through this program,
FDA is authorized to award a voucher to the sponsor of a qualifying listed NTD at
the time of approval of that drug. The voucher may be redeemed at a future date to
convert a subsequent marketing application or supplement from a standard review
(goal timeline of 10 months) to a priority review (goal timeline of 6 months), or the
voucher may be transferred or sold to another drug sponsor. In 2012, additional
legislation was passed by Congress to provide for a similar voucher program to
provide additional incentives for rare pediatric diseases (RPD). Rare diseases, such
as rare genetic diseases or childhood cancers, may qualify for this program, and
could be applied to development of biobetter therapeutics, provided they meet qual-
ifying criteria.

External Collaborations

FDA has recognized that efficient product development is often a collaborative
effort among many stakeholders, including drug manufacturers, regulatory agen-
cies, patients, academia, and advocacy groups. Therefore, it is important to maxi-
mize use of all opportunities for collaboration (such as meetings, workshops, etc.)
in order to increase the efficiency and success of product development programs.
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Clearly, collaboration with other federal agencies and global regulatory authorities
can both help to encourage efficient product development by avoiding unintended
duplication of efforts and potentially increasing resources to speed development
efforts. Such collaborations have been successful in improving the number of suc-
cessful product development programs (Davis 2011; Ramsey et al. 2011).

Conclusions

Despite the success of these scientific, regulatory and legislative initiatives to
improve efficiency and success of biological product development, there remain
considerable unmet medical needs for patients with serious diseases, and particu-
larly for rare diseases. It is increasingly clear that close collaborations of all stake-
holders including patients, industry, academia, regulators and other governmental
agencies are critical to the success and efficiency of product development, espe-
cially for those products used to treat pediatric and rare diseases. Early planning and
consultation with all stakeholders require availability of resources (e.g., time, expe-
rienced personnel, sustained funding and infrastructure). However, in many cases,
important resources are not available during early phase product development.
Thus, it seems prudent to develop incentive programs that aid in the earlier planning
stages of product development in order to identify the best candidates that lead to
approved treatments for patients in need. These incentive programs should target
basic and translational science needs, and require planning and consultation with all
stakeholders.

As described above, FDA can use a variety of programs to expedite and incentiv-
ize drug development. These regulatory programs are available to sponsors who
make a conscious effort to develop a “better” product that provides for improved
clinical outcome. Careful and thoughtful manufacturing design and a thorough
understanding of the mechanism of action of a product can result in a drug that
maximizes efficacy with a favorable safety profile. For example, if the mechanism
of action of a product requires that the product gain entry into a specific organ or
tissue to exert its pharmacological activity, a biobetter with an improved targeting
mechanism may have a higher efficacy profile at lower doses than a currently mar-
keted product.

There are several studies in the literature and chapters in this book that specifi-
cally investigate better targeting to affected tissues. For example, the deficiency in
lysosomal acid alpha glucosidase (GAA) characteristic of Pompe disease, leads to
accumulation of glycogen in the lysosome. Successful enzyme replacement therapy
requires internalization of the therapeutic enzyme into target cells and delivery to
the lysosome. Internalization and lysosomal delivery of GAA to the target organs
occurs via the mannose-6P receptor, and binding to receptor requires the presence
of phosphorylated mannose. Therefore, the carbohydrate side chains are critical for
optimal delivery to the target organ and intracellular uptake, as well as to determine
product half-life and route of elimination. The most affected organs in Pompe disease
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are the heart and skeletal muscle. Uptake in these organs, but especially skeletal
muscle, is limited by numerous factors including low levels of the targeting moiety
on the ERT, as well as low mannose 6-P receptor expression, the on the skeletal
muscle. Moreover, the CNS is also affected in the most severe cases of PD, as well
as in other lysosomal storage diseases and the ERTs to treat these conditions do not
cross the blood brain barrier, thereby leaving this most vital of organs untreated.
Thus, a multisystem approach is needed to establish the most optimal treatment
approach including a “biobetter” GAA ERT which expresses higher levels of the
targeting moiety or novel targeting moieties (e.g., IGF2 (Maga et al. 2013)) for
skeletal muscle and the ability to cross the blood brain barrier to treat the CNS, as
well as other agents that may increase receptor expression on skeletal muscle.

This type of approach has also been undertaken to better target the endothelial
cells in multiple organs, as in the case of Fabry Disease. Hsu et al. (2011), devel-
oped a targeting approach in which nanocarriers were loaded with alfa galactosidase
and antibody against ICAM 1, a surface molecule abundantly expressed in endothe-
lial cells. The antibody/protein nanocarrier complex was efficiently internalized in
model endothelial cells and localized to the endothelial surface of heart and kidney
in mice. It is conceivable that a similar approach could be taken for other lysososmal
diseases.

Thus, given the potential substantial improvements over the existing therapies, a
biobetter may qualify for several of the expedited programs: (1) breakthrough des-
ignation, if the efficacy and safety profile is considered a significant improvement
over existing therapies, (2) priority review, with a shorten review cycle to allow
faster release to the market and (3) fast track to allow for rolling submission. Both
the fast track and breakthrough designations provide for increased communication
with the FDA, to facilitate efficient product development, and could facilitate the
development of a truly biobetter product. Sponsors are encouraged to utilize other
available incentive and expedited programs, such as the ODA and pediatric incen-
tives, where applicable. Sponsors planning to develop biobetter products should
communicate with Agency early and frequently in order to best take advantage of
such expedited programs and develop a strategy that would allow for an efficient
regulatory process.
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