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Introduction

The first decades of immunotherapy applied to cancer yielded modest and sporadic
successes, largely confined to the treatment of a handful of solid tumors such as
melanoma, renal cell carcinoma, and bladder cancer, either through the installation
of local adjuvants such as BCG or through systemic administration of cytokines
such as interferon-alpha and interleukin-2 in pharmacologic doses. Despite a dearth
of mechanistic underpinning and immunologic insight, these successes demon-
strated the potential power inherent in harnessing the immune system to combat
malignant disease, as well as the durability of the responses in the handful of patients
in which such responses were observed. Early therapeutic success derived from
serendipitous application of newly discovered immune-effector molecules such as
high-dose interleukin-2, and insight into underlying mechanisms was lacking.
Recent advances have allowed for the application of our evolving understanding of
immunologic principles and provided new avenues by which both innate and adap-
tive immune responses can be harnessed to augment antitumor therapies. There is
growing appreciation that the cytolytic CD8+ T-cell, while necessary is but one
actor in a complex environment in which tolerance and effector function may coex-
ist and may facilitate or alternatively inhibit tumor growth. Immune response and/
or tolerance is shaped from the inception of tumorigenesis by complex interaction
between the tumor, its microenvironment, the innate and adaptive immune systems,
and immune editing. Antigen processing and presentation, chemokines, cytokines,
costimulatory ligands and their receptors, including members of the TNF receptor
family, toll-like receptors and their ligands, NK-cells and activating and repressive
signals, and a variety of cells with immune regulatory function act in coordinate
fashion to shape the ultimate outcome of the encounter between the immune system
and tumor. Such immune regulatory function has been ascribed to plasmacytoid
dendritic cells, tumor-associated macrophages, myeloid suppressor cells, and T- and
B-regulatory cells as well as the tumor cells themselves which may usurp normal
cellular mechanisms conferring immune tolerance such as elaboration of TGF-p,
and interleukin 10 (IL-10), expression of tolerogenic costimulatory ligands such as
PDL-1 and ICOS-ligand, and soluble forms of NKG2D ligand which may serve to
tolerize the host.

vii



viii Introduction

Despite manifest complexity, recent therapeutic successes leading to the approval
of anti CTLA-4 antibody (ipilimumab), and successful targeting of the PD1 pathway
in lung cancer, demonstrate the potential inherent in selective manipulation of even a sin-
gle important pathway in altering the balance between immune tolerance and rejection.
While a host of autoimmune phenomena have been encountered as a result of such
manipulations, ultimately the increasingly frequently observed therapeutic successes
offer real promise that manipulation of such key pathways is feasible and may be used
to augment response in a variety of solid and hematologic malignancies.

In this volume leaders in the immune therapy field as well as clinically engaged
investigators have summarized selected advances in our understanding of immune
suppression and anti-tumor immunity and highlighted promising new approaches
which may foretell the next generation of immune interventions. The volume is not
meant to be all encompassing; this would not have been possible within the context
of a volume of this size. Rather, it seeks to highlight new and evolving approaches
and insights which may shape a new generation of immune therapies. The editors
have elected to survey territory somewhat less well explored in an effort to take a
fresh look at new trends in this rapidly evolving field. These include for example,
the role of myeloid suppressor cells in human malignancies and the evolving body
of knowledge relevant to the potential role of B-regulatory cells in addition to the
better appreciated T-regulatory cell. While most human data regarding B reg func-
tion has been amassed in the setting of autoimmune disease, extensive murine stud-
ies point to a likely role for B cells in shaping of the human anti-tumor response, an
area of emerging study surveyed by Zhang and Rosenblatt in this volume. Novel
approaches harnessing potent innate pathways such as those involving biology of
heat shock proteins which have already advanced into the clinic are reviewed by
Schreiber and Podack who have pioneered the use of gp96 in secreted form now
being tested in Phase I/II trials alone, and which will shortly be tested in combina-
tion with therapeutic manipulation of adenosinergic tolerizing pathways. Biology
and manipulation of natural killer cells is summarized by George Weiner, who has
pioneered the manipulation of NK cell biology in relation to therapeutic antibody
administration. Drs. Paul Sondel and Lou Weiner extensively review developments
in antibody engineering, and early experiences and challenges using bifunctional
molecules incorporating both antibody targeting sequences as well as immune
effector molecules such as cytokines. These approaches while still in their infancy
have been unusually successful in murine models, yet have proven quite difficult to
apply in the human setting. Nevertheless, they offer considerable promise and ver-
satility and perspective is provided by leading researchers in the field.

Dr. Eli Gilboa, highlights an unusual new approach to altering the inherent
immunogenicity of tumors through manipulation of nonsense RNA editing func-
tions within the cell, an innovative approach which has garnered significant recent
attention. The creation of “space” for homeostatic T cell expansion and its utility is
summarized by Bernie Fox who has pioneered understanding of this mechanism in
relation to clinical immunotherapy. Perhaps nowhere is the complex interplay
between tolerance, NK, B, and T cell repopulation more routinely and effectively
manipulated than in the setting of allogeneic stem cell transplantation and lessons
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learned from decades of preclinical and clinical investigation are summarized in a
comprehensive chapter by Lazaros Lekakis and Krishna Komanduri.

The recent successes in the genetic manipulation of T-cell specificities as well as
intracellular signaling within T-cells following encounter with tumor cells are high-
lighted in the two chapters by Zelig Esshar and Aaron Rapoport, pioneers in the
development of T cell engineering and redirection of T cell specificity, and their
application to hematologic malignancies, respectively. The striking results recently
reported to great acclaim by Carl June and colleagues observed in a small number
of patients with ALL and CLL following introduction of the CAR-T technology,
highlight the considerable promise of the approach.

Renal cell carcinoma and melanoma continue to serve as principal examples of
success of immunotherapeutic approaches. The current status of tumor immuno-
therapeutic approaches in renal cell carcinoma is reviewed by Jaime Merchan, pro-
viding perspective in an area in which immune and non-immune approaches are
rapidly coalescing to alter prognosis.

Finally, the recent successes using anti CTLA4 antibody and other targets in the
TNF receptor family in solid tumors are reviewed from a clinical vantage point as
the underlying immunology has been extensively addressed elsewhere. These and
other new approaches in the clinic have increased our need for improved means of
assessing immune response, and correlation of such response with clinical out-
comes are comprehensively reviewed by Theresa Whiteside, a leading authority in
clinical immune assessment.

The strong association between the human papilloma virus infection and a subset
of human head and neck squamous cell carcinoma suggests that head and neck can-
cer may be particularly susceptible to immune intervention, and also may afford
unique accessibility of tumor for correlative study. Rationale and opportunities for
manipulation of the immune response in head and neck cancer are carefully reviewed
by Dr. Paolo Serafini and Donald Weed.

This volume could not have been expansive but rather is meant to highlight
evolving new areas and critical recent advances in the field. The authors, recognized
as leaders in an exciting field have been given free reign of thought and have been
encouraged to raise critical questions for future investigation. The editors certainly
hope that this volume will be of substantial interest to clinicians as well as basic and
translational scientists working in the rapidly moving and exciting field of anti-
tumor immunity.

We owe a special debt of gratitude to my coeditors and our accomplished col-
leagues who have contributed to this volume. Special thanks to Fiona Sarne, Cancer
Research Editor at Springer for her tireless and enthusiastic encouragement and
persistence in seeing this volume to completion and to my editorial assistants
Zulema Rivero and Angie Monnar for their dedicated efforts. We truly hope you
enjoy the volume.
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Myeloid-Derived Suppressor Cells in Cancer

Christos E. Kyriakopoulos, Alberto J. Montero,
and Claudia Marcela Diaz-Montero

Abstract Immune evasion is an emerging hallmark of cancer. Many cancers
evade the immune system through the overproduction of a wide array of immuno-
suppressive cells and cytokines, which not only inhibit the host’s antitumor immune
response, but also hinder the clinical efficacy of immune-based therapies. Myeloid-
derived suppressor cells (MDSCs) represent a heterogeneous collection of imma-
ture myeloid cells that play an important role in cancer immune evasion. Their
presence has been extensively investigated in preclinical models. MDSCs arise
from myeloid progenitor cells that have failed to terminally differentiate into mature
granulocytes and macrophages and are recruited from the marrow to the tumor
microenvironment through production of various cytokines. One of the major obsta-
cles in developing clinical strategies targeting MDSCs in cancer patients has been
their heterogeneity in humans, which thus far has prevented determination of an
unambiguous phenotype, shared between mice and humans, that has clinical rele-
vance and correlates with their suppressive function. In this chapter we review the
current clinical literature on MDSCs in cancer patients, showing that there appear to
be two major subsets of MDSCs which are present under different situations. We also
discuss the potential use of MDSC as prognostic and predictive markers in cancer
patients. Finally, we examine current strategies designed to modulate MDSCs in
cancer patients, which represents an innovative and promising approach to enhance
the effectiveness of immune-based therapies.

Keywords Myeloid derived suppressor cells ® Cancer ®* Tumor immunology ®
Cancer immune evasion
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1 Introduction

Myeloid-derived suppressor cells (MDSCs), first described over 30 years ago in
patients with cancer, are a heterogeneous population of myeloid cells with the ability
to suppress the immune system. The biology of MDSCs in malignant disease has
now been more thoroughly characterized as a result of work in preclinical models as
well as a more refined understanding of the varied mechanisms by which tumor
cells utilize them to evade the immune system. However, advances in clinical
research have been hindered by their heterogeneous phenotype in humans, and thus
far there is no uniform consensus regarding which is the most clinically relevant
phenotype to study. In this chapter we provide an overview of what has been learned
about the biology of MDSCs in the setting of cancer from preclinical models, review
what has been learned from clinical studies, and discuss pharmacologic strategies to
directly modulate MDSCs, as a novel therapeutic approach in oncology.

2 Preclinical Data

2.1 Phenotype

MDSCs constitute a diverse population of cells derived from bone marrow progenitor
cells that are at varying stages of differentiation from early myeloid to more granu-
locytic or monocytic in phenotype. In murine tumor models, MDSCs have been
isolated from peripheral blood, spleen, lymph nodes, and tumor sites and are known
to have the ability to block both innate and adaptive immunity. MDSC recruitment
to the tumor microenvironment is currently thought to be one of the central mecha-
nisms by which tumor cells evade the immune system [1]. Our current understand-
ing from the published literature is that there are two main subtypes of MDSCs with
either polymorphonuclear or monocytic characteristics, termed granulocytic and
monocytic MDSCs, respectively, each of which employs slightly different mecha-
nisms to suppress antitumor immunity (Fig. 1).

The distinction between the two different phenotypes was initially based on
the expression of Ly6G and Ly6C. Granulocytic MDSCs were described as
Ly6G*Ly6C™, whereas the monocytic subpopulation was described as
Ly6G Ly6Chigh, Tn terms of their function, the granulocytic MDSCs are known to
express high levels of arginase, but not inducible nitric oxide synthetase (iNOS),
and have been shown to produce higher levels of reactive oxygen species (ROS).
Monocytic MDSCs are known to express both arginase and iNOS but do not pro-
duce high levels of ROS [2]. The production of ROS is believed to be important, as
this is one mechanism by which granulocytic MDSCs are able to suppress T-cells
that are in close proximity through production of high levels of ROS, such as hydro-
gen peroxide and peroxynitrite, that can induce T-cell apoptosis. The production of
ROS could also lead to nitration of tyrosine residues in the T-cell receptor (TCR)
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Fig. 1 Schematic of tumor-induced mobilization of MDSCs

during direct cell—cell contact which renders it unable to bind to antigen, thus blocking
their activation [3].

Further classification of those cells in mice was based on the intensity of Gr-1
expression [4] which is associated with specific functional traits [5]. Monocytic
MDSCs have been described as CD11b*/Gr-1""°" and are capable of constantly
suppressing the CD8* T-cell activation in tumor-bearing mice [6]. These cells show
high expression of IL-4Ra when compared to granulocytic MDSCs, and their activity
appears to be driven by tumor-secreted GM-CSF [6] and by IFN-y released from
T lymphocytes [7]. Granulocytic MDSCs have been described phenotypically as
CD11b*/Gr-1"e" and exert limited immune suppression in some tumor models and
only when present in high numbers [6]. Although they require GM-CSF secretion in
order to expand, they do not appear to respond when GM-CSF is given externally [6]
since GM-CSF is a required but not a sufficient factor for their maturation [8].

2.2 Expansion and Activation of MDSCs in Tumor Models

In tumor-bearing mice, expansion and activation of MDSCs are controlled by several
factors released by tumor cells, the surrounding stroma, and/or the immune system.
Factors released from the tumors mostly induce MDSC proliferation through the
stimulation of myelopoiesis and inhibition of their differentiation, whereas factors
released from the tumor stroma or the immune system directly impact on their
activation.

The majority of these tumor-derived factors are growth factors, cytokines, or
chemokines and trigger different signaling pathways on MDSCs that are mainly
mediated through the signal transducer and activator of transcription (STAT) family
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of transcriptional factors [9]. The activation of STAT3 is known to lead to prolonged
survival and increased proliferation of MDSCs through the induction and upregula-
tion of genes that control proliferation and apoptosis, such as MYC, BCL-XL, and
cyclin D1 [9]. Also, it is primarily through both STAT 3 and NADPH that ROS are
overproduced in granulocytic MDSCs as well.

There are also more complex and interrelated chemokine and cytokine networks
between tumor cells, stroma, and immune cells that ultimately lead to MDSC
recruitment and activation, a process that is required before the MDSCs can exert
their immunosuppressive activity. Those factors include IFNy, ligands for Toll-like
receptors, IL-4, IL-3, and TGFf, among others [9].

2.3 Mechanisms of Immunosuppression of MDSCs in Cancer

MDSCs mediate immune suppression through various metabolic pathways and
direct cell-to-cell contact. Even though most of the functional studies have been
conducted in the preclinical setting, there is an increasing body of evidence support-
ing the notion that similar mechanisms are also involved in humans.

2.3.1 Metabolism of L-Arginine

While both granulocytic and monocytic MDSCs utilize a variety of mechanisms to
suppress tumor immunity, both are known to utilize a strategy that involves depletion
of an amino acid in the tumor microenvironment that is important for proper T-cell
function. MDSCs produce high intracellular levels of arginase, the enzyme that catab-
olizes L-arginine. L-arginine is a semi-essential amino acid, and is fundamental for
proper T-cell function. L-arginine serves as a substrate for two different enzymes
implicated in MDSC-induced immunosuppression, arginase 1 and iNOS. Like most
cells, both MDSCs and T-cells need L-arginine for protein synthesis, but as a direct
consequence of MDSCs having high intracellular arginase levels, they need to import
excess arginine through their CAT-2B transporter. This results in L-arginine depletion
from the microenvironment which leads T-cells to cell cycle arrest [10].

Arginase 1 secretion by murine MDSCs is modulated by several cytokines such
as IL-4, IL-13, TGF-B, and GM-CSF [11]. Arginase 1 metabolizes L-arginine to
L-ornithine and urea, thus depleting L-arginine from the tumor microenvironment.
The exact mechanism of inhibition of T-cell proliferation through L-arginine deple-
tion is still unclear; however different potential mechanisms have been postulated.
One possible mechanism that has also been observed in humans is that depletion of
L-arginine may lead to decreased expression of CD3 {-chain of the T-cell receptor,
thereby interfering with their function [12]. Furthermore L-arginine depletion pre-
vents T-cell upregulation by cyclin D3- and cyclin-dependent kinase 4 [13]. In addi-
tion, increased expression of arginase 1 by MDSCs in a lymphoma mouse model
has been shown to induce antigen-specific tolerance through recruitment and expan-
sion of regulatory T-cells (T;,) [14].
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2.3.2 ROS and Peroxynitrite

ROS are another important mechanism by which MDSCs can directly suppress
T-cells. High levels of ROS, mainly H,O, have been found at sites heavily infil-
trated by MDSCS in both cancer patients and animal models [4, 15-18]. ROS pro-
duction is mainly regulated by NADPH oxidase (NOX2) whose expression is
regulated by STAT3 [15]. The exact mechanism of immunosuppression triggered by
ROS is not fully elucidated; however, it has been shown that high levels of ROS
correlate with either impaired dendritic cell maturation [19] or decreased CD3C-
chain expression of the T-cell receptor and thus diminished T-cell proliferation and
cytokine production [20]. These immunosuppressive properties have only been
observed in granulocytic MDSCs [4, 15], and they were abrogated by eliminating
ROS [15, 17].

In addition to ROS, peroxynitrite, which in vivo has been ascribed to the reaction
of the free radical superoxide with the free radical nitric oxide (NO), is a powerful
prooxidant that has emerged as a crucial mediator of MDSC-related suppression of
T-cell function. In both cancer patients and tumor models increased levels of per-
oxynitrite accumulate in areas of tumor progression [21-25]. Even though the
immunosuppressive properties of peroxynitrite are not fully understood, it has been
shown that it promotes apoptosis of T-cells [26] and alteration of their function [3].
In the latter, nitration of tyrosine residues in the T-cell receptor—CD8 complex by
MDSCs, through ROS and peroxynitrite production, resulted in marked decrease in
the binding of specific peptide-major histocompatibility complex (pMHC) to the
CDS8* T-cells and thus resulted in T-cell tolerance.

3 C(linical Data

Since the initial identification and description of MDSCs, in the preclinical litera-
ture, there have been many studies in cancer patients with solid and hematologic
malignancies that have evaluated the presence and clinical significance of MDSCs
(Table 1). One of the main challenges has been the absence of a universally accepted
clinical definition of MDSCs. This is due to their highly heterogeneous nature and
also in part due to the absence of the cognate Gr-1 molecule in humans [1].

One of the first published clinical studies that evaluated the presence of MDSCs in
cancer patients was in the tumor of patients with head and neck cancer, mostly squa-
mous histology (n=18) [51]. This study reported the presence of intra-tumoral CD34*
myeloid cells that were significantly correlated (*=0.65) with levels of secreted
GM-CSF in tumor fragments. Moreover, depletion of CD34* cells by immunomag-
netic separation was associated with a reversal of T-cell suppression, evidenced by
increased IL-2 production from intra-tumoral lymphocytes. A subsequent study [27]
analyzed peripheral blood samples from patients with HNSCC, NSCLC, and breast
cancer of unknown clinical stages (n=44) that identified a population of immature
myeloid cells (ImC). These cells were described as lineage negative (Lin~), defined
here as CD3-, CD14-, CD19-, and CD57-. The immunosuppressive properties of
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Table 1 Heterogeneity of MDSC phenotypes utilized in clinical studies

Phenotype Cancer type References
Lin~ %/HLA-DR~ Breast [27]
HNSCC
NSCLC
CD15* granulocytes Breast [20]
Colon
Pancreatic
CDI11b*/CD147/CD15* Renal cell [28]
CD14*/arginase* HNSCC [29]
MM
CD14*/HLA-DR v Melanoma [30]
CDI11b*/CD33* NSCLC [31]
Lin1”***/HLA-DR/CD33*/CD11b* Multiple solid tumors (breast, esophageal, [32-34]
gastric, colorectal, and other solid
malignancies)
Lin/HLA-DR-/CD33* Melanoma [35]
CDI11b*/CD147/CD33*/CD15* NSCLC [36, 37]
CD14+*/1L-4Ra* Colon [38]
Melanoma
CD11b*/CD13*/CD34*/CD147/CD45* Hodgkin lymphoma [39]
CD14*/HLA-DR v Melanoma [40]
DC-Sign*/ CD80*/CD83*
CD14%/CD15* CD33*/HLA-DR- Bladder [41]
CD14*/HLA-DR "% MM [42]
MGUS [43]
NHL [44, 45]
HCC
SSChieh/CD66b*/CD125/CD33*/HLA-DR- Urothelial tract [46]
HNSCC
NSCLC
CD34+/CD45*/CD116*/CD13*/CD14- NHL [47]
CD11b*/CD15"e/CD33v Bladder [48]
Lin*/HLA-DR/CD33* Multiple solid tumors [49]
CDI14*/HLA-DR"*¥- Prostate [50]

Lineage defined as -CD3, -CD14, -CD19, and -CD57

®Lineage-1 defined as-CD3, -CD14, -CD16, -CD19, -CD20, and -CD56; HNSCC: head and neck
squamous cell carcinoma; NSCLC: non-small-cell lung cancer; MDS: myelodysplastic syndrome;
MGUS: monoclonal gammopathy of undetermined significance; MM: multiple myeloma; NHL:
non-Hodgkin lymphoma

‘Lineage defined as -CD3, -CD14, -CD19, and -CD56

those cells were confirmed by restoration of the ability of the dendritic cells to stimulate
allogeneic T-cells in vitro when the ImC were depleted.

The next major study of MDSCs in cancer patients described a more mature
granulocytic population of circulating cells with T-cell immunosuppressive proper-
ties in metastatic renal cell carcinoma (RCC) patients [28]. In this study, peripheral
blood levels of granulocytic cells (CD11b*, CD14*, and CD15") in patients without
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previous treatment (n=123) were found to be significantly higher (»p=0.037) than in
healthy controls (n=33). Additional phenotypic characterization of this population
revealed negative expression of CD11a, CD80, CD83, CD86, and HLA-DR and
increased arginase activity. A subsequent study in patients with metastatic RCC
(n=27) confirmed the presence of a granulocytic population of MDSCs that were
CD11b*/CD15*/CD66b* and CD14-/CD16°*/CD62L*" [52].

To address the question of whether MDSCs aberrantly accumulate in cancer
patients with a variety of different malignancies and whether levels in circulation
were proportional to clinical stage, a subsequent study [33] by Diaz-Montero et al.
prospectively evaluated MDSC levels in patients (n=106) with newly diagnosed
solid tumors of various clinical stages. Approximately 50 % of patients had breast
cancer, followed by 30 % of patients with gastrointestinal cancers and 20 % of vari-
ous other types of cancer. In that study MDSCs were defined as a population of
cells that were Lin1**/HLA-DR/CD33*/CD11b*. Lineage-1 here was a cocktail of
antibodies against CD3, CD14, CD16, CD19, CD20, and CD56. Overall circulating
levels of MDSCs were significantly higher in patients with cancer (P<0.0001) com-
pared to a cohort of matched healthy individuals (n=21). Furthermore, levels of
circulating MDSCs were directly proportional to clinical stage of disease, with the
highest overall numbers in patients with stage IV disease compared to patients with
stage I/II disease (P<0.0001). Levels in patients with advanced metastatic disease
also appeared to be highest among patients experiencing extensive metastatic
burden.

Another study [48] examined the presence of two distinct populations of MDSCs
in patients with superficial noninvasive and invasive bladder cancer. Both peripheral
blood and fresh tumor samples were collected and analyzed by flow cytometry. Two
different circulating MDSC populations were described: (1) CD11b*/CD15"iet/
CD33"™ with co-expression of the neutrophil markers CD114 and CD117; and (2)
CD11b*/CD15"%/CD33"e" with co-expression of the monocyte-macrophage mark-
ers CD14, CDI115, CD116, and CCR2. When circulating levels were compared,
only the population of CD11b*/CD15"¢"/CD33!"" cells were found to be present in
higher levels in bladder cancer patients, whereas the CD11b*/CD15"*/CD33hieh
population was also found to be present in significant amounts in healthy individu-
als. Only the CD11b*/CD15"#"/CD33"* population was noted to have immunosup-
pressive activity. Additionally, two distinct MDSC populations were found to
infiltrate the tumors: 60—70 % of those cells were described as CD11b*/HLA-DR*
with the remaining 3040 % described as CD11b* and CD15*. The clinical signifi-
cance of those cells though was not fully explored.

In summary, MDSCs in cancer patients consist of (1) a monocytic population
characterized by the presence of CDI14 and absence of CD15, which could also
comprise a cell subset expressing CD15 at low levels, possibly representing a more
immature stage of monocyte development, likely less differentiated than monocytic
CD15- MDSCs, and (2) a more differentiated granulocytic population having the
opposite pattern of expression, i.e., CD15* and CD14".

Despite the fact that immune evasion is an emerging hallmark of cancer, there is
a clear paucity of validated immune related biomarkers that are known to correlate
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with prognosis and clinical outcome. In the setting of breast cancer, the most estab-
lished and validated prognostic markers are tumor related, for example HER-2/neu
gene amplification, hormone receptor status, tumor histologic grade, and circulating
tumor cells [53]. However, recent comprehensive microarray analyses have vali-
dated immune gene signatures as valuable prognostic indicators in localized breast
cancer and other solid tumors [54, 55]. MDSCs are clearly an important mechanism
of tumor-mediated immune evasion, but thus far there are few published studies that
have explored in detail the overall prognostic or predictive significance of MDSCs
in cancer patients. Even if we put aside the issue of how to best define MDSCs, very
few studies have fully addressed the clinical implications of circulating MDSCs. To
the best of our knowledge, only three published studies have shown that overall
levels of a monocytic population of MDSCs (Lin17**/HLADR-/CD33*/CD11b*) in
the peripheral blood correlate with clinical stage [32-34]. Another study reported
MDSC levels in NHL patients correlated with clinical cancer stage and aggressive-
ness of disease; however a different phenotype was utilized (CD14*/HLA-DR°")
[43]. Moreover, two studies [32, 34] have independently shown that in patients with
advanced breast cancer and gastrointestinal malignancies, higher MDSC levels
were associated with poorer overall survival times. In the study by Solito et al.
patients with stage IV breast cancer (n=25) with circulating MDSC levels >3.17 %
(median) at baseline had significantly shorter median OS times than patients with
circulating MDSCs less than the median at 5.5 months [95 % confidence interval
(CI), 0.5-11.3] and 19.32 months (95 % CI, 8.7—infinity), respectively (P <0.048)
[32]. Similarly, in the study by Gabitass et al., levels of circulating MDSCs >2.0 %
were found to be an independent prognostic factor in patients with pancreatic,
esophageal, and gastric cancers in a multivariate analysis [34]. Patients with ele-
vated MDSCs (>2 %) were found to have an overall poorer prognosis, with a median
OS of only 4.6 months (95 % CI, 2.2-6.0), relative to a median OS of 9.3 months
(95 % CI, 6.3—12.1) (P<0.001), in patients with circulating MDSCs <2 %. Although
these studies were retrospective in nature and involved relatively small number of
patients, they provided important initial data using a similar MDSC phenotype, i.e.,
Lin17*/HLA-DR/CD33*/CD11b*, on the prognostic significance of MDSCs. It is
presently unknown whether blood MDSC levels are an independent prognostic fac-
tor in different cancers; future appropriately powered prospective studies are needed
to address this.

4 Pharmacologic Modulation of MDSCs

The myriad strategies utilized by MDSCs to promote evasion of the immune system
represent major hurdles for the clinical success of any type of cancer immunother-
apy. Moreover, recruitment of MDSCs to pre-metastatic niches appears to be an
early event in the development of metastatic disease. Several drugs known to phar-
macologically modulate MDSCs have been tested clinically and can be classified
into at least three different categories: (1) drugs that decrease MDSCs through
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Table 2 Drugs known to modulate MDSCs

Agent Cancer type References

25-Hydroxyvitamin D3 HNSCC [56]

ATRA Renal cell carcinoma [57, 58]
Breast cancer [59]
Sarcoma

Nitroaspirin Colon cancer [60]

Sildenafil HNSCC [29]
Multiple myeloma

Sunitinib Renal cell carcinoma [61]
Transitional cell bladder cancer [41]

Taxane Melanoma [62]

Gemcitabine Pancreatic and esophageal cancer [63]

Fluropyrimidine

Gemcitabine Breast cancer [64]

5-Fluorouracil Thymoma [65]

Triterpenoid Multiple solid tumors (colon, lung, [66]

thymoma, renal cell, sarcoma)
Celecoxib Mesothelioma [67]

promotion of cell differentiation; (2) drugs that modulate one or more different
immunosuppressive mechanisms of MDSCs, without affecting overall levels; and
(3) non-differentiating agents that decrease MDSCs levels, through decreasing their
recruitment or production in the bone marrow (Table 2).

Two agents that have been shown to promote the differentiation of MDSCs
include 25-hydrooxyvitamin D3 and all-trans-retinoic acid (ATRA). Treatment of
locally advanced or metastatic head and neck squamous cell carcinoma (HNSCC)
patients with 25-hydrooxyvitamin D3 resulted in a decrease of CD34* suppressive
cells and an increase in the frequency of HLA-DR* cells, increased plasma levels of
IL-12 and IFN-y, and improved T-cell proliferation [56]. However, the small nature
of this study prevented the determination of any clinical correlates.

ATRA was initially found to promote the in vivo differentiation of Gr-1*CD11b*
MDSCs into mature dendritic cells, macrophages, and granulocytes, thereby
improving T-cell-mediated immune response in fibrosarcoma and mammary adeno-
carcinoma mouse models [59]. Further vaccination of the pretreated animals with
two different types of cancer vaccines resulted in a prolonged antitumor effect
through immune-mediated mechanisms.

Subsequent testing of ATRA in metastatic renal cell carcinoma patients with
subcutaneous IL-2 revealed decreased number of Lin/HLA-DR-/CD33+* MDSCs,
improved myeloid/lymphoid dendritic cell ratios, and was associated with an
improvement in antigen-specific T-cell responses as measured by stimulation with
tetanus-toxoid [57]. Similar results were observed when ATRA was used in patients
with stage III-IV renal cell carcinoma [58].

Several drugs have been shown to modulate the immunosuppressive properties
of MDSCs both in vivo and in vitro without affecting their overall accumulation.
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Nitroaspirin was one of the first drugs that was shown to decrease the immunosup-
pressive properties of splenic MDSCs in animal models [60]. Elevated levels of NO
lead to feedback inhibition of NOS and arginase (AGR) with subsequent decreased
production of ROS. Furthermore, the addition of nitroaspirin to a tumor vaccine in
a preclinical model increased the number and improved the function of tumor-
specific T-cells. Similar effects were also observed with the phosphodiesterase-5
(PDE-5) inhibitor sildenafil [29]. Sildenafil was shown to down regulate ARG1 and
NOS2 in vivo in murine models for colon carcinoma, mammary adenocarcinoma,
and fibrosarcoma and in vitro in peripheral blood from multiple myeloma and
HNSCC patients. Another promising approach in the same direction has been the
use of anti-inflammatory agents, with two studies showing evidence of the ability to
modulate MDSC function [66, 67]. The first study [66] examined the effect of
triterpenoid in various tumor models and also in blood samples from patients with
renal cell cancer, soft tissue sarcomas, and pancreatic cancer and showed that only
the function but not the number of MDSCs was impaired through a decrease in the
levels of ROS. The second study [67] showed that the COX-2 inhibitor celecoxib,
when used in a mesothelioma mouse model, affected both the number and the func-
tion of MDSCs by inhibiting prostaglandin E2 synthesis and decreasing ROS and
NO production.

Even though there is extensive literature on the effect of chemotherapy on
MDSCs in mice, only two studies have shown a direct effect in humans. The first
study [62] examined the effect of taxane-based chemotherapy on circulating MDSCs
in stage [-IV melanoma patients (n=77). In this study, pretreatment MDSC levels
were found to correlate with clinical cancer stage, with levels decreasing after
taxane-based chemotherapy. A second study [63] evaluated changes in MDSC lev-
els after chemotherapy in patients with pancreatic cancer (n=16) treated with
gemcitabine-based chemotherapy and in patients with esophago-gastric cancer
(n=23) treated with 5-FU-based chemotherapy. A significant decrease in circulat-
ing MDSC levels after chemotherapy was observed (p<0.0001); however, this
decrease did not correlate with response to treatment and was also observed in
patients with progressive disease.

5 Conclusions

The literature provides substantial evidence that MDSCs are important in the biology
of tumor progression and immune evasion. However, one of the major obstacles in
the study of MDSCs in cancer patients is the considerable heterogeneity of their
phenotype. The most extensive clinical data demonstrating an inverse correlation
between MDSC levels and prognosis and cancer clinical stage has involved an early
and immature myeloid population (Lin1"°* HLADR- CD33* CD11b*). Early clini-
cal data suggests that levels circulating MDSCs may potentially serve as a predic-
tive marker in cancer patients receiving immunotherapy. Although these initial
studies are interesting and suggest that MDSCs could be a potential marker
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correlating clinical outcome and response to therapy, they need to be validated by
larger prospective trials. Another important aspect related to the biology of MDSCs in
cancer patients that requires further elucidation is the driving tumor-derived factors
produced that control both recruitment of MDSCs from the bone marrow to the tumor
site and activation of MDSCs. Finally, MDSCs represent a novel and attractive thera-
peutic target in oncology. A greater understanding of the biology of MDSCs would
certainly help to accelerate the clinical development of novel strategies for the preven-
tion of metastases, and may also potentially enhance the effectiveness of immune-
based therapies.
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Abstract Although many experimental tumor models have demonstrated the
importance of CTL, Thl response, and NK cells in antitumor immunity, relatively
little is known about the role of B cells in tumor immunity. The ability and mecha-
nism of B cell-mediated regulation of cellular immune responses and inflammation
have only recently been described and remain incompletely understood. Although
B cells are recognized as a significant proportion of tumor-infiltrating lymphocytes
in both mouse models and human tumors, relatively little mechanistic information
is available describing how these cells influence antitumor immunity and immuno-
surveillance. Recently, studies in several murine models have found an association
indicating that reduced number of tumor-infiltrating B cells is associated with
improved CD8+ T cell and NK cell infiltration into the tumor bed and decreased
tumor growth. Multiple mechanisms have been implicated in B cell-mediated sup-
pression of antitumor immunity including (1) preferential polarization of immune
responses to Th2; (2) direct suppression of tumor immunity by immunosuppressive
regulatory B cells (Breg), and (3) coordination of regulatory T cell (Treg) recruitment
and suppression within the tumor microenvironment. Because B cells are readily
targeted in the clinic with monoclonal antibodies, understanding of how these cells
influence tumor immunity may lead to rapidly translatable approaches to enhancing
therapeutic immunity for both solid and hematological malignancy.
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1 Introduction

A variety of animal models suggest that B cells can play a role in shaping antitumor
immune responses [1-5]. While the role of Tregs and myeloid suppressor cells has
been extensively investigated, the role of B cells in shaping antitumor immunity has
been less well characterized. It is increasingly appreciated that B cell subsets may
participate in the shaping of Thl and Th2 responses through the so-called Bel and
Be2 B cell subsets [6—10]. A variety of B cell subsets have also been reported to
mediate immunosuppressive activity in experimental systems, although a formal
definition of a Breg subset similar to the widely appreciated CD25+FoxP3+ Treg
has yet to be agreed upon. This review focuses on the potential role and proposed
mechanisms of B cells in modulating therapeutic antitumor immunity.

2 B Cells and Antitumor Immunity

Although many human tumors are heavily infiltrated with B cells [11, 12], relatively
little is known about the role of B cells in tumor immunity. Cancer patients often
develop antibodies to tumor-associated antigens such as HER2/neu, p53, ras, myc,
and myb; however, these antibodies do not confer protection, and often antibodies
correlate with poor prognosis [13]. In some murine models, antibody-secreting B cells
were reported to inhibit antitumor CTL responses [5, 14].

We and others have demonstrated decreased growth of several histologically
distinct murine tumors in B cell-deficient mice (BCDM) relative to wild-type (WT)
mice [2, 3, 15]. EMT-6 mammary carcinoma, EL-4 thymoma, and MC38 colon
carcinoma grew progressively in WT mice but regressed spontaneously in BCDM.
In addition, growth of B16 melanoma was slowed significantly in BCDM compared
to the WT mice [1, 3]. Reduced tumor growth in BCDM was associated with
increased T cell infiltration of tumors, increased Th1 cytokine response, and, in the
case of EMT-6, EL-4, and MC38, a significantly higher CTL response [1, 3, 15].
Adoptive transfer of WT splenic B cells to BCDM abrogated tumor rejection and
resulted in diminished antitumor Thl responses, providing evidence that B cells
were causal in dampening antitumor immunity in vivo [15]. Similar results were
reported for other murine tumor models, such as Friend murine leukemia virus
gag-expressing mouse EL-4 (EL-4 gag) and the D5 mouse melanoma [4]. Thus, in
multiple murine tumor models the evidence suggests that despite production of anti-
bodies to tumor-specific antigens, B cells may be detrimental to therapeutic antitumor
immunity. A variety of mechanisms may be involved in B cell-mediated suppres-
sion of the antitumor response.

B cells also affect T cell responses to vaccination and to chemotherapy in several
murine tumor models. Single immunization with melanoma-associated antigens
(Ad2/gp100, Ad2/mTRP-2) inhibited established B16 tumor growth in BCDM but
not in wild-type C57BL/6 mice [16]. Using a secreted gp96-Ig-based vaccine and
the LLC-OVA tumor model, the rejection of established tumors required frequent
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vaccination in the presence of B cells, while in the absence of B cells, a single vaccine
administration was sufficient to elicit rejection [17]. In a lung metastasis model,
BCDM showed complete recovery in response to a combination of cyclophospha-
mide and IL-15, whereas WT C57BL/6 mice showed only a partial response [18].
B cells may also directly promote tumorigenesis through indirect effects on T cell
immunity. In a DMBA/TPA (7,12-dimethylbenz(a)anthracene/terephthalic acid)
induced skin carcinoma mouse model, Schioppa et al. [19] found that both B cells
and TNF-a were critical for the development of DMBA/TPA-induced papilloma.
Transfer of B cells from DMBA/TPA-treated wild-type mice to TNF(—/—) mice
rescued papilloma development to levels seen in wild-type mice, but when B cells
from TNF(—/-) mice were transferred to Rag2(—/—) mice or when TNF-a was selec-
tively eliminated in the transferred B cells, this did not occur. Increased IFN-y and
CD8+ T cells in skin and a significant reduction in IL-10-producing B regulatory
cells were associated with resistance to papilloma development in TNF (-/-) mice.
Thus, in this model B cell-derived TNF-o appears to directly foster tumorigenesis in
response to a chemical carcinogen.

Collectively these results suggest that B cells are important in shaping the antitumor
immune response and that cancer vaccination strategies designed to elicit a Th1-type
response might in theory be augmented by B cell depletion.

3 Mechanisms of B Cell Modulation of Immune Response

3.1 Bel and Be2 Differentiation and Skewing
of T Cell Response

In addition to their well-defined role in antibody production, B cells may regulate
immune responses to infectious pathogens through their production of cytokines.
Activated B cells produce a variety of cytokines including: proinflammatory mole-
cules (IL-1, IL-6, TNF, and lymphotoxin-a), hematopoietic growth factors (CSF,
GM-CSE, M-CSF, and IL-7), and immunosuppressive cytokines (TGF-f1 and IL-10)
[20-22]. Harris et al. identified two populations of “effector” B cells that produce
distinct patterns of cytokines depending on the cytokine environment present during
their primary encounter with antigen and T cells [8]. These effector B cells can dif-
ferentiate into two functionally polarized effectors, one (Bel) producing a Th1-like
cytokine pattern and the other (Be2) producing a Th2-like pattern. Depending on
the profile of cytokines they produce, these effector B cell subsets subsequently
regulate the differentiation of naive CD4+ T cells to Thl and Th2 cells through
production of polarizing cytokines such as IL-4 or IFN-y.

Type-I interferons are produced early in the immune response and directly stimu-
late B cells. Specifically, IFN-a triggers a signaling cascade in resting human naive
B cells, involving STAT4 and T-bet, two key IFN-y gene imprinting factors.
Subsequent production of IFN-a in naive B cells facilitates their differentiation
toward Bel-type B cells and is further reinforced by exogenous IL-12 [8]. IFN-a and
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IFN-y therefore condition B and T cell response to IL-12, resulting in coordinated
Bel polarization of naive B cells [23]. IFN-y-producing Bel cells may further
amplify Th1 responses and potentially imprint a type 1 phenotype on additional
B cells. This B cell-driven autocrine loop is likely to be beneficial in response to
bacterial or viral pathogens, while in relation to autoantigens, it may result in
increased autoimmune pathology. Be2 B cell differentiation, in contrast, is dependent
on the expression of IL-4Ra, IL-4, and Th2 CD4+ T cells in the microenvironment
[6]. Be2 cells predominantly secrete cytokines which augment Th2 responses. Bel
and Be?2 cells can be readily identified in animals following infection with patho-
gens that preferentially induce a type 1 and type 2 immune response, respectively
[9]. Whether tumor-infiltrating B cells are imprinted or differentiated along Belor
Be2 pathways is unknown, but the theoretical implication is that such imprinting
might further amplify Th1- and/or Th2-type responses.

3.2 B Cells and Antigen Presentation

B cells are also capable to function as abundant antigen-presenting cells (APC).
Presentation of antigens by B cells has been observed to skew T cell responses to the
Th2 type [21, 24]. Conversely, T cell responses may be skewed to Th1 in the absence
of B cells. Because Th1 and Th2 responses are mutually suppressive, B cells may be
deleterious for Thl-dependent antitumor immunity if they function as the dominant
source of APC in the tumor microenvironment. Adoptively transferred B cells, but not
serum from either tumor-immunized or naive WT mice, abolished the increased
response of BCDM to tumor vaccination, perhaps indicating that B cells themselves,
and not B cell-derived soluble factors, are responsible for immune suppression [2].
Our studies using the MC38 model and transfer of B cells from BCR-transgenic anti-
HEL mice into BCDM indicated that B cells may inhibit antitumor T cell responses by
antigen-nonspecific mechanisms since neither tumor-specific antibodies nor cognate
T:B interactions were necessary for inhibition of tumor immunity by B cells [3].
IFN-y secretion in vitro in co-cultures of tumor-challenged BCDM splenocytes with
tumor cells was inhibited by addition of wild-type but not CD407~ B cells suggesting
that B cells may inhibit antitumor Th1cytokine responses in a CD40-dependent man-
ner. However, adoptive transfer of CD407~ B cells into BCDM also restored growth
of MC38 implicating factors other than CD40 [3]. Together, these data indicate that
the molecular mechanism of immune suppression provided by B cells is dependent
upon a B cell-derived ligand(s) that functions in an antigen-nonspecific fashion.

3.3 B Cells and Expansion of Tregs

CD4+Foxp3+ Tregs have been increasingly implicated in the suppression of antitu-
mor immune response. Increasing evidence suggests that B cells may support the
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expansion of CD4+Foxp3+ Treg in vitro and in vivo [1, 25-29]. Induction of oral
tolerance is B cell dependent and is associated with Treg cell expansion, suppres-
sion, and/or deletion of effector T cells [28]. Antigens such as ovalbumin, coupled
to cholera toxin B subunit (CTB), enhanced antigen uptake by B cells and induced
expression of latency-associated polypeptide (LAP)/TGF-$ on the B cell surface
and production of IL-10 by B cells [25, 28]. Provision of TGF-p by these B regula-
tory cells may promote the induction of Tregs, particularly in the mucosal environ-
ment, and has been shown to stimulate antigen-specific Treg proliferation in vivo
and in vitro [25, 28]. In a similar model using myelin oligodendrocyte glycoprotein
peptide (MOGp) as antigen coupled to CTB, similarly expanded Tregs are markedly
suppressive and protective against development of experimental autoimmune
encephalomyelitis [25].

GITR and GITR-L are co-stimulatory molecules belonging to the TNF super-
family that play an important role in Treg and T effector cell proliferation, activa-
tion, and differentiation [30]. In mice, B cells, NK cells, NK-T cells, CD4+ T cells,
CD8+ T cells, Treg cells, granulocytes, and macrophages express GITR, particu-
larly upon activation. In humans, only activated macrophages and NK cells express
GITR. The cognate ligand of GITR (GITR-L) is expressed on endothelial cells,
dendritic cells, and macrophages in humans and on B cells, dendritic cells, mono-
cytes, macrophages, dendritic cells, and endothelial cells in the mouse. In an EAE
mouse model, Ray et al. have shown that B cells appear to regulate the number of
CD4+Foxp3+ Treg in the CNS through interactions with B cell-expressed GITR-L
but that they do so independently of IL-10 secretion by B cells. In an adoptive trans-
fer experiment, WT, CD80~-, CD867~, and MHC-II"~ B cell transfer into pMT
mice restored both Treg numbers and enhanced their ability to recover from EAE,
while B cells deficient in GITR-L failed to protect against EAE. These studies
showed that B cells play a major role in immune tolerance through maintenance of
the Treg subpopulation via their expression of GITR-L [26]. Whether GITR-L-
expressing B cells are also implicated in the suppression of antitumor immunity is
not yet known.

In naive BCDM, Treg number in peripheral blood, spleen, and lymph nodes are
lower than wild-type mice while similar numbers of Treg are seen in the thymus [1].
In EMT-6 tumor-bearing mice, although Treg number increased following tumor
inoculation in both BCDM and wild-type mice, much higher Treg numbers were
detected in wild-type mice compared to BCDM [15]. When adoptive transfer of
B cells into BCDM is followed by EMT-6 tumor implantation, a dramatic increase
in CD4+Foxp3+ Treg was observed in B cell-reconstituted BCDM, compared to
BCDM. Increased Treg number correlated with increased tumor growth in B cell-
reconstituted BCDM as compared to BCDM (Fig. 1). The observed increase in
tumor growth was associated with decreased CD8+ T cell and NK+ cell infiltration
into tumor tissue and increased infiltration of Treg and B cells into the tumor bed.
CTL activity was significantly decreased in B cell-reconstituted BCDM compared
to BCDM. Depletion of Treg by anti-CD25 antibody resulted in tumor rejection,
despite adoptive transfer of B cells, implicating CD4+ CD25+ Treg as mediators of
the B cell effects on tumor growth (Fig. 1). IL-10 secretion by Breg cells has been



24 Y. Zhang et al.

a b
5000 + —e- BCDM+B+PC61 FoxP3+ cells in spleen
4500 - BCDM:B 1.00E+07 -
4000 | " 9.00E+06 -
Egseo. |T®BCDM 8.00E-+06 -
aE> 3000 —e—Balb/c 7.00E+06 - %
5 |
3 o500 | 6.00E+06
> 2000 5.00E+06 -
S 4.00E+06 -
2 15007 3.00E+06 -
1000 2.00E+06 -
500 - 1.00E+06 | 3
0 — 5 0.00E+00 -
4 7 9 16 18 21 25 28 QQ@ & &‘v §°\°
Days Post EMT6 & %90 ¥’
N
Q;(’

Fig. 1 Tumor growth in BCDM and B cell-reconstituted BCDM and wild-type (WT) mice and
Treg number in spleen. 10° EMT-6 tumor cells were implanted subcutaneously at day O; purified
splenic B cells from wild-type mice were adoptively transferred at days -7, 0, and 7. Anti-CD25
antibody (PC61) and isotype control rat IgG1was administered at days -7 and O at 150 pg/mouse,
i.v. Thirty days post EMT-6 implantation, spleens were harvested and processed for flow cytome-
try analysis. (a). Tumor growth in indicated groups, mean +SEM, 8 mice/group. (b). CD4+Foxp3+
Treg number in spleen at day 30, 3 mice/group, mean+S.D

implicated in immune suppression [31]. However in the EMT-6 model mentioned
above, IL-107~ B cell reconstitution of BCDM facilitated EMT-6 growth and Treg
expansion similarly to reconstitution with wild-type B cells [15].

3.4 BI10 Cells and Immune Suppression

Studies using murine disease models have demonstrated that regulatory B cells play
a significant role in autoimmune connective tissue diseases, such as rheumatoid
arthritis and systemic lupus erythematosus, as well as organ-specific autoimmune
diseases including experimental autoimmune encephalomyelitis and inflammatory
bowel disease [3, 22, 32-35]. In several murine disease models the function of regu-
latory B cells is dependent on IL-10 [20, 32, 36]. IL-10-producing B cells (B10)
were the first B regulatory cell that has been recognized and are well described in
the mouse and human setting [36]. This B regulatory cell has the distinct phenotypic
marker characterized as CD1d"CD5+CD19" and upon activation secretes IL-10.
B10 cells are potent negative regulators of inflammation and autoimmunity in
mouse models of disease in vivo. Adoptive transfer of this B subset into BCDM
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ameliorated EAE development and prevented the onset of disease [32]. An IL-10-
competent Breg subset that parallels the mouse B10 Breg has been identified in
humans [37]. CD19+CD24"e'CD38 hieh B cells are another phenotypic subset that
have been linked to protection against SLE in man [38]. Such B cells can suppress
Th1 differentiation by CD4+ cells, and this activity appears to be impaired in SLE
patients. Diminished IL-10 secretion by these B cells appears to play an important
role in the immune dysregulation observed in SLE patients.

In a murine model for neonatal infectious disease, Zhang et al. have demon-
strated that IL-10 production by neonatal B cells suppressed proinflammatory cyto-
kine secretion by dendritic cells in response to CpG stimulation of TLRY response,
and this effect was mediated through type 1 IFN and its receptor on B cells [39].
In these studies the suppressive phenotype was linked to IFNa signaling in B cells,
because IFN-a”"R knockout B cells did not suppress as well [39]. In this mouse
model, BCR engagement and/or TLR signals induced B10 cells to produce and
secrete IL-10 that negatively influenced the activation of T cells, macrophages, and
dendritic cells (DCs) and thereby dampened both cellular and humoral immunity.
As in autoimmunity and infection, B10 cells are likely to be involved in regulating
antitumor immunity.

To investigate the role of B cell-secreted IL-10 in antitumor response, we adop-
tively transferred B cells obtained from IL-10~ mice or wild-type mice into BCDM
and compared Treg number, EMT-6 tumor growth, immune cell infiltration into
tumor tissue, and cytolytic CD8+ T cell generation. EMT-6 growth was inhibited in
BCDM but was restored in IL-107~ B or WT B cell-reconstituted BCDM. Treg
expansion was seen in IL-107~ B or wild-type B cell-reconstituted BCDM to a level
similar to that seen in WT mice. NK and CD8+ T cell infiltration and cytolytic activ-
ity of CD8+ T cells were suppressed in the presence of both WT and IL107~ B cells
[15]. This indicates that B cell suppression of antitumor response may be mediated
in whole or partly by expansion of Treg and that Treg expansion could proceed
independently of IL-10 production by B cells.

Phenotypically distinct B cell populations that may be involved in the suppression
of antitumor immunity including the so-called B10 cells, B1b cells, B2-like cells,
and/or T2 MZP-like B cells. Different phenotypic and functional characteristics
have been ascribed to various Breg populations in mice including CD19+CD43-CD
21 CD23+CD24MegD+IgM+ CD1d"e" (production of IL-10; inhibition of TH1
response ) [40, 41]; CD19+CD1d+CD21+CD23IgM+CD24+CD62L+ (production of
IL-10, TGF-f; Treg induction) [42-45]; CD19+CD43+CD5+ Breg (production
of IL-10; IFN-a [39, 46, 47]; and CD19+CD43-CD80+CD86+CD40+ (production of
IL-10; Treg induction; inhibition of TH1 response; costimulation via B7) [48-51].
Emerging evidence implicates the B10-cell in regulation of tumor immunity [20].
However, in adoptive transfer experiments using the EMT-6 model in BCDM both
wild-type and IL-107~ B cell successfully suppressed antitumor response, suggest-
ing that the predominant immunosuppressive effect of B cells is not IL10 dependent
in that model and that other B cell subsets may suppress response independently
of IL-10 [15].
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3.5 Other Breg Subsets and Role of TGF-f3

Other B cell subsets have been described with regulatory function, such as CD5+B-1a
cells [52, 53], CD1d+ marginal zone B cells, and transitional-2-marginal zone pre-
cursor B cells [54]. Finally a novel GM-CSF-IL-15 fusokine was found to induce a
regulatory B cell subset which could attenuate EAE in the murine setting [55].

Emerging evidence also indicates that specific subsets of Bregs evolve under
inflammatory conditions that may promote tolerance. In a recent model of allergic
airway disease TGF-f-expressing CD5+ B cells expanded locally in hillar lymph
nodes of tolerant mice, and inhalational tolerance could be induced by adoptive
transfer of CD5+ B cells [56].

CD5+ B cells from tolerant mice induced expression of FoxP3 in CD4+CD25—
B cells in vitro and appeared to co-localize with CD4+ FoxP3+ Treg in vivo. In
contrast to TGF-f, IL-10 levels did not differ between CD5+ B cells of inhalation-
ally tolerant vs. allergic mice. Whether similar CD5+ TGF-f-expressing B cells are
implicated in tumor tolerance is not known.

Another mechanism of B cell inhibition of Thl response is secretion of IgG
linked to latent transforming growth factor-beta (IgG/TGF-f) which prevents CTL
response in the presence of macrophage and Fc receptor. If CTL responses in man
are similarly regulated by B lymphocytes, ongoing B cell response in patients with
chronic viral infections or patients with potentially immunogenic cancers may pre-
vent effective therapeutic vaccination [5].

Recently Olkhanud et al. demonstrated that lung metastasis of 4T1 mammary
carcinoma cells in mice following orthotopic implantation required active Treg par-
ticipation. In that model Foxp3+ Treg population conversion appeared to be depen-
dent upon Breg-induced TGF-fB. These tumor-evoked Bregs phenotypically
resembled the so-called “B2” cells (CD19+CD25+CD69"eh), expressed Stat3,
B7-H1hehCDg 1high CD86MePCDO2*IgM™™ markers and also appeared to inhibit
NK-mediated function, thereby facilitating metastasis [57]. The primary role of
tumor-evoked Bregs (tBregs) in lung metastases was to induce TGF-f-dependent
conversion of FoxP3+ Tregs from resting CD4+ T cells. In the absence of tBregs,
4T1 tumors did not metastasize into the lungs efficiently due to poor Treg conver-
sion. In contrast to the results reported in 4T1, in the EMT-6 model, a very low
percentage of tumor-infiltrating B cells expressed CD25, suggesting that an alter-
nate subset of B cells may have been involved in attenuating the immune response.
Whether or not there is a common surface phenotype, suppressive cytokine or tran-
scription factor that delineates Breg cells from non-immunosuppressive B cells cur-
rently remains unknown.

3.6 B Cells and Chronic Inflammation

B cells may also play a role in modulating levels of inflammation associated with
tumor development. In addition to the role of B cell-derived TNF-a previously
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Fig. 2 Hypothetical scheme for B regulatory cell development. B cell precursors can differentiate
into subsets with Thl-like cytokine pattern (Bel) or Th2-like cytokine pattern (Be2). Be2 cells
may depress Thl response. B cell may also differentiate into IL-10-secreting B10 cells, GITR-L+
B cell, TL1A, and/or OX40L and/or differentiate into Bregs that co-express CD5 and TGF-f.
Details in text

mentioned, B cells have been implicated in the recruitment of inflammatory cells
leading to development of neoplasia. De Visser et al. [58] reported that the elimina-
tion of mature T and B lymphocytes in K14-HPV16 mice, a transgenic model of
inflammation-associated epithelial carcinogenesis, limits neoplastic progression
due to the failure to recruit innate immune cells. Adoptive transfer of B lympho-
cytes or of serum from HPV16 mice into T and B cell-deficient/HPV16 mice
restored innate immune cell infiltration into premalignant tissue leading to chronic
inflammation, enhanced angiogenesis, and a hyperproliferative epidermis. In this
model, B lymphocytes participate in the generation of a chronic inflammatory state
that is required for carcinogenesis.

Potential regulatory B cell subsets that can affect antitumor immunity and suppress
T cell response are illustrated in Fig. 2.

4 Effects of B Cell Depletion on Antitumor Immunity

Since B cells appear to modulate immune response in the context of mouse models
genetically deficient in B cells, it would follow that therapeutic B cell depletion may
be useful in the context of antitumor immune therapies. However the effects of
B cell depletion may vary substantially according to the disease context. In some
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diseases, B cells may play a direct pathogenic role due to elaboration of pathogenic
antibodies. In others B cells may play a supportive role leading to augmented T cell
responses or alternatively may lead to attenuated T cell response, as we have shown
in several murine tumor models. However, this regulation will be significantly
influenced by the immunogenicity of the tumor and the nature of the antitumor
immune response.

A chimeric CD20 monoclonal antibody (mAb), rituximab, was the first mAb to
be approved for clinical use in cancer therapy [59]. Rituximab effects appear to be
primarily dependent upon antibody-dependent cellular cytotoxicity (ADCC) and to
a lesser degree upon complement-mediated cytotoxicity (CDC), but evidence also
supports induction of delayed T cell anti-idiotypic tumor responses [60]. B cell
depletion using rituximab has reported to be effective in a variety of autoimmune
settings including SLE, rheumatoid arthritis, and multiple sclerosis. The effects of
rituximab may involve direct depletion of autoantibody-producing B cells, decreased
autoreactive T cell activation, or a reduction in pathogenic cytokine production by
B cells. In many instances depletion of pathogenic B cell populations also results in
an observed increase in Treg. These results are interesting and puzzling in view of
the observed decrease in both Treg function and number seen in response to EMT-6
tumor implantation in BCDM and the rise in Treg seen following B cell reconstitu-
tion. We have also observed a paradoxical rise in CD4+Foxp3+ Treg following B
cell depletion in wild-type mice [15]. Different B cell subsets may be disproportion-
ately affected by CD20 B cell depletion leading to variable effects. Selective elimi-
nation of carefully identified Breg subsets might still be feasible and may be required
in order to produce desired results in relation to T cell immunity.

Several investigators have tested the effects of B cell depletion on antitumor vac-
cination. Injection of anti-mouse CD20 antibody was effective in depleting circulat-
ing B cells from blood and lymph nodes, although depletion was less complete in
the spleen [61]. In the TC1 murine lung cancer model (murine lung cancer cells
expressing human papilloma virus-E7 and transformed with c-Ha-ras), B cell deple-
tion slowed primary tumor growth and retarded the growth of established tumors
but did not induce tumor regression. However, when the antibody was combined
with an active immunotherapy approach using an adenovirus vaccine expressing the
human papilloma virus-E7 gene (Ad.E7) in mice bearing TC1 tumors, Kim et al.
noted increased number of tetramer+/CD8+ T cells within the spleens, increased
activated CD8+ T cells within tumors, and enhanced antitumor immunity [61].
B cell depletion using an anti-CD20 antibody was thus effective in augmenting
immunotherapy in a tumor vaccine model. These studies raise the possibility that
B cell depletion may be a useful adjunct in human immunotherapy trials [61].

The effects of B cell depletion vary depending on the tumor model being exam-
ined. In B16 melanoma, mature B cell depletion using CD20 mAb dramatically exac-
erbates tumor progression and metastasis, arguing that B cells, or a depletion-resistant
subset of B cells, may support antitumor immune responses in this model [62].
Following anti-CD20 treatment of BL3750, a CD20-expressing primary Burkitt-like
lymphoma cell line, “B10” cells, suppressed the effects of CD20 mAb-mediated
lymphoma depletion by inhibiting mAb-mediated monocyte activation and effector
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function through IL-10-dependent mechanisms. This suppression could be overcome
by using a TLR3 agonist that did not activate B10 cells but rather activated mono-
cytes and enhanced effector cell-mediated ADCC [63]. Although neither MC38 nor
EL-4 grow well in BCDM and growth is restored by adoptive B cell transfer, we
have observed little or no effect of B cell depletion using anti-murine CD20 anti-
body on the growth of either MC38 or EL-4 in normal mice. One possible explana-
tion is that B cell depletion may deplete both suppressive as well as stimulatory
subsets, with effects varying depending on the balance between these elements.
Put simply B cell depletion may be a blunt instrument, similar to CD3 depletion of
T cells. For example there are numerous animal tumor models in which CD3 and/or
CD8 depletion will abrogate response, while CD25 or CD4 depletion might aug-
ment response through more selective elimination of Treg. Alternatively, CD20-
based therapeutic B cell depletion may spare depletion of immunosuppressive Breg
or Be2 B cell subsets. Since a clear phenotypic characterization of Breg is still not
available, anti-CD20 antibody depletion of B cells may eliminate multiple B cell
subsets that are involved in immune suppression and/or alternatively in promotion
of antitumor response.

Whether B cell depletion using CD20 antibodies can be used to augment human
antitumor immune response following vaccination or tumor treatment remains to be
seen, and effects may be context dependent. Better phenotypic characterization of
Breg “subsets” may allow more selective depletion of regulatory B cells and afford
more predictable effects on immune response.

5 B Cell Infiltration in Human Tumors

Treg infiltration into solid tumors is associated with local immune suppression and
carries a negative relationship to prognosis [64—72]. Similar to Tregs, infiltration
with myeloid suppressor cells (MDSC) also appears to inhibit antitumor responses
[73]. In contrast to Treg and MDSC however, the extent and prevalence of B cell
infiltration in human tumors and the nature and phenotypic characteristics of infil-
trating B cells that may be involved in tumor growth or tumor rejection are poorly
characterized.

In humans, B cell infiltration in ovarian carcinoma and oral cancers predicts poor
prognosis [11, 12], and combined NK and B cell infiltration in metastatic ovarian
cancer also correlates with poor outcome [11]. Progression of oral epithelium from
hyperkeratosis to dysplasia and carcinoma is accompanied by increased B cell infil-
tration into tongue lesions that appears to parallel the degree of transformation [12].
In patients with advanced melanoma, plasma cell infiltration in primary melanomas
has been reported to carry negative prognostic significance [74, 75]. In advanced
renal carcinoma, B cells infiltrate tumor tissue out of proportion to circulating
peripheral blood B lymphocyte levels, while fewer T cells infiltrate compared to
circulating T lymphocytes. In addition, the infiltrative T lymphocytic population
was represented predominantly by CD4+ T cells [76]. In these patients Th2 response
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appears to predominate vs. Th1 response [77]. Thus in human ovarian, oral, melanoma,
and renal cell carcinomas, B cell infiltration of the tumor microenvironment carries
a negative prognostic value. Whether B cell depletion could be used to augment
immune therapy of melanoma or renal cell carcinoma in the setting of either IL-2 or
anti-CTLA-4 immune-directed therapy remains to be prospectively tested.
Although some studies in human infiltrating ductal and medullary breast carcino-
mas suggest that B cell infiltration may be associated with a favorable prognosis [78],
this does not preclude a supportive role for B cells in facilitating tumor growth, since
the B cell infiltration may simply be a marker for a more favorable type of breast can-
cer. Medullary carcinomas are reported to carry an improved prognosis compared to
the so-called atypical medullary carcinomas, in which increased B cell infiltration
and decreased CD8+ T cell infiltration are seen [79]. The reasons for B cell recruit-
ment in medullary breast cancer are poorly understood. Whether B cell infiltration
in medullary and/or atypical medullary carcinomas affects immune response is not
known. Whether B cell depletion would impact tumor growth is also unknown.

6 Conclusions

In recent years investigators have identified an important role for a variety of
immune-suppressive cells in human tumors. Examples include myeloid suppressor
cells, tumor -ssociated macrophages, and CD4+CD25+FoxP3+ Tregs. Increasing
evidence now points to the presence of B cell subsets with similar immune-
modulating properties. The role of such Breg in suppression of antitumor immunity
remains poorly understood. Abundant evidence in mouse models suggests that B
cells may modulate innate and Thl response in a manner conducive to tumor
growth. A variety of B cell subsets have been implicated in suppression of both
autoimmune disease and antitumor response. Much remains to be learned about the
phenotypic characteristics of Breg cells, underlying mechanisms of action, and the
prevalence of Breg in human tumors of both lymphoid and non-lymphoid origin.
Breg may conceivably suppress immunity in certain breast, renal, or ovarian cancers
in which significant B cell infiltrates have been described.

Understanding mechanisms of B cell-mediated suppression of antitumor
response and the identification of human tumors with evidence of B cell-mediated
immune suppression may allow rational design of clinical trials incorporating B cell
depletion to augment antitumor immune responses.
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Heat-Shock Protein-Based Cancer
Immunotherapy

Taylor H. Schreiber

Abstract Despite the registration of over 1,000 clinical trials assessing the activity
of therapeutic cancer vaccines in human patients with multiple cancer types, only a
single vaccine has received FDA approval for clinical use. Nonetheless, the thera-
peutic potential of immune modulation for treating cancer has continued to be
validated with both preclinical and clinical studies, most recently in studies investi-
gating so-called checkpoint inhibitory antibodies targeting CTLA-4 and PD-1. One
important class of therapeutic cancer vaccines seeks to generate therapeutic immu-
nity based on the combined adjuvant and antigen delivery characteristics of heat-
shock proteins. Heat-shock protein-based vaccines are unique among other
approaches due to the unique ability of certain heat-shock proteins to dually activate
antigen-presenting cells and specifically deliver tumor antigens to cytotoxic CD8+ T
cells via the antigen cross-presentation pathway. The enclosed chapter provides a
comprehensive overview of heat-shock protein-based cancer vaccines assessed in
human clinical trials within the context of parallel progress in understanding the
interactions between a developing tumor and the human immune system.

1 Heat-Shock Proteins, Sterile Inflammation,
and Immunosurveillance

Molecular alarm systems are an essential component of vertebrate immunity and
function to signify the occurrence of an event which threatens the survival of the
host. One such system operates through the family of receptors known as “Toll-like”
receptors (TLRs), which evolved to recognize common pathogen-associated
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molecular patterns (PAMPs) such as bacterial cell wall sugars, single-stranded viral
DNA, and flagella [1, 2]. Other pattern recognition molecules include C-type lectin
receptors (CLRs), caspase-recruitment domain (CARD), and nucleotide-binding
domain (NOD) family members [3]. There are currently 13 known TLRs that rec-
ognize PAMPs derived from many of the most common human pathogens [4, 5].
The predetermined specificity of the TLR/PAMP warning system provides a very
efficient mechanism for host notification of an invading pathogen but performs this
function principally by promoting inflammation and is incapable of directly stimu-
lating antigen-specific immunity. Instead, TLR ligation signals the maturation of
antigen-presenting cells (APCs) via upregulation of costimulatory molecules includ-
ing CD80 and CD86, production of inflammatory cytokines including interleukins-
12 and -18, and migration of activated APCs to local lymphoid organs [6-8].

The limitation inherent to screening for PAMPs is that such a system requires a
unique receptor for each PAMP. Likely as a mechanism to increase efficiency in this
process, the immune system evolved an antigen-specific presentation system to
screen not just for pathogen-specific patterns but also for individual peptide
sequences that are specific to the pathogen in question. Such a candidate system
would ideally have at least several of the following properties: (1) abundant
expression in all cell types, (2) ability to bind a diverse array of proteins, (3) ability
for specific detection by immune cells, and (4) ability to inform immune cells as to
the identity of the pathogen in question. These requirements describe precisely the
role of the major histocompatibility complex (MHC) in the evolution of adaptive
immunity. Reviewed extensively elsewhere, the MHC consists of two complexes
(MHC I and MHC II) which provide a division of labor for defense against intracel-
lular (MHC I) and extracellular (MHC II) pathogens [9—-11]. The expression pat-
terns of these receptors follow the behavioral patterns of the pathogens to which
they provide defense, with the MHC I molecules being ubiquitously expressed by
all cells (save erythrocytes) and the MHC II molecules being restricted to cells
capable of engulfing or directly binding extracellular pathogens such as dendritic
cells, macrophages, and B cells. Together, the MHC molecules and TLR system
provide an integrated, but parallel, system of antigen presentation and expression of
costimulatory molecules which lead to the antigen-specific activation of adaptive
immunity (exerted by T and B cells) in response to the dual presence of both “danger
signals” and specific antigens presented by MHC I and/or MHC II.

Survival to reproductive age is threatened by not only invasion from foreign
pathogens but also maladaptive mutations throughout development. Adaptation
itself is a process afforded by the acquisition of individual mutations in the human
genome which may lead to cellular progeny with differential fitness from the paren-
tal cell. For this to occur DNA replication must, by necessity, be an imperfect pro-
cess. Taking into account all DNA proofreading mechanisms, the fidelity of
eukaryotic DNA replication is estimated to be on the order of 107'°, which predicts
that a cell will progressively and randomly acquire a single mutation every 1-2 cell
divisions (in a human genome containing approximately 6.6 billion nucleotides)
even in the absence of genotoxic stress and in proportion to the overall rate of cell
division throughout development. Thus, the evolutionary trade-off for adaptation is
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the acquisition of mutations during development that may lead to the dysregulated
growth and potentially transformation of otherwise normal cells into cancer cells.
This is a process against which both cell-intrinsic and -extrinsic defense systems
have developed; the extrinsic defense system is known today as cancer immunosur-
veillance [12, 13].

An immunological defense against transformed cells is fundamentally distinct
from defense against exogenous pathogens in that the immune response must be
initiated under the so-called sterile conditions for non-virus-associated malignan-
cies. Sterile inflammation is detected through a distinct group of molecules known
collectively as “damage-associated molecular patterns” (DAMPs) and their recep-
tors [14, 15]. DAMPs include a range of endogenous molecules including heat-
shock proteins, HMGB1, S100 proteins, as well as nucleic acids and extracellular
matrix components [16]. In general, DAMPs are molecules that are released as a
result of cell necrosis as occurs during conditions of extreme cellular stress or
trauma. Many DAMPs are also recognized by the TLR system and are important for
mediating inflammatory cytokine production in response to tissue damage that may
contribute to recruitment of innate immune cells and wound healing [17-19].
Certain DAMPs, including HMGB 1, may play critical roles in the efficacy of cancer
chemotherapy and radiotherapy by generating inflammation within the tumor
microenvironment via TLR and RAGE interactions [20]. Dysregulation of DAMP-
mediated immune activation is also associated with a variety of pathological condi-
tions including atherosclerosis, pseudogout, type 1 diabetes, and Alzheimer’s
disease, which may represent the evolutionary trade-off for a DAMP-mediated sen-
sor system to detect necrotic cell death.

In addition to TLRs, DAMPs can also interact with several other receptors, of
which CD91 and CLECY are unique in bridging sterile inflammation to antigen
cross-presentation [21-25]. CD91 and CLEC9 are both expressed by CD11c+ den-
dritic cells and in particular by the CD8a+ subset of dendritic cells that play a criti-
cal role in antigen cross-presentation [22, 25-27]. The ligand for CLEC9 was
recently identified as F-actin [28, 29], and the ligands for CDO91 include well-
described members of the heat-shock protein family, which constitutes the oldest
and most abundant class of protein in all mammalian cells [25, 30, 31]. Because the
adaptive immune response is developmentally programmed to recognize foreign
antigens [32], the existence of a linkage between sterile inflammation and adaptive
immunity implies that certain antigens may arise in metabolically stressed “self”
cells that are sufficiently nonself to engage the adaptive immune response and that
such a pathway provides a survival advantage to the host at large. It has been sug-
gested in the “neo-ligand” hypothesis that such a linkage is purely maladaptive and
contributes only to autoimmunity [33]; however, the possibility that this pathway
provides a survival advantage via tumor immunosurveillance must also be consid-
ered. This linkage may also be important for defense against the introduction of
exogenous antigens during traumatic tissue damage; however, it is clear that a role
of HSP/CDO91 in this situation would be redundant with the PAMP/MHC system.
Such redundancy may provide benefit in response to infection with pathogens that
have developed mechanisms to evade (low-frequency CpG DNA by adenoviruses
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for example) or thwart (V-proteins by paramyxoviruses for example) innate immune
activation by TLRs; however, this may not be the only benefit. The recent identifica-
tion of antigen cross-presentation as a critical mechanism for tumor immunosurveil-
lance supports a specialized role of the HSP/CD91 system in this process [26, 34].

Heat-shock proteins are an abundant family of intracellular proteins that collec-
tively facilitate protein folding, trafficking, localization, and degradation [35-37].
The classification of this family of proteins as being related to “heat shock™ dates to
their accidental discovery as molecular mediators of cell stress, and the name has
persisted despite the knowledge that their primary role is to chaperone protein fold-
ing and trafficking [38]. The ability of a relatively small number of HSP to function
as protein chaperones for a large number of unique proteins expressed across all cell
types requires that these HSP have unusual promiscuity in peptide binding specific-
ity. This property has been confirmed by several groups, all seeking to identify the
source of immunogenicity of different HSP. Most comprehensively shown for HSP
2p96, efforts to identify specific HSP peptide-binding motifs have failed to eluci-
date a defined peptide profile based on amino acid content or peptide length that
defines HSP binding capacity. In the specific case of gp96, nearly every peptide
analyzed has been found in association with gp96 and the binding of these peptides
has surprisingly high affinity, surviving SDS-PAGE and only weakly released by
high temperature or high salt conditions in vitro [39]. The peptide binding promis-
cuity of HSP70 is slightly more limited than for gp96, being specific for aliphatic
amino acid motifs and extremely sensitive to peptide release in the presence of ATP
[31, 40]. This promiscuity in peptide binding is likely the source of evolutionary
efficiency in APC adaptation to screen for extracellular HSP via CD91 as a sensor
for necrotic cell death. CD91 is the endocytic receptor for all known heat-shock
proteins, including HSP70, HSP90, gp96, and calreticulin [5, 9]. Among DAMP
receptors, CDO91 is also the primary endocytic receptor, which indicates that among
DAMPs, HSPs are highly specialized adjuvants that can provide APCs with both a
maturation signal (via TLRs) and a source of antigen via endocytosis of HSP/anti-
gen complexes. The remarkable efficiency of HSP/peptide complex uptake by
CD91 facilitates the induction of antigen-specific immunity at femto-molar concen-
trations of antigen, which represent physiologic concentrations [37, 41]. The evolu-
tion of HSP proteins as dual-purpose adjuvants may have taken place as a specific
immunosurveillance mechanism in cancer, because linkage of adaptive immunity to
sterile inflammation in diseases other than cancer is usually maladaptive.

The combined adjuvant properties of APC activation via TLRs and antigen
delivery via CD91 are what make HSP ideal candidates for vaccine development.
The hypothesis that the dual adjuvant role of HSP evolved specifically as an antigen-
cross-presenting mechanism for immunosurveillance against cancer arising under
conditions of sterile inflammation remains to be experimentally confirmed; however,
this evidence would heighten the validity of utilizing HSP as cancer immunother-
apy. Such findings would provide an elegant circularity to the original description of
HSP as the critical tumor rejection “antigens” (now understood to be HSP/antigen
complexes) for sarcoma tumors in mice [42]. To date, 20 clinical trials have been
conducted in the United States with HSP-based oncology vaccines. Of these, 13
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Fig. 1 Schematic overview of the key characteristics of autologous and allogeneic HSP based
vaccines in clinical development

utilized gp96-based approaches and 7 HSP70-based approaches. There are not yet
any immunotherapy trials testing calreticulin, HSP90, or grp170 listed on clinical-
trials.gov. The major focus of the following sections is geared toward those
approaches that have been studied in human patients. A schematic overview of the
core attributes of autologous and allogeneic HSP vaccines is illustrated in Fig. 1,
using gp96 as the archetypal HSP.

2 Autologous Purified HSP Vaccines

The initial discovery of HSP gp96 as a “tumor rejection antigen” demonstrated that
purified preparations of gp96 provided T cell-mediated protection against parental,
but not unrelated, sarcoma tumors [42]. In these experiments, the immunogenic
component within individual chemically induced murine sarcoma cell lysates was
meticulously chased using several fractionation strategies into a fraction of glyco-
proteins of approximately 96 kDa molecular weight. Subsequent immunization of
mice with these 96 kDa molecular weight proteins was protective against a
subsequent challenge with the parental, but not unrelated, sarcoma cell lines. The
proposed explanation for the immunogenicity of gp96 and the limited protection it
provided only to parental tumor cells was that gp96 itself must be uniquely mutated
in various sarcoma tumor cell lines. This hypothesis was quickly proven false, and
the specific immunogenicity of gp96 was unequivocally demonstrated to be due to
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the client tumor peptides chaperoned by gp96 [24, 43]. Thus, the apparent restriction
of therapeutic immunogenicity to parental but not unrelated tumors was assumed to
be due to the unique antigenic “fingerprints” of individual sarcomas [44]. Because
purified gp96 is assumed to remain bound to the full antigenic fingerprint of an indi-
vidual sarcoma cell, the failure of one sarcoma preparation to protect against a chal-
lenge with a distinct sarcoma cell line predicted that the antigenic fingerprints of one
were sufficiently distinct from another as to provide no benefit.

These observations provided the scientific basis for the first HSP-based vaccine
trials in humans, which were performed using autologous preparations of gp96 iso-
lated from surgical specimens from a small safety trial and subsequently a larger
study in patients with advanced melanoma. The strategy used for these trials was
similar to the initial murine studies, wherein individual patient tumor specimens
were surgically collected, shipped, and processed at a centralized facility and then
returned to the physician for re-administration of the purified tumor-derived gp96
preparation to the original patient. In the first human trial, performed in Germany,
16 patients with various tumor types were enrolled and treated postsurgically in the
setting of residual disease [45]. This study demonstrated that the autologous gp96
vaccine was safe, induced an immune response in 50 % of patients tested
(as measured by tumor antigen-specific CD8+ T cells), and produced interesting,
albeit anecdotal, tumor responses in at least one patient with coincident hepatocel-
lular and breast carcinoma.

This safety study set the stage for the next human trial, performed in Italy: 39
patients with stage IV melanoma were treated with at least one cycle (four vaccina-
tions) of autologous gp96 starting 5—-8 weeks after surgical resection of at least one
lesion by intradermal or subcutaneous injection [46]. Patients who did not progress
were eligible to continue on a second cycle of vaccinations and continue with
monthly injections thereafter until progression or exhaustion of the autologous gp96
preparation. The vaccine was observed to be safe in all patients tested, and 10/21
evaluable patients demonstrated a positive and specific immune response to mela-
noma antigens by the ELISPOT assay [47]. Of the 28 patients with residual disease
post surgery, there were 2 complete responses (CR) and another 3 patients with
stable disease (SD) for varying intervals. Of the two patients with CRs, one
responded extremely quickly to the vaccine, with resolution of lung metastasis after
only the first cycle, and remained disease free for 24 months after vaccination. In the
second patient the immune response took over a year to resolve the metastatic
lesions, which extended well beyond the period of vaccination and led to a CR in
excess of 38 months in duration. These two patients in the very early studies serve
to highlight the variability in the time required for an immune response to manifest
in patients, which is a phenomenon that is only now becoming accepted by clini-
cians and well highlighted by recent data with anti-CTLA-4 antibodies [48, 49]. In
total, this initial trial demonstrated that autologous gp96 was safe, feasible in at least
60 % of patients enrolled, and warranted further testing in humans [46]. A separate
phase I/IT study performed in the United States on a similar population of patients
with advanced melanoma obtained similar findings, including the intriguing, but
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unconfirmed, suggestion that patients fared better following treatment in the
adjuvant setting [50].

In a subsequent phase II clinical trial, also conducted in Italy, autologous gp96
preparations were prepared from a similar population of patients with stage IV
melanoma; however, the trial design was significantly modified. A total of 20
patients completed the first cycle of vaccinations and were evaluable in the study for
immune response and survival. Once again, no safety issues were observed in any
patients and only minor injection-site reactions including erythema and induration
were common. In this study each weekly vaccination was performed together with
GM-CSF injection and patients received two injections of interferon-alpha (IFNo)
between vaccinations [51]. A greater number of patients achieved SD (11/20) than
in the phase I study, and a single patient had a CR after the first cycle of vaccination.
It remains unclear whether these responses were related to an increased immune
response or to the combination therapy with GM-CSF and IFN« because as in the
phase I study, approximately half of the patients (7/13) had a positive ELISPOT
result. Interestingly, the patient achieving a CR had the lowest expression of the
melanoma antigens MART1 and gp100, perhaps indicating that other antigens not
highly expressed by the ELISPOT target cells contributed to the clinical response
[51]. These data served to extend the safety database, immunological activity, and
potential clinical benefit of autologous gp96 for the treatment of melanoma and
facilitated testing in a controlled phase III clinical trial.

An international phase III trial of 322 patients with stage IV melanoma was sub-
sequently conducted with autologous gp96 to determine overall survival compared
to physicians’ choice [52]. Once again, the study design was revised significantly
from the phase II study. In both prior studies, patients were pretreated with a combi-
nation of surgery +chemotherapy or radiotherapy and in some patients with IFN« or
IL-2. In contrast to the phase II study, patients did not receive peri-vaccination treat-
ment with GM-CSF or intermittent [FNa; however, the patient population was oth-
erwise similar to the two prior studies. As was observed in the phase I and II studies,
vaccination was feasible in just over 60 % of patients enrolled, with a significant
number of patients not receiving treatment due to quality control failures in manu-
facturing. Unfortunately, this trial failed to demonstrate a benefit in overall survival
for patients treated with autologous gp96 as compared to physicians’ choice. In a
subset analysis, a trend toward increased overall survival was observed in all patient
subsets depending on the number of vaccine doses administered to each patient. In
this analysis, it was reported that patients with stage M1a and M1b disease who
received at least ten doses of the vaccine demonstrated a survival benefit as com-
pared to physicians’ choice [52]. Whether or not the failure of this trial was due to
feasibility questions related to vaccine production and adequate supply of product to
reach a therapeutic dose in a majority of patients remains unclear; however, such a
conclusion is supported both by preclinical studies and the overall trends observed
in this randomized phase III trial [44, 53]. In addition, it is worth noting that the
trend toward increased survival also correlated with earlier stage disease, suggesting
that vaccine therapy may be more effective early in the course of disease.
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At the same time the first trials in melanoma were running, phase II and III trials
were also conducted in patients with metastatic renal cell carcinoma. Renal cell
carcinoma was chosen because, similar to melanoma, it was believed to be a rela-
tively immunogenic tumor type that demonstrated intermittent responses to
cytokine-based therapy and immunotherapy [54]. In the phase II study, 60 out of 84
enrolled patients were treated and evaluable, demonstrating an improvement in fea-
sibility in this tumor type as compared to melanoma patients, potentially due to
increased access to tumor tissue following nephrectomy. Out of these 60 patients, 2
CRs, 2 PRs, and 7 SDs were observed. This trial also included a single patient who
developed severe complications that were potentially related to the vaccination. The
remaining 59 patients experienced similar injection-site reactions to what was
observed in the melanoma trials.

Despite the fact that this study concluded that autologous gp96 was “... relatively
ineffective ...” a large phase III study was subsequently performed in patients with
metastatic renal cell carcinoma. As in melanoma, the design of this phase III trial
was a significant departure from the phase Il trial and was tested as adjuvant therapy
to prevent disease recurrence in non-metastatic patients following nephrectomy
[55]. A total of 318 patients were treated with autologous gp96, and both PFS and
OS were compared to 367 patients in the observation-only control group. This trial
was therefore the first of its kind to examine the efficacy of HSP vaccine therapy in
a minimal-residual disease setting but unfortunately also missed its primary end-
point of reducing recurrence-free survival. A post hoc analysis suggested that
patients with the earliest stage disease (AJCC stage I and II) may have enjoyed a
delayed rate of recurrence; however, this conclusion requires further validation. As
in the phase II in renal cell carcinoma, nearly 90 % of the patients randomized to
autologous gp96 were able to receive the vaccine, demonstrating that feasibility was
significantly improved as compared to melanoma.

In addition to melanoma and renal cell carcinoma, autologous preparations of
gp96 have been tested in patients with colorectal and pancreatic cancer as well
as non-Hodgkin’s lymphoma. A study including 29 patients with metastatic
colorectal cancer treated with autologous gp96 in the adjuvant setting reported
impressive increases in MHC I-restricted immune responses in the majority of
patients treated [56]. The presence of a positive immune response detected by
interferon-y enzyme-linked immunospot (ELISPOT) assay was significantly
correlated with both increased overall survival and increased progression-free
survival. As in several previous studies, three different doses of gp96 were
tested, with potentially the lowest dose (2.5 pg/injection) providing the most
consistent immune response in patients. Another series of phase II trials in
patients with non-Hodgkin’s lymphoma also demonstrated safety in all patients
and vaccine production feasibility in the majority of patients but was not designed
to determine survival benefit or immune response [57, 58]. A small, ten-patient,
phase I study in patients with completely resected pancreatic adenocarcinoma
treated in the adjuvant setting also demonstrated safety of the approach, with
immune responses only in a minority of patients which did not correlate with
disease-free survival [59].
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To date, over 1,000 patients with multiple tumor types have been safely treated
with autologous gp96 but without apparent clinical efficacy. These results in con-
trolled clinical trials are certainly disappointing, but sprinkled throughout these
failed trials are individual patients who were observed to have highly unusual
“spontaneous” disease remission or subgroups of patients who in post hoc analysis
appeared to enjoy a survival benefit. Definitive reasons for these failures are
unknown; however, selection of two highly “immunogenic” tumors (melanoma and
renal cell carcinoma) for testing in pivotal trials may have played a role [60]. The
recent approval studies with anti-CTLA-4 antibodies (ipilimumab) in melanoma
support the hypothesis that the most highly immunogenic tumors provide vaccina-
tion in situ, which predicts the immunoselection of tumor subclones that either dis-
play reduced amounts of critical antigens or contribute to local or systemic
immunosuppression [12, 48, 49, 60]. The continued growth of tumors that provide
vaccination in situ indicates that a tumor is progressing in spite of an ongoing
immune response and that blocking immune regulatory mechanisms is a more criti-
cal first strike than attempting to broaden the scope of the immune response with a
vaccine. Combinatorial strategies are in development for these tumor types wherein
vaccination may play a secondary role to primary therapy with immune regulatory
checkpoint inhibitors such as ipilimumab [61]. The overarching themes from these
clinical trials also indicate that autologous gp96 is most effective in patients with
earlier stage disease, who generate a positive immune response to the vaccine and
for whom sufficient vaccine is produced to extend the treatment period well beyond
the first four weekly injections. These predictions are generated from only two
large, controlled, phase III clinical trials, and it is unfortunate that controlled studies
were never run in phase II clinical trials because some of these concepts may have
contributed to improved design of phase III clinical trials and been included in pre-
defined endpoint criteria. An ongoing postsurgical adjuvant therapy trial in patients
with >90 % resection of brain and central nervous system tumors (NCT00905060)
appears poised to enter a pivotal phase III clinical trial and will hopefully incorpo-
rate some of these parameters in future trial design.

3 Allogeneic Cell-Based HSP Vaccines

The initial studies by Srivastava and colleagues clearly indicated that the repertoire
of antigens bound to gp96 in purified preparations was sufficiently unique to the
parental tumor that immunogenicity did not extend to genetically distinct tumor cell
lines [42]. In the years since these initial discoveries, a great deal of progress has
been made in understanding the specific nature of tumor antigens and in defining
those which may or may not be “shared” by genetically distinct tumors. Two classes
of tumor antigens have emerged from this work and are now defined as either
“tumor-specific antigens” (TSA) or “abnormal self-antigens” (ASA, also referred to
as tumor-associated antigens). TSA are those that arise as a direct result of ran-
domly acquired genetic mutations in somatic genes that contribute as “drivers” or
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stowaway as “passengers” in the oncogenic process. The Cancer Genome Atlas
(TCGA) has in recent years provided definitive evidence that dozens of TSA arise
in every tumor type investigated and that at least a handful of those TSA appear to
have the appropriate characteristics for binding to and presentation by MHC mole-
cules [62-68]. These studies provide unequivocal evidence that except in very rare
cases (such as kras in pancreatic adenocarcinoma), somatic mutations do not repre-
sent a source of shared antigens between patients with individual tumors. Instead,
these studies provide clear evidence that ASA are the much more likely source of
shared antigens between patients with related tumors due to common disruptions in
core signaling pathways as a result of unique mutations in particular oncogenic
“driver” genes [69, 70]. These somatic mutations lead to increases in gene copy
number for a range of different proteins that lead to expression patterns not seen in
non-transformed cells [71]. It is also clear that acquisition of mutations during
oncogenesis leads to re-expression of primitive antigens typically only expressed in
germline tissues and which have been broadly named “cancer testis antigens.” This
group of antigens is widely understood to represent a source of commonly shared
antigens between genetically distinct tumors [72—74]. In fact, the world’s first FDA-
approved cancer vaccine is based upon the principle of antigen sharing between
genetically distinct tumors and demonstrates that even a single shared ASA (pros-
tatic acid phosphatase) can provide meaningful clinical efficacy [75]. At the same
time, preclinical studies demonstrated that shared antigens between several
established multiple myeloma cell lines could provide a basis for HSP gp96-
mediated immunoprotection against genetically distinct tumors [76]. The antigenic
underpinnings of these observations remain to be mechanistically elucidated; how-
ever, it is proposed that the spectrum of antigens from individual cell lines that are
potentially shared with the antigens expressed by a patient tumor is increased by
combining multiple cell lines into the vaccine preparation. Whether these observa-
tions reflect a unique antigenic property of myeloma or whether this phenomenon is
generalizable to other tumor types also remains to be experimentally proven.

To date, clinical experience with allogeneic heat-shock protein vaccines is lim-
ited to a single approach based on a cell-secreted genetically engineered construct
of gp96 [77]. This approach seeks to mimic the natural release of gp96 during
necrotic cell death by replacing the KDEL endoplasmic reticulum retention
sequence on the C-terminus of gp96 with a secretory molecule, in this case the
hinge-CH2-CH3 domain from an IgG1 molecule to create a gp96-Ig fusion protein
[78]. When transfected cell lines express and secrete gp96-Ig, it was found to chap-
erone peptides to the cross-presentation pathway similar to autologous gp96 and
lead to CD8+ T cell-, NK cell-, and perforin-dependent antitumor immunity [41,
79-81]. Because this construct of gp96 was transfected into mammalian cells in
sterile cell culture, required no purification steps, and provided CD8+ T cell-
mediated antigen-specific immunity in vivo, this work finally laid to rest the long-
standing criticism that HSP-mediated immune activation was simply a consequence
of lipopolysaccharide contamination of autologous preparations. Further, preclini-
cal studies demonstrated that immunization with cell-secreted gp96 led to an
approximately tenfold increase in the magnitude of antigen-specific CD8+ T cell
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activation as compared to immunization with an equivalent quantity of cell-purified
gp96 [80]. The reasons for this increase likely relate to increased half-life in vivo of
a continuously secreted protein. Similar to autologous gp96, cell-secreted gp96-Ig
has been shown to stimulate polyclonal and polyfunctional CD8+ T cell responses
against all relevant antigens contained within the transfected cells [61, 82, 83].

A phase I clinical trial in patients with advanced non-small-cell lung cancer has
examined the safety and immunogenicity of secreted gp96-Ig. NSCLC was selected
as a tumor target for this approach because it represents a comparatively non-
immunogenic tumor type as compared to melanoma and renal cell carcinoma and
because 5-year survival for patients with NSCLC only increased from 14.2 to
18.0 % from 1975 to 2006, indicating that new treatment modalities are necessary
[84]. The phase I study was conducted in a total of 18 patients with stage IIIB/IV
NSCLC who had failed at least two prior therapies. The drug consisted of an adeno-
carcinoma cell line that secreted gp96-Ig and which was irradiated and frozen prior
to administration to patients by intradermal injection. The cell line provided the
source of shared NSCLC antigens for delivery by gp96-Ig and was selected on the
basis of cancer/testis antigens that are shared between patients with NSCLC
[85-87]. All patients had progressive disease at the time of study enrollment and
were divided into three different dosing arms which varied on the basis of frequency
of injection but not total dose of vaccine administered. This design was based on
preclinical studies indicating that increased frequency of vaccination provided
increased antitumor immunity and tumor regression [80, 81]. This study demon-
strated that administration of cell-secreted gp96-Ig to patients was safe and stimu-
lated a vaccine-specific immune response in 73 % of patients treated. An analysis of
correlation between immune response and overall survival demonstrated a signifi-
cant association between the two, with nonresponders surviving 4.5 months and
responders an average of 16.5 months. These findings remain anecdotal but sup-
ported progression to phase II clinical trials which are currently ongoing. This phase
II study (NCTO01504542) includes a randomized placebo control group, which had
not been included in any of the previous HSP trials at the phase II stage and may
facilitate appropriate prospective endpoint design for a subsequent phase III study.

Additional clinical trials are needed to demonstrate whether allogeneic approaches
with gp96 provide clinical benefit. Potential advantages of this approach relate to
feasibility of vaccine production for all patients enrolled in the study. Because the
product is identical for all patients and easily scalable, concerns over obtaining suf-
ficient material for vaccine production, which limited feasibility in the phase III
melanoma trial to just 60 % of enrolled patients, are significantly reduced. Potential
disadvantages surround the issue of whether the antigens expressed by the selected
cell line are shared between a sufficient proportion of the treated patient population;
the success of a single-antigen vaccine somewhat reduces these concerns [75].

In comparison to other allogeneic cell-based vaccines, HSP constructs provide
several distinct advantages. First, no other allogeneic cell-based approach in clinical
testing facilitates the delivery of antigens specifically to APCs or to the antigen
cross-presentation pathway. In all other cases, stimulation of adaptive immunity
first requires destruction of the injected cells by an anti-allogeneic immune response.
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Killed vaccine cell fragments are then able to be phagocytozed by nearby
macrophages, whereupon tumor antigens may be re-presented by those macro-
phages. In general, this is an antigen presentation pathway that is far more efficient
for antigen presentation by MHC II than MHC I and therefore leads to the more
potent activation of CD4+ T cells than CD8+ T cells. In addition, because antigens
are not delivered to APCs specifically by an HSP, this pathway lacks the efficiency
to stimulate CD8+ T cell responses at femto-molar concentrations of antigen as is
the case with gp96 and other HSPs. Thus, success of a non-HSP-dependent alloge-
neic vaccine is predicted to increase the chances that an HSP-dependent approach
will also succeed in the clinic.

4 Recombinant and Nucleic Acid-Based HSP Vaccines

The natural immunogenicity of HSP enables the design of recombinant proteins and
subsequent loading of those recombinant HSP with antigens of interest. This
approach alleviates the feasibility challenges associated with purification of autolo-
gous HSP preparations but inherits the efficacy challenges associated with selecting
appropriate shared ASA to target. One approach to minimize the ASA-associated
shortcoming of this approach is to target cancers with a known viral etiology and
where viral antigens may form the foundation of the antitumor immune response.
This combination has been examined clinically using a recombinant bacterial Hsp65
(from M. bovis) fused to the E7 protein of human papilloma virus 16 [88].

In the phase II clinical trial, a total of 58 women with cervical intraepithelial
neoplasia III (CIN III) were treated with a series of three monthly vaccinations of
Hsp65—-E7 protein and subsequently monitored by colposcopy. A large proportion
of patients enrolled in the trial experienced either a complete or a partial pathologic
response to treatment (77.5 %); however, this association was not significantly asso-
ciated with a history of HPV 16 infection. Because the antigenic nature of the vac-
cine is predicted to stimulate immunity to HPV 16 E7 antigen, it remains unclear
how immunity would develop in patients without HPV 16 infection and in the
absence of an appropriate control group no definitive determinations could be made.
Nonetheless, this approach was extremely well tolerated and warrants additional
testing in an appropriately controlled clinical setting to determine efficacy [88].

Yet another approach to utilize HSP to stimulate antitumor immunity involves
the in vivo injection of recombinant DNA molecules encoding a particular HSP of
interest. This strategy has been tested in a phase I clinical trial for 21 patients with
advanced head and neck squamous cell carcinoma (HNSCC) in Brazil. Escalating
doses of recombinant DNA hsp65 (M. bovis) were injected intratumorally to an
accessible lesion every 3 weeks for a total of three injections [89]. This phase I
study demonstrated that the approach was generally safe but associated with signifi-
cant pain and edema in a number of patients. It was not possible to determine effi-
cacy in this small, uncontrolled, study, and there was no association found between
patient immune response to the hsp65 protein and overall survival [90].
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A related strategy to direct intratumoral injection of HSP DNA sequences is to
encode particular HSP within viral vectors and attempt to infect tumor cells in vivo
with these HSP-expressing virus particles. This has been examined in a phase I
clinical trial where a modified group C type 2 adenovirus was genetically engi-
neered to express HSP70 and repeatedly injected in a dose escalation study to 27
patients with multiple advanced-stage solid tumors [91]. All evaluable patients
developed an antibody response to the virus; however, no clear evidence of a cellu-
lar immune response was found. As in previous trials, anecdotal evidence of tumor
response was observed in a minority of patients treated at the highest dose, but it
remains unclear whether these responses were associated with the vaccine adminis-
tration. The vaccine was safe in most patients, with a large number of patients devel-
oping fever and a single patient experiencing grade IV thrombocytopenia following
treatment at the highest dose level.

5 Conclusions Based on Clinical Evidence

The initial rise in optimism surrounding the use of heat-shock proteins in cancer
vaccines resulted from elegant preclinical studies demonstrating that heat-shock
proteins are dual-purpose adjuvants that both chaperone the full antigenic repertoire
of tumor cells to the cross-presentation pathway via scavenger receptors and
simultaneously provide a maturation signal to the receiving APCs via TLR-2 and -4.
The subsequent identification of antigen cross-presentation as a critical process for
tumor immunosurveillance provided further support for the scientific validity of this
approach [26]. This information, combined with an increased understanding of the
molecular participants in “sterile” inflammation, helped to clarify that the name
“heat-shock proteins” did not appropriately convey the true role of HSP as DAMPs,
which in addition to functioning as protein chaperones provide a critical and poten-
tially non-redundant linkage between sterile inflammation and adaptive immunity.
Knowledge that this association is mostly maladaptive and contributes to diseases
including atherosclerosis, type 1 diabetes, and Alzheimer’s raised the tantalizing
possibility that either the linkage between HSP and adaptive immunity was acciden-
tal or this association evolved specifically as an immune defense against cellular
transformation. Alas, the clinical evidence has clearly demonstrated that the initial
wave of optimism was premature.

Incredible effort, expense, and faith on the part of scientists, drug developers,
investors, oncologists, and patients have been expended on the development of
HSP-based cancer vaccination. Large phase III trial failures in melanoma and renal
cell carcinoma may have dampened support for what appeared to be promising
early studies in colorectal carcinoma and have no doubt raised the level of skepti-
cism that this approach will eventually lead to an FDA-approved cancer vaccine.
Nonetheless, the sporadic and dramatic clinical responses observed in a minority of
the patients treated on these trials preserve the belief that HSP-based vaccines will
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eventually stake their claim as important weapons in a growing immunotherapeutic
toolbox available to oncologists in the near future.

These clinical trial results also provide important lessons for how future
HSP-based vaccine trials should be designed. In the two largest phase III clinical
trials to date, post hoc analysis clearly demonstrated that the dose and duration of
vaccination had an important bearing on the clinical response observed in patients
and that this clinical response was most apparent in patients with earlier stage
disease. Second, the overall absence of placebo-controlled patient groups in phase
II clinical trials has likely hampered the clinical success of HSP vaccines. Despite
a large number of phase II clinical trials in large number of patients, effectively
none of this data provided evidence of an efficacy signal because control groups
were not included. This, coupled with the repeated shift in the target patient popu-
lation between each stage in clinical trials, limited the ability of clinical trial per-
sonnel to appropriately select prospective clinical trial endpoints or appropriate
patient populations. If controlled phase II studies had been performed in mela-
noma or renal cell carcinoma they may have enabled phase III designs to deter-
mine overall survival in stage Mla/b melanoma patients for whom at least ten
doses of vaccine were available or to determine recurrence-free survival in AJCC
stage I +1I renal cell carcinoma patients. Either of these trials may have led to an
FDA-approved HSP-based cancer vaccine and indicate potential strategies for suc-
cess in future studies.

Ongoing trials may lead to the eventual approval of such a vaccine in the future.
The recent approvals of Provenge for treatment of patients with advanced prostate
cancer and ipilimumab for patients with advanced melanoma (and potentially
with PD-1/PD-L1 blockade in the near future) have renewed enthusiasm in the
immunotherapy of cancer [32, 37]. These successes buttress the groundswell of
support from the basic scientific community that the immune system plays a dom-
inant role as a cell-extrinsic defense system against cancer [67, 92]. The approval
of a single-antigen vaccine also significantly increases the possibility that clinical
efficacy of HSP vaccines will not be strictly limited to autologous approaches. If
this is indeed the case, then allogeneic, recombinant protein or DNA-based
approaches may eventually provide significant advantages in terms of manufac-
turing cost and scalability given the apparent importance of prolonged treatment
for the induction of an effective antitumor immune response. The potential advan-
tages of HSP-based vaccines from a mechanistic perspective provide a compel-
ling rationale for further exploration of the approach. The link between heat-shock
proteins and the adaptive immune system may have specifically evolved to pro-
vide immunosurveillance against cancer, and through that evolutionary process
naturally developed all the core attributes we now understand to be critical for
antitumor immunity: poly-antigen specificity, adjuvanticity at physiologic antigen
concentrations, and specific stimulation of CD8+ T cell immunity by
cross-priming.
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Activation of NK Cell Responses
and Immunotherapy of Cancer

George J. Weiner

Abstract Monoclonal antibodies, including rituximab, are a mainstay in the
therapy of cancer; however, there is much we do not understand about their mecha-
nisms of action. In vitro analysis, animal models, and clinical trials suggest signal-
ing, complement, and cellular cytotoxicity, each playing a role. Increasing evidence
indicates that these mechanisms of action do not operate in isolation and that there
are considerable interactions, some synergistic and some antagonistic, between
mechanisms that can impact on the efficacy of therapy. An improved understanding
of the relative importance of each mechanism, and how these mechanisms interact
in various clinical scenarios, is vital if we are to make a highly valuable approach to
cancer therapy even better.

Keywords NK cell ¢ Antibody dependent cellular cytotoxicity ¢ Cancer
immunotherapy

1 Background and History of NK Cells

Soon after the first blood smear was placed under a microscope, hematologists
described a small but clear population of large granular lymphocytes. Decades later,
analysis of the function of these cells demonstrated that they were capable of killing
some tumor cells [1], hence their designation as natural killer (NK) cells. With the
advent of immunophenotyping, it became clear that NK cells represent a distinct
lineage of mononuclear cells. Further studies demonstrated that NK cells are hetero-
geneous and are able to both mediate cytotoxicity and produce a variety of cyto-
kines [2]. NK cells are often thought of as key components of the innate immune
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response because of their immediate and nonspecific effects. However, it is increas-
ingly clear that NK cells demonstrate a high degree of specificity and interact exten-
sively with the adaptive immune response. Thus, they represent a vital link between
innate and adaptive immunity [3]. In this chapter, we review how activation of NK
activation impacts on cancer and cancer immunotherapy.

Our understanding of NK cell biology is evolving rapidly. This biology has been
reviewed extensively elsewhere [4, 5] and is not discussed at length here. However,
there are aspects of NK cell biology that impact on NK cell activation, NK cell
responses to cancer, and NK-based immunotherapy that are worth summarizing.

In humans, NK cells are broadly defined as CD3—, CD56+ lymphocytes. They
are divided into CD56 bright and CD56 dim subsets, which differ in function and
homing properties. CD56 bright NK cells have effects predominantly mediated by
cytokine production, while CD56 dim NK cells express CD16 and have cytotoxic
function [2]. NK cells were initially identified in peripheral blood but are now
known to be widespread in both lymphoid and non-lymphoid tissues. Most NK cells
in the circulation are CD56 dim and express CD16. These cells express perforin, are
cytotoxic, and are effective at mediating antibody-dependent cellular cytotoxicity
(ADCC). A minority of cells in the circulation, but a larger percentage of NK cells
in the tissues, are of the CD56 bright and CD16-negative subset [6]. This population
is less effective at mediating cytotoxicity but is very effective at producing cyto-
kines that play a central role in linking innate and adaptive immunity.

2 NK Cell Activation

Both classes of NK cells express a large number of receptors that recognize ligands
capable of inducing both activating and inhibitory responses [7]. Activating NK
receptors are capable of detecting cells that are stressed. These responses can be
mediated by infectious ligands via toll-like receptors (TLRs) [8-10], self-ligands
such as CD40 [11], or signaling mediated by antibody-coated target cells via CD16,
also known as FcyRIIla [12]. Maturation and activation of NK cells are influenced by
the microenvironment including the type and concentration of a broad range of cyto-
kines including IFNa and cytokines that serve as ligands for receptors with the com-
mon gamma chain including IL2, IL7, IL15, and IL21 [13]. The activation of NK
cells is enhanced or significantly modified when multiple signals are present [14, 15].

Uncontrolled activation of NK cells is prevented by inhibitory receptors which
mediate their function via intracellular inhibitory signaling domains known as
immunoreceptor tyrosine-based inhibition motifs (ITIMs) [16]. Killer
immunoglobulin-like receptors (KIRs) recognize groups of HLA-A, HLA-B, and
HLA-C alleles. Individuals differ in the number and type of inherited KIR genes.
The products of these genes are distributed in the NK cell repertoire. Thus, indi-
vidual NK cells express only some of the potentially many different KIRs. The
negative signal mediated by KIRs is abrogated, and the NK cell can be activated,
when KIR signaling is reduced as the NK cell encounters target cells that lack class
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I MHC [17, 18]. The complex pattern of KIR expression by NK cells allows them
to detect cells that lack specific MHC1 molecules [19, 20]. This mechanism helps
the immune system respond to infection that might down-regulate class I MHC as a
way to avoid a T cell response. A subset of NK cells does not express inhibitory
KIRs. These cells generally express CD94-NKG2A. Like the KIRs, CD94 inhibits
nonspecific activation of NK cells. Thus, multiple checkpoints impact on the activa-
tion or the inhibition of NK cells [21]. These signaling pathways of NK cells are
clearly quite complex, and their effect on NK cell activation varies with respect to
the baseline phenotype and activation status of the NK cell [22].

When activated, NK cells capable of mediating cytotoxicity exocytose granules
containing perforin and granzyme, which results in death of the target cell. Activated
NK cells can also express molecules of the TNF superfamily that engage death
receptors on target cells [23]. Cytokine-producing NK cells secrete IFNy, TNF,
GMCSEF, and other cytokines that can enhance the inflammatory response and sup-
port the development of an adaptive immune response. This is mediated in part by
secondary activation of a broad variety of other cell populations including mono-
cytes, dendritic cells, granulocytes, and eventually T cells [3, 24, 25].

In summary, whether or not an NK cell is activated is dependent on the pheno-
type of the NK cell as well as on cellular and soluble factors in the microenviron-
ment. Factors associated with infection and stress can result in NK cell activation,
which depending on the type of NK cell can lead to a direct cytotoxic response or
cytokine production that can activate other cell populations. These other cells then
can impact on induction of inflammation or support development of an adaptive
immune response. Thus, NK cells play a crucial role in the relationship between
inflammation and both the innate and adaptive immune response.

3 NK Cells and Cancer

As is the case with infection, multiple receptor—ligand interactions impact on how
NK cells respond to malignant cells [26]. Among the most extensively studied is the
ability of NK cells to mediate the rejection of tumors that lack class I MHC expres-
sion. Combinations of MHC class I and KIR variants influence a broad variety of
natural and therapeutic responses including the immune response to malignancy.
They appear to play a particularly important role after hematopoietic stem cell trans-
plantation with varying degrees of class | MHC mismatch [27]. NK cells also act as
regulatory cells and, through cytokine production, influence the anticancer activity
of other lymphocyte populations and cell types including dendritic cells and T cells
[14, 28]. NK cells can also influence development of an active immune response by
having direct cytotoxicity effects on antigen-presenting cells [29]. Killing of tumor
cells by NK cells can lead to cross presentation of antigens, and the cytokines pro-
duced by NK cells can enhance DC activation and cross presentation—an effect that
is enhanced by the ability of activated NK cells to produce cytokines including
IFNy. NK cells can be activated by IFNa that is produced by plasmacytic DCs, thus
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creating a positive feedback loop. Thus, the effects of NK cells on direct and indirect
killing tumor cells are quite complex.

Much of the above work has been done utilizing murine models. Data
demonstrating un-manipulated NK cells’ impact on the control of human cancer is
intriguing but indirect. Higher absolute lymphocyte counts and NK cell numbers
correlate with a positive outcome after a variety of treatments for lymphoid malig-
nancies [30-32]. Clinical data with solid tumors is less clear although there is data
demonstrating that human NK cells can recognize and kill a variety of tumor cells
in vitro [33, 34].

4 Activated NK Cells as a Cancer Immunotherapy

Studies elucidating the biology of NK cell activation have led to exploration of a
number of different strategies for activating NK cells as a way to treat cancer. Type
I IFN, including IFNa and f, were the first types of cytokine tested as potential
cancer therapies [35]. They are known to have a number of biologic effects, includ-
ing NK cell activation, that could contribute to their modest but clear clinical anti-
tumor activity. Members of the IL2 family of cytokines including IL2, IL12, IL15,
IL18, and IL21 can activate NK cells as well as other immune effector cell popula-
tions and have been explored in clinical trials [36, 37]. IL2 therapy has demon-
strated impressive clinical responses, albeit in a small minority of carefully selected
subjects [38]. This and subsequent studies led to the approval by the FDA of high-
dose IL2 in melanoma. Non-biologic agents that broadly activate the immune sys-
tem can activate NK cells including drugs such as lenalidomide [39]. NK cells are
activated by nonspecific immunotherapy, such as the use of BCG for treatment of
bladder cancer [40, 41]. We have explored the use of immunostimulatory CpG DNA
to enhance NK activity in animal models and the clinic [42, 43]. Each of these thera-
peutic strategies impacts on both NK cells and other cell types including dendritic
cells and T cells. Thus, while preclinical studies point to the importance of NK cells,
it is difficult to determine to what extent their ability to activate NK cells impacts on
their demonstrated or hypothesized clinical therapeutic efficacy.

Rosenberg and colleagues led studies in the 1980s to expand and activate NK
cells ex vivo and reinfuse them with the goal of enhancing their antitumor effects
[44]. In the absence of additional immunotherapy, the trafficking to tumor and sur-
vival of such lymphokine-activated killer (LAK) cells in vivo were limited. This led
early on to the addition of in vivo therapy with cytokines, most commonly IL2, fol-
lowing infusion of the ex vivo-activated cells [45]. The infused cells often had a
mixed phenotype [46]; thus, it can be questioned whether this approach would be
accurately considered a form of NK cell therapy. Follow-up studies suggested that
IL2 therapy alone might be as effective as infusion of activated cells followed by IL2
therapy, raising the question of the value of the cellular infusions [47]. Subsequent
trials have explored different cell populations generated by selecting the initial cells
before expansion (NK cells, NK T cells, unfractionated mononuclear cells) and
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using different agents to expand and activate the resulting cells. These cells have
been given alternative names such as cytokine-induced killer (CIK) cells that are
derived from NKT cells [48]. While some clinical responses have been reported, at
this point in time, there is little evidence that in vitro expansion of autologous NK
cells and their reinfusion is a valuable clinical strategy for the treatment of cancer.

5 NK Cells and Other Immunotherapeutic Approaches

Indirect evidence suggests that ADCC mediated by NK cells is mechanistically
involved in clinical response to therapy with monoclonal antibodies (mAb).
Correlative studies demonstrate an association between polymorphisms on CD16
(also known as FcyRlIIla) and clinical response to single-agent anti-CD20 (ritux-
imab). CD16 homozygous for valine at 158 (VV) has a higher affinity for IgG1 than
does CD16 with phenylalanine at that position (VF or FF) [49]. Patients with lym-
phoma and the VV genotype have a better clinical response to rituximab than
patients that are VF or FF [50-52]. Within 4 h of clinical therapy with rituximab,
NK cells in patients with the high-affinity polymorphism are activated and traffic
out of the circulation, while NK cells of patients with the low-affinity polymor-
phism are not activated and remain in the circulation [53]. This evidence that NK
cells are central to the mechanisms of action of rituximab has led to the clinical
evaluation of novel strategies for enhancing target cell lysis by NK cells including
the addition to mAb of immunostimulatory agents designed to activate NK cells
[54, 55] and development of anti-CD20 antibodies with stronger affinity for CD16
[56, 57]. Thus far, none of these strategies has been shown to unequivocally superior
to standard antibody therapy alone, but evaluation is ongoing.

Different and creative approaches to enhancing NK cell therapy with mAb are
under evaluation. One is to block inhibitory KIR with additional antibodies, thereby
taking the brakes off and augmenting tumor cell recognition by the NK cell [58].
Another is to combine antitumor mAb with antibody, such as anti-CD137, that can
further activate the NK cells [59]. A strategy that has been pursued for a number of
years involves the use of bispecific antibodies to target NK cells to tumors in a way
that can bypass the usual receptors. Such bispecific antibodies bind with one arm to
NK cells such as through CD16 and with tumor cells with the other arm. Such bispe-
cific antibodies are potent in vitro, but their clinical utility remains uncertain [60].

Allogeneic NK cells have also been viewed as a potential effector cell population
in mediating the graft vs. leukemia response following stem cell transplantation.
When transplantation takes place across HLA class I barriers, it can trigger alloreac-
tive NK cell responses if the recipient lacks HLA class I ligands that contribute to
signaling via donor inhibitory KIRs. The most promising results using this approach
have been in acute myeloid leukemia patients [61]. Interestingly, stem cell trans-
plant that involved NK cell alloreactivity was associated with higher rates of bone
marrow engraftment and reduced rates of GVH [62]. This seems counterintuitive
and may be a consequence of limited priming of alloreactive donor T cells because



62 G.J. Weiner

of the ability of the NK cells to eliminate recipient antigen-presenting cells [63].
The clinical data is far from clear, with some studies suggesting the benefit in sur-
vival due to KIR ligand mismatch [64, 65] while others failing to show such an
effect [66, 67]. These studies differ in the source of the NK cells and conditioning
regimens which could impact on the interactions between the NK cells and host
cells and explain this apparent discrepancy [68]. Miller and colleagues have been
exploring the use of allogeneic haploidentical NK cell infusions in a non-transplant
setting. Infused cells generally disappear quickly. Ongoing strategies to address this
problem include immunosuppression and ongoing therapy with IL2 [69].

6 Conclusion

NK cells were initially described based on their activity and phenotype and were
thought to be a relatively homogeneous population of cells. We now know that NK
cells are highly heterogeneous. They were initially considered to be a component of
the innate immune system but are now known to play a central role in linking the
innate and adaptive immune systems.

NK cells are considered to be important contributors to the efficacy of accepted
approaches to cancer immunotherapy such as mAb therapy and treatment with cyto-
kines such as IFNa and IL2. The past 20 years have seen evaluation of a broad
variety of additional approaches to treat cancer through manipulation of NK cell
activation. Evaluation of the precise role NK cells play in the efficacy of these thera-
peutic approaches is complicated as our understanding of the heterogeneity of the
NK cells themselves, and the variety of different roles played by NK cells, grows.
Additional laboratory, translational, and clinical investigation is needed so that we
can improve our understanding of the role NK cell activation plays in cancer and use
this information to design better approaches to treatment.
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Induction of Tumor Immunity by Targeted
Inhibition of Nonsense-Mediated
mRNA Decay

Eli Gilboa

Abstract Whereas tumor progression in cancer patients can elicit a weak immune
response which keeps the tumor in check, albeit transiently, the weak antigenicity of
the tumor provides the time and opportunity for the tumor to elaborate immune eva-
sion mechanisms. Weak antigenicity is, therefore, the root cause why tumors escape
immune control. We have recently described a way to activate the antitumor immune
response that is fundamentally different from current strategies collectively referred
to as “cancer vaccination,” because instead of stimulating immune responses against
existing and mostly weak, tumor antigens, novel, and thereby potent, antigens are
induced de novo in the disseminated tumor lesions of the patient. The approach is to
inhibit a process in the tumor cells known as nonsense-mediated mRNA decay
(NMD). The physiological role of NMD is to eliminate defective products gener-
ated in the cells, and therefore inhibiting the NMD process will lead to the accumu-
lation of defective products, some of which will encode novel, and thereby potent,
antigens to which the immune system has not been tolerized. Inhibition of NMD
was accomplished using chemically synthesized siRNAs to downregulate key medi-
ators of the NMD process such as Smg-1 or Upf-2. However, since NMD is a con-
stitutive process that operates in all the somatic cells of the body, global inhibition
of NMD could lead to system-wide autoimmune pathology. To obviate the risk of
autoimmunity, NMD inhibition was limited to the disseminated tumor lesions by
targeted delivery of siRNAs conjugated to oligonucleotide aptamer ligands that
bind to receptors expressed preferentially, if not exclusively, on the tumor cells. We
have shown that in subcutaneous and metastatic murine tumor models, the tumor-
targeted delivery of NMD factor siRNAs led to significant inhibition of tumor
growth which was superior to that of a gold standard ‘“conventional” cancer
vaccination protocol. Tumor-targeted NMD inhibition forms the basis of a simple,
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broadly useful, and clinically feasible approach to enhance the antigenicity of
disseminated tumors leading to their immune recognition and rejection. The cell-
free chemically synthesized oligonucleotide backbone of aptamer—siRNAs reduces
the risk of immunogenicity and enhances the feasibility of generating reagents
suitable for clinical use.

Keywords Nonsense-mediated mRNA decay ¢ Small interfering RNAs
¢ Oligonucleotide aptamers ® Cancer immunotherapy ® Tumor antigens

1 Introduction

The recent FDA approval of two immune-potentiating drugs for cancer patients,
Sipuleucel-T, a cellular vaccine based on enriched blood APC [1], and Ipilimumab,
a CTLA-4-blocking antibody [2], have provided the formal validation for using the
immunological modality to treat cancer. Nonetheless, the therapeutic benefit of both
drugs was modest, underscoring the need to develop more potent and/or comple-
mentary treatments. The main reason why tumors are not eliminated by the immune
system is that, unlike pathogens, tumors do not express potent tumor rejection anti-
gens. Whereas tumor progression in cancer patients can elicit a weak immune
response which keeps the tumor in check, albeit transiently [3], the weak antigenic-
ity of the tumor provides the time and opportunity for the tumor to elaborate immune
evasion mechanisms. Weak antigenicity is, therefore, the root cause why tumors
escape immune control.

The general principle and underlying premise of “cancer vaccination,” exempli-
fied by the recently approved Sipuleucel-T vaccine for the treatment of advanced
prostate cancer, is to administer a tumor antigen(s) to the cancer patient in a manner
that it will elicit an immune response of magnitude, duration, and quality that will
eliminate the tumor cells expressing the said antigen. The tumor antigen in question
needs to be foremost “potent,” namely, capable of eliciting a potent immune
response, but also it needs to be expressed in the tumors of many patients, because
identifying tumor antigens in each patient while feasible is not practical. The prob-
lem is that such “potent” antigens are mostly patient specific whereas the shared
antigens are by and large “weak.” Consequently, current approaches in cancer
immunotherapy aim at developing vaccination protocols designed to offset the
inherent weakness of the resident endogenous tumor antigens.

An alternative, and arguably superior, approach would be to enhance the antige-
nicity of tumor cells in situ, namely, to express new, and thereby potent, antigens in
the disseminated tumor lesions of the patient. The idea itself is arguably obvious, but
the challenge is, and has been, how to do that; how to express new antigens in the
disseminated tumor lesions of the patient, lesions that are hard to access, and often
we do not know where they are. And of course, how to do that in a cost-effective,
broadly applicable, and clinically feasible manner. With this in mind, we have
recently described a way to express new antigens in the tumor cells of the patient by
inhibiting a process known as nonsense-mediated mRNA decay (NMD) [4].
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2 Nonsense-Mediated mRNA Decay: A Primer

Figure 1 depicts how the NMD process prevents the accumulation of mRNAs
containing a premature termination codon (PTC) [5-7]. In brief, removal of introns
from the pre-mRNA leaves behind an exon-junction complex (EJC) demarcating
the splice junctions (Panel A). An NMD complex consisting of several factors
including SMG-1, Upfl, Upf2, and Up3 (Panel B) is then assembled on each EJC
as shown in Panel C. When the mRNA undergoes the first round of translation,
called the “pioneer translation,” the EJC/NMD complex is removed, presumably as
aresult of the translational machinery moving thru the region, thereby rendering the
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Fig. 1 Nonsense-mediated mRNA decay in eukaryotic cells (see text for details)
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mRNA stable and competent for additional rounds of translation (Panel C). However,
if a PTC is present in an exon (other than the last exon), for example as a result of
aberrant splicing (Panel D), the EIC/NMD complexes downstream to the PTC are
not removed from the mRNA. The attached NMD complex then triggers the degra-
dation of the mRNA.

With a few exceptions, the PTC must not reside in the last exon, and often the
NMD-triggering PTCs are found at least 50—-55 nt upstream of a splice junction (in
which case there are many exceptions). There is considerable variability in the effi-
ciency of NMD among various PTC-containing mRNA which cannot be always
explained by the these rules. NMD-mediated degradation of mRNA is not limited to
instances of mutations or recombinations generating PTCs. Error-free mRNAs con-
taining short 5" open reading frames (ORFs), mRNAs which are regulated by stop
codon read-through, leaky scanning for translation initiation, or regulated frame-
shifting of mRNA can be also recognized by NMD.

2.1 Physiological Roles of NMD

It was initially thought that the main role of NMD was to maintain the proteome
integrity of the cell by eliminating transcripts with nonsense mutations generating
PTCs yielding truncated products. Indeed, over 30 % of genetic disorders are caused
by PTC [8, 9]. In several instances, e.g., f-thalassemia, the severity of the disease
was shown to correlate with the NMD-controlled degradation of the mutant mRNA.
Yet, nonsense mutations generating PTCs are rare events, and it is unlikely that the
NMD system has evolved to counter their potential deleterious effects. There is in
fact accumulating evidence that the main and physiological role of the NMD is to
regulate normal gene expression.

An important role of NMD is to maintain splicing integrity. The efficiency and
accuracy of splicing are notoriously imperfect. Such transcripts will often contain
PTCs and hence become targets for NMD elimination [5, 6]. NMD is also respon-
sible for the elimination of transcripts encoding nonproductively rearranged T cell
receptors and immunoglobulin chains [5, 8]. A significant proportion of gene prod-
ucts (>15 %) that are upregulated when NMD is inhibited, such as by targeting Upf1
with siRNA, are involved in amino acid biosynthesis and transcription factors which
coordinate cellular responses to starvation [6, 10]. Since starvation also downregu-
lates translation thru phosphorylation and inhibition of e[F2a, which in turn inhibits
NMD efficiency, it appears that the response to starvation is in part under NMD
control. NMD is also implicated in several instances of products autoregulating
alternative splicing (e.g., serine-arginine (SR)-rich proteins and hnRNP splicing
factors such as SC35, calpain, CDC-like kinases), biosynthesis of selenoproteins,
and telomere synthesis [6, 9].
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2.2 Role of NMD in Cancer

There is also evidence that cancer cells accumulate elevated level of PTC containing
NMD mRNA substrates [11]. About 15 % of cancers exhibit defects in DNA mis-
match repair (MMR) often manifested as microsatellite instability (MSI). Such
defects affecting many products, including products associated with tumor progres-
sion such as TGFPRII, APAF-1, IGFIIR, BAX, PTEN, and RHAMM, give rise to
frameshift mutation ending in PTCs. Such PTC-containing transcripts are under
NMD control as shown in a study whereby Upfl siRNA-mediated inhibition of
NMD in a human colorectal cancer cell line exhibiting an MSI phenotype stabilized
the frameshifted mutant transcripts [12]. Such products could provide a source of
tumor-specific antigenic determinants downstream the recombination site [13].
Consistent with this hypothesis, increased immune infiltrates are seen in tumors
with MIS phenotype which correlate with the levels of Upfl in the tumors [12].
Inhibiting NMD could, therefore, theoretically further augment the production of
such tumor-specific antigens.

3 Tumor-Targeted NMD Inhibition to Express New Antigens
in Disseminated Tumor Lesions

3.1 The Concept and Rationale

Several studies have shown that inhibition of NMD in cultured cells using RNAi
technology targeted to any of its factors, SMG-1, Upf-1, Upf-2, or Upf3, resulted in
the upregulation of multiple products expressed from the PTC-containing mRNA
destined for NMD-mediated degradation [10, 14-16] and reviewed in [6]. No
adverse impact on cell viability was noted in vitro. The underlying hypothesis of our
approach was, therefore, that inhibition of NMD in the tumor cells of the patient
will lead to expression of new polypeptides, a proportion of which will encode anti-
genic determinants that the immune system was not tolerized to, such as products
corresponding to the intron regions of alternatively or mis-spliced mRNA but not
prematurely terminated polypeptides resulting from in-frame nonsense mutation.
NMD inhibition can be readily accomplished using chemically synthesized siRNAs
to downregulate any of the known NMD factors, SMG-1, Upf-1, Upf-2, or Upf-3.
Given that the goal is to express new antigens in disseminated tumor lesions the
siRNAs have to be administered systemically into the circulation. This raises a
problem not uncommon with siRNA therapeutics as well as cancer therapeutics in
general. NMD is a constitutive process operating in every somatic cell of the body,
tumor cell, as well as normal cells. Inhibiting NMD and consequently expressing
new antigens in normal tissues all but certainly will lead to an autoimmune inferno.
Limiting NMD inhibition to tumor cells is therefore a paramount requisite to
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translate this concept into clinical reality. The approach we used was to target the
NMD factor siRNA to the tumor cells by conjugation to a targeting ligand that rec-
ognizes a product expressed preferentially, not necessarily exclusively, on the sur-
face of the tumor cells. Monoclonal antibodies, a versatile platform for generating
ligands with the desired specificity, were the obvious choice for targeting ligands to
deliver the NMD factor siRNAs to tumor cells in vivo. Nonetheless, access to mono-
clonal antibodies, especially for applications, is limited and uncertain at best. The
reason is that such protein-based biologicals are cell-based products requiring a
complex and costly manufacturing and regulatory approval process. Hence mono-
clonal antibodies are almost exclusively developed by companies and provided to
academic investigators on a selective basis under strict contractual agreement and
company oversight [17]. Not less important, chemical conjugation of the targeting
antibodies to their therapeutic cargo is complex and costly requiring skill sets that
are not readily available, especially in academic settings. Third, monoclonal anti-
bodies, including fully humanized antibodies, run the risk of inducing neutralizing
anti-antibody responses that will limit their utility, especially when repeated admin-
istration is called for.

With this in mind, we chose to use an alternative platform of targeting ligands in
the form of short chemically synthesized, nuclease-resistant, oligonucleotides
called aptamers. Aptamers are high-affinity single-stranded nucleic acid ligands,
each specific for a given target molecule which can be isolated through a combina-
torial chemistry process using iterative in vitro selection techniques, analogous to
isolation of high-affinity peptide ligands from phage display libraries. The basic
approach named SELEX (systematic evolution of ligands by exponential enrich-
ment) is depicted in Fig. 2 and can be considered an extremely powerful purification
method in which very rare binding activities (with frequencies of 1 in 10" to 1 in
10") are isolated by affinity purification [18, 19]. Aptamers isolated by this method
can exhibit remarkable affinity and specificity to their targets comparable to or
exceeding those of antibodies. For example, aptamers have been generated that are
capable of discriminating between isoforms of protein kinase C that share a high
degree of homology [20], and modified-RNA aptamers to coagulation factor VIla
(FVIIa) exhibit a greater than 500-fold specificity for FVIIa relative to coagulation
factor Xa and greater than 1,000-fold relative to coagulation factor IXa, although
these proteins share a common set of structural domains [21]. Accumulating experi-
ence shows that aptamers can be generated against most targets [22, 23] which can
inhibit the function of the proteins to which they bind or, as we have recently shown,
act in an agonistic fashion to promote the function of their cognate receptors on the
cell surface [24, 25]. The first aptamer developed by in vitro selection targeting
VEGF 45 (NX-1838, named Pegaptanib sodium (Macugen)) has been approved for
the treatment of macular degeneration, arguably a milestone in the application of
aptamer technology [26]. A second aptamer targeted to the coagulation factor [Xa
is currently tested in phase I/II clinical trials to prevent blood clotting during cardio-
pulmonary surgery. Phase I clinical trials have demonstrated an excellent safety and
functional profile [27].
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Unlike antibodies, and what is probably a key advantage of aptamers, the
35-55 nt long nuclease-resistant aptamers can be synthesized chemically. Synthesis,
purification, and production on large-scale production of short oligonucleotides can
be readily carried out under good manufacturing conditions (GMP). Manufacture of
clinical grade aptamers, including aptamer—siRNA fusion ODNS, is straightforward
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Fig. 3 Aptamer targeting of siRNA to tumor cells. An aptamer, which binds to a specific product
expressed on tumor cells but not on normal cells, is conjugated to an siRNA via complementary
sequences engineered at the ends of the aptamer and one of the siRNA strands. Binding of the
aptamer—siRNA conjugate to the tumor cells triggers its internalization, translocation to the cyto-
plasm, and siRNA knockdown of its target RNA

and (relatively) cost effective and the regulatory approval process significantly
simpler. Conjugation of two oligonucleotides, e.g., aptamer and siRNA, can be
accomplished in a simple and straightforward hybridization reaction using short
complementary sequences appended to the ends of each oligonucleotide. Lastly,
though not experimentally confirmed, short oligonucleotides are not likely to induce
significant level of neutralizing immune response.

3.2 Preclinical Proof-of-Concept Studies in Murine
Tumor Models

This section presents a synopsis of a recently published study showing that aptamer-
targeted NMD inhibition is capable of controlling tumor growth in mice. For addi-
tional detail see reference 4.

We used aptamers to target the NMD factor siRNAs to tumor cells whereby the
NMD factor-specific siRNA was conjugated to an aptamer by hybridization as
shown in Fig. 3. Our approach was based on the pioneering studies of Giangrande
and her colleagues showing that PSMA-expressing tumor cells can be differentially
killed in vitro and in mice by targeting siRNAs corresponding to the broadly
expressed survival genes Plk-1 and Bcl-2 fused to a PSMA-specific aptamer [28].
Recent high-profile publications have confirmed the feasibility and therapeutic
potential of aptamers as targeting ligands for siRNAs to eradicate tumors [29], sen-
sitize tumor cells to radiation therapy [30], inhibit HIV replication [31, 32], and, as
discussed here, potentiate tumor immunity [4].

The first critical test of this approach was to determine whether siRNA-mediated
NMD inhibition in tumor cells will lead to the generation of new antigens that will
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Fig. 4 shRNA inhibition of NMD in tumor cells leads to immune-mediated tumor rejection. (a)
Balb/c mice were implanted subcutaneously with CT26 tumor cells stably transduced with the
doxycycline-inducible lentiviral vectors encoding SMG-1, Upf-2 shRNAs, as well as control
shRNA. Each group was divided into two subgroups receiving (filled circle) or not receiving (open
circle) doxycycline in the drinking water. (b) Same as panel a except that tumor cells were injected
into immune-deficient nude mice

elicit an immune response capable of inhibiting tumor growth. To this end, we
engineered tumor cells that stably express the NMD siRNAs (used in a configura-
tion called shRNAs). Expression of the siRNA and NMD inhibition was controlled
with a drug, doxycycline (DOX). As shown in Fig. 4, tumors harboring the NMD
siRNAs Ufp-2 or SMG-1, but not a control siRNA, failed to grow when siRNA
expression was turned on (DOX was added to the drinking water of the tumor-
bearing mice). But was inhibition mediated by an immune response as we hypoth-
esize or a direct cytotoxic effect of siRNA expression and NMD inhibition? The
experiment in Panel B shows that tumor growth was not affected by the siRNAs if
the mice were immune compromised. This, and the observation that mice in Panel
A that rejected the tumors were resistant to a subsequent challenge with tumor cells,
provided fairly compelling evidence that tumor rejection was immune mediated,
thereby validating the underlying hypothesis of this approach that siRNA-mediated
inhibition of NMD in tumor cells is capable of stimulating a tumor-specific immune
response in mice of a magnitude that can negatively impacts on tumor growth.
While providing a proof of concept, the experimental system used in Fig. 4 is not
clinically “translatable” because in this experiment NMD was inhibited in all tumor
cells from the start. The question, therefore, is whether inhibition of NMD in preex-
isting tumors will be capable of inducing an immune response of sufficient
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Fig. 5 The sequence and computer-predicted secondary structure of PSMA aptamer—-NMD factor
siRNAs (see text for details)

magnitude to reverse tumor growth. Moreover, since it is not realistic to expect that
we will be able to deliver the aptamer-targeted siRNAs to all, or even the majority,
of the tumor cells, the question is whether inhibition of NMD in a proportion of the
tumor cells within the tumor lesion will suffice. The second critical test of this
approach was, therefore, to determine whether systemic delivery of the aptamer-
targeted siRNAs to tumor-bearing mice will be capable of inhibiting tumor growth,
and how effectively.

As shown in Fig. 5, two siRNAs corresponding to the NMD factors SMG-1 and
Upf-2 were conjugated by hybridization via complementary sequences engineered
in the aptamer and siRNA to an aptamer that binds to PSMA, a cell surface product
expressed on human prostate tumor cells. The PSMA aptamer, therefore, serves as
the targeting ligand to deliver the siRNAs to PSMA-expressing tumor cells. The
conjugates were first characterized in vitro in cultured cells to show that they bind
only to and inhibit the NMD process in PSMA-expressing cells. Mice were then
implanted with tumor cells to establish micro-metastases in the lung and treated
with the aptamer—siRNA conjugates that were administered into the circulation by
tail vein injection. Since the human PSMA-binding aptamer we used in this study
did not bind to murine PSMA the murine tumor cells were engineered to express the
human PSMA. As illustrated in Fig. 6, the PSMA aptamer—SMG-1 siRNA inhibited
lung metastasis; five out of seven mice showed no evidence of tumor in the lung,
assessed both by weighing the lungs or visualizing the metastatic foci.

What this experiment shows is that aptamer-targeted NMD factor siRNA admin-
istration to mice bearing disseminated tumor lesion is sufficiently effective to inhibit
tumor growth, notwithstanding the fact that mice have already established tumors at
the time of treatment and that in all likelihood only a small proportion of the tumor
cells in the lesion were successfully targeted with the conjugate to downregulate the
NMD process and express new antigens.
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Fig. 6 Comparison of PSMA aptamer-SMG-1 siRNA treatment to vaccination with GM-CSF-
expressing irradiated tumor cells. C57BL/6 mice were injected intravenously with B16 melanoma
tumor cells and treated with PSMA aptamer—siRNA conjugates starting at day 5 as described or
vaccinated with GM-CSF-expressing irradiated B16 tumor cells (GVAX) starting at day 1 or day
5 using the protocol described in reference [39]

But what this and similar experiments do not tell us is how effective is the NMD
inhibition approach. The fact that five out of seven mice have cleared the preexisting
micro-metastases in the lung, and in parallel experiments remained tumor free,
essentially “cured,” should not be interpreted to suggest that human patients will
experience a similar outcome. A main reason is that conditions of animal experi-
mentation can be readily manipulated that can significantly affect the therapeutic
outcome. For example, testing a particular treatment strategy using a more or less
susceptible tumor model the proportion of “cured” mice can vary significantly.
Tested in isolation, therefore, animal experiments do not teach us how effective is a
particular approach compared to a multitude of other approaches. This is, however,
critical information because the primary role of animal studies is not, and is not
able, to determine which treatment will work in human patients but rather to screen
and select for those treatments that are more likely to be effective, prior to engaging
in the more challenging clinical trials in human patient. Arguably the most informa-
tive way to assess the potential value of a treatment strategy tested in mice is to
compare it side by side to a gold standard, in this instance to compare the NMD
inhibition approach to a best-in-class “conventional” vaccination protocol. In the
experiment shown in Fig. 6 we compared the NMD strategy to vaccination with
GVAX, a cell-based vaccine formulation considered to be one of the more effective
vaccination protocols in mice [33, 34]. As was also previously noted, in this strin-
gent experimental model of a poorly immunogenic aggressive tumor, GVAX vac-
cination administered 5 days after tumor implantation had only a modest
anti-metastatic impact. Strikingly, under the same condition the NMD inhibition
strategy was clearly more effective. Notwithstanding the many limitations of animal
models, these experiments clearly establish that the aptamer-targeted NMD inhibi-
tion approach is not only capable of inhibition of tumor growth in tumor-bearing
mice, but it is also not less effective, if not more so, than “conventional” vaccination
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strategies. Considering the fact that these were proof-of-concept studies using
first-generation aptamer—siRNA conjugates and most likely using a suboptimal
treatment protocol, this is not unremarkable.

4 Conclusions and Future Directions

Much of the effort in the field of cancer immunotherapy is devoted to the develop-
ment of “cancer vaccines,” identifying potent and broadly expressed tumor-
expressed resident antigens, and methods of vaccination, adjuvants, to stimulate an
effective antitumor immune response that also needs to offset the inherent weakness
of tumor antigens. Expressing new, and thereby potent, antigens in the disseminated
tumor lesions is a new concept that if proven successful could replace the “conven-
tional vaccination” approach. The NMD inhibition approach to express new tumor
antigens is a broadly applicable (relatively), cost-effective, and clinically feasible
approach that also obviates the need to identify the more potent antigens that are
likely to differ from patient to patient. The oligonucleotide-based reagents, aptamer
and siRNA, are chemically synthesized which is more cost effective than cell-based
products such as antibodies, and the treatment itself consists of simple needle injec-
tions. The therapeutic component of the drug, the NMD factor siRNA, is common
to all cancer patients. The one limiting factor (today, ideas are being explored to
address this as well) is the targeting. The ability to target depends on having identi-
fied a product on the surface of the tumor cells. Today we can target PSMA in
patient with prostate cancer, Her2 in a proportion of patients with breast cancer,
EGEFR or preferably its variant EGFRVIII in glioma patient, etc. Thus today a family
of 4-7 conjugates will cover about 30 % of the cancer patient population. Suitable
targets are likely to be found in all cancers, and clinical success will generate the
incentive to discover them.

Which brings up the question, have we cured cancer. Will the sheer expression of
new antigens in the disseminated tumor lesions of the cancer patient be able to elicit
an immune response of a magnitude that will reverse tumor growth? The answer is
unfortunately and of course a definite NO. A main reason, from an immunological
standpoint, is that the new antigens will be expressed in tumor lesions that already
festered in the patients for many months, during which time they had the opportu-
nity and time to elaborate a plethora of immune-suppressive strategies that will
blunt the immune recognition of the NMD inhibition-induced new antigens. Thus in
order to elicit a therapeutically effective immune response it will be necessary to
develop complementary and synergistic strategies in order to enhance the “immuno-
genicity” of the tumor lesion, to enhance the potency of the immune response elic-
ited against the new antigens, and to counter the tumor-induced immune-suppressive
mechanisms.

To this end we are developing ways to potentiate costimulation at the tumor site,
enhance the persistence of (NMD inhibition induced) T cells, protect the tumor-
infiltrating T cells from TGFp, a key mediator of immune suppression, and more



Induction of Tumor Immunity by Targeted Inhibition of Nonsense-Mediated mRNA... 79

(reference 35 and unpublished data). The common denominator of the approaches
we are developing is that the therapeutic agent is targeted to the relevant cells in
vivo, tumor cells or immune cells, and the use of chemically synthesized oligonu-
cleotides both as therapeutic agents, siRNAs, aptamer, or antagomirs (the latter to
control the microRNA world), and as targeting ligands in the form of aptamers as
discussed above. In vivo cell targeting will enhance the therapeutic index of the
otherwise poorly specific or even nonspecific drugs, arguably a major challenge of
cancer therapeutics, and the chemically synthesized ODN-based reagents will
enhance the feasibility of their clinical use, a paramount consideration especially if
a combination of multiple treatment protocols is called for.

4.1 Cytotoxic Therapy or Immunotherapy?

Cytotoxic therapy, chemotherapy or radiation, is the most direct, finite, and broadly
used approach to treat cancer. Immunotherapy, to elicit an immune response that
will then eliminate the cancer, is indirect and instinctively less appealing. Also
active immunotherapy (not counting passive immunotherapy with monoclonal
antibodies) has yet to provide compelling evidence of its effectiveness comparable
to what has been achieved with cytotoxic therapy (though I believe this is only a
matter of time). Indeed, aptamer-targeted therapies to cancer were initially devel-
oped to deliver cytotoxic agents, e.g., sSiRNAs to inhibit survival genes in cancer
cells [28]. Notwithstanding, one should bear in mind that the bar for targeting
tumors with cytotoxic agents is higher than that of targeting tumor or immune cells
for the purpose of stimulating immunity. In the former case it will be necessary to
successfully target and eliminate at least 90-95 % of tumor cells within the lesion
to exert a therapeutic effect. In the case of immunotherapy a much lower threshold
of targeting, perhaps as low as 5-20 %, is likely to suffice, because the activated
immune response exerts a dominant effect and acts also on the nontargeted tumor
cells. Since increasing the efficiency of targeting is becoming exponentially more
difficult (aptamer) targeted immunotherapy may prove to be more effective than
cytotoxic therapy.

Recent exciting research, heralding the next generation of successful cancer ther-
apies, suggests that the choice is not between chemotherapy or immunotherapy but
rather a judicious combination of both. At the core of this revolution in the making
is the recognition that some form of chemotherapies, including the widely used
anthracylines and cisplatin family of chemotherapeutic drug, can induce the so-
called immunogenic tumor cell death which is not only compatible with but pro-
motes tumor immunity [36, 37].

If so, cytotoxic therapies, irradiation or chemotherapies, will be administered at
considerably lower doses well beyond their current dose-limiting toxic range to kill
a fraction of tumor cells to provide antigenic debris for the immune therapy-induced
immune system. Thus a marriage between aptamer-targeted cytotoxic therapy and
immunotherapy is in the cards.
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42 What If?

Are the NMD inhibition-induced antigens unique? Will each tumor or each patient
express a unique set of antigens when NMD is inhibited, or are they universal, the
same antigens being induced in all cancer patients? The biology of NMD does not
offer a clue; the question can, and will, be addressed experimentally, first in mice. If
the NMD inhibition antigens are common the therapeutic implications could be far
reaching, for example forming the basis of a universal prophylactic cancer vaccine.
Cancer immunotherapy is at present developed therapeutically to treat patients that
already have cancer. If NMD inhibition-induced antigens are common, they can be
isolated and used to vaccinate individuals at risk for cancer, such as women present-
ing during routine mammography with “high mammographic density” [38].
Vaccination should be well tolerated because the NMD inhibition-induced antigens
represent “foreign” antigens not unlike pathogen antigens used in common vaccines.
If and when the individuals at risk progress to cancer, at early stages of disease
before tumors had the opportunity to establish significant suppression, patients
could conceivably be treated with the aptamer—siRNA conjugates to induce the
NMD inhibition-specific antigens in their lesions that will be met by an already
preexisting, and hence more potent, immune response.
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Employing T Cell Homeostasis
as an Antitumor Strategy

Shawn M. Jensen, Christopher C. Paustain, and Bernard A. Fox

Abstract In the arena of cancer treatments, chemotherapeutic agents and
radiotherapy were originally designed to kill rapidly dividing cancer cells and
deletion of lymphoid cells was simply considered collateral damage. The last few
decades have witnessed a growing appreciation for immunologic control of tumor
burdens, and consequently, numerous strategies designed to harness the immune
system to combat cancers have been developed. While on the surface the combina-
tion of immune-depleting chemo/radiotherapies and immunotherapies may seem
counterintuitive, the fact that the immune system has mechanisms in place for
compensatory expansion after depletion, an effect called homeostasis-driven T cell
expansion, has been exploited in both preclinical models as well as clinical therapies.
This chapter examines both.
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1 Introduction

Biological systems respond to the external environmental cues that either stimulate
or inhibit biological processes. However, one of the key aspects of a multicellular
organism is its ability to stably regulate its internal environment even when faced
with external stimuli. Left unregulated these processes would be detrimental to the
organism. In the 1850s Claude Bernard underlined this important concept when he
stated, “The constancy of the internal environment is the condition for a free and
independent life.” Bernard coined the term milieu intérieur, which referred to the
ability of the living body to be relatively independent of the surrounding environ-
ment due to the internal environment of which it is constituted. Walter Cannon fur-
ther refined this concept of milieu intérieur in 1929, developing the theory of
homeostasis [1]. He proposed that steady-state conditions require organized mecha-
nisms that resist change anytime there is a tendency to move from constancy.
Cannon based this theory on his insights on how the body maintains steady states in
glucose concentration and body temperature.

Lymphocytes of the immune system rely on homeostatic regulation to maintain
the size and composition of the lymphocyte pool. Any perturbation to the immune
system that either expands or decreases the number of lymphocytes is countered by
homeostatic mechanisms to keep the number of lymphocytes in the periphery at a
relatively constant level. The rapid expansion of T cells after infection with lympho-
cytic choriomeningitis virus is followed by massive cell death after the insult is
cleared in order to reestablish equilibrium conditions [2]. Alternatively, insults that
cause depletion of the lymphocyte pool lead to lymphocyte proliferation in order to
replenish the lymphocyte compartment. Increased access to homeostatic cytokines
and self-peptide/MHC molecules as well as a lack of regulatory T cells are primar-
ily responsible for the lymphopenia-induced proliferation. In this chapter we dis-
cuss the mechanisms that maintain homeostasis and review strategies that have
employed the lymphopenic environment to augment priming and expansion of
tumor-specific lymphocytes in the field of tumor immunology.

2 Homeostasis of T Lymphocytes

Maturation of T cells requires them to pass through positive and negative selection
in the thymus. Those T cells that interact with self-peptide/MHC molecules
(spMHC) on cortical epithelial cells with sufficient affinity are positively selected
and survive. However, T cells with medium to high affinity for spMHC are deleted
in the thymus by negative selection ensuring the removal of potentially autoreactive
T cells. The surviving T cell population leaves the thymus and becomes part of the
peripheral pool of T cells. Immune homeostasis is dependent on two primary path-
ways: continued generation of new T cells through thymopoiesis and peripheral
expansion of T cells by spMHC and homeostatic cytokines. Primary T cell
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development is dependent on thymopoiesis during the neonatal period; however,
due to thymic involution that occurs during puberty, peripheral expansion of T cells
becomes more important for maintenance of the peripheral T cell pool over the life-
span of the host [3]. In the periphery, naive T cells still depend on sub-mitogenic
signaling through spMHC and their coreceptors CD4 or CD8 for survival [1, 4, 5].
Using MHC class IT7~ mice, Takeda et al. demonstrated that weak interactions
between the T cell receptor and MHC class II molecules are required for the long-
term survival of CD4* T cells [2, 6]. Similarly, naive CD8" T cells also require MHC
class I molecules for their survival [3, 7]. However, homeostasis-driven prolifera-
tion is independent of costimulation signals mediated through CD28/B7, CD40L/
CD40, or 4-1BB/4-1BBL [8].

Interleukin-7 (IL-7) is a key cytokine that maintains survival of naive T cells in
the periphery [9-11]. IL-7 is a member of the type I cytokine family that includes
IL-2,1L-4, 11-9, IL-15, and IL-21 which share the common y-chain. Although these
other cytokines (IL-4, IL-12, and IL-15) can augment homeostasis-driven prolif-
eration, naive T cells require IL-7 for homeostasis-driven proliferation [11, 12].
IL-7 is produced by stromal cells, keratinocytes, dendritic cells, and epithelial cells
and binds to a heterodimer receptor consisting of the common y-chain and IL-7Ra
(CD127) [10, 13-15]. In vivo manipulation of IL-7 cytokine levels has been shown
to modulate the overall size of the T cell population [1, 10, 16]. In the absence of
IL-7, IL-77~ mice or IL-7Ra”" mice, there is a loss of T cells demonstrating the
necessity of this cytokine for normal T cell homeostasis [1, 2, 17].

Various studies have examined where the production of IL-7 is most crucial for
naive T cell homeostasis. There is a reduction in the survival of naive CD4+ T cells
in the absence of secondary lymphoid organs (NIK*¥*¥ mice) implicating their role
in homeostasis [2, 3, 18]. The production of CCL19 and CCL21 by fibroblastic
reticular cells in the T cell zones of lymphoid organs is crucial to attract naive
T cells where they can receive survival signaling through IL-7 which is also pro-
duced by the fibroblastic reticular cells [1, 3-5, 19]. The production of IL-7 is rela-
tively consistent, and thus T cell responses are regulated by competition for the
cytokine as well as expression of the IL-7 receptor (CD127). CD127 is differen-
tially expressed on T cells at all stages of development. Interestingly, naive T cells
were found to downregulate CD127 after IL-7 stimulation and upregulate CD127
in the absence of IL-7 [2, 4-6, 20].

IL-7 promotes cell survival by preventing apoptosis mediated by Bcl-2 family
members. IL-7 signaling increases the expression of Bcl-2 which regulates the
activity of the apoptotic molecules, Bax and Bad, and contributes to the enhanced
survival [3, 6, 7, 21, 22]. Signaling through the IL-7 receptor also activates the Jak/
STAT signaling pathways [7, 8, 23]. Activation of these pathways is known to have
effects on cell survival, growth, and metabolism [8—11, 24, 25].

In contrast to the quiescent state of naive T cells, memory T cells undergo slow
cell division about once every 2-3 weeks [9-12, 26]. Survival of memory T cells is
independent of spMHC but is dependent on common 7y chain cytokines, IL-15 and
IL-7 [10-15, 27-29]. CD8" central memory T cells express high levels of CD127
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Fig. 1 Lymphopenia leads to the proliferation of T cells. (a) Within the T cell zone of lymphoid
organs T cells compete for the presence of sp/MHC on antigen-presenting cells as well as for
homeostatic cytokine, IL-7, during lymphoreplete conditions. (b) In contrast, conditions that cause
T cell depletion create a lymphopenic environment in the T cell zone leading to increased access
to IL-7 and sp/MHC on antigen-presenting cells. Naive T cells are also brought from the periphery
to the T cell zone of lymphoid organs due to increased access to chemokines, such as CCL19. The
resultant lymphopenia-induced proliferation creates memory-like cells that share phenotypically
markers and similar function as antigen-induced memory T cells

(IL-7Ra) and CD122 (IL-15Rp), allowing them to rapidly respond to IL-7 and
IL-15 [10, 13-15, 30]. In the absence of IL-15 (IL-157~ mice) there was a lack of
CD8* memory T cells [10, 16, 28, 31]. In contrast, CD4* memory T cells express
lower levels of CD122 and are less dependent on IL-15 than CD8* memory T cells
[5]. CD4* memory T cells express high amounts of IL-7 receptor and have demon-
strated dependence on IL-7 for homeostasis-driven proliferation [32].

Taken together these mechanisms ensure that the T cell compartment within the
immune system remains within limits (Fig. 1a). Alterations to these mechanisms
can lead to compromised homeostasis, which is detrimental to the host as evidenced
by mice deficient in these pathways.
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3 Lymphopenia-Induced T Cell Proliferation

The same regulatory mechanisms that maintain a stable number of T cells in the
periphery are responsible for reconstituting the T cell pool after a lymphopenic
insult [33, 34]. Proliferation of T cells is driven by increased access to IL-7 due to
the diminished number of lymphocytes in the lymphopenic environment. This
“space” created by the lack of lymphocytes decreases competition between T cells
for IL-7, inducing lymphopenic proliferation when they engage spMHC [5]
(Fig. 1b). Lymphopenia-induced proliferation of T cells not only increases their
numbers but also results in their acquiring a memory-like phenotype (CD44*Ly6C*,
CD122%). These memory-like T cells gain the ability to secrete interferon-y and
become cytotoxic effectors when stimulated with their cognate antigen [35-37].
The role of TCR interactions with spMHC in lymphopenia-induced proliferation
might favor T cells with higher affinities for spMHC. Indeed it has been shown that
lymphopenia-induced proliferation is driven by the affinity of the TCR for the
spMHC and favors T cells with higher affinities for spMHC or T cells that have
increased access to relevant spMHC [38, 39]. Various groups have shown skewing
of the T cell repertoire due to interclonal competition for homeostatic factors
[40—42]. These data suggest that over time low-affinity T cells for spMHC would be
lost from the T cell pool; however, this is not entirely true since it was observed that
the frequency of low-affinity T cells simply plateaus at later time points [43]. This
demonstrates that clonal competition also exists during lymphopenia-induced pro-
liferation limiting the number of T cells expressing the same T cell receptor [44, 45].
Regulatory T cells (T,,) have been shown to have a crucial role in preventing
autoimmune disease, limiting damage caused by chronic inflammatory diseases, and
are important for the maintenance of peripheral tolerance. The role of T, cells in
controlling homeostasis-driven proliferation has been controversial. Some groups
have shown little impact on proliferation if T, cells are co-transferred with naive
T cells into lymphopenic mice [8, 46], while others have observed that T, cells can
inhibit the proliferation of naive CD4 T cells but not CD8 T cells transferred into a
lymphopenic environment [47]. It also appears that the ratio of T, cells to naive
T cells impacts the likelihood of the naive T cells to proliferate [47]. Studies using
monoclonal T cells demonstrated that the presence of T,, cells was sufficient to only
slightly dampen the lymphopenia-driven proliferation of high-affinity T cells but
they were sufficient to prevent the cell division of low-affinity T cells [48]. Together
these data suggest that the presence of T, cells raises the threshold of TCR avidity
required for lymphopenic induced proliferation. In addition to preventing lymphope-
nia-driven proliferation, T, cells also block the differentiation of T cells to the
memory phenotype [48]. Although the exact mechanism by which T, cells might be
regulating homeostasis-driven proliferation is unknown, a number of potential can-
didates including CTLA4 and TGF-p have been studied [49, 50]. The lymphocyte
activation gene-3, LAG-3, has been shown to be important for the negative regula-
tion of homeostasis mediated by T, cells. Interestingly, T cells deficient for LAG-3
showed enhanced lymphopenia-induced proliferation in lymphopenic hosts [51].
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4 Lymphopenia-Induced Pathologies

The recognition of self is important for homeostasis; however, severe lymphode-
pletion enables spMHC molecules to activate T cells specific for self-peptides to
proliferate. Depending on additional factors, this lymphopenia-induced prolifera-
tion might result in autoimmunity [52]. A number of studies have implicated
lymphopenia-induced proliferation as a contributor to autoimmunity [53-55].
Neonatally thymectomized mice (day 3) of several strains develop autoimmune
reactions targeted against multiple organs [56, 57]. This autoimmune reaction has
been associated with the loss of thymic derived T, cells that develop after day 3
[58, 59]. This suggests that the peripheral expansion of neonatal T cells coupled
with the absence of T, cells drives these autoimmune responses. Similarly, the
adoptive transfer of T,.,-depleted splenocytes into a lymphopenic host induces auto-
immune gastritis. The autoimmune pathology is dependent on both the absence of
T, cells as well as induced proliferation as neither on their own was able to reca-
pitulate the disease state [53]. Multiorgan autoimmunity can also be observed in
mice that are made lymphopenic by high-dose irradiation. Again this is a result of
increasing homeostatic cytokine levels and depleting inhibitory lymphocytes.
Adding back CD4* T cells from the spleen of a non-irradiated mouse was sufficient
to prevent the autoimmune disease [60] demonstrating that loss of T, cells induced
proliferation that led to autoimmunity.

Additionally, the method that induces lymphopenia might elicit factors that will
enhance the immune response. Total body irradiation results in commensal gut
microflora in the mesenteric lymph nodes and elevated LPS levels in the sera. The
engagement of toll-like receptor 4 by the LPS resulted in increased dendritic cell
activation and CD8" T cell activation [61]. Total body irradiation also causes the
upregulation of VCAMI1, ICAMI, and B7-2 that might modulate trafficking and
costimulation of T cells [62].

5 Lymphopenia-Induced Antitumor Immune Responses

The potent autoimmune responses that have been observed in lymphopenia-induced
proliferation models have been enticing to tumor immunologists, providing evi-
dence that anti-self immune responses can be generated. Most tumor vaccine strate-
gies fail to elicit immune responses that impact tumors likely as a result of the lack
of potent stimulation by tumor antigens. Because most tumor antigens are self-
proteins, potential high-affinity T cells that would target the tumor are either nega-
tively selected in the thymus or silenced by other peripheral suppressive mechanisms.
Since lymphopenia provides a window where homeostatic cytokines can induce the
proliferation of T cells specific for low-affinity sp MHC molecules while also
removing suppressive T, cells, it is an enticing environment to study for improved
antitumor immunotherapy.



Employing T Cell Homeostasis as an Antitumor Strategy 89

Early studies by Mitchison et al. demonstrated that irradiation of the host prior to
adoptive transfer of lymphocytes led to improved magnitude and duration of the
transferred antiviral protection [63]. This observation has been followed by other
groups who have shown that after immune cell depletion, adoptive transfer of T cells
displayed increased antitumor efficacy [64—67]. Using cyclophosphamide (150 mg/
kg i.v.) to induce immune cell depletion, North and colleagues were able to impact
tumor growth by transferring naive T cells into these lymphopenic mice. Additionally,
they showed that tumor regression caused by the adoptive transfer in the lymphope-
nic environment was abolished if spleen cells from tumor-bearing mice were co-
transferred [68]. They reasoned that the augmented immunotherapy was due to the
cyclophosphamide-induced elimination of tumor-induced suppressor T cells.

Building off previous work using cyclophosphamide, Machiels et al. examined
the dose and timing of cyclophosphamide to determine the best schedule for medi-
ating an enhanced tumor-vaccine immune response. They found that administration
of cyclophosphamide 1 day prior to vaccine at doses between 50 and 150 mg/kg
provided the best antitumor immune responses [69]. At this dose of cyclophospha-
mide CD4* and CD8* T cells are reduced by 50 %, while T, cells are even more
profoundly impacted [70]. Higher doses of cyclophosphamide (200 mg/kg) did not
enhance vaccine efficacy due to the severe decrease in all T cell subsets [69, 70]. It
is clear from these experiments that in order to utilize the benefits of lymphopenia
that would include lymphopenic induced proliferation, the lymphopenic host needs
to be reconstituted with lymphocytes. Reconstitution of lymphopenic mice
(600 cGy or Ragl™") with naive T cells followed by tumor vaccination led to sig-
nificantly higher frequencies of tumor-specific T cells in the tumor-vaccine drain-
ing lymph nodes compared to normal mice [71, 72]. The increased frequency of
tumor-specific T cells was represented in both the CD4 and CD8 T cell compart-
ment and exhibited a type 1 phenotype (interferon-y secretion). Importantly, vac-
cination was best when performed concomitant with reconstitution of lymphopenic
mice, as delaying vaccination resulted in T cells with less therapeutic activity [71].
Similar findings were also observed in a lymphopenic model using sublethal total
body irradiation (500 cGy) [73]. However, if the reconstituting fraction came from
a tumor-bearing mouse then vaccination was ineffective in priming an antitumor
immune response. Corroborating North’s earlier findings, removal of the T,, popu-
lation from the reconstituting fraction restored the ability to prime an antitumor
immune response [74, 75].

An alternative approach to using the benefits of lymphopenia-induced prolifera-
tion is to transfer tumor-specific T cells into the lymphopenic recipient. This strat-
egy is useful for transferring tumor-infiltrating lymphocytes (TIL), transgenic T cell
receptor-transduced T cells, or chimeric-antigen receptor-transduced T cells. The
adoptive transfer of TIL into recipient mice had been treated with cyclophosphamide-
mediated elimination of tumor in contrast to transfer of TIL alone [76]. The adoptive
transfer of transgenic tumor-specific CD8* T cells into sublethally irradiated lym-
phopenic mice also blocked tumor growth better than lymphoreplete mice [77-79].
This enhanced antitumor efficacy was attributed to increased antitumor function
[77] and longer persistence of memory T cells [78] augmented by the availability of
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IL-7 and IL-15 in the lymphopenic mice. Further work demonstrated that the
addition of total CD4* T cells to the adoptive transfer prevented effective adoptive
immunotherapy in lymphopenic recipients. However, removal of T, cells
(CD4*CD25") from the CD4* fraction that was transferred with melanoma-specific
transgenic CD8* T cells restored the ability to regress established melanoma in lym-
phopenic mice [79]. The lymphopenia-induced proliferation of T, cells during
immune reconstitution [80] and their ability to block potential antitumor immune
responses must be considered when determining which fraction of cells to use for
reconstitution of lymphopenic hosts.

Recent work has focused on increasing the intensity of the lymphodepletion
using myeloablative total body irradiation (900 cGy). Since this dose is myeloabla-
tive it is imperative to reconstitute the recipient with a hematopoietic stem cell
transplant. This strategy exhibited enhanced antitumor activity compared to mice
treated with lower intensities of radiation [81, 82]. The myeloablation significantly
reduces the number of surviving host cells, reducing the potential for recovery of
host immunoregulatory cells that impede the antitumor immune response at lower
radiation intensities.

An alternative strategy to inducing lymphopenia in hosts is to replicate the physi-
ology of lymphopenia in lymphoreplete hosts by providing targeted therapies. The
rationale for attempting this strategy is that although T cell depletion in humans
over the short term has its benefits for antitumor immune responses, over the long
term it can be associated with immune dysfunction [83-85]. The adoptive transfer
of antitumor TCR-transgenic CD8" T cells into lymphoreplete hosts treated with
recombinant IL-7 and T, depletion impacted tumor growth and increased survival.
Interestingly, this strategy also supported determinant spreading that was absent in
lymphopenic hosts [86, 87]. Other groups have demonstrated that the inhibitory
receptors LAG-3 and PD-1 control immune homeostasis and prevent autoimmunity
[51, 88]. Mice deficient in both of these inhibitory receptors have autoimmune infil-
trates in multiple organs that results in lethality. However, blocking both of these
pathways using anti-LAG-3/anti-PD-1 antibodies successfully cured mice of estab-
lished tumors without the lethal autoimmune disease [89].

The data from preclinical studies support the benefits of the lymphopenic envi-
ronment in generating and sustaining antitumor immune responses. Clinical transla-
tion of these mechanisms requires strategies that mimic the lymphopenic conditions
while also being cognizant of the potential for unwanted autoimmune pathologies.

6 Clinical Evidence/The Human Model

The induction of lymphopenia has been used to enhance the efficacy of adoptive
T cell and vaccine-based immunotherapies in numerous clinical trials for metastatic
melanoma as well as renal, pancreatic, breast, and a growing list of other cancers.
Cyclophosphamide is the most commonly used strategy to lymphodeplete patients
prior to vaccination, and the combination of cyclophosphamide and fludarabine has
provided the greatest therapeutic impact in adoptive T cell immunotherapy studies.
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However, several other chemotherapies and total body irradiation have been
employed alone or in combination with other agents in some clinical trials [90].

This section covers clinical experience with lymphopenia-induced T cell prolif-
eration in the realms of both vaccines and adoptive immunotherapy for the treat-
ment of patients with cancer. We also examine the evidence taken from phenotyping
peripheral blood cells of patients in clinical trials that sheds new light on one of the
hypothetical mechanisms of action for homeostasis-driven T cell expansion aiding
cancer immunotherapies: that changes in T cell subset proportions might favor anti-
tumor responses after homeostasis is achieved. Additionally, clinical evidence that
has accumulated concerning how extensive a deletion regimen is needed to boost
antitumor responses is examined. However, it should be noted that just as translat-
ing experimental results from mouse models to man may at times mislead research-
ers, so too can the results from clinical trials be misrepresentative. The lack of
definitive control groups and small sample numbers in clinical trials often frustrate
our ability to answer basic questions of how to further improve patient care and
must be taken into account to avoid overinterpreting data.

7 Adoptive Imnmunotherapy of Cancer

Adoptive T cell immunotherapy for cancer has employed a number of different
approaches, but the majority of studies have employed the passive transfer of autol-
ogous tumor-reactive T cells generated from tumor-infiltrating lymphocytes that
were expanded to large numbers and infused with IL-2 support [91]. An alternative
strategy was to transfer tumor-associated peptide-reactive T cell lines or clones gen-
erated from the peripheral blood. With few exceptions, adoptive transfer of TIL,
T cell lines, or clones provided limited therapeutic impact, beyond that of IL-2
alone, when T cells were transferred into lymphoreplete hosts.

The first reasonably sized study to combine adoptive immunotherapy and non-
myeloablative conditioning examined the efficacy of adoptively transferring autolo-
gous gpl00-specific CD8+ T cell clones to HLA-A2+ patients with metastatic
melanoma. Following lymphodepletion with cyclophosphamide and fludarabine,
patients received CD8 T cell clones alone or in combination with low- or high-dose
IL-2 [92]. No patients exhibited an objective response.

Subsequently, this same group evaluated the impact of adoptively transferring
autologous TIL lines, including both CD4+ and CD8+ T cells, into 13 HLA-A2*
patients with metastatic melanoma patients. These patients received the same non-
myeloablative conditioning regimen specified above [90]. Strikingly, this strategy
resulted in the first example of rapid and extensive in vivo expansion and long-term
persistence of tumor-specific TIL and was associated with a high rate of clinical
efficacy. Six of the thirteen patients (46 %) had an objective clinical response, and
four others exhibited mixed responses, with significant shrinkage at one or more
metastatic sites. Of those responders, half presented with the melanocyte-associated
autoimmune responses vitiligo and anterior uveitis. Two of the responding patients
presented with lymphocytosis comprised primarily the transferred TIL cells.
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Incredibly, each of these two patients grew out a single tumor-reactive clone
representing the majority of their peripheral blood lymphocytes for 4 months to
several years after treatment.

A second NCI fludarabine clinical trial enrolled 35 patients with advanced meta-
static melanoma that were refractory to conventional treatments [93]. Eighteen of
the thirty-five treated patients demonstrated an objective response to treatment, and
eight others demonstrated a mixed or a minor response. While 13 of the patients
who exhibited an objective response ultimately progressed at one or more sites after
treatment, evidence of immune editing of these metastases gave proof to the power
of the therapy. Antigen expression by tumor cells was evaluated in pretreatment and
recurrent lesions for nine of these patients. Recurrent lesions from four patients did
not express HLA-A2 and recurrent lesions from one other patient did not express
the MART-1 protein, while lesions from seven evaluated patients who were nonre-
sponders expressed both HLA and MART-1 antigens. Of note, ten patients in this
study did not receive G-CSF after lymphodepleting chemotherapy, since that growth
factor has been described by some as immunosuppressive [94]. No obvious differ-
ence in clinical response was observed; however, G-CSF administration did signifi-
cantly improve neutrophil recovery.

Studying metastatic melanoma patients treated with lymphodepleting chemo-
therapy prior to adoptive T cell immunotherapy has shown that the persistence of the
transferred cells is related to the length of the telomeres before transfer [95]. Thus,
relatively “young” TIL seem to make better therapies than older cells. This observa-
tion led to the creation of a new clinical trial utilizing TIL cultured ex vivo for a
shorter time span. In order to accommodate the accelerated timing investigators
eliminated the individualized tumor-reactivity screening step and thus were able to
broaden the number of patients who were actually treated by this therapy. Thirty-
three patients were treated with CD8+-enriched young TIL and IL-2 following lym-
phodepletion. Twenty-three additional patients were treated with CD8+-enriched
young TIL and IL-2 after lymphodepleting chemotherapy plus 6 Gy of total body
irradiation. Historically, 27 % of patients who were intended for treatment with TIL
have actually received adoptive immunotherapy. This failure to treat was due to lack
of tumor specificity (release criteria) of the cultured TIL or patient progression dur-
ing the time it takes to obtain a sufficient number of TIL for adoptive transfer [96].
In contrast 53 % of eligible patients were able to receive the young TIL therapy.
Since both treatments resulted in just over 50 % RECIST response rates, this stands
as a significant advance in the field. Importantly, 11 of the 30 objective responders in
this trial received TIL that would not have been administered in previous trials [96].

8 Vaccine Augmentation

When patients with cancer were vaccinated with KLH, before or after
cyclophosphamide-induced lymphopenia, it was found that pretreatment of patients
with cyclophosphamide augmented the development of delayed-type
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hypersensitivity (DTH) responses to KLH [97]. This finding motivated researchers
to ask whether pretreatment with cyclophosphamide could help enhance the effects
of a cancer vaccine in a clinical trial [98]. Patients with metastatic melanoma were
treated with a lethally irradiated autologous melanoma cell vaccine that was admixed
with bacille Calmette-Guérin (BCG) as an adjuvant in a buffered salt solution,
either given alone or 3 days after a low-dose cyclophosphamide treatment. The
chemotherapy was given as a single bolus injection of 300 mg/m?, which is very
nearly equivalent to 8.1 mg/kg in adult humans [99]. The DTH responses of
cyclophosphamide-treated patients were significantly greater than those of patients
receiving vaccine only. Whereas seven of eight cyclophosphamide-treated patients
developed DTH to autologous melanoma cells of at least 5 mm, only two of seven
controls did so. Two patients had significant antitumor responses to treatment with
cyclophosphamide plus vaccine, with a complete disappearance of skin metastases
and a pulmonary nodule in one and the regression of subcutaneous and liver metas-
tases in the other.

A comparison of the combination of busulfan and fludarabine versus 30 or
60 mg/kg cyclophosphamide was examined in a trial with patients with metastatic
melanoma. All patients received a melanoma antigen-peptide (MART-1) vaccine
following reinfusion with autologous PBMC [100, 101]. Patients receiving cyclo-
phosphamide were also given G-CSF (low dose) or GM-CSF (high dose) to boost
neutrophil counts back to normal levels. A high percentage of activated proliferat-
ing cells was detectable early after PBMC transfer and remained so over a period of
3 weeks. Cyclophosphamide treatment resulted in enhanced lymphodepletion that
in turn led to greater T cell activation and proliferation that plateaued by day 30
when enhanced proliferation was no longer detected. Busulfan plus fludarabine
seemed to be less efficient promoters of homeostasis-driven proliferation since
patients of that cohort had very low levels of activated and proliferating T cells.
Patients receiving cyclophosphamide who presented with EB V-specific CD8 T cells
averaged twice as many EBV-specific CD8 T cells after the treatment. However, the
percentage of MART-1-specific CD8 T cells that produced interferon-y prior to
treatment was halved after treatment. This could be a complication of the particular
antigen chosen, since the MART-1-specific T cell repertoire in healthy HLA-A2
individuals averages 1 in 1,400 blood CD8 T lymphocytes [102]. Phenotypically
and functionally these are naive T cells that appear to undergo an unusually high
level of positive selection in the thymus with limited expansion in the periphery,
thus making their response to the conditions that drive homeostasis-driven T cell
expansion possibly aberrant. Researchers strengthened the finding that patient CD8
T cell responses to melanoma-associated cancer-testis antigen were more frequent
30 days after treatment, and thus the only antigen-specific responses measured that
were observed to decrease were the MART-1 response to which patients were vac-
cinated. Of note, the TLR9 agonist, CpG, given as an adjuvant in this vaccine for-
mulation was not included for boosts given post depletion, and this lack of an
adjuvant may well have impacted the potential potency of the vaccine.

Another important clinical trial that combined vaccines to lymphodepleting
strategies involved 14 patients with pancreatic adenocarcinomas [103]. Eight weeks
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after pancreatic duodenectomy, patients received between 10 and 500 million
irradiated allogeneic GM-CSF-secreting tumor cells as a cancer vaccine. Twelve of
fourteen patients then went on to receive a 6-month course of adjuvant radiation and
chemotherapy with a variety of agents. One month after completing adjuvant
treatment, six patients still in remission received up to three additional monthly vac-
cinations with the same vaccine dose that they had received originally. Vaccination
induced increased DTH responses to autologous tumor cells in three patients who
had received at least 100 million vaccine cells. These three patients also seemed to
have had an increased disease-free survival time, remaining disease free at least 25
months after diagnosis. A significant change in post-vaccination DTH activity was
not noted in patients treated at lower dose levels. While all patients in this study
received lymphodepleting chemotherapy, the profound effect of vaccine dose high-
lighted an important concept in this type of combined therapy that homeostasis-
driven T cell expansion may be able to assist vaccination but only if the vaccine
reaches above a threshold of potency.

The vaccine schedule can also have profound effects on immune activation when
lymphodepletion is involved [104]. Forty-two advanced myeloma patients were
divided into four arms of treatment. All patients received ex vivo co-stimulated
T cell infusions combined with a pneumococcal conjugate vaccine (PCV) immuni-
zations after chemotherapy-induced lymphopenia. The four arms represented a fac-
torial design for two variables representing two distinct questions the investigators
were asking. Does vaccination just prior to apheresis and chemotherapy-induced
lymphopenia efficiently prime later post-depletion vaccinations? And should ex
vivo-activated T cells be given prior to post-depletion vaccinations or after? Thus
two groups were vaccinated prior to lymphodepletion while two were not. Likewise
two groups were reinfused with activated autologous T cells between lymphodeple-
tion and post-depletion vaccination (for one group the first vaccine), while two
groups were reinfused after the post-depletion vaccination. In this trial pre-depletion
priming seemed to be the most important question/variable, since both groups vac-
cinated prior to apheresis and lymphodepletion showed stronger PVC IgG responses
than patients who received no priming vaccine. Should ex vivo-activated T cells be
given prior to post-depletion vaccinations or after? Between the two groups that
were primed prior to depletion, more patients given activated T cells prior to boost
vaccines made higher PVC IgG titers than patients given activated T cells after
boosting; however, these two groups had observably dissimilar responses to the
prime vaccine —at which time point their treatments were identical. Given the small
number of patients studied and the variable pretreatment response, these interesting
results will need future confirmation. However, the significant effect priming prior
to depletion had on immune response is remarkable considering that previous
studies have shown a profound reduction in vaccine responsiveness within the first
2 years of receiving autologous peripheral blood stem cell and bone marrow trans-
plants [105, 106].

A similar finding was announced by a group looking at 214 patients with clini-
cal stage III melanoma that were vaccinated with multiple intradermal injections
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of autologous tumor cells modified with the hapten, dinitrophenyl (DNP), and
mixed with BCG [107]. Four different vaccine dosage schedules were tested, all
of which included low-dose cyclophosphamide. While differences were seen
between the four schedules, researchers were surprised to find that the timing of
a baseline DTH skin test was an efficient predictor for later DTH responses to
autologous unmodified melanoma cells. They discovered that patients who had
received baseline skin testing 3—8 days prior to chemotherapy generated greater
immunity than those who had been skin-tested 1 day prior or on the day of che-
motherapy, a variable identified during post hoc analysis. This effect remained
significant in a multivariate analysis that included well-known prognostic vari-
ables. While the study was not designed to answer such a question, the sheer
number of patients involved as well as the fact that this capitulates another finding
give cause to study further the effects of priming before lymphodepletion fol-
lowed by booster vaccinations.

9 Lymphopenia-Induced Changes in T,., Percentages

An increased percentage of T, in peripheral blood has been associated with several
tumor types, including non-small-cell lung cancer, breast cancer, colorectal cancer,
esophageal cancer, gastric cancer, hepatocellular carcinoma, lung cancer, and mela-
noma [108-113]. These T, represent a major obstacle in the generation of antitu-
mor immune responses [114]. In a seminal study examining the affects of
cyclophosphamide-based chemotherapy-induced lymphopenia and IL-2 therapy on
24 patients with pediatric sarcoma, functionally suppressive T, were shown to
preferentially expand under the conditions of homeostasis-driven proliferation [80].
The addition of exogenous IL-2 seemed to enhance this effect. Interestingly, the
youngest participant in this trial was the only one to show recovery of the naive CD4
CD45RA compartment, implying thymic contribution to regenerating T cell num-
bers after chemotherapy does not occur in adults. Additionally, T cell receptor exci-
sion circles (TRECs) were more diluted in T, of IL-2-receiving patients than
patients receiving no IL-2, indicating that this conditioning regimen induced T,
proliferation. Ki-67 staining confirmed that T,., expanded preferentially post cyclo-
phosphamide treatment, a finding at odds with mouse models of cyclophosphamide
effects [70].

The NCI tested in vivo transfer of autologous CD25-depleted mononuclear
populations to lymphopenic patients in combination with high-dose IL-2 to try to
work around this conundrum. Five patients with IL-2 refractory metastatic mela-
noma were given lymphodepleting chemotherapy followed by the autologous
transfer of T, cell-depleted PBMC and high-dose IL-2. High percentages of CD4
cells in peripheral blood expressed FOXP3 within 10 days of depletion [115].
This study highlights an important possibility that homeostasis of the T, com-
partment may enable homeostasis-driven T, expansion in T,.-depleted hosts, an
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important consideration since several strategies to selectively deplete T, are
current topics of investigation. Another possibility is that the high-dose IL-2,
known to activate and expand T, is a suboptimal conditioning regimen for such
a depletion strategy [80].

egs

10 The Dose Makes the Poison

The maxim “the dose makes the poison” certainly seems to be true with
immunomodulatory chemotherapies. One study examined this phenomenon by
using a factorial study design to determine the optimum dosing of combined ther-
apy with cyclophosphamide and doxorubicin. The highest dose of doxorubicin
tested was 35 mg/m? (equivalent to 0.95 mg/kg in adult humans [99]), and this
enhanced patients’ humoral responses to an human epidermal growth factor recep-
tor-2 (HER-2) vaccine, while the lowest dose of cyclophosphamide best increased
HER-2 antibody responses of the patients. Cyclophosphamide doses more than
200 mg/m? (equivalent to 5.4 mg/kg in adult humans [99]) abrogated both cellular
and humoral responses [116]. These findings were observed in the context of a
dual-chemotherapy regimen; therefore, extrapolating to single-agent treatment
studies is tenuous. However, these findings hint that, at least in the case of cyclo-
phosphamide, less can be more.

In order to minimize toxicity chemotherapeutics are sometimes given in repeti-
tive but very low doses, a technique called metronomic chemotherapy. This approach
has been proposed as a means of minimizing tumor angiogenesis. One recent study
looked at T, and their correlation to clinical outcome in 12 patients with treatment-
refractory metastasized breast cancer who received metronomic low-dose cyclo-
phosphamide daily for 3 months. Cyclophosphamide treatment initially caused a
significant reduction in circulating T,,. However, T, numbers completely recov-
ered during the treatment due to increased proliferative activity and maintained their
suppressive capacity. T, depletion significantly correlated with an increase in
breast tumor-specific T cells, the numbers of which correlated with disease stabili-
zation and overall survival [117].

A similar strategy was employed by another group seeking to enhance the anti-
tumor properties of an intratumorally injected oncolytic adenovirus [118]. Forty-
three patients with a variety of solid tumors refractory to conventional therapies
were divided into four cohorts: cyclophosphamide given in oral metronomic dos-
ing (50 mg/day), intravenously (single 1,000 mg dose), with both chemo regimens,
or with no chemotherapy. Metronomic cyclophosphamide (both oral and
oral+bolus injection) decreased percentages of Ty, cells without impairing the
generation of antitumor or antiviral T cell responses. The cytokine profile of ex
vivo-stimulated peripheral lymphocytes was analyzed before and after treatment.
Patients receiving the combination of metronomic cyclophosphamide and the
oncolytic adenovirus had an increase of interferon-y, tumor necrosis factor-a, and
interleukin-2 (IL-2) suggesting an ongoing Th1-type immune response. Importantly,
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all cyclophosphamide regimens resulted in significantly higher rates of disease
control than virus only, and the best progression-free and overall survival was seen
in the group receiving oral and intravenous cyclophosphamide.

Investigating the possibility that a more extensive depletion strategy may yield
better patient responses, recent clinical trials at the NCI investigated adoptive T cell
immunotherapy for patients with metastatic melanoma combined with intensive
myeloablative chemoradiation preparative regimens [119]. Their historical data of
chemotherapy plus adoptive T cell immunotherapy with autologous TIL and IL-2
has yielded about a 50 % objective response rate. When adding 2 or 12 Gy total
body irradiation to the preparative regimen of cyclophosphamide and fludarabine
they realized slightly higher (though not statistically significant, perhaps due to
small group numbers) objective response rates of 52 and 72 %, respectively. Serum
levels of IL-7 and IL-15 were statistically higher in the 12-Gy TBI group than
chemo only. It is possible that increased availability of these cytokines to TIL cells
in patients conditioned with 12-Gy TBI may have increased their proliferative and
functional status in these patients.

Myeloablative therapies supported by autologous stem cell transplantation have
proven to be effective treatments for certain hematological malignancies. However
there is an increased level of risk with such strategies since complete reconstitution
of lymphoid and other immune effector cells may take months to years and the side
effects of TBI can be substantial [120, 121]. Fortunately, there are increasing num-
bers of long-term survivors who have undergone myeloablative therapies, and thus
knowledge about late effects on the immune system is accumulating.

11 Conclusion

Many studies have given evidence that cancers do alert the host immune system
[121]. Unfortunately, many mechanisms exist whereby cancers can subvert this
immunologic recognition and induce tolerance. Given such a state, resetting the
immune system through depleting regimens of chemo- or radiotherapy has been an
active area of study, both in preclinical and clinical settings. This is fortunate, since
while these therapies hold promise, many questions remain concerning best clinical
practice for combining lymphodepletion-induced homeostasis-driven T cell expan-
sion with either vaccination or adoptive T cell immunotherapy (Fig. 1). One impor-
tant question not yet addressed in human clinical trials is whether vaccination and
adoptive T cell immunotherapy can be combined for potentially synergistic immu-
nological and clinical effects, as mouse models indicate [81]. Likewise, much
excitement has been generated with checkpoint-blockade (i.e., Yervoy, PD-1,
PD-L1) and co-stimulatory (i.e., OX40) antibodies where preclinical data dominate
[122]. Inclusion of these agents with vaccines and/or adoptive T cell immunother-
apy in homeostasis-driven T cell expansion strategies may well represent a very
important piece in the puzzle of combination immunotherapy (Fig. 2).
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Conditioning
Lymphodepletion Regimen?
Type? 1L-27
Dose? GM-CSF? N
Apherese? Adoptive Cell Vaccine
How Therapy? Boost?
much? Bulk TIL,
selected cells,
or transgene
clones?

Fig. 2 Variables in immunotherapies employing homeostasis-driven T cell expansion. Many
questions are still unanswered concerning how best to utilize homeostasis-driven T cell expansion
with cancer immunotherapies. From questions of vaccine choice to whether one uses the patients’
pre-depleted blood product to reinfuse patients post depletion. The extent and method of depletion
as well as the identity of adoptive cellular therapy product are both major variables for determining
success of therapies that have not been sufficiently optimized in clinical trails. Additional “details”
that may change patient outcome are the possible use of the proper recombinant hematopoietic
growth factors or cytokines as conditioning agents and the timing of booster shots employed in a
vaccine modality
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Adoptive Cell Therapy of Systemic Metastases
Using erbB-2-Specific T Cells Redirected
with a Chimeric Antibody-Based Receptor

Dinorah Friedmann-Morvinski, Tova Waks, Assaf Marcus, and Zelig Eshhar

Abstract Immunotherapy of cancer using adoptive cell transfer combined with the
advent of gene-engineering technologies has become an appealing option for a wide
spectrum of cancers. In contrast to T cell receptor-based approaches, which are
MHC restricted, chimeric antibody-based receptors (CAR), pioneered by our group,
allow for a broader application, which are not restricted to individual tissue types.
Here, we describe our studies using T cells redirected with CAR specific to the
erbB-2 growth factor proto-oncogene as a common tumor target antigen. In a murine
model for lung metastasis, we demonstrate that under defined conditions, CAR-
expressing T cells (T-bodies) can eliminate systemic lung metastases, which are
generally felt to be incurable. The antitumor effect of systemically injected T-bodies
was augmented by using increased injected cell doses and repeated administration
cycles as well as by pre-vaccination of the tumor-bearing mice. Most importantly,
we were able to establish a protocol enabling the use of MHC mismatched T-bodies
in a safe and effective manner. We found that a single dose of allogeneic T-bodies
under mild immunosuppressive conditions could cure metastases, demonstrating
the efficacy of this modality against disseminated disease. These results provide a
proof of principle for using allogeneic erbB-2-specific T-bodies as a standard
treatment of erbB-2-expressing tumors.
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1 Introduction

The immune system is a tightly regulated network that is able to maintain a balance
of immune homeostasis under normal physiological conditions. Normally, when
challenged with foreign antigen, specific and appropriate responses are initiated that
are aimed at restoring homeostasis. However under some circumstances, this bal-
ance is not maintained and immune responses either under- or overreact. Cancer is
an example of a situation in which the immune response can be inefficient or unre-
sponsive, resulting in uncontrolled growth of the cancer cells. This phenomenon is
not fully understood, but much evidence suggests that insufficient number of T cells
capable of responding to tumor cells, inadequate avidity of these T cells for tumor
antigens, and tolerogenic attenuation or suppression induced by the tumor and/or its
microenvironment contribute to this immunological failure [30]. At present, the
efficacy of conventional therapies, such as chemo- or radiotherapy is limited, and
biological therapies that are focused on utilizing the patient’s immune response to
his/her own disease appear promising. Following the discovery of the first tumor
antigens [36], most of the attempts carried out over the past two decades to enhance
the immune system by different modes of active vaccination resulted in a very low
frequency of durable complete responses against most cancers [15, 37, 38].
Therefore, attempts in immunotherapy of cancer have shifted to passive vaccina-
tion, employing cancer-specific antibodies or T cells. While many antibodies spe-
cific to tumor-associated antigens (TAA) were generated and several of these have
been humanized and applied to the clinic, the antitumor response of the widely used
therapeutic antibodies is limited to “soft tumors” such as lymphomas and leukemias
(e.g., anti-CD20, rituximab) or antibodies to functional receptors over-expressed on
certain solid tumors that are essential for maintaining the transformed phenotype
(e.g., anti-erbB-2, herceptin).

The current challenge in the use of antibodies for the immunotherapy of tumor is
to increase their antitumor potency especially towards solid tumors. The other effec-
tor arm of adaptive immunity that has also been recruited for cancer treatment is that
of T cells. T cells recognize tumors through their T cell receptors (TCR) that can
bind with relatively low affinity to MHC-bound peptides on the surface of their
target cells. The advantage of T cells for tumor therapy is that they target peptides
derived from both membrane-bound and intracellular proteins, in contrast to anti-
bodies, which can only target extracellular epitopes. During the last two decades,
T cells specific to various cancers were isolated and propagated from resected
tumors (collectively termed tumor-infiltrating lymphocytes (TILs)) and, upon rein-
troduction to the patient, have proven very effective in curing disseminated tumors
(such as metastatic melanoma) that are refractory to all other treatments [27].
However, TILs are highly differentiated cells, and it was shown by Rosenberg et al. [14]
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that less differentiated T cells are, in practice, more effective. Additionally, the pro-
cess of isolating TILs is very time consuming and expensive, and in some cases
TILs cannot be obtained at all. In recent years, with the advent of gene-transfer
technologies, these problems have been circumvented through ectopic expression in
patient-derived T cells of gene pairs of TCR chains that encode receptors specific
for a given HLA haplotype and peptide complex. In a number of clinical trials tar-
geting melanoma as well as other cancers, such autologous TCR-transduced T cells
have been shown to mediate objective clinical responses [28, 29].

The TIL- and the TCR-modified T cell approach are specific to the individual
patient and restricted to a given HLA haplotype. In contrast, chimeric antibody-
based receptor (CAR)-redirected T cells (the T-body approach [4, 8, 13]) allow for
MHC-unrestricted tumor specificity [9, 10, 12]. In its current form, the CAR encom-
pass an extracellular recognition unit made of a single-chain variable region (scFv)
of an antitumor antibody linked to a flexible hinge/spacer domain, a transmembrane
canonical motif and intracellular co-stimulatory (e.g., CD28 and/or CD137)
domains, and stimulatory (e.g., FcRy or CD3( ITAMs) motifs (for recent reviews
see [4, 8, 11]). The modular structure of the CAR allows us to introduce various
functional moieties and study their effect on the antitumor responses of CAR-
modified T cells (e.g., Syk kinase [6]); the transfected cells (“T-bodies”) can persist
in vivo for an extended period and maintain their function. So far, our group and
others [5, 11, 23, 24] have developed the T-body approach as a powerful tool for
cancer immunotherapy, in which the CAR-redirected T cells having antibody-type
specificity could respond to a variety of tumors and undergo tumor-specific activa-
tion to mediate selective rejection and elimination of their tumor targets both in
animal and human.

In this chapter, we describe our studies investigating the antitumor reactivity of
T cells in vivo. As a TAA of choice we used erbB-2, a member of the erbB-2 growth
factor receptor family that is an attractive target for immunotherapy, not only
because it is overexpressed on several tumor types (e.g., breast, prostate, ovarian,
bladder, pancreatic, colon [1]), but also because it is a growth factor receptor whose
expression is required to maintain the transformed phenotype. Overexpression of
erbB-2 is associated with increased tumor aggressiveness, increased rates of recur-
rence, and increased mortality in most of the cancer patients [2, 20, 32].

We generated transgenic mice expressing an erbB-2-specific CAR under the con-
trol of CD2 enhancer/promoter, as previously described [7] using an scFv derived
from the N29 mAb [33, 34]. All T cells of these mice expressed the CAR on their
surface and have a naive T cell phenotype in addition to the normal repertoire of
TCR. Here, we show that naive T-bodies derived from erbB-2-specific CAR trans-
genic (Tg) mice can (1) protect the mice from developing s.c. inoculated tumors, (2)
protect the mice from developing systemic lung metastasis, and (3) significantly
prolong the survival of allogeneic WT mice bearing lung metastasis by the adoptive
transfer of T-bodies from these Tg mice.

Finally, we demonstrate the potential of CAR-modified WT cells by showing
that fully MHC-mismatched allogeneic T-body cells can, under the appropriate con-
ditions, provide superior therapeutic benefit as compared to syngeneic T-bodies and
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even cure some mice bearing established lung metastases [18]. These results
demonstrate the utility of allogeneic T-bodies as “universal effector cells,” which
could potentially be used for “off-the-shelf” immunotherapy of cancer.

2 Results and Discussion

2.1 Phenotypic and Functional Profile of the erbB-2-Specific
CAR in Transgenic Mice

To study the antitumor reactivity of naive unprimed lymphocytes, we generated
transgenic mice expressing a chimeric receptor composed of an erbB-2-specific
scFv derived from N29 mAb [33] fused to the cytoplasmic domains of CD28 and
FcRy chain (Fig. 1a). The transgenic mice were generated as previously described
[7] using the CD2 promoter/enhancer vector [39], directing the expression of the
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Fig. 1 Expression of erbB-2-specific CAR in transgenic mice. (a) CAR transgene construct. The
construct sequence used to generate the transgenic mice was placed under the control of the human
CD2 promoter/enhancer that directs expression only in T and NK cells. Cyto indicates cytoplasmic
domain; L, immunoglobulin leader; V;, and Vy, immunoglobulin light- and heavy-chain variable
domains, respectively; TM, transmembrane domain. The scFv derived from the anti-erbB-2 mAb,
N29, is joined to a portion of the CD28 coding sequence, including its extracellular, transmem-
brane, and cytoplasmic domains (but lacking the ligand-binding site) fused to the FcRy chain. (b)
Surface expression of the CAR in the spleen of transgenic mice. Bulk splenocytes from WT or
transgenic mice were double-stained with PE-conjugated rat anti-mouse Thy1.2 and either bioti-
nylated anti-N29 idiotype polyclonal mAb (bold lines) or matching biotinylated irrelevant control
(dashed lines), followed by secondary staining with fluorescein isiothiocyanate (FITC)-conjugated
streptavidin. Histograms were generated by gating on Thy1.2* lymphocytes
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Fig. 2 Stimulation of splenocytes of erbB-2-specific CAR transgenic mice (TgN29). (a)
Splenocytes from TgN29 mice were co-cultured with the indicated irradiated cell lines. After 48 h,
cells were stained with anti-Thy1.2-PE and anti-CD25-biotin followed by streptavidin—FITC and
analyzed by flow cytometry. (b) IL-2 production in supernatants from the experiment described in (a)

CAR in T and NK cells. Splenocytes derived from the transgenic mice express the
anti-erbB-2 CAR on practically all T and NK cells as revealed by staining using
anti-N29 antibodies (Fig. 1b). A similar pattern was observed in peripheral blood,
lymph node, and thymic T cells (not shown). All the T cells of the Tg mice
(TgN29) exhibited a naive phenotype similar to wild-type (WT) mice. The CAR
was fully active, as the cells produced IL-2 following incubation with immobi-
lized anti-N29 idiotype antibodies or, when co-cultured with Renca-erbB-2 cells,
a spontaneous BALB/c renal carcinoma cell line that was transfected with human
erbB-2 [19]. When CAR-expressing splenocytes were co-cultured with Renca-
erbB-2 (but not untransfected Renca) cells, a specific and high level of surface
CD25 expression was induced, indicating the activation of the transgenic T cells
(Fig. 2a). Similarly, elevated levels of IL-2 were secreted into the supernatants
(Fig. 2b). All together, these data demonstrate that the CAR expressed in these
T cells is indeed functional.
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Fig. 3 Prevention of growth of Renca-erbB-2 tumors in TgN29 mice. WT or TgN29 mice (n=8)
were subcutaneously injected s.c. in the flank with either Renca (left graph) or Renca-erbB-2 (right
graph) tumor cells (5x10° cells), and tumor growth was followed. TgN29 injected with Renca-
erbB-2 tumor cells did not develop tumors and survived until the end of the experiment (day 120).
Results represent the mean size (mm?) = SEM of the primary tumor and are representative of two
experiments

2.2 Naive TgN29 Mice Reject Renca-erbB-2 Tumors

To assess the antitumor response of the TgN29 mice, unprimed WT and TgN29
mice were subcutaneously (s.c.) inoculated with either Renca-erbB-2 or Renca
cells. As shown in Fig. 3, there was no difference between WT and TgN29 mice, as
both developed tumors to a similar extent when inoculated with the parental Renca
cells. Similarly, Renca-erbB-2 cells formed tumors in the WT mice. On the other
hand, when TgN29 mice were injected with Renca-erbB-2, all the mice completely
rejected the erbB-2 tumor cells and remained without evidence of disease for
6 months.

To demonstrate the ability of erbB-2 CAR-specific transgenic (Tg) cells to
protect the mice against systemic metastasis formation, we i.v. inoculated Renca-
erbB-2 cells to TgN29, WT, and TNP-specific CAR Tg mice (irrelevant specific-
ity control) [7]. In this system, as well, all the TgN29 lungs were free of metastases,
while the WT and irrelevant CAR control mice (Tg 8.7) developed pulmonary
metastases (Fig. 4a). This observation was confirmed by histopathological exami-
nation and weight of the lungs (Fig. 4a, b). As shown above in the subcutaneous
model (Fig. 3), parental Renca cells (not expressing erbB-2) injected into WT and
TgN29 mice led to a high number of pulmonary metastases (Fig. 4a, b). In con-
trast, TgN29 mice inoculated i.v. with Renca-erbB-2 survived for at least
6 months (Fig. 4c).
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Fig. 4 Rejection of Renca-erbB-2 tumors in TgN29 compared to wild-type mice. (a) WT or trans-
genic mice (n=_8) were injected i.v. with 1x 10° of either Renca or Renca-erbB-2 tumor cells. After
approximately 1 month, all the mice were sacrificed and the lungs were isolated. The lower panel
shows histology of lung sections by hematoxylin and eosin staining. (b) Whole lung weight from
the WT (left) and transgenic (right) mice. (¢) Survival of WT and TgN29 mice injected i.v. with
Renca-erbB-2 cells. Results are representative of two experiments
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2.3 Adoptive Transfer of Naive Lymphocytes from TgN29
Mice Extends the Survival of Mice with Systemic Lung
Metastases

The most important clinical application of redirected T cells is in the treatment of
metastatic disease. To mimic the potential clinical treatment of systemic metastases,
we administered different doses of TgN29 naive T cells to WT mice bearing lung
micrometastases. Mice were sublethally irradiated (2 Gy) 1 day before i.v. injection
of TgN29 splenocytes (either one or three doses) derived from naive TgN29 mice.
Chest radiographs of two representative mice from each group at day 45 are shown
in Fig. 5a. The survival curve derived from this experiment (Fig. 5b) shows that
three consecutive administrations of 10x 10° Tg lymphocytes significantly pro-
longed survival of the mice. In an attempt to extend the effect of the Tg lympho-
cytes, this experiment was repeated, and a second course of administration of
lymphoyctes was given close to the death of the control group (Fig. 5c). Importantly,
the repeated administration of T-bodies extended the median survival time (Ts,) by
twofold.

We next tested whether specific immunization of the recipient mice with killed
tumor cells could synergize with the T-body function and thus improve their anti-
tumor activity. As shown in Fig. 6, tumor-free survival was extended for mice that
were pre-immunized with irradiated Renca or Renca-erbB-2 cells. Since, in prac-
tice, T-bodies for clinical use are prepared by the transduction of the patient’s
own T cells, a procedure that requires activation of the cells before gene transfer,
we tested the effect of pre-activation of the naive T-bodies before their transfer to
the mice. The data presented in Fig. 6 demonstrate that this procedure enhanced
the antitumor effect. The process of pre-activation of the T-bodies was required in
the case of naive cells taken from the CAR-transgenic mice in order to compare
their activity to CAR-transduced T-bodies that undergo activation with anti-CD3
and CD-28 antibodies to allow their transduction with retro vector.

2.4 Redirected Allogeneic T Cells (Allo-T-Bodies)
as Potential Universal Donors

Recent clinical trials have demonstrated that T-bodies can be very effective against
various cancers [25, 26]. However, these trials relied on using autologous T cells
taken from the patient, transduced with a CAR, and then reinfused to the patient.
Relying on autologous T cells is both logistically and economically challenging;
we therefore sought a source of T cells that could serve as a universal donor after
its modification with CAR. While analyzing different options, we suggested that
under conditions of transient lymphodepletion, allogeneic T-bodies could have suf-
ficient time to attack and destroy the tumor before being themselves rejected [18].
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Fig. 5 Growth arrest of lung metastases by adoptive transfer of erbB-2-T-bodies. BALB/c mice
(n=10 per group) were injected i.v. with 1x 10° Renca-erbB-2 tumor cells. (a) X-ray analysis 40
days after tumor inoculation. The first column shows normal lungs in WT mouse. Second,
“Untreated” mice were injected with Renca-erbB-2 tumor cells only. The last two columns were
systemically injected with one or three doses of TgN29 cells. (b) Survival of mice bearing lung
metastases treated i.v. with increasing split doses (three consecutive daily injections) of 1x 107
TgN29 lymphocytes or medium. All the mice were preconditioned 24 h before the adoptive trans-
fer by a sublethal irradiation (2 Gy). The treated mice received IL-2 (2,000 U, daily) i.p. for 10
days. (¢) Survival of mice injected i.v. with a second course of three split doses of 1x 107 TgN29
lymphocytes (arrows). In this experiment, all the mice were preconditioned using a combination
of sublethal irradiation and cyclophosphamide (200 mg/kg)

The transient persistence of such allogeneic T-bodies would also ensure that no
serious graft-versus-host disease (GvHD) would develop. Our initial attempts along
this line [18] taught us that a balance between the size of the therapeutic dose of
allo-T-bodies and the immunosuppressive regimen can be achieved to create such a
therapeutic time window. This assumes that the initial dose of the T-bodies is
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Fig. 6 Pre-immunization of tumor-bearing mice and pre-stimulation of naive T-bodies enhance
the antitumor responses. Balb/c mice bearing Renca-erbB-2 lung metastases were irradiated
(2 Gy) and were (a) left untreated as a control (PBS) or were either i.v. injected with TgN29 lym-
phocytes before or after immunization with Renca or Renca-erbB-2 cells (10x 10° cells/mouse),
Tg N29 lymphocytes plus immunization (i.p.) with irradiated Renca (i.p. 1.6x10* cells). (b)
Another group of mice bearing Renca-erbB-2 lung metastases was treated with naive or in vitro-
activated (anti-CD3 +anti-CD28) TgN29 lymphocytes. Mice received IL-2 as described in Fig. 5

sufficient to eradicate most of the tumor. The allo-T-bodies can be administered as
adjuvant following conventional antitumor therapy such as chemotherapy, which
also creates a niche for the ACT. Figure 7 shows that a single large dose (108) of
fully mismatched allogeneic non-directed T cells from various mouse strains fol-
lowing mild irradiation (200 rad) can have a beneficial (though modest) antitumor
effect without any sign of significant GvHD other than transient weight loss.
Doubling the irradiation dose causes severe GvVHD that kills the mice [18].
Conditioning the tumor-bearing mice with other lymphodepleting agents such as
cyclophosphamide (Fig. 8) also impaired the host-versus-graft (HvG) response
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Fig. 7 Non-redirected, allogeneic T cells from multiple strains can extend the survival of tumor-
bearing mice. Balb/c mice (n=6/group) bearing established Renca-erbB-2 lung metastases were
irradiated (2 Gy) and were either left untreated as a control (blue diamonds) or injected with
100 x 10° allogeneic T cells (50 x 10° on days 1 and 3). The T cell populations used were allogeneic
C57BL6/j T cells (“C57BL,” red triangles, P=0.0004 vs. control), allogeneic FVB T cells (“FVB,”
purple triangles P=0.0004 vs. control), or allogeneic C3H T cells (“C3H,” green triangles,
P=0.0004 vs. control)
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Fig. 8 Comparison of the antitumor activity of preconditioning of syngeneic and allogeneic, naive
and transduced T-bodies. Renca-erbB-2-bearing Balb/c mice (n=6/group) were injected with
200 mg/kg cyclophosphamide and 1 day later either left untreated as a control (blue diamonds) or
injected with 2x 107 T cells (107 on days 1 and 3). The T cell populations used were allogeneic T
cells transduced with the N29 CAR (“Black-N29 transduced,” filled red triangles, P=0.0007 vs.
control), syngeneic T cells transduced with the N29 CAR (“Balb-N29 transduced,” filled purple
squares, P=0.0007 vs. control), allogeneic T cells from N29 transgenic C57BL/6 mice
(“CS57BL-N29” transgenic, dashed line, open orange triangles, no significant difference was seen
versus transduced cells), or syngeneic T cells from N29 transgenic Balb/c mice (“Balb-N29 trans-
genic,” dashed line, open pink squares, no significant difference was seen versus transduced cells).
Transduction efficiency was about 50 %. In order to simulate the 50 % transduction efficiency, the
inoculum of transgenic cells consisted of a mixture of 1:1 transgenic and strain-matched wild-type
T cells (so that these mice received 5x 10° transgenic and 5 x 10 wild-type T cells)
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Fig. 9 FTY720 augments allogeneic but not syngeneic adoptive cell therapy. Irradiated (2 Gy),
Balb/c mice bearing Renca-erbB-2 lung metastases (n=6/group) were a day later either left
untreated as a control (blue diamond) or injected with 1x 10® transgenic T-bodies (in a split dose
of 5x 107 cells on days 1 and 3). Indicated groups received FTY720 0.3 mg/kg i.p. for 10 days fol-
lowing transfer. T cells were syngeneic T-bodies (Balb-N29, purple squares), syngeneic T-bodies
with FTY720 (Balb-N29, orange squares), allogeneic T-bodies (C57BL-N29, red triangles), or
allogeneic T-bodies with FTY720 (C57BL-N29, brown triangles)

sufficiently so that the erbB-2-specific C57Bl/6 allo-T-bodies significantly pro-
longed the survival of the Balb/c tumor-bearing mice, in comparison to mice that
received cyclophosphamide alone. In the clinical setting, T-bodies will be generated
by transduction of T cells with the CAR, and in this experiment (Fig. 8) and others
[18] we directly compared the efficacy of transgenic T-bodies and transduced
T-bodies, demonstrating that transduced and transgenic cells can provide compara-
ble therapeutic benefit in both the syngeneic and allogeneic setting. Interestingly the
CAR-transduced allogeneic cells were more effective than the syngeneic T-bodies
in prolonging the life and causing complete remission of tumor-bearing mice.

To further reduce the HvG response and thereby prolong and substantiate the
antitumor response of the allogeneic T-bodies, we treated the mice with FTY720
after the administration of the CAR-modified cells. FTY720 is a sphingosine-1-
phosphate (S1P) agonist that causes the internalization of S 1P receptor, thus seques-
tering lymphocytes in the peripheral lymph nodes [3]. In this manner, the allogeneic
T-bodies can reach the tumor, but the host cells cannot attack the T-bodies, thereby
enhancing the persistence of the allogeneic T cells and their effectiveness. Indeed,
as can be seen in Fig. 9, 70 % of the Balb/c mice, bearing Renca-erbB-2 systemic
lung metastases that received the allo-T-bodies and FTY720, survived for over a
year, in comparison to mice receiving only the allo-T-bodies or syngeneic T-bodies.
As expected, FTY720 did not enhance survival of mice receiving syngeneic
T-bodies. These results and our previous findings [18] demonstrate that the allore-
activity of the T-bodies can be safely harnessed to potentiate the antitumor response,
such that allogeneic T-bodies provide superior therapeutic benefit compared with
T-bodies derived from syngeneic (self) T cells.
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Table 1 Clinical trials with T-bodies reporting responses

Treated
Cancer (group) CAR specificity patients Outcome Comments
Neuroblastoma GD2-CD3( 19 3CR,80R EBV-specific T cells+CAR.
(Brenner 2008 Long-term remission >4
[26]) years
BCL and CLL CD19-CD28-CD3( 8 2CR,50R,
(Rosenberg 1 TUD
et al. [29])
B cell CLL CD19-41BB-CD3¢ 3 2CR,1PR  Transduced with
(June 2011 [25]) lentivectors
B cell CLL+1ALL CDI19-CD28-CD3¢ 4 0 OR, No preconditioning
1 TUD
CLL (Sadelain 4 1 OR Cyclophosphamide
2011 [40])

CR complete remission, PR partial remission, OR objective remission, TUD treatment-unrelated
death

3 Conclusions

Our results suggest that T-body ACT is a viable option for the treatment of erbB-2-
positive cancer. The first part of our research established the utility of erbB-2-
specific T-bodies in the syngeneic setting against both primary and metastatic
disease and demonstrated their superiority over conventional T cells. In our
subsequent experiments, we extended the use of erbB-2-specific T-bodies to the
allogeneic setting and showed that with judicious use of immunomodulation (in this
case through FTY720), allogeneic T-bodies could be a superior alternative to syn-
geneic T-bodies and thus may be preferable not only for their obvious logistical
advantages but also due to increased efficacy [17].

So far, clinical application of the T-body approach included transduction of
autologous, patient-derived T cells that were reinfused to the patient. Gratifyingly,
these pilot trials have shown dramatic success rate in recent clinical trials using
GD2-specific T-bodies against neuroblastoma [26] and CD19-specific T-bodies
against CLL [16, 25].

Nevertheless, in contrast to the safety seen in these trials, treatment of a patient
with a high dose of erbB-2-specific T-body resulted in death that was attributed to
the expression of erbB-2 on normal lung and cardiac tissue [21]. The initial success-
ful trials, summarized in Table 1, have demonstrated the great therapeutic potential
of T-bodies and highlighted the need for careful evaluation of safety. The growing
number of trials listed in the http://clinicaltrials.gov registry together with the ongo-
ing experimental animal models applying T-bodies to additional cancer markers
[22, 31, 35] suggests that CAR T-bodies are likely to become an important new
therapeutic anticancer approach.
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Immunotherapy in Renal Cell Carcinoma

Jennifer Cudris and Jaime R. Merchan

Abstract Renal cell carcinoma (RCC) is a chemotherapy-resistant disease, and cur-
rent molecularly targeted therapies offer limited clinical benefit but no cures. The
observation that RCC is immunogenic led to immune-based strategies for the treatment
of this disease. Immunotherapy with high-dose IL-2 can induce long-term, complete
responses in a small percentage of patients. IFN has been used as an immune interven-
tion as well but with much less success than IL-2. Currently IFN is used only in com-
bination with the anti-VEGF monoclonal antibody bevacizumab. Further investigation
of novel immune interventions in RCC is ongoing with promising results. Dendritic
cell vaccines have been tested in single-arm clinical trials suggesting improved survival
when added to standard anti-angiogenic therapy. Monoclonal antibodies against PD-1
and PD-L1, novel immune targets, have shown promising response in phase I trials.
Peptide vaccines have shown efficacy in phase II trials as well. Phase III trials to test
these immune interventions are currently ongoing and have the potential to bring new,
effective treatment options for patients with advanced RCC.

Keywords Renal Cell Carcinoma ® Immunotherapy ¢ IL-2 ¢ Clinical trials

1 Introduction

An estimated 273,518 new cases of kidney cancer were diagnosed worldwide in
2008, 116,368 of which died of the disease [1]. In the USA, 64,770 new cases will
be diagnosed in 2012 and 13,570 deaths are estimated to occur [2]. The incidence
has increased every year for both sexes, in part due to increased early detection of
small asymptomatic kidney masses. The number of deaths related to RCC has
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decreased by 0.6 % per year for women and 0.4 % for men [1, 2]. Risk factors
associated with kidney cancer include tobacco use, obesity, hypertension, chronic
renal failure, exposure to trichloroethylene, and genetic predisposition as in von
Hippel-Lindau disease [2]. Because renal tumors can grow without causing symp-
toms, the disease is diagnosed at a locally advanced or metastatic stage in about
34 % of the cases. Expected survival is highly dependent on the stage at diagnosis,
being greater than 90 % at 5 years in stage I tumors that are surgically removed [3]
but less than 10 % in patients with distant metastasis [4].

RCC is a chemotherapy-resistant disease. The observation that removal of the
primary renal tumor leads in rare sporadic cases to spontaneous remissions of
metastatic lesions, as well as very late recurrences after nephrectomy, suggested
that this malignancy is immunogenic [5, 6]. Initial clinical trials of immunother-
apy were carried in various metastatic malignancies in the 1980s, and it became
evident that RCC and melanoma could be responsive to agents such as interferon-a
(IFN-a) or interleukin-2 (IL-2) [7, 8]. These therapies, associated with limited—
but real—clinical benefit, constituted the standard of care until the beginning of
the twenty-first century, when novel targeted agents were developed and became
clinically available. The recognition that angiogenic as well as other tumor path-
ways (e.g., mammalian target of rapamycin—mTOR) [9, 10] are relevant in renal
cancer progression led to the development and approval of novel agents for the
treatment of this disease. Currently available anti-angiogenic agents mainly target
the vascular endothelial growth factor (VEGF) pathway, by binding the VEGF
ligand—as the monoclonal antibody bevacizumab [11]—or blocking receptor
tyrosine kinases involved with angiogenesis, such as VEGFR-1, VEGFR-2 and /or
PDGEFR [9]. Examples of currently (USA) approved oral small-molecule receptor
tyrosine kinase inhibitors (RTKIs) include sorafenib [12], sunitinib [13], pazo-
panib [14], and axitinib [15]. Currently approved mTOR inhibitors include the
rapamycin analogs temsirolimus [16] and everolimus [17]. The above agents have
significantly improved the treatment options for patients with unresectable or met-
astatic RCC, and current research is focused at individualizing treatment options
for these patients.

Even though significant progress has been made in the field by the development
of molecularly targeted agents, these treatments are not curative. Furthermore, the
majority of patients with advanced RCC eventually progress, leaving them with few
therapeutic options. Therefore, development of novel strategies to improve out-
comes in patients with RCC is urgently needed.

Published reports of durable, complete responses in subsets of patients with met-
astatic RCC treated with high-dose IL-2 illustrate the potential utility of immune-
based therapies in this disease. Furthermore, the increasing understanding of
immune regulation, especially the biology of T cell expansion, memory, and co-
stimulation has provided real opportunities for improved immunotherapeutic
approaches. This review focuses on past and current immunotherapy strategies for
advanced RCC.
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2 Standard Immunotherapy Options for Advanced
Renal Cell Carcinoma

2.1 Interleukin-2

IL-2 was initially discovered by Gordon and Mc Lean as a mitogenic factor for
lymphocytes [18, 19]. It was initially referred to as T cell growth factor (TCGF), and
it was the first cytokine fully characterized at a molecular level; it was determined to
be a small glycoprotein, and its gene was localized to chromosome 4 [19, 20].

2.1.1 Mechanism of Action

IL-2 enhances both innate and acquired immunity [21, 22]. It has been found to
stimulate NK cells upon antigen exposure [21], and it can also support the clonal
expansion of activated CD8+ T cells—with cytolytic function [22]—and to a lesser
degree that of CD4+ T cells [21, 23] with both effector and regulatory function. In
vitro studies have demonstrated IL-2 antitumor effects in different cancer cell lines.
Peripheral blood lymphocytes (PBL) from patients with melanoma cultured with
IL-2 acquire increased cytotoxic activity against autologous and allogeneic tumor
cells [24]. Increased cytotoxic activity of NK cells and PBLs after stimulation with
IL-2 against RCC cell lines has also been documented [25]. In vivo administration
of IL-2 in syngeneic sarcoma and melanoma models resulted in in vivo generation
of lymphokine-activated killer (LAK) cells and potent antitumor effects [26].
Similarly, in vivo studies using a murine renal carcinoma model showed that infu-
sion of IL-2 could enhance tumor control in combination with chemotherapy [27,
28]. These and other studies supported clinical testing of IL-2 in human tumors.

2.1.2 Clinical Activity

Initial phase I trials—reported in 1987—showed feasibility of the use of IL-2 in
patients with advanced malignancies, and clinical responses were observed mostly
in patients with melanoma and RCC [7]. The activity of IL-2 in RCC was further
demonstrated in phase II and III trials [29, 30]. Pooled analysis of seven phase II
trials run in the USA showed that after treatment of 255 patients with high-dose
IL-2, an overall response rate of 15 %, with a complete remission (CR) of 7 %, was
observed [31]. Patients who achieved a CR could have a durable response, over
18 months in initial reports. After longer follow-up, some patients were found to
maintain complete remission for more than 10 years [32]. Based on this data, IL-2
was approved by the US Food and Drug Administration (FDA) for the treatment of
RCC in 1992. The precise mechanism of action of IL-2 in humans has not been
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clearly established. Clinical/translational studies in humans with cancer treated with
this agent suggest that IL-2 increases the frequency of NK cells in peripheral blood
throughout a treatment course with IL-2 [33]. It generates a transient decrease in
CD4 and CDS8 T cells during the first week of treatment. It also increases the abso-
lute number of circulating iNKT cells, which have been related to antitumor
response by inducing IFN-a production. This increase however did not translate
into increased production of IFN-a or correlated with clinical response. Therefore,
specific immune targets have not been identified.

The high-dose IL-2 regimen used in these trials was 600,000-720,000 IU/kg
given as a 15-min IV infusion every 8 h for up to 14 doses over 5 days (days 1-5) as
clinically tolerated. Maximal support, including pressors, was frequently required
due to significant toxicities; same dose was repeated from days 14 to 19, and this
would complete 1 cycle [31]. The treatment could be repeated for up to two more
cycles that were given 6—12 weeks apart if tolerance was adequate, and there was
evidence of clinical response or stable disease. European trials used a continuous
infusion regimen [34]. The dose given was 18 million IU/m2 for 5 days for two
induction cycles 1 week apart; if there was no progression, another induction cycle
was given and maintenance with three more doses of 5 days was given every
3 weeks. Responses were similar to intermittent bolus schedule with a response rate
(RR) of 16 % and CR of 4 %, although no ICU care was necessary in most of the
patients. Long-term follow-up confirmed durable responses [35]. Lower doses of
IL-2 although better tolerated have been studied with much less success than with
high-dose infusions and appear to lead to much lower rates of complete response
which are also considerably less durable [36, 37].

High-dose IL-2 was also tested in the postoperative (adjuvant) setting in a ran-
domized trial by the cytokine working group, but the study had to be stopped early
after interim analysis evidence that no difference in outcome would be found despite
full accrual [38].

2.1.3 1IL-2 Combination Therapy

After limited success with single-agent immunotherapy, combination therapies
were experimented. Randomized phase II trials have tested combinations of IL-2
and IFN-a with marginal or no added benefit but increase in toxicity [39, 40]. Direct
comparisons of high-dose IL-2 versus lower subcutaneous dose plus IFN-a have
demonstrated that high-dose IL-2 is a superior regimen with longer survival [29].

Adoptive immunotherapy using combination of high-dose IL-2 and infusion of
LAKSs or tumor-infiltrating lymphocytes (TILs) has been used with some success in
phase II trials. However, randomized studies using combination TIL and low-dose
IL-2 failed to increase response rates. Furthermore, obtaining viable TILs was not
always technically possible [41]. A randomized comparison of low-dose IL-2 with
and without LAK cells did not show difference in response [42]. At this point, there
is no evidence of improved clinical activity of combination of TILs and immuno-
therapy for RCC.
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2.1.4 Predictors of Response

Clinical, histological, and molecular predictors have been evaluated.

Clinical Factors

In a retrospective review of clinical trials where IL-2 was used for patients with
metastatic RCC, predictive factors associated with response have been variable. An
ECOG performance status of 0 has been repeatedly associated with better outcome
and tolerance to treatment. Prior nephrectomy and shorter time from diagnosis to
treatment have been also suggested as predictors of response [31]. Other variables
like number of metastatic sites and location and time of relapse from nephrectomy
have been studied with conflicting and inconsistent results [41, 43].

Histopathological Factors

Retrospective data of small studies suggests that tumor histology may be a predic-
tive factor, with sarcomatoid and papillary types being less likely to respond than
conventional (clear cell) type [43, 44]. In a study by Upton et al., a review of 265
specimens from patients treated with IL-2 was undertaken [45]. Predictive charac-
teristics besides conventional type were alveolar pattern in more than 50 % of the
tumor specimen (28 % response rate compared with 13 % in those with less than
50 % alveolar pattern and 0 % in patients with no alveolar pattern). Granular fea-
tures on the other hand predicted a poor response. In tumors with granular features
in more than 50 %, the response rate was 5 % compared to 19 % response when
granular component was less than 50 and 29 % response for tumors with no granu-
lar morphology. With these findings, a predictive model that classified patients into
three groups was proposed: The group with low probability of response (3 %)
included tumors with papillary features of more than 50 %, any granular features, or
no alveolar features. In contrast, the group with >50 % alveolar pattern and no
granular or papillary features had a 39 % response rate, and patients with no papil-
lary but some granular features (<50 %) had an intermediate 19 % probability of
response. According to this model, three distinct survival curves could be obtained
showing a 2.8, 1.3, and 0.8 years median survival, respectively.

Molecular Factors

High levels of carbonic anhydrase (CA IX) expression have been found to correlate
with response and survival in retrospective studies [46]. It was seen that 78 % of
responders had high CA IX expression compared with 51 % of nonresponders.
Small studies have suggested that high serum levels of VEGF and fibronectin may
be associated with lack of response [47].
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A retrospective study by De Martino et al. evaluated single-nucleotide
polymorphisms (SNPs) of the CA IX gene in patients treated with IL-2 and found
the allele C of rs12553173 (¢.249T>C) to be an independent predictor of response
and survival, remaining independent upon comparison with high CA IX expression
[48]. Patients with the C allele had an improved median survival (27.3 vs.
13.6 months) compared to patients without that variant. Moreover, 57 % of patients
with the C variant responded, compared to 22 % of patients without rs12553173.
The above results in a limited number of patients warrant further confirmation in
prospective randomized trials. The immunological significance of this variant and
mechanisms explaining this correlation are not currently understood.

A prospective study to determine the validity of clinical, pathological, and
molecular predictors in response to IL-2 has been completed (SELECT trial), and
preliminary results presented in an abstract form suggest that no pretreatment clini-
cal factor was able to predict response, but clear cell histology seems to be associ-
ated with higher probability of response [49]. Final results from this trial have not
been published yet.

2.1.5 Toxicity Profile

The majority of complications from IL-2 therapy are related to capillary leak syn-
drome (CLS) [50-56]. Treatment-related mortality was found to be 4 % in initial
studies. Advances in the understanding of the toxicity and provision of appropriate
support during treatment can decrease treatment-related mortality. Fluid retention
causes edema and weight gain, which may lead to cardiovascular and/or respiratory
complications. Cardiovascular events were seen in 11 % of patients, being life
threatening in 1 %. Clinically evident pulmonary edema is observed in 24 % of
patients (life threatening in 3 %). Sepsis can also contribute to treatment-related
mortality with a 1 % incidence. Other potentially serious effects include hypotension
which can be seen in 71 %, fever (21 %), chills (22 %), oliguria (63 %), and anuria
(5 %). Life-threatening arrhythmias have also been uncommonly seen (1 %). Nausea
(35 %), vomiting (50 %), and diarrhea (67 %) are also common complaints. GI bleed
and bowel perforation are rare events. Neurotoxicity is manifested by mental status
changes that can be minor like confusion -in 32 % of patients- or can progress to
frank coma in 2 %. Elevation of BUN and creatinine are almost universal but almost
always reversible upon completion of therapy. Elevation of bilirubin (40 %) and
transaminases (23 %) were commonly seen but are generally not dose limiting.
Thyroid dysfunction including hypo- or hyperthyroidism can be seen in 40 % of
patients; this is resolved after discontinuation of treatment and is associated with
antithyroglobulin and antimicrosomal antibodies. The above toxicities, however, are
usually reversible upon completion of therapy and many times do not prolong hos-
pital stay. Patients with good performance status (PS) seem to be able to tolerate
therapy better than patients with lower PS [31, 34]. Therapy with IL-2 should be
discontinued in patients who have experienced angina or myocardial infarction, sus-
tained ventricular tachycardia, intubation for >72 h, uncontrolled supraventricular
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tachycardia, cardiac tamponade, renal failure requiring dialysis for greater than 72 h,
coma or uncontrolled psychosis for >48 h, uncontrolled seizures, bowel ischemia,
perforation, or GI bleeding requiring surgery.

Given the potential toxicities associated with this therapy, patients should be
carefully selected prior to initiating high-dose IL-2. This therapy is generally
reserved to patients with excellent performance status and no evidence of significant
cardiac or pulmonary disease, documented by negative stress test and normal pul-
monary function tests, and no evidence of brain metastases [57].

2.2 Interferon Alpha

Interferon was initially discovered in 1954 by Nagano when he found evidence of a
factor that interfered with viral replication (therefore the term interferon). The find-
ing went unnoticed until Isaacs and Lindemmann re-demonstrated it in 1957 [58,
59]. Two families of IFN have been identified: I (alpha and beta) and II (gamma).
IFN-a’s chemical structure was identified in 1980, and gene was isolated [60, 61]
and localized to chromosome 9 one year later [62].

2.2.1 Mechanism of Action

IFN-a is known to be produced by leukocytes upon stimulation by viral antigens
and increase cytotoxic activity by activating NK cells and macrophages [63, 64].
The antitumor effect of IFN-« in RCC is poorly understood. However IFN-« is
thought to regulate cell proliferation by targeting kinases (JAK1) that activate the
signal transducer and transactivator (STAT) proteins and induce expression of
different genes that regulate cell proliferation and apoptosis [65]. In addition,
IFN may have intrinsic anti-angiogenic effects by blocking fibroblastic growth
factor-induced cell proliferation [66] and decreasing endothelial cell prolifera-
tion [67]. Several effects of IFN-a in patients with renal cell cancer have been
described, including increased T cell proliferation, production of IL-2 and expres-
sion of IL-2 receptors, and monocyte production of IL-1 which may correlate
with prognosis [68].

2.2.2  Clinical Activity

Phase II trials of IFN-o in RCC showed response rates of less than 10 %, but some
complete responses and subcutaneous administration appear to be equally effective
and less toxic than intravenous administration [69]. There was a consistent response
rate of approximately 15 % and PFS of 4 months; very occasional complete
responses were seen, but these were not durable. Addition of IFN-y to IFN-a showed
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no improvement in response [70]. The use of IFN-a as a single agent has been
largely replaced by targeted agents that carry less toxicity and improve PFS [13,
16]. IFN-« is currently approved by FDA for use in metastatic RCC only in combi-
nation with bevacizumab (see below), based on results from a randomized trial that
demonstrated improved outcomes with the combination [71]. Doses of IFN-« used
have ranged from 2 to 10 million IU/m?. The standard dose used in latest random-
ized trials is 9 million IU subcutaneously three times a week [11, 69].

Adjuvant treatment with IFN-a after nephrectomy in high-risk patients with T3
and T4 tumors has been proven ineffective in randomized trials [72].

2.2.3 Role of Cytoreductive Nephrectomy

Cytoreductive nephrectomy has shown to improve survival in patients with
metastatic disease undergoing systemic therapy with IFN-a in two published stud-
ies [73, 74]. Retrospective reviews have also shown that response to IFN-a is better
in clear cell RCC [40].

2.2.4 Predictors of Response

Recently, a retrospective study suggested that SNPs of the STAT gene could be
predictors of response to IFN. It was found that the CC genotype at rs4796793 had
an odds ratio for response of 8.38 compared to GG and GC phenotypes [75]. It has
also been suggested that the presence of tumor-infiltrating dendritic cells can pre-
dict response to IFN and IL-2 [76].

2.2.5 Prognostic Factors

A retrospective review of trials of IFN-a in advanced RCC at Memorial Sloan
Kettering Cancer Center found the following factors to be related to worse
outcome [77]:

e LDH >1.5 times the upper limit of normal

» Hb: Less than lower limit of normal

» Karnofsky performance status <80 %

* Hypercalcemia

* Interval from initial diagnosis to initiation of treatment >1 year

Based on these factors, three prognostic groups have been proposed: Low risk:
No adverse factors present: 3-year survival of 45 % and median OS 30 months.
Intermediate risk: One or two factors: 3-year OS 17 %, and median OS 14 months.
Poor risk: Three or more factors: 3-year OS 2 %, and median OS 5 months.
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2.2.6 IFN-a Combination Therapies

Two randomized trials have evaluated the efficacy of combination bevacizumab and
IFN-«a in patients with advanced RCC. The AVOREN trial randomized 649 patients
to IFN (OMIU SQ three times a week) and placebo versus IFN plus bevacizumab
(10 mg/kg every 2 weeks) [11]. PFS was 5.4 vs. 10 months favoring the combina-
tion. OS was similar but likely due to the use of second-line therapies after progres-
sion. Common toxicities are fatigue (33 %), asthenia (32 %), neutropenia (7 %),
hypertension (26 %), proteinuria (18 %), life-threatening events occurred including
rare bowel perforations (1 %), and thromboembolic events (3 %). The CALGB
90206 trial randomized 732 patients to same regimens finding a PFS of 8.5 vs.
5.2 months favoring the addition of bevacizumab, but again no improved survival
was seen and toxicities were similar [71].

Randomized studies of interferon have been done in combination with vinblas-
tine, showing improvement in response from 2.5 to 16 % and survival from 9 to
16 months with the combination compared with vinblastine alone [8]. Addition of
trans-retinoic acid to IFN therapy has also been attempted in an European trial with
small improvement in response and PFS from 3.4 to 5.1 months and OS from 13 to
17 months [78]; however, a similar study at MSKCC failed to reproduce these
results and did not confirm any advantage for the combination [79].

2.2.7 Toxicity

IFN therapy is associated with a “flu-like” syndrome in 100 % of the cases, which
can be severe in approximately 30 % of the cases. Anorexia, severe somnolence
(7 %), severe nausea (15 %), leukopenia (6 %, severe in 2 %), and thrombocytope-
nia (4 % and severe in 2 %) can also be seen. Severe depression (4 %) and neuro-
logical toxicity (2 %) including altered mental status and changes in behavior are
less common [72].

3 Investigational Immunotherapy Strategies

3.1 Dendritic Cell-Based Therapy

Dendritic cells (DC) are professional antigen-presenting cells (APCs) that are capa-
ble of inducing rejection of tumors by enhancing cytotoxic lymphocyte activity
[80]. Dendritic cells are known to take part in the cytotoxic response to malignancy,
by activating T cells in a very efficient manner [81]. DCs were found in renal cell
tumors but in small numbers and not in activated state, suggesting DC inhibition by
local microenvironment [82]. These cells have been successfully activated by
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incubation with IL-2 [83]. Preclinical studies have proved the concept that
manipulating DCs by exposure to known tumor peptides or fusion with tumor cells
can induce tumor-specific cytotoxic cells and antitumor activity [84-87].

Phase I and II trials with different schemes of injection of dendritic cells have
shown variable immunological responses with evidence of clinical response
(Table 1). Most studies have included heavily pretreated patients. Clinical studies
have used autologous as well as allogeneic dendritic cells from the peripheral blood
or the bone marrow [88]. DCs have been used in an immature state or matured ex
vivo with tumor necrosis factor (TNF) [89], prostaglandins, or IL-4 [90] and/or
pulsed with tumor lysates [91] or RNA [92]. It has been observed that mature DCs
induce better responses than immature cells [93]. Objective responses have been
observed in these early studies, indicating that these strategies hold clinical prom-
ise. Response rates have ranged from 0 to 50 % and stabilization of disease from 15
to 50 % (Table 1). Addition of IL-2 and/or IFN has been pursued as well, and
although responses have been observed, it is not clear if the responses are due to
cytokine therapy or addition of dendritic cells [94].

AGS003 is a dendritic cell vaccine prepared from matured monocyte-derived
dendritic cells co-electroporated with the subject’s own amplified total tumor RNA
as well as synthetic CD40 ligand RNA. A phase II study presented at the 2012
American Society of Clinical Oncology (ASCO) meeting used the combination of
sunitinib plus AGS003 vs. sunitinib alone in 20 patients with untreated metastatic
RCC. Preliminary results showed one patient with a PR and seven with stable dis-
ease. Progression-free survival of 11 months for intermediate-risk patients and
6 months for poor-risk patients were reported; overall survival had not been reached
in the intermediate-risk group at the time of the report [92]. A randomized trial
comparing AGS003 with standard therapy is under way (see Table 2).

3.1.1 Toxicity

The most common side effects seen with these therapies include infusion reactions,
erythema at the site of injection, and fever. No life-threatening adverse events have
been seen in the use of these vaccines.

3.2 Anti-CTLA4 Therapies

Cytotoxic T lymphocyte antigen 4 (CTLA4) is a membrane receptor that is expressed
in T cells and regulates the intensity of the T cell activation by counteracting the
activity of CD28. CD28 is the co-stimulatory receptor necessary to initiate T cell
activation acting when engaged as signal 2 to complement TCR binding. CTLA4
binds the same CD 28 ligands, CD80 and CD86, but with higher affinity, making
CTLA4 an inhibitor of T cell activation by competitive binding of ligands [95-97].
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Preclinical studies have demonstrated that blockade of CTLA4 could enhance T cell
activation and induce antitumor cytotoxic effects [98]. A phase I trial of ipilim-
umab, a humanized anti-CTLA4 antibody, showed that this treatment was feasible
and clinical responses were observed.

3.2.1 Clinical Activity

Ipilimumab was tested in a phase III trial, where it prolonged survival from 6.4 to
10 months in patients with metastatic melanoma when compared with gp100 vac-
cine [99]. Ipilimumab has been also tested in RCC in a phase II trial, where 6/40
patients had partial responses [50]. All the responses were seen in patients who had
autoimmune manifestations as consequence of the treatment. Tremelimumab,
another anti-CTLA4 antibody, failed to show improvement in response in mela-
noma. It has also been tested in a phase I trial in combination with sunitinib in 28
patients with metastatic RCC [100]. There was one sudden death and dose-limiting
toxicities (acute renal failure in three patients), raising concern about the safety of
this combination.

3.2.2 Toxicity

Significant autoimmune manifestations are associated with the use of ipilimumab in
about 60 % of patients (15 %, grade 3 and 4). Skin toxicity (pruritus and rash)
occurs in 40 % of patients (25 % grade 3) and gastrointestinal tract (colitis, diarrhea)
inup to 31 % of patients (3.7 % grade 3). In moderate and severe cases, steroids are
required to control symptoms and prevent bowel perforation; infliximab, an anti-
TNFa monoclonal antibody, may be necessary in severe cases of colitis. Other
adverse events included endocrinopathies in 3.9 % including hypophysitis and
hypopituitarism and vitiligo in 3.7 %. Phase II trials have shown correlation of auto-
immune manifestations with higher clinical response, suggesting that activated
autoimmunity increases antitumor activity. In a study by Attia et al., 5 of 14 patients
with grade 3 and 4 toxicity had clinical response to ipilimumab, compared to 2 of
42 with no autoimmune toxicity [101]. Ipilimumab has been approved by the FDA
for the treatment of metastatic melanoma.

3.3 Anti-Programmed Death-1 Therapies

Programmed cell death 1 (PD-1) is a membrane receptor present in T cells, a subset
of B cells, and NK cells. It is known to inhibit the inflammatory activity of lympho-
cytes in the tissues in response to infection and therefore limits autoimmunity [102,
103]. Its ligand—PD-L1—is a cell membrane-bound protein. Several tumors have
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been found to express PD-L1, and tumor-associated PD-L1 may be associated with
immune evasion mechanisms by inhibiting tumor-specific T cells [104]. In RCC,
increased expression of PD-L1 is associated with poor survival, and blockade of
PD-L1 augments human tumor-specific T cell responses [105, 106]. These preclinical
observations led to the development of strategies aimed at targeting this pathway.

3.3.1 Clinical Activity

The safety and activity of two agents targeting PD-1 or PD-L1 in solid tumors,
including RCC, have been reported. A phase I trial of MDX1105-01 (fully human-
ized anti-PD-L1 monoclonal antibody) in patients with various advanced malignan-
cies, including 17 patients with RCC, was recently reported [107]. Objective
response was seen in two patients with RCC (duration of response of 17.4 months)
and stable disease in seven RCC patients, with a PFS rate at 6 months of 53 %. Two
of 207 patients experienced grade 3 or 4 toxicity with infusion reaction and adrenal
insufficiency. The remaining toxicities were mild and most commonly due to infu-
sion reactions (10 %), diarrhea (9 %), and rash (7 %).

At the same time, MDX1106 (fully humanized antibody against the PD-1 recep-
tor) was tested in a large phase I trial where patients with RCC and other malignan-
cies were enrolled [108, 109]. A total of 296 patients, including 33 with metastatic
RCC, were accrued. Objective responses were seen in nine patients with RCC and
SD in other nine patients. The duration of response was 17 months in the 1 mg/kg
cohort and 22 months in the 10 mg/kg group. The PFS at 6 months was 56 %.
Toxicity consisted most commonly of diarrhea (10 %), rash (12 %), and pruritus
(9 %); grade 3 and 4 events were 1 % or less, and most significant ones were diar-
rhea, pneumonitis, pruritus, rash, elevated liver enzymes, and thyroid dysfunction.
There were three treatment-related deaths due to pneumonitis, two in non-small-cell
lung cancer patients and one in colorectal cancer. Pathological studies of a small
number of patients including five with RCC suggested that tumor expression of
PDL1 may correlate with response. Clinical trials exploring the activity of anti-PD1
in RCC and other malignancies are ongoing (Table 2).

3.4 Peptide Vaccines

Efforts to determine tumor-specific antigens that stimulate a cytotoxic immune
response have been facilitated by integrated functional genomics approaches, where
candidate tumor-associated peptides (TUMAPs) in RCC tumors were detected by
overexpression of RNA and compared with HLA class I ligand epitopes in tumor
tissue by mass spectroscopy [110, 111]. A recently published phase I/II trial dem-
onstrated the feasibility of this approach by detecting 10 candidate peptides overex-
pressed in the tumors of 28 patients with metastatic RCC and naturally presented by
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HLA 2 AO2+ using a computer-based platform to create a multi-peptide vaccine
called IMA 901 [111]. Patients were vaccinated after injection of GM-CSF as
immunomodulator and found that specific T cell responses to one or several of the
TUMAPs could be detected.

The phase II portion of the study randomized patients to receive vaccination with
or without cyclophosphamide pretreatment, under the hypothesis that cyclophos-
phamide could decrease the number of T regulatory cells that may interfere with the
immune response. The rate of disease control (ORR+SD) was 31 % at 6 months,
and there was improved survival in patients who received cyclophosphamide, 23.5
versus 14.8 months when the vaccine was given alone. Generation of peptide-
specific T cells after vaccination was seen in 64 % of the patients, and it was not
affected by the use of cyclophosphamide. Among patients who mounted an immune
response to the vaccine, survival was prolonged for those who received cyclophos-
phamide with an HR of 0.38. In patients who did not mount an immune response,
use of cyclophosphamide did not have any effect on survival. Tumor markers
APOAI1 and CCL17 were found to be predictive for immune response. The treat-
ment was well tolerated with local skin reactions being the most frequent adverse
event. A randomized trial comparing sunitinib versus sunitinib plus IMA901 is cur-
rently in progress.

In summary, immune-based therapies constitute a viable and promising strat-
egy for advanced RCC. Significant progress has occurred in both the understand-
ing of immune regulatory pathways involved in RCC and novel immune therapies
since the initial studies of IL-2 and interferon in the 1980s. An increasing number
of clinical trials with novel immune-based therapies, both alone and in combina-
tion with standard immune or targeted therapies, are under way and have the
potential to significantly improve the outcomes of thousands of patients with
advanced RCC.
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Abstract Allogeneic stem cell transplantation remains the only widely accepted and
effective form of T-cell immunotherapy for blood cancers including lymphoma,
myeloma, and leukemia. However this therapy carries substantial risks and is available
to only a minority of patients who have suitable donors. The goal of harnessing autolo-
gous (patient derived) T-cells to treat blood cancers has been elusive. Nonetheless, new
insights into T-cell biology and advances in vaccine and T-cell culture technology have
provided a foundation for the development and clinical application of autologous T-cell
immunotherapy. Two major but intersecting strategies have been used to stimulate anti-
tumor immunity in patients: therapeutic or “active” immunization using putative cancer-
based vaccines and “passive” immunization chiefly referring to the transfer of autologous
(or allogeneic) T-cells into tumor-bearing hosts. This chapter briefly reviews the early
studies that formed the basis for adoptive T-cell immunotherapy and then focuses on the
growing clinical experience of using adoptive T-cell transfer therapy for immune recon-
stitution and treatment of hematological malignancies. Historically, most of this experi-
ence involves the transfer of cultured, poly-specific T-cells obtained from tumor-bearing
tissues or peripheral blood. However, advances in the efficiency and safety of gene-
transfer technology are driving efforts to generate T-cells with predetermined specificity
for known tumor antigens and enhanced functional properties as well. Recent clinical
success using adoptive transfer of genetically altered T-cells in the setting of chronic
lymphocytic leukemia and pediatric acute lymphoblastic leukemia, although limited to
a small number of patients, has generated increasing interest and has validated the thera-
peutic potential inherent in T-cell transfer strategies.
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1 Background

Despite impressive advances in the treatment of nearly all types of hematological
malignancies, cures remain uncommon for the majority of patients with myeloma
and relapsed or refractory lymphoma and leukemia. Dose-intensive chemotherapy/
radiotherapy followed by autologous (patient derived) stem cell transplantation
leads to complete remissions and extended (~5 years) disease-free survival in about
2040 % of myeloma patients, but the 10-year disease-free survival is <20 % and
the likelihood of cure is < 10 % [1-4]. Autologous stem cell transplants induce cures
in about 40 % of patients with relapsed lymphoma [5]. Allogeneic (donor derived)
stem cell transplants induce cures in about 20—-60 % of patients with acute leukemia
depending on remission status and may increase the likelihood of cure for patients
with myeloma and high-risk aggressive lymphoma largely through a T-cell-mediated
graft-vs.-tumor effect [6—11]. However, the benefit of the graft-vs.-tumor effect is
offset to a significant extent by increased treatment-related morbidity and mortality
from graft-vs.-host disease (GVHD) wherein donor-derived T-cells attack certain
healthy cells and tissues in the patient (e.g., skin, intestinal tract, and liver in the
acute phase). Furthermore, immune depletion after all forms of high-dose chemo-
therapy may be long-lasting and increases the risk for serious bacterial and viral
infections [12—-14].

Enhanced immune cell number and/or function may be associated with better
outcomes after the treatment of a variety of hematologic malignancies. For exam-
ple, higher lymphocyte counts at diagnosis and after transplantation predicted better
disease-free and overall survival for patients with myeloma [15, 16]. Higher lym-
phocyte counts at diagnosis and relapse have also been associated with improved
progression-free and/or overall survivals for patients with lymphoma and myelo-
dysplastic syndromes [17-21], while a few studies have not demonstrated an asso-
ciation between lymphocyte recovery and outcome [22]. In the case of myeloma,
tumor-reactive T-cells have been detected at low frequencies in the marrow or the
blood of untreated patients [23, 24]. Furthermore, CD4+ and CD8+ T-cells directed
against epitopes from the mutated region of NPM1 can be detected in about 30—40 %
of patients with NPM 1-mutated AML, and in vitro studies reveal that these cells can
elicit specific lysis of leukemic blasts [25]. These lines of indirect evidence suggest
that tumor-reactive T-cells may be found in a significant proportion of patients with
a variety of hematologic malignancies and also provide a justification for the notion
that forced increases in the number and function of these tumor-reactive T-cells may
contribute to better tumor control. Adoptive transfer of functionally enhanced
T-cells which are either poly specific or preferably tumor specific may help repair
the immunodepletion that inevitably follows the treatment of hematologic malig-
nancies with standard-dose or high-dose chemotherapy and may exert antitumor
effects. While infusion of allogeneic T-cells is a widely accepted and effective if
potentially toxic form of adoptive cellular therapy, recent clinical experience sug-
gests that autologous T-cell transfers may also exhibit clinical benefits. These ben-
efits include accelerated immune recovery, protection from infections, enhanced
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responses to microbial and putative cancer vaccines, and possibly antitumor effects
as well. There is growing hope that further developments will allow autologous
adoptive T-cell immunotherapy to become a new and highly effective therapeutic
branch of transfusion medicine.

2 Allogeneic (Donor) Lymphocyte Infusions

Weiden et al. were among the first to recognize the therapeutic impact of passenger
lymphocytes in marrow/stem cell products when they discovered a significantly
lower rate of leukemia relapse among recipients of allogeneic marrow grafts vs.
recipients of marrow grafts from syngeneic (identical twin) donors [26]. A logical
extension of this donor lymphocyte-mediated “graft-vs.-leukemia” effect has been
the development of therapeutic donor lymphocyte infusions (DLI). DLI involves the
transfer of lymphocytes from the original stem cell donor in an effort to treat relapse
of the hematologic malignancy after prior allogeneic stem cell transplantation. DLI
can be given alone or following chemotherapy, monoclonal antibody therapy, or
other form of cytoreductive treatment to achieve a lower burden of disease prior to
DLI. DLI induces durable complete remissions in the majority of patients with
chronic myelogenous leukemia (CML) in early-stage relapse. However DLI induces
remission in less than 30 % of patients with relapsed acute leukemia, myelodysplas-
tic syndrome, and multiple myeloma, and the majority of these patients eventually
relapse again.

Preemptive DLI has also been used for patients with hematologic malignancies
who have not formally relapsed with the intention of generating full donor chime-
rism (complete donor stem cell engraftment in the recipient’s blood and bone mar-
row) and potentiating the graft-vs.-tumor effect.

However the success of DLI comes at the price of GVHD and sometimes marrow
suppression with frequencies of 50-60 and 20—40 %, respectively. Several groups
have studied different strategies to overcome these complications including com-
bining DLI with chemotherapy, using lymphocyte subset selection, or genetically
modifying T-cells to express suicide genes which can be activated in the event of
serious GHVD.

2.1 Efficacy of DLI in Various Hematologic Malignancies

2.1.1 Chronic Myeloid Leukemia

The most favorable outcomes after DLI occur in patients with relapsed chronic-
phase CML. A large multicenter study showed complete cytogenetic remission in
60 % of relapsed CML patients without pre-DLI cytoreduction [27]. The best
response to DLI was evident in chronic-phase CML patients with molecular and/or
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cytogenetic relapse only. Nearly all of these patients had a complete cytogenetic
response, defined as complete absence of the Philadelphia chromosome on standard
cytogenetic testing. Patients with cytogenetic relapses or chronic-phase CML at the
time of relapse had a complete cytogenetic response rate of 75.7 vs. 33.3 and 16.7 %
in patients with accelerated or blast-phase relapses, respectively. Complete responses
when achieved were durable with a projected probability of 89 % for remaining in
complete remission at 2 years of follow-up. By multivariate analysis, predictors of
complete response to DLI included chronic GVHD after the original transplant,
chronic-phase disease at relapse, and a time interval of 2 years or less between
transplant and DLI. Furthermore, the development of acute and chronic GVHD post
DLI also correlated significantly with disease response (P <0.00001).

2.1.2 Acute Myeloid Leukemia

Table 1 summarizes the response rates to DLI for a variety of hematological malig-
nancies including CML, AML, acute lymphoblastic leukemia (ALL), lymphoma,
and myeloma. From this table it is evident that patients with other hematologic
malignancies respond less frequently and durably to DLI. For example, the com-
plete remission rate is about 21 % for patients with relapsed AML, and the long-
term survival for AML patients treated with DLI is less than 20 %.

DLI in AML from unrelated donors is associated with a higher response rate
when compared to related donors, with one series reporting that 42 % of patients
achieved a complete remission after unrelated DLI [29]. A retrospective analysis of
DLI in AML performed by the European Group for Blood and Marrow
Transplantation showed an estimated survival of 21 % among 171 patients who
received DLI vs. a 9 % 2-year overall survival for 228 patients who did not receive
DLI for post-transplant relapse [33] After adjustment for all the pertinent clinical
variables in the two groups, DLI administration appeared to be associated with
improved outcome in younger patients and in those patients who relapsed more than
5 months after transplantation. Bone marrow blast count at the time of relapse,
female gender, favorable cytogenetics, and disease remission at the time of DLI
were predictive of survival by multivariate analysis. For patients who received DLI
in remission and had favorable cytogenetics, the 2-year overall survival was esti-
mated at 56 vs. 9-20 % for those who received DLI with active leukemia. The rea-
sons for reduced DLI efficacy in acute myeloid leukemia as compared to CML may
be due to rapid growth kinetics of the acute leukemia cells. Other potential mecha-
nisms for decreased efficacy of DLI in AML include lack of surface expression of
costimulatory molecules, defective tumor antigen presentation, involvement of
immunologically privileged sites, or down regulation of HLA molecules and espe-
cially patient-specific major or minor histocompatibility antigens. In this regard, a
study of 43 patients who received haploidentical bone marrow transplants and donor
T-cell infusions for acute myeloid leukemia or high-risk myelodysplastic syndrome
reported that 5 of the 17 patients (29 %) who relapsed had developed resistance to
donor lymphocytes due to genomic loss of the mismatched patient-specific HLA
haplotype in the leukemic cells [43].
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2.1.3 Other Hematologic Malignancies Including ALL, NHL, Myeloma,
CLL, and HD

Pre-B cell or B cell ALL appear to respond even less favorably to DLI than myeloid
leukemias perhaps due to the rapid proliferation of the leukemia cells and a variety
of immunologic escape mechanisms. Multiple studies showed very low response
rates to DLI for relapses after either related or unrelated SCT even when chemo-
therapy was given before DLI with survival rates of less than 20 % at 1-2 years of
follow-up [27-29, 31, 34, 35].

For lymphoma patients with relapsed or progressive disease after allogeneic
SCT, DLI with or without chemotherapy resulted in about 50-70 % response rates,
but published studies are limited to relatively small number of patients [36-38].
Serial PET scanning after allogeneic SCT may allow more selective and earlier
application of DLI leading to higher response rates [36]. In aggregate, these studies
indicate that indolent lymphomas may have a better response rate to DLI compared
to aggressive lymphomas. Myeloma also appears to be amenable to DLI with
response rates of about 30-50 % and survival rates of about 40 % at 1-5 years of
follow-up [27, 39-42]. For patients who achieve a PR after DLI, the median
progression-free survival (PFS) is only about 7 months while for patients who
achieve a CR, the median PFS is about 2 years [42]. Even so, the majority of patients
who receive DLI for post-allogeneic SCT relapses of myeloma eventually develop
disease progression.

There is very limited published experience for the use of DLI in patients with
relapsed chronic lymphocytic leukemia (CLL) or Hodgkin’s disease (HD). In one
study of DLI for residual or relapsed lymphoid neoplasms after allogeneic SCT,
three of four patients with CLL had a CR after DLI [44]. A CLL patient was among
the 8 patients (of 18) who achieved a CR after receiving anti-CD3/anti-CD28
costimulated or “activated” DLI for relapsed disease, and this patient remained in
CR for 53+ months [45]. Also, new and expanded CD8* T-cell clonotypes were
demonstrated in serial peripheral blood samples taken from a CLL patient who
received DLI for recurrent CLL, and the emergence of these clonotypes coincided
with disease remission [46]. An anecdotal experience may also be illustrative:
A patient with fludarabine-resistant CLL relapsed with nodal disease about 1 year
after an unrelated allogeneic SCT. After no response to treatment with rituximab
and lenalidomide, the patient received 1x 107 CD3* T-cells/kg body weight from
the unrelated donor and had a partial response. About 4 months later, a second DLI
of 2.8 x 107 CD3* T-cells/kg body weight was administered. About 1 month later,
acute skin GVHD developed which required a course of glucocorticoids. Coincident
with the clinical GVHD, the lymphadenopathy regressed and a complete response
ensued which has been sustained for more than 2 years. Despite limited data, it is
fair to conclude that DLI has the potential to reinduce long-lasting clinical remis-
sions for select patients with recurrent CLL after allogeneic stem transplantation.
Data regarding the efficacy of DLI for recurrent HD after allogeneic SCT is also
very limited. One study reported on 9 HD patients who received a median of
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7.75x 107 CD3* T-cells (range 0.5-28.5) [47]. The response rate was 44 % (4/9)
with a median duration of 7 months (range 4-9). Three of the four responders devel-
oped GVHD and also received pre-DLI chemotherapy. The role of DLI for relapsed
HD remains unclear.

2.1.4 Preemptive DLI in Hematologic Disease

The role of preemptive DLI in patients with hematologic malignancies was explored
in a prospective study of 82 patients with a variety of hematological malignancies
(AML, ALL, CML, and MDS) who were considered to be at high risk of relapse
after partially T-depleted allogeneic SCT [48]. DLI was given prophylactically to 31
patients at a median of 22 weeks after transplantation. The first six patients received
0.7x10% CD3+ cells/kg body weight with five patients developing acute GVHD.
The next 25 patients received a dose of 0.1 x 10® CD3+ cells/kg with eight patients
developing acute GVHD and three patients developing limited chronic GVHD. The
projected 3-year probability of disease-free survival was 77 % for the 35 patients
who were eligible for DLI and 45 % for the 47 patients in the comparison group
who were considered to be at high risk for relapse but did not receive DLI due to
previous grade 2 or higher acute GVHD and/or chronic GVHD (P=0.024). The
relapse rate at 36 months after transplantation was 18 % in the patients who were
eligible for treatment with DLI and 44 % in the comparison group (P=0.026). Thus
preemptive, low-dose DLI may be a worthy option for patients who are considered
to be at high risk for relapse.

2.2 Strategies for Optimizing Clinical Benefit of DLI
and Minimizing the Risks

2.2.1 Dosing of DLI

It has been postulated that a dose level or a range of T-cells exists which can induce
disease remission without triggering GVHD. This dosing window is likely influ-
enced by the type of hematological malignancy (indolent vs. aggressive) as well as
the donor source (matched sibling vs. unrelated donor). One study included 22
patients with relapsed CML after SCT who were treated with escalating doses of
DLI ranging from 1x 103 to 5x 108 CD3* T-cells/kg (8 dose levels) at a median of
every 6 weeks (4-33 weeks) between infusions [49]. Remissions were seen at T-cell
doses at or above 1x 107 CD3 * T-cells/kg. Nineteen of the 22 patients achieved dis-
ease remission (most became PCR negative) with 8 patients receiving just 1 dose of
1x 107 CD3/kg, and only 1 patient out of these 8 developed chronic GVHD. However,
8 out of the 11 patients who responded and received a T-cell dose of >5x107/kg
developed GVHD. Neither GVL nor GVHD effects were evident at T-cell doses



Adoptive T-Cell Transfer as a Clinical Antitumor Strategy for Hematologic Malignancies 157

below 1x 107 CD3* T-cells/kg. This study demonstrated that the incidence of GVHD
correlated to the T-cell dose and for CML, the graft-vs.-leukemia effect can be
partially separated from clinically significant GVHD. A large multicenter retrospec-
tive study evaluated three dosing regimens of less than 0.2, 0.2-2, and greater than
2% 10® mononuclear cells/kg in 298 patients with CML and found no difference in
response rates at these dose levels, but the incidence of GVHD was lower in patients
who received the lower initial dose [50]. Another non-randomized study examined
the effect of a bulk dose DLI regimen (BDR) vs. an escalating dose DLI regimen
(EDR) in 48 patients with cytogenetic or hematologic relapse of CML after SCT.
Twenty-eight patients received the BDR at a median of 1 x 108 cells/kg, whereas 20
received the EDR using a median total cell dose of 1.9x10® cells/kg starting at
1x107 cells/kg for HLA-related donors and 1x10° cells/kg for HLA-unrelated
donors. The median interval between the sequential DLIs was 20 weeks. There was
no statistical difference in the response rates of the two cohorts (67 % in the BDR
and 91 % in the EDR); however, grade II-IV GVHD was seen in 45 % of the BDR
compared to 10 % in the EDR. This study implies that a low dose of DLI followed
by graduated dose escalation may be the preferred strategy for patients with CML
and possibly other hematological malignancies if tumor growth kinetics allow.

2.2.2 Combination of DLI with Chemotherapy or Other
Antineoplastic Agents

In addition to lowering the disease burden that must be targeted by the T-cells, pre-
DLI cytoreductive chemotherapy may also deplete residual host T-cells and help
create “immunological space” for the donor cells to expand. This is potentially a
more effective approach for patients who are relatively resistant to DLI alone such
as those with acute leukemia or advanced CML. In a prospective trial of 65 myeloid
leukemia patients with hematologic relapse after HLA-matched BMT 65 patients
were prospectively treated with cytarabine at a dose of 100 mg/m?*day for 7 days
and daunorubicin at 30 mg/m?%day for 3 days followed by G-CSF-primed DLI at
10—14 days after the initiation of chemotherapy [51]. A complete response was seen
in 27 patients albeit with treatment-associated mortality of 23 %. The overall sur-
vival was 19 % at 2 years. This study did not appear to show any increased inci-
dence of GVHD with cytoreductive chemotherapy and DLI. In contrast, a small
study in which 15 patients with relapsed non-CML malignancies who received
cyclophosphamide at a dose of 50 mg/kg on day —6 and fludarabine 25 mg/m? for 5
consecutive days from —6 to -2 followed by DLI (1 x 10%/kg) 48 h after the last dose
of fludarabine were compared to 63 control patients who received DLI without che-
motherapy suggested that cytoreductive therapy might contribute to worsening of
GVHD [52]. All the patients who received chemotherapy developed lymphodeple-
tion to promote donor lymphocyte expansion and a more effective graft-vs.-tumor
effect but also developed significant acute GVHD. Mortality in the DLI-only group
was due to either persistent disease or disease recurrence with only 5 % of deaths
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due to GVHD. On the other hand, 5 of 11 deaths (45 %) in the chemotherapy + DLI
group were attributed to GVHD, leading to premature termination of the study.

Another phase I-II study investigated the effect of low-dose thalidomide
(100 mg/day) followed by DLI in 18 myeloma patients after allogeneic SCT with
progressive or residual disease and previous failure of DLI alone. Complete remis-
sion was seen in 22 % of the patients with an overall response rate of 67 %. Two
patients developed grade I acute GVHD of the skin, and two patients had chronic
GVHD. This study indicated that low-dose thalidomide and DLI may have a clini-
cally significant synergistic effect with a low incidence of GVHD [53].

2.2.3 DLI with CD8 Depletion

Earlier studies suggested that cytotoxic CD8* T-cells are the principal effectors of
GVHD, therefore leading to studies of CD8*-depleted stem cell grafts and eventu-
ally CD8*-depleted DLI for disease relapse after SCT. A notable study included 40
patients with relapsed hematologic malignancies after SCT, who were treated with
CD8*-depleted DLI at 0.3, 1.0, and 1.5 x 108 CD4" cells/kg dose levels [54]. Fifteen
of 19 patients (79 %) with early-phase relapsed CML responded to treatment,
whereas 5 of 6 patients (83 %) with relapsed multiple myeloma and 1 patient with
myelodysplasia also developed a response. Complete cytogenetic remission was
seen in 87 % of CML patients, and a complete molecular response was seen in 78 %
at 1 year after receiving DLI. Two CML patients who did not show a response at
dose level 1 later achieved complete cytogenetic remission after a second infusion
of CD8-depleted cells at dose level 2. All the patients who developed GVHD dem-
onstrated tumor regression, but 48 % of patients who responded to treatment never
developed GVHD. Acute GVHD was evident in 24 % of the patients, while chronic
GVHD was seen in 16 %, with only one death due to either GVHD or infection.
Also noted in this study was a delay in time to development of GVHD and disease
response (median of 11 weeks) when compared to conventional DLI. Due to the
relatively low risk of toxicity associated with the infusion of defined number of
CD4(+) donor cells, further studies may be warranted to prevent relapse after allo-
geneic BMT in the setting of persistent minimal residual disease.

Another small randomized trial involving the administration of conventional
DLI versus CD8+-depleted cells was conducted in patients with disease remission
in an effort to prevent relapse [55]. Acute GVHD developed in six of the nine
patients (67 %) undergoing conventional DLI as opposed to no cases of acute
GVHD among nine patients receiving CD8-depleted DLI. In the CD8-depleted
cohort, there were no toxic deaths and only one relapse. T-cell recovery patterns
evaluated by T-cell receptor spectratyping were similar in both groups. This study
showed that CD8-depleted DLI led to immune-mediated tumor responses without
significant GVHD. Although CDS8 depletion appears to reliably reduce GVHD,
whether CD8+-depleted DLI will ultimately prove equally effective as a means of
inducing GVL is not yet known.
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2.2.4 DLI Using Lymphocytes Engineered to Express “Suicide Genes”

Investigators have sought to genetically engineer donor lymphocytes to express
thymidine kinase (TK) “suicide” genes which can mediate lymphocyte inactivation
upon exposure to ganciclovir. The thymidine kinase encoded by the herpes simplex
virus type 1 phosphorylates ganciclovir to an active metabolite which inhibits DNA
synthesis and causes cell death. Incorporation of the HSV TK gene into T-cells can
lead to the killing of actively dividing cells particularly when these cells are mediat-
ing serious GHVD. In one study, 23 patients received TK gene-transduced donor
T-cells for relapse of malignancy after SCT and 11/17 evaluable patients had sig-
nificant clinical benefit including 6 complete responders [56]. Seven patients
received ganciclovir which eliminated the TK +cells and appeared to selectively
treat the GVHD.

3 Of Mice, Men, and Melanoma: Lessons from Mouse
and Human Models of Autologous Immunotherapy

Autologous immunotherapy of cancer can be categorized into three major strate-
gies: (1) general immune cell activation (e.g., IL-2 administration) based on the
notion that tumor-directed T-cells exist in the patient but in an inactive state which
can be overcome through pharmacologic manipulation; (2) active immunization of
the patient with tumor-associated antigen vaccines designed to specifically elicit
T-cell and or B-cell responses against the tumor; and (3) adoptive T-cell therapy
(ACT) in which autologous T-cells are first removed from the tumor-bearing patient,
then otherwise activated, expanded and/or genetically modified to enhance func-
tionality, and then transferred back to the patient to attack the remaining cancer
cells. As “stand-alone” therapies, the first two strategies have thus far yielded lim-
ited clinical benefits with an objective response rate of 3.3 % among more than
1,300 patients who received a variety of cancer vaccines both at the NIH Surgery
Branch and in the published literature [57, 58]. In contrast, ACT has been shown to
induce regression of cancer in 50-70 % of patients with advanced and refractory
malignancy [59, 60] and offers the potential for sustained responses and application
to a wide variety of human cancers.

Much of the early work and success in the field of autologous T-cell immuno-
therapy were focused on patients with advanced melanoma and EB V-driven tumors
including lymphoma and nasopharyngeal carcinoma. Several important principles
which would likely apply to the treatment of hematological malignancies with cel-
lular immunotherapy have emerged from this body of work and are summarized
below.
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3.1 The Importance of Lymphodepletion Before
Adoptive Transfers

In order to kill tumor cells in the patient, T-cells must (1) be present in sufficient
number, (2) possess adequate affinity for the tumor antigen target, (3) traffic to the
tumor bed, and (4) exert a cytotoxic effect on the cancer cells. In addition to the
depletion of immune cells which usually accompanies repeated courses of chemo-
radiotherapy for cancer, a major impediment to effective cellular immunotherapy of
cancer is the profound suppression of antitumor reactivity that occurs when T-cells
encounter the tumor microenvironment. Indeed, a transgenic murine model in which
>95 % of the CDS8 cells were specific for a melanoma target antigen (gp100) failed
to suppress growth of gpl00+ melanoma tumors [61]. Early efforts to isolate,
expand, and reinfuse tumor-infiltrating lymphocytes (TILs) to treat metastatic mela-
noma used either no preparative regimen or low-dose cyclophosphamide (25 mg/
kg) yielding objective responses in about 30 % of patients, most of which were
short-lived [62, 63]. Based on animal models that suggested that the results of ACT
might be improved following more effective lymphodepletion, a series of consecu-
tive trials were conducted that utilized increasingly intensive chemoradiotherapy.
Using higher dose cyclophosphamide plus fludarabine (FluCy), FluCy plus low-
dose (2 Gy) total body irradiation (TBI), and FluCy plus high-dose TBI (12 Gy), the
rate of objective clinical responses after adoptive transfer of about 10'°-10'" tumor-
reactive cultured TILs increased progressively to 49, 52, and 72 %, respectively, by
RECIST criteria [64]. Furthermore, responses occurred in a variety of tissues and
organs, and the majority of complete responses were durable. The mechanisms
whereby intensive lymphodepletion leads to improved survival and clinical impact
of adoptively transferred T-cells include (1) liberation of vy, cytokines including
IL-7, IL-15, and IL-21 from “sinks” associated with T/NK cell populations, (2)
depletion of CD4 +CD25+ regulatory T-cells (Tregs), and (3) enhanced tumor anti-
gen presentation through tumor cell apoptosis and antigen-presenting cell (APC)
activation [65, 66]. Whether lymphodepletion and the so-called homeostatic expan-
sion should be routinely incorporated to augment adoptive T-cell transfer strategies
requires additional study.

3.2 The Importance of Memory for Optimal ACT

While CD8+ cytotoxic T-cells appear to be the principal actors in the response to
ACT, CD4+ T-cells likely provide critical help for CD8+ cells through elaboration
of growth factors such as interleukin-2 (IL-2) and IL-21 and expression of CD40-
ligand [67-71]. In a cellular vaccine model, CD4+ T-cells also played a broader role
in orchestrating an effective antitumor response through recruitment of eosinophils
and macrophages. Indeed anecdotally at least one patient with metastatic melanoma
achieved a long-term complete remission after infusion of autologous CD4+ T-cell
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clones that recognized the cancer—testis antigen (CTAg) NY-ESO-1 [72]. The major
subsets from which CD8+ T-cells for ACT can be drawn include naive T-cells (Ty)
and memory T-cells (Ty) which can be separated into central memory (T¢y) and
effector memory (Tgy) populations that exhibit distinctive phenotypes, homing
properties, and function [73]. CD8+ Tey cells express CD62L and CCR7 which
cause homing to lymph nodes, and they activate and expand rapidly upon secondary
exposure to cognate antigen. CD8+ Ty cells are negative for CD62L, circulate to
infected or inflamed tissues, and more rapidly exert effector functions upon antigen
reexposure. Both types of CD8+ T-cells can generate potent effector T-cells (Tkg)
which kill tumor targets through lytic mechanisms that involve granzyme and per-
forin release. While highly cytolytic effector cells may exert more potent antitumor
activity, memory CD8+ T-cells appear to be the preferred choice for ACT due to
higher proliferation potential and survival in vivo [74]. Furthermore, in a primate
model, adoptive transfer of effector CD8+ T-cells derived only from CD8+ Tcy
persisted for a long term, reestablished a memory pool, and responded to rechal-
lenge with a viral (CMV) antigen [75]. However, naive CD8+ T (Ty)-cells possess
characteristics such as higher CD27 expression and longer telomeres that may make
them more suitable for ACT when using genetically modified T-cells which have
been engineered to recognize and react to tumor targets [76]. The optimal T-cell
subpopulations for adoptive transfer have not yet been definitively characterized,
and protocols for in vitro expansion and differentiation have not been optimized for
clinical use. Improved understanding of T-cell maturation and memory should help
further improve ACT protocols.

It should also be noted that while most of the clinical experience of ACT for
melanoma has involved TILs, antigen-specific CD8+ T-cell clones derived from the
peripheral blood have also yielded durable objective clinical responses [77]. The
ability to use tumor antigen-specific peripheral blood lymphocytes for ACT may
expand the clinical reach of this form of immunotherapy to the significant propor-
tion of patients whose tumors do not yield adequate TILs for culture and cloning.
Recent studies using short-term cultures of enriched but unscreened (for tumor
reactivity) CD8+ TILs may also simplify and accelerate the procedure for preparing
TILs for successful ACT without sacrificing the high rate of objective responses
observed in melanoma patients (50-60 %) [78, 79].

3.3 ACT Can Mediate Regression of Large Tumors:
Strategies for Augmenting Responses

An important but perhaps unexpected lesson from studies in melanoma is that ACT
can induce regression of very large tumor masses that are well vascularized and
metastatic to multiple organs including the lung, liver, adrenal glands, muscle lymph
nodes, and skin [64, 80]. Indeed, analysis of large ACT experiences has revealed
little or no correlation between tumor bulk and clinical response [81]. Anecdotally,
our group has also observed dramatic—albeit transient—regression of advanced,
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refractory myeloma with nearly 100 % replacement of marrow cellularity by
malignant plasma cells and plasmablasts in a patient who received about 5x 10'° ex
vivo costimulated autologous T-cells (unpublished observations). Serial marrow
examinations over a period of about 5 weeks showed a progressive decline in mar-
row plasmacytosis from 100 to 15 % accompanied by a progressive increase in
marrow-infiltrating CD8+ T-cells from <5 % to more than 70 %. Taken together,
these observations appear to challenge the prevalent notion that cancer immuno-
therapy is primarily effective for patients with minimal residual disease or only
applicable to the adjuvant setting. Factors that correlate to better clinical responses
after ACT include long-term persistence of the transferred cells, longer telomere
length, and re-expression of CD27 [80]. CD27 expression is a molecular feature
which is associated with increased proliferation, IL-2 production, and more resis-
tance to apoptosis of CD8+ T-cells in HIV-infected patients [82]. In a murine model
of ACT for large tumors, higher T-cell dose, a Ty phenotype, and post-transfer
administration of IL-2, IL-7, IL-15, or IL-21 also predicted better tumor responses
[83]. In another murine model, administration of antiangiogenic agents such as vas-
cular endothelial growth factor (VEGF) antibody or VEGFR2 (VEGF-receptor)
antibodies increased responses to ACT due in part to increased access of the trans-
ferred T-cells to the tumor bed [84].

3.4 ACT Can Be Used to Treat Viral Infections
in Immunocompromised Hosts (e.g., EBV)
and EBV-Driven Neoplasms

Another important application of adoptive T-cell transfer is in the treatment or
the prevention of viral infections which arise as a result of loss of immune surveil-
lance in patients who become severely immunocompromised in the course of inten-
sive chemotherapy and/or allogeneic stem cell transplantation. For example,
infusions of EB V-specific cytotoxic T lymphocytes (CTLs) generated through gene
transfer led to durable (18 + months) immunity against viral challenges [85]. CMV-
specific T-cells which were generated by repetitive ex vivo stimulation with CMV
antigen led to clearance of CMV viremia in 5/7 evaluable patients who had not
responded to antiviral chemotherapy [86]. Newer culture techniques have extended
this form of therapy to post-transplant adenoviral infections as well [87]. Given that
EBV can cause life-threatening lymphoproliferative disorders after allogeneic stem
cell transplantation including up to 25 % of pediatric recipients of T-cell-depleted
unrelated or HLA-mismatched donor transplants, EBV-specific CTLs have also
been tested in this setting. An early study of 39 patients who were at high risk for
EBV-induced lymphoproliferative disorders received 2—4 infusions of polyclonal
donor-derived T-cells that were selected and cultured for anti-EBV activity [88]. Six
patients with high levels of EBV-DNA had 2—4 log reductions in viral DNA, and
none developed lymphoma while two patients who did not receive EBV CTLs and
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subsequently developed lymphoma exhibited complete responses after T-cell
therapy. EBV-specific CTLs were successfully derived from 11 of 15 patients with
relapsed EBV +Hodgkin disease and generated temporary clinical responses in 2 of
3 treated patients [89]. Immunoassays from this early study indicated that LMP2
was a frequent target of these CTLs and could elicit homing to tumors. Using gene-
marked CTLs raised against EB V-transformed autologous lymphoblastoid cell lines
as APCs and a novel strategy for accelerated expansion, 14 patients with relapsed
HD were treated with ACT leading to complete responses in five patients, two of
whom had measurable disease prior to cell transfer and remained in remission for
>9 months and >27 months [90]. Five additional patients exhibited stable disease,
and studies of the gene-marked cells clearly showed trafficking of the CTLs to
tumor sites. The frequency of LMP2-directed CTLs could be increased about 100-
fold by using LMP2 gene-modified APCs as stimulator cells, and these LMP2-
specific and expanded CTLs were used to treat 16 patients with EBV +HD or NHL
[91]. Nine of ten patients who were treated while in remission remained free of
disease, while five of six patients with active disease just prior to ACT had an objec-
tive tumor response by RECIST criteria, four of which were complete and sustained
for >9 months. One notable patient with marrow involvement with chemotherapy-
resistant HD remained in remission for >34 months. ACT with donor-derived viral
antigen-specific CTLs has also been used in the allogeneic transplant setting to treat
reactivations of EBV, CMV, or adenovirus as well as EBV-driven lymphoprolifera-
tive disorders in 153 recipients while incurring acute GVHD in 6.5 % of patients, all
of whom had earlier episodes [92]. Notably, there were no differences in the fre-
quency of GVHD between patients who received CTLs from HLA-matched vs.
HLA-mismatched donors. At least one patient with protracted and drug-resistant
CMYV encephalitis had viral suppression and clinical improvement after receiving
graduated doses of unmanipulated donor lymphocytes while developing only grade
II skin GVHD after the fifth infusion which was steroid responsive [93].

3.5 Safety and Tolerance of T-Cell Infusions

Adverse events early after infusions of autologous T-cells for ACT are generally
mild and infrequent. The Baylor group recently conducted a review of 381 T-cell
products given to 180 patients who were enrolled in 18 clinical trials over a 10-year
period [94]. These patients received ex vivo-expanded T-cells that were selected and
cultured for tumor or viral antigen specificity and/or were gene-modified. No grade
3—4 infusion reactions were identified during 24 h of observation after infusion.
About 12.5 % of patients had grade 1-2 reactions within 24 h of infusion, including
nausea/vomiting, hypotension, pain, dyspnea or hypoxia, fever, and chills. It should
be noted that the cell doses in these studies were generally low (from 10%kg body
weight up to 2x 10%/m?). Early and later adverse effects of activated and expanded
autologous T-cell transfers appear to be more frequent and more clinically signifi-
cant in patients who receive higher T-cell doses, undergo more intensive



164 A.P. Rapoport and N. Jjaz

lymphodepletion (e.g., high-dose chemotherapy for autologous stem cell
transplants), and/or receive T-cell products which are genetically modified to intro-
duce new target specificities and functional properties. For example, a patient with
bulky CLL died from multiorgan failure after receiving gene-modified T-cells engi-
neered to express a chimeric antigen receptor (CAR) which recognized CD19, a
common normal B-cell and B-cell lymphoma antigen [95]. A second patient with
colon cancer metastatic to the lungs developed fulminant respiratory failure within
15 min of receiving T-cells which had been genetically modified to express a CAR
that recognized ERBB2 —the tumor-associated antigen which is targeted by the
widely used monoclonal antibody Trastuzumab (Herceptin®) and died 5 days later
[96]. The intracellular portion of this CAR contained signaling domains derived
from CD28, CD3(, and 4-1BB which likely provided a strong activation and prolif-
eration signal after antigen encounter. Additional toxicities associated with ACT in
hematological neoplasms are discussed in later sections. Caution and vigilant clini-
cal monitoring are clearly warranted for any T-cell products or T-cell stimulants that
are being newly tested in humans. Even preclinical models including nonhuman
primates failed to predict the nearly fatal widespread T-cell activation and cytokine
storm that occurred after giving a superagonistic anti-CD28 monoclonal antibody
(TGN1412) to normal human volunteers [97]. Historically, ACT has been avoided
in patients with known brain metastases due to safety concerns and uncertainty
about whether tumor-directed T-cells could successfully cross the blood—brain bar-
rier. However, a recent analysis of 264 patients with metastatic melanoma who
received ACT at the NCI Surgery Branch retrospectively identified 26 patients who
had both untreated brain metastases and extracranial disease prior to ACT [98].
Seven of seventeen patients (41 %) who received TILs had a complete response in
the brain accompanied by partial extracranial responses in six, while two of nine
patients (22 %) who received gene-modified T-cells had a complete response, one
of whom also had a partial extracranial response. One patient developed a subarach-
noid hemorrhage in a brain tumor while thrombocytopenic but was successfully
treated by resection. These data suggest that brain metastases are not beyond the
reach of ACT and should not necessarily be a basis for routine exclusion from treat-
ment. A recent trial involving transfer of CAR-modified T-cells into pediatric
patients with relapsed childhood ALL shows that modified cells may cross the
blood-brain barrier and further raises the possibility of ACT efficacy against CNS
disease as well as the potential for CNS toxicity.

3.6 ACT with Gene-Modified T-Cells Is Effective
and Potentially Widely Applicable

Despite the great promise of ACT and its demonstrated ability to induce regression
of tumors in patients with advanced melanoma, there are at least two important limi-
tations of this approach: (1) patients must have relatively large tumors from which
TILs can be isolated and expanded; this procedure occurs successfully in about
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50 % of eligible patients, and (2) in many other forms of cancer, tumor-reactive
T-cells are much more difficult to identify, isolate, and expand. Work by Eshhar and
others has shown that T-cells can be genetically engineered to express novel antigen
recognition receptors composed of the variable binding domains of an immuno-
globulin molecule fused to the constant, signaling domains of the T-cell receptor
(TCR) [99]. These “chimeric TCR”- or “CAR”-expressing T-cells then become
functionally redirected to the specific antigen which is recognized by the immuno-
globulin portion of the molecule and can proliferate and mediate non-MHC-
restricted cytotoxicity against cells expressing the antigenic target. An alternative
approach is to isolate and clone native TCRs or generate “affinity-enhanced” TCRs
for a specific tumor antigen epitope and then genetically modify T-cells to express
these native or affinity-enhanced TCRs in order to redirect them to tumor cells that
are known to express the tumor antigen target. This latter approach will be limited
to patients who carry the HLA antigens (usually A-0201, AO1, or other relatively
common class I antigens) which are recognized by the TCRs. Advances in vector
technology, specifically the advent of lentiviral vectors which can efficiently target
both dividing and nondividing lymphocytes, have facilitated the recent clinical test-
ing and development of these technologies.

Using a retroviral vector which was optimized to express the alpha and beta
chains of an anti-MART-1 TCR, HLA-A0201* patients with refractory, metastatic
melanoma received ACT with gene-modified autologous T-cells [100]. Among 15
patients who received short-term cultured cells (6-9 days of ex vivo stimulation
with anti-CD3 antibody), all showed strong persistence of gene-modified cells with
engraftment levels above 10 % of peripheral blood lymphocytes for 2 months or
more after infusion. Two patients who had rapid progression of disease prior to ACT
had partial responses by RECIST criteria which were sustained at 21 and 20 months
of follow-up. Both of these patients had high levels of gene-marked cells at 1 year
post treatment as well as evidence of proliferation in the peripheral blood. An
emerging principle from both tumor and viral immunology is that higher avidity
interactions between T-cells and target antigens may lead to more effective immune
responses [101, 102]. In an effort to increase the affinity of native tumor antigen-
specific TCRs for their target antigens, one or two amino acid substitutions have
been introduced into the complementarity determining regions (CDRs) of TCRs for
MART-1 (amino acids 27-35) and the CTAg NY-ESO-1 (amino acids 157-165),
leading to enhanced TCR function without apparently sacrificing binding specific-
ity [103]. A clinical trial of ACT using gene-modified autologous T-cells which
were engineered to express an affinity-enhanced TCR for the NY-ESO-1 CTAg
enrolled 17 patients with metastatic synovial cell sarcoma and melanoma [104].
Objective clinical responses by RECIST criteria were observed in 4/6 sarcoma
patients and 5/11 melanoma patients, including 2 complete responses in the latter
group which persisted for more than 1 year. Based on murine models, a safety con-
cern that has been raised about the use of TCR gene-modified T-cells is the occur-
rence of serious autoimmune complications which may arise from the generation of
new (self-directed) TCR specificities that result from mixed pairing of exogenous
(transferred) and endogenous TCR chains [105]. However, no cases of GVHD nor
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autoimmune pathology have been observed in more than 100 patients who received
gene-modified T-cells that were engineered to express a variety of tumor antigen
TCRs derived from both human and mouse origin [106]. This disparity again high-
lights the potential limitations of using animal models to predict the toxicities (and
efficacy) of immunotherapeutic interventions in humans.

4 Clinical Studies of ACT for Hematologic Malignancies

4.1 Background and General Principles

Extensive rationale has led to the ongoing testing of ACT in the setting of hemato-
logic malignancies. Immune cell depletion after chemotherapy, especially high-
dose chemotherapy or radiotherapy, can be prolonged and leads to an increased risk
for infections [12—14]. In addition, higher lymphocyte levels may be associated
with lower rates of relapse and higher rates of survival after allogeneic or autolo-
gous stem cell transplantation for hematologic malignancies [107, 108]. Indeed one
study of AML patients who received allogeneic transplants showed a 3-year likeli-
hood of relapse of 16 % if the absolute lymphocyte count (ALC) was >200 cells/pl
at day +29 vs. a relapse rate of 42 % for patients who exhibited an ALC of <200
cells/pl [107]. In a second study of allogeneic bone marrow transplantation for a
variety of hematologic malignancies, the overall survival was 79 % at 1 year for
patients who had an ALC at day 17 of >500/pl vs. 19 % for patients with an ALC
<500 cells/pl (p=0.002) [108]. Porrata and colleagues examined 230 autograft
recipients with myeloma or NHL and showed that day-15 ALC correlated to overall
survival [15]. For 126 myeloma patients, an ALC > 500 on day 15 was associated
with median overall (OS) and progression-free survivals of 33 and 16 months,
respectively, while an ALC <500 was associated with an OS of 12 months
(P<0.0001) and a PFS of 8 months (P <0.0003) [15]. Among 104 NHL patients the
median OS and PFS durations were also significantly longer for patients with an
ALC of 500 cells/pl vs. patients with an ALC <500: For OS, not reached vs. 6
months, P <0.0001; for PFS, not reached vs. 4 months, P <0.0001. Additionally in
this study, multivariate analysis revealed that the day-15 ALC level was an indepen-
dent predictor of OS and PFS.

ACT may result in more predictable and robust patterns of immune cell recovery.
However, initial or induction chemotherapy for hematological malignancies often
results in profound immune cell depletion which may impair the ability to collect
sufficient number of lymphocytes for transfer. Early studies explored whether ex
vivo stimulation and expansion of patient-derived lymphocytes followed by adop-
tive transfer might influence in vivo immune recovery. An early phase I study of
CD4+-enriched peripheral blood mononuclear cells (PBMCs) which were expanded
ex vivo using anti-CD3 antibody for 4 days and then transferred into 31 patients
who then received IL-2 for 7 days demonstrated a statistically significant increase in
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CD4+ T-cells, CD4+ subsets, and CD4+/CD8+ ratio [109]. This study included 4
lymphoma patients and 14 melanoma patients, some with subcutaneous tumors to
which 111-indium-labeled CD4+ T-cells showed trafficking. Another phase I trial
included eight patients with various solid tumors who received multiple infusions of
T-cells which were costimulated using anti-CD3/anti-CD28-coated bead cells in the
presence of IL-2 [110]. PBMCs from recipients of the bead-costimulated T-cells
showed enhanced production of interferon-y and GM-CSF indicating possible func-
tionality. However tumor responses in both of these studies were infrequent and
partial perhaps due to inadequate lymphodepletion prior to T-cell transfers resulting
in persistence of T regulatory cells and myeloid suppressor populations. In addition,
T-cell responses against specific target antigens could not be evaluated.

In order to be useful in the treatment of hematological malignancies, ACT must
likely enhance both T-cell numbers and function. Recent developments in the tech-
nology of ex vivo T-cell expansion have allowed about 100-fold expansion of lym-
phocytes obtained by leukapheresis, enabling even heavily pretreated patients to
receive this form of therapy. While isolation and repetitive stimulation of tumor
antigen-specific T-cells from peripheral blood or tumor samples may increase the
likelihood of tumor recognition and targeting, the procedure is costly, labor inten-
sive, and not infrequently unsuccessful. A second approach based on polyclonal
stimulation of T-cells with immunomagnetic beads to which anti-CD3 and anti-
CD28 monoclonal antibodies have been conjugated has consistently yielded high
number of functional T-cells in support of numerous clinical trials. Key properties
of this system are (1) the absence of “feeder” cell layers which facilitates confor-
mity with FDA requirements, (2) ease of clinical scale-up to rapidly produce large
number of mature T-cells, and (3) induction of telomerase to minimize the risk of
replicative senescence [111, 112]. The rationale for this “polyclonal” approach is
predicated in part on the notion that patient immune systems may already be
“primed” to their tumors and that augmentation of this endogenous immune
response will be clinically beneficial. Evidence for tumor priming seems to be par-
ticularly compelling in the area of hematological malignancies [23-25].

4.2 ACT Using Polyclonal T-Cell Populations

Early clinical applications of anti-CD3/anti-CD28-costimulated autologous T-cells
to the treatment of hematological malignancies involved adoptive transfers after
high-dose chemotherapy and autologous stem cell transplantation for patients with
relapsed or refractory non-Hodgkin’s B-cell lymphoma (NHL) and patients with
CML who lacked a suitable donor for allogeneic transplantation. Sixteen patients
with relapsed or refractory NHL received 2.5, 5.0, or 10x 10° costimulated T-cells
on day +14 after high-dose BCNU/cytarabine/etoposide/cyclophosphamide (BEAC)
and CD34-selected autologous stem cell transplantation [113]. Five patients exhib-
ited a delayed lymphocytosis between days 30 and 120 post transplant, and the
procedure partially improved T-cell function as measured by IFN-y production after
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PMA or ionomycin stimulation. Four patients with chronic-phase CML participated
in a small pilot study of anti-CD3/anti-CD28-costimulated T-cell transfers follow-
ing autologous stem cell transplantation [114]. Three of the four patients are long-
term survivors including one patient who remains in a complete molecular remission
13 years following autotransplantation, without having received any tyrosine kinase
inhibitor therapy for her CML.

To test the feasibility of combining adoptive T-cell transfers with active immuni-
zations and whether such a combined approach could induce vaccine-specific T-cell
responses, a randomized trial was conducted in the setting of autologous stem cell
transplantation for 54 patients with relapsed or refractory myeloma [115]. The
selected vaccine was a heptavalent pneumococcal conjugate vaccine (®Prevnar,
PCV) composed of saccharide antigens for the seven most common pneumococcal
subtypes linked to a protein carrier (CRM-197) that is derived from diphtheria
toxin. The choice of this vaccine allowed both antibody and T-cell responses to be
evaluated, while the randomized design allowed different schedules of vaccination
(pre- and post-transplant vs. post-transplant only) and T-cell infusion (day +12 vs.
day +100 post transplant) to be compared. The optimal schedule (group 1) which
yielded the most robust and only sustained antibody responses to the pneumococcal
saccharide antigens and the most robust and sustained T-cell responses to the carrier
protein was the following: pre-transplant immunization about 10 days before
steady-state T-cell collection — early infusion of vaccine-primed and anti-CD3/
CD28 antibody-costimulated autologous T-cells at day +12 post transplant — post-
transplant booster immunizations at days 30 and 90 post transplantation. The T-cell/
vaccine schedules for the other treatment groups including patients who did not
receive costimulated T-cells until day +100 (groups 2 and 4) or received no priming
(pre-transplant) vaccination (group 3) yielded significantly lower levels of vaccine-
directed immune responses which were short-lived. Figure 1 illustrates the flow of
this combined vaccine and T-cell strategy. The patients who were randomly assigned
to receive up to 1x 10" costimulated T-cells at day +12 post transplant had signifi-
cantly higher CD4 and CD8 T-cell counts at day +42 post transplant than the patients
who received T-cells at day +100. In addition, only the patients who were random-
ized to receive pre- and post-transplant PCV immunizations along with the “early”
day +12 infusion of costimulated T-cells generated and maintained protective levels
of pneumococcal specific antibodies along with vaccine (CRM-197)-specific CD4+
T-cell responses as early as day +42 post transplant. This randomized pilot study
provided convincing evidence that the severe quantitative and qualitative immune
deficiencies which prevail after high-dose chemotherapy could be substantially rec-
tified leading to clinically relevant immune function. A similar combination strat-
egy using pre- and post-transplant immunizations using an influenza vaccine plus
vaccine-primed and costimulated T-cells also proved effective for generating pro-
tective levels of anti-influenza antibodies early after autologous stem cell transplan-
tation for myeloma [116].

To test whether this combination strategy of pre- and post-transplant immuniza-
tions plus early transfer of vaccine-primed and ex vivo-costimulated autologous
T-cells could induce early immune responses to a cancer-related antigen, a
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Fig. 1 Combination T-cell and vaccine immunotherapy for hematologic malignancies. Patients
with hematologic malignancies who are candidates for autologous stem cell transplantation
(ASCT) receive priming tumor and/or microbial antigen immunizations about 10 days before
steady-state mononuclear cell collection from the peripheral blood (/,2). The mononuclear cells
are enriched in T-cells by depletion of monocytes and macrophages which can inhibit ex vivo T-cell
expansion (3). The T-cells are cultured for 12—14 days in gas-permeable bags or in a “wave” biore-
actor system with anti-CD3/anti-CD28 monoclonal antibodies conjugated to immunomagnetic
beads +/— low-dose IL-2 (4). The cells expand about 100-fold after which the magnetic beads are
removed, the cells are concentrated, and then prepared for reinfusion after meeting release criteria
for sterility and viability (5,6). Around day +2 after high-dose chemotherapy and autologous stem
cell transplantation, patients receive the vaccine-primed and costimulated T-cell product. The prod-
uct can be shipped fresh and infused on the same day or it can be viably frozen, shipped, and
thawed/infused at a later time (7). Patients receive two or more post-transplant booster immuniza-
tions using the same tumor and/or microbial antigen vaccine that was administered earlier (8)

follow-up phase II two-arm trial was conducted using a tumor antigen vaccine
composed of peptides derived from the human telomerase reverse transcriptase
(hTERT) and the antiapoptotic protein survivin, two potential “universal” tumor
antigens [117]. A total of 54 patients with myeloma were enrolled in this phase I/II
study including 28 patients who were HLA-A?2 positive and therefore eligible to
receive the HLA-A2-restricted hTERT/survivin multipeptide tumor antigen vac-
cine. In an effort to further improve functional immune recovery this new study
contained a variety of modifications: First, as a result of technical improvements in
the T-cell expansion procedures, patients received up to 5x 10'° costimulated T-cells
which was ~5-fold higher than in the previous study. Second, costimulated T-cells
were adoptively transferred on day +2 post transplant rather than day +12 to take
better advantage of the stimulatory cytokine milieu induced by severe lymphopenia.
Third, the multipeptide vaccine was emulsified in the adjuvant Montanide ISA 51
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and coinjected with GM-CSF. Fourth, patients received a total of four vaccinations
including one prior to T-cell collection and three vaccinations post transplant at
days +14, +42, and +90. In this trial, 36 % of the A2-positive patients exhibited
positive immune responses to the hTERT/survivin tumor antigen vaccine as assayed
by tetramer analysis. Interestingly, the event-free survival for the group of
A2-positive patients who received the tumor antigen vaccine was inferior to that
observed in the A2-negative group although this difference appeared to be primarily
due to a higher frequency of post-transplant maintenance therapy using thalidomide
in the A2-negative (no vaccine) arm. This study also demonstrated that adoptive
T-cell transfers resulted in significantly lower levels of regulatory T-cells (Tregs)
and significantly higher Teffector/Treg ratios when compared to autograft recipients
who did not receive T-cell transfers. Increased Teff/Treg ratios are associated with
enhanced tumor necrosis in clinical trials involving immune modulation [118].
Non-myeloma polyclonal immunoglobulins appeared to recover more quickly and
robustly in patients who received post-transplant T-cell transfers. Day +2 transfers
of up to 5x10' costimulated T-cells led to dramatically higher median CD4 and
CDS8 counts of about 1,500 cells/pl and nearly 3,000 cells/pl, respectively, at day
+14 post transplant. Notably, ~16 % of patients also developed clinically significant
autologous GVHD involving the gut and skin which required treatment with sys-
temic glucocorticoids resulting in rapid and complete responses of the GVHD
[119]. The patient who had the most severe case of autologous GVHD (grade II skin
and grade III gut) remained in complete remission (CR) at 4 years post transplant
despite enrolling in the study with advanced and treatment-refractory disease.
Strategies for increasing the frequency and potential clinical impact of post-
transplant immune responses to a tumor antigen vaccine may include the use of
more effective vaccine adjuvants to enhance priming and boosting of the T-cell
responses as well as the incorporation of immunostimulatory drugs (e.g., lenalido-
mide, anti-CTLA4 antibodies, anti-PD1 antibodies). Along these lines, a recent
study was conducted which included 27 patients who were autografted for myeloma.
Using a similar pre- and post-transplant immunization scheme plus day +2 infusion
of vaccine-primed and ex vivo-costimulated autologous T-cells, this study exam-
ined whether the addition of a toll-like receptor-3 (TLR-3) agonist called Poly-
ICLC (®Hiltonol) to the vaccine formulation (in addition to GM-CSF and Montanide)
would help elicit more robust immune responses [120]. The cancer antigen vaccine
employed in this study was a multipeptide vaccine based on the CTAg called
MAGE-A3. The vaccine (Orphan Drug Designation GL-0817) is composed of two
HLA-A2-restricted class I epitopes and one relatively HLA-unrestricted class II
epitope. Early clinical response rates have been encouraging, and importantly, 71 %
of patients have exhibited functional vaccine-specific T-cell responses by IFN-y
production on CD4+ T-cells, CD8+ T-cells, or both. In this study, low-dose lenalid-
omide (10 mg per day) starting at day +100 post transplant was used as a mainte-
nance drug and also as an immunomodulator based on extensive literature suggesting
that it has immunostimulatory properties [121-123]. A recent randomized study
also demonstrated that lenalidomide enhanced both B- and T-cell immune responses
to the 7-valent pneumococcal conjugate vaccine (®Prevnar) in patients with
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myeloma and appeared to increase myeloma-specific INF-y-producing T-cells
while decreasing Th-17 cells [124].

Potential drawbacks to using tumor antigen vaccines in order to generate tumor
specificity are that the success of this approach depends on the existence of natu-
rally occurring tumor-specific T-cell populations that are present in low frequency
and even if expanded the T-cell receptors on these tumor antigen-specific T-cells are
likely to exhibit low binding affinity as a result of normal T-cell ontogeny.
Furthermore, the surface expression level of many tumor antigen epitopes is thought
to be extremely low. In particular, the widely studied HLA-A2-restricted epitope
NY-ESO57_16s (SLLMWITQC), which is naturally expressed on primary myeloma
cells, is estimated to have an expression density of only ~10-50 copies per cell,
which is too low to activate conventional cytotoxic lymphocytes [125]. Some inves-
tigators have attempted to get around this problem by isolating and activating
marrow-infiltrating lymphocytes (“MILs”) from patients with myeloma which are
akin to “TILs” in that these lymphocyte populations may be self-selected for
enhanced tumor antigen specificity and affinity, although tolerized to the myeloma
tumor by the immunologically suppressive microenvironment. Recent literature
also suggests that the bone marrow is a specific homing site for effector memory
T-cells, CD8+ memory cells being the preferred cell type for adoptive immuno-
therapy as discussed earlier [126]. Indeed, when T-cells were isolated from the mar-
row of myeloma patients and costimulated with anti-CD3/anti-CD28 to reverse
tolerized function, these cells showed significantly higher myeloma-directed cyto-
toxicity as compared to activated peripheral blood lymphocytes taken from the
same patients and also appeared to target clonogenic precursors [24]. A randomized
clinical trial of activated MILs alone or in combination with an allogeneic GM-CSF-
based myeloma cellular vaccine in the setting of autologous stem cell transplanta-
tion for myeloma is in progress.

4.3 Clinical Trials Using Gene-Modified Autologous T-Cells

As described earlier, another strategy to address the challenge of relying on tumor
antigen vaccines and activation strategies to enhance endogenous cellular immune
responses which are typically low in frequency and antigen affinity is to redirect
T-cells to known tumor antigen targets through gene modification. The two major
approaches that have been utilized for patients with hematological malignancies is
to engineer T-cells to express affinity-enhanced TCRs or CARs, the latter of which
are composed of binding domains from the variable regions of antibodies fused to
the constant, signaling domains of the TCR (Fig. 2). In one ongoing study based on
the first approach, patients receive gene-modified autologous T-cells at day +2 after
autologous stem cell transplantation for myeloma [127]. Eligibility for the study
requires that patients be HLA-0201 positive and that their myeloma cells express
NY-ESO-1 or LAGE-1 by PCR. The T-cells were transduced with a lentiviral vector
which encodes an affinity-enhanced TCR for the HLA-A201-restricted epitope
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Therapy with genetically retargeted T cells
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Fig. 2 Therapy with genetically retargeted T-cells. The fop panel shows a genetically modified
T-cell engineered to express an affinity-enhanced T-cell receptor (TCR). This transgenic TCR is
coexpressed with the endogenous TCR. The bottom panel shows a genetically modified T-cell
engineered to express a chimeric antigen receptor (CAR) along with the endogenous TCR. The
CAR consists of a ligand or tumor antigen-binding domain derived from the variable regions of the
heavy and light chains of an antibody molecule fused to signaling domains that may be derived
from the CD3 { chain, CD28, 4-1BB, or a combination thereof. A simplified representation of the
TCR complex is shown with the o and § subunits, components of CD3 (8,¢,y), and downstream
signaling effectors (ZAP70 and the transmembrane adapter protein linker for the activation of
T-cell —LAT)

NY-ESO57_16s (SLLMWITQC) which is also shared by the LAGE-1 CTAg and then
activated and expanded using anti-CD3/anti-CD28 immunomagnetic beads. To
date, 16 patients have received the gene-modified T-cells, and 13 have reached the
day 100 restaging timepoint. Infusions of the gene-modified T-cells have been well
tolerated, and ten patients (77 %) have achieved a very good partial response
(VGPR) or better, while 11/16 patients continue to show evidence of response with
no myeloma progression. Complete and durable clinical responses have also been
observed in patients with advanced, refractory, and extramedullary disease [127].
Importantly, the gene-modified T-cells persist for as long as 1 year post infusion and
demonstrate marrow trafficking and antigen-specific targeting as NY-ESO-1/Lage-1
expression is extremely low or undetectable in patients with blood and/or marrow
persistence of gene-modified T-cells [128].

In contrast to the approach of using affinity-enhanced TCRs, gene modification
of T-cells using CARs offers the possibility of redirecting T-cells toward specific
tumor antigens without major histocompatibility antigen (MHA) restriction.
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Based on groundbreaking work by Eshhar, June, and others, clinical trials of CARs
for hematological malignancies are in progress at multiple academic medical centers
[99, 129]. The most advanced clinic trials have focused on CD19 which is restricted
in its expression to normal and malignant B-cells. Major impediments to the clinical
development of CAR technology have been the limited in vivo persistence and
expansion of CAR-modified T-cells [130]. Preclinical work has established that
addition of the CD137 (4-1BB) cytoplasmic signaling domain to the CD3-{ chain
results in significantly higher persistence, proliferation, and antitumor activity com-
pared to CARs that carry the CD3-( chain alone [131]. Translational application of
this work led to a pilot clinical trial using autologous T-cells genetically engineered
to express an anti-CD19 CAR (CART-19 cells) for patients with relapsed, refractory
CLL [132, 133]. Among the first three patients treated on this trial, two achieved a
durable complete response and one had a durable partial response. The engineered
T-cells expanded more than 1,000-fold in vivo, homed to the bone marrow, killed
CD19-expressing target cells, and persisted for at least 6 months. In addition, while
the CART19 CD8+ T-cells exhibited an effector memory phenotype (CCR7-,
CD27-, CD28") during and soon after the tumor killing phase, by 6 months post
infusion a portion of the CART19 CD8" T-cells showed a central memory pheno-
type with coexpression of CCR7 and increased levels of CD27 and CD28. One of
the three patients who was described in greater detail had bulky adenopathy and
extensive marrow involvement with CLL that carried a 17p deletion with loss of the
TP53 locus, a cytogenetic feature which confers a very poor prognosis and is associ-
ated with resistance to chemotherapy. This patient received 3 x 108 T-cells over 3
days in escalating doses, of which 5 % were transduced for a total of 1.42x 107
CART-19+ T-cells. At day 22 post infusion the patient developed dramatic clinical
and laboratory signs of tumor lysis syndrome including transient kidney injury
requiring hospitalization. This clinical syndrome coincided with peak (3-log)
expansion of the CART-19+ T-cells at which time the CART19 cells comprised
more than 20 % of the circulating lymphocytes. A complete regression of patho-
logic lymphadenopathy and marrow and blood involvement ensued which is now
reported to be ongoing for 2 years.

This clinical trial experience was recently expanded to include ten patients
including nine adults with refractory CLL (3/9 with P53 deletions) and one 7-year-
old child with ALL in refractory relapse [134, 135]. All of the CLL patients received
lymphodepleting chemotherapy prior to T-cell transfer while the ALL patients did
not. The median T-cell dose was 7.5x 10® (1.7-50) including 1.45x 108 CART19*
cells (0.14-5.9). With a median follow-up of nearly 6 months, four of nine evaluable
patients had a CR (none of whom has relapsed) including three CLL patients and
one ALL patient, while two CLL patients had partial responses lasting 3 and 5
months and three patients did not respond. In the four CR patients, the CART19+
cells expanded an average of 27-fold [21-40] in the blood with the peak expansion
occurring between days 10 and 31 post infusion. An important and somewhat unex-
pected finding was that the CART19 cells trafficked to the cerebrospinal fluid in the
child with ALL presumably due to the presence of unrecognized CNS involvement
with leukemia. Of note, all responding patients developed a “cytokine release
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syndrome” (CRS) characterized by high fevers and grade III/IV hypotension and
hypoxia [136]. The child with ALL exhibited the most severe degree of CRS which
culminated in grade IV hypotension and respiratory failure necessitating mechani-
cal ventilatory and pressor support. After glucocorticoid administration led to no
improvement, cytokine analysis revealed that IFN-y, IL-6, IL-2, and TNFa levels
were 6,040, 988, 163, and 17 times higher than baseline measured levels. The TNF
and IL-6 receptor antagonists etanercept and tocilizumab were given to the patient
followed by rapid and complete clinical improvement. Additional laboratory and
clinical findings include dramatic elevations of the ferritin levels (44,000-605,000),
hepatosplenomegaly unrelated to primary disease, and a moderate degree of dis-
seminated intravascular coagulation (DIC). This constellation of findings suggested
that the CRS syndrome had features of macrophage activation syndrome (MAS)
and hemophagocytic lymphohistiocytosis (HLH). The 7-year-old ALL patient sub-
sequently entered a complete blood/marrow and CNS remission which is ongoing
at 8 months post treatment. This syndrome was subsequently recognized in three
CLL patients and treated successfully with the IL-6 receptor antibody tocilizumab
alone. Studies to define the optimal time to block the CRS so as not to interfere with
the antitumor cellular immune response are under way. A long-term but expected
consequence of successful treatment with the CART-19 cells is profound B-cell
depletion and hypogammaglobulinemia.

Other groups have reported successful treatment of progressive CD19+ B-cell
malignancies including follicular lymphoma using CD19-CAR T-cells in which the
signaling domain was derived from CD3-{ only [137, 138]. Using this construct six
of eight patients obtained remissions and four had major elevations of inflammatory
cytokines including IFNy and TNF most likely derived from the gene-modified
T-cells. Treatment-related toxicities correlated with the levels of these inflammatory
cytokines.

5 Summary

Cellular immunotherapy is the latest to join the three principal systemic therapeutic
modalities for hematologic malignancies of chemotherapy, targeted therapy, and
antibody therapy. However, the potent cytotoxic potential of T-cells combined with
their remarkable capacities for proliferation, trafficking, and sustainability ensures
that their role in the treatment of advanced and aggressive blood cancers will likely
expand. Although cellular immunotherapy has long been part of the curative mech-
anism of allogeneic stem cell transplantation, this form of T-cell therapy has been
difficult to modulate and separate from serious complications such as GVHD and is
limited to a minority of patients in need. The advent of effective and reliable expan-
sion technologies for autologous T-cells and the ability to “redirect” these cells to
specific tumor antigen targets through potent vaccine formulations and genetic
engineering offer a highly effective and potentially safer approach for a wider spec-
trum of patients. Future work will likely follow these directions: (1) identification
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of additional tumor antigens to serve as targets of new high-affinity TCRs or CARs;
(2) application of immunomodulatory pharmacologic agents (e.g., IL-15, IL-7,
anti-CTLA4, anti-PD1 antibodies, lenalidomide) to further enhance and sustain
T-cell growth and function in vivo; and (3) refinement of strategies to ameliorate
some of the toxicities associated with activated T-cell therapy including CAR-
modified T-cells.
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Bifunctional Antibodies: Preclinical
and Clinical Applications

Casey W. Shuptrine and Louis M. Weiner

Abstract Treating malignancies with antibody-based immunotherapy has
revolutionized the concept of targeted therapy. Rituximab and Trastuzumab, two
monoclonal antibodies approved in the 1990s by the FDA, elucidated the potential
of harnessing the immune system to eliminate transformed cells. As with any cancer
therapy, a significant proportion of patients relapse, driving the development of non-
traditional antibody-based therapies. Therefore, in an effort to enhance the ability of
antibodies to retarget immune cells toward cancer cells, bispecific antibodies were
born. Created through a variety of techniques they conform to an assortment of
structures, recapitulating the basic structure of an antibody or deconvoluting the
antigen-binding domains into unique designs. The European Union’s approval in
2009 of Catumaxomab, a bispecific antibody that links cells of the innate and adap-
tive immune system to EpCAM + cells for the treatment of malignant ascites, marks
the first clinically approved dual-targeting antibody. Blinatumomab, a bispecific
T-cell engager (BiTE), links T-cells directly to malignant cells, activating target-cell
apoptosis through perforin-granzyme release. Early clinical results of Blinatumomab
show a remarkable 80 % response rate in a heavily pretreated ALL patient sub-
group. These enticing clinical results represent the forefront of the bispecific anti-
body field but evidence exists that point to the clinical success of numerous bispecific
antibody formats. Although it is unknown which format will exhibit the highest
clinical efficacy, it is clear that dual-targeting antibodies represent the future of
immunotherapy for the treatment of cancer.
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1 Introduction

The clinical and commercial success of monoclonal antibodies has proven the
hypothesis established by Paul Erhlich in the 1900s that the immune system could
provide a magic bullet for the treatment of cancer. While these single target antibod-
ies have vastly improved survival for patients with HER2+ breast cancer, CD20+
lymphoma, and CD33 lymphoma, inevitably a significant proportion of patients
relapse. With the proof of principle for immunotherapies, a revolution in the tumor
immunology world began, with the goal of designing and developing techniques to
overcome the current limitations of cancer targeting monoclonal antibodies (mAbs).
This has led to the enhancement of effector functions through Fc region modifica-
tions, as well as the direct delivery of toxins to transformed cells through toxin—
mAb conjugation (trastuzumab-DM1) [68]. A viable alternative method to enhance
the efficacy of tumor immunotherapy is the design of antibodies or recombinant
proteins that target multiple antigens and/or induce cancer cell destruction through
the redirection of lytic immune cells. These dual-targeting antibodies are created
through chemical conjugation, fusion of two mAb-producing hybridomas, and
genetic recombination. The resulting bispecific antibody (bsAb) field has expanded
immensely, with dozens currently undergoing various phases of clinical trials for
the treatment of cancer and many more in preclinical studies. Of particular interest
are trifunctional antibodies (Triomabs) developed by Trion Pharma and bispecific
T-cell engagers (BiTEs) developed by Micromet. Other less clinically developed
bsAbs include single-chain Fv (scFv) fusion proteins, diabodies, tribodies, bispe-
cific CovX bodies, and random site mutation bsAbs. Although the structure and
function of these bsAbs differ, they share antigen targets. On the tumor cell, they
recognize members of the EGFR family, CD19, CD20, CD33, MCSPs, and EpCAM.
For those that redirect effector cells, the antigen targets include CD3 on T-cells,
CD16 on NK cells, monocytes, macrophages, and neutrophils, and CD64 on mac-
rophages and monocytes. In this chapter, we describe the development of bispecific
antibodies for the treatment of cancer in a historical perspective, highlighting the
bsAbs that have entered clinical trials.

2 First Generation bsAbs

Before the development of advanced genetic recombination, bsAbs were created by
the direct chemical crosslinking of antibody domains or through the fusion of two
mAb producing hybridomas, called quadromas (Fig. 1) [56, 82]. Both methods
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Fig.1 First generation bispecific antibodies. Dark regions correspond to heavy chains, while light
regions correspond to light chains. A monoclonal antibody is depicted in, with the Fab domain
binding to an antigen and the Fc domain binding to FcyRs. Red domains represent regions with a
different antigen specificity. The green antibody domain symbolizes the scaffold antibody for a
bs-CovX body. Black lines represent linker domains. Bispecific antibodies of the quadroma, chem-
ical crosslinking, bs-CovX body, and mAb-Fv formats are shown

produce a full-length antibody that can effectively bind to multiple antigens, either
manipulating the downstream signals of the target or conjugating immune effector
cells directly to the target cell. In the 1990s and early 2000s, several of these first
generation bsAbs entered phase I clinical trials with limited success [26, 27, 92, 94,
116, 119]. For chemical crosslinking, the production of large quantities of purified
bsAbs was cost prohibitive, as each reaction created numerous inert and unusable
proteins. For the quadroma bsAbs, which were of murine or rat origin, the develop-
ment of human anti-mouse antibodies (HAMA) or human anti-rat antibodies
(HARA) precluded multiple dosing regimes in patients, severely limiting their clini-
cal applicability. Also, quadromas created from the same species secrete ten possi-
ble combinations of light-chain and heavy-chain antibodies, with only one having
the correct dual-targeting functionality [69]. A novel discovery was made in 1995
by Horst Lindhofer, that the fusion of a rat hybridoma with a murine hybridoma
resulted in the preferential creation of the correct bsAb formation, increasing the
yield from quadromas by 3.5-fold [69].
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2.1 Chemical Conjugation

The first chemically cross-linked bsAb to enter clinical trials targeted HER2 and
FcyRI (CD64), in an attempt to utilize macrophages and monocytes to lyse cancer
cells. HER?2 is one of the most targeted antigens by immunotherapy, as ~30 % of all
breast cancers overexpress this potent tyrosine kinase receptor and is the target for
the FDA approved mAb trastuzumab [11]. The murine bsAb, called MDX-210, was
formed through the reduction of the two murine parental mAbs into Fab’ fragments,
chemically cross-linked using o-phenylenedimaleimide, acetylated with the alkylat-
ing agent iodoacetamide, and then purified through chromatography. Therefore, this
molecule mimics the structure of a HER2 mAb, with two antigen-binding arms
recognizing HER?2 and one region recognizing an FcyR. The major difference com-
pared to standard mAbs is the unique antigen-binding target of CD64, instead of
FcyRIII (CD16), which IgG1 molecules recognize through their Fc region. MDX-
210 was delivered intravenously to ten patients with HER2+ advanced breast or
ovarian cancer, at a dose ranging from 0.35 to 10.0 mg/m?. The bsAb was well toler-
ated in the ten evaluable patients, never reaching the maximum tolerated dose
(MTD). Most patients only experienced grade 1 and 2 adverse events but two expe-
rienced the grade 3 adverse event hypotension. Although the goal was only to test
the toxicity of the molecule, MDX-210 treatment resulted in one partial and one
mixed tumor response. As expected, HAMA was detectable in six of the ten patients
[116]. This observed limiting factor prompted the development of a humanized ver-
sion of the bsAb, MDX-H210, which was tested in patients with metastatic HER2+
breast cancer in two phase I trials. To enhance the proportion of immune cells with
lytic capabilities, these investigators then coadministered MDX-H210 with
granulocyte-colony-stimulating factor (G-CSF), which has been shown to induce
the expression of CD64 on neutrophils. In the first clinical trial, of the 23 patients
enrolled, the majority of patients experienced fevers or diarrhea, while no MTD was
reached. No objective clinical responses were observed and all patients had circulat-
ing antibodies that recognized the bsAb [92]. The second phase I trial of MDX-
H210 was delivered to 30 stage IV HER2+ breast cancer patients in 2003. Similar
to the previous trials, no MTD was reached, the molecule was well tolerated, no
objective responses were seen, and a majority of patients developed anti-bsAb anti-
bodies [94]. Another chemically conjugated bsAb, MDX-447, which targets EGFR
and CD64, was evaluated with and without G-CSF in 64 patients with advanced
solid tumors. Although the addition of G-CSF caused dose-limiting toxicities,
MDX-447 was relatively tolerated and resulted in no objective clinical responses,
halting its further development [34].

The lack of clinical activity in the patients treated with these conjugated mole-
cules might be explained by the strong pre-stimulation of polymorph nuclear neu-
trophils (PMN) cells with IFN-y and G-CSF, and the high effector to target ratio of
PMNs to tumors cells (50-200:1) that is required for in vitro lysis by MDX-210 and
MDX-H210 [57]. Moreover, the development of neutralizing antibodies or the
lower lytic capability of CD64 expressing immune cells might have attributed to the
lack of clinical efficacy.
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2.2 Quadromas

The first generation of quadroma bsAbs recognized CD16 or CD3 to link lytic
immune cells directly to tumor cells. The resulting bsAbs use one Fab arm to recog-
nize the tumor antigen, another Fab to bind to CD16 or CD3, and use an intact Fc
domain to bind to CD16 and FcRn. Therefore, CD16 x tumor antigen bsAbs have
two unique binding domains for CD16 on innate immune cells, theoretically enhanc-
ing their ability to mediate antibody-dependent cellular cytotoxicity (ADCC). This
design was utilized for two murine bsAbs that entered phase I clinical trials in the
1990s, 2B1 and HRS-3/A9. 2B1, which targets HER2/neu and CD16, was utilized
in two clinical trials for patients with HER2+ tumors. Preclinical data suggested that
the 2B1 bsAb derived from the 520C9 and 3G8 fusion quadroma was effective in
eliminating HER2+ target cells in vitro and potentiating their growth in vivo [117,
118]. Similar to MDX-210, the effector cells required significant stimulation and
high E:T ratios (25-50:1). Minimal clinical activity was observed following 2B1
therapy, with a total of 33 out of 34 patients developing HAMA [15, 119]. Of par-
ticular interest was the induction of an adaptive immune response to HER2/neu,
suggesting that 2B1 enhanced antigen presentation for HER2. However, this adap-
tive immunity did not translate to clinical responses. HRS-3/A9 was created through
the fusion of the murine hybridomas HRS-3, which produces a mAb for CD30, and
A9, which produces a mAb against CD16 [52]. CD30, a marker for Hodgkin lym-
phomas, represents a valid target for selective targeting of lymphoma cells [111].
Preclinical studies with HRS-3/A9 were promising, as it was shown to cure mice
with CD30+ Hodgkin’s lymphomas after only one injection [52]. In 1997, HRS-3/
A9 was given to 15 patients with refractory Hodgkin’s disease, was well tolerated,
and resulted in the first clinical responses seen with a bispecific antibody, with one
complete response (CR), one partial response (PR), and three minor responses [43].
Similar results were seen in a second phase I trial, with one CR, three PRs, and four
patients with stable disease (SD) [44]. While these results elucidated the potential
of bsAbs for the treatment of cancer, 15 of 31 patients developed HAMAs, prohibit-
ing subsequent clinical use [43, 44].

In an effort to enhance the effector functions of antibody therapy, many groups
sought to link the most powerful arm of the adaptive immune system to cancer cells.
By conjugating CTLs through CD3, directly to a tumor cell through a tumor-
associated or -specific antigen, effective lysis can occur. After being primed in the
lymph nodes through ligation of CD3 and a second activating signal, CTLs dissemi-
nate throughout the body. Through the T-cell receptor (TCR), educated CTLs rec-
ognize their “primed antigen” presented on the surface of a cell through major
histocompatibility complex (MHC) class I. Upon conjugation, CTLs release perfo-
rin and granzymes, activating the apoptotic pathway inside the target cell [81].
Therefore, the creation of a second antigen-binding domain of an antibody to recog-
nize the activating T-cell receptor CD3 could effectively utilize the cytotoxic arm of
the adaptive immune system to eliminate cancer cells. Unfortunately, when given to
patients, T-cell retargeting bsAbs resulted in a systemic cytokine release induced by
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T-cell activation. This, on top of the development of HAMA, significantly limited
the bsAb dose, reducing their clinical efficacy.

The first T-cell retargeting quadroma was SHR-1, a rat/murine hybrid that recog-
nized CD3 and the B-cell lymphoma marker, CD19. Preclinical studies found that
SHR-1 could lyse CD19+ B-cell lines and B-cells taken directly from lymphoma
patients with activated T-cells [39, 40]. SHR-1 was capable of mediating significant
lysis of transformed B-cells with T-cells isolated from patients with lymphoma, prov-
ing that CD3 could serve as a potent activator of previously tolerant T-cells. Further
in vitro studies demonstrated complete cell growth inhibition at a relatively low E:T
ratio of 9:1 when SHR-1 was combined with II-2 stimulated peripheral blood mono-
nuclear cells (PMBCs) [41]. These promising results led to a phase I clinical trial in
1995, where three non-Hodgkin’s lymphoma (NHL) patients were exposed to
increasing doses of SHR-1. Although the bsAb was well tolerated with little observed
toxicity, clinical activity was minimal [26, 27]. HEA125x OKT3, another first gen-
eration quadroma bsAb of murine origin, retargeted T-cells to EpCAM (CD326)
positive tumors. EpCAM expression is commonly associated with poor prognosis, is
expressed on a broad range of carcinomas, and is often used as a marker for stem
cell-like properties [83, 86, 109]. EpCAM is also expressed on normal cells but is
generally confined to intracellular spaces, making it an attractive target for anticancer
therapy. In 2002 HEA 125 x OKT3 was evaluated in ten EpCAM +ovarian carcinoma
patients with malignant ascites. At the time, patients with malignant ascites, which
are tumor cells that metastasize to the peritoneal cavity causing pain and swelling,
had limited options for palliative treatment. Diuretics or direct fluid drainage through
paracentesis were the only viable options to improve quality of life. Since the malig-
nant epithelial cells in ascites caused by ovarian carcinoma are often EpCAM +,
treatment with HEA125 x OKT3 was considered to potentially fill a significant unmet
need in cancer palliative care. When injected intraperitoneally, HEA125x OKT3
resulted in the complete inhibition of ascites formation in eight patients and reduced
ascites formation in two patients. However, 80 % of the patients developed HAMAs,
seemingly slowing its further clinical development [77].

2.3 Triomabs

2.3.1 Early Generation Triomabs

Triomabs, the most successful bsAb created using the quadroma technique, are the
only type of bispecific antibody used to treat cancer. Since first generation quadro-
mas produced ten antibody formations randomly, it was difficult to purify the correct
dual-targeting antibody. Utilizing the discovery of preferential pairing of bsAbs in
mouse IgG2a/rat IgG2b quadromas and a single step pH elution on protein A, the
desired bsAb could be isolated with previously unimagined ease [69]. Surprisingly,
the Fc region of these triomabs bound only to activating FcyRs (Fcy RI and Fcy RIIT)
on effector cells and not to inhibitory receptors (Fcy RIIB) [123]. This prompted the
development of numerous commercially viable bsAbs, targeting EpCAM, HER2,
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Fig. 2 Triomab’s mechanism of action. Trifunctional antibodies, such as catumaxomab, ertumax-
omab, and Bi20, lyse tumor cells by retargeting T-cells to antigen expressing tumor cells. The Fc
region of the triomab binds to cells of the innate immune system, such as NK cells, which can
induce ADCC of the tumor cell as well as supplying stimulatory signals to the retargeted T-cells.
Once conjugated, T-cells or NK cells release perforin and granzymes to induce apoptosis of the
tumor cell

CD20, melanoma-associated proteoglycans, and the melanoma-associated
gangliosides GD2 and GD3, all of which utilize CD3 as their secondary binding
target [70]. The first proof of principle triomab targeted against EpCAM, called
BiUII, could mediate lysis of PCL-1 and FaDu, squamous carcinoma cells of the
head and neck, with unstimulated PBMCs [122]. This was evident at relatively low
concentrations of BiUII (5 ng/ml) and could mediate higher lysis of target cells than
a combination of both parental CD3 and EpCAM antibodies. Therefore, the direct
linkage of T-cells, NK cells, and tumor cells appears to impart a cytotoxic advantage,
possibly due to the secondary activation of T-cells by NK cells or macrophages
(Fig. 2). Although a high E:T ratio of 20:1 was required to reach specific lysis near
90 %, BiUII was capable of mediating 60 % and 25 % lysis at the conservative E:T
ratios of 5:1 and 1:1, respectively [122]. Other preclinical EpCAM triomabs were
shown to mediate significant lysis of EpCAM positive prostate cancer cell lines as
well as protect 100 % of the mice from secondary challenge with B16 melanoma
cells 144 days after initial inoculation [96, 98]. The induction of an adaptive immune
response was likely due to the triomab’s ability to activate dendritic cells, T-cells,
and macrophages [123]. These trifunctional antibodies overcame the limitations of
large-scale purification and were able to link the innate and adaptive together in a
common anticancer goal, prompting their clinical development.

2.3.2 Catumaxomab (Removab)

Learning from the design of previous EpCAM triomabs, catumaxomab (Removab®)
was developed specifically for the clinic and similar to HEA125xOKT3, was
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utilized for the treatment of malignant ascites. Initial phase I results demonstrated
limited toxicity of catumaxomab therapy when delivered intraperitoneally to seven
patients in 2005, prompting a phase I/II trial with 23 women presenting with malig-
nant ascites [46]. Patients received 4-5 regimens of catumaxomab at increasing
doses starting from 10 pg and ending at 200 pg. Although a significant proportion
of patients experienced grade 3 adverse events, the majority of events were revers-
ible. Remarkably after the 37 day trial, only one of the twenty-three patients required
paracentesis, a significant improvement from the median time to paracentesis of
7—-11 days commonly seen in this patient subgroup [21]. After the final treatment,
those treated with catumaxomab saw a 99.9 % reduction in the mean EpCAM + tumor
cell numbers in the peritoneal fluid, clearly demonstrating the antitumor ability of
catumaxomab [21]. Using the dose established in this trial, a second phase II trial
was conducted for 13 patients with malignant ascites to determine the pharmacoki-
netics and efficacy of catumaxomab. At days 0, 3, 6 or 7, and 10, patients received
doses of 10, 20, 50, and 150 pg of the triomab intraperitoneally. The half-life was
determined to be 2.13 days and although peritoneal concentrations were consis-
tently high ranging from 552 to 6,121 pg/ml, the systemic levels in the serum
remained extremely low, with a maximum concentration of 403 pg/ml [100]. While
the low systemic concentration could limit the efficacy of Catumaxomab, it likely
reduced the toxicity of this therapy. After a single 10 pg dose of Catumaxomab, the
median EpCAM + tumor cell count reduced from 9,362 tumor cells per million asci-
tes cells to only 49 [100].

A landmark phase II/III trial (NCT 00836654) with 258 patients with recurrent
symptomatic malignant ascites caused by ovarian or non-ovarian cancer proved that
intraperitoneal treatment of catumaxomab leads to a significant enhancement in
puncture-free survival, median time to next paracentesis, and higher overall survival
in gastric cancer patients. Utilizing the same increasing dose regimen as the previ-
ous phase II trial, patients were separated into two groups: paracentesis and catu-
maxomab (treatment) or paracentesis alone (control). Catumaxomab’s addition
resulted in an increase in puncture-free survival from 11 days in the control group
to 46 days and enhanced the median time to paracentesis from 13 days to 77 days
[47]. Catumaxomab also completely eliminated the EpCAM +tumor cell count in
the ascites fluid in 95 of the 115 evaluable samples. The adverse events associated
with catumaxomab were widespread, affecting 98 % of the patients. Toxicities from
cytokine release were well controlled and reversible. Eight days after the last infu-
sion, 76 % of all patients (85/112) presented with HAMA even though only 5 %
(6/124) of patients had detectable HAMAs before the last infusion of 150 pg [47].
In a post hoc analysis, the induction of HAMA did not adversely influence clinical
benefits, but instead suggested that the development of HAMA could effectively be
used as a biomarker for responders to catumaxomab treatment [89]. A second post
hoc analysis demonstrated that peritoneal samples from catumaxomab-treated
patients had significantly lower tumor cell counts, no stem cell-like tumor cells
(CD133+/EpCAM+), lower VEGF levels, and double the number of activated
CD4+ and CD8+ T-cells compared to the control group [54]. Early results of this
Phase II/III trial prompted the European Union to approve the use of catumaxomab
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for the treatment of malignant ascites in 2009, as no effective therapeutic existed for
this patient group. Catumaxomab is the first and only bispecific antibody to receive
approval for clinical use as a cancer therapeutic.

However, as EpCAM is expressed on such a broad range of carcinomas, it could
be utilized for the treatment of numerous different cancers. As the most similar
indication to malignant ascites, catumaxomab has been used in a phase II trial to
treat patients with malignant pleural effusions caused by breast cancer or NSCLC.
Three escalating intra-pleural doses of 5-200 pg in the 24 patients led to significant
adverse events, with two dose limiting toxicities (DLTs). Although the trial was
stopped early due to the high number of serious adverse events (23) and dropouts,
one CR and four PRs associated with pleural effusion, occurred in the breast cancer
group. Not surprisingly, most patients developed HAMA [107]. Since catumax-
omab has the potential to eliminate solid tumors, one phase I and one phase II trial
have been performed for NSCLC and epithelial ovarian cancer, respectively. The
phase I trial represents the only instance where catumaxomab was delivered intra-
venously to patients. Utilizing an increasing dosing regimen of 2—7.5 pg, the maxi-
mal tolerable dose was determined to be 5 pg when administered with 40 mg of
dexamethasone, a potent anti-inflammatory agent [106]. Surprisingly, no patients
developed HAMA or HARA when exposed to catumaxomab, although one patient,
who had preexisting HARA before treatment, had elevated levels by the end of the
trial. In an effort to directly treat patients with epithelial ovarian cancer, catumax-
omab was delivered intraperitoneally to 45 patients in 2011. Stratified into two
groups, the low dose group of four infusions of 10 pg resulted in two patients with
stable disease. The high dose group received infusions of 10, 20, 50, and 100 pg of
catumaxomab, leading to one partial response and five patients with stable disease.
Every patient exhibited a treatment-related adverse event, 17 of 45 patients devel-
oped HAMA or HARA, and no difference in progression-free survival was seen
between the two groups [12]. Additional trials are being performed to determine the
efficacy of catumaxomab as an anticancer therapeutic for indications different from
malignant ascites. As of 2012, catumaxomab is being utilized in close to a dozen
clinical trials with the most notable being a phase III trial for malignant ascites with
or without the anti-inflammatory drug prednisolone (NCT 00822809).

2.3.3 Ertumaxomab (Rexomum)

The second triomab, ertumaxomab, was developed with the same CD3 binding arm
of catumaxomab, to retarget T-cells and innate killer cells to HER2+ tumor cells.
When compared to trastuzumab at a high E:T ratio of 20:1, ertumaxomab-mediated
maximum lysis of high HER2 expressing cells, classified as HER2 3+, at a fivefold
lower concentration (1 ng/ml vs. 5 ng/ml). Reducing the E:T ratio to 5:1 to closer
reflect in vivo conditions, trastuzumab only mediated 40 % lysis of tumor cells at
maximum concentrations of 1-5 pg, while ertumaxomab was able to mediate total
tumor lysis at 25 ng/ml [53]. One major limitation of trastuzumab therapy is its
inability to lyse tumor cells that express low levels of HER2. In the same preclinical
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study, trastuzumab only lysed 10 % of 1+ HER2 cells at a concentration of 5 pg/ml,
while ertumaxomab mediated 100 % tumor cell killing at 5 ng/ml, at an E:T ratio of
20:1. This potency was maintained when the effector cells were significantly
reduced [53]. Therefore, ertumaxomab mediates significantly improved lysis of
HER2+ cancer cells at low E:T ratios and can promote the lysis of cells that are typi-
cally resistant to trastuzumab-promoted ADCC. As of 2012, ertumaxomab has been
studied in two phase I clinical trials, in order to determine its toxicity profile. The
first phase I trial, with four malignant ascites patients, demonstrated that ertumax-
omab was well tolerated, resulting mainly in flu-like symptoms, including fever,
chills, and fatigue [46]. This prompted a second phase I trial for 15 patients with
HER?2 expressing metastatic breast cancer. Utilizing a similar dosing regimen as
catumaxomab, ertumaxomab was administered i.v. on days 1.7+1 and 13+1 with
an initial dose of 10 pg and a final dose of 200 pg. Again, most adverse events were
associated with flu-like symptoms. A few adverse events were considered serious,
based on grade 3 and 4 lymphocytopenia and an increase in liver enzymes. All
adverse events were reversible and the MTD was determined to be 100 pg. Of the
15 evaluable patients, one patient experienced a CR, two had PR, and two had SD
[59]. Measurement of cytokine levels revealed that ertumaxomab elicited a strong
Th1 cytokine response, as IL-6, IL-2, TNF-a, and IFN-y were all elevated. Also,
surprisingly, only five of the fifteen patients developed HAMA or HARA. Currently,
ertumaxomab is being studied in one phase I/II clinical trial for the treatment of
HER2+ solid tumors (NCT 01569412).

2.3.4 Bi20 (FBTA20)

A third Triomab, Bi20 or FBTA20, targets CD20 on lymphoma cells, linking T-cells
and innate immune cells through the same CD3 domain and the intact Fc domain,
respectively, as the other two triomabs. Preclinical data demonstrated the potent
ability of Bi20 to mediate cytotoxicity of CD20+ B-cell lines at E:T ratios of 5:1. At
a concentration of 50 ng/ml, Bi20 killed 95-100 % of B-cells, while rituximab, the
FDA approved mAD to treat CD20 cancers, only mediated 65 % of B-cell lysis at
50 pg/ml [110]. In contrast to rituximab, Bi20 mediated enhanced T-cell and mono-
cyte/macrophage activation and proliferation, a strong Th1 cytokine response, and
lysed low expressing CD20 B-cells. These findings were replicated using B-cells
isolated from patients with chronic lymphocytic leukemia, where Bi20 mediated
efficient lysis even when CD20 expression was extremely low [14]. A phase I trial
of i.v. delivered Bi20 for CLL and NHL patients in combination with donor lym-
phocytes, demonstrated mild adverse events of fever, chills, and bone pain. None of
the six patients developed HAMA with Bi20 treatment and survival ranged from 38
to 486 days [20]. Bi20 is currently not being tested in any clinical trials but could
prove to be efficacious in B-cell malignancies.

Also of interest are two triomabs created in 2004 that target melanoma-
associated proteoglycans (TRBs02) and the melanoma-associated gangliosides
GD2 and GD3 (TRBs07). The parental hybridomas B5 and Me361 were each fused
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with the CD3 hybridoma 26116 to create TRBs02 and TRBs07, respectively. Both
Triomabs were capable of inducing a Thl cytokine response when exposed to
tumor cells and PBMCs, associated with TNF-a, IL-2, IL-6, and IFN-y, as well as
the immunosuppressive cytokines IL-10. TRBs02 and TRBs07 induced the prolif-
eration of CD8+ and CD4+ T-cells but reduced the number of NK cells and mono-
cytes [99]. Lysis of antigen presenting cells was modest compared to other triomabs
but combining both bsAbs was especially potent against cells expressing both
tumor antigen targets.

2.4 Alternative Full-Length BsAbs

With the first clinical approval of a bsAb as well as extremely promising preclinical
and clinical results of other bsAbs, there has been a renewed interest in developing
methods to produce non-immunogenic, production-scalable bsAbs. These include
two novel redox reactions, a knobs-into-holes method, a CDR mutational method,
bispecific CovX bodies, and a mAb with an extra Fv domain. Both redox reactions
take existing mAbs and expose them to either reducing agent, 2-mercaptoethane-
sulfonic acid sodium salt (MESNA) or glutathione (GSH), respectively [22, 112].
These methods result in the relatively quick formation of a bsAb with one binding
domain for each antigen. Strop and colleagues mutated the hinge region with oppo-
sitely charged amino acids and the CH3 domain of each separately expressed mAb.
This method facilitates the stabilization of the bispecific antibody format. As a
proof of principle, using this method, they created a HER2XEGFR and a
CD20xCD3 bsAb, which have hybrid IgG1/IgG2 Fc domains [112]. The CD20/
CD3 bsAb mediated 80 % lysis of the CD20 positive cell line, A20, at 1 pg/ml with
a low E:T ratio of 5:1 and could mediate a depletion of CD19+ A20 cells in vivo.
The proof of principle bsAbs created from Heath’s group demonstrated that the
redox method could create bsAbs in 6-10 days of same species or cross species
fusions [22].

Another unique method utilizes the knobs-into-holes technology originally hypoth-
esized by Watson and Crick and developed in the 1990s. By replacing a small amino
acid (AA) side-chain with a large AA side-chain, or “knob,” in the CH3 domain of one
antibody and replacing a large AA side-chain with a small AA side-chain, or “hole,” in
the CH3 domain of another antibody, the yield of bsAbs can be significantly increased
[95]. This discovery enhances the heterodimerization of dual-targeting antibodies and
reduces the different types of possible isomers to four. As one example, they created a
bsAb targeted against VEGF-A and Ang-2, showing that the bsAb bound to both anti-
gens with the same affinity as the parental mAbs. This bsAb also inhibited in vivo
growth of Colo205 cells by 92 %, while the combination of both mAbs were somewhat
less efficient, inhibiting growth by 78 % [101, 102]. Therefore, targeting two growth
factors with one antibody may impart an enhanced antitumor effect.

One group, in an effort to approach the bi-specificity from a different angle,
developed an intriguing method that results in two different antigen-binding
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domains on each Fab arm. Starting with a full-length mAb, this group creates a
library of variants with mutated light-chain (LC) complementarity determining
regions (CDRs). All variants are then analyzed for binding to the two antigens of
interest, with the goal of isolating a variant with strong affinity for two targets. The
first of these “two-in-one” bsAbs was created from trastuzumab and mutated to also
bind to VEGF. The best dual-targeting variant bH1 underwent a second round of
mutations to enhance the affinity for each antigen. The resulting high affinity vari-
ant, hB1-44, was able to inhibit the growth of Colo205 cells in vivo better than
either parental antibody alone [16]. Another two-in-one antibody, MEHD7945A,
was created using a phage display library of mutated Fab domains to target HER3
and EGFR. As before, this bsAb has identical Fab arms and is capable of binding
either antigen with high affinity. MEHD7945A was capable of inactivating the
EGFR and ERK pathway at an IC50=0.03 and 0.16 pg/ml, respectively, inhibiting
growth of EGFR +lines in vitro, and stunting the growth of EGFR+/HER3+ cells in
vivo. This was compared to the combination of the two parental mAbs [101, 102].
Also, this bsAb could mediate ADCC and when tested in cynomolgous monkeys,
elicited significantly less dermatological toxicity than the FDA approved EGFR
parental antibody, cetuximab. The clinical dose was determined to be 8—12 mg/kg
of MEHD7945A and is currently being evaluated in a phase I trial for patients with
epithelial tumors (NCT01577173) [55].

Other promising chemical conjugation techniques are bispecific CovX bodies
and mAb-Fv fusions. The bispecific CovX body is a unique method that utilizes the
same Fc backbone, a so-called scaffold antibody CVX-2000, with interchangeable
antigen-binding domains, allowing for rapid creation of mAbs or bsAbs. The anti-
gen binding domains are chemically linked using an azetidione linker to the scaffold
antibody after the antigen peptides are fused together using maleimidethiol ligation.
The first of these bs-CovX bodies, CVX-241 targeted Ang-2 and VEGF-A, with
bivalent binding on each Fab arm, as each arm of the antibody can bind to either
antigen [30]. CVX-241 was capable of inhibiting the growth of Colo205 cells in a
xenograft model, compared to the combination of Ang-2 and VEGF-A monoclonal
CovX bodies. Of particular interest, the bispecific antibody synergized with the
common chemotherapeutic agent irinotecan to significantly inhibit in vivo growth.
The first phase I trial with CVX-241 was terminated due to poor pharmacological
properties at the highest dose of 25 mg/kg (NCT 01004822). Instead of trying to
manipulate the basic binding structure of mAbs to allow for a second binding site,
another method fuses an Fv region to the Fc domain of a mAb. If the Fv domain
targets CD3, then the resulting bispecific antibody, called a mAb-Fv, can mediate
antigen binding, ADCC, and retargeting of T-cells, similar to triomabs. The first set
of these antibodies targeted HER2xCD3xCDI16 and HM 1.24xCD3xCD16.
Surprisingly the HER2 mAb-Fv variant bound to CD16 with higher affinity and
mediated greater than sevenfold higher lysis via ADCC than the parental mAb
trastuzumab [85]. Moreover, the mAb-Fvs still bound to FcRn with similar affinity
as the parental antibodies, suggesting that serum half-life of the fusion antibodies
will not be compromised.
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3 Recombinant Bispecific Antibodies

3.1 Tandem scFv

As an alternative approach to creating full-length bsAbs, many groups have chosen
to manipulate the inherent structure of the antibody itself, creating a plethora of
unique molecules. The basic design of these recombinant proteins involves decon-
voluting the structure of an antibody down to the elements that are vital for antigen
recognition and binding. With two binding sites for antigens and no Fc domain,
these proteins retarget immune cells to tumor cells through CD3 or CD16. Utilizing
T-cells or innate killer cells, they can mediate significant lysis of antigen expressing
cells (Fig. 3). Expressed in bacterial or mammalian cells, the recombinant proteins
are purified using a variety of techniques. The first developed technique fused two
single-chain variable regions (scFvs) together using a peptide linker usually between
15 and 20 AA in length, creating a tandem scFv (TaFv). The AA linker length
imparted flexibility for the scFvs, allowing for the correct domains to form together.
Early designs demonstrated the lytic capability of these immune cell retargeting
antibodies, as they were more cytotoxic than their parental mAbs [28, 37]. One
TaFv, developed in an effort to circumvent the lack of success seen by the quadroma
2B1, targeted HER2 and CD16. The protein-mediated significant lysis of HER2
overexpressing cells and demonstrated good tumor retention in vivo [79]. tM28, a
unique TaFv, targeted the melanoma-associated proteoglycan (NG2) and redirected
T-cells through CD28 activation. Therefore, rM28 links tumor cells to T-cells while

ﬁ Tandem Diabody

scFv (Tandab)

SR ONTS
CcL

BiTE

Fc Diabody Triplebody
Single-Chain
Diabody

Tetrabody

Fig. 3 Recombinant bsAbs. The antigen binding components of a mAb are isolated to create
smaller antibodies, reducing their stability and immunogenicity. Black lines represent linker
domains. Bispecific antibodies of the diabody, single-chain diabody, BiTE, tandab, triplebody, and
tetrabody formats are shown



196 C.W. Shuptrine and L.M. Weiner

simultaneously providing them with a potent activating signal, resulting in “targeted
supra-agonistic CD28 stimulation” directly at the tumor site [36]. Exciting preclini-
cal results moved this bsAb to a phase I/II clinical trial in 2005 (NCT 00204594).
Unfortunately, this trial was terminated due to the significant adverse events seen in
a phase I trial of the CD28 mAb TGN1412, which caused life-threatening cytokine
storm in treated volunteers [113]. A successor TaFv that targets CD20 and CD28
was then created using the same CD28 scFv. 12820 eliminated CD20+ lymphoma
cells at modest antibody concentrations (0.5 pg/ml) [90]. E3Bi, another TaFv cre-
ated using a 14 AA linker sequence, targeted EpCAM and CD3. This molecule was
capable of eliminating EpCAM +cells both in vitro at extremely low E:T ratios of
1-2.5:1, and in vivo, where it significantly inhibited tumor growth [93]. An alterna-
tive approach to the retargeting of immune cells is the inhibition of growth factor
receptor signaling. One example of this method is the scFv fusion protein, MM-111,
which recognizes HER2 and HER3, inhibiting the intracellular signaling of both
tyrosine kinase receptors [80]. This fusion protein differs in the basic structure from
other TaFvs, as it is also bound to modified human serum albumin, in an effort to
enhance MM-111 serum stability. Further studies need to be done to determine if
this type of scFv fusion has antitumor capabilities, as it lacks any effector cell-
mediated lytic potential. It is currently involved in three phase I clinical trials for
HER2-amplified cancers.

3.2 Diabody

Diabodies (Db) are another recombinant bsAb that have been intensively studied.
These proteins consist of the same scFv domains as TaFvs but utilize a shorter linker
sequence. This results in a reduced yield of homodimers, essentially driving the
formation of the bispecific format. Specifically, the heavy-chain variable domain
(VH) and the light-chain variable domain (VL) of each antigen binding chain are
forced to connect with respective domains on the second antigen chain. In other
words, for antigens A and B, TaFvs read VH(A)—VL(A) (linker) VH(B)—VL(B),
while Dbs read VH(A)—VL(B) (linker) VH(B)—VL(A). This allows for bivalent
antigen binding on each half of the Db. As of 2012, over 40 different types of bispe-
cific Dbs have been developed in preclinical studies, but none have entered human
trials. This is mainly due to the short half-life seen with these small molecules, as
continuous infusion appears to be necessary for adequate serum concentrations. The
first Db design targeted the hapten phenyloxazone and hen egg lysozyme, was
expressed in Escherichia coli (E. coli), and purified using affinity chromatography,
yielding 0.3—1 mg/L [49]. The first Db to be tested in vivo targeted HER2, was
almost cleared from the blood within 4 h but was retained in the tumor for close to
a day [1]. Holliger and colleagues also developed the first Db that retargeted T-cells
to tumor cells, using CD3 to link T-cells to BCL-1 +lymphoma cells. At a molecular
weight of 50 kDa, this Db was capable of mediating 80 % lysis of lymphoma cells
at the extremely low concentration of 63 ng/ml [50]. It also induced significantly
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higher lysis than a CD3 x BCL-1 quadroma bsAb, showing for the first time that the
Db format could mediate higher tumor lysis than a similar quadroma bsAb.

Of the CD3 T-cell retargeting Dbs CD19, CEA, EGFR, Endoglin, and PSMA Dbs
are of particular interest. All five of these Dbs were expressed in E. coli, with a yield
ranging from 0.1 to 3 mg/L [33, 45, 51, 60, 65]. The CD19xCD3 Db-mediated lysis
of CD19+ lymphoma cells at a tenfold lower concentration than a CD19 x CD3 quad-
roma bsAb, although the E:T ratios and maximum lysis were modest [60]. Targeting
CEA expressing colon carcinoma cells with IL-2 stimulated PBMCs and 100 ng/ml of
the respective Db, resulted in 50 % lysis at the moderate E:T ratio of 10:1 [51]. The
EGFR Db, Ex3, only mediated 60 % lysis at 1 pg/ml with 100 times more lympho-
kine-activated killer cells than EGFR expressing bile duct carcinoma cells [45].
Therefore, the group attempted to enhance the lytic capacity by humanizing the
diabody, creating hEx3. This Db was able to mediate 100 % tumor inhibition at
0.5 pmol/ml at an E:T of 5:1 and enhanced in vivo survival from 10 weeks (control) to
23 weeks [6]. The endoglin targeting Db-mediated 50-60 % maximum lysis of endo-
thelial cells at high LAK levels [65]. Lastly, the PSMA single-chain Db (scDb), which
conforms to a slightly different shape with the binding domain for PSMA and CD3
existing on opposite sides of the molecule, was able to significantly inhibit tumor
formation of prostate carcinoma cells in mice [33]. The remaining immune retargeting
Dbs bind to CD16 and CD19, CD30, or EGFR. Not surprisingly, these Dbs required
significantly high E:T ratios to mediate effective lysis of target cells [5, 8, 62].

3.3 Multi-Targeting Antibodies

In an effort to enhance the serum stability of these recombinant proteins, increase
the avidity for an antigen, or increase the number of targets, groups added additional
antigen binding domains. Similar to the CD3 x CD19 Db, Kipriyanov et al. created
a Tandab, or tandem diabody, that targeted the same antigens. This format results in
a protein that’s double the size of Dbs (~114 kDa), increasing half-life, with four
Vh-VI1 domains instead of two [61]. This Tandab was able to stimulate T-cells, elicit
higher lysis, and significantly inhibit the growth of in vivo lymphoma cells com-
pared to the CD19xCD3 Db [24, 61]. Another group developed a similar molecule,
called a tetrabody, from the humanized Ex3 Db. Although this molecule has four
binding domains, similar to Tandabs, it is arranged in a circular format instead of a
linear one. This hEx3 tetrabody was 113 kDa and could mediate the same lysis as
the Db but at a 100-fold lower concentration, resulting in an extremely low EC50 of
0.5 fmol/ml at an E:T of 5:1 with LAK cells [7]. The triplebody, another bsAb
format which binds to three antigens, is created by linking three scFvs together.
Four promising candidates, CDI19xCDI16xCDI19, CD33xCD123xCD16,
CD123xCD16xCD123, CD33 xCD19xCD16, exhibited enhanced stability, were
expressed in mammalian cells, and induced half-maximum lysis in the low picomo-
lar range [58, 67, 105]. As these molecules have the potential to form aggregates
when in suspension, it remains to be seen if their potent lytic capabilities will trans-
late safely into humans.
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Fig. 4 BiTE’s mechanism of
action. Bispecific T-cell
engager’s function by linking
T-cells directly to tumor cells
through CD3 on T-cells.
Conjugation of T-cells to
tumor cells results in the
release of perforin and
granzyme, inducing apoptosis
in the target cells. BiTEs exist
that target CD19, EpCAM,
EGFR, CD33, MCSPs, CEA,
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3.4 Bispecific T-Cell Engagers

34.1 Early Generation BiTEs

Even though BiTEs, or bispecific T-cell engagers, have not been evaluated in phase
I clinical trials, they may represent the future of the bsAb field. The concentrations
required to induce significant lysis in vitro and in vivo are some of the lowest seen
for any anticancer therapy. By redirecting T-cells to antigen positive tumor cells,
this approach is not unique. What is unique, is the ability to eliminate cancer cells
at E:T ratios that are orders of magnitude lower than other bsAbs (1:1 or 1:10) with
PBMC:s that do not require pre-stimulation with IL-2 or CD28 activation [66, 121].
As two scFvs bound together with a short gly,-ser; linker, the bispecific molecules
are only approximately 55 kDa and are capable of binding only one antigen on each
arm (Fig. 4). Currently, Micromet is in various stages of preclinical and clinical tests
involving ten BiTEs that target eight different antigens. They are CD19, EpCAM,
HER2/neu, EGFR, CEA, CD33, EphA2, and MCSPs [9]. One of the most surpris-
ing features of these bispecific molecules is their ability to mediate potent lysis
without the need for MHC Class I [87]. Therefore, these molecules can utilize
T-cells to target any type of cell, regardless of the T-cell’s ability to inherently rec-
ognize the target cell. Importantly, BiTEs address previous toxicity limitations seen
with earlier CD3-based bsAbs by utilizing a lower binding affinity to CD3, allowing
for T-cell activation only at tumor sites. Therefore, BiTEs lead to specific antitumor
effects without potentially life-threatening host toxicity caused by excessive
cytokine release.

MT103 and MT110, which target CD19 and EpCAM, respectively, are the only
two BiTEs in clinical trials but many more will follow soon, as all published results
for these molecules are promising. The EpCAM-targeted BiTE is only undergoing
a phase I clinical trial, when it was the first developed. In 1995, Mack et al.
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developed the scFv fusion protein targeting CD3 and EpCAM. This molecule was
capable of only being expressed in CHO cells, as E. coli expression resulted in
inert protein [75]. Fortunately, the harvest of the EpCAM scFv fusion was signifi-
cantly higher than other recombinant bsAbs, yielding 12—15 mg of protein per liter
of media. This early generation BiTE was capable of inducing significant lysis at
only 8 ng/ml and was stable in PBS for 6 months and serum for 56 h [66, 75]. Not
surprisingly, CD8+ and CD4+ T-cells were required for the antitumor lysis [66].
The early generation EpCAM BiTEs could induce substantial lysis at concentra-
tions near or below 1 ng/ml, all utilizing unstimulated PBMCs from healthy and
cancer patients [76, 103, 120]. One in vivo study found that 1 pg of the EpCAM
BiTE could protect all six mice from challenge with SW480 colon carcinoma cells
and even eliminate growth in some mice with established tumors. This same study
discovered that the bsAb could utilize tumor infiltrating T-cells to eliminate tumors
engrafted in mice when isolated directly from patients at only 5 pg/mouse [103].
This experiment, where three of six mice treated with the BiTE survived chal-
lenge, proved that this molecule could utilize a patients’ own T-cells to modulate
an antitumor effect.

Early generation CD19 BiTEs showed similar promising results. First created in
2000, Loffler et al. demonstrated that the CD19 BiTE could retarget T-cells to lym-
phoma cells, eliciting significant lysis at low E:T ratios (2:1 or 4:1) at concentra-
tions between 10 and 100 pg/ml, a 10—100-fold lower concentration than even the
EpCAM BIiTE and 1-10,000-fold lower than a quadroma CD19xCD3 bsAb [71].
Interestingly, short-term addition of IL-2 to PBMCs did not drastically enhance the
lysis of B-cells by the CD19 BiTEs, although long-term exposure of IL-2 resulting
in LAK effector cells enhanced the ECs, by tenfold [31, 72]. Even at E:T ratios of
1:4, the CD19 BiTE could eliminate all CD19+ B-cells at a low concentration of
5 ng/ml [72]. An in vivo study found that, similar to the EpCAM BiTE, the CD19
BiTE could protect mice from tumor challenge and even eliminate large establish
tumors [32]. The BiTEs appear to require T-cells to release perforin to mediate
lysis, as cells treated with the perforin inhibitor Oncanamycin A (OMA), had sig-
nificantly reduced lysis [38].

3.4.2 MT103 (Blinatumomab)

Learning from previous designs, Micromet designed and created MT103, the
CD19xCD3 BiTE currently in clinical trials. MT103 exhibited significant preclini-
cal potency to CD19+ autologous B-cells, with an ECs, of 130 pg/ml with human
PBMC:s and 150 pg/ml with chimpanzee PBMCs [104]. When the BiTE was given
to chimpanzees, the molecule was well tolerated, with an increase in Th1 cytokines
and T-cell activation. After a dose of 0.1 pg/kg in chimpanzees, MT103 peaked
around 1 ng/ml and reduced to 50 pg/ml within 10-24 h after treatment [104]. As
MT103 can induce the release of the Thl cytokines IFN-y, TNF-a, and IL-2, it
would most likely require coadministration with an anti-inflammatory agent.
Therefore, Micromet analyzed the functionality of MT103 with the clinically used
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anit-inflammatory agent dexamethasone [17, 19]. Fortunately, the anit-inflammatory
agent did not reduce lysis or T-cell activation but did attenuate cytokine release [17].
When compared to a CD19xCD3 tandab, MT103 was 1,000 times more potent,
when unstimulated T-cells were used, highlighting for the first time, that the BiTE
format was more potent than similarly designed recombinant bsAbs [84]. Another
comparison study found that MT103 mediated 150—450 times more efficient lysis
than rituximab to CD19+ CD20+ cells but found that even in optimal conditions for
rituximab, MT103’s addition could still enhance tumor cell apoptosis [25]. Even
with extremely low E:T ratios, MT103 was capable of inducing significant cell
death, implying that T-cells can mediate serial killing of target cells [25].

These encouraging results led to a phase I trial for MT103 for patients with non-
Hodgkin’s B-cell lymphoma. Of the 38 patients treated, 11 exhibited objective
responses, with four CRs and seven PRs. All six patients treated at the highest
dose of 0.06 mg/m? showed a response to treatment. Overall, the adverse events
were mild, including chills, pyrexia, lymphopenia, and leukopenia and occurred in
the first week of treatment. No antidrug antibodies were seen in any of the 38
patients [10]. A phase II trial, published in 2011, demonstrated an 80 % response
rate in 21 patients with adult B-cell lineage ALL, treated with a dose of 0.015 mg/
m?. After a single cycle of MT103, 16 of 20 evaluable patients were switched from
minimum residual disease (MRD) positive status to negative. As MRD is a common
indicator of relapse and these patients were heavily pretreated, these results are
promising. Overall, the estimate of relapse-free survival was 78 % [114]. As in the
phase I trial, MT103 was well tolerated, with similar adverse events. A secondary
analysis of the immunological responses to MT103 revealed that most patients
responded with similar trends after treatment. Within a single day, the number of
circulating B-cells dropped to one B-cell/pL of blood, and did not increase through-
out the treatment cycles. The percentage of activated CD8+ and CD4+ T-cells
increased from 19.47 to 48.78 % and 12.32 to 35.63 %, respectively, elucidating
MT103’s potent effects on T-cells. Fortunately, no patient developed HAMA [64].
With these results, MT103 is currently being evaluated in six phase I or phase II
clinical trials, and phase III trials results are awaited with interest.

343 MT110

Similar to MT103, Micromet used previous EpCAM BiTE designs to enhance the
potency of the bispecific molecule being tested in clinical trials. The resulting BiTE,
MT110, is ~55 kDa, can redirect PBMCs to tumor cells with an ECs, of 230 pg/ml,
can eliminate tumor initiating cells and is not affected by circulating levels of
EpCAMs ectodomain, EpEx [18, 19, 48, 91]. MT110 was also capable of killing
primary pancreatic cells at concentrations of 1-100 ng/ml [23]. In vivo treatment of
1 pg MT110 resulted in the complete prevention of tumor growth in both challenge
and established tumors [18]. Interestingly, MT110 was able to induce tumor elimi-
nation in mice utilizing only the T-cells that infiltrated the tumor before removal
from patients, again elucidating the potency of retargeting T-cells to fight cancer.
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In an attempt to determine if an EpCAM BiTE would be toxic to normal
EpCAM expressing cells, Brischwein and colleagues performed a series of pre-
clinical studies using a murine EpCAM BiTE analog in immune-competent mice.
MuS110 could recognize murine CD3 and murine EpCAM and has an ECs, simi-
lar to MT110, albeit slightly worse [2, 19]. At doses of 15 pg/kg, MuS110 was
well tolerated in mice and was capable of inhibiting syngeneic tumor growth.
Increasing the dose to 50 pg/kg or 500 pg/kg resulted in cytokine release syn-
drome or death in mice, respectively [2, 3]. In the 15 pg/kg treated mice, MuS110
caused a fivefold drop in B-cell numbers and an eightfold drop in T-cell numbers
[3]. Unlike humans, mice have EpCAM +lymphocytes, which might be contribut-
ing to side effects such as lymphopenia. Therefore, it is possible that initially elim-
inating this subpopulation of cells could enhance the tolerability of MuS110.
Initial low doses of 0.4—10 pg/kg tolerized mice to doses of MuS110 up to 500 pg/
kg [3, 4]. MuS110 did not damage EpCAM +tissues or organs and long-term dos-
ing did not result in T-cell anergy, strengthening the clinical utility of an EpCAM
BiTE. All of these results led to an ongoing phase I clinical trial in patients with
EpCAM +solid tumors.

3.4.4 Other BiTEs

The remaining BiTEs in clinical trials target CEA, EphA2, EGFR, CD33, and
MCSPs. The CEA BiTE was found from a panel of CEA BiTEs created from three
CEA mAbs and thirteen scFvs directed against CEA, all with the same CD3 binding
domain. The most potent protein, MT111, had an ECs, of 200-500 pg/ml with
unstimulated PBMCs and an ECs, of 2.3 pg/ml using stimulated human T-cells. It
inhibited tumor xenograft growth and had similar lysis across 12 different CEA
expressing tumor lines [73]. As many patients with CEA +tumors have circulating
soluble CEA (sCEA), it was important to discover that sSCEA did not inhibit tumor
cell lysis by MT111 [73, 88]. On top of this, a murine analog of MT111 was capable
of inhibiting metastatic lung lesions in a syngeneic mouse model [73]. Both of these
findings underscore the clinical potential of this BiTE.

EphA2 is a tyrosine kinase receptor that is often overexpressed in aggressive
epithelial cancers. The EphA2 BiTE developed by Micromet is unique from others
in its class, as it only recognizes EphA2 on malignant cells, sparing any T-cell elimi-
nation of normal cells. The BiTE was capable of eliminating tumor cells at ECs,
concentrations of about 6 ng/ml and could mediate maximal lysis at an E:T ratio of
1:5 with 7 ng/ml of the bsAb. Confirmatory results were seen in vivo [42]. The
remaining BiTEs targeting EGFR, CD33, and MCSPs offer promising further pre-
clinical and clinical results. C-BiTE and P-BiTE, developed from the binding
domains of cetuximab and panitumumab, two FDA approved EGFR mAbs, were
able to lyse KRAS- and BRAF-mutated colorectal cells [74]. The MCSP BiTE rec-
ognizes the D3 domain of the heavily glycosylated human melanoma chondroitin
sulfate proteoglycan (MCSP) [13]. The bsAb-mediated significant lysis of 33
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MCSP +melanoma cell lines with PBMCs isolated from healthy and melanoma
patients, albeit reduced with the latter cell sources [115]. The CD33 BiTE, MT114,
exhibits similar potent lysis, with ECs, values as low as 5 pg/ml and mediates lysis
across numerous CD33 + AML cell lines [29, 63].

4 Imaging

There is an evolving area of the tumor immunology field that is utilizing bsAbs for
cancer imaging. Since the second target can be engineered to bind to a radiolabeled
agent, these bsAbs are simpler to create than radiolabeled mAbs. One of the most
common methods for creating radiolabeled bsAbs is the dock-and-lock (DNL) tech-
nique. Originally developed in 2006, the DNL method can be used to efficiently
create bsAbs for any target but as of 2012 was entirely devoted to the creation of
radiolabeled bsAbs [97]. TF2, which targets CEA and the hapten histamine-
succinyl-glycine (HSG), is currently undergoing three phase I trials and one phase
I/IT trial for imaging colorectal or lung cancers [78]. After injection and clearance
of the bsAb, ®™Tc-labeled hapten is infused into the patient, resulting in radioactive
labeling of only bsAb bound cells. TF4 and TF10 are two other DNL bsAbs directed
against CD20 x HSG hapten and MUC1 x HSG hapten, respectively [35, 108].

5 Conclusions

The clinical efficacy of catumaxomab and blinatumomab highlight the potential of
bispecific antibody therapy modalities. The progress seen 25 years following the
production of the first such molecules augurs well for the future of the field (Table 1).
Learning from previous designs and trials, researchers have developed molecules
that overcome problems like the development of HAMA, by creating bsAbs that
work at increasingly low concentrations, precluding the need for excessive doses or
humanization. First generation bsAbs required such high ratios of effector to tumor
cells that could never translate into clinical efficacy. The efficiency of newer com-
pounds permits them to be used at low concentrations that require potentially physi-
ological effector: target ratios. Moreover, by targeting hematologic malignancies,
the potential barriers of access of effector cells to tumor targets may be minimized.
Challenges remain; the need for prolonged continuous infusion makes BiTEs incon-
venient and expensive for patients. Additional modifications to promote prolonged
half-lives may be required for these reagents to achieve their full potential. Moreover,
the ability of BiTEs to effectively treat solid human tumors in the clinical setting
remains unproven. However, the presence of these challenges should not obscure
the fact that bispecific antibodies can work to effectively treat cancer. The challenge
to the field is to build upon the exciting findings for the benefit of patients with
diverse forms of cancer.
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Clinical Development of Antibody-Fusion
Proteins for Cancer Therapy
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Abstract Antibody-fusion proteins are new, promising derivatives of monoclonal
antibodies (mAbs), and some are being used for cancer therapy. Ongoing research
efforts are increasing the repertoire and efficacy of mAbs and mAb-based molecules
for the treatment of cancer. Antibody-fusion proteins use the antigen recognition
capabilities of the mAb to target a tumor antigen, bringing the fusion protein into
the tumor microenvironment. Depending upon what other molecule is fused to the
mAb component of the molecule (such as other mAbs, cytokines, chemokines, and
toxins), a variety of molecular and cellular activities can thereby be localized to the
sites of tumor cells. In this review, we discuss different types of antibody-fusion
proteins either in clinical trials or in development for multiple malignancies. We
also discuss patient-intrinsic factors that affect therapeutic efficacy, including the
inhibitory KIR repertoire of a patient’s NK cells and the affinity of a patient’s Fc
receptors for the Fc portion of the mAb molecule. The level of sophistication of
antibody-fusion proteins continues to increase with our understanding of patient-
intrinsic factors that affect individualized responses to therapy. New and promising
fusion proteins that overcome patient-intrinsic limitations are an exciting applica-
tion of this technology.
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1 Introduction

The tumor selective recognition provided by monoclonal antibodies (mAb) has
enabled a different approach towards the treatment of certain cancers without the
spectrum of clinical toxicities associated with conventional cytotoxic anti-
neoplastic therapeutics. With the ability to specifically recognize antigens pre-
sented primarily on malignant cells, these tumor-reactive mAbs bind to cancer cells
and then induce cancer cell death by a number of pathways. While some antibodies
can block stimulatory signals required for tumor cell survival, some can transmit
direct apoptotic signals, and others induce tumor cell death via complement-depen-
dent cytotoxicity (CDC). Additionally, many antibodies work by eliciting antibody-
dependent cellular cytotoxicity (ADCC) [42, 65]. Stimulation of the immune
system with cytokines, such as IL2, in combination with mAb results in increased
ADCC [34, 82, 87].

In order to improve ADCC, fusion proteins created either by directly linking a
tumor-specific antibody to a cytokine [21, 23, 24, 37, 50] or linking two antibodies
(or their antigen recognizing components) with differing specificity have been
developed to target tumor cells while simultaneously stimulating the immune sys-
tem. Such an approach to deliver cytokines or direct effector responses to the tumor
likely represents the next generation of antibody-directed tumor-specific
immunotherapy.

The following sections will discuss modifications made to mAbs to improve their
effects on immune cells, decrease toxicity and immunogenicity, increase systemic
half life and account for patient-intrinsic factors that can be used to determine opti-
mal treatment on a per patient basis. The complex considerations involved in engi-
neering improved antitumor mAb-based therapeutics range from antigen binding
and immune system stimulation considerations to effector cells’ receptor glycosyl-
ation requirements [23, 24]. Additionally, genotypic variations will be discussed that
can further influence antibody-fusion protein efficacy. This chapter highlights fusion
protein advances and their potential as cancer therapeutics.

2 Immunoadhesins

Immunoadhesin is a generic term used to describe antibody-like chimeric molecules
consisting of human immunoglobulin linked to a human protein with binding speci-
ficity for a molecule of interest [4]. One advantage of an immunoadhesin over that
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Diabody

Immunocytokine TriomAb

Fig. 1 Illustrated examples of antibody-fusion proteins. (a) A monoclonal antibody of an IgG
isotype, light color denotes light chain and dark colors denote heavy chain. Disulfide bonds are
shown as black lines. (b) An immunocytokine comprised of a monoclonal antibody genetically
linked to two IL2 proteins in the Fc end. (¢) A single-chain variable fragment (scFv). (d) A triomab
comprised of a rat IgG2b immunoglobulin (green) targeting a tumor antigen and a mouse 1gG2a
immunoglobulin (blue) portion activating a T cell. (e) A diabody, linking the heavy and light chain
of opposing Fv regions with a peptide linker that holds the two variable regions in close proximity.
(f) A tandem scFv fragment, each scFv is held together with a peptide linker, can link multiple
scFv together to create a chain of fusion proteins

of a monoclonal antibody is that the binding portion of an immunoadhesin need not
be of immunoglobulin origin and can be insoluble, such as a cell surface receptor,
or soluble such as a cytokine. Immunoadhesins were developed as an alternative to
monoclonal antibodies as a simpler method for targeting human antigens with
human reagents. There are many different conceptual applications for immunoad-
hesins, resulting in products patented for a variety of conditions [76].

Numerous immunoadhesins exist on the market for patients with autoimmunity,
including Enteracept®, Arcalyst®, and Amevive® [76]. While immmunoadhesins
designed for use as cancer therapeutics have been slower to appear on the market,
some recent clinical data suggest that immunoadhesins may be powerful tools in
cancer immunotherapy. Because immunoadhesin is a generic term, it can be used to
describe most of the products that would be considered antibody-fusion proteins,
including immunocytokines and bifunctional antibodies (Fig. 1), which have each
shown promise in recent clinical testing.
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3 Bifunctional Antibodies

Bifunctional antibodies are a group of reagents that share variable domain-like
binding properties, but are otherwise not necessarily similar. Some cancer-directed
bifunctional antibodies are designed to tether tumor cells to immune effector cells
and in some cases simultaneously activate the effector cells. Because both NK cells
and macrophages bear Fc receptors, and can mediate an antibody-dependent cyto-
lytic/effector response, most traditional mAb therapies rely heavily on NK cell and/
or macrophage effector functions. However, because tumors often have a large pop-
ulation of infiltrating T lymphocytes, most bifunctional antibodies have been devel-
oped to act on T cells.

Initial bispecific antibodies showed some detectable biological activity in vivo,
inducing T cells to kill tumor cells they would not otherwise have recognized; but
initial testing showed little evidence for clinical benefit [11]. Early development and
trials of bifunctional antibodies were hampered by relatively inefficient production
techniques, causing difficulties with both purity and quantity of clinical grade reagent.
However, recent advances in antibody engineering have improved production and
some bifunctional antibodies are proving to be successful in clinical applications.

Early bifunctional antibodies were produced in one of two ways, chemical cross-
linking of antibody proteins, or fusion of two hybridomas to produce a hybrid-
hybridoma or a quadroma ([60], also reviewed in [11, 58]). A major boost to the
field of bifunctional antibodies came in 1995 with the first report of Triomabs. The
triomab approach combines immunoglobulin subclasses from two separate species,
using rat/mouse quadromas that produced mouse IgG2a and rat I[gG2b. Preferential
species restricted pairing limits random association of heavy and light chains [60].
Species restricted pairing reduces the number of different antibody combinations
made by the quadroma, increasing the production of molecules that are one-half rat,
targeting one antigen, and one-half mouse, targeting another (Fig. 1d). Importantly,
mouse/rat hybrid bispecific antibodies maintain functional ability to interact with
activating human FcR, and therefore maintain their ability to elicit the effector func-
tions of NK cells and other cells bearing FcRs.

The first Triomab produced was a bispecific antibody with reactivity to T cells
(anti-CD3) and to Epithelial cancers [anti-epithelial cell adhesion molecule
(EpCAM)]. Catumaxomab (anti-CD3 X anti-EpCAM) has received market approval
in the European Union as a therapeutic for malignant ascites, particularly for women
with ovarian cancer [61]. Engagement of T cells via aCD3 and tumor specificity via
aEpCAM, in addition to Fcy receptor (FcR) engagement through the intact Fc
region gives this molecule its “tri-functionality”. Namely, this agent can bind to
tumor cells (via EpCAM), bind to and activate T cells (via-CD3), and bind to and
activate cells that mediate ADCC (through FcRs). Preclinical studies show that
Catumaxomab elicits multiple effector pathways simultaneously; including T cell-
mediated lysis, cytokine production, ADCC, and antibody-dependent phagocytosis
ADCP [90]. The third functional binding site for Catumaxomab, the mouse/rat
hybrid Fc region, can elicit effector cells through activating FcyR, CD32 (FcyRID),
CD16 (FcyRIII), and CD64 (FcyRI) but not inhibitory FcyR (reviewed in [61]).
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Catumaxomab has completed phase I/II testing for intraperitoneal treatment of
malignant ascites secondary to epithelial cancers [38]. Heiss et al. treated 258
patients with four increasing doses of catumaxomab (10, 20, 50, and 150 pg) on
days 0, 3,7, and 10, respectively, and followed puncture-free survival (survival time
from last clinically required peritoneal aspiration procedure) and time to next para-
centesis. While frequent adverse events related to immune activation were reported,
patients in the catumaxomab arm had a longer puncture-free survival time (11 days
for control paracentesis vs. 46 days with Triomab treatment) and longer median
time to next paracentesis. Multiple courses of Catomaxomab have been attempted
in one patient and were reasonably well tolerated (i.e., this one patient did not
develop any unexpected adverse events) and potentially effective. Despite a rapid
human anti-drug antibody (HADA) response, a decrease in EpCAM-positive cells,
and increase in CD45-positive cells (leukocytes) in ascites fluid was observed after
a second course of therapy [77]. More research is needed to determine the efficacy
and toxicity of TriomAb antibodies given systemically rather than “intra-tumorally”
such as the case with intraperitoneal administration to patients with ascites.

Bi20 is a trifunctional antibody with specificity for the CD20 target prevalent on
CLL and other B cell malignancies. Buhmann et al. treated six B cell lymphoma
patients that were refractory to standard therapy with an anti-CD3 X anti-CD20
TriomAb, Bi20, and followed Bi20 infusion with donor lymphocyte infusion (DLI)
or hematopoietic stem cell transplant (HSCT) [8]. The side effects were relatively
tolerable and they did not observe an HADA response or graft versus host disease.
They reported a rapid, but transient, clinical response to therapy. This study may sug-
gest that Bi20, when combined with DLI or HSCT, could be given repeatedly to aug-
ment antitumor activity. The efficacy of Bi20 given alone has not been established.

Recombinant antibody technology spurred the invention of multiple bispecific
antibody-like products that lack Fc regions after it was hypothesized that the Fc por-
tion of a bifunctional molecule may lead to toxicity [83]. Single-chain variable frag-
ments (scFv fragments), tandem scFv fragments, and diabodies (Fig. 1) were each
developed in an attempt to maintain bifunctional binding capabilities while reducing
potential Fc-mediated toxicity. Several of these reagents showed promising results
in preclinical studies. Some studies have suggested that enhanced antitumor efficacy
and minimal activation of peripheral T cells can be achieved by ex vivo pre-arming
of T cells with bifunctional antibodies prior to infusion. This has led to a series of
studies evaluating the effectiveness of “arming” of T cells with bispecific antibod-
ies. One study that preloaded activated T cells with an anti-Her?2 bispecific, Her2Bi
(OKT3 X trastuzumab) observed persistence of activated T cells in patients for 14
days and correlated their persistence with an increase in pro-inflammatory cytokines
and heightened bispecific Ab-mediated ADCC by peripheral blood mononuclear
cells [30]. Since this report, two phase II trials have opened evaluating the role of
Her2Bi armed T cells in breast cancer patients (NCT01022138 and NCT01147016).

Bispecific T cell engagers (BiTEs) are tandem scFv fragments (Fig. 1) that target
CD3 through one variable fragment and a tumor-specific antigen through the other
fragment. A few BiTEs have already been produced despite being relatively new
technology. Approval followed exciting clinical data with low dose constant infu-
sion of an anti-CD19-x-anti-CD3 BiTE, blinatumomab [55, 99]. Twenty-one
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patients with minimal residual acute lymphoblastic leukemia were administered
blinatumomab in a portable mini-pump and port system for a 4-week cycle. Sixteen
of twenty-one patients responded to therapy reaching a status of minimal residual
disease (MRD) negative; twelve of these sixteen patients had previously been
refractory to chemotherapy [99]. Within 2 days after starting blinatumomab, B cell
counts dropped to borderline undetectable limits and remained low for the entire
treatment period. T cells were initially reduced, but quickly rebounded and showed
phenotypic signs of activation [55]. While BiTE technology is new, the early clini-
cal data available look very promising and it remains to be seen how BiTEs will
enhance the exciting field of bispecific tumor therapy.

4 Tumor-Specific Inmunocytokines

Immunocytokines (IC) consist of tumor-reactive monoclonal antibodies (mAb) that
have been attached to an activating cytokine. When the mAb portion binds to its
particular target cell, the cytokine is then able to activate nearby immune cells,
enhancing their ability to effectively kill their target. Current development of these
molecules has primarily involved linking existing therapeutic mAbs to cytokines
such as IL-2, to allow localized activation of the effector cells of the immune
system.

Many mAbs have been shown in preclinical studies to cause in vitro tumor
destruction via ADCC [5, 73, 78]. When the Fab portion binds to the antigens on the
tumor cell, effector cells carrying Fc receptors (FcRs) are then able to bind to the Fc
components of the bound mAb and be activated. Activated effector cells release
additional cytokines and chemokines that can recruit and activate other immune
cells [79], as well as mediate ADCC via the release of cytotoxic granules and apop-
totic signaling pathways [49, 100]. In support of the role of FcRs, in vivo studies
have shown that mAbs with antitumor activity lose their killing potential when
administered to mice that lack FcRs [69] or when mAbs lack the Fc region [5].

With the addition of IL-2 in vitro, NK cells demonstrate increased levels of
ADCC [32]. Following in vivo IL-2 administration in patients, their NK cells have
demonstrated increased levels of ADCC when assayed in vitro [33]. In considering
these findings, Sosman et al. proposed combining IL-2 therapy with mAb therapy
with the goal of boosting the ability of NK cells to perform ADCC [93]. One such
antibody involved an mAb against the GD2 disialoganglioside present on mela-
noma and neuroblastoma cells. Initially, pilot and phase I/II trials involving the
14.G2a murine antibody and its chimeric form (ch14.18) were conducted, includ-
ing a Children’s Oncology Group (COG) phase 1 trial treating pediatric patients
with high-risk neuroblastoma in remission after autologous stem cell transplant
(ASCT) [1, 20, 28]. IL-2 was incorporated into the treatment regimens, to provide
an activating stimulus to the NK cells, and in Gilman et al., GM-CSF was also
incorporated to stimulate neutrophils/macrophages [28] to also mediate ADCC.
This regimen was reasonably tolerated, with improved clinical outcomes compared
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to historical controls [28]. This treatment strategy was then employed in a phase III
COG trial for pediatric neuroblastoma patients in remission following autologous
(hematopoietic) stem cell transplant (ASCT). Interim analysis of the patients in
this trial, before the trial had reached its expected patient accrual, revealed statisti-
cally better responses by patients enrolled in the immunotherapy arm as compared
to standard treatment [108]. Immunotherapy-treated patients demonstrated an
average overall survival rate of 86 % (compared to 75 % for the standard arm,
p=0.02) and an average event-free survival rate of 66 % (compared to 46 %,
p=0.01). These differences in response led to closure of the standard treatment
arm of the study [108]. In contrast, a German study using ch14.18 mAb alone on a
similar dosing regimen did not initially see similar results [91], suggesting that the
addition of the IL2 and GM-CSF may be responsible for the clinical improvement
that was seen.

Following the studies of ch14.18 with IL2 and GM-CSF, the next step was to try
to further optimize ADCC by fusing the mAb to the cytokine IL-2, to create immu-
nocytokines (ICs) (Fig. 1b). Through linking the two molecules, the IC would be
able to facilitate additional mechanisms of ADCC. An anti-GD2 IC was formed by
genetically linking human IL2 to the carboxy terminus of the IgG heavy chain for
the chimeric and humanized antiGD2 mAbs, ch14.18, and hul4.18. Initial in vitro
studies showed that ICs could trigger NK cells as well as T cells bearing IL2 recep-
tors (IL2R), to mediate GD2-specific lysis [23, 24, 35]. Subsequent animal models
of GD2* neuroblastoma and melanoma cell lines demonstrated that ch14.18-1L2
could mediate more effective killing than ch14.18 and IL2 administered in combi-
nation. Similar results were seen in human neuroblastoma cell lines tested in SCID
mice [80], a GD2-expressing murine melanoma cell line (B78) tested in immuno-
competent syngeneic mice [6, 7], and a neuroblastoma cell line NXS2 in syngeneic
immunocompetent mice [62, 63].

Additional IC development has revealed other possible mechanisms of
IC-triggered activity [26] tested a deimmunized (DI) form of murine mAb Leul6,
linking DI-Leul6 to IL2 in a SCID model of B cell lymphoma. Mice receiving the
DI-Leul6-IL2 IC demonstrated higher antitumor activity than those receiving ritux-
imab or rituximab plus IL2 in combination. In this system, DI-Leul6-IL2 was also
assayed in parallel with a deglycosylated form of the IC—the latter form was unable
to bind to FcRs yet maintained its antitumor activity, suggesting potential non-FcR-
dependent mechanisms of immunocytokines.

A subsequent study [31] investigated non-FcR-dependent mechanisms further,
by looking both at hul4.18-IL2 and another IC, huKS-IL2, which targets the
EpCAM molecule present on ovarian cancer. In vitro assays using an NK cell line
with low expression of FcyR and high CD25 (IL-2Ra chain) showed that immuno-
cytokines could aid the conjugation of tumor and effector cells. The polarization of
CD25 to the immunological synapse between NKL cells and M21 tumor cells sug-
gested immunocytokines could facilitate cell-cell interactions through IL-2 recep-
tors (Fig. 2) [9, 31]. Although normal peripheral NK cells lack appreciable
expression of CD25, the engagement of other IL-2R in addition to FcyR may be a
unique functional advantage of immunocytokines.



220 K.L. Alderson et al.

Cc
v, NEL Media caly = hul4.18 Ab = L2 o, huld 18 Ab+ILZ
o1 (i 14 115 s 1 12 118
I ; sl L lom ,-:M N IP j o] e a2
ES-IL.2 hul4.18-1L.2 hul4 18102 + L2 hul4 18-IL2 + anki-CD25
“EE | s 7] “fea w7 “TEs ]
b - B 5 SN LA

et Eg 03 ,m " ,:«27 oo ,m oz ’m

H 5] T T LR B e - T e

g BODIPY

2 21)

o

wn

o

(=]

o

&

o\(L B q’\\:"
o & A
A A
Q\)

Fig. 2 IL-2 receptors are involved in the conjugation between tumor cells and natural killer cells.
(a) A natural killer cell line originally derived from NK cell lymphoma (NKL) which has high
expression of the IL-2Ra chain (CD25) was cocultured in with M21 melanoma tumor cells (GD2*)
and hul4.18-IL2 immunocytokine (anti-GD2 mAb linked to IL2). After incubation, the cells were
fixed to a glass coverslip and stained for CD25 (green). (b) Quantification of percent of NKL cells
conjugated with M21 that polarized CD25 to the immunological synapse in the presence of
hul4.18 or hul4.18-1L2. (¢) NKL cells and M21 tumor cells were labeled with CFSE (NKL) or
BODIPY (M21), cells were co-incubated in the presence of various tumor-specific antibodies and
fusion proteins and visualized by flow cytometry for conjugate formation. The above figure has
been reprinted with kind permission from Springer Science+Business Media from: Cancer
Immunology Immunotherapy, Ab-IL2 fusion proteins mediate NK cell immune synapse formation
by polarizing CD25 to the target cell-effector cell interface, Vol. 60, 2010, pp 1789-1800, Gubbels,
JA. Gadbaw, B. Buhtoiarov, IN. et al. Fig. 2a, and Fig. 4b

Phase 1 trials were initially conducted to evaluate the maximum tolerated dose
and immune effects of hul4.18-IL2 in both melanoma [54] and neuroblastoma
patients [72]. Each patient received three daily IV doses of hul4.18-IL2 (over 4 h),
after which they were evaluated for evidence of disease response or progression.
The half-life of the hul4.18-IL2 in both studies was approximately 4 h. King et al.
reported that 28 patients with measurable melanoma showed no response to
hu14.18-IL2 therapy [54]. Five patients entered the study with no evidence of dis-
ease, of which three showed disease recurrence at 1, 6, and 92 months, and two
patients remained in remission at >74 and >117 months after receiving therapy [54].

In the Osenga et al. study, 28 patients enrolled with measurable neuroblastoma,
three patients demonstrated isolated marrow improvement, and one achieved com-
plete remission shortly after completing IC treatment. However, the one patient that
achieved complete remission underwent fenretinide therapy shortly after treatment
with hul4.18-IL2, therefore it was unclear if remission was the result of hul4.18-
IL2 alone or a combination-like effect due to the similar timing of fenretinide and
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hul4.18-IL2 [72]. These initial trials of hul4.18-IL2 immunocytokine in patients
with melanoma and neuroblastoma showed little activity for patients with
measurable-bulky refractory tumor; these clinical data were consistent with pre-
clinical data that indicate the amount of measurable tumor at the time of therapy
inversely correlates with the likelihood of in vivo antitumor efficacy [67, 106].

A phase II clinical trial of hul4.18-IL2 was then conducted through COG for
patients with refractory or recurrent neuroblastoma. Patients were categorized as
having radiographically measurable disease (stratum 1), or nonmeasurable yet evalu-
able disease, detected only by Radio-MIBG scintigraphy or by histological analysis
of bone marrow aspirates/biopsies (stratum 2). Hu14.18-IL2 was administered daily
for 3 days, at a dose of 12 mg/m?/day in 28-day cycles. Initial therapy included four
cycles. However, if patients had PR or CR, as determined by radiographic imaging
and bone marrow testing, they could go on to receive two additional courses [89].

The Shusterman et al. study enrolled 39 patients, 15 in stratum 1 (bulky disease),
and 24 in stratum 2 (less-bulky disease). Of the patients in stratum 1, one did not
receive therapy due to parental refusal, and a second patient only received one dose
of IC due to toxicities—the remaining 13 showed no detectable response (with ten
demonstrating progressive disease). Of the 24 patients in stratum 2, one was taken
off study and not evaluable for disease state. Evaluation of the remaining 23 patients
in stratum 2 showed that five subjects achieved CR status. Four of these five patients
relapsed in the long-term (at 9, 13, 20, and 30 months post-therapy), while one
patient remained in CR at >35 months. Two other patients also showed some clini-
cal improvement, but their improvement did not meet criteria for PR or CR; one
patient achieved CR of the bone marrow and improvement on MIBG scan that was
not sufficient to be called PR on independent review, and a second patient cleared
MIBG-positive disease while only showing partial bone marrow clearance [8§9]. Ten
patients only received one cycle of therapy, with two patients stopping therapy due
to dose-limiting toxicities, seven due to progressive disease, and one due to parental
choice [89]. Significant toxicities seen in this study were largely due to the IL2
component of the immunocytokine, with 2 of 39 patients experiencing unacceptable
dose-limiting toxicity related to capillary leakage (one patient requiring vasopressor
support and another requiring transient ventillatory support for hypoxia).

While the study itself was not designed nor powered to correlate disease status at
time of entry with outcome measures, the portion of patients with clinical response
in stratum 2 (vs. stratum-1) continue to fit with previous data suggesting that IC
activity is most effective in the setting of minimal disease burden [68, 89]. Due to
the observable differences between stratum 1 and stratum 2 patients, there is an
ongoing COG phase II feasibility study combining hul4.18-IL2 with GM-CSF and
retinoic acid as a treatment regimen for stratum 2 patients. The goal of this feasibil-
ity study will be to determine if hul4.18-IL2 may be appropriate for “front-line”
Phase III testing in patients in first remission. Such a Phase III study would allow a
comparison in the clinical activity of hul4.18-IL2+GM-CSF with that of the chi-
meric antiGD2 mAb (ch14.18) in combination with IL2 and GM-CSF [108].

In addition to the ongoing development of the hul4.18-IL2 IC, other ICs have
been tested in preclinical and clinical studies. HuKS-IL2, an IC against the EpCAM
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molecule on epithelial-derived cancers such as prostate, breast, lung, colon, and
ovarian cancer has been studied primarily in the preclinical setting, both in vitro and
in murine models [13, 31, 39, 45]. A phase I trial of huKS-IL2 was conducted in
patients with prostate cancer, which showed that the IC was relatively well tolerated
[56]. DI-Leul6-IL2, that targets CD20, is also being investigated for use against
various CD20-expressing cancers [26]. The creators of DI-leu-16 used computer
modeling to identify potential T cell epitopes and subsequently remove them from
the Fc portion of the antibody [26]. Furthermore, modifications at the intersection
between the Fc of the antibody and the IL-2 protein reduce intracellular proteolysis,
leading to increased half-life and reduced immunogenicity [25, 26].

Immunocytokines containing modified cytokines are early in development.
Alteration of the IL2 molecule at position D20T retains its high level of affinity for
high affinity IL-2Rs involving CD25 and limits its interaction with intermediate
affinity IL-2Rs [27]. Furthermore, immunocytokine with the D20T mutation was
less toxic in SCID mice, suggesting that innate immune cells bearing intermediate
affinity IL-2 receptors, and not high affinity IL-2 receptors, may be responsible for
inducing vascular toxicity [27]. Therefore, it is hypothesized that patients will better
tolerate immunocytokines that selectively activate high affinity receptors. An immu-
nocytokine composed of the NHS76 antibody that targets areas of tumor necrosis in
conjunction with a modified interleukin-2 (NHS76-IL2T, Selectikine, or EMD
521873) has been studied for its ability to penetrate, and localize IL-2 to areas of the
tumor that would normally have minimal exposure to circulating IC [27]. NHS76-
IL2T retains the ability to activate human T cells in vitro, and preclinical murine
models suggest that it is better tolerated than NHS76 immunocytokine with unal-
tered interleukin-2 [27].

Immunocytokines that capitalize on the specificity of monoclonal antibodies
and combine it with immune-activation capabilities of cytokines are relatively early
in development. The therapeutic benefits of immunocytokines and other antibody-
fusion proteins are starting to be realized in clinical trials. The overall goal is based
on the ability of the mAb component of the immunocytokine to selectively recog-
nize the tumor and to then have both the Fc end of the immunocytokine, and its
cytokine component engage activating receptors on effector cells (Fig. 3).
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Factors intrinsic to the fusion protein can greatly affect function and efficacy;
namely targeted mutagenesis of the cytokine to intentionally alter its receptor speci-
ficity may potentially improve its clinical utility.

5 Drug-Intrinsic Factors Affecting Efficacy

Antibody-fusion proteins have improved the potential therapeutic mechanisms for
applications involving monoclonal antibodies by allowing more effector cell types
to be directed to the tumor (i.e., T cells) and/or by locally activating effector cells
(i.e., IL-2 attached to the end of an antibody). Immunocytokines target the tumor
through antigen specificity, thereby allowing effector cell localization and activa-
tion via the Fc component of the antibody, as well as simultaneous immune cell
stimulation via the cytokine portion of the immunocytokine. This local activation
in concert with Fc recognition results not only in increased ADCC, but can poten-
tially reduce unwanted toxicities. Soluble cytokines, such as systemic IL2, are
being given in combination with monoclonal antibody therapies to activate effector
cells [108]; however immunocytokines use their mAb component to localize the
effector cell activation to the site of the tumor, potentially reducing toxicity by
decreasing the systemically circulating amount of cytokine required to activate
effector cells, which should reduce bystander cell activation at sites distant from
tumor.

Eliciting ADCC and CDC are important mechanisms by which many therapeutic
antibodies function. For some mAbs, such as the anti-GD2 antibodies, an anti-
idiotype network, and cell death through apoptosis are also involved in antitumor
action [2, 12, 107]. Certain host responses can interfere with the action of mAbs.
The generation of human anti-mouse antibody (HAMA) responses, human anti-
chimeric antibody (HACA), and anti-idiotypic antibody (anti-id) responses can at
times interfere with the pharmacokinetics or molecular actions of the mAbs [14, 65,
81, 84, 98]. Additionally, some clinical evidence of anti-idiotypic antibodies exists
with the anti-GD2 immunocytokine, hul4.18-IL2 [36, 54]. In an effort to decrease
the immunogenicity of mAbs, improve recruitment of immune effector cells and
increase the antibody half-life, chimeric antibodies, containing both human and
mouse components were created, as well as humanized antibodies (~97 % human
components) have been successfully developed and used clinically [29, 95].

Specific point mutations in the Fc end of an IgG1 disrupt complement activa-
tion, which can be beneficial for some therapeutic antibodies, if it appears that
CDC is leading to toxicity rather than antitumor efficacy. Activation of the comple-
ment cascade through CDC leads to allodynia, or generalized pain, in patients
receiving anti-GD2 antibodies. This allodynia is the result of complement fixation
by antibodies on normal neuronal tissue, a site of minimal GD2 expression by nor-
mal cells. Complement fixation, or the activation of the complement cascade,
occurs after binding of the complement protein Clq to the Fc domain of IgG or
IgM [40]. The basic residues in the Fc domain E318, K320, and K322 are
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designated as the C1q binding motif [17]. By changing a single amino acid at position
322 from lysine (K) to alanine (A), complement activation is disrupted but FcR
binding is retained. Preclinical studies with hul4.18K322A, an anti-GD2 mAb
with a K322A substitution is better tolerated in preclinical studies [92].
Hu14.18K322A is currently undergoing testing in a phase I clinical trial in pediatric
patients with neuroblastoma or melanoma to determine if signs of allodynia are
reduced (NCT00743496).

The IgG subclass of Fc receptors is potent at activating cell-killing mechanisms
[44]. Therefore most therapeutic antibodies using human immunoglobulin heavy
chains are of an IgG1 subclass. Manipulations of antibodies are being pursued in
order to have better interaction with the FcyR and enhance ADCC activity. Human
IgGl1 interacts with both FcyRIIa and FcyRlIlla, expressed on monocytic lineage
cells and NK cells, respectively [22]. Furthermore, several groups have found that
patients containing FcyRIIla alleles that have higher binding affinity for IgG show
augmented in vivo efficacy following clinical mAb treatment [10, 66, 102, 103].
Antibody binding capacity to FcyRs is heavily influenced by the glycosylation pat-
terns located on the Fc region of the antibody. Manipulations of the carbohydrate
moieties on the Fc portion of the antibody revealed sugar side chains that influence
the binding affinities to FcyRIIla. In particular, the removal of fucose from the Fc
portion increases the binding affinity to FcyRIlIa, leading to increased ADCC in
vitro and in vivo [41, 43, 64, 70, 85, 86, 88, 94]. This increased affinity has been
attributed to a subtle conformational change in the antibody allowing for increased
interaction with an oligosaccharide at the Asn-162 site on FcyRIIla, which is more
readily accessible when the antibodies are afucosylated. Because of this improve-
ment of interaction between FcyRIIla and antibody, use of hypofucosylated mAbs
in cancer treatment could allow for enhanced antitumor effects [88].

Cell lines used to produce antibody-fusion proteins can affect their therapeutic
efficacy due to differences in glycosylation of the Fc end [44]. Currently, most anti-
bodies that are used therapeutically are produced in Chinese hamster ovary (CHO)
cells, mouse NSO cells, or in mouse Sp2/0 cells [44]. Mammalian cell lines typi-
cally produce heavily fucosylated (>80 %) antibodies [47]. Several cell lines have
been identified that can be used to produce antibodies with reduced fucosylation.
One cell line able to produce low-fucosylated antibody is a CHO variant with the
fucosyltransferase gene, FUTS, knocked-out [105]. The importance of glycosyl-
ation patterns in the creation of reagents with greater therapeutic efficacy is likely to
become even more apparent as demand for therapeutic mAb and mAb-fusion pro-
teins continue to increase.

6 Patient-Intrinsic Factors Affecting Efficacy: KIR

NK cell-mediated ADCC is an important mechanism of action for immunocyto-
kines [68] and ADCC can be partially inhibited by HLA ligation of inhibitory Killer
immunoglobulin-like receptors (KIRs) on the surface of human NK cells, and in
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mice by H-2 ligation of inhibitory Ly49 receptors on the surface of mouse NK cells.
MAD and immunocytokine-based therapies have been evaluated in people who have
KIR genes for which they do not have the corresponding HLA ligand genes. This
“missing ligand” scenario occurs because KIR and HLA genes are inherited inde-
pendently and are often not present in matched pairs within the same person [74].
Missing an autologous KIR ligand for an expressed KIR has been described as a
strong correlate of antitumor responses after ASCT [59], for neuroblastoma patients
being treated with fully murine anti-GD2 mAb 3 F8 [101], and more recently in
patients receiving hul4.18-IL2 immunocytokines [15, 16].

The primary immunological difference between individuals that are missing a
KIR ligand from those that are fully KIR ligated is the presence of so-called “unli-
censed” NK cells in the mismatched individuals. Thus, the clinical benefit in the
mismatched patients may be the result of unlicensed NK cells. If correct, this obser-
vation would potentially appear to be in conflict with the currently understood
licensing hypothesis regarding NK cell development. This hypothesis accounts for
hyporesponsiveness of NK cells from MHC™! individuals by stating that NK cell
education must occur through inhibitory receptors by their MHC ligands during
early NK cell development [51].

The complexity of NK cell education is a rapidly expanding field and mounting
preclinical evidence suggests that all or nothing “gain of function” during develop-
ment does not apply to NK cells [18, 46].

Early reports on the importance of KIR-HLA interaction for NK cell-mediated
ADCC using healthy donor NK cells were contradictory [3, 51]. It was later shown
that different assay systems commonly used to evaluate CD16-mediated responses
can produce contradictory results, and that plate-bound anti-CD16 mAb is not suf-
ficient to obviate differences between “missing ligand” and “fully KIR ligated” NK
cells, whereas differences become clear when using target cells coated with anti-
body. A recent report from Memorial Sloan Kettering has shown that clinical effi-
cacy of a separate anti-GD2 mAb (3 F8) is also associated with KIR/KIR-L
mismatch, in the absence of hematopoietic stem cell transplantation [96, 97]. This
important report presents data consistent with the conclusion that the unlicensed NK
cells in these patients are playing a critical role in facilitating clinically meaningful
ADCC. Despite preclinical data suggesting both that NK cell licensing is required
for ADCC [3, 75], or has no effect on ADCC [53, 71], multiple clinical trials have
demonstrated a correlation between a patients missing a KIR ligand and a better
antitumor immune response, including those elicited by antibody-fusion proteins.

The pairing of KIRs and HLA ligands is an important factor in the response to
tumor-targeted immunocytokine, hul4.18-IL2 [89]. Delgado et al. genotyped 38
patients treated as part of a phase II trial of hul4.18-IL2 to retrospectively deter-
mine if KIR/HLA status correlated with clinical responses. Seven of the thirty-eight
patients that had received hul4.18-IL2 immunocytokine had measureable improve-
ment (five with complete responses and two showing clinical benefit not catego-
rized as a response). In this small analysis (Table la), all seven improving
patients were in the “missing ligand” category (P=0.03), meaning they expressed
at least one KIR for which they did not express the corresponding HLA [15, 16].
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Table 1 “Missing KIR-L” and FcyR2a genotype are potential prognostic indicators of response
to hu14.18-IL2 immunocytokine

(a) Autologous KIR/KIR-ligand (HLA) mismatch vs. response/improvement

KIR mismatch KIR match Total
Response/improvement 7 (29 %) 0 (0 %) 7
No response/no improvement 17 (71 %) 14 (100 %) 31
Total 24 14 38
P=0.03
(b) FcyR2a

HH HR+RR Total
Response/improvement 4 (40 %) 3(11 %) 7
Nonresponse/non-improvement 6 (60 %) 25 (89 %) 31
Total 10 28 38
P=0.06

(a) Response/improvement for neuroblastoma patients in a phase II clinical trial of hul4.18-IL2
immunocytokine showing an association between an autologous KIR/KIR-Ligand (HLA) mis-
match and improvement after immunotherapy (P=0.03). (b) Trend towards correlation of response/
improvement to hul4.18-IL2 and FcyR2a genotype (P=0.06). Both (a) and (b) present data origi-
nally published in [15, 16]

To our knowledge, this report was the first, and currently the only study to have
examined autologous KIR/HLA matching as a factor for response to tumor-targeted
immunocytokine. Larger immunocytokine studies are planned and will be important
to confirm the Delgado et al. findings.

7 Patient-Intrinsic Factors Affecting Efficacy: FcR

Much like mAbs, many antibody-fusion proteins stimulate FcyR-mediated effector
function as part of their mechanism of action. Three classes of Fcy receptors are
found on human leukocytes (Fcyl, Fcyll, and FcyIIl), which can further be broken
down into subclasses [10]. NK cells uniquely express only activating FcyRs
(FcyRIIla and FcyRIIc) without co-expressing inhibitory FcyRs, and are therefore
potent mediators of ADCC. Single nucleotide polymorphisms (SNPs) in human
FcyR may predict ADCC responses to tumor-targeted mAbs and immunocytokines.
SNPs resulting in a higher affinity FcR for human IgGI were initially described in
autoimmune patients [57, 104]. FcyRIla (CD32, expressed on myeloid cells) and
FcyRIIla (CD16, expressed on NK cells, macrophages, monocytes) are activating
receptors [69]. SNPs found in the FcyRIla locus corresponding to amino acid posi-
tion 131 yield allelotypes with different binding affinities for IgG1. Two allelotypes
have been described for FcyRIla, FcyRIla-131-H (histidine) has a higher binding
affinity than does FcyRIla-131-R (arginine). SNPs have similarly been identified
for FcyRIIIa. FeyRIIla associated SNPs found at amino acid position 158 that also
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Fig. 4 KIR/KIR-L pairing and FcyR affinity are both likely important factors in the immune
magnitude of response to immunocytokines. A schematic representation of the affect of FcyR
affinity and KIR/KIR-L pairing on the activation potential of immunocytokine. Increasing magni-
tude of response is hypothesized to follow a gradation as shown: (a) Individuals with “paired KIR”
(i.e., KIR/KIR Ligand match) and low affinity FcyR3a (FF) would be expected to have the lowest
benefit from immunocytokine-based therapy (fop left); (b, ¢) individuals with unpaired KIR and
low affinity FcyR3a (FF) (upper right) or with paired KIR and high affinity FcyR3a (VV) (lower
left) would be expected to have intermediate benefit; (d) individuals with unpaired KIR and high
affinity FcyR3a (VV) would be expected to benefit the most from immunocytokine-based therapies

affect the binding affinity for the Fc portion found on IgG1 antibodies, such that
FcyRIIIa-158-V (valine) has a higher affinity for [gG1-based antibodies than does
FcyRIIIa-158-F (phenylalanine) [57]. As our understanding of Fc receptor poly-
morphic variations increases, many associations between high affinity Fc receptors
and clinical responses have been observed. KIR status or FcyR affinity correlate
with efficacy of mAb-based therapy in pediatric neuroblastoma patients and adult
non-Hodgkin’s lymphoma patients [10, 96, 97, 101]. Similarly, we observed a
correlation between KIR status and FcyR affinity and response to immunocytokine
in a phase II study of hul4.18-IL2 in high-risk neuroblastoma patients [15, 16].
From these observations, we concluded that both KIR status and FcyR affinity could
collaborate to affect response to therapeutic immunocytokines as presented in
Fig. 4, and such collaboration may also apply to mAb-based therapy.

In 87 follicular lymphoma patients treated with rituximab, Weng and Levy found
that both FcyRIla-H/H and FcyRIIla-V/V were independently associated with
progression-free survival [102]. Furthermore this study, as well as other similar
studies, found that homozygosity for FcyRIIla-V correlates with better response to
mAb, such as rituximab, [10, 52, 102]. Delgado et al. evaluated Fcy receptor poly-
morphisms in high-risk neuroblastoma patients enrolled in a phase II trial for
hu14.18-IL2 immunocytokine [15, 16, 89]. These analyses showed a trend towards
a correlation between the high affinity FcyRIla on myeloid cells and response to
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therapy; 40 % of the individuals that expressed the high affinity allele FcyIla-131-H
responded to treatment compared to 11 % of individuals who expressed the lower
affinity allele, FcyIla-131-A (p=0.06, suggesting a trend) (Table 1b). In contrast, an
advantage of the high affinity allele on NK cells (FcyIlla-158-V vs. Fcyllla-F) was
not observed in this study. Only two of the 38 enrolled patients expressed the high
affinity allele for FcyRIIla [15, 16]. To our knowledge, this trial was the first to
show a trend towards correlation of high affinity FcyR2a with response to immuno-
cytokines or antibody-fusion proteins. During target cell recognition, NK cells
localize interleukin-2 receptors to the site of the immune synapse [31]. While it has
not been tested directly, the additional interaction between IL-2 receptors alongside
FcyRIIIa may aid the responses of NK cells to IgG, suggesting that when using an
immunocytokine that engages both FcR and IL-2R, a high affinity FcR may not be
critical in generating a response. Preclinical models to test the affect of dual recep-
tor engagement (i.e., FcyR and IL2R) will be useful.

Antibody manipulation may also help overcome weaker ADCC for individuals
with less favorable FcyR alleles. For example, removing fucose side chains from the
Fc portion of the antibody increases its affinity for the low affinity FcyRIIIa-F allele.
Since the lower affinity FcyRIIla-158-F allele is the more commonly expressed
variant, optimizing antibody interactions via fucose removal would potentially
improve the clinical outlook for individuals with this variant [19, 48, 70]. These
observations have, in some models, highlighted the importance for FcR-bearing
myeloid derived cells as well as NK cells in the clinical efficacy of therapeutic
antibody-fusion proteins as well as some monoclonal antibodies.

8 Conclusions

Monoclonal antibodies have been successfully used as therapeutic agents for some
cancers. In recent years, advances in antibody engineering have expanded the uses
of monoclonal antibody-based therapeutics by giving researchers the tools to
create therapeutic grade antibody-fusion proteins in sufficient quantities to be used
clinically.

Many of the new promising antibody-fusion proteins are designed to engage
multiple cell surface receptors simultaneously. Bifunctional T cell engagers (BiTEs)
and the majority of bispecific trifunctional antibodies (Triomabs) are specifically
designed to engage and elicit effector functions by T cells, via recognition and acti-
vation of the CD3 molecule on T cells. Immunocytokines, such as hul4.18-IL2,
localize activating cytokines, such as IL2 to the tumor cell surface leading to antitu-
mor responses.

With the expansion of antibody-fusion proteins in preclinical development and in
clinical trials, it is important to understand both patient-intrinsic and drug-intrinsic
factors that affect antitumor responses. The balance of activating and inhibitory
receptors in each patient’s repertoire and the affinity for which their FcyR bind IgG
are important factors in the efficacy of antibody-fusion proteins. Understanding the
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differences in affinity between Fc region sugar side chains and FcyR may allow for
the potential to select customized antibodies that will react with maximal affinity
for the individual’s FcyR. While many of these observations were made with mAbs,
it will be important to determine how these observations may differ when antibody-
fusion proteins are simultaneously engaging multiple activating receptors on the
effector cells.
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Immunologic Outcomes of Allogeneic Stem
Cell Transplantation: Graft-Versus-Host
and Graft-Versus-Leukemia Responses
and Implications for Future Therapy

Lazaros J. Lekakis and Krishna V. Komanduri

Abstract Allogeneic stem cell transplantation (allo-HCT) is a procedure with the
potential to cure many malignant and nonmalignant diseases. The adoptive transfer
of a donor immune system into a transplant recipient can result in allorecognition
and reactivity of donor immune cells against host target tissues. This can lead to an
immune attack against normal tissues in the recipient (graft-versus-host disease,
GVHD) but also against the neoplastic cells themselves (graft-versus-tumor effect,
GVT). While GVHD has long been recognized as a significant cause of morbidity
and mortality after allo-HCT, there has been little progress in advancing the
standards of care for GVHD prophylaxis and therapy, which have remain unchanged
for more than two decades. Given the more recent recognition that much of the cura-
tive benefit of allo-HCT results from the GVT effect, rather than from the cytore-
ductive effects of conditioning chemotherapy, multiple strategies to take advantage
of the GVT effect that aim to limit morbidity and mortality due to GVHD are under
investigation, including cellular therapies employing the use of native or engineered
graft populations enriched for antitumor responses, and employing donor lympho-
cyte infusions. Another critical question is how strategies to prevent and/or treat
GVHD may be designed to limit the suppression of beneficial T cell responses
against pathogens critical to limiting infections in the post-HCT setting. Research in
murine models and human subjects has uncovered a great deal regarding the mecha-
nisms of GVHD initiation and persistence, including clinical factors and graft
constituents responsible for the acute and chronic forms of GVHD. A variety of
cellular mediators, from antigen-presenting cells to effectors, including alloreactive
T cells and B cells, have been characterized. Regulatory populations, including
CD4+ regulatory T cells and invariant NKT cells, have also been shown to be capable
of ameliorating GVHD intensity and survival in model systems. Given this clearer
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understanding of GVHD pathophysiology, a variety of novel clinical strategies are
in development, from those utilizing classical inhibitors of T cell reactivity, to
monoclonal antibody therapies to more novel approaches targeting specific signaling
pathways in T cells and other mediators of inflammation. Recent meaningful prog-
ress has also been made in approaches using adoptive cellular therapies to decrease
GVHD while maintaining or specifically augmenting GVT responses. These strate-
gies bring promise for a future wherein more patients can receive allo-HCT for both
malignant and nonmalignant diseases, with reduced rates of complications and
improved overall survival.

1 Introduction

1.1 Hematopoietic Stem Cell Transplantation

The recognition that relatively small numbers of hematopoietic stem cells (HSCs)
can regenerate the bone marrow function facilitated the use of high doses of chemo-
therapy and/or radiation [1] for the treatment of human malignancies and other
diseases such as bone marrow failure syndromes, primary immune deficiencies,
enzymopathies, and hemoglobinopathies [2]. Initially the procedure consisted of
high-dose therapy (HDT, chemotherapy or radiation) followed by bone marrow
transplantation (BMT). Later it was realized that HSCs are contained in umbilical
cord blood and can also be mobilized and collected from the peripheral blood with
apheresis. The donor of stem cells can be the patient (autologous hematopoietic
stem cell transplantation, auto-HCT) or someone else (allogeneic hematopoietic
stem cell transplantation, allo-HCT). This can be either an HLA-matched sibling
donor (MSD allo-HCT), a haploidentical relative (haplo-HCT), or someone
unrelated but HLA-matched with the patient (matched unrelated donor or MUD
allo-HCT). In umbilical cord blood stem cell transplantation (UCB-HCT) the donor
is usually unrelated.

1.2 Graft-Versus-Host Disease and Graft-Versus-Tumor Effect

Early in the HCT era, it was apparent that a subset of patients developed a declining
course with evidence of inflammation in various organ systems, which in some
cases could be lethal. These patients frequently did not have relapse of their malig-
nancy or obvious infection and a term “secondary disease” and later “graft-versus-
host disease” (GVHD) (reviewed in [3-5]) was coined to define this process. It
became apparent from animal models and in the human clinical setting that GVHD
was mediated mainly by alloreactive T cells, since the incidence of GVHD was low
in the setting of syngeneic (i.e., identical twin), autologous or T cell-depleted HCT
(TCD allo-HCT).
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However, it was also recognized that the relapse rates of malignancies were
lower after allo-HCT than after auto-HCT. Moreover, relapses were higher after
TCD allo-HCT but lower in patients with GVHD (especially chronic GVHD),
implying that not only the HDT but also the donor immune system was critical to
keep recipients in remission. Subsequently, it was shown that for patients relapsing
without GVHD following allo-HCT, the infusion of donor lymphocytes (DLI) could
make the malignancy regress or enter another remission, in some cases without the
development of GVHD following DLI. The terms graft-versus-leukemia (GVL) or
graft-versus-tumor (GVT) have been used to describe this donor immune reactivity
against the recipient malignancy [6]. Since the recognition of GVL in allo-HCT,
many transplanters have decreased the intensity of HDT, especially for slow-
growing malignancies (e.g., follicular lymphomas). We call these attenuated
therapies reduced-intensity conditioning (RIC) [7]. An extreme extension of this
approach is to rely almost exclusively on GVL and to give only modest doses of
immunosuppressive therapy (to avoid graft rejection, mediated by residual host
immunity) and then to allow the donor immune system fight the neoplasm (non-
myeloablative conditioning, NMA). The introduction of RIC and NMA conditioning
regimens allowed the application of HCT to older patients or those with comorbid
conditions, which is critical given that most diseases curable by HCT increase in
incidence with age. Given the significant morbidity and mortality associated with
GVHD and the curative potential of GVT, a critical problem faced by transplant
immunologists has been the dissociation of these two phenomena.

1.3 Acute GVHD

Understanding the pathogenesis of GVHD (and of GVL) is essential to facilitate the
selective manipulation of these clinical events after HCT. However, a critical prob-
lem is that GVHD is an extremely pleomorphic entity. There is an acute and a
chronic form (aGVHD and cGVHD, respectively) and also an overlap syndrome
that can combine features of both. Initially defined by the time of their onset (day
+100 after HCT being the date that separated the two forms), aGVHD and cGVHD
are now more appropriately distinguished by their clinical manifestations.
aGVHD usually affects the skin, the gastrointestinal (GI) tract and the liver, whereas
cGVHD typically involves mucosal surfaces, the eyes and the skin (but can involve
nearly any organ system). More severe manifestations of aGVHD may include GI
disease (e.g., diarrhea, nausea, emesis, abdominal pain, or failure to thrive, depending
on the segment of the GI tract that is targeted), and signs of severe hepatic dysfunc-
tion (jaundice, encephalopathy, bleeding, hypoalbuminemia) and severe skin
involvement (e.g., generalized maculopapular rash that can progress to erythro-
derma and exfoliation) [8]. If aGVHD happens before day +14 (usually before
engraftment), this is called hyper-acute GVHD and is associated with an adverse
prognosis [9]. We now also recognize that a late-onset form of aGVHD may occur
even well beyond post-transplant day +100 (delayed-onset aGVHD), in some cases
due to the tapering of immunosuppression.
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1.4 Chronic GVHD

Chronic GVHD also manifests quite variably [10]. Patients may have sicca symptoms
(xeropthalmia, xerostomia) with or without arthralgias/arthritis, oral lichenoid
changes, skin rash, poikiloderma, skin lichenification, and/or systemic sclerosis
(scleroderma), eosinophilic fasciitis or polymyositis. They can also develop liver
dysfunction and cholestasis, anorexia, nausea, emesis, weight loss, malnutrition,
bronchiolitis obliterans (BO), or cryptogenic organizing pneumonia (COP, formerly
BOOP). Other less common manifestations include glomerulonephritis with or
without nephrotic syndrome, hypogonadism, and other hormonal deficiencies.
Serosal inflammation with pleural effusions or ascites and nervous system involve-
ment are very rare.

2 Pathobiology of aGVHD (Fig. 1)

2.1 Effector Cells

Classically, the pathogenesis of aGVHD has been defined by three phases: Initiation,
effector, and augmentation phase. The main effectors in aGVHD are the donor
T cells, given the established preventive effects of TCD and T cell-directed immu-
nosuppressive agents. Both aff T cells and yd donor T cells contribute to aGVHD.
Either CD4+ or CD8+ T cells are sufficient to induce aGVHD. Of the CD4+ T cell
subsets, naive donor T cells seem to be the main effectors [11]. In contrast, central
memory CD4+ cells have less ability to induce aGVHD [12], while effector
memory CD4 cells seem to be incapable of GVHD induction [13]. It is interesting
that both central memory and effector memory T cells have been shown to mediate
GvL. Although helper T cell polarization is less clear in humans than in murine
models, evidence suggests that both Tyl and Tyl7 subsets may contribute to
aGVHD [14], while Ty2 cells have a more controversial, but probably detrimental,
role. The main population of human regulatory T cells (Trgg) (delineated by the
CD4+CD25"Foxp3+ phenotype) appears to be protective for GVHD and may rela-
tively spare GVL responses [15].

Another population of “regulatory cells”, the invariant NKT (iNKT) cells can act
prophylactically early on by expanding CD4*CD25"FoxP3 Tggg in a IL-4 depen-
dent fashion [16], but the role of iNKT cells can vary depending on the way they
have been activated and polarized.

B cells can also augment aGVHD by promoting alloantigen presentation.
However, it appears that some B cell subsets can have a protective role in the effector
phase by producing IL-10 [17]. B cells that produce high quantities of IL-10 and
co-express Foxp3 (regulatory B cells, Bgrgg) have been described, although their
importance in GVHD is uncertain [18].
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Fig. 1 PATHOBIOLOGY OF ACUTE GVHD: Professional antigen presenting cells (APCs),
mainly recipient dendritic cells, become activated under the influence of danger signals that are
produced by damaged tissues and microbes. Donor T cells recognize recipient antigens with their
T cell receptor and are costimulated by the activated APCs. They are polarized to Th1 or Th17
under the influence of cytokines produced by APCs and monocytes. T cells become activated and
produce cytokines, cytotoxic and pro-apoptotic molecules that mediate target-cell damage

2.2 Tissue Damage: Cytokines, Perforin, and FasL

The damage to target organs by T cells is mediated by both cell-cell contact and
cytokines. Both FasL and perforin mediate apoptosis through cell—cell contact [19].
FasL-mediated apoptosis may be important in hepatic and cutaneous GVHD, while
TNFa operates mainly in intestinal GVHD. Both IFNy and IL-2 perpetuate aGVHD-
induced inflammation and tissue damage, but in experimental systems, administra-
tion of these cytokines immediately after allo-HCT appears to prevent severe
GVHD. The protective effect of IL-2 may be mediated by expansion of Ty [20].
Tul7 cells play a significant role in GI aGVHD via IL-17 and IL-21 production
[21]. Ty17 cells are induced by IL-6 and TGFp and their survival and proliferation
are supported by IL-23. High levels of IL-6 increase the Ty17/Tggg ratio, which may
potentiate GVHD, especially in the GI tract.
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2.3 T Cell Priming by Antigen-Presenting Cells

The classic teaching is that intrinsic antigens are degraded in proteasomes and
presented through MHC class I to CD8+ cells, whereas exogenous phagocytosed
antigens are presented after endosomal degradation to CD4+ cells through MHC class
IL. It has however been recognized that exogenous antigens can be presented directly
to CD8 through MHC class I molecules, a phenomenon known as cross-priming or
cross-presentation. This helps donor antigen-presenting cells (donor APCs) to
prime donor CD8+ cells directly (without interference of CD4+ cells) against recip-
ient antigens (for example minor histocompatibility antigens, miHA) [22]. After
priming, T cells require costimulation (signal two) or otherwise become anergic. The
classic second signal is provided by the B7 molecules (CD80 and CD86) of APCs
via the CD28 receptor on T cells. Subsequently, cytokines produced by APCs (signal
three, e.g., IL-12 and TNFa) further activate T cells and skew their polarization (Ty1
vs. Ty2). Ligation of CD40 on APCs by CD40L (on activated T cells) helps the APC
produce the third signal and to upregulate their co-stimulatory molecules [23].

2.4 T Cell Priming: Are Professional APCs Really Required?

Classically, it was demonstrated that in CD8-mediated aGVHD in MHC-matched
pairs, recipient (host) APCs of hematopoietic origin are required [24] to present anti-
gens to donor (naive) T cells to initiate GVHD. These APCs can be professional
myeloid dendritic cells (mDCs) or “less professional” APCs of hematopoietic origin
(macrophages or B cells). Subsequently, it was shown that in CD4-mediated GVHD
in MHC-matched pairs, both recipient and donor hematopoietic APCs [25, 26] are
sufficient to prime donor T cells. Lately, this dogma has been called into question fol-
lowing the observation that plasmacytoid dendritic cells can also induce aGVHD
[27]. Subsequently, it was shown that recipient non-hematopoietic tissues can actu-
ally present the antigens to previously activated (in an antigen-independent fashion)
donor CD4 cells, resulting in lethal aGVHD. These non-hematopoietic APCs express
vimentin and a-smooth muscle actin and are probably myofibroblasts. They express
MHC class II and co-stimulatory molecules as well. The intestinal epithelial cells
themselves, under inflammatory conditions and in the presence of IFNy, can also
express MHC class II and present antigens [28]. It has even been shown that the col-
lective depletion of B cells, mDCs, and pDCs was insufficient to inhibit aGVHD [29].

2.5 Co-stimulatory Molecules

Blockade of CD80 and CDS6 either by antibodies or by CTLA4-Ig was shown to
ameliorate aGVHD [30]. Similar attenuation of GVHD resulted from targeting of
the OX40L-0X40 system, the CD137 (4-1BB), the ICOS, the CD153-CD30 axis,
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and the LIGHT-HVEM pathway. Targeting of the CD40 pathway may induce
tolerance [31]. CTLA-4 seems also to play a role in tolerance, while blocking the
co-inhibitory molecule PD-1 appears to aggravate aGVHD. Co-blockade of CD28
and ICOS has an additive effect in GVHD prevention [32] as does blocking anti-
CDA40L in CD28-knockout animals. Both soluble and membrane-bound CD30 in
CDS8 central memory and in CD8 effector cells are increased in aGVHD patients,
while CD30+ cells were increased in the gut of patients with GVHD [33].
Nevertheless, none of these co-stimulatory axes seem to be independently essential
for aGVHD induction.

2.6 Innate Immunity Receptors

Irrespectively of which cell presents the alloantigens to donor T cell, that “antigen-
presenting cell” has to be stimulated or activated (whether it is a host tissue cell or
a professional APC). It is well known that immature DCs can actually be tolero-
genic [34] and increase Trgg. APCs seem to be activated through a variety of mech-
anisms including toll-like receptors (TLRs), NOD-like receptors (NLRs), receptors
for damage-associated molecular patterns (DAMPs), CD40, and cytokines. In
GVHD mice models, the activation of TLR4 by bacterial lipopolysaccharide (LPS)
potentiated GVHD [35]. Similarly deleterious in mice models was the activation of
TLRO [36] by CpG repeats and of TLR7 (the receptor for single-stranded RNA) by
a strong agonist (R-848). Activation of TLRS by flagellin decreases GVHD [37].
NOD?2 (an intracellular receptor of muramyl dipeptide, a component of bacterial
cell walls) seems to be protective [38]. P2X7 is a DAMP receptor for ATP and it
also seems to potentiate GVHD [39], while P2X7 blockade has a protective effect.
Strategies of gut decontamination with antibiotics (to reduce APC activation) are
actively being investigated.

2.7 Target Antigens

In MHC-matched allo-HCT, donor T cells can recognize as foreign MHC-epitope
complexes on the surface of recipient cells if the epitope source is a protein that differs
between the donor and the recipient. Gene polymorphisms are responsible for the
generation of different epitopes on the recipient that are not present on the donor.
These antigens are frequently called minor histocompatibility antigens (miHA)
[40]. Examples include the male-specific H-Y antigens and the antigens HA-1,
HA-2, HPA-3, PECAM (CD31), and PANE-1. Some of these antigens have tissue-
dependent expression patterns that could be responsible for tissue-specific aGVHD.
Some miHA can induce very strong allo-immune reactions [41].
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2.8 Trafficking

L-selectin (CD62L) is important for homing of naive T cells to lymphoid structures.
P-selectin is expressed on the endothelium and is important for T cell-endothelium
interaction, while its ligand (PSGL1) is upregulated during GVHD. The integrin
adp7 is essential for recruitment of T cells back to the intestines [42]. Multiple che-
mokine receptors affect T cell trafficking in GVHD including CXCR3, CCR4, and
CCRS. The sphingosine-1 receptor FTY720 in experimental GVHD seems to main-
tain alloreactive T cells in the lymph nodes preventing them from migrating to the
inflammatory site [43].

3 Strategies to Prevent aGVHD

3.1 Find the Best Compatible Donor

Matched sibling donors are preferred. A high-resolution match between donor and
recipient at HLA-A, B, C, and DR is usually required for MUD allo-HCT in Western
world countries. National Marrow Donor Program (NMDP) data initially showed
that HLA-DQ and HLA-DP mismatches did not have a significant impact on GVHD
[44]. Later, an analysis of 8500 transplant pairs demonstrated permissive and
nonpermissive HLA-DP mismatches and that nonpermissive mismatches were
associated with higher rates of severe aGVHD, non-relapse and overall mortality,
but lower incidence of relapse, relative to HLA-DP-matched pairs [45]. Similarly, a
mismatch at the minor histocompatibility locus coding for HA-1 increases the risk
for GVHD. KIR/KIR ligand mismatch in the haploidentical setting seems to prevent
relapses of myeloid malignancies through NK cell-mediated lysis of leukemia after
conditioning with TBI and T cell depletion (and without post-transplant immuno-
suppression) [46]. Furthermore, NMDP data showed that KIR genotyping could
identify that donors with high content of the so called “B-motifs” conferred lower
relapse risk to recipients with AML but not ALL [47].

MHC haplotype match implies identical genetic material in the entire MHC
coding region that seems to encode multiple other genes that affect transplant
outcome. MHC haplotype match decreases significantly the GVHD risk. The high-
resolution HLA typing that is performed routinely does not guarantee MHC
haplotype match. Since 22 % of the high-resolution HLA-identical (allelic match)
unrelated donor-recipient pairs do not share identical MHC haplotypes, novel array
methodology has been developed to improve matching [48].

The source of stem cells (bone marrow or peripheral blood) also affects the risk
of cGVHD with PBSCs conferring higher risk than bone marrow. In the setting of
nonmalignant disease (e.g., aplastic anemia) the lack of a GVL-associated benefit
has been shown to favor marrow transplantation, due to the excess morbidity and
mortality associated with cGVHD.
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3.2 Other Factors Affecting GVHD Incidence

Other donor factors that have been suggested to affect the incidence of GVHD are
age, gender, and parity and, more recently, the possible use of statins [49]. Older
donor age has been associated with an increased incidence of both severe aGVHD
and cGVHD and decreased overall survival after allo-HCT. Male recipients who
have female multiparous donors (especially mothers of multiple sons) have higher
incidence of cGVHD.

3.3 Standard Prevention

So far, the standard of care for GVHD prevention has been the use of low-dose
methotrexate (given repeatedly in low doses) plus long-term therapy using a calci-
neurin inhibitor (CNI, cyclosporine or tacrolimus). The addition of corticosteroids
as a third medication, even in a delayed fashion (e.g., starting 2 weeks after
transplant) is not beneficial. In UCBT, methotrexate is often replaced by mycophe-
nolate mofetil (MMF) to limit the duration of post-transplant cytopenias.

In most centers some degree of in vivo T cell depletion (ATG or alemtuzumab,
which depletes both B and T cells) is applied in the MUD setting. Some centers
routinely utilize ex vivo lymphocyte depletion for MUD or even MSD allo-HCT. In
allo-HCT for benign diseases the use of ATG is more common even in the MSD
setting to reduce GVHD. A recent retrospective analysis compared the outcomes
with ATG, alemtuzumab or no TCD after reduced-intensity allo-HCT in patients
with hematologic malignancies. The use of ATG compared to no TCD was associ-
ated with less GVHD, higher relapse rate and lower 3-year overall survival [50].
The use of alemtuzumab decreased GVHD further but disease relapse and infec-
tions were more common.

For decades, some degree of bacterial decontamination of the bouel has been
applied at most centers, and it is possible that reducing bacterial load at the time of
intestinal mucosal injury may limit danger signals that result in APC activation.
Most centers use an oral fluoroquinolone, although in the MSD setting, lower inci-
dence of aGVHD was observed in patients who received ciprofloxacin and metroni-
dazole compared to ciprofloxacin alone.

3.4 Novel Pharmacological Approaches

To improve historical results with CNI-based therapy, recent studies have combined
tacrolimus with the mTOR inhibitor sirolimus [51], which allows earlier engraftment
and decreases mucositis at the expense of higher risk for thrombotic microangiopathy
and sinusoidal obstruction syndrome (SOS), especially when myeloablative doses of
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busulfan are used. A phase III trial is prospectively comparing the combination tacro-
limus-methotrexate with tacrolimus-sirolimus across BMT Clinical Trials Network
(CTN) institutions. CNI use is associated with nephrotoxicity, may inhibit Tggg, and
may harm thymic stroma, potentially impairing immune reconstitution. Sirolimus
relatively spares Trgg, SO attempts to combine sirolimus to improve the ratios of Trgc/
Tcon are under exploration. In one small study, the combination of sirolimus with
MMF after busulfan-based conditioning increased the incidence of SOS. In another
pilot study, pre-transplant alemtuzumab was given in combination with post-
transplant sirolimus in adults with hemoglobinopathies with promising results [52].

In a mouse model, the post-transplant use of IL-2 with sirolimus [20] expanded
natural Tggg and increased the induction of Trgg from CD4+CD25-Tcoy, increasing
the Treo/Tcon ratio, and decreasing GVHD incidence. In humans low-dose IL-2
(1 MU/m?/day x8 weeks) has been tried in a population of patients with steroid-
refractory chronic GVHD (cGVHD) with a remarkable 52 % response rate, facili-
tating steroid tapering [53].

3.5 Total Lymphoid Irradiation/ATG

In an attempt to increase Tggg in the setting of NMA conditioning, low-dose total
lymphoid irradiation (TLI) (total of 8 Gy in ten fractions) was combined with ATG
(thymoglobulin, total dose=7.5 mg/kg). The risk of both acute and chronic GVHD
were very low, an effect postulated to be caused by radioresistance of iNKT and
IL-4 dependent expansion of Trgg [54].

3.6 Post-transplant Cyclophosphamide

Another intriguing recent approach to decrease GVHD incidence is the use of post-
transplant cyclophosphamide (50 mg/kg x 2 doses on days +3 and +4). At the expense
of delayed engraftment, the rates of aGVHD, and especially cGVHD, are remark-
ably low despite only limited use of other post-transplant immunosuppressive medi-
cations [55]. It is believed that cyclophosphamide kills proliferative alloreactive
donor T cells that have been primed at this early interval.

3.7 Cytokine-Directed Antibody Therapies

The addition of the 2A3 monoclonal antibody against IL-2Ra (CD25) or the addi-
tion of human recombinant IL-1R antagonist (Anakinra) to cyclosporine and meth-
otrexate did not further prevent GVHD. TNFa seems to play arole in the pathogenesis
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of GVHD and the Michigan group has shown that day +7 TNFR1 (compared to the
pre-transplant level) is predictive of occurrence of severe GVHD [56]. Etanercept
(soluble TNF-receptor) was tested in a phase II trial in high risk for GVHD patients
and decreased the d +7 TNFR1 levels but only in the non-TBI setting (compared to
historic controls). That group of patients sustained only a 14 % grade III-IV aGVHD
and the 1-year overall survival was 69 % [57]. Infliximab an antibody against TNFa
failed to decrease the expected incidence of a GVHD when it was added to
cyclosporine-methotrexate.

3.8 Pentostatin

A phase I/II study in MUD or mismatched related allo-HCT sought to evaluate the
effect of omission of day +11 methotrexate and addition of pentostatin (1.5 mg/m?
on days +8, +15, +22, and +30) to tacrolimus and ATG. This strategy decreased
severe aGVHD but also increased the graft failure rate [58]. The study met its sta-
tistical endpoint for success.

3.9 Maraviroc

Maraviroc (Selzentry) is a CCRS5 oral antagonist which inhibits the RANTES-
CCRS interaction and is FDA-approved for AIDS. In a recent phase I/ trial, mara-
viroc at a dose of 300 mg twice a day on days —2 to +30 decreased the incidence of
severe aGVHD (d +180 cumulative grade III-IV aGVHD of 6 %) without increas-
ing NRM or reducing GVL [59].

4 Treatment of aGVHD

4.1 Initial Therapy

Low-grade skin aGVHD can be treated with topical corticosteroids (e.g., triamcino-
lone), but higher grade aGVHD is treated with systemic glucocorticoids. Most
centers start methylprednisolone (MP) at 2 mg/kg/day in divided doses. The calci-
neurin inhibitor that was used for prophylaxis is typically continued when steroids
are added. Strong antimicrobial prophylaxis is started against bacteria, herpesvi-
ruses, fungi, and against Pneumocystis jiroveci. Close monitoring for reactivation of
chronic viral infections (e.g., CMV and EBV) is essential, as high rates of reactiva-
tion are common during steroid therapy.
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Several studies have assessed outcomes with combination therapies, relative to
initial therapy with steroids alone. Indeed, the upfront use of daclizumab (anti-CD25)
in combination with steroids increased early mortality. The combination of inflix-
imab+MP was not superior to MP alone [60]. Similarly a combination of
ATG + prednisone was not better than prednisone alone. However, a phase II trial of
initial etanercept+MP compared favorably to contemporary patients with GVHD
treated with MP alone [61]. A randomized phase II study for initial treatment of
aGVHD started patients on MP and maintained CNI and randomized them to either
MMEF, pentostatin, denileukin diflitox, or etanercept [62]. The combination of MMF
and MP was the winner, yielding a CR rate of 60 % and improved overall survival
at 9 months. A confirmatory phase III trial is needed.

If aGVHD is controlled, steroids are tapered relatively rapidly (e.g., 0.2 mg/kg
every 5 days until a dose of 1 mg/kg is reached). Then the dose is tapered more
gradually (e.g., a 10-15 % reduction weekly). Nevertheless, a lot of these patients
will develop extensive chronic GVHD. For patients who do not respond well to
steroids (steroid-refractory) or in whom steroids cannot be tapered (steroid-
dependent) the prognosis is very poor.

4.2 Studies of Immunosuppressive Therapies
for Steroid-Refractory GVHD

Multiple studies have been conducted in the setting of steroid-refractory aGVHD
(SR-GVHD) [63]. Although multiple therapies have demonstrated efficacy, all
effective therapies increase the rates of opportunistic infections and/or disease
relapse. Most of these patients experience a significant decrease in performance
status and experience direct and indirect (e.g., infection-related) complications.

Daclizumab is a monoclonal antibody against CD25. It is usually given at a dose
of 1.0 mg/kg iv on days 1, 4, 8, 15, 22 and is associated with very good control of
aGVHD in at least half of patients with SR-GVHD. Unfortunately the results are
temporary in most cases and many patients develop extensive cGVHD.

Infliximab is a monoclonal anti-TNFa antibody which is usually given iv at a
dose of 10 mg/kg on days 1, 8, 15, 22. Although very good responses at the range
of 60 % have been described especially for GI SR-GVHD, such responses are
usually short-lived. The medication is associated with high rates of opportunistic
infections including mycobacterial infections.

Etanercept which is soluble TNFa receptor is usually given subcutaneously at a
dose of 25 mg twice a week for 4 weeks and then once a week for 4 additional
weeks (12 total doses). It has demonstrated encouraging activity in about half of
patients with SR-GVHD (mainly GI aGVHD).

The combination of etanercept and daclizumab has demonstrated responses in
more than 50 % of patients but the long-term effects of the combination were disap-
pointing with most patients succumbing to infection or GVHD. Similarly the
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combination of infliximab—daclizumab resulted in a 47 % response rate, although all
patients eventually died. However, the same combination was more efficacious in a
pediatric population with SR-GVHD, with 68 % of children alive 31 months later
[64].

Horse ATG (ATGAM), once a standard treatment for SR-GVHD, was more
recently shown to have limited efficacy, with only 5 % of 69 patients surviving long-
term. Similarly another study of rabbit ATG (Thymoglobulin) resulted in only 2/36
(6 %) evaluable patients with SR-GVHD being long-term survivors. ATG, however,
has been used in combination with etanercept with or without MMF while main-
taining MP and CNI. The response rate was high (80 %) with a median survival of
224 days. From the 16 patients on the study, five died from infection, two from
GVHD and one from relapse of the underlying malignancy [65].

Alemtuzumab is a very immunosuppressive medication and should be used
carefully. Early administration (second line) and low doses (10 mg iv weekly) was
more effective than late administration (third line after salvage with ATG/etaner-
cept) and higher doses (10 mg iv daily for 5 days). The former mode of administra-
tion gave a 70 % response rate in 20 evaluable patients. Half of the responses were
complete and the median survival was 280 days.

The Dana-Farber group reported on the use of denileukin diflitox, which is a
conjugate of IL-2 with diphtheria toxin. Hepatotoxicity was the dose-limiting toxicity
but the response rate was high with 50 % CR, 21 % PR, and 1/3 of patients surviving
at least 6 months [66].

MMEF (1,000 mg orally twice daily) yielded a response rate of 42 % but with very
few long-term survivors (16 %). Pentostatin at a dose of 1.5 mg/m? iv daily for
3 days gave an impressive 64 % CR rate with 26 % of patients with SR-GVHD
surviving at 1 year [67]. Sirolimus at relatively high doses benefited 57 % of patients,
although only one patient survived more than a year. Other studies have shown
better results with sirolimus, either as salvage or as a frontline treatment of aGVHD,
in patients in whom steroids could not be used [68, 69].

Another approach to treat acute SR-GVHD is extracorporeal photopheresis
(ECP) in which peripheral blood lymphocytes are separated and incubated with
8-methoxypsoralen and then irradiated with ultraviolet A (UVA) before they are
returned back to the patient. ECP requires a central catheter and frequent treat-
ments. ECP may result in apoptosis of cells taken up by APCs that become tolero-
genic and increase the number of Tggc. In the first pilot Austrian study, 21 patients
with SR-GVHD grades II-IV were treated with ECP. 57 % of patients were alive
after a median follow-up of 25 months. The response rates were very high for grade
[I-1IT GVHD, but only 12 % of patients with grade IV aGVHD responded to the
treatment. Most other studies have consistently showed encouraging activity for
grade II-III with lower efficacy in more severe GVHD [70].

The use of mesenchymal stem cells (MSCs) initially yielded great enthusiasm.
Early reports and a phase II study were promising, though a phase III trial failed to
demonstrate a statistically significant improvement over placebo in initial aGVHD
and SR-GVHD [71].
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5 Selected Novel Approaches/Proposals for Prevention
and Treatment of Acute GVHD (Table 1)

* Tocilizumab, an anti-IL-6 monoclonal antibody. Besides its inflammatory prop-
erties, IL-6 participates in the Tyl17 cell differentiation. Absence of IL-6 can
skew T cell differentiation to induced regulatory cells (iTggg). In a pilot study
[72] four of six patients with acute SR-GVHD responded to this agent.

* Low-dose IL-2 followed by sirolimus. IL-2 has to be given right away after stem
cell infusion (before priming of potentially alloreactive T cells). The intent is to
expand donor natural Tgg and to utilize sirolimus to selectively limit the func-
tion/proliferation of alloreactive Tcon. This strategy is being investigated in the
setting of both initial prophylaxis and steroid-refractory GVHD therapy.

Table 1 Selected novel immune manipulations for prevention or treatment of GVHD

Target Method Aim
1Treg Infusion of CD4+CD25+CD127(-) Prevent aGVHD
cells (before HCT)
Low-dose IL-2 post-HCT Prevent aGVHD or treat cGVHD
Photopheresis (preferential Treatment of cGVHD
expansion of Treg)
TiNKT Total lymphoid irradiation Prevention of aGVHD
(0.8 Gy x 10) before HCT
Liposomal a-galactosylceramide
(REG-2001) after HCT
1Th17 Ustekinumab (anti-IL-12 Prevent or treat aGVHD by preventing
and -1L-23) expansion of Th17
Tocilizumab (anti-IL-6)
1Tnaive Anti-CD45RA before HCT Prevention of aGVHD through depletion
of naive CD4 cells
Gut flora Rifaximin, metronidazole Prevention of a GVHD through decreasing
peritransplant TLR stimulation
CD80 CTLA-4 Ig (Abatacept, Prevent aGVHD by blocking
CD86 Belatacept) co-stimulation and inducing anergy
odp7 MLN-002 (monoclonal antibody) Prevent homing of T cells to gut
CCRS5 Maravicor (oral drug inhibiting Prevent homing of T cells
RANTES-CCRS interaction)
CD30 Brentuximab vedotin Kills alloreactive T cells
Proteasome  Bortezomib, Carfilzomib Prevent cGVHD
Prevent aGVHD
BAFF Belimumab Prevent, treat cGVHD
HDAC Vorinostat, romidepsin, Prevent aGVHD. HDAC inhibitors decrease
panobinostat the efficiency of antigen presentation

Abbreviations: aGVHD acute graft-versus-host disease, cGVHD chronic graft-versus-host disease,
HDAC histone deacetylase, BAFF B-cell activating factor, Treg regulatory T cells, iNKT invariant
natural killer T cells, TLR toll-like receptor, /L interleukin, HCT hematopoietic stem cell
transplantation
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* Ustekinumab: This represents an antibody against p40, which is shared by the
cytokines IL-12 and IL-23. IL-12 has been proposed as a third signal for polar-
ization of T cells to Ty1, while IL-23 facilitates Ty17 differentiation. This has to
be given for prevention before T cell polarization happens. A patient with
SR-GVHD having failed multiple treatments received this agent and responded
completely, but later died of bacterial sepsis [73].

* CD45RA-depleted grafts: CD45RA is expressed on naive T cells primarily
responsible for GVHD induction, and therefore might selectively deplete allore-
activity without compromising GVL and immune reconstitution.

* Bortezomib: By giving bortezomib during conditioning, there is a possibility of
sensitization of tumor stem cells to chemotherapy. Also, bortezomib, when is
given before and just after allo-HCT, may be able to decrease antigen presenta-
tion by MHC class I, impair the maturation of dendritic cells and reduce donor
GVHD-mediating T cells [74, 75]. Bortezomib may also be used later in an
attempt to decrease cGVHD, through its effect on post-germinal center B cells
and plasma cells. Multiple studies are ongoing [76].

e Statins: Use of statins by the donor before stem cell collection and by the
recipients before and after transplant may decrease GVHD through direct effects
on T cells as well as inhibition of activation of APCs. Retrospective studies of
outcomes in donors taking statins and prospective studies of recipients are
underway.

e Liposomal a-galactosylceramide (RGI-2001, Regimmune, Inc.) is a molecule
that if presented through CD1d to invariant NKT cells, increases the Treg/Tcon
ratio via iINKT-Tygg crosstalk and decreases GVHD. Animal models have shown
promising results [77] and the molecule is being tested in a multicenter phase I
clinical trial, given immediately post-HCT.

 Inhibition of a4 or a4p7 integrins: If this is done early, it can inhibit migration of
potentially alloreactive T cells to the gut. Natalizumab is a a4-specific antibody
approved for multiple sclerosis and Crohn disease as a monthly infusion. It is
associated with opportunistic infections, including JC-associated progressive
multifocal leukoencephalopathy (PML). Novel therapies (e.g., vedolizumab)
have demonstrated encouraging results in inflammatory diseases of the gut [78]
with the potential to be less immunosuppressive than natalizumab.

* Histone diacetylase inhibitors (HDACi): Vorinostat/panobinostat/romidepsin:
In animal models, HDACi reduce GVHD by inhibiting upregulation of costimu-
latory molecules and secretion of inflammatory cytokines by APC. Their effect
seems to be mediated by upregulation of IDO [79]. HDACi also promote the
generation and function of Tggg [80]. HDAC: are being investigated in the setting
of GVHD prophylaxis.

e Infusion of Trgg. These cells have been reported to decrease GVHD while
preserving GVL. Their immunophenotype is CD4+ CD25+ CD127- CD62L+
FoxP3+. Ex vivo expansion and infusion has allowed subsequent low-dose donor
Tcon infusion in haploidentical allo-HCT in an Italian study [81]. Multiple
studies are underway in the setting of conventional and UCB-HCT.
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e Brentuximab vedotin: It has been shown that CD30+ T cells number is high in
situ in patients with gut aGVHD. Treatment with the anti-CD30 immunotoxin
brentuximab vedotin maybe helpful in patients with steroid-refractory or steroid-
dependent gut aGVHD, although initial data have shown significant
myelosuppression.

e PKCO inhibitors: In an animal model PKC8 inhibition attenuated Ty1 responses
and accentuated Trgg function, thereby selectively inhibiting GVHD while pre-
serves GvL and antiviral responses [82]. Sotrastaurin (AEB071), although infe-
rior than tacrolimus in the human renal transplant setting, increased the survival
of primates with a renal allograft in combination with a CNI. Its efficacy is cur-
rently studied in the solid organ transplant setting in combination with tacroli-
mus (vs. tacrolimus + MMF).

6 Chronic Graft Versus Disease

6.1 Pathogenesis and Translational Implications

cGVHD is a very frequent complication after allo-HCT with an incidence rate up to
70 %. It is a major determinant of disability and most patients with extensive disease
require long-term immunosuppression to control the disease. Its incidence increases
with mismatch donor—recipient pairs and with MUD allo-HCT compared to matched
MRD allo-HCT. The use of a female donor (especially multiparous) in a male recip-
ient also increases GVHD incidence. cGVHD incidence also increases in the setting
of PBSCT vs. BMT and with increasing donor and recipient age. Conversely, ex
vivo TCD, ATG [83], or alemtuzumab given before allo-HCT are protective, imply-
ing that T cells play a significant role at least in the initiation phase.

6.2 B Cells and cGVHD

Recently it has been appreciated that B cells contribute to cGVHD pathogenesis
since many of its manifestations resemble auto-immune diseases (e.g., systemic
sclerosis). Anti-host antibodies (e.g., the anti-H-Y anti-male antibodies in cases
of gender disparity) [84] and also the agonistic antibodies against the PDGFR
have been implicated in the pathogenesis of sclerodermatous cGVHD, which
may respond to PDGFR inhibitors like imatinib [85]. Rituximab (an anti-CD20
Ab) may have efficacy in established cGVHD [86] and may prevent cGVHD
development [87].
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6.3 BAFF and B Cell Homeostasis in cGVHD

Patients with cGVHD have elevated levels of B-cell activating factor (BAFF) and
decreased numbers of naive B cells (B cell dysregulation) [87]. Experiments in
mouse models of arthritis have shown that BAFF promotes Ty17 differentiation
[88]. BAFF is also important for the survival of plasma cells and its level is high in
patients with myeloma. Belimumab [89] is a monoclonal Ab against BAFF, which
has been approved for advanced SLE. Its use could possibly affect B cell dysregula-
tion, plasma cell proliferation, and Ty17 polarization in cGVHD. If plasma cells
play a role in cGVHD then targeting them with bortezomib may be beneficial. At
least one study is evaluating bortezomib in chronic pulmonary cGVHD, with the
intent of decreasing the signaling of pro-fibrotic TGF-p1 signaling.

6.4 Direct and Indirect Targeting of Regulatory T Cells

Trec are thought to be beneficial in cGVHD and since they are dependent on IL-2,
a Dana-Farber study of low-dose IL-2 in steroid-refractory cGVHD gave very good
results [53]. For the same reason, sirolimus is increasingly used in cGVHD [90]
instead of calcineurin inhibitors, since it is thought that mTOR inhibitors respect
Tres. Extracorporeal photophoresis (ECP) is commonly used successfully in
c¢GVHD and one of its mechanisms of action is thought to be related to Tggg
upregulation [91].

6.5 First-Line Treatment of cGVHD

Initial therapy of cGVHD is becoming increasingly standardized. If the patient has
limited skin involvement or mild involvement of two organs (e.g., sicca symptoms
and limited skin involvement) without lung involvement and without thrombocyto-
penia (PLT <100,000) or hyperbilirubinemia (total bilirubin>2 mg/dL), then
topical (skin, mouth, eyes) steroids or topical calcineurin inhibitors or oral ursodiol
(for isolated elevation of alkaline phosphatase) can be tried with close follow-up.
Otherwise the patient should be started on prednisone at 1 mg/kg/day. The combina-
tion of oral prednisone and a CNI was not superior to prednisone alone in recipients
of bone marrow with moderate cGVHD and without thrombocytopenia [92]. Many
physicians, however, prefer such a combination in severe forms of extensive cGVHD
or for cGVHD and concurrent thrombocytopenia or when fast tapering of steroids
is needed [93-96]. CNI addition is also favored if cGVHD onset concurred with
withdrawal of previous prophylactic CNI.
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6.6 mTOR Inhibition

Many theorize that mTOR inhibitors are better steroid partners because they are
more favorable to Trgg. For that reason, the current BMT-CTN trial 0801 randomizes
patients to either prednisone-sirolimus or to prednisone-sirolimus plus a calcineurin
inhibitor. Irrespectively of the initial treatment, responders stay on an initial high
steroid dose initially, with only gradual taper thereafter. Flares of cGVHD can hap-
pen with faster tapering. The partner drug of prednisone should be maintained at
therapeutic plasma levels during the entire period. Ursodiol for liver disease, topical
steroids and minimally absorbable steroids like oral budesonide and oral beclo-
methasone can be used in combination during this period. The role of extracorpo-
real photopheresis as an addition to a steroid-based initial treatment of cGVHD is
an objective of an ongoing clinical trial. When cGVHD develops during treatment
of aGVHD (progressive onset cGVHD) the prognosis is more likely to be adverse.

6.7 Second-Line Treatment of cGVHD

Patients with cGVHD who do not respond to steroid-based treatment (steroid-
refractory) or in whom the dose of prednisone can’t be tapered below 1 mg/kg/day
after 3 months (or fail tapering below 0.5 mg/kg/day) require additional systemic
treatment. Agents that have shown efficacy and used frequently include ECP, ritux-
imab, sirolimus, imatinib (for sclerodermatous and pulmonary GVHD), pentostatin,
and mycophenolate. Other approaches less commonly employed include switching
to the alternative calcineurin inhibitor, pulses of methylprednisolone, methotrexate,
infliximab, thalidomide [97], clofazimine, hydroxychloroquine, cyclophosphamide,
etanercept [98], oral retinoids, PUVA, alemtuzumab, low dose of thoracoabdominal
irradiation [99], and infusion of mesenchymal stem cells. There is a paucity of
randomized trials and durable complete responses are only occasionally seen. The
use of immunosuppression is associated with many side effects including opportu-
nistic infections and secondary malignancies.

6.8 c¢GVHD: Organ-Specific Interventions

Organ-specific management of cGVHD can sometimes decrease the needs for
potent systemic immunosuppression and improve results [93, 100, 101]. For cutane-
ous cGVHD topical medium to high potency steroids like triamcinolone or clo-
betasol are used except from the face and the flexural areas where only mild potency
steroids are allowed. Use of topical calcineurin inhibitors like tacrolimus or
pimecrolimus can help and is associated with less skin atrophy. Emollients help
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pruritus and xerosis. Oral anti-histamines, gabapentin, or doxepin are used for
intense pruritus. The risk for skin infections (viral, fungal, and bacterial) and malig-
nancies with both steroids and CNI is increased. Sunscreen use is very important.
For sclerodermatous cGVHD, physiotherapy should be employed to avoid contrac-
tures. ECP can be used as second-line steroid-sparing treatment. UVB and PUVA
may be helpful, especially when there is no access to ECP.

In ocular GVHD, artificial tears, and cyclosporine drops help. For severe xeroph-
thalmia, plugging the lacrimal ducts has been tried successfully. Patients with acute/
subacute onset of impaired vision and ocular pain should be referred to an ophthal-
mologist to diagnose and treat disorders like uveitis, retinal problems, herpetic infec-
tions, and cataracts. Oral cGVHD is very common and oral solutions of dexamethasone,
budesonide, or betamethasone have been used successfully. For significant xerosto-
mia, pilocarpine is used in a similar fashion to patients with Sjogren’s syndrome.

All patients with cGVHD are at increased risk of infection, and prophylaxis is
required against pneumococcus, viruses, PCP, and fungi (posaconazole preferred
for patients on high-dose immunosuppression). Immunoglobulin deficiency should
be corrected, and pneumococcal, influenza, and Hemophilus influenza vaccines
should be given. Screening for CMV is required.

Pulmonary cGVHD should be confirmed by biopsy and infections must be ruled
out. BOOP is usually responsive to steroids, but bronchiolitis obliterans (BO) is
problematic. Inhaled corticosteroids in addition to systemic immunosuppression
may help. Monthly pulses of steroids have been used. Imatinib and ECP can be
beneficial. Oral azithromycin and oral montelukast are often prescribed. Infections
are frequent and vaccines, antimicrobial prophylaxis and Ig replenishment are all
employed [102]. Long-term prognosis of BO is dismal. All patients with cGVHD
on steroids should be monitored and treated for osteoporosis and hormonal (thyroid,
gonadal, adrenals’) deficiencies.

7 Antitumor Post-transplant Inmune Manipulation (Table 2)

Relapse following allo-HCT carries a relatively ominous prognosis. There are
three approaches against post-transplant neoplastic relapse: (a) Prevention, (b)
Preemptive therapy of minimal residual disease, and (c) Treatment of clinical
relapse. The following sections review selected strategies that may be employed
against post-HCT relapse.

7.1 Immunomodulatory Molecules

One of the best examples of preventive immunotherapy post-transplant is the use of
the immunomodulatory molecules, thalidomide [103], and lenalidomide, for
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Table 2 Selected approaches to decrease relapse after allogeneic HCT

Approach Rationale Potential problems
Lenalidomide Augment NK and T cell attack Myelosuppression, GVHD
against myeloma MRD
ADbI-TKIs (imatinib, Target MRD in CML Myelosuppression,
dasatinib, nilotinib, and Ph+ALL immunosuppression
bosutinib, ponatinib)
Ibrutinib Minimize MRD in CLL and GI symptoms, fatigue,

5-Azacytidine

Rituximab

Ipilimumab

CT-011
IL-2, IL-7, IL-21

Peptide vaccines
(WT-1, PR1)

Dendritic cell vac-
cines+ TLR7/TLR9
agonists

CARs

NK cell infusion

Preemptive DLI
Donor with KIR
ligand mismatch
and/or donor with
activating KIR
receptors
(e.g., KIR2DS1)

B-NHL by targeting Btk
Decrease relapse of myeloid
malignancies
Decrease relapse of CD20+
malignancies may reduce
cGVHD
Inhibit immunologic tolerance
by inhibiting CTLA-4
Inhibit anergy by blocking PD1
Boost T cell function

Educate the immune system
to attack antigens over-
expressed in malignant cells
Enhance cancer cell antigen
presentation

Join an immunoglobulin
recognizing a cancer
antigen to the TCR
signaling cascade

Augment innate immunity

Augment GvL

Increase NK activity against
mainly myeloid
malignancies

hypogammaglobulinemia
Myelosuppression

Hypogammaglobulinemia,
myelosuppression

Aggravation of GVHD, immune
endocrinopathies

GVHD?

Capillary leak syndrome, fever,
arthralgia, GVHD?

Low immunogenicity

Complicated production of the
vaccine

Difficult production, decreased
survival of engineered T cells,
requires costimulatory
receptors and a virus as a
vehicle of the genes

May need cytokine treatment for
enhanced efficacy

GVHD

Difficult to find such donors

Abbreviations: NK natural killer cells, MRD minimal residual disease, GVHD graft-versus-host
disease, TKI tyrosine kinase inhibitor, CML chronic myeloid leukemia, ALL acute lymphoblastic
leukemia, NHL non-hodgkin lymphoma, CLL chronic lymphocytic leukemia, Brk bruton kinase,
Ph Philadelphia, GI gastrointestinal, PD/ programmed death-1, TLR toll-like receptor, TCR T cell
receptor, CAR chimeric antigen receptor, GvL graft versus leukemia, KIR killer-immunoglobulin-
like receptor, W7-1 Wilms tumor antigen 1, Abl Abelson kinase

prevention of myeloma relapse after auto-HCT. Both have been associated with
improved progression-free survival (PFS) and lenalidomide use has been correlated
with improved OS as well [104]. It is interesting that the doses used are lower than
the conventional anti-myeloma doses and it has been theorized that is not only the
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anti-myeloma effect but the immune-stimulatory effect of lenalidomide which is
responsible for the improved outcome. Lenalidomide increases NK cell cytotoxic
function mainly through NKG2D upregulation. It also increases ADCC function of
NK cells. In fact lenalidomide has been successfully used with DLI post-allo-HCT
in myeloma and trials are being conducted using lenalidomide after allo-HCT for
high-risk MDS and AML, especially those with 5g- known to respond to
lenalidomide.

7.2 Tyrosine Kinase Inhibitors

Although imatinib, dasatinib, and nilotinib have been used both prophylactically and
therapeutically for CML relapse post-HCT [105], this is not considered an immune
manipulation by itself, although these agents may also influence immune function.
Similar post-transplant maintenance may be seen in the future in CLL using agents
like PI3KS inhibitors or Btk inhibitors. Interestingly, Btk inhibition reduces GVHD
in murine models [106] suggesting a role for B cells in pathogenesis.

7.3 Hypomethylating Agents

Hypomethylating agents like 5-azacytidine are being used post-allo-HCT to
decrease the relapse rate of AML. It may be possible that 5-azacytidine enhances
GvL (upregulates the expression of leukemia antigens) without exacerbating GVHD
(increases Tregs). Recent encouraging data have emerged from studies treating
high-risk patients with myeloid malignancies with post-HCT therapy [107].

7.4 Anti-Lymphoma Antibodies

Rituximab was tested successfully as a strategy to prevent relapses of aggressive B
cell lymphomas after auto-HCT [108]. After allo-HCT the use of antibody therapy
can buy time for an effective GVL to develop and may also facilitate phagocytosis
of the targeted cells and tumor antigen cross-priming. Recently it has been shown
clearly in preclinical models that both the agonistic anti-CD137 [109] and the
antagonistic anti-CD47 can potentiate the effect of monoclonal antibodies includ-
ing rituximab in preclinical models [110]. Both of these strategies may prove ben-
eficial to prevent and treat post-transplant relapse; however, the use of agonistic
CD137 post-allo-HCT must be viewed with caution, given GVHD exacerbation in
murine models.
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7.5 Fighting Tolerance

CTLA-4 and PD-1 are two very important mediators of post-transplant immune
tolerance. Positive clinical trials with antibodies against CTLA-4 and PD-1 have
been reported in melanoma and other solid tumors and the anti-CTLA-4 antibody,
and ipilimumab has already been granted FDA approval for the treatment of
melanoma. Ipilimumab has generated responses in relapsed lymphoma after allo-
HCT without inducing GVHD [111]. CT-011 is an anti-PD1 monoclonal being
studied in myeloma patients in the post-auto-HCT setting, alone and in combination
with a dendritic-myeloma fussion cell vaccine. Another approach to release the
brakes of immune response is to inhibit MDSCs. 1-methyl-D-tryptophan is an oral
IDO inhibitor and is being tried in solid tumors.

7.6 Cytokines as a Boost

Enhancement of antitumor T cell responses can be tried with cytokines. The selection
and dose of cytokine(s) are critical since for example high doses of IL-2 or IFNy can
lead to activation-induced cell death (AICD) and T cell exhaustion. IL-21 is not
associated with CD8 exhaustion or AICD and in viral illnesses decreases the per-
centage of exhausted CD43++/PD-1++ CDS cells [112]. IL-21 has been tried in
metastatic renal cell carcinoma and melanoma and induced responses [113]. IL-15
has been shown to be critical for memory T cells and for optimal NK function and
is not associated with T cell exhaustion or AICD. It has been studied in immuno-
therapy trials of NK cell infusion in AML (University of Minnesota) and in mela-
noma after lymphodepleting chemotherapy and adoptive transfer of tumor
infiltrating lymphocytes (TILs) at NCI. IL-7 plays a role in T cell homeostasis and
broadens TCR repertoire and may decrease the frequency of natural Trgg Which
usually do not express CD127. IL-7 facilitates immune reconstitution and may
increase GVHD but may also potentiate GVL. It is possible that a combination of
such cytokines might be most beneficial. However optimal dosing combinations
and schedules have not been determined.

Despite the concerns of T cell exhaustion and AICD, IL-2 has been given in solid
tumors post-transplant. In melanoma, clinical trials demonstrated the utility of a
non-myeloablative regimen of fludarabine and cyclophosphamide for T cell deple-
tion followed by infusion of autologous stem cells and ex vivo expanded anti-
melanoma T cells. These cells were either tumor infiltrating T cells or cells with an
engineered anti-melanoma TCR. In the post-transplant environment of lymphope-
nia, T cells expanded rapidly via lymphopenia-induced proliferation and were
activated by exogenously given IL-2. Durable responses were seen [114, 115].
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7.7 Antitumor Vaccines

Another approach to prevent and treat post-transplant relapses is the administration
of cancer peptide vaccines. Proteins that can be used for that purpose are minor
histocompatibility antigens expressed in hematopoietic tissues like HA-1, HA-2,
and HB-1. Other antigens include the WT-1 and the PR1 peptides alone or in com-
bination. Both WT1 and PR1 peptide vaccines have induced immunologic and
clinical responses [116, 117] with responses appearing improved with minimal
disease burden. Other antigens that have been used as peptide vaccines include
CD168 and a modified b3a2 fusion peptide in patients with CML. There are more
questions than answers regarding the use of leukemia vaccines. What is the optimal
antigen? What combination of antigens should be used? When and how often leu-
kemia vaccines should be given? What is the optimal route of administration (intra-
medullary, intradermally, subcutaneously), and what is the optimal adjuvant?
Should they be combined with molecules for breaking tolerance (e.g., anti-CTLA-4
antibodies) or with immune-stimulatory molecules (e.g., IFN, IL-2, IL-7, or IL-21)?
Should chemotherapy be given first to debulk the tumor and create a lymphopenic
environment to facilitate homeostatic expansion? What is the optimal combination
of vaccines with cellular therapy (e.g., DLI)?

Besides peptide vaccines, investigators have tried to create immune responses
with DC vaccines or with genetically modified leukemic cells (e.g., leukemic cells
modified to secrete GM-CSF) [118]. DCs are often manipulated (e.g., by loading of
mRNA via electroporation). Others have used fusion of dendritic cells with tumor
cells (with myeloma or leukemia cells) [119] [120, 121]. Other studies are combin-
ing DC vaccines with TLR7 or TLR9Y stimulation [122].

7.8 T Cell Engineering

A very promising strategy to treat post-transplant relapse is to use engineered T cells.
These cells have been transduced with either a TCR specific for a tumor antigen of
interest or a chimeric antigen receptor (CAR), which is a fusion immunoglobulin-
like molecule able to recognize the target antigen. Recent attempts have combined
transduction of CARs with other co-stimulatory molecules (e.g., a fusion of an
immunoglobulin-like receptor with CD3C, CD28, and CD137). CARs used thus far
in clinical trials include a CD19-specific CAR for recognition of precursor B-ALL
and mature B cell neoplasms, a k-light chain-specific CAR to target myeloma cells,
and a CD30-specific CAR to recognize Hodgkin and anaplastic large cell lymphoma
[123—-127] One unresolved question is what cell should be the target for transfec-
tion. Options include naive T cells, central memory cells, and EBV-specific effector
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T cells. After infusion, expansion may be optimal in the setting of a lymphopenic
environment, potentially yielding a benefit for chemotherapy administration.
Recently, a partial response in a patient with indolent lymphoma who received a
“third generation” CD20-specific CAR expressing CD28 and CD137 domains was
reported [123]. Another study reported that six of eight patients with B-cell malig-
nancies responded to an anti-CD19-CAR-transduced T cell infusion after lym-
phodepleting chemotherapy [127]. The T cell infusion was followed by IL-2.
Patients with advanced neuroblastoma responded to anti-GD2-CAR-transfected T
cells, with long-term persistence of transfected T cells [125, 128]. Complete remis-
sions have been reported in two patients with advanced CLL by June and coworkers
using CAR-T cells with investigators reporting significant CAR-T expansion and
persistence, as well as profound B-cell depletion. A tumor-lysis syndrome was
reported in a patient with CLL who received an anti-CD19/CD137 CAR-transduced
T cell infusion. The patient stayed in remission, and there was a long-term persis-
tence of transduced T cells which was attributed to the co-transfected CD137 [128].
More encouraging results are expected in the near future with CARs used either
before or after HCT. Use of CAR may allow for increasing selective GVL responses,
relative to currently employed nonspecific transfer of T cells such as DLI.

7.9 Natural Killer Cell and Cytotoxic Lymphocyte Infusions

Haploidentical NK cell infusion after high-dose fludarabine and cyclophosphamide
lymphodepletion-induced complete remissions in five of 19 patients with poor-
prognosis leukemia when NK cell infusions were followed by administration of
IL-2 [129]. These results were not reproduced in patients with ovarian or breast
cancer [130]. Disease-specific cytotoxic lymphocytes (CTLs) have been generated
ex vivo and transfused. Clear responses following EBV-CTL infusions have been
seen in EBV-related nasopharyngeal carcinomas [131, 132]. Similarly, responses
have been obtained in melanoma patients treated with Melan-A-specific CTLs
[133]. Transient responses of leukemias that relapsed post-transplant were elicited
with miHA-specific CTLs at the expense of pulmonary toxicity [134].

7.10 Donor Lymphocyte Infusions

Despite encouraging results infusing antigen-specific T cells, the most common
method of adoptive immunotherapy for post-transplant relapse is the infusion of non-
specific donor lymphocytes (DLI) following withdrawal of immunosuppression.

In the last two decades since the original description of anti-leukemic effects of
“buffy coat infusions” [135] we have enriched our knowledge about the sensitivity
of different diseases to DLI and we have a better idea about the dose and the
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frequency of DLI in different settings [6]. Diseases like CML and indolent lymphomas
respond very well to DLI. Myeloma, Hodgkin, and CLL are also sensitive but not as
much as CML. Aggressive lymphomas are less sensitive and AML typically
responds best when chemotherapy has decreased the tumor burden. ALL is much
less responsive to DLI [136-139].

The dose of DLI used is typically one log higher when the donor is a sibling,
relative to that in unrelated transplants, because of the higher incidence of GVHD in
the MUD setting. Escalating doses are typically given after 4-8 weeks, if no GVHD
is seen and if responses are not optimal. The onset of a DLI response can be delayed
and may take 2 months or more. The pace of disease growth and degree of donor—
recipient mismatch usually determine the dose and timing of initial and subsequent
DLI. Even with initial doses of 20 million CD3+ cells/kg in matched siblings, the
treatment-related mortality is typically less than 5 % [140].

7.11 DLI in Chronic Myeloid Leukemia

The response rate of CML to DLI depends on the disease status. It is 90 % for
cytogenetic relapses and even higher for molecular relapses. The response of
chronic phase CML is 70 % but is lower than 35 % in accelerated phase and even
lower in blast phase. Responses in chronic phase are usually durable. Adjuvant
cytokines (IFNa, GM-CSF, etc.) may be helpful in conjunction with DLI for CML
[141]. A TKI inhibitor can be tried before or concurrently with DLI depending on
the previous patient exposure. One recent report examined CML patients who
relapsed after allo-HCT who were treated with imatinib, DLI, or the combination
[142]. Patients who received the combination did much better with the majority of
them achieving durable CRs.

7.12 DLI in Multiple Myeloma

Patients with myeloma frequently respond to DLI but higher doses are usually
needed (100 million CD3+ cells/kg). The same recommendations for dose escala-
tion as for CML patients apply because of the high chance of severe GVHD with
higher CD3 doses. About 45 % respond and 25 % get a CR, but responses frequently
are temporary, so that consolidation DLI should be considered in most cases [143—
145]. In one study of 18 relapsed myeloma patients who received DLI in combina-
tion with thalidomide, the rate of CR was 22 % and ORR was 67 % with acceptable
toxicity [146, 147]. In another study, DLI administered after following two cycles
of lenalidomide in relapsed myeloma yielded a 2-year PFS of 50 % [148].
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7.13 DLI in Acute Myeloid Leukemia

In AML, while complete responses to DLI are relatively low, DLI has shown to
confer a survival benefit in relapsed AML patients, compared to chemotherapy alone
(21 % vs. 9 %) [149]. Patients who received DLI with minimal disease burden fared
better compared than AML patients who received DLI with active disease. Frequently,
relapses happen in sanctuary sites like CNS and the gonads and consideration should
be given to screen and treat these areas. Results of DLI for relapsed AML are better
if the relapse happens later than 6 months after allo-HCT [150]. In a study of low-
dose cytarabine followed by infusion of G-CSF mobilized donor PBSCs and subse-
quent treatment with GM-CSF in relapsed AML, ten of 36 patients survived for more
than 5 years and fared better compared to those treated with DLI alone [151]. Some
encouraging results have been obtained with lymphodepleting chemotherapy or low-
dose 5-azacytidine before DLI, but it is uncertain if these approaches are better than
traditional AML chemotherapy followed by DLI. Preliminary results of DLI after
each second cycle of azacytidine showed sustained remission in five of 30 patients
[152]. A second allo-HCT may be considered for young patients with relatively long
disease-free interval since a CIBMTR report showed a 28 % survival at 5-years for
patients with acute or chronic leukemias who underwent a second allo-HCT [153].
Schmid et al. reported on prophylactic DLI in AML patients. In this trial, high-risk
AML patients received fludarabine—cytarabine—amsacrine, followed few days later
by high-dose cyclophosphamide, low-dose TBI, and ATG. Patients without GVHD
who were off immunosuppression started receiving prophylactic DLI on day +120.
This yielded a remarkable 2-year leukemia-free survival of 40 %. A similar approach
yielded 4-year survival of 61 % with upfront allo-HCT in complex cytogenetics
AML [154-156]. In pediatric patients with incomplete donor chimerism, patients
receiving prophylactic DLI achieved a much better event-free survival compared to
others [157].

7.14 DLI in Lymphomas

Following DLI in relapsed follicular lymphoma after RIC allo-HCT, nine of 13
patients attained a sustained complete remission [158]. In 15 patients with mantle
cell lymphoma who relapsed after RIC allo-HCT and received either DLI (N=14)
or second allo-HCT (N=1) [159], 11 of 15 patients achieved a sustained remission.
In 15 patients with DLBCL who had active disease after allo-HCT and were treated
with different modalities including withdrawal of immunosuppression and/or DLI,
six of 15 patients attained a sustained remission [160]. In patients with Hodgkin’s
lymphoma who had failed auto-HCT and then underwent a RIC allo-HCT, five of
15 patients who relapsed after allo-HCT and received DLI were in CR after a
median of 45 months [161]. In a study of DLI outcomes in 17 patients with B-cell
lymphoproliferative diseases, CRs were attained in all four patients with mantle cell
lymphoma, three of four patients with follicular lymphoma, three of four patients
with CLL but none of five patients with DLBCL or Richter transformation [162].
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7.15 DLI in Acute Lymphoblastic Leukemia

Results in ALL are disappointing despite the fact that the first patient who survived
long after DLI was a male with B-ALL who had a florid relapse after allo-HCT from
a female donor [163]. In a study of ten patients with relapsed ALL post-allo-HCT
who received chemotherapy (idarubicin + cytarabine +etoposide) followed by DLI,
only one patient remained alive in CR, 900 days after DLI. The fact that patients
received chemotherapy for disease control before DLI implies that probably not
only the disease pace but an inherent ALL resistance to DLI may underlie these
failures [164]. The poor outcomes of relapsed ALL after allo-HCT are confirmed by
another report, wherein 44 patients with relapsed ALL received DLI with or without
preceding chemotherapy and where 3-year survival was only 13 % [165].

7.16 Evolving Strategies for DLI

Potential strategies to enhance the efficacy of DLI in lymphoproliferative disorders
include the use of disease-specific antibodies (e.g., rituximab, ofatumumab, or blin-
atumomab) before DLI and the use of engineered T cells as part of DLI. Another
approach is to use preemptive DLI when MRD is detected or in cases of incomplete
donor chimerism, especially after RIC allo-HCT for diseases that have a known
poor prognosis following florid post-transplant relapse.

DLI infusions are associated with an approximately 35 % risk of GVHD [6].
While higher CD3+ cell dose is associated with increased GVHD risk, the incidence
of GVHD remains lower after DLI than after ablative conditioning followed by
T-replete grafts, perhaps since some host APC have been replaced by donor APCs or
are suppressed by donor Tggg [166]. Prior host lymphodepletion (e.g., with fludara-
bine) [139] or concurrent use of IFNa and DLI increases the risk of GVHD. DLI
after previous T cell-depleted transplant is also associated with higher rates of
GVHD, perhaps due to a lack of donor Trgg [167]. If GVHD occurs, it is often
responsive to treatment and many investigators give suboptimal immunosuppression
or even tolerate lower degrees of GVHD until they see an improvement of the under-
lying malignancy [168, 169]. However, DLI may result in overt cytopenias and in
extreme cases with marrow aplasia [170], especially if the recipient has completely
lost donor chimerism. In such cases administration of a T cell replete stem cell prod-
uct, rather than DLI alone, may prevent aplasia and restore donor chimerism.

8 Conclusions

Dramatic improvements in HCT, especially the widespread adoption of reduced-
intensity conditioning regimens (given our understanding of the importance of
GVL responses) have substantially expanded transplant utilization with reduced
treatment-related morbidity and mortality. However, five decades into the HCT
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era, GVHD, and relapse continue to remain vexing problems, resulting in symp-
tom burden and mortality even when the transplant outcome is otherwise success-
ful. The dissection of GVHD from effective GVL and pathogen-specific T cell
responses remains a central intellectual challenge and may provide genuine hope
for improved transplant approaches. Until then, the focus of clinical trials should
be the prevention of GVHD, both the acute and the chronic forms, and on improved
studies of initial therapy in both the acute and chronic settings. Adoptive cellular
therapies (e.g., using Tggg, transduced T cells, or innate immune cells including
NK and iNKT cells) are also promising, although pharmacologic interventions
that selectively inhibit alloreactivity, while sparing GVL-inducing cells and Tggg
are also highly desirable strategies. Promotion of tolerance is another mechanism
that may reduce GVHD, especially cGVHD. All of these strategies will benefit
from an improved understanding of GVHD biomarkers (e.g., promising candi-
dates including TNFR1, HGF, soluble CD25, BAFF, and others) that may facilitate
preemptive treatment and early dose escalation or de-escalation of immunosup-
pression [56, 171-174]. Development of improved animal models that better rep-
licate the human condition, and facilitate a better understanding of cGVHD, will
also provide great benefit.

While this review has focused on immunotherapeutic strategies, optimization of
conditioning regimens continues to be a priority. Incorporation of agents including
gemcitabine [175-177], bendamustine [178] for lymphomas or novel agents like
proteasome inhibitors; HDAC inhibitors in myelomas; or Btk or PI3K$ inhibitors in
lymphoid malignancies may also improve outcomes. Antibodies or immunotoxins
(brentuximab, anti-CD22 immunotoxins, etc.) are also likely to be increasingly
utilized in pre- and post-transplant conditioning and maintenance therapies.
Additionally, targeting of putative cancer stem cell pathways (Notch, Hedgehog,
[-catenin, etc.) during conditioning may also improve outcomes. Post-transplant
maintenance/consolidation treatments have already given good results (e.g., lenalid-
omide, imatinib) and other promising strategies (e.g., hypomethylating agents in
leukemias) are also being developed. Many of these strategies may have intended or
unintended immunologic consequences, which should be assessed systematically
when clinical trials of these agents are conducted.

In many settings, detection of early relapse before overt clinical signs are evident
(e.g., by chimerism or by MRD evaluation) may allow us to more successfully mod-
ify the immune environment or apply novel agents. Overall, it is expected that a
combination of these diverse new approaches in the next decade will substantially
improve post-HCT disease control while decreasing early mortality and late effects
of HCT, which may impair immune function and quality of life. To accomplish
these aims, thoughtful and systematic basic, translational and clinical studies will be
needed. These studies will require the careful cooperation of academic institutions,
industry partners and regulatory agencies, but will yield a promising future for the
rapidly growing field of HCT.
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The Immune System in Head and Neck
Squamous Cell Carcinoma: Interactions
and Therapeutic Opportunities

Paolo Serafini and Donald T. Weed

Abstract Squamous cell carcinomas of the upper aerodigestive tract exhibit complex
interactions with the host immune system that may simultaneously explain resis-
tance to various therapeutic modalities and that may also provide opportunities for
therapeutic intervention. The interplay between developing or established malig-
nancy and the host immune system is best understood through a careful analysis of
the key components and effector arms of the immune system. These include the
complex cellular network of immune modulation as well as tumor-derived factors
such as chemokines and cytokines. While the host response to the developing tumor
may successfully curtail tumor growth in some cases (immunosurveillance), squa-
mous cell carcinomas of the head and neck are characterized by their ability to cre-
ate an immunosuppressive environment powerful enough to evade the immune
response. It is increasingly apparent that efforts to stimulate a therapeutically effec-
tive immune response against established tumors must be coupled with strategies to
abrogate this immune-suppressive environment. Preclinical studies and clinical tri-
als have yielded promising results and provide the foundation for further refine-
ments in a broad variety of immunotherapeutic strategies targeting all components
of the immune system. Combining such approaches with the established treatment
options of surgical resection, radiotherapy, and chemotherapy may ultimately yield
substantive improvements in overall survival that to date have been lacking and
simultaneously reduce disease-related and treatment-related morbidities for this
debilitating and deadly disease.
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1 Introduction

The vast majority of tumors (95 %) that arise in the head and neck region are
squamous cell carcinomas arising from the epithelium of the upper aerodigestive tract.
Head and neck squamous cell carcinomas (HNSCCs) infringe on the highly critical
functions of speech, swallowing, and respiration. Current therapies, surgery alone,
radio- or chemo-radiotherapy, or combinations of these modalities, leave many of
these patients with significant functional deficits that exact a unique physical and
social toll. Although significant advances in the areas of reconstructive surgery,
minimally invasive surgery, precisely targeted radiotherapy, chemotherapy, and
monoclonal antibody therapy have been achieved in the last three decades, the
overall survival rates for patients with these cancers have been modestly affected.
HNSCC accounts for approximately 2.5 % of all newly diagnosed cancer cases in
the United States, with 40,250 new cases estimated in 2012 [1]. Globally, HNSCC
(including the oral cavity, oro/hypo/nasopharynx, and larynx) represents the sixth
most common malignancy encountered [2] with a high case fatality (ratio of mortal-
ity to incidence of 0.53) and with more than 644,000 new cases reported in 2002
worldwide [3]. Although the cause of HNSCC is multifactorial, its risk has been
historically associated with tobacco and alcohol use, especially those who use both.
Processed tobacco, in fact, contains more than 3,000 chemical compounds, includ-
ing at least 30 known carcinogens, while cigarette smoke contains approximately 50
known carcinogens and pro-carcinogens [4]. The epidemiology of HNSCC has dra-
matically changed over the past two decades, however, particularly as this relates to
oropharyngeal SCC. As tobacco use, traditionally the most important risk factor for
HNSCC, has decreased in the USA, the incidence of tobacco-associated human pap-
illomavirus (HPV)-negative HNSCC has also decreased [5, 6]. Instead, the inci-
dence of HPV-associated oropharyngeal cancers overall is increasing worldwide [7,
8]. The incidence of tonsillar cancer in the USA, especially among men under age
60, increased by 2-3 % each year between 1973 and 1995; however this incidence
has increased more rapidly in the last decade [9]. Indeed, while only 16 % of the US
oropharyngeal cases were HPV positive in 1984-1989, 73 % of tumors were posi-
tive for this virus in 2000-2004 [10]. Interestingly, survival of HPV-positive HNSCC
patients is notably better than survival of HPV-negative HNSCC patients (3-year
survival of 84 % vs. 57 %, respectively) [11]. Recent analysis of oropharyngeal can-
cer patient survival among cases from 1984 to 2004 in SEER suggested that median
survival was fourfold higher among HPV-positive than HPV-negative oropharyngeal
cases (131 vs. 20 months) in the USA during the past two decades. In addition, while
survival increased significantly for HPV-positive oropharyngeal cases between 1984
and 2004 (p=0.003) survival did not improve for HPV-negative cases (p=0.18) [12].
The effect of tobacco remains powerful, however, as patients with HPV-positive
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tumors who smoke have a prognosis intermediate between smokers whose tumors
are HPV negative and nonsmokers with HPV-positive tumors [11].

The better survival and lower rate of recurrence observed in HPV-positive
HNSCC highlight the importance that the immune system plays in this malignancy.
Indeed, despite the best efforts of the virus to evade host defenses, most HPV infections
resolve with time as a result of a successful cell-mediated immune response [13]
directed against the early HPV proteins (i.e., E2 and E6) [14, 15]. Furthermore, even
in the absence of viral induced cytolysis and cell death, the HPV-infected cells can
activate the production of type 1 interferons and evoke a powerful, generic, antiviral,
and innate immune system response. The type 1 interferons (IFN-a and IFN-f) have
antiviral, antiproliferative, anti-angiogenic, and immunostimulatory properties that
act as a bridge between innate and adaptive immunity, activating immature dendritic
cells and thus facilitating antigen processing and generation of antiviral immunity [16].
The possible role of the immune system is further suggested in an HPV-positive and
HPV-negative preclinical model of tonsil squamous cell carcinoma [17]. While in
immune-deficient mice no differences in tumor growth were observed between
HPV™* and HPV~ tumors, in immune-competent mice a significant delay in tumor
progression was observed in the group bearing the HPV* carcinoma with 20-30 %
of animals able to completely clear the tumor [17]. Tumor rejection was dependent
on both CD4* and CD8* T cells that are spontaneously primed and expanded in the
mice bearing the HPV™* tumor [17]. However, it is important to remember that sig-
nificant differences exist between the murine transplantable model and spontane-
ously arising tumors. While transplantable tumors derived from immortalized cell
lines grew and developed rapidly when injected in the mice, spontaneous tumors
developed slowly through a long interaction with the host. Indeed, while strong
evidence exists that specific immune surveillance operates at early stages of tumori-
genesis, causing inflammation and neoplastic stabilization, established tumors
appear to be able to induce immune tolerance [18] and T cell anergy that allow
tumor growth. In the presence of this tumor-driven tolerogenic environment,
immune surveillance is restrained and immune interventions, such as vaccination or
adoptive cell transfer, are likely to be much less effective. The presence of these
suppressive mechanisms generated by growing tumor can explain the low clinical
success rates obtained by immunotherapy in the last decades [19].

2 Interaction Between HNSCC and the Immune System

As in many other cancers, the interaction between the immune system and the
transformed epithelial cells plays a critical role in the genesis and in the progres-
sion of HNSCC. In this malignancy the concept of immune surveillance [20] and
tumor—host immune system interaction is sustained by both clinical and experi-
mental observations. For example, one clear indication of the contribution of the
immune system in controlling HNSCC is the relative increase in its incidence in
the context of pharmaceutical immunosuppression or acquired immunodeficiency.
Premalignant leukoplakia is identified in 13 % of renal transplant patients as
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compared to 0.6 % of control age- and sex-matched individuals [21, 22]. In the
majority of these patients leukoplakia evolves into dysplasia, and 10 % develop
frank SCC [21, 22]. Similar results are observed in patients who have undergone
bone marrow transplantation [23-25] and/or are receiving chronic treatment for
GVHD [26]. In these latter cases, the major risk factors for the development of
SCC were long duration of chronic GVHD therapy and the use of azathioprine,
particularly when combined with cyclosporine and steroids [26]. Although HNSCC
is not an AIDS-defining illness, the appearance of this malignancy is seen in excess
among HIV-infected individuals [27]. HNSCC patients infected with HIV are sig-
nificantly younger than non-infected patients, and while there are no differences in
tumor location, HIV-infected patients generally present with larger and more
advanced tumors and significantly poorer prognosis [28]. Interestingly, despite the
fact that HPV is a causative agent of HNSCC and opportunistic infection in HIV
patients, a large study in AIDS patients with laryngeal squamous cell carcinoma
proved the lack of association with HPV infection. However, it is important to
remember that this subsite is not typically associated with HPV-associated malig-
nancy in immunocompetent individuals, suggesting that the increased tumor fre-
quency in this cohort of patients could be primarily due to a defective immune
surveillance even in the absence of tumor-promoting HPV infection [29].

Although acquired or iatrogenic immune suppression increases the risk of
HNSCC and seems to worsen the prognosis, this malignancy most commonly
arises in individuals with a normal and healthy immune system. Indeed, immune
surveillance is suggested to clear most preclinical lesions, while immunoediting
[30] is the process that characterizes all clinically relevant lesions. This process is
thought to play a key role during malignant progression, promoting a selective
pressure in the tumor microenvironment that leads to the growth of extremely
aggressive neoplastic clones capable of escaping tumor immunity. Indeed, it has
long been thought that the immune system functions during tumor formation to
select for tumor variants that are better suited to survive in an immunologically
intact environment, very much like it does with viruses, bacteria, and parasites [30].
Many studies demonstrate that the repassage of transplantable tumors through
immunocompetent hosts generates tumor variants with reduced immunogenicity.
Cancer immunoediting is composed of three processes: elimination, equilibrium,
and escape. Immunosurveillance occurs during the elimination process, whereas
the Darwinian selection of tumor variants occurs during the equilibrium process.
This, in turn, can ultimately lead to escape and the appearance of clinically appar-
ent tumors [30]. Indeed, these three processes are not necessarily temporally sepa-
rated but rather they can coexist.

Although initially immune editing was thought to allow the growth of only
those neoplastic clones able to escape immune recognition by losing particular
immune-dominant epitopes, by down-regulating the major histocompatibility com-
plex (MHC), or by affecting the antigen processing machinery, it is now clear that
the selection of malignant cells with intrinsic immunosuppressive activity is par-
ticularly common. Indeed, like many other solid malignancies, almost all HNSCC
tumors express or secrete factors that are able to prevent immunological
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recognition or that can promote apoptosis of tumor-specific T cells. These factors
can be expressed on the membrane of neoplastic cells such as in the case of B7-H1
(PDL-1) that is found in the tonsillar crypts, the site of initial HPV infection. In
HPV* HNSCCs, PD-L1 expression on both tumor cells and CD68* tumor-associ-
ated macrophages (TAMs) is geographically localized to sites of lymphocyte fronts
[31]. Despite the strong immunogenicity driven by HPV protein, the majority of
CD8* tumor-infiltrating lymphocytes (TILs) express high levels of PD-1 that upon
binding to PDL-1 promote T cell anergy, exhaustion, or apoptosis [32]. These find-
ings support a role for the PD-1:PD-L1 interaction in creating an “immune-privi-
leged” site for initial viral infection and subsequent adaptive immune resistance once
tumors are established. In addition to PDL-1, HNSCC tumors can also express other
molecules that promote tumoricidal T cell apoptosis. For example, these tumors can
express FAS-L [33, 34] or TRAIL [35] that, upon engagement with the cognate
receptors on T cells, induces the apoptosis of tumor-specific lymphocytes [35].

Membrane expression of molecules able to promote T cell apoptosis is not the
only immunosuppressive mechanism that is exploited by HNSCC as a result of the
immunoediting pressure. Indeed, it is now evident that tumors can secrete different
factors able to alter normal hematopoiesis and to induce the appearance and the
recruitment of cells from the innate and adaptive immune system with an intrinsic
immunosuppressive and pro-tumoral phenotype (Fig. 1). For example, the vast
majority of HNSCC tumors secrete interleukin (IL)-4, IL-6, IL-8, IL-10, granulo-
cytes macrophage-colony stimulating factor (GM-CSF), granulocytes-colony stimu-
lating factor (G-CSF), vascular endothelial growth factor (VEGF), prostaglandin E2
(PGE2), basic fibroblast growth factor (bFGF), and chemokines that are able to shape
not only the tumor microenvironment but also distal sites creating de facto a tumor
macro-environment that predisposes the host to the neoplastic growth and to meta-
static dissemination of tumor cells.

3 Tumor-Derived Factors in HNSCC

Numerous findings indicate that tumor-derived factors (TDFs) greatly influence the
interaction between tumor and the host and can orchestrate important changes in the
hematopoietic differentiation generating a tumor macro-environment that facilitates
the malignant progression and metastasis (Fig. 1). For example, conditioned media
from tumor cell lines can inhibit the in vitro differentiation of dendritic cells from their
precursors [36]. Normal bone marrow cells could give rise to immunosuppressive ele-
ments simply by culturing them for a few days with supernatants from a highly meta-
static Lewis lung carcinoma variant [37]. For more than 25 years efforts have been
made to identify and understand the role of these TDFs in tumor progression [38—44].
Tumors secrete a large panel of cytokines, chemokines, or other diffusible molecules
that, alone or in combination, can induce myeloid derived suppressor cells (MDSC)
recruitment and increase their maturation into fully suppressive cells. To date, a num-
ber of candidate proteins (discussed below) have been identified in HNSCC.



Increase number and TDF inhibition/
function of effector T cells Induction of DC differentiation

i.e. adoptive cell transfer, Tumor i.e. Vitamin D3, ATRA
cytokines

TDF
(i.e.VEGF

Increase
antigen release
and tumor
immunogenicity
i.e. oncolytic virus,
antibodies

\

MDSC and/or Treg
depletion i.e.
Cyclophosphamide

Increase the priming MDSC inhibition

of the immune response Bone marro i.e. PDES5 blockade
i.e. vaccines, cytokines COX2 inhibitors
effector T cells @ Treg —  Activation

@ NK # Tolerogenic DC i Inhibition

, = Pro-tumoral pathways

immatwre 0C QP MpDsc : .

’ -===4 Immunosuppressive mechanisms
< Langherans cells . Tumor ———  Tumoricidal pathways
* Mature DC «¥3»  Tumor antigegns —— Therapeutic interventions

Fig. 1 HNSSC-immune system interactions and current immune therapeutic interventions.
(A) Tumor antigens released by apoptotic cells are uptaken by immature DC that, after migration
to the lymph nodes, (B) mature and cross-present the antigens and expand the tumor-specific effector
T cells. Driven by the release of inflammatory molecules (i.e., CCL2), effector T cells migrate to
the tumor site where they exert their tumoricidal action. (C) Immunoediting promotes the selection
of neoplastic clones able to secrete (D) tumor-derived factors (TDF, i.e., GM-CSF, VEGF) that
alter normal myelopoiesis (E) arresting DC differentiation while promoting MDSC and tolero-
genic DC accumulation. (F) MDSCs and tolerogenic DCs can inhibit effector T cells directly or
indirectly. The direct mechanisms of immunosuppression include the secretion of ROS, nitric
oxide, and TGF-f; the depletion of semi-essential amino acids (i.e., L-Arg, Trp); or the inhibition
of T cell trafficking by, for example, chemokine nitration. The indirect mechanisms of immuno-
suppression mediate the expansion of Tregs that further block effector cell function and DC matura-
tion (G) by the secretion of TGF-f and/or IL-10. Additionally, MDSCs promote tumor progression
by immune-independent mechanisms such as the promotion of tumor angiogenesis and metastasis
by the secretion of metalloproteinases that regulate VEGF bioavailability and tissue modifications.
Different therapeutic strategies (in blue) have been developed and are currently being tested in
ongoing clinical trials to either restrain tumor immunosuppression or promote tumor immunity
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3.1 Granulocyte Macrophage-Colony Stimulating Factor

Even though GM-CSF has long been considered an immune adjuvant, different
evidence has uncovered its dual role in stimulating as well as suppressing the
immune system: First, almost 31 % of tested human tumor cell lines (including
HNSCC [45]) secreted this cytokine [46]. GM-CSF is also secreted by many mouse
cell lines such as squamous cell carcinoma [47], colon and mammary adenocarci-
noma [46], and plasmacytoma [48]. Second, its secretion by HNSCC is associated
with a negative prognosis [45]. Third, tumor-transduced GM-CSF, administration of
recombinant GM-CSF protein, or use of high doses of GM-CSF vaccines are suffi-
cient to recruit MDSCs into the secondary lymphoid organs to suppress antigen-
specific CD8* T cells and promote tolerance [46, 49, 50]. Fourth, the ability of
different tumor-conditioned media to promote MDSC differentiation is inhibited by
the use of a GM-CSF-neutralizing antibody, and, conversely, MDSCs can be gener-
ated in vitro from BM precursors by the use of either GM-CSF and G-CSF or
GM-CSF and IL-6 [51, 52]. Fifth, GM-CSF promotes HNSCC cell invasiveness and
malignant phenotype in nude mice [53].

GM-CSF has also been shown to elicit powerful immune responses when com-
bined with y-irradiated tumor cell vaccines, in various mouse models and in the
clinical setting [54, 55], which has led to its widespread use as an immune adjuvant
to augment antitumor immunity. In the therapy of HNSCC, oropharyngeal mucosi-
tis is a painful, often dose-limiting side effect of radiotherapy and chemotherapy
[56, 57]. G-CSF and GM-CSF decrease the incidence of mucositis, and GM-CSF
directly promotes wound healing of the mucosa [58]. In addition, G-CSF and
GM-CSF are used to prevent potentially life-threatening febrile neutropenia.
Nevertheless, the survival benefit for patients under adjuvant therapy with G-CSF
and GM-CSF is a matter of controversial discussion. While the beneficial effect on
neutropenia and mucositis is shown in several clinical trials [59], a large randomized
clinical trial in advanced HNSCC even identified adjuvant G-CSF treatment as a
poor prognostic factor with reduced locoregional control [60], others have not
shown any significant effect of G-CSF and GM-CSF on overall survival or disease-
free survival [61] or a beneficial action when GM-CSF was used in conjunction with
radiotherapy and an oncolytic virus [62].

To better understand this dual role of GM-CSF, we used a bystander vaccine
strategy in which the antigen dose and steric hindrance could be maintained constant
while altering the GM-CSF dose to assess the impact of high vs. low concentrations
of GM-CSF. While we confirmed the efficacy of low doses of GM-CSF-secreting
vaccine, we also defined a threshold above which the vaccine not only lost its effi-
cacy but also resulted in significant in vivo immunosuppression mediated by
MDSC recruitment [50]. A systematic analysis of different clinical trials performed
with this cytokine suggests that the same phenomenon can take place in humans.
Although in some of these studies GM-CSF appeared to help the generation of an
immune response, in others no effect or even a suppressive effect was reported.
GM-CSF may increase the vaccine-induced immune response when administered
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repeatedly at relatively low doses (range 40-80 pg for 1-5 days), whereas an opposite
effect was often reported at dosages between 100 and 500 pg [63]. These findings
support the dual role of GM-CSF on the immune response and highlight several
critical parameters such as dose, systemic concentration, and duration of exposure
as key factors for GM-CSF effect on the immune system, all of which need to be
considered when utilizing GM-CSF as a vaccine adjuvant.

3.2 Prostaglandins (PGEs)

The overexpression of cyclooxygenase (COX)-2 is a frequent event in squamous
cell carcinomas of the head and neck [64, 65], and nonsteroidal anti-inflammatory
drugs, which are potent inhibitors of COX-1 and COX-2, exert chemopreventive
effects on HNSCC cancer development [66]. COX-2 promotes the release of the
pro-inflammatory mediator prostaglandin E2 (PGE2), which acts on its cell surface
G protein-coupled receptors EP1, EP2, EP3, and EP4. The products of COX2
enzyme activity, prostaglandins and mainly PGE2, have been implicated in tumor-
associated subversion of immune functions, since inhibitors of prostaglandin syn-
thesis typically enhanced antitumor immunity. PGE2 is one of the best-characterized
and -studied isoform of eicosanoids that possesses both pro-inflammatory and
immunosuppressive properties and that is produced during the course of inflamma-
tion following cellular stresses, and in response to growth factors, hormones, endo-
toxin, and inflammatory cytokines, or by growing tumors. Freshly excised solid
human tumor cells produce substantially more PGE than established tumor cell
lines [67]: interestingly, while primary tumor cell-conditioned media profoundly
hampered the in vitro DC differentiation from CD14" monocytes or CD34* myeloid
precursors, the effects of supernatants derived from established tumor cell lines
were minor [67]. Both tumors and MDSCs can actively produce and secrete PGE2.
This production and secretion correlate with arginase overexpression, STAT3 and
STAT1 phosphorylation, and IL-10 and MIP-2 production, a phenotype typically
associated with MDSC suppressive activity [68].

3.3 Interleukin-4 and -13

IL-13 and IL-4 are central T helper 2 (Th2) anti-inflammatory and immunomodu-
latory cytokines with close structural and biological homology. Both are produced
mainly by T and B cells, mast cells, and basophils. In HNSCC these cytokines are
produced in the tumor microenvironment by the infiltrating leukocytes [69] and by
the tumor itself [70, 71]. The promiscuous receptor for IL-4 and IL-13 (alias IL4R
type II) is composed of the IL4Ra chain and IL13Ral chain [72], while IL4Ra
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and the gamma chain (yc), common to the receptors for different members of the
cytokine family comprising IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21, associate to
compose the IL-4 receptor (alias IL4R type I). Since the IL4Ra chain is the only
component that possesses kinase-sensitive tyrosine residues in the cytoplasmic
domain, signals from both type I and type II IL4R are transduced by the IL4Ra
chain [73]. IL4Ra phosphorylation, upon engagement and dimerization, recruits
and phosphorylates STAT6 that dimerizes and migrates to the nucleus to activate the
transcription of several proteins including arginase 1 [74]. Interestingly, IL4Ra and
IL13Ra are constitutively over-expressed in several HNSCC cell lines and, upon
engagement with their cognate ligand, were shown to promote neoplastic cell pro-
liferation [75] suggesting a pleiotropic function of these cytokines in this disease.

IL4Ra expression on MDSCs and monocytes is required for their suppressive
phenotype [76] and survival [77], and genetic ablation of this receptor on mono-
cytes and granulocytes is sufficient to revert MDSC-mediated immune suppression
in vivo whereas its aptamer-mediated blockade is sufficient to promote MDSCs and
TAM apoptosis [77]. MDSC and TAM produce IL-13 and IFN-y and integrate the
downstream signals of these cytokines to trigger the molecular pathways suppress-
ing antigen-activated CD8" T lymphocytes [76].

3.4 Interleukin-6

High levels of IL-6 have been detected in leukemia, lymphoma, multiple myeloma,
melanoma, as well as breast, lung, ovarian, renal cell, and pancreatic cancers [78]
and are associated with a poor prognosis. Elevated IL-6 serum levels are found in
the majority of HNSCC cancer patients, and its concentration correlates with tumor
stage and lymph node status [79]. Because of the role of IL-6 in the acute-phase
response in the liver and in the regulation of the systemic immune response, it is
believed that high serum levels of the cytokine contribute to weight loss, night
sweats, fever, and other systemic symptoms [80].

The physiological activity of IL-6 is complex, producing both pro-inflammatory
and anti-inflammatory effects. In addition, IL-6 affects the differentiation of myeloid
lineages, including macrophages and DCs, both in vitro and in vivo [81] through the
activation of the transcription factor STAT3, which exerts a negative regulatory
function on the adaptive and innate immune system during tumor development.
Indeed, treatment in vitro with combinations of GM-CSF, G-CSF, IL-6, and IL-13
induces the rapid differentiation of human and mouse bone marrow precursor cells
into cells that resemble suppressive MDSC [82, 83].

Beside its role on MDSC differentiation, IL-6 has an important function on den-
dritic cell differentiation. Indeed, tumor-derived factors can inhibit the generation of
DC [84]. Dendritic cell differentiation can be restored by the use of VEGF- and/or
IL-6-specific antibodies that neutralize this inhibitory effect [85].
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3.5 Vascular Endothelial Growth Factor

Increased expression of VEGF and its receptors in HNSCCs underscores the importance
of the VEGF pathway in angiogenesis and survival of tumor cells under hypoxic
conditions [86]. VEGF expression is regulated by hypoxia-inducible factor-la
(HIF-1a)-dependent and -independent processes, both of which involve PI3-K and
AKT [87]. VEGF plays an important role in the formation of blood vessels during
embryogenesis, hematopoiesis, and tumor neovascularization [88]. It is secreted by
most tumors, and high levels correlate with a poor prognosis [89]. Neutralizing
antibodies against VEGF restored DC differentiation from hematopoietic precur-
sors blocked by tumor-conditioned media [90]. VEGF has been directly linked with
the systemic MDSC expansion. The administration of recombinant VEGF to tumor-
free mice, in fact, resulted in inhibition of DC development and was associated with
an increase in the number of MDSCs in the spleen [90]. Besides playing a direct
role in tumor angiogenesis, this factor promotes cross talk between tumor and
tumor-associated MDSCs [91]. By expressing high levels of matrix metalloprotein-
ase 9, tumor-associated MDSCs regulate the bioavailability of VEGF by releasing
it from the extracellular matrix [92], suggesting the presence of a positive feedback
loop by which MDSCs increase VEGF release that in turn promotes MDSC differ-
entiation and expansion. MMP9 inhibition by amino-biphosphonates significantly
decreased MMP-9 expression and the number of macrophages in tumor stroma and
reduced MDSC expansion both in bone marrow and peripheral blood [93]. In
HNSCC, VEGF-A expression correlated with microvessel density, disease progres-
sion, a reduced number of mature DCs, and an increased number of immature DCs
and MDSC, confirming the importance of this factor in the progression of this
malignancy [94]. These findings underlie the importance of the VEGF-MDSC con-
nection in HNSCC and suggest that treatments aimed to block MDSC or VEGF
should have an effect on both tumor immunosuppression and angiogenesis.

3.6 Chemokines

Chemokines are leukocyte chemoattractants that are usually classified into two
main subgroups: the inflammatory and the homeostatic. While the first group pro-
motes leukocyte infiltration at the inflammation site and is inducible by proinflam-
matory cytokines, the homeostatic chemokines are constitutively expressed and
regulate hematopoiesis and lymphoid organ development [95]. Both classes of che-
mokines can play a role in various aspects of malignancies. Because of the impor-
tance of leukocytes in HNSCC outcome, it is not surprising that CCL-3, CCL-4, and
CCL-5 [96] are expressed by HNSCC tumors and that CCL-2 [97] and its receptor
have been proposed as genetic markers for oral squamous cell carcinoma [98].
Similarly, the expression of CXC chemokine receptor 2 (CXCR?2) is increased in the
laryngeal squamous cell carcinoma, and its expression correlates with the lymph node
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metastases, with the histological grade, and with 5-year survival [99]. Additionally,
CXCR4 was shown to be important in HNSCC tumor progression and organ-specific
metastasis [100, 101] and could be used as a prognostic marker [102].
Approximately 50 chemokines and 20 receptors have been identified to date, and
they can interact in a complex network in which the signal can be differentially
integrated in each target cell (depending on the particular chemokine receptor pro-
file). Each chemokine can bind multiple receptors, and a receptor can be activated
by different chemokines, allowing chemokine redundancy [103], robustness [103],
integration [104], and synergy [105]. While the initially attributed importance of
redundancy was challenged by subsequent studies [106], the significance of signal
integration, robustness, and synergy are being confirmed and explored by numerous
studies. Chemokines can form homo- and hetero-dimers, integrating or modulating
their own signal and the one from the dimeric partner [107, 108]. For example,
CXCLA4 can form a heterodimer with CCL5 that promotes monocyte arrest [109],
while each chemokine alone is chemotactic. Chemokine integration and synergy
can also involve the binding of different chemokines in the same cell that can result
not only in the activation of the different individual pathways mediated by each
chemokine but also in the integration of both transduced signals [110-113]. In
human monocytes, CCL21 engagement of chemokine receptor (CCR)-7 dramati-
cally amplifies the effect of CCL2 binding to CCR2 [114]. Because of the signal
complexity and the different effects on the target cell population, it is not surprising
that individual chemokines are reported to have opposite effects on tumor outcome.
For example CCLS5 in Ewing sarcoma [115] can promote tumor immunity by
recruiting T cells at the tumor site, whereas in other cancers it is thought to inhibit
tumor immunity and promote tumor angiogenesis and metastasis through MDSC
and macrophage (tumor-educated myeloid cells (TEMCs)) recruitment [116, 117].
Interestingly, the antitumor effect of adoptively transferred T cells is increased by
CCLS5 but only when intratumoral CD1l1c* cells are depleted [118]. Similarly,
CCL21 was shown to induce Thl polarization [119], boost the efficacy of DNA
vaccine [120], and promote the antitumor immunity [121]. Nevertheless the very
same chemokine is secreted by many human tumors [122], and the expression of its
receptor (CCR7) correlates with the metastatic activity in HNSCC [123] and is nec-
essary for the formation of a tolerogenic lymphoid-like organ within the tumor
[124]. Although the examples of contradictory roles of the same chemokines are too
numerous to be listed here, it is noteworthy to report the opposite roles of CCL2.
CCL2 secreted by the majority of solid tumors [125, 126] is able to attract both
TEMC:s and T cells in the tumor microenvironment and plays an important role in the
proper homing into the tumor of adoptively transferred tumor-specific T cells [127].
Nevertheless, CCL2 mediates the recruitment of TEMC to the primary and second-
ary tumor sites, promoting tumor progression and metastasis [128—131]. Several
studies have demonstrated that, contrary to TEMCs, T cells do not freely travel
within the tumor but rather they remain trapped in the stroma surrounding the can-
cer cells [132]. The explanation of this phenomenon was recently clarified: reactive
nitrogen species produced by TEMCs and neoplastic cells induce the nitration/
nitrosilation of CCL2 that, once nitrosilated, can no longer attract cytotoxic T cells



286 P. Serafini and D.T. Weed

but can still recruit myeloid cells to the tumor [133]. These findings implicate
the existence of a protumoral positive feedback mechanism by which TAM and
MDSC promote the recruitment of new protumoral myeloid cells while hindering
T cell infiltration.

4 Cellular Network of Immune Modulation in HNSCC

It is increasingly clear that tumors enforce strict connections with the surrounding
environment creating a ‘“microenvironment” that supports tumor progression.
Moreover, by releasing soluble factors and exosomes, neoplastic cells can also con-
dition distant sites, such as bone marrow, to sustain the demand of myeloid cells and
precursors necessary for tumor neovascularization and spreading to local and dis-
tant anatomical sites. This creates de facto a complex interplay that can be viewed
as a tumor-driven “macro-environment.” The recognition that tumor macro- and
microenvironments play pivotal roles in tumor progression suggests that innovative
attempts should be made to block tumor/environment interactions that facilitate
tumor progression and to enhance those counteracting malignancy.

Cancers are not only a mass of neoplastic cells; instead, they contain several
noncancerous stromal cells. In many cases tumor stromal cells, which include
TAMs, MDSCs, granulocytes, endothelial cells, fibroblasts, and T cells, may out-
number the malignant cells (Fig. 1) [134]. These accessory cells, most of which are
leukocytes, are not innocent bystanders, but, rather, they interact with the malignant
cells and play a key role in the disease outcome [135]. Depending on the composi-
tion and activation status of the immune infiltrate, the net effect can be either favor-
able or detrimental to tumor progression and metastasis. While effector T cells
(quality and quantity) infiltrating the tumor correlate with a better survival in
HNSCC patients [136—138] by either destroying or inducing dormancy in neoplas-
tic cells, the infiltration of tumor-educated myeloid cells is associated with a higher
mortality [45, 139].

4.1 Effector T Cells

Effector CD4* and CD8* T cells are considered the most important immune cells act-
ing against cancer promotion and progression, as discussed elsewhere in this book.
Although patients with HNSCC have reduced number of lymphocytes in their blood
compared with healthy individuals [140], a significant shift from naive to effector
memory T cells is observed in patients with oropharynx or larynx squamous cell
carcinomas with an increased number of effector memory T cells in HPV* oropha-
ryngeal squamous cell carcinomas [141], suggesting that a strong immune response
against the tumor can be generated. Indeed, in recent years extraordinary progress
has been made in the identification of tumor-associated antigens (TAA) in HNSCC.
For example an analysis of the TILs in HNSCC revealed the prevalence of effector
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lymphocytes against the TAA cyclin Bl and NY ESO-1 that can be expanded in vitro
and potentially used as a treatment modality [138]. Additionally, HNSCCs were
found to express melanoma-associated antigens (i.e., MAGE 1 and MAGE 3) [142,
143] and, because of the changes in the epidemiology of this malignancy, viral anti-
gens such as HPV E6 and E7 [144, 145]. Despite the presence of effector/memory
tumor-specific T cells, these cells are unable to either reach the tumor or fully per-
form their tumoricidal action most likely because of the presence of a suppressive
network orchestrated by the tumor. This hypothesis is supported by the finding that
the functional impairment of T cells from HNSCC conferred by intrinsic molecular
defects that have been demonstrated in this cell population can be reversed by
removal of immune suppression by a pharmacologic treatment (Serafini, Weed
unpublished data) or by radio- or chemotherapy [146]. This reversal is sufficient to
reestablish T cell functionality in these tumors.

4.2 Dendritic Cells

Dendritic cells (DCs) are a family of specialized APCs and are essential mediators
of immunity and tolerance [147]. DC may derive from the lymphoid (i.e., plasma-
cytoid DC) or myeloid precursors. While plasmacytoid DCs are mainly found in the
blood and in the secondary lymphoid organs, myeloid DCs can infiltrate the dermis
(dermal/interstitial myeloid dendritic cells) or the epidermis (Langerhans cells) of
the mucosa of the upper aerodigestive tract [148] where they show an immature
phenotype and a great capacity to uptake antigens. Upon encountering inflamma-
tory signals (i.e., IL-1, TNF-a) or microbial products (i.e., TLR ligands) they
migrate to the secondary lymphoid organs, assuming a mature phenotype and the
capacity to cross-present the captured antigens, promoting the priming and the
expansion of effector T cells. Because of their immunological role and their local-
ization, myeloid DCs and Langerhans are particularly important in orchestrating the
interaction between the immune system and HNSCC. Interestingly, tobacco and
alcohol consumption, two main risk factors in HNSCC, are associated with an
increased number of oral mucosal Langerhans cells that could suggest an active role
of these cells in the initial phase of immunosurveillance [149, 150]. Indeed, their
number seems to be higher in benign lesions than in normal mucosa or in neoplastic
lesions [151]. Furthermore, their number seems to decrease with tumor grade [152],
and, in laryngeal and nasopharyngeal carcinomas, a strong infiltration of Langerhans
cells has been associated with longer disease-free survival, less locoregional recur-
rence [153], and a better prognosis [154]. Similarly, a larger number of DCs was
found to be present in nonmetastatic lymph nodes than in metastatic lymph nodes in
a series of hypopharyngeal and laryngeal carcinomas [155]. However, molecular
defects, an inability to mature, and a reduced number of circulating myeloid DCs
are found in patients with HNSCC (discussed in more detail below). The fact that
surgical removal of the tumor is sufficient to restore the number and the function of
DC [156] highlights that this reduction is due to the presence of tumor, is reversible,
and is most likely one of the mechanisms of immune escape in HNSCC patients.
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4.3 Mpyeloid Derived Suppressor Cells and Tumor-Associated
Macrophages

MDSCs have been described in patients affected by different tumors. In HNSCC,
for example, the release of GM-CSF and the tumor infiltration with CD34* MDSCs
were determined to be negative prognostic factors and were associated with an
increased rate of tumor metastasis and recurrence [157]. The increased frequency of
CD34* cells in the PBMCs was also correlated with the suppression of the anamnes-
tic responses to recall antigens, a frequent finding in HNSCC patients [158]. A more
extensive study of the peripheral blood of patients with HNSSC, breast cancer, and
non-small-cell lung cancer better characterized the phenotype of MDSCs that were
described as immature cells positive for the markers CD34, CD33, and CD13 but
negative for the myelomonocytic marker CD15. We recently confirmed these mark-
ers as associated with MDSCs in HNSCC and determined also that IL4Ra* CD33*
cells are the most immunosuppressive myeloid cell subsets in these patients
(Serafini, Weed, unpublished data). Although the murine counterpart of MDSC is
characterized by the expression of the markers CD11b and Grl, murine MDSCs
share many functional features with human MDSC (such as the expression of the
functional marker IL4Ra, the immature phenotype, and the molecular mechanisms
of immunosuppression) and have allowed the dissection of the molecular mecha-
nisms employed to restrain the immune response. These mechanisms were shown
to utilize either the metabolism of L-arginine (L-Arg) or TGF-p production to render
lymphocytes unresponsive to antigen stimulation. L-Arg is metabolized in myeloid
cells (macrophages, granulocytes, and DCs) by two enzymes: (1) nitric oxide syn-
thase (NOS), which oxidizes L-Arg in two steps that generate NO and citrulline, and
(2) arginase (ARG), which converts L-Arg into urea and L-ornithine [159, 160]. By
up-regulating Argl and consuming L-Arg in the surrounding microenvironment
MDSC inhibited re-expression of the {-chain of CD3 complex in T lymphocytes,
thereby impairing their function [161]. Alternatively, by NOS2 up-regulation,
MDSC can S-nitrosilate, on T cells, crucial cysteine residues of important signaling
proteins in the IL-2-receptor pathway including JAK1, JAK3, STATS, ERK, and
AKT [162]. S-nitrosilation makes T cells unresponsive to IL-2 inhibiting their pro-
liferation and effector function [162]. Furthermore MDSC can express both Argl
and NOS2. In these conditions MDSCs produce high quantities of peroxynitrite
[163] that can induce either apoptosis [163] or anergy [164] in activated T cells and
promote the nitration of particular chemokines affecting T cell infiltration into the
tumor [133]. This hypothesis is further confirmed by the presence of NOS [165] and
peroxynitrate metabolites [166] in the tumor bed of HNSSC patients. These obser-
vations are of clinical importance, because a reduced T cell proliferative capability
to mitogenic stimulation has been associated with a poorer outcome for patients
with HNSCC [167]. Moreover, the maturation of dendritic cells in patients with
HNSCC is impaired [168] and associated with an increase of immature CD34*
MDSC in the blood and in the tumor bed [169]. These observations are supported
by murine data in which inhibition of DC maturation correlates with MDSC
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accumulation in the blood [170]. Attempts to overcome the immune dysfunction of
patients with HNSCC have included combining in vivo immunization with autolo-
gous, irradiated HNSCC plus GM-CSF [171, 172]. Such treatments of patients with
recurrent and metastatic HNSCC disease have shown the capacity to stimulate in
vitro antitumor immune reactivity. However, in most cases the in vitro antitumoral
activities of these T cells do not translate with a tumoricidal activity in vivo. These
paradoxical results can be explained by the immunosuppressive network generated
by the tumor that prevents CTL activities in vivo. These considerations are consis-
tent with the preclinical data demonstrating that tumor-associated MDSC can
induce anergy or apoptosis in tumor-specific T cells [173—175]. Similar inhibitory
CD34* cells are also present within the cancer mass of patients with HNSCC where
they can inhibit the activity of intratumoral T cells [157, 176-178].

The pro-tumoral activity of MDSCs and TAMs is not limited to their immuno-
suppressive role. Upon activation, these leukocytes secrete matrix-remodeling pro-
teases and serine proteases that are associated with more advanced tumor grade and
metastasis [179-181]. Additionally, following IL4Ra engagement, TAMs and
MDSCs express elevated levels of the cysteine protease cathepsin B and expression
of this protease is found within macrophages at the invasive edge of pancreatic can-
cers [179-181]. Metalloproteinase (MMP) and cathepsin B secretion by TAMs and
MDSC s are partially regulated by IL-6 [182]. It is important to note that this cyto-
kine, in concert with GM-CSEF, is one of the key elements that regulate MDSC dif-
ferentiation [52] and levels of both are particularly elevated in the sera of HNSCC
[183]. In particular, GM-CSF, G-CSF, and IL-6 allowed a rapid generation of
MDSCs from precursors present in mouse and human bone marrow (BM). These
cytokines induce the activation of C/EBPf in the myeloid lineage, a transcription
factor necessary for MDSC differentiation. Genetic inactivation of this factor in the
myeloid lineage blocked MDSC differentiation and reestablished the efficacy of
antitumor immune interventions [52].

4.4 Regulatory T Cells

Tregs share the capacity to induce antigen-specific T cell tolerance and play an
important role in preventing the development of autoimmune responses [184].
The very same cells are recruited by growing tumors to protect themselves from the
immunological assault. In fact, the in vivo depletion of CD4*CD25* T cells by anti-
CD2S5 antibody (PC61), prior to tumor challenge, enhances tumor immunosurveil-
lance and induces the rejection of multiple immunogenic tumors in different mouse
strains [185]. Phenotypically, Treg cells express CD4 and CD25 and the functional
marker forkhead/winged helix transcription factor (FoxP3) [186, 187]. Functionally,
Treg cells inhibit T cell activity through their production of soluble inhibitory medi-
ators such as TGF-p and IL-10 [187, 188]. Increased levels of CD4*CD25*FoxP3*
Treg have been shown in the peripheral blood of patients with HNSCC [186] and
have been associated with poor prognosis [189-191]. Tregs localizing to tumor
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tissue in HNSCC comprise a unique subset of CD4*CD25"eh Foxp3* T cells, which
secrete IL-10 and TGF-$1 and mediate a strong suppressor function [192]. Studies
with patients with hepatocellular carcinoma showed increased levels of Treg within
tumor tissue compared with normal tissue and increased levels of TGF-f3 expression
in the peripheral blood of these patients compared with controls [193, 194]. The
presence at the tumor site of these CD4*CD25"s"FOXP3* T cells seems to be a
characteristic feature of T3/T4-stage HNSCC tumors and can be associated with a
poor prognosis [192]. Nevertheless, the extent to which Treg cells contribute to the
immune depression of patients with HNSCC is still unclear. Indeed, contradictory
reports exist on the role of Treg in patients with oral cavity carcinoma: while initial
studies associate the tumor infiltration of FOXP3* T cell with a worse prognosis
[195, 196], other reports associate the infiltration of FOXP3* T cells with a better
survival [197] or with better locoregional control of the tumor [198]. No significant
associations were found in other studies [199]. Although technical differences in the
Treg quantification (i.e., the antibody used, scoring system, number of markers)
may explain these contradictory reports, the role of biological components also
needs to be considered. Indeed, it is known that, contrary to murine Treg, human T
cells may transiently express FOXP3 upon activation [200]. In this case, FOXP3
expression is not indicative of a regulatory function but, instead, of either incom-
pletely activated effector cells [201, 202] or activated memory effector T cells [202].
Thus, although the effect of FOXP3 on activated T cells may be to down-regulate
some of their effector functions, its expression could identify two distinct subsets of
TILs with opposite effects on tumor outcome. An important breakthrough can
derive from the work of Magg et al. [203] demonstrating that activated human effec-
tor T cells express FOXP3 mainly in the cytoplasm whereas Tregs are characterized
mostly by a nuclear localization of this important transcription factor [203]. In
accordance with this observation we recently found in patients with oral tongue
SCC that the presence of CD4* cells expressing FOXP3 in the cytoplasm is associ-
ated with a favorable prognosis whereas its nuclear localization correlates with the
risk of recurrence [204].

S Immunologic Defects in HNSCC Patients

The impact of HNSCC on immune function is underscored by numerous molecu-
lar defects and alteration induced by the tumor in the immune system of the
patients. The impact of HNSCC on immune function is underscored by the reduced
number of CD3*, CD4*, and CD8* T cells (with CD3*CD4+ cell levels being more
prominently reduced in patients with active disease) in the peripheral blood [205].
Even after curative surgery these levels remain low for several years further
highlighting the profound consequences of this tumor on the immune system.
The mechanisms by which HNSCC reduce T cell number seem to be multiple
and complex. The induction of apoptosis can explain a reduction in the number of
tumor-specific T cells. Indeed, neoplastic and stromal cells can trigger different
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pro-apoptotic signaling on T cells by the engagement of FAS by FAS-L or of DR4
and 5 by TRAIL [2]. Alternatively MDSCs and TAMs were shown to promote
T cell apoptosis by different mechanisms that include nitration, deprivation of semi-
essential amino acids, or production of reactive oxygen species [83]. Nevertheless
additional mechanisms mediated by the tumor macro-environment also seem to
affect the T cells with a specificity different from the tumor. Indeed, an increase in
the ratio between the pro-apoptotic protein BAX and the anti-apoptotic factor
Bcl-2 is found in most of the CD8 T cells of HNSCC patients [34], suggesting that
apoptosis is induced in T cells regardless of the specificity. The defects associated
with T cells in HNSCC regardless of their intrinsic specificity can be also partially
explained by the changes in the cytokine macro-environment induced by the tumor.
Indeed, compared with plasma cytokine levels of age-matched controls, cytokine
levels in HNSCC patients demonstrated a shift to a Th2 bias with an increase of
IL-4,1L-6, and IL-10 and a reduction of IFN-y [69]. IFN-y, besides being extremely
important for many immunological processes (i.e., increasing antigen presenta-
tion, promotion of Th1 and CTL activity, induction of MHC class I), can inhibit the
expression of BAX in T cells upon engagement of the beta chain of its receptor
[206]. Thus, a significant and prolonged reduction of this cytokine could increase
BAX expression, promoting T cell apoptosis. Interestingly, although the number of
IL-2*CD4* and CD8* T cells seems to be reduced in HNSCC patients [207], the
serological level of IL-2 seems to be higher in this cohort of patients [69], partially
excluding a role for IL-2 deprivation in T cell apoptosis.

Besides the reduced number of T cells, intrinsic molecular defects are detectable
in the T cells of HNSCC patients. For example, lymphocytes of HNSCC patients
show a profound down-regulation of the {-chain of the CD3 complex, a low respon-
siveness to IL-2 [208], and a reduced proliferative capability to mitogenic stimula-
tion. The degree of reduction to the mitogenic stimula correlates with a poorer
outcome for patients with HNSCC [167]. Considering that both CD3 {-chain down-
regulation (by L-Arg deprivation) and IL-2 unresponsiveness (by STATS5 nitration)
are two of the mechanisms by which MDSCs control the immune response [209],
these observations can highlight the role of MDSC accumulation in the immuno-
logical defects observed in HNSCC.

HNSCC not only alters T cells but, as mentioned above, also has important
consequences on the DC and myelopoiesis. Indeed, defects in DC function are
considered a hallmark of immune system dysfunction in HNSCC [210]. For exam-
ple, the accumulation of histiocytes/DCs in the distended sinuses of lymph nodes
is a reflection of DC defects and is present in the lymph nodes of HNSCC patients.
The buildup of these cells in the nodal sinuses prevents their entry into the node
parenchyma, and maturation is, therefore, impaired, preventing optimal T cell stim-
ulation [211]. A drastic reduction of circulating DC is also observed in HNSCC:
while patients with early disease show a twofold decrease in circulating DC, patients
with advanced disease show a fourfold reduction [168]. The decreased number
of circulating DC seems to be confined to the myeloid subset, whereas the number
of lymphoid DC is not affected [156]. The reduction of DC seems to be dependent
on the release of GM-CSF and VEGF by the tumor that hijacks the physiological
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hematopoietic differentiation, promoting the accumulation of MDSCs and immature
DCs in the lymphoid organs and at the tumor site [91]. The accumulation at the
tumor site can be explained by the impaired migratory function of DC in hypoxic
conditions [212] and by the presence of extracellular adenosine that characterize
the tumor microenvironment. Under hypoxic conditions, DC not only failed to
migrate in the lymph node but also acquired the chemokine receptor profile neces-
sary for homing to the peripheral tissue. Moreover, hypoxia reduced DC matura-
tion [212] and antigen uptake capability [213]. Finally, the up-regulation of the
hypoxia-inducible factor 1a induced the expression of the adenosine receptor A2B
that, once engaged, caused the DC to drive CD4* T cells toward a Th2 phenotype
[213], a characteristic of HNSCC.

6 Immunotherapy for HNSCC

Immunotherapeutic strategies for HNSCC can be broadly categorized as antigen
specific or antigen nonspecific (Fig. 1). Antigen-nonspecific therapies are designed
to broadly enhance the immune response either by the selective addition of various
immune stimulatory cytokines or by strategies to reverse or abrogate the immuno-
suppression mediated by the tumor. Intuitively it would seem that antigen-specific
therapies would be the most powerful, and perhaps the least likely to generate sys-
temic toxicity, due to their tumor cell-specific targeting. Yet it is precisely the host’s
own failure to generate a sufficient immune response against the developing tumor
that suggests the importance of therapeutic strategies to nonspecifically enhance the
immune response against already established tumor antigens. Clinically evident
tumors have already survived the processes of immunosurveillance and immunoed-
iting to be by their nature resistant to the immune response. Overcoming this resis-
tance is essential to the success of immunotherapeutic strategies.

6.1 Antigen-Nonspecific Therapies

Antigen-nonspecific therapies may be used alone or in combination with antigen-
specific immunotherapies. For example, IL-2 is often used in conjunction with
adoptive cell transfer therapies to sustain the vitality and efficacy of transferred
CTLs. Moreover, removal of immunosuppression is thought to be extremely impor-
tant to potentiate the efficacy of antigen-specific immunotherapeutic intervention.

6.1.1 Cytokine Treatment Approaches

Cytokines have been used therapeutically either alone or in combination with che-
motherapy, with varying degrees of success. These represent some of the earliest
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immunotherapeutic strategies employed against HNSCC. Administration of IL-2 to
HNSCC patients has resulted in measurable increases in IL-2 levels, an increase in
the number of NK cells within the tumor, and an increase in the overall activity of
TIL [215, 216]. In both of these studies the cytokine was delivered locally to the
tumor by peritumoral [215] or intranodal injection or intraarterial infusion [216].
Injection of recombinant IL-2 around the cervical lymph node chain for 10 days
preoperatively in patients with T3-4, NO-3, MO SCC of the oral cavity or orophar-
ynx who subsequently underwent surgery for definitive tumor resection and radio-
therapy resulted in significant increases in disease-free and overall survival with
limited toxicity [217]. Systemic infusion of recombinant IL-2 combined with intra-
muscular or subcutaneous administration of interferon alpha resulted in an 18 %
partial response rate (2/11) with substantial associated toxicity [218]. High doses of
IL-2 may result in severe systemic toxicities (hypotension, capillary leak syndrome,
and oliguria) [215], while at low doses the therapeutic efficacy might not be reached.
Specific delivery of IL-2 at the tumor site is being explored in order to reach the
therapeutic concentration locally while maintaining tolerable concentration system-
ically. For example, ALT-801 [216], a fusion protein composed of IL-2 and a TCR
specific for the p53 (aa264-272)/HLA-A*0201 complex, is a new drug that moves
toward this direction that targets IL-2 to the tumor cells overexpressing p53. Its use,
in patients with different malignancies including head and neck cancer, seems to
suggest a higher efficacy and a lower toxicity than high doses of IL-2 [216].
Interferon alpha has been used in combination with cisplatin and 5-fluorouracil in
the treatment of advanced esophageal carcinoma (SCC and adenocarcinoma), with
an overall response rate of 55 and a response rate of 61 % with esophageal SCC.
Significant toxicities were reported [219]. Interferon gamma infused intravenously
over a 24-h period once weekly for four infusions resulted in measurable response
in three of eight patients with advanced resectable HNSCC with minimal toxicity
noted and with histopathologic changes attributed to the therapy noted at the time of
resection [220]. Intratumoral administration of recombinant IL-12 in patients with
HNSCC resulted in a significant activation of B cells and the B cell compartment,
with the presence of tumor-infiltrating B cells correlating with overall survival in 30
patients studied (irrespective of IL-12 treatment) [221]. IL-12 intratumoral admin-
istration resulted in an increase in the number of B cells and B cell proliferation in
regional lymph nodes, a measurable increase in B cell interferon gamma mRNA
expression, and a highly significant IgG subclass switch measured in plasma, indi-
cating a switch to a T helper 1 phenotype [222]. Intratumoral administration of
IL-12 resulted in increased number of CD56* NK cells in the primary tumor with no
differences seen in primary tumor infiltration by CD8* and CD4* lymphocytes, with
increased production of interferon gamma measured in CD56* NK cells and CD8*
and CD4* lymphocytes in regional lymph nodes [222]. A more recent strategy
undergoing ongoing clinical trials is to employ a cocktail of cytokines administered
subcutaneously in preoperative fashion in patients with HNSCC [223-226]. IRX-2
is a primary cell-derived biologic containing physiologic quantities of T helper type
1 cytokines and monokines. Its primary active components are IL-2, IL-1f, IFNy,
and tumor necrosis factor alpha (TNF-alpha), which are combined with zinc
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(important in the development and function of cellular immunity), indomethacin
(activates immune response and reduces immunosuppressive effects of prostaglandins),
and low-dose cyclophosphamide (enhances the cell-mediated immune response by
depleting and inhibiting immunosuppressive Tregs) as complementary methods to
enhance immune responsiveness [225]. Preliminary studies have shown increases in
CD3*, CD20*, and CD68* cells in surgical tumor specimens compared with pre-
treatment biopsies, with CD3* T cells localized to intratumoral regions. CD4* cells
were localized to peritumoral areas, while CD8* T cells were mainly intratumoral.
CD20* B cells were primarily peritumoral, with CD68* macrophages localized to
intratumoral regions [226]. The treatment was well tolerated, with CD3* lympho-
cyte infiltration in the surgical specimen having the strongest association with over-
all survival (all patients were treated without comparison control group) [225, 226].

6.1.2 Reversal of Immunosuppression

While the above-described nonspecific strategies for immune stimulation have the
potential to generate increased quantity and quality of antitumor effector cells, their
efficacy can be severely limited by tumor-mediated immunosuppression. Indeed, a
tumor-specific immune tolerance and a generalized immunosuppression are the
main immunological characteristics of HNSCC. Thus, it is not surprising that dif-
ferent anti-immunosuppressive strategies are being developed now that the multiple
mechanisms of immunosuppression in HNSCC are being delineated. These strate-
gies are designed to (1) reestablish a micro- and macro-environment favorable for
immune surveillance, (2) deplete the suppressive populations that are recruited by
the tumor, or (3) block the molecular mechanisms by which the negative regulators
of the immune response shield the tumor from immunological recognition.

In the first class of immune therapeutic intervention, the signaling by which the
HNSCC promotes the expansion of immune-modulatory cells (i.e., MDSC, Treg) is
targeted. For example, it is known that VEGF, PGE2, GM-CSF, IL-6, and other
tumor-derived factors activate aberrant intracellular pathways (i.e., IL6st, STAT3) in
the myeloid lineage, expand the pool of MDSCs, and prevent DC maturation. Thus
inhibition of these intracellular pathways can be a strategy to revert the suppressive
tumor macro-environment and restore effective immune surveillance. Sunitinib for
example is a small molecule that inhibits multiple tyrosine kinases (VEGFR-1,
VEGFR-2, VEGFR-3, PDGFR, c-kit, ret, and STAT3) and that has shown potent
effects against MDSC in both animal models and human studies [227]. Clinical
studies in advanced renal cell carcinomas have found reversal of MDSC accumula-
tion in addition to tumor cell apoptosis in sunitinib-treated patients [228]. However,
a clinical trial using sunitinib in HNSCC demonstrated important hematological
toxicities (i.e., lymphopenia, neutropenia, and thrombocytopenia) or bleeding com-
plications in many patients [229] and poor therapeutic efficacy [230, 231].
Considering the capacity of this molecule to inhibit multiple tyrosine kinases and
the fact that some of these pathways need to be transiently activated during normal
myelopoiesis and lymphopoiesis, these results are not completely surprising.
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Nevertheless positive antitumor results were obtained when sunitinib was administered
in conjunction with image-guided radiotherapy for the treatment of patients with
oligometastases [232]. Thus, despite the intrinsic toxicity (that could be significantly
reduced by a nanotargeted delivery in the future) sunitinib may yet maintain its
therapeutic promise as a component of a possible multimodal therapy or in situations
of minimal residual disease.

la,25-dihydroxyvitamin Dj; is another compound that may have important thera-
peutic potential in the treatment of HNSCC. This well-tolerated vitamin has previ-
ously been shown to induce, in vitro, the maturation of immune-suppressive CD34*
MDSC into immune-stimulatory dendritic cells [233, 234]. Further studies demon-
strate that patients treated with 1a,25-dihydroxyvitamin D; for 21 days before sur-
gery had reduced intratumoral levels of MDSCs, an increased level of mature
dendritic cells, and a higher number of effector CD4* and CD8* T cells infiltrating
the tumor and expressing the early activator marker CD69. More importantly, this
short presurgical treatment was sufficient to double the time of HNSCC recurrence
in the treated patients [235]. Interestingly, these antitumor effects of la,25-
dihydroxyvitamin D; were characterized by a profound modulation of the cytokine
concentration in the plasma and in the tumor specimen [236]. Although induction of
MDSC differentiation into immune-stimulatory DC may be one of the mechanisms
that promotes the immunomodulatory activity of 1a,25-dihydroxyvitamin D;, other
actions might be involved. Indeed, 1a,25-dihydroxyvitamin D; has been shown to
inhibit tumor angiogenesis in vivo and the production of VEGF and hypoxia factor
la in many human tumor cell lines [237]. Since both VEGF and HIFla are impli-
cated in the induction of MDSCs by the tumor, it is possible that by modulating the
transcriptome profile of neoplastic cells, la,25-dihydroxyvitamin D; deprives
tumors of those elements that allow for their escape from immune surveillance.

Another agent that has been used to reverse immune suppression in HNSCC
belongs to the class of cyclooxygenase-2 (COX2) inhibitors. As we mentioned
above, COX2 is overexpressed in the tumor microenvironment and its expression
correlates with a poor prognosis in HNSCC [65]. COX2 expression is localized
both in the neoplastic cells and in the surrounding stroma [65], and by producing
PGE?2 it is able not only to activate the suppressive phenotype in the MDSCs but
also to facilitate the differentiation of MDSCs from their hematopoietic precursors
[68]. Thus, COX2 inhibition can be seen as an important opportunity to reverse
HNSCC-induced immune suppression by blocking both MDSC differentiation and
activation (i.e., by inducing arginase 1 and iNOS [238]) at the tumor site.
Interestingly, celecoxib (a specific COX2 inhibitor) has demonstrated antitumor
activity in advanced HNSCC when used in combination with erlotinib (a specific
inhibitor of EGFR) and in combination with radiotherapy. In combination with
erlotinib, 25 % of the treated patients with unresectable recurrent locoregional and/
or distant metastatic HNSCC show a partial response and a low toxicity profile
[239]. Instead, when the same treatment was used in combination with local irradia-
tion on patients with previously irradiated HNSCC, 60 % of the patients showed
locoregional control and 37 % progression-free survival at 1 year [240]. Celecoxib
unfortunately was also found to be associated with a dose-dependent cardiovascular
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morbidity, which limited its dosage and prevented its long-term use in reversing
tumor-induced immunosuppression [241-243].

In addition to the use of drug to restrain MDSC differentiation, other strategies
have been developed targeting specifically the suppressive mechanisms by which
these cells inhibit antitumor immunity. We previously demonstrate in preclinical
models that PDES is a key protein that mediates MDSC suppression [175]. This
enzyme, by controlling the intracellular concentration of cGMP, directly controls
the expression of iNOS, IL4Ra, and arginase 1 on MDSCs [175], thereby control-
ling their suppressive action. Indeed, pharmacologic inhibition of PDES using silde-
nafil or tadalafil (FDA-approved drugs for the treatment of erectile dysfunction) was
sufficient to restrain tumor-induced immune suppression, prime a spontaneous anti-
tumor immune response, and drastically reduce tumor progression in murine mod-
els of breast and colon cancer [175]. Furthermore, in a lymphoma model of
tumor-induced tolerance, PDE5 was sufficient to restrain the MDSC-mediated
expansion of tumor-specific Treg [244]. Finally, and more importantly, when
Sildenafil was added to anti-CD3/anti-CD28-stimulated PBMCs from patients with
HNSCC and multiple myeloma, PDES blockade was sufficient to restore the other-
wise repressed T cell proliferation [244]. Based on these results two independent
clinical trials (at Johns Hopkins University and at the University of Miami) were
started in HNSCC patients to test the immune modulatory capacity of tadalafil daily
administration before surgical resection of the primary tumor. Interim analyses in
both clinical trials seem to suggest that PDES blockade lowers MDSC and Treg
concentrations in the blood and in the tumor tissue, promotes the tumor infiltration
of activated (CD69*) CD4* and CD8* T cells, and expands the systemic pool of
tumor-specific T cells. Only reversible negative side effects (back pain) have been
found in a small percentage of treated patients suggesting the possible use of PDES
inhibitors to down-modulate immune suppression in HNSCC (Weed and Serafini
unpublished observation).

It is important to remember that MDSCs are not the only mediator of immuno-
suppression in HNSCC. As described above Tregs are significantly expanded in
HNSCC patients, and this cell population is thought to play an important role in
tumor-induced T cell anergy, inhibition of DC maturation, and malignant progres-
sion [192]. Despite therapies specifically aimed at depleting or inactivating Tregs in
HNSCCs that have not yet been clinically tested (or results are still unavailable)
there is the indication that low dosage of cyclophosphamide or ifosfamide can
selectively deplete Treg in cancer patients [245]. These alkylating agents have been
shown to be effective in the treatment of HNSCC even when used as a single agent
[246]. Interestingly ifosfamide’s therapeutic efficacy was increased when it was
administered in association with cisplatin and 13-Cis retinoic acid, with a response
rate of 72 % in distant metastatic HNSCC [247]. In this study a restoration of tumor
immunity was hypothesized because of the prolonged response observed once the
chemotherapeutic regimen was terminated. In light of the new understanding that
13-Cis retinoic acid can trans-isomerize in vivo to produce all-frans-retinoic acid
(ATRA) [248] and that ATRA can force MDSC to differentiate into mature DC [249],
it is highly possible that at least part of the beneficial effect of this chemotherapeutic
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combination was due to the restoration of a correct immunological milieu by MDSC
conversion and Treg depletion. Because of the possible beneficial role that cyclo-
phosphamide-dependent Treg depletion can act in synergy with other therapies in
head and neck cancer, different trials are currently ongoing, but results are still
unavailable.

In summary, the better understanding of the cellular and molecular mechanisms
that regulate tumor immunosuppression in HNSCC and the technical advances in
drug isolation and development are offering many strategies for the immunomodu-
lation of tumor immunity. Nevertheless, many of the identified pathways are impli-
cated in normal physiological activity, and thus their inhibition may lead to
extremely serious side effects. A specific targeting using nanoparticle or other simi-
lar strategies needs to be developed in order to minimize the negative side effect and
maximize antitumor efficacy. It is important to note that despite the coexistence of
multiple suppressive pathways, the inhibition of only one is often sufficient to tilt
the balance and generate a micro- and macro-environment favorable to an effective
immune surveillance.

6.2 Antigen-Specific Approaches

Immune-specific therapeutic strategies seek to harness the natural immune response
to tumor by virtue of amplifying one or more of the effector arms of the immune
system targeting specific tumor antigens. These strategies include antibody thera-
pies, adoptive cell transfer, and various tumor vaccine approaches. The efficacy of
these approaches is likely to be substantially improved when combined with non-
specific immunotherapeutic approaches and particularly with strategies designed to
reverse tumor-induced immunosuppression. Additionally, the efficacy of combina-
tions of both antigen-specific and -nonspecific immunotherapeutic strategies with
conventional chemotherapy, radiation therapy, and surgical protocols is only begin-
ning to be elucidated.

6.2.1 Antibody Therapies

The most widely studied antibody therapy for HNSCC involves the use of antibodies
targeting the epidermal growth factor receptor (EGFR). These strategies are sum-
marized in useful reviews by De Costa and Young [250], Ferris et al. [251], and
Russell and Colevas [252]. The EGFR is overexpressed in oral premalignant and
malignant lesions [253] and is the most common tumor antigen against which anti-
body therapies are directed in HNSCC. Other antibody targets include HER2/neu
and VEGEF. Corresponding therapeutic antibodies include cetuximab (EGFR/HER1),
panitumimab (EGFR/HER/1), trastuzumab (HER2/neu), and bevacizumab (VEGF).

The tumor antigens mentioned above are cell surface molecules that have func-
tional capabilities as mediators of signaling pathways responsible for cell growth
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and endothelial cell proliferation as examples. These receptors are found on normal
cells as well as tumor, indicating that toxicity to normal tissues can occur with these
therapies. Monoclonal antibody-based therapies can therefore have a dual effect on
tumor cells bearing increased expression of these receptor antigens. The signaling
pathway initiated by the receptor may be inhibited by antibody blockade, typically
a preferred outcome for these tumors. Additionally, cell-mediated cytotoxicity may
be initiated by the monoclonal antibody bound to the tumor antigen resulting in tumor
cell death. Fortunately treatment with these antibodies does not typically result in
severe allergic reactions or systemic toxicity [251]. Treatment with these antibodies
alone can result in limited responses, even in advanced pretreated disease [254].
Their efficacy is typically increased in combination with chemotherapy and radia-
tion therapy.

The clinical success of cetuximab has been demonstrated in single agent and
combinational phase I studies, showing both good patient tolerance and clinical
efficacy [255-257]. The most common side effect of treatment is an acneiform rash.
A phase III trial of 424 HNSCC patients randomized to radiation alone or cetux-
imab and radiation resulted in an increase in locoregional control in the cetuximab
group (24.4 months vs. 14.9 months, p=0.005) [258]. This study, and its relatively
limited toxicity, resulted in FDA approval of cetuximab for use in combination with
radiation therapy for locally advanced HNSCC in 2006. The longer term follow-up
of this trial still showed efficacy of the cetuximab-treated patients, with 45.6 % vs.
36.4 % overall 5-year survival and the notable observation that improved overall
survival was seen in patients experiencing at least a grade 2 acneiform rash during
treatment [259]. Studies combining cetuximab with both chemotherapy and radia-
tion therapy have noted considerably greater toxicities that become therapy limit-
ing, making demonstration of efficacy difficult over standard platinum-based
chemo-radiation strategies [252, 260, 261]. Studies comparing the efficacy of cetux-
imab combined with radiation therapy vs. cisplatin-based chemoradiation therapy
are ongoing [252].

The mechanism of action of monoclonal antibody blockade leading to tumor
response and death is likely twofold, as mentioned above. Blockade of signal trans-
duction alone is not likely to yield the clinical benefits described above, with an
immunologic mediated cell death being an important component of the success of
monoclonal antibody-based therapies as well as a key contributor to the variable
responses seen with such therapies [251, 262-264]. In cell culture tumor cell apop-
tosis does not occur with treatment by monoclonal antibody alone but only when
lymphocytes are added to the culture system [251, 265]. Clinical response can be
correlated in patients with polymorphisms of monoclonal antibody-binding recep-
tors on NK cells, monocytes, and granulocytes that are known to have lytic activity
[251]. Interestingly, the level of EGFR expression, activation, or gene amplification
does not correlate with clinical response to monoclonal antibody therapy. This find-
ing suggests that factors other than blockade of signal transduction contribute to the
observed clinical effect [251, 266]. Possible explanations for the variability of
response are many. The monoclonal antibody isotype subclass plays an important
role in the extent of cell-dependent lysis of the target cell. [gG1 and IgG3 subclasses
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are more efficient than IgG2 and IgG4 subclasses at mediating lysis of target cells
[251,267, 268]. This is clinically relevant as cetuximab is an IgG1 isotype, whereas
panitumimab, another monoclonal antibody targeting the EGFR, is an IgG2 isotype
and is predicted to have a lower ability to induce cellular immune reactions [251,
265, 269]. Complement-dependent cytotoxicity can be seen with IgG1 isotype
monoclonal antibodies, but this mechanism of cell death occurs rapidly and is not
consistent with the observed clinical responses seen in cetuximab therapy in HNSCC
where tumor shrinkage is noted over weeks. This is also inconsistent with an NK
cell-mediated cell death, which should occur over a matter of hours, and is more
indicative of a T-lymphocyte-mediated lytic effect [251]. Another factor which may
influence clinical response to monoclonal antibody-based therapies includes Fc
gamma R polymorphisms, particularly as this relates to the role of NK cell-mediated
cytotoxicity, although clinical relevance of such polymorphisms is not well eluci-
dated [251, 267]. It is also possible that an initial antibody-mediated neoplastic cell
death and macrophage infiltration result in the release of tumor antigens and increase
cross-priming that allows the generation of an adaptive immune response that pro-
motes tumor regression.

Taken together, data regarding antibody-based immunotherapies for HNSCC
have clearly demonstrated the greatest clinical efficacy and certainly the most wide-
spread use in clinical practice today. The complexity of interactions that occur at the
cellular level with such strategies likely explains the variable responses seen and the
lack of clear correlation with antigen (receptor) levels and treatment response. This
complexity also argues for further investigation of treatment strategies designed to
exploit the immunologic effects of monoclonal antibody-based therapies, in the
form of either combined strategies to reverse immunosuppression or perhaps adop-
tive T cell therapies that may ultimately further strengthen the already established
clinical efficacy of these treatments [270].

6.2.2 Adoptive Cell Transfer

Adoptive cell transfer is a therapeutic strategy designed to provide a primed antigen-
specific population of effector cells that can result in cell-mediated tumor cytotoxic-
ity. Studies utilizing this method are few, in part due to the technically challenging
and cumbersome nature of the therapies. One such trial [171] involved a study of 17
patients with recurrent and metastatic HNSCC who were vaccinated in the thigh
with irradiated autologous tumor cells admixed with GM-CSF followed by three
additional daily injections of GM-CSF at the vaccination site. Eight to ten days later
inguinal lymph nodes draining the vaccine site were resected, and lymphocytes har-
vested from these nodes were activated with staphylococcal enterotoxin A and
expanded in IL-2 in vitro. The cultured cells were then infused back into the patients
peripherally as outpatients. 15 patients were successfully infused (2 showed insuf-
ficient vaccine response), with the toxic effects of infusion limited to grade 2 reac-
tions in 3 of 16 total treatments. The infused cells were predominately CD3*, a
mixture of CD4* and CDS8* cells. Three patients showed disease stabilization where
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progression had been evident pre-treatment, with two patients described as having a
favorable clinical course [171].

Another adoptive cell strategy [271] was employed utilizing the antibody catu-
maxomab that binds epithelial cell adhesion molecule (EpCAM) with one arm and
CD3* T cells with its other arm. Peripheral blood mononuclear cells (PBMC) of
four patients were collected by leukopheresis, then incubated ex vivo with catumax-
omab for 24 h, and cleared and released from cytokines. Each patient received an
escalated dose of the opsonized PBMC intravenously at bi-weekly intervals. The
opsonized PBMC released significant amounts of IFN-y and TNF-« in vitro, which
was removed prior to administration. Catumaxomab up-regulated CD25, CD69, and
CD83 on PBMC, and catumaxomab-loaded PBMC released IFN-y and granzyme B
when coincubated with EpCAM(*)BHY cells. This suggested cell activation and
target-directed biological activity. Adverse events were significant at higher doses,
but lower doses were well tolerated and one patient showed stable disease at
6 months and one in complete remission at 27 months [271].

A recent study evaluated a bimodal ex vivo expansion method to harvest tumor-
specific T cells [272]. TIL bulk cultures were established from primary and recurrent
HNSCC in high-dose IL-2. Next selected bulk cultures were rapidly expanded using
anti-CD3 antibody, feeder cells, and high-dose IL-2. T cell subsets were phenotypi-
cally characterized using flow cytometry. Interferon gamma detection by Elispot and
3ICr release assay was used to determine the specificity and functional capacity of
selected TIL pre- and post-rapid expansion. Bulk TIL cultures were expanded in
80 % of the patients included with tumor specificity demonstrated in 60 %. Rapid
expansions generated up to 3,500-fold expansion of selected TIL cultures within 17
days. The cultures consisted primarily of T-effector memory cells, with varying
distributions of CD8" and CD4* subtypes. TCR clonotype mapping demonstrated
oligoclonal expanded cultures with 10-30 T cell clonotypes. The TIL from large-
scale rapid expansions maintained both functional capacity and contained tumor-
specific T cells. This study provides the basis for future clinical trials utilizing this
method of ex vivo T cell expansion in adoptive cell transfers in HNSCC [272].

Nevertheless adoptive cell transfer strategies are limited by the need to isolate
and expand antitumor reactive lymphocytes that preexist in the patient and often are
anergic to the in vitro restimulation [273]. Gene modification of T lymphocytes
[217, 225] may overcome the requirement for preexisting tumor-specific immunity.
With this strategy, PBMCs from patients are retrovirally transduced with TCR spe-
cific for the tumor, thus conferring them with additional specificity for the neoplas-
tic cells before reinfusion. Additional genes that protect the lymphocytes from the
tumor-suppressive mechanisms can also be added, making this strategy extremely
interesting [220]. As a proof of concept for the therapy, PBMCs from melanoma
patients were retrovirally transfected with high-affinity TCR specific for p53—HLA-
A2 complex and, as anticipated, were shown to be able to recognize different
p53-expressing human tumor cell lines [274]. Considering the importance that p53
antigen plays in HNSCC and that this strategy is already being tested in other malig-
nancies, the use of TCR-transduced PBMCs could be rapidly tested in P53* head
and neck cancer.
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Besides the transfer of CTL, the antitumor efficacy of adoptively transferred
effector Va24 NKT cells has been tested in HNSCC [275]. Since NKT cells have an
antitumor effect, Yamasaki et al. evaluated the safety and therapeutic efficacy of ex
vivo-expanded NKT cells adoptively transferred to ten locally recurrent and opera-
ble HNSCC patients. One course of nasal submucosal administration of aGalCer-
pulsed APCs and intra-arterial infusion of activated NKT cells via tumor-feeding
arteries was given before salvage surgery. Five patients achieved objective tumor
regression. The number of NKT cells increased in cancer tissues in seven cases and
was associated with tumor regression [275].

Adoptive cell transfer of HNSCC-reactive cells seems to be a promising thera-
peutic option that could be used in association with anti-immunosuppressive strate-
gies and/or with other standard therapeutic options.

6.2.3 Antitumor Vaccines

The intrinsic genetic instability and the particular etiology of HNSCC result in the
expression of both unique and shared TAA by the malignant cells. These differences
provide an important therapeutic opportunity to educate the immune system to rec-
ognize and destroy the neoplastic cells while preserving the normal tissues. TAA are
presented as epitope by the MHC of the cancerous and precancerous cells, allowing
their identification by the cytotoxic T cells. Many HNSCC-associated antigens have
been identified and characterized, and vaccine strategies aimed to mount an immune
response against these antigens are being developed. For example, 71 % of HNSCC
express antigens from at least one of the six melanoma antigen genes (MAGE) [142,
276-278]. Additionally, NY-ESO-1, a testis-specific antigen, is highly expressed in
HNSCC [279]. Moreover, mutations of normal protein (i.e., p5S3) are extremely
common in HNSCC because they contribute to the malignant phenotype, and these
give rise to tumor-specific antigens [62]. Finally, because of the changes in HNSCC
epidemiology, the HPV-associated antigens E6 and E7 can be used as epitopes to
target the immune response against the tumor [280].

Different strategies (described elsewhere in this book) can be used to promote an
immune response against the tumor; however, the clinical evaluation of these strate-
gies in HNSCC remains in its infancy, with few clinical studies available.
Nevertheless several lines of evidence make the development of HNSCC-specific
vaccines extremely appealing. For example, p53-specific CTL can be expanded in
patients with HNSCC [281]. By using autologous DC pulsed with the HLA-A2.1-
restricted wt p53204+272 CTL-specific clones could be expanded in vitro and detected
in vivo from the PBMCs of many HNSCC patients. Interestingly, while p53-specific
T cells could be expanded and detected in vivo from the group of patients whose
tumors express low levels of p53, the group of patients whose tumor expresses high
levels of p53 showed fewer circulating P53-specific CTLs that only rarely could be
expanded in vitro [281]. These data are in line with the hypothesis that immune
selection and immune editing might have intervened in the first group selecting
those neoplastic clones with a lower p53 expression but also indicate that it might
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be difficult to raise an immune response in patients in whom immune surveillance
has already failed. Nevertheless, in these cases different strategies might be adopted:
more immunogenic modified epitope might be used for the immunization or the
immunogen can be given with an adequate adjuvant such as on DC co-pulsed with
adjuvant helper peptides. Indeed, more immunogenic variants of the p5322"2 are
able to rescue the expansion even from the PBMCs of patients with high p53-
expressing tumor [282]. Furthermore, an appreciable immune response was
observed when autologous DC pulsed with the p53 peptide and a tetanus-derived
helper peptide were given as a vaccine in stage I-IVa patients (pts) with HNSCC
with no active disease [266]. Vaccination was well tolerated by all HNSCC patients.
Increased p53-specific T cells were seen in 11/16 patients (69 %) with positive
IFN-y secretion in 4/16 patients (25 %). Frequencies and absolute number of Treg
were significantly decreased after vaccination (p=0.006). Disease-free survival
(85 %) at 24 months of follow-up appeared to be favorable as compared to historical
unvaccinated HNSCC patients [283].

6.3 HPYV as a Potential Immunological Target

With the recognition of the important role of HPV infection in HNSCC tumorigen-
esis, particularly in nonsmokers, this expanding subset of patients is a particularly
attractive patient population in which to study novel vaccine strategies. One reason
for this is that the HPV is an immunoreactive target for which a vaccine has already
been established and currently approved for prophylactic use [272]. One strategy
for vaccine therapy in HNSCC, therefore, is a preventive one. Vaccination of not
just girls but also boys should result in more than an additive effect in the long-term
prevention of HPV-related malignancies given that HPV-related malignancies are
sexually transmitted diseases [284]. Vaccination programs targeting both boys and
girls will likely result in a significant reduction in the overall incidence of HPV-
related HNSCC in the future. Nevertheless therapeutic HPV vaccines are also being
developed. These vaccines are being designed to target not the HPV capside anti-
gens L1 and L2, that are not expressed once the virus is integrated, but rather E6 and
E7 that are constitutively expressed in all levels of epithelium and that are critical
for the maintenance of malignant transformation in HPV-infected cells by inactivat-
ing the tumor-suppressor protein p53 and retinoblastoma (RB) [280]. Different
methods of immunization are currently being tested in cervical and head and neck
cancer. These vaccines include the use of HPV-EG6 peptides, live attenuated listeria
monocytogenes bacteria carrying E7 fusion protein, vaccinia-based vaccines, naked
DNA vaccines, and DC-based vaccines. Live attenuated listeria monocytogenes
bacteria encoding E6 and E7 vaccines (ADXS11-001) are a relatively new and
interesting method of immunization that takes advantage of capacity of listeria
monocytogenes to both stimulate the innate immunity and, by naturally infecting the
antigen-presenting cells, to promote DC antigen cross-presentation activating both
CD4* and CD8* T cells [285]. Preclinical data demonstrate that ADXS11-001
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vaccine induces the regression of established tumors, by reducing the suppressive
activity of Treg and MDSCs at the tumor site, by promoting the chemotaxis
and maturation of dendritic cells, and by generating memory effector T cells [286].
An initial phase I clinical trial was performed in a population of refractory cervical
cancer patients in which no therapy had been shown to extend survival [287].
Despite the presence of a transient adverse flu-like effect in 100 % of the patients,
73 % of the patients had a performance status ECOG 24, 1-year survival increased
to 53 % from the historical 5 %, and a significant reduction of tumor size was appre-
ciated in 33 % of the patients [287]. Considering that listeria monocytogenes can
be killed by the use of antibiotics, this strategy is extremely promising for the treat-
ment of HPV* HNSCC. Based on these and other results, a clinical trial started in
the UK in which patients with HPV16* oropharyngeal SCC are being treated with
three different doses of ADXS11-001 in addition to the current chemo-, radio-, and/
or surgical treatment (T.M. Jones, Liverpool CR-UK Centre, personal communica-
tion). Results of this ongoing trial are still unavailable.

Another strategy being explored for inducing a strong immune response against
HPYV epitope is the use of “Trojan” peptides. Trojan peptide-based vaccines contain
a penetrin peptide sequence derived from HIV-TAT which allows the entire peptide
to translocate through the cell membrane and penetrate directly into the endoplas-
matic reticulum and the Golgi apparatus. There, they can form peptide-HLA com-
plexes without the need of proteosomal processing and TAP transportation. This
strategy has been used to vaccinate patients with advanced HNSCC against the TAA
MAGE 3 and HPV-16 [288]. In particular the penetrin peptide was fused via furin
cleavable linker to MAGE and HPV-16-derived HLA-I- and HLA-II-restricted pep-
tides. Following four immunizations with GM-CSF and Montanide ISA 51 as adju-
vant, systemic immune response against the Trojan and the HLA-II-restricted
peptides were measurable in most patients whereas the CD8-mediated responses
were less pronounced [288]. Interestingly, analysis of the tumor specimen of one
patient that underwent surgical resection of the malignancy after treatment revealed
great infiltration of MAGE-specific CD4* and CD8* T cells (absent in the pretreat-
ment biopsies) and large areas of apoptotic tumor cells [288]. Although this was
only a proof-of-concept pilot study, the obtained data strengthen the enthusiasm for
the development of tumor vaccines in HNSCC.

6.4 Whole Tumor Vaccines in HNSCC

Since the use of a small number of epitopes in a vaccine formulation can result in
further immune editing and relevant antigen lost from tumor, other vaccination
methods include the use of the whole tumor with the rationale to target the whole
repertoire of tumor antigens. As mentioned above, patients have been vaccinated
with autologous irradiated tumor cells and then received adoptive transfer of in
vitro-expanded CD4* and CD8* lymphocytes harvested from lymph nodes draining
the vaccination site [171]. This strategy achieved a limited clinical response while
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being well tolerated and is an example of one way in which two separate but related
types of cellular immunotherapies can be combined in an effort to achieve greater
efficacy with appropriate toxicity profile [171]. Another example of a vaccine strat-
egy that utilized autologous tumor cells involved modification of autologous tumor
cells harvested at the time of tumor resection with Newcastle disease virus [271].
The treated patients were divided into groups receiving IL-2 alone or IL-2 com-
bined with vaccination with virus-modified autologous tumor. The vaccinated group
showed increased levels of tumor-reactive T cells, enhanced antitumor delayed-type
hypersensitivity responses, and a prolonged long-term survival that was associated
with an increase in immune reactivity [271]. Finally, another strategy exploited to
prime an HNSCC-specific immune response is based on the use of oncolytic virus
encoding for immune-stimulatory cytokines. Indeed, oncolytic virus therapy is a
promising approach to cancer treatment, particularly for the locoregional control of
solid tumors. The rationale for the use of these viruses is that they selectively repli-
cate in tumor in a way that tumor cells are killed by lytic virus replication while
normal cells are spared. Thus, having the virus encoding immune-stimulatory cyto-
kines such as GM-CSF, the tumor mass is reduced not only by the direct viral effect
but also by the release of tumor antigens in an immune-stimulatory environment,
inducing a tumor-specific immune response that protects the host from local and
distant recurrence.

One of the first examples reported in HNSCC was a phase I clinical trial using an
oncolytic herpes simplex virus expressing GM-CSF [289]. In this clinical trial, the
virus was injected intratumorally in patients with head and neck cancer, breast can-
cer, and malignant melanoma that had failed previous therapies. The virus was gen-
erally well tolerated with local inflammation, erythema, and febrile responses being
the main side effects. Nineteen of 26 patient posttreatment biopsies contained resid-
ual tumor, of which 14 showed tumor necrosis, which in some cases was extensive,
or apoptosis. The overall responses to treatment were that three patients had stable
disease, six patients had tumors flattened, and four patients showed inflammation of
un-injected as well as the injected tumor, which, in nearly all cases, became inflamed
[289]. Interestingly, in some patients both injected and un-injected lesions became
inflamed and flattened over time suggesting that either the virus spread to distant
metastases or an important immune response was generated. Additional studies
were performed in patients with stage III/IVA/IVB HNSCC in conjunction with
chemoradiotherapy (cisplatin plus 70 Gy/35 fractions) and underwent neck dissec-
tion 6-10 weeks later. 82.3 % of the patients showed tumor response by Response
Evaluation Criteria in Solid Tumors, and pathologic complete remission was con-
firmed in 93 % of patients at neck dissection. HSV was detected in injected and
adjacent un-injected tumors at levels higher than the input dose, indicating viral
replication. All patients were seropositive at the end of the treatment. No patient
developed locoregional recurrence, and disease-specific survival was 82.4 % at a
median follow-up of 29 months [290]. Although an extensive analysis of tumor
immunity in head and neck cancer patients treated with oncoviral vector has not yet
been performed, similar studies performed in melanoma as well as preclinical stud-
ies indicate that the therapeutic potential of oncolytic virus is linked to both innate
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and adaptive immunity [291]. Indeed, in melanoma patients, regression of untreated
lesions has been reported after treatment with oncolytic GM-CSF-encoding virus
[291, 292]. In a murine model, tumor-bearing mice treated and cured are resistant
to subsequent challenge with the same but not an unrelated tumor [292]. In summary,
significant progress is being made in promoting an HNSCC-specific antitumor
immunity using a variety of strategies in currently ongoing clinical trials.

7 Conclusion

The promise of immunotherapy in HNSCC remains elusive, yet its realization is
closer now than ever. Advances in our understanding of the complex interactions of
head and neck squamous cell carcinomas and the immune system have led to inno-
vative immunotherapeutic approaches tested in both preclinical and clinical settings.
It is increasingly apparent that efforts to stimulate an effective immune response
must be coupled with strategies to abrogate the immune-suppressive environment
characteristic of these tumors. Preclinical studies and clinical trials have yielded
very promising results and provide the foundation for further refinements in a broad
variety of immunotherapeutic strategies targeting all components of the immune
system. Combining such approaches with the established treatment options of surgi-
cal resection, radiotherapy, and chemotherapy may ultimately yield substantive
improvements in overall survival that to date have been lacking. Novel combinations
of immunotherapies with traditional therapies may further reduce both disease-
related and treatment-related morbidities for this debilitating and deadly disease.
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T Cell Co-regulatory Signals and Their Role in
Cancer Therapy

Eitan R. Friedman, Lynn Feun, Pasquale Benedetto,
and Joseph D. Rosenblatt

Abstract T cell activation is initiated by signaling through the TCR after binding
to MHC-presented antigen. Both positive and negative co-regulatory signaling can
modify this original activating signal. T cell co-regulation is provided by receptors
on the T cell surface membrane. Inhibitory signals are provided by CTLA4 or PD-1,
while co-stimulation is provided by CD28, 4-1BB, OX40, or GITR. These signals
are being studied in the laboratory and at the clinical level in order to therapeutically
modulate T cell responses to tumor cells. T cells can recognize tumor antigens in the
same way that these immune cells recognize bacteria, viral antigens, and other for-
eign peptides. If appropriately activated by the tumor antigen, the immune system
can mediate an antitumor gene response. Unfortunately, immune cells with antitu-
mor specificity are not present in abundance and are often inhibited by tumor
expression of CTLA4 or PD-1 ligands. Thus manipulation of co-regulatory signals
can be used as a strategy by which to strengthen the immune response, via augmen-
tation of T cell co-stimulation and/or blockade of inhibitory signals, in order to
effectively treat cancer. In this chapter we review the basic principles and science as
well as the ongoing clinical efforts in this area that have had recent success and offer
additional promise.

1 Normal Biology of T Cell Activation and Checkpoint
Signaling

T cells have long been a focus of translational oncology research, for in addition
to their ability to dispose of foreign viruses, bacteria, and infected tissues, they
may possess the ability to recognize cancer cells. Cell-mediated immunity may be
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mediated by cytotoxic, CD8+ effector T lymphocytes, which recognize and kill
cells expressing targeted antigens, and by CD4+ helper T cells that can facilitate
CD8 T cell activation and induce B cells to mature into antibody-producing
plasma cells [1].

The mounting of an immune response by the adaptive immune system involves
coordination between several different cell types. This process begins in a lymph
node where an antigen-presenting cell (APC), having phagocytized foreign antigen
and processed it into smaller peptides intracellularly, presents it on its surface via
the major histocompatibility complex (MHC) to a T cell for antigen sampling.
CD4 T cells include TH1 cells which amongst their activities secrete cytokines
such as interferon y that activate macrophages and TH2 cells which generally
secrete cytokines such as IL-4 to activate the B cells to produce antigen-specific
antibodies. Alternatively, a virally infected somatic cell may directly present pep-
tide antigen through MHC-I present on the cell surface. The T cell receptor (TCR),
together with CD4 or CDS co-receptors, recognizes cognate antigen presented on
the MHC by the APC. A cognate antigen is an antigen recognized by both the
T cell via the TCR complex and the APC or the somatic cell via the MHC complex.
This provides the first step towards T cell activation, initiating a signaling cascade
within the T cell known as signal 1, causing a naive T cell, which has never been
exposed to antigen, to become primed. However, to become an armed effector
T cell and to allow its subsequent expansion, the T cell also requires a second sig-
nal. The requisite co-regulatory ligands are provided as surface molecules by the
same APC presenting the MHC-bound antigen to the TCR. When cognate recep-
tors are bound by these co-stimulatory ligands, positive signals are imparted to the
activated T cell as signal 2.

In addition to these activating, co-stimulatory signals, other co-regulatory signals
may dampen the T cell response [1]. Such inhibitory signals provided to the T cell
are known as immune checkpoints, as they limit the extent to which an immune
response is strengthened and prevent hyperactivity and autoimmunity. Examples of
co-inhibitory receptors present on T lymphocytes include CTLA4 and PD-1, and
examples of co-stimulatory receptors include CD28, 4-1BB, 0X40, and GITR
(Fig. 1).

Several of these immune checkpoints are being studied in the laboratory and in
the clinical setting as potential targets of immunotherapy, with promising results.
Cancer cells express tumor-specific antigens due to mutations that occur in their
genome and due to epigenetic changes that alter normal expression of genes, which
can theoretically be recognized and targeted by the immune system. Recent studies
have shown that targeting T cell co-regulatory signals can slow, halt, or even
reverse cancer growth. The hypothesis underlying these efforts is that blocking
immune checkpoint inhibitory signals or strengthening T cell co-stimulatory sig-
nals with biologic therapeutics will strengthen the immune system’s response
against tumor antigens. In point of fact, the cancer cells themselves often express
T cell inhibitory ligands on their surface that weaken the immune response [2].
Hence, efforts have been directed at blocking inhibitory signals in order to
strengthen effector responses.
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Fig. 1 APC and T cell with their ligands and bound co-regulatory receptors. The ligands on the
APC bind to the T cell co-regulatory receptors and can alter the signaling of these receptors.
CTLA4 and PD-1 are inhibitory receptors, and positive signals are sent from 4-1BB, OX40, GITR,
and CD28

2 CTLA4 and CD28

CTLAA4 is one of the better studied and well-defined inhibitory immune checkpoint
receptors. It is a member of the immunoglobulin superfamily, and its gene is located
on chromosome 2q33. CTLA4 is expressed on the surface membrane of activated
T cells and counters the stimulatory effect of the CD28 receptor, which is another
member of the immunoglobulin superfamily and is present on naive CD4 and most
naive CD8 T cells [3]. The CD28 gene is also found on chromosome 2q33, and its
protein on the T cell surface membrane binds to its ligands B7.1 (CD80) or B7.2
(CD86) expressed on APCs. The resulting co-stimulatory signals induce T cells to
proliferate and differentiate into effector and memory T cells. However, once acti-
vated the T cells up-regulate the expression of CTLA4, providing negative feedback
to dampen the T cell activation signals [1]. CTLA4 is an alternate receptor for B7,
and its amino acid sequence is very similar to that of CD28. In fact, B7 binds CTLA4
with an affinity 20 times stronger than CD28. Once bound, CTLA4 signal transduc-
tion activates inhibitory phosphatases, including SHP2 and PP2A, which counter
the stimulatory kinase signaling of the B7:CD28 interaction. CTLA4 signaling has
an inhibitory effect on CDS effectors, preventing their cytotoxic effects, and on CD4
helper T cells, preventing these cells from activating B cells. In contrast, CTLA4
activation has been found to have a stimulatory effect on T regulatory cells (Tregs)
where it is expressed constitutively, as its signaling causes increased immunosup-
pressive Treg activity. The mechanism of Treg stimulation by CTLA4 signaling is
not known. The normal role of CTLA4 is to keep the immune system from becom-
ing over-activated by preventing the uncontrolled activation of naive T cells, and
CTLAA4 knockout mice develop fatal T cell hyperactivity and autoimmunity [2].
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CTLA4 has been well studied in the laboratory in preclinical studies. Partial
blockade of the CTLA4 receptor with antibodies in mice has demonstrated signifi-
cant antitumor activity. Researchers predicted that antibody blockade of the CTLA4
receptor would cause increased immune activity and autoimmunity [2]. However,
although CTLA4 knockout is lethal in mice, anti-CTLA4 antibodies are better toler-
ated as they only partially inhibit CTLA4 activity and can be employed following
the development of a normal T cell repertoire. Notably, such partial blockade is
sufficient for an inhibitory effect on tumor growth [4]. Studies have been done
showing no effect on melanoma tumors in mice treated with CTLA4 antibody alone;
however, when treated with antibody in addition to a GM-CSF-expressing tumor
vaccine, inhibition was observed in 80 % of mice. GM-CSF vaccines consist of
cancer cells that secrete GM-CSF, which causes migration and accumulation of
APCs at the injection site, allowing increased antigen presentation and thus
increased activation of the T cell immune response [5]. In addition, there was rejec-
tion of the melanoma following rechallenge, suggesting the establishment of immu-
nological memory.

B7 and CD28 have also been the focus of research efforts. T cells in the tumor
microenvironment become anergic secondary to receiving signaling through only
the TCR:MHC complex as the co-stimulatory ligands B7.1 and B7.2 are not present
on the tumor cells and receipt of signal 1 in the absence of signal 2 induces T cell
anergy. In preclinical experiments B7 was shown to be important when its exoge-
nous expression in tumor cells induced a CD8 T cell response allowing for tumor
rejection. These experiments were performed in several different tumor models, and
rejection was seen primarily with relatively immunogenic tumors [6].

Anti-CD28 agonistic antibodies have been used to expand T cell populations.
These antibodies allow for T cell proliferation, survival, and cytokine secretion. In
preclinical experiments in which humanized anti-CD28 antibodies were injected
into monkeys, peripheral T cells were activated, with secretion of low levels of pro-
inflammatory cytokines. However, in a phase I clinical trial with a super-agonist
humanized antibody TGN1412, CD28 resulted in severe cytokine storm which was
life threatening for many patients [7]. Subsequent efforts have largely involved use
of anti-CD28 antibodies for purposes of ex-vivo T cell expansion.

3 PD-1

PD-1 is another immune checkpoint inhibitory receptor on the T cell surface mem-
brane. The PD-1 receptor is a 50-55 kDa transmembrane glycoprotein receptor of
the immunoglobulin superfamily. The ligands for PD-1 are PDL1, also referred to
as B7-H1 or CD274, and PDL2, also referred to as B7-DC or CD273. These ligands
are up-regulated on APCs during the inflammatory response. PDL1 is up-regulated
in response to interferon y and is expressed on hematopoietic, endothelial, and epi-
thelial cells. PDL2 is expressed on macrophages and dendritic cells in response to
IL-4 and other cytokines. The PD-1 receptor is expressed on B cells, NK T cells,
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and Tregs. PD-1 limits autoimmunity and the T cell response during inflammation
and primarily inhibits activated effector T cells. PD-1 dampens the T cell response
in the peripheral tissues during inflammation, and it also limits the immune response
to prevent autoimmunity. Since its ligands are expressed on peripheral surrounding
tissues, these areas are protected from inflammation spreading to areas outside the
main focus of inflammation [8]. PD-1 also plays a role in induction of T cell anergy
and tolerance [9]. Its expression is increased following T cell activation. Binding of
PDL1 or PDL2 to PD-1 results in activation of the inhibitory phosphatase SHP2
and decreased TCR signaling. B7.1 (CD80) on the T cell has also been shown to
bind PDL1, sending additional inhibitory signals into the T cell [2]. PD-1 knockout
mice also develop significant autoimmunity suggesting that, as with CTLA4, PD-1
prevents the immune system from becoming overactive [8]. Other studies in mice
infected with lymphocytic choriomeningitis virus have shown that CD8 T cells in a
chronic infectious setting become “exhausted” and less active and that antibody
blockade of PD-1 restores the CD8 T cell function and reverses such exhaustion
[10]. PD-1 has also been shown to deplete memory B cells, as shown in experi-
ments in which rhesus macaques infected with the SIV virus had rapid depletion of
memory B cells that specifically expressed PD-1. The researchers then blocked
PD-1 using antibodies in vitro, which prevented the depletion of the memory B
cells. Inhibiting PD-1 using antibodies in macaques resulted in increased humoral
immunity, presumed to be due to increased survival of memory B cells [11]. PDL1
has also been shown to promote Treg inhibitory functions, as PDL1-coated beads
promote Treg proliferation in vitro and Tregs are significantly reduced in number in
dual PDL1~-/PDL27~ double-knockout mice [12].

Malignant tumors often contain tumor-infiltrating CD8 and Treg lymphocytes
that express PD-1, and tumor cells at times express PDL1 or PDL2 leading to T cell
anergy. In malignant cells, PDL1 expression increases when the PTEN tumor-
suppressor gene is deactivated or when the cells are exposed to interferon y. Tumor
expression of inhibitory T cell checkpoint ligands is an example of the tumor co-
opting natural immune functions to protect against immune attack and induce toler-
ance. Inhibiting PD-1 signaling therefore has the potential to increase immunity
against cancer [2].

There have been several preclinical mouse studies showing that antibody block-
ade of the PD-1 receptor or its ligand inhibits tumor growth. Anti-PDL1 antibodies
were administered to mice with myeloma and inhibited cancer cell growth tran-
siently; however, in mice deficient for PD-1, tumor growth was inhibited completely
without the addition of anti-PDL1 antibodies [13]. Mice lacking PD-1, PDLI, or
PDL2 survive, unlike CTLA4 knockout mice, suggesting that there would be less
toxicity associated with its blockade in humans, and this appears to be true in human
trials [2]. When over-expressed in mouse tumors, PDL1 promotes tumor-reactive T
cell apoptosis and tumor cell proliferation. It has also been shown that human can-
cers such as lung, ovary, colon, and melanoma express increased PDL1 relative to
their normal cell counterparts [14]. Therefore, PD-1 inhibition appears to be a via-
ble strategy by which to augment antitumor response.
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4 4-1BB/CD137

Positive, co-stimulatory regulators have also been shown to have potential as
therapeutic targets. One such example is 4-1BB, also known as CD137, a 27 kDa
member of the TNF receptor superfamily. 4-1BB signaling stimulates survival and
proliferation signals and inhibits apoptosis. 4-1BB ligand activates 4-1BB. While
CD28 co-stimulation causes expansion of CD4 T cells, CD8 T cells are activated
preferentially by 4-1BB. In particular, beads linked to anti-CD28 stimulate CD4 but
not CD8 T cells to expand in vitro, while the converse is seen with beads linked to
anti-4-1BB antibodies. Prior to activation only a small proportion of resting naive
and memory CDS8 T cells express 4-1BB. Furthermore it was found that 4-1BB
signaling stimulated the growth and survival of CD8 memory cells while CD28
signaling allowed for proliferation of naive CD8 cells. This suggests that temporally
in CD8 T cell activation, CD28 signaling occurs first, which then leads to up-
regulation of 4-1BB, allowing 4-1BB signaling which can then strengthen the posi-
tive co-stimulation. Potentially, 4-1BB signaling can be utilized to specifically
increase antigen-specific memory CD8 T cells which can then be utilized in adop-
tive cell transfer to specifically allow proliferation of antigen-specific CD8 T cells
[15]. 4-1BB, although mainly expressed on the surface of CD8 T cells, can also be
found on CD4, NK, dendritic, and Treg cells. 4-1BB ligand also stimulates release
of IL-12 and IL-8 by dendritic cells and macrophages [16].

Preclinical experiments studying 4-1BB show that the immune response is
strengthened through increased 4-1BB signaling. 4-1BB can be activated in T cells
by antibodies or by soluble 4-1BB ligand [17]. Mittler et al. showed that anti-4-1BB
blocking antibodies decrease activation of T cells upon challenge with T cell-
dependent antigens and increase the number of anergic CD4 T cells [18]. Similarly,
Hong et al. showed that anti-4-1BB blocking antibodies suppress T cell reaction to
ovalbumin in monkeys [19].

The first studies to show that 4-1BB antibody has anticancer activity were done
using mouse models for sarcoma or mastocytoma. In mice treated with an agonistic
anti-4-1BB antibody, cytotoxic T cell activity increased and the tumors regressed
[20]; this effect required both CD4 and CD8 T cells [21]. Other experiments in mice
have combined anti-4-1BB with other treatments to show anticancer effect; for
example, treatment of melanoma cells with IL-12 gene transfer alone or with anti-
4-1BB alone was not as effective as when these strategies were combined [2].

5 0O0X40

0X40 (CD134) is another co-stimulatory regulator present on the surface of activated
T cells and like 4-1BB is also a member of the TNF receptor superfamily. OX40
is present mainly on CD4 T cells but is also found on CD8 T cells, DCs, PMNss,
and Tregs. OX40 expression and up-regulation on the T cell surface membrane are
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dependent on naive T cell activation through CD28 [22]. OX40 is increased 48—72 h
after the T cell is activated through CD28, and 120 h later it is down-regulated [23].
Binding of OX40 to its ligand OX40L (CD252), which is present mainly on APCs,
stimulates proliferation, function, and survival of T cells [24]. It also stimulates the
secretion of IL-2 and IL-2R [23]. Studies show that initial versus delayed OX40 sig-
naling causes antibody class switching which allows different antibody subsets to be
secreted. Initial OX40 binding causes interferon y and IL-4 to be secreted as well as
IgG2a and IgG1, while delayed signaling causes a stronger TH2 cell response than
that seen in the initial response and facilitates IgG1 production.

Preclinical experiments demonstrated an increase in T cell proliferation with the
use of OX40 agonists [24]. One of the initial experiments involved inoculating mice
with the MCA 303 methylcholanthrene-induced sarcoma tumor cells and then inject-
ing these mice with an OX40L:Ig fusion protein or saline control; tumor regression
occurred in up to 60 % of OX40L:Ig-treated mice compared to controls in which no
mice survived. In addition, the mice were resistant to re-challenge, suggesting devel-
opment of antitumor memory. Similarly, in another experiment mice inoculated with
the weakly immunogenic B16/F10 melanoma tumor cell line were treated with
OX40L:Ig fusion protein, OX40 receptor agonist antibody, or PBS or IgG controls.
Results showed that in both experimental groups 25 % of mice with increased OX40
signaling due to the applied therapy survived, whereas no mice in the control groups
survived [25]. It was determined that the above result was dependent on both CD4
and CDS8 T cells as their depletion allowed the tumors to grow [26].

6 GITR

The glucocorticoid-induced tumor necrosis factor receptor (GITR) is another co-
stimulatory TNF superfamily member found on T cells. GITR binds to its ligand,
GITR-L, which is expressed in low levels on antigen-presenting macrophages,
B cells, and dendritic cells, where it is up-regulated when these cells are activated.
Studies have shown that GITR provides a positive growth signal to CD4 and CDS8
naive T cells allowing for enhanced survival and function. GITR works by signaling
through the NF-kB pathway causing up-regulation of IL-2R, IL-2, and interferon v,
and GITR knockout mice have decreased number and reduced survival of CD8 T cells.
GITR is also expressed on NK T cells where signaling causes increased cytotoxicity,
with increased production of interferon y and other inflammatory cytokines [27].
GITR is expressed in high concentrations on Treg cells, and its activation decreases
Treg function. GITR expression on Tregs is controlled by Foxp3, a potent transcrip-
tional regulator. While GITR reduces Treg function, preventing their suppressive
roles, GITR signaling also induces Treg proliferation. Therefore, once transient
GITR signaling terminates, the Tregs will regain their suppressive function, and
since there is now an expanded population, these suppressive activities are stronger
than they were previously. Thus while the immediate function of GITR is to decrease
Treg function, GITR stimulation causes a long-term strengthening of Treg suppres-
sive abilities [28].
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Studies have shown that agonistic anti-GITR antibodies help overcome self-
tolerance and Treg suppression [29]. In other experiments using a mouse model of
melanoma it was shown that GITR monoclonal antibody could be used as immu-
notherapy; the antibody induced suppression of Tregs and tumor challenge was
rejected [30]. When dendritic cells engineered to express GITR-L-Fc fusion pro-
tein or GITR agonistic antibody were injected into a melanoma mouse model, they
decreased tumor survival by about 60 %, compared to 100 % survival in controls
[31]. Vaccines that targeted sarcoma antigens combined with GITRL also decreased
tumor growth [32]. In vivo studies have shown that anti-GITR antibody causes
tumor-infiltrating Tregs to lose suppressive properties because they lose expres-
sion of Foxp3—which may move T cells toward effector rather than regulatory
function [30].

6.1 Clinical Trials

Table 1 provides a summary of the clinical trials discussed in this review.

7 Targeting CTLA4

One of the first clinical trials, led by Dranoff and co-workers, was a phase I study in
which an antagonistic antibody against CTLA4 called MDX-CTLA4, a humanized
monoclonal antibody, was injected into nine patients with different types of
advanced cancer. MDX-CTLA4 caused tumor necrosis in three of the patients, each
of whom had metastatic melanoma and had been previously injected with a
GM-CSF-secreting tumor cell vaccine. In addition, anti-CTLA4 antibody treatment
reduced or arrested the increase in CA-125 in two patients who had metastatic ovar-
ian cancer that had also been previously treated with a GM-CSF-secreting tumor
cell vaccine. However, there was no effect seen in four metastatic melanoma patients
treated with a vaccine consisting of melanoma antigens. Several patients developed
autoimmune side effects, as predicted by preclinical studies, including grade I retic-
ular and erythematous rash, and T cells appeared to infiltrate into the area of the
rash. Patients also had low levels of autoimmune antibodies, including antinuclear,
antithyroglobulin, and rheumatoid factor; however, no additional symptoms were
manifested. Therefore anti-CTLA4 treatment had an effect on malignancy with
acceptable autoimmune side effects [33]. With this initial success, other trials were
designed and a phase I trial in advanced stage IV melanoma patients was completed
with 14 patients using the human monoclonal anti-CTLA4 antibody, MDX-010,
also named ipilimumab. In this study by Seipp et al., ipilimumab was administered
in conjunction with peptide vaccines derived from gpl00 melanoma-associated
antigen. The study achieved two complete remissions and one partial remission. Six
of the 14 patients in this trial suffered severe grade 3 and 4 autoimmune side effects
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including dermatitis, enterocolitis, hepatitis, and hypophysitis [34]. A phase II clinical
trial in metastatic renal cell carcinoma (RCC) was performed by Rosenberg et al. In
this study, one group of 21 patients was treated with a loading dose of ipilimumab
at 3 mg/kg and then subsequent dosing at 1 mg/kg every 3 weeks, and the second
group of 40 patients was treated with ipilimumab at 3 mg/kg every 3 weeks. In the
first group only one partial response was seen. In addition, three of the patients
suffered enterocolitis, and one of these three also developed a generalized rash and
multiarticular arthritis. The second group who received ipilimumab only at 3 mg/kg
had five partial responses. Seventeen patients suffered from immune-mediated
autoimmune side effects. Thirteen had enteritis, one had hypophysitis, one had
both enteritis and hypophysitis, one had primary adrenal insufficiency, and one had
aseptic meningitis with cerebral spinal fluid lymphocytosis [35]. Interestingly, most
of the patients who had antitumor responses also developed significant autoimmune
side effects such that a response rate of 30 % was seen in those patients with autoim-
mune events and 0 % response rate seen in patients without autoimmune events
(P=0.009) [36].

A phase III, randomized, double-blinded trial was carried out by Urba et al. and
tested ipilimumab in advanced stage III and IV melanoma patients. In this trial ipili-
mumab was administered with or without GP100, a melanoma tumor antigen, and
one group of patients received GP100 peptide alone. The results showed a 10-month
median survival in the ipilimumab-administered groups whether or not GP100 was
also given, and a 6.4-month median survival in patients only given GP100. Sixty
percent of the 676 enrolled patients had severe immune-related side effects when
given ipilimumab, including diarrhea, injection-site reactions, vitiligo, and colitis.
Fourteen deaths occurred out of the 540 patients who received ipilimumab [37]. In
another phase III trial, 502 patients with metastatic melanoma who were treatment
naive received a combination of ipilimumab and dacarbazine or dacarbazine alone
during weeks 1, 4, 7, and 10, followed by dacarbazine alone every 3 weeks until
week 22. After this time if patients had a response then they received dacarbazine or
placebo every 12 weeks as maintenance regardless of their original treatment group.
This randomized controlled trial led by Wolchok showed 20.8 % vs. 12.2 % sur-
vival, at 3 years in patients who received ipilimumab together with dacarbazine
compared with those who received dacarbazine alone. Similar side effects were
seen in this trial as in the earlier trial with GP100 randomization; however, no deaths
and less severe gastrointestinal side effects were observed. Administering high-dose
steroids appears to be effective in reducing grade III-IV diarrhea (colitis) and sub-
sequent drug-induced mortality [38]. As a result, the FDA approved the use of ipili-
mumab in metastatic melanoma in 2010.

Another monoclonal anti-CTLA4 antibody was developed named tremelim-
umab, a human IgG2 monoclonal anti-CTLA4 antibody. A phase I trial was con-
ducted by Gonzalez et al. in which stage 3 and 4 melanoma patients received
tremelimumab in 1-h infusions every 90 days up to four times. Of 36 patients evalu-
able for response to therapy, 4 had a partial remission and there were no complete
remissions, and the drug was well tolerated without major complications. The side
effects included fatigue, diarrhea, and dehydration [39]. In addition, a phase II trial by
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Bulanhagui et al. studied the tumor response of tremelimumab when administered
to refractory melanoma patients. The drug was given at 15 mg/kg every 90 days.
The infusion was repeated up to four times if the patient had tumor stabilization or
response. This study involved 246 patients with a response rate of 6.6 %, with 16
partial responses. The duration of response ranged from 9-30 months [40]. The
positive results of early trials led to the recent phase III trial by Hauschild et al. In
this study 655 treatment-naive, unresectable stage III and IV melanoma patients
received tremelimumab or standard chemotherapy (either temozolomide or dacar-
bazine, investigators’ choice). Results showed no difference between the groups in
response rate, which was approximately 10 %; however, duration of response was
longer in the tremelimumab group (36 months vs. 14 months, P<0.0011). Side
effects included rash, pruritis, and diarrhea. In addition, there were 7 deaths due to
the tremelimumab, which is 2 % of the 325 patients treated, versus 1 death of the
319 patients in the chemotherapy group, which is <1 % of the patients treated. The
authors pointed out that 16 % of the control arm received ipilimumab as salvage
therapy and that this may have impacted the difference in survival. Furthermore, this
trial excluded patients with lactate dehydrogenase (LDH) more than twice the upper
limit of normal, whereas ipilimumab trials did not. Thus, patients on the chemo-
therapy control arm may have done better than expected and this may have lessened
the survival difference. This is suggested by analysis of the forest plot in which
there is a trend toward better hazard ratio in patients with more advanced melanoma
(e.g., higher LDH baseline levels). Thus, a number of factors may explain why the
results of this trial were different from the results of the phase III ipilimumab trials [41].
Although these studies demonstrated little improvement compared to standard
chemotherapy, additional clinical trials are ongoing [42].

8 Targeting PD-1

Following the success of CTLA4 monoclonal antibodies, anti-PD-1 therapies have
also been developed. There are three PD-1 antagonistic antibodies and one fusion
protein currently being tested in the clinic. These are known as MDX-1106, CT-011,
MK-3475, and AMP-224, respectively. The first three are monoclonal anti-PD-1
antagonistic antibodies, and the fourth is a B7-DC/IgG1 fusion protein [8]. In addi-
tion, trials of antibodies targeting PDL1 are also being conducted, and BMS-936559
is one such antagonistic anti-PDL1 antibody.

9 MDX-1106

A phase I trial conducted by Topalian et al. tested MDX-1106, a human monoclonal
IgG4 antagonistic antibody also known as BMS-936558. It was given to patients
with several types of metastatic refractory solid tumors including RCC, melanoma,
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prostate, colon cancer, and non-small-cell lung cancer (NSCLC). The study was
designed to test escalating doses to a maximum dose of 10 mg/kg of MDX-1106
and included 39 patients. Results include one complete remission in colon cancer
and two partial responses in melanoma and NSCLC. The study also demonstrated
durability of the drug’s effect and showed that the drug was well tolerated [43].

Another phase I trial reported by Sznol involved patients with advanced mela-
noma, NSCLC, castration-resistant prostate cancer, RCC, or colorectal cancer and
treatment with MDX-1106. Complete or partial responses were seen in NSCLC,
melanoma, or RCC. Of the 296 patients included in this study, response rates were
18 % in 76 patients with NSCLC, 28 % in 94 patients with melanoma, and 27 % in
33 patients with RCC. These responses were often durable, with 20 of 31 patient
responses lasting over a year in patients that had at least a year of follow-up. Thirty-
two of the total 296 patients had severe drug-related events, including pneumonitis,
vitiligo, colitis, hepatitis, hypophysitis, and thyroiditis. Intriguingly, PDL1 expres-
sion on tumors appears to correlate with response [44]. Also, effective reinduction
therapy with anti-PD-1 antibody has been reported [45]. A recent phase I trial by
Wigginton et al. tested MDX-1106 in refractory metastatic RCC, prostate cancer,
melanoma, NSCLC, and colorectal cancer. The study tested 1, 3, or 10 mg/kg of the
drug administered biweekly in 126 patients. Side effects included rash, pruritus,
diarrhea, and fatigue. This study included 16 RCC patients treated with 10 mg/kg,
and at this dose an overall response rate of 31.2 % (5 of 16 patients) was observed
with sustained disease of over 4 months observed in 6 of 16 patients. One of the two
RCC patients treated with 1 mg/kg had a partial remission lasting over 12 months,
and one had sustained disease lasting over 21 months. One of the 15 evaluable
patients with prostate cancer had a partial response lasting over 2 months, and 3 of
15 had stable disease for over 4 months [46].

CT-011 is a humanized monoclonal IgG1 antagonistic antibody against PD-1.
CT-011 has also been investigated in a phase I trial by Nagler et al. to identify the
maximum tolerated dose. In this study 17 patients were given escalating doses of
CT-011, to a maximum dose of 6 mg/kg, as a single IV infusion. The drug was well
tolerated with diarrhea being the main side effect, and no maximal tolerated dose
was determined. CT-011 showed preliminary antitumor efficacy, with 33 % of
patients having a response and one patient having a complete remission. This trial
tested the drug in hematologic malignancies including acute myeloid leukemia
(AML), chronic lymphocytic leukemia, non-Hodgkin’s lymphoma, Hodgkin’s lym-
phoma, or multiple myeloma [47].

A phase I anti-PDL1 antibody trial has also been conducted. BMS-936559 is a
humanized IgG4 monoclonal antibody, which prevents PDL1 binding to PD-1.
BMS-936559 was tested in patients with several cancers including melanoma,
colon, pancreatic, gastric, and breast cancer, RCC, and NSCLC. Patients were
treated with 1-h infusions on days 1, 15, and 29 of 6-week cycles, and they received
up to 16 cycles as long as they were able to tolerate the treatments. This study, con-
ducted by Wigginton et al., showed durable tumor regression, with an overall
response rate of 19 % in melanoma patients with response seen in 9 of 52 patients.
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An overall response rate was observed in 10 % or 5 of 49 patients with NSCLC as
well as in 6 % or 1 of 17 patients with ovarian cancer and in 12 % of 207 patients
with RCC. These data are overall average responses seen in patients treated with 1,
3, or 10 mg/kg BMS-936559; and the highest doses gave the highest response rates
when analyzed alone. Immune side effects related to the drug occurred in 81 of the
207 patients and included rash, hypothyroidism, hepatitis, sarcoidosis, endophthal-
mitis, diabetes, and myasthenia gravis [48].

10 Anti-4-1BB Therapy

There are several anti-4-1BB agonist antibodies under study in the clinical setting.
BMS-666513 is a human monoclonal antibody that has been tested in a phase I trial
by Logan et al. The study was conducted in 83 patients with melanoma, RCC, pros-
tate cancer, or ovarian cancer. The drug, at several dose levels, was given intrave-
nously every 3 weeks, and response was tested after the fourth dose and then every
two doses thereafter. There were partial responses in 9 of 54 melanoma patients.
The therapy was well tolerated with a 6-15 % side effect rate including neutropenia,
increased liver function tests, fatigue, rash, pruritis, diarrhea, and fever [49].

11 Anti-OX40 Therapy

A phase I trial of anti-OX40 led by Weinberg and Curti using a mouse monoclonal
agonist antibody. To determine a safe and effective dose the antibody was infused
on days 1, 3, and 5 of each cycle at 0.1, 0.4, or 2 mg/kg. The study involved 30
patients with a variety of refractory solid tumors, with 10 patients in each dose cat-
egory. It was thought that since there are few T cells that express OX40 the immune
response would be efficacious without having the same high side effect profile as
agents targeting CTLA4. This turned out to be the case, with mild fatigue and lym-
phopenia being most common adverse effects. The efficacy of the OX40 antibody
in this trial is still being assessed [50], and anti-OX40 antibodies are also being used
in other ongoing trials.

12 GITR-Targeted Therapy

Phase I trials targeting GITR are ongoing. One is a trial in melanoma testing the
safety of GITR agonistic antibody TRX518. Another is a phase I trial in melanoma
patients testing dendritic cells alone or dendritic cells expressing GITRL, anti-
CTLAA4, or both together [27].
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13 Conclusion

There are many other receptor and ligand co-stimulatory or inhibitory pairs that
affect T cell activity that are being studied in the laboratory and in the clinic. As we
gain knowledge regarding the normal functions of the different T cell co-regulatory
receptors, we will be able to better manipulate their functions in hopes of further
improving immunotherapy as a standard treatment option for cancer patients, to be
used alone or in conjunction with other treatment modalities such as chemotherapy
or radiation therapy. Manipulation of co-regulatory receptor signaling has already
demonstrated early efficacy and will increasingly be incorporated in combination
with additional immune therapy strategies in a variety of human tumors.
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Assessment of Immune Response
in Biotherapy Trials and Clinical Endpoints
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Abstract Today, biological therapies occupy an important place among available
clinical modalities for treatment of cancer. Their true impact on the disease cannot
be unraveled, however, without an understanding of immune mechanisms that
therapies target and possibly alter. Inmune monitoring is necessary to help identify
and define these mechanisms. Recent introduction of rapid, high-throughput assays
based on new insights into molecular pathways and attention to assay standardiza-
tion has improved the quality of immune monitoring. Multiplex profiling of
immune phenotypes, definition of regulatory immune cell subsets, identification of
critical signaling molecules, and recognition of biologically relevant targets have
all played a major role in defining immune competence of patients enrolled in
biotherapy clinical trials. Today, the major objective of immune monitoring, to cor-
relate therapy-induced alterations in immune responses and clinical endpoints, is
finally being achieved, and potential immune biomarkers of disease-free or overall
survival are being identified. In most cases, validation of these immune biomarkers
remains to be performed. There is hope that reliable immune biomarkers of
response to biotherapy will soon emerge as a result of expert serial monitoring.
Immune monitoring is critical to establishing surrogate biomarkers of outcome in
biotherapy clinical trials and thus to a better selection and delivery of biologics to
patients with cancer.
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Abbreviations

CFC Cytokine flow cytometry

QA/QC Quality assurance/quality control
GLP Good laboratory practice

OBD Optimal biologic dose

MTD Maximal tolerated dose

PBMC Peripheral blood mononuclear cells
CRC Colorectal cancer

ELISA Enzyme-linked immunosorbent assay

ELISPOT Enzyme-linked immunospot
HNSCC Head and neck squamous cell cancer

HPV Human papilloma virus

IGKC Immunoglobulin G kappa chain
Treg Regulatory T cells

MDSC Myeloid derived suppressor cells
NRL Neutrophil-to-lymphocyte ratio

1 Introduction

Biotherapy utilizes a variety of biologic agents ranging from bacterial products,
soluble factors, cells or cell products, and vaccines to treat cancer. In general, the
current interest in clinical applications of biologics to therapy of human cancer
reflects the need for more effective, less toxic, and preferably natural ways for
treatment of patients, especially those with conditions that are refractory to standard
therapies. Biologic agents used as therapeutics are expected to modify clinical
responses, often through effects on the host immune system, and to improve the host
capability to recover and reacquire normal homeostasis. Because most biologics
target molecular and cellular immunologic pathways, there is an obvious require-
ment for assessments of direct or indirect effects these agents exert in vivo. For this
reason, immunologic monitoring has emerged as an advisable and, more recently, as
a necessary adjunct to clinical trials with biologic agents. In the past, immunologic
monitoring fell under the “correlative studies” category. Today, it is often a protocol-
mandated requirement, and an immunologic response to therapy is the primary
endpoint. Immune monitoring has become a critically important part of patient
assessment because of expectations that it will facilitate relating clinical responses
to a specific immune mechanism and to predict responsiveness to therapy or help in
estimating survival. The possibility that immune measures could serve as biomark-
ers or as surrogate endpoints of clinical responses has been intensively investigated
in preclinical studies and in biotherapy trials. The recently published recommenda-
tions for the development and use of immunotherapy biomarkers by the joint SITC/
NCI/FDA Taskforce not only emphasize the existing need for such biomarkers but
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also offer guidelines for how to establish, standardize, and evaluate immune assays
to see whether they meet a biomarker designation [1]. This document makes it clear
that in the era of personalized medicine and at the time when biotherapies are
gaining place in cancer management, immunologic biomarkers of therapeutic
efficacy are required if the field is to move forward.

The purpose of this chapter is to describe performance of selected immune meth-
odologies in estimating clinical responses to biotherapies and to illustrate concep-
tual, technical, and biostatistical issues that arise in attempts to establish the
predictive role of immune measures as intermediate biomarkers of cancer progres-
sion or recurrence following biotherapies.

2 Monitoring of Complex Biological Interactions

The immune system is exquisitely well prepared to handle insults by pathogens and
is always ready to respond to “danger signals” originating within or outside the
body [2, 3]. However, in cancer, the host immune system becomes compromised,
unable to stop tumor progression or eliminate malignant growth [4]. This is a result
of tumor-induced immune suppression, and many mechanisms used by human
tumors to disable the host antitumor immunity have now been identified [5].
Biological therapies used in cancer are expected to restore the integrity of host anti-
tumor immunity by up-regulating immune surveillance, blocking inhibitory signals,
and/or removing/silencing suppressor cells [6, 7]. Some biologic therapies target
innate or natural immunity, in hope of up-regulating surveillance functions of the
immune cells such as monocytes, natural killer (NK) cells, or NKT cells [8]. Other
biologic therapies preferentially aim at enhancing adaptive immune responses, to
selectively augment functions of T or B lymphocytes that are responsible for protec-
tion against antigen-specific insults [6, 9, 10]. Although much has been learned in
recent years about dysregulation of the immune system in cancer, the complexity of
cellular signals and molecular interactions between innate and adaptive immunity
[11] and of the existing cross talk with the neural, endocrine, and hormonal
networks [12] complicate the interpretation of effects generated as a result of any
particular immune-based therapy. It is, therefore, a foregone conclusion that the
interpretation of immune monitoring results will be difficult, often intuitive, and not
always informative. It is, therefore, not surprising or unexpected that the interpreta-
tion of benefits for any biologic therapy may differ depending on skills of investiga-
tors in performing, analyzing, and correlating the monitoring results with clinical
outcome. Nevertheless, recent results from a number of biologic therapy trials
indicate that beneficial clinical results can be linked to the identifiable changes in
immunologic responses to therapy. This, in turn, offers an intriguing possibility of
using selected immunologic characteristics as biomarkers of therapeutic responses
or even survival. This possibility is explored in this chapter, and examples are
provided to illustrate the emerging potential of immunologic markers as intermedi-
ate predictors of clinical responses of cancer patients to biotherapies.
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In addition to complex biologic interactions of the immune system components,
immune monitoring itself has been traditionally viewed as a particularly complex
and poorly controlled enterprise relative to conventional biochemical assays used in
the clinic. Serial immune assessments undertaken at the population level (i.e.,
“bulk” assays) were viewed as difficult, laborious, and not adequately informative.
These have been largely replaced today by highly sophisticated technologies, many
performed at a single-cell level and enabling assessments in situ, i.e., at the tissue
site of disease as well as in the lymph nodes or peripheral circulation. Technologies
currently available for measuring immune responses of cancer patients enrolled in
biotherapy trials are numerous and varied, including high-throughput technologies
such as arrays, multiplex formats, proteomics, genomics, high-content screening by
flow cytometry, imaging, or tissue microarrays. While these newer “state-of-the-art”
technologies offer possibilities for rapid screening of multiple samples and for
simultaneous detection of many immunologic biomarkers, few, if any, have been
formally validated so far. Most of these technologies have been standardized to
meet quality control specifications for reliability and precision that are required for
a large-scale monitoring of clinical trials. These technologies will be mentioned but
not discussed in detail here, and the reader is referred to the summary of a Workshop
on Immunological Molecular Markers in Oncology [13] for an excellent review of
their use and potential.

3 Rationale for Immunologic Monitoring of Biotherapy
Trials

“Monitoring” refers to serial specimen acquisition and testing. The process of
immune monitoring starts with selection of methods that are applicable to reliable
serial assessments, continues with their performance under defined QA/QC condi-
tions, and ends with the analysis of results and their interpretation. Its major goal is
to establish a correlation between phenotypic and functional changes in immune
cells induced by therapy and clinical responses. In practical terms, this involves
documenting a significant difference between the baseline and post-therapy immune
measures and correlating it to clinical outcome. This entire process requires support
that can only be provided in a specialized laboratory operated to handle and reliably
test serial specimens and, preferably, functioning as a good laboratory practice
(GLP) facility. It also requires appropriate statistical input to determine the signifi-
cance of a change in immunologic measures from the pre-therapy baseline.

The rationale for immune monitoring rests on the premise that biotherapeutic
interventions achieve their effects as a result of modification(s) in one or more
components of the patient’s immune system. These therapy-induced modifications
seem to occur gradually, as beneficial clinical effects are often observed long after
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biotherapy is terminated. The expectation is that by serially measuring selected
immune biomarkers that undergo significant changes relative to their pre-therapy
baseline levels, it might be possible to define immunologic mechanisms responsible
for biologic and possibly also clinical activity of the therapeutic agent. As biologic
agents have a bell-shaped activity curve that shifts depending on the dose and time
of their delivery, serial monitoring is necessary to define the optimal biologic dose
(OBD) of a therapeutic agent. The OBD is distinct from the maximal tolerated dose
(MTD) commonly used to define toxicity of drugs. However, most biologic agents
have no or little toxicity, and the OBD is the more appropriate measure of their
effects. Since, however, these agents are likely to have multiple biologic (and clini-
cal) effects, the definition of OBD may not be straightforward, depending on more
than one immunologic assessment. In designing biotherapy trials, the definition of
OBD is critically important, and immunologic assays are likely to be very useful
in this respect.

4 Specimen Processing Requirements for Serial Monitoring

To monitor, specimens must be collected from subjects prior to, at defined intervals
during, and at the end of as well as after therapy. The origin of immune cells to be
tested in the course of serial monitoring is important. Peripheral blood mononuclear
cells (PBMC), representing less than 2 % of total body mononuclear cells, are most
commonly employed, although it appears that cells derived from the disease site
(e.g., the tumor, interstitial tumor fluids collected by cannulation, tumor draining
lymph nodes, body fluids) might better reflect the extent of alterations induced by
the disease. Thus, whenever available, such specimens should be collected, banked,
and evaluated in parallel with peripheral blood.

The specimens harvested for immune monitoring should arrive at the laboratory
no later than 24 h after collection. This requires an overnight delivery of specimens
originating at distant locations [14]. The specimens are bar-coded and processed
immediately upon arrival. The separated immune cells are either cryopreserved at
—80 °C in 2 mL cryovials and banked for future testing or are immediately tested in
assays which cannot be performed with cryopreserved/thawed cells. The monitor-
ing laboratory is cognizant of assays that have to be performed on fresh as opposed
to banked/thawed cells and will handle the specimens accordingly. The monitoring
laboratory must have the capability to cryopreserve, bank, and maintain samples at
alarge scale under GLP conditions for prolonged periods of time [ 1]. Cryopreservation
and recovery of thawed samples with a minimal loss of viability are required for
successful monitoring [15]. The correctly performed process of freezing/thawing of
immune cells is by far the most crucial determinant for preserving their true func-
tional potential and for “batch” testing of serial specimens.
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5 Selection of Assays for Immunological Monitoring

The first decision facing a monitoring laboratory is the selection of assays for
“batch testing” that can be performed with banked cells or body fluids without
compromising cellular functions or the analyte integrity, respectively. This is
because the only reliable way to determine differences between pre-therapy and
post-therapy results is to test these samples in the same assay. Specimens “batched”
for testing in the same assay represent the entire collection of samples obtained
from one subject throughout therapy. However, batching is only possible when the
selected assay can be reliably performed with cryopreserved cells, as ascertained a
priori through comparisons of fresh and frozen specimens tested in the same assay.
Assays with established reliable performance when executed with thawed speci-
mens are the best candidates for serial monitoring. Conversely, assays that must be
performed on freshly harvested samples, notably those that measure cellular cyto-
toxicity [15], require documentation of minimal inter-assay variability so that ther-
apy-induced changes can be reliably and convincingly distinguished from spurious
assay-related differences.

Sensitive and reliable monitoring assays are required to measure changes occur-
ring in the immune cell phenotype or function in response to biotherapy. Technical
advances and new insights into immunologic mechanisms have led to the develop-
ment of many new types of immunoassays that perform well in monitoring, as pre-
viously reviewed [15]. Today, clinical investigators can choose from a considerable
list of cellular vs. molecular, phenotypic vs. functional, specific vs. nonspecific, and
direct vs. indirect immune assays. The selected assay should be easily adaptable to
serial testing with a minimal loss of accuracy, have a high throughput to accommo-
date large-volume testing, lend itself to automation, and be cost effective. These
requirements are imposed by the need to accommodate batched serial samples from
many time points collected from multiple subjects enrolled in a clinical protocol.

The range and sophistication of currently available monitoring assays predicate
that careful consideration is required for selection of the “right” assay, i.e., one that
best fits with the hypothesis being tested and with the laboratory expertise. As indi-
cated in the schema for immune monitoring in Fig. 1, each biotherapy trial should
be designed to test a hypothesis formulated on the basis of immune mechanisms that
are most likely to contribute to the expected therapeutic benefits. Results of preclini-
cal studies that are nearly always performed in support of biotherapy clinical trials
usually point to mechanisms responsible for immunologic activity. Immune end-
points and assays selected to measure them need to fit with the hypothesis tested and
should be based on preclinical data accumulated in support of this hypothesis.

The clinical investigator and the laboratory personnel are generally required to
devote much thought and time to selecting monitoring assays, because the decision
may determine not only scientific/correlative results of testing but also may have
significant financial impact. Ideally, a combination of assays assessing the frequency
of immune cells based on the phenotype as well as their functional attributes is
selected to measure therapy-induced changes. For example, an excellent summary
of cellular and molecular approaches for the characterization of cytotoxic T cells
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Hypothesis relevant to a potential immune mechanism(s)

!

Immune endpoint(s) defined based on pre-clinical data

.

Assay selection guided by the hypothesis tested
screening vs. confirmatory
phenotypic vs. functional
in situ vs. PBMC
fresh vs. banked specimens
cost, turn-around time
Assay standardization (or validation for phase III trials)
l specificity, sensitivity, precision, accuracy, robustness

Protocol schema specifying time points for serial sample collection
relevance to predicted activity of the agent tested
l biostatistical input

Sample arrival, processing, banking
monitoring in a laboratory experienced to test serial samples
l GLP facility recommended

Batch-testing of serial specimens
high-throughput assays preferable

l applicable only to specimens not sensitive to freezing/thawing
extended storage might interfere with result quality

Assay results
l assay interpretation requires an immunologist
data analysis requires a clinician-biostatistician partnership

Correlations with clinical endpoints

Fig. 1 Designing immune monitoring for biotherapy clinical trials

following therapeutic vaccinations can be found in a review by Iancu [16]. Functional
assays are more difficult to perform, requiring viable cells in numbers that may be
difficult to procure. For this reason, the population-based “bulk” assays, such as
proliferation or cytotoxicity, have been largely replaced by single-cell assays, allow-
ing for measurements of expression levels of various cell components by highly
sensitive technologies such as multiparameter flow cytometry [17]. However, this
approach is only justified based on previous evidence confirming that the compo-
nent expression level is directly related to its biologic function. As cryopreservation
of immune cells might selectively impair viability of cell subsets or activity of cel-
lular components, some functional assays have to be performed with freshly pro-
cessed and not cryopreserved cells, as recently described for the subsets of human
myeloid derived suppressor cells [18] and as previously emphasized for T cell and
NK cell subsets mediating cytotoxicity [19].



350 T.L. Whiteside

Selection of monitoring immunoassays for a biotherapy protocol is a critically
important step with consequences that are likely to affect efforts seeking to establish
correlations between immunological results and clinical outcomes.

6 Standardization and Validation of Immunologic Assays

The selection of a “right” assay for immune monitoring is followed by its standard-
ization to ensure that it can accurately measure therapy-induced changes. Assay
standardization is performed prior to its acceptance for a routine use and involves
repeated testing with cells or body fluids obtained from healthy donors under previ-
ously established optimized invariant conditions to establish the mean, median, and
80 % normal range and coefficient of variation. The intra-assay variability is also
determined. A set of appropriate controls has to be included. For example, a large
lot of cryopreserved PBMC obtained from a normal donor can be prepared, its range
of reactivity determined, and thawed cells used in the assay to monitor day-to-day
variability. With fresh cells, it is always advisable to include fresh control cells
obtained from a healthy volunteer. In this respect, it is necessary to have in place an
IRB approval for drawing blood from consented normal donors and to maintain a
pool of such donors for QC purposes.

Whatever assay is selected, it should have the following attributes when
performed under defined conditions: specificity, sensitivity, precision, accuracy, and
robustness. These criteria traditionally used with chemical assays may not be easily
applicable to some immunologic assays. Cell-based assays are especially trouble-
some to standardize and may never be as precise or robust as chemical assays. For
example, it is not unusual to see coefficients of variation (CV) greater than 20 % in
cellular assays. Functional cellular assays are not only especially difficult to stan-
dardize but are also more costly than phenotypic or molecular assays.

Assay “standardization” should not be confused with assay “validation.” The for-
mer is a requisite part of the QC program, and the latter is a formal evaluation of an
assay performed as defined in the Bioanalytical Method Validation issued by FDA in
May 2001 (21CFR part 58) and qualifying it to be used in phase III clinical trials as
an immunological endpoint. Validation consists of a series of large-scale experi-
ments designed to evaluate accuracy, precision, selectivity, sensitivity, reproducibil-
ity, and stability characteristics of the method. Validation of an assay should be
performed in prospective clinical trials. Again, while the existing validation criteria
are defined for chemical assays, immunologic assays do not always fit into these
criteria. Nevertheless, because no separate guidelines exist for immunologic assays,
those developed for chemical assays are generally followed. Validation of immuno-
logic assays is expensive, and it also faces a number of problems, especially with
cell-based assays, which are typically lacking in precision. Further, no reference
standards for cellular assays are currently available. In contrast, validation of immune
assays measuring soluble products, such as immunoglobulins or cytokines, can and
should follow validation recommendations for the development of chemical assays.
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7 Can Immunologic Measures Serve as Intermediate
Biomarkers of Clinical Outcome?

In view of the widely entertained hypothesis that the host immune system influences
cancer development, progression, and therapy, the search for systemic and local
immunologic biomarkers that would facilitate clinical decisions seems reasonable
and important. Although studies in animal models of cancer support the role of
antitumor immunity in cancer therapy, evidence from human clinical trials is not
clear or straightforward. This may be due to profoundly immune-inhibitory effects
of factors produced by human tumors [4] with the result that antitumor responses of
patients are ineffective in controlling cancer progression. Therefore, it might be
possible to evaluate either (a) the degree of tumor-induced suppression or (b) the
recovery from this suppression after therapy. In the first instance, the immune evalu-
ation takes place at diagnosis and prior to any therapy; in the second, immune moni-
toring during and after therapy is required. However, the immune biomarkers that
measure immunosuppression levels at diagnosis might not be as informative as bio-
markers of response to therapy or of clinical outcome. Hence, in most biotherapy
trials, both approaches are used with the hope that intermediate biomarkers of
suppression as well as biomarkers of therapy-induced recovery can be identified.
The complexity of the host—tumor interactions has made both these approaches dif-
ficult to implement despite the availability of expert immunologic monitoring.
Nevertheless, current preclinical and clinical data suggest that in a sufficiently large
cohort of cancer patients with similar demographic and clinicopathologic features,
the disease- or therapy-related immunologic alterations can be detected and mea-
sured. Further, in a limited number of cases, such an alteration has been shown to
correlate with clinical outcome suggesting that, pending validation, it might serve as
a future biomarker of prognosis or response to therapy. To date, only a few robust
immune biomarkers predictive of clinical response or outcome have emerged. Still,
recent progress in uncovering immune correlates associated with cancer progres-
sion or with response to therapy in preclinical and clinical studies provides reassur-
ance that immune measures capable of serving as intermediate biomarkers of
clinical outcome will be identified and validated in the near future.

8 “Immune Score” in the Tumor Microenvironment

It is well recognized that the tumor microenvironment has a profound impact on
immune cells, and the nature, phenotype, localization, and density of immune cells
present in the tumor stroma or parenchyma have long been considered to be critical
for tumor progression [20]. Immune cells accumulating in human tumors have been
extensively examined and found to have unique phenotypic and functional charac-
teristics (reviewed in [21, 22]).
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8.1 The T Cell Signature

Initially, it was typing of T lymphocytes by immunohistochemistry (IHC) in human
tumors and correlations of CD8+ T cell infiltrates with prognosis that suggested the
role of immune cells as predictors of risk [23]. However, TIL isolated from human
tumors were found to be functionally impaired relative to T cells in normal donors
[21, 22] leading to a debate as to whether TIL were harbingers of poor or good
prognosis in cancer. Most of these early studies were retrospective, small, and
technically variable and perhaps biased by the use of imperfect manual cell counts
for in situ TIL evaluations. Since Rosenberg and others succeeded in expanding
TIL for adoptive therapy, it seemed that if TIL were functionally deficient in situ,
they clearly regained the ability to eliminate tumor cells upon culture in the pres-
ence of IL-2 [24]. The realization that the tumor—host interactions might be critical
for the fate of immune cells and ultimately that of cancer patients prompted the
reassessment of the role TIL play in cancer progression. The report on TIL in
colorectal cancer (CRC) published by Galon and colleagues in 2006 [25] has
dramatically and convincingly altered our perception of the prognostic significance
of these T cells. Using modern techniques of systems biology and an objective
scoring system, these investigators showed that type, density, and location of
immune cells within tumors predicted positive clinical outcome [25]. In a series of
studies in CRC, Fridman’s group has demonstrated by immunostaining of hundreds
of tumor specimens that a strong local immune reaction, including CD3+, CDS8+,
and memory CD45RO+ T cells, correlates with a favorable prognosis regardless of
the local extent of the tumor or the regional lymph node involvement [26, 27]. At
the same time, a number of reports from various laboratories on the nature and
cellular composition of immune infiltrates into human tumors have given support
to the role of TIL in estimating clinical outcome in cancer [28]. For example, an
independent report by Mahmoud et al. confirmed the prognostic significance of the
T cell signature in breast cancer [29]. T cell infiltrates emerged as the stronger
independent prognostic factor than the current clinicopathological criteria such as
tumor size, depth of infiltration, differentiation, or nodal status [30]. These results
have motivated investigators to propose routine evaluations of the tumor microen-
vironment for density, location, phenotype, and function of T cells in order to
define “an immune score” for each tumor as a part of the standard pathologic
examination [31]. It has to be determined whether and how soon this practice will
be embraced by the pathologists. Of concern are the standardization of methods for
routine consumption and requirements for automated image analyses. Nevertheless,
globally collected data strongly support the merit of the “immune score,” and it
makes sense to evaluate its predictive value, especially in the context of ongoing
biotherapy clinical trials. Thus, the immune score emerges as the first immunologic
marker of risk in cancer with a potential to be incorporated into prognostically
relevant immune classification of human cancer equal to or better than the conven-
tional TNM classification [31].
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8.2 The Frequency of Tumor-Specific T Cells
in the Circulation

In addition to scoring T cells at sites of tumor growth, the frequency and functions
of T cells circulating in the peripheral blood have been examined as potential bio-
markers in patients with cancer. The availability of standardized single-cell assays
able to detect tumor antigen-specific T cells (ELISPOT, cytokine flow cytometry
(CFC), and tetramer binding) has facilitated evaluation of epitope-specific T cells as
potential biomarkers [32]. These assays, especially ELISPOT, have been standard-
ized for serial monitoring [32] and can be reliably utilized to measure the frequency
of epitope-specific T cells in blood or body fluids. Both CFC and tetramer assays
require flow cytometry and thus are restricted to facilities equipped with a cytometer
operated by a skilled technologist. For this reason and because these assays only
measure the frequency of cells expressing a marker, ELISPOT has become the most
widely used single-cell assay. ELISPOT defines the frequency of T cells able to
respond to the recognized epitope by cytokine production. In a recent ECOG-
sponsored 1696 Phase II multicenter trial testing vaccination with melanoma pep-
tides delivered alone, with GM-CSF, IFN-a2b, or both cytokines to HLA-A2+
patients with metastatic melanoma, we serially monitored the frequency of
CDS8+tetramer+ (tet+) T cells, their differentiation stages, and ELISPOT responses
of CD8+ T cells [33]. These immunologic data results were related to patients’
clinical responses. Only IFN-y ELISPOT results correlated with clinical responses,
and neither the frequency of CD8+tet+ T cells in the periphery nor their differentia-
tion stage were significant correlates of outcome [33]. These data suggest that only
the functional status of tumor peptide-specific CD8+ T cells, and not their pheno-
type or differentiation, is a relevant biomarker for correlating immune and clinical
responses to a peptide-based antitumor vaccine [33].

8.3 CDS8+ T Cell Differentiation

In a series of studies measuring the frequency of CD8+CCR7+ T cells in the periph-
eral circulation of patients with head and neck squamous cell carcinoma (HNSCC),
we observed that the low frequency of these cells at diagnosis, as assessed by flow
cytometry of PBMC, discriminated HNSCC patients from healthy subjects [34]. We
further showed that a low frequency of CD8+CCR7+ circulating T cells at diagnosis
(i.e., fewer than 28 %) was a significant risk factor (p<0.0115) for disease recur-
rence. After up to 4 years of follow-up, disease-free survival (DFS) was found to be
shorter for patients with fewer than 28 % of circulating CD8+CCR7+ T cells at
diagnosis compared to those with higher percentages of these cells [34]. The results
suggest that the CD8+CCR7+ cell subset might play a role in cancer control and
that a simple blood test at diagnosis could have a prognostic value for predicting
disease recurrence in HNSCC. Thus, a single surrogate immune marker measured
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in the peripheral blood at diagnosis can accurately predict recurrence regardless of
the type of definitive therapy the patients receive. While these preclinical data are
encouraging, the predictive value of this flow cytometry-based assay needs to be
confirmed in additional much larger prospective studies. Nevertheless, the data
provide preliminary evidence that immune biomarkers based on T cell differentiation
could be useful in predicting recurrence.

8.4 The B-Cell Signature

To date, a search for promising immune correlates of cancer diagnosis, prognosis,
and survival has been largely limited to adaptive cellular immune responses. In their
definition of the immune score, Fridman and colleagues rarely mention B cells or
plasma cells. Yet, considerable evidence exists in support of the presence of these
cells in tumors, especially in breast cancer [35]. Results recently reported by
Schmidt and colleagues provide evidence that validates B-cell signature as the
robust prognostic factor in breast cancer [36]. The immunoglobulin kappa chain
(IGKC) has been validated as an immunologic biomarker of prognosis and response
to chemotherapy in patients with breast cancer, non-small-cell lung cancer, and
colorectal carcinoma [36]. The IGKC was microscopically identified as a product
of plasma cells present in the tumor stroma and was validated as a prognostic bio-
marker by the RNA- and protein-based expression studies independently performed
in thousands of formalin-fixed, paraffin-embedded specimens at 20 different cen-
ters. Expression of the IGKC transcript was the strongest discriminator of patients
with breast cancer with and without metastases among the 60 genes found in the
B-cell metagene, while transcripts of the T cell metagene had no prognostic signifi-
cance [35]. Further, the most important feature of IGKC as a biomarker is that it
predicts responses to neoadjuvant therapy in breast cancer and as such qualifies as
the first immune marker of response to cancer treatment. Because tumor immu-
nologists have an ongoing debate about the role of humoral vs. cellular immunity in
tumor development, progression, and therapy, the finding of the B-cell signature as
a validated biomarker of prognosis and response to therapy provides a strong
support for the view that humoral immunity is as important as T cells in controlling
cancer [37].

8.5 Suppressor Cells

Accumulations of regulatory T cells (Treg) and myeloid derived suppressor cells
(MDSC) in human tumors and their increased frequency in the circulation of cancer
patients have been widely reported [38, 39]. Many reports, but not all, link these
accumulations of CD4+FOXP3+CD25"" Treg to poor prognosis due to suppres-
sion of antitumor responses by the accumulating Treg [38]. Notably, in CRC, the
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presence and density of FOXP3+ Treg have been reported to predict favorable out-
come and a better locoregional control of the tumor [40, 41]. These discrepant
results are based on the prevalent use of FOXP3 transcription factor expression as a
marker of Treg. However, a recent comprehensive review of the prognostic signifi-
cance of FOXP3+ T cells in 16 non-lymphoid cancers suggested that FOXP3 by
itself is not a reliable marker of human Treg and that the tumor site, i.e., the tumor
microenvironment, has a major impact on biologic effects of FOXP3+ Treg [38, 42].
Because Treg are heterogeneous, consisting on many subsets of functionally dis-
tinct cells and because no universal distinguishing marker for Treg is currently
available, their use as a biomarker of prognosis is limited and has to be taken with
caution. Furthermore, current attempts to therapeutically deplete Treg might
enhance tumor immunity in some patients but be detrimental in others [38, 42].
Overall, the prognostic value of FOXP3+ Treg in cancer is questionable, although it
is possible that the introduction of more specific assays for Treg might provide a
more discriminating approach for evaluating their prognostic value.

A similar situation exists with respect to MDSC. Their accumulations in the tumor
and blood of cancer patients have also been correlated to poor clinical outcome [39,
43]. The problem that confounds their use as biomarkers of outcome is twofold. First,
their tremendous phenotypic and functional heterogeneity creates a situation where
everyone evaluates a different subset making it impossible to compare results.
Specifically, HLA-DR™¢Lin"¢ MDSC present in the human peripheral blood contain
cells with monocytic and granulocytic features, which can be subdivided into at least
four distinct subsets (CD33+, CD11b+, CD15+, and CD14+) and which differ with
respect to mechanisms used for suppression [44]. A recently proposed immunophe-
notyping schema for MDSC, which utilizes multiparameter flow cytometry, provides
a unifying approach to future evaluations of the role these cells play in disease [45].
This, however, does not eliminate the second problem of the sensitivity of CD15+
and CD33+ MDSC subsets to cryopreservation [18]. Only the frequency of CD14+
and CD11b+ subsets was not significantly decreased after PBMC cryopreservation,
although their ability to produce ROS after ex vivo stimulation was lost [18]. These
findings led to a conclusion that studies of human MDSC should be performed in
fresh blood samples [18]. This requirement complicates monitoring of MDSC in
clinical trials and thus their evaluation as potential prognostic biomarkers.

While both Treg and MDSC clearly play a major role in cancer progression and
perhaps responses to immunotherapy, their usefulness as biomarkers of outcome or
response to therapy has to await further development of monitoring assays that bet-
ter reflect their biologic significance in cancer.

8.6 The Neutrophil-to-Lymphocyte Ratio

Chronic inflammation is closely associated with the development of certain human
cancers, e.g., inflammatory bowel disease predisposes to CRC or human papilloma
virus (HPV) infection to oropharyngeal squamous cell carcinoma. Evidence has
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accumulated that the total white blood count and especially the elevated
neutrophil-to-lymphocyte ratio (NLR) measured prior to oncological therapies pre-
dict adverse clinical outcome in patients with lung, breast, renal, ovarian, and head
and neck cancers [46]. Further, the high NLR is a significant but not yet validated
marker of poor response to chemotherapy [46]. These observations fit well with
previously reported low lymphocyte counts in patients with cancer [47]. We have
reported spontaneous apoptosis of circulating CD8+ antigen-responding effector T
cells leading to rapid lymphocyte turnover and depressed absolute number of T cell
subsets in cancer patients tested prior to oncologic therapies [48]. Together, these
data identifying the high pretreatment NLR as a significant independent predictor of
poor cancer-specific survival compel us to consider a rapid validation of this
promising biomarker.

8.7 Cytokine Expression and Levels

Cytokine gene or protein profiling, whether by multiplex immunoassays, microar-
rays, or proteomics technologies, is especially well suited to evaluations of the
tumor microenvironment. The potential for capturing polarization in the cytokine
repertoire or differences in patterns of their production by immune or tumor cells
and of relating them to a specific clinical response have a tremendous appeal.
Systemic and local therapies with cytokines are becoming increasingly common,
and there is a need for monitoring cytokine levels in relation to clinical endpoints.
Such monitoring has greatly expanded our knowledge of the cytokine biology and
has provided clinically useful information about cytokine involvement in human
disease. In cancer, considered to be a Th2-dominant disease with excess of 1L-4,
IL-5, IL-10, and TGF- production, a therapeutically driven shift back toward the
Thl profile is of interest, as it might correlate with immune and perhaps clinical
recovery [49]. Indeed, plasma cytokines have been used as prognostic biomarkers in
cancer [50], with individual cytokines emerging as especially promising markers of
survival. For example, elevated circulating levels of IL-6 have been associated with
decreased survival in patients with cancer [51]. The production of pro-inflammatory
cytokines, IL-1f, IL-6, and TNFa, all of which facilitate tumor growth, in the tumor
microenvironment might be due to STAT3 hyperactivation in both the tumor and
immune cells [52].

While cytokines and chemokines can be measured in the patients’ circulation by
many different methods, multiplex bead immunoassays designed to work in con-
junction with a Luminex-type instrument have all but replaced traditional ELISA.
These assays allow for a simultaneous measurement of pro-inflammatory cytokines,
Th1- vs. Th2-type cytokines, growth-promoting as opposed to suppressive cyto-
kines, etc., in a small (0.5 mL) sample of a body fluid. The result is a quantitative
profile of as many as 20-30 cytokines, and changes in this profile can be sequen-
tially followed in the course of a clinical trial. Usually, such time course analysis is
performed with banked serum specimens, and often samples are banked for extended
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periods of time before being tested. It appears that despite standardized and controlled
procedures used for cytokine assessments, the length of storage (months, years) in
—80 °C freezer profoundly and significantly alters the measured cytokine levels [53,
54]. While IL-8 values generally increased after prolonged storage, those for other
cytokines tended to decrease, for example [53]. This serves as a reminder that retro-
spective measurements of cytokines are highly prone to errors resulting from han-
dling of samples, as also previously emphasized [55]. To avoid pitfalls due to
long-term storage and sample freezing/thawing, biomarker analyses should be per-
formed with fresh, prospectively collected specimens. The utility of any one cyto-
kine as a candidate biomarker of clinical outcome has to be carefully scrutinized for
bias, because it is strictly dependent on the sample integrity, rigorous testing, and
result interpretation [53].

8.8 Exosomes

Tumor-derived exosomes have recently come into the limelight as potential bio-
markers in cancer. These membranous nanovesicles (50—100 nM in diameter) carry
a large variety of cellular components, including proteins, mRNA, microRNA, and
DNA [56]. Exosome molecular content closely reflects that of tumor cells from
which they originate and thus can serve as a sort of “liquid biopsy” in place of a
conventional tissue biopsy. For this reason, exosomes are of great current interest,
and preliminary studies suggest that their protein levels in the plasma and their
molecular content reflect the tumor presence, its progression or regression after
therapy, and possibly its recurrence [57]. Exosome fractions obtained from the
plasma of melanoma patients with stage 4 disease had the highest protein concen-
trations relative to exosomes of patients with less advanced disease. Also, stage 4
patients with protein-poor exosomal fractions had a significant survival advantage
over those with protein-rich exosomes [58]. These data suggest that exosome
protein content alone may be a biomarker of prognosis in cancer. In murine mela-
noma, tumor-derived exosomes contributed to metastatic invasion by carrying mes-
senger proteins that direct bone marrow-derived cells toward a pro-metastatic
phenotype [57, 58]. We recently showed that exosomes isolated from sera of AML
patients at diagnosis inhibited functions of NK cells via membrane-tethered TGF-§
[59] and observed by using western blots that levels of this exosome-bound
cytokine decreased during remission (preliminary results). Exosomes carry and
present membrane-bound enzymes, receptors, and cytokines to target cells, serving
as message carriers and delivering signals to immune and tissue cells [56]. Because
membrane-bound proteins often have greater biological effects than their soluble
counterparts, analysis of exosomes might be of greater prognostic value than are
measures of serum proteins. Currently, methods for capture of tumor-derived
exosomes to separate them from those secreted by normal cells in the plasma of
cancer patients are being developed. With this technical improvement, the potential
value of exosomes as biomarkers of the tumor fate during and after therapy can be
confirmed in future prospective studies.
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9 Statistical Analysis to Correlate Immunologic
and Clinical Endpoints

Results obtained from immune monitoring require expert statistical analysis to
explore their association with clinical outcome. In preparation for such analysis, the
monitoring data need to be examined for outliers and corrected for potential errors
made during data entry or assay performance. When the statistician is satisfied with
the completeness and accuracy of the data set, he/she begins an analysis strategy
that has been previously agreed to in consultation with clinical investigators. Ideally,
the analysis selection is based on the primary or the secondary clinical trial objec-
tives rather than ad hoc objectives. Usually, the object of the analysis is to establish
the importance of immunologic changes with therapy by finding association with
clinical outcomes such as clinical response, recurrence, or survival. Several statisti-
cal methods are available for this type of analysis as previously described [15, 60].
Nonparametric tests are generally superior in smaller data sets. Differences in post-
treatment levels relative to the pretreatment baseline can utilize the Wilcoxon signed
rank test for paired data (a single posttreatment observation) or Freidman’s test for
more than a single posttreatment data point. For larger data sets or for data that have
been transformed to meet the assumptions of parametric analysis, a paired ¢ test or
a repeated measure analysis of variance may be used.

Comparisons between treatment groups can be accomplished by comparing
mean group differences. Repeated-measures analyses are sensitive to occasional
extreme data points and to skewed distributions, and suitable data transformations
are recommended as are more robust fitting methods, which down-weight the influ-
ence of extreme data points. When multiple immunological endpoints are available,
newer statistical methods, such as recursive partitioning models, can be applied to
patient classification to estimate the classification accuracy of a combination or a
“signature” of immune parameters [60]. No matter how extensive the statistical
analysis, it is important to remember that the availability of data from adequate
number of subjects, demographic and clinical homogeneity of the cohort, and the
ability of a selected monitoring assay to discriminate responders from nonre-
sponders are important components of an immunologic investigation. All of these
should be thoughtfully planned prior to any data collection. For discovering correla-
tions between immunologic results and clinical outcome reliable, objective, and
rigorously collected clinical data with sufficiently long follow-up are essential.

Interpretations of monitoring results require statistical analysis capable of
modeling therapy-induced changes in multiple cellular interactions over time. It is
expected that when these requirements are adequately addressed and immune moni-
toring becomes an integral part of all biotherapy trials, the so far tenuous goal of
establishing immune correlates of clinical responses will be achieved.

Interpretation of immunologic results is not straightforward however, and
expertise may be needed to provide a correct interpretation. The difficulty often
arises when counterintuitive results are obtained, for example, when expected
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immune recovery is camouflaged by a suppressive factor, such as the presence of
Treg. The correct interpretation may only emerge upon performing an additional
assay which is selected based on potential mechanisms involved. Results derived
from a hypothesis-driven study monitored with a standardized assay targeting a
specific mechanism is most likely to correlate with clinical outcome. Therefore,
close interaction between the biostatistician, clinical investigator, and immunologist
is a hallmark of successful immune monitoring and biomarker discovery.

10 Immune Profiling in Cancer

As biotherapy trials, including antitumor vaccines, antitumor antibody therapies,
and checkpoint inhibitors, are increasingly often performed, the need for surrogate
markers of response has become more urgent. A definition of the immunologic
profile predictive or survival or response to therapy would greatly facilitate decisions
about the choice of biotherapies and help identify cancer patients likely to respond
to selected biotherapies. As genomics- and proteomics-based technologies are gain-
ing increasingly important place in screening for immune alterations, a concept of
“immune profiling” has been introduced, referring to measurements of several
immune and genetic markers that together establish a characteristic “immune
portrait” of cancer [61]. Such a profile would incorporate not just T cells infiltrating
the tumor but also other immune cells and their products both in the tumor microen-
vironment and in the peripheral blood or body fluids [61-63]. An “immune profile”
combining immunologic, proteomics, and genomics results would be expected to
discriminate cancer patients from healthy controls or distinguish cancer patients
who favorably respond to therapy from those who do not. Optimally, an immuno-
logic profile, once defined for a set of immune markers, could broadly serve to
predict clinical responses in biotherapy trials. An intensive search for the set of such
biomarkers has been ongoing but, so far, has not provided an immunologic profile
linked to improved survival in cancer. This is not surprising given the difficulties
associated with defining a “normal” immune profile due to extreme interindividual
and biological variability in components of the immune system. Immune responses
are subject to environmental, hormonal, and neurologic as well as pathologic
changes [64, 65]. Therefore, the discrimination of therapy-related alterations from
biologically mediated normal responses to infections, stress, or endocrine activity
might be very difficult. Perhaps a more realistic approach would be to define a “per-
sonal immune profile” for each patient at baseline (i.e., at diagnosis; prior to any
therapy) using multiple immune and genetic markers and monitor for alterations in
this profile in the course of treatment. The immune markers discussed above and
genetic biomarkers (e.g., transcriptional signatures) emerging from many preclinical
studies [65—67] have provided a number of candidates for such personalized immune
profiling that are currently under scrutiny for their diagnostic or prognostic value.
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11 Conclusions

Immune monitoring of clinical trials is complex and requires considerable resources.
It is, however, necessary for ensuring that clinical endpoints are correlated to the
immunologic mechanisms potentially responsible for therapy-induced changes.
Linking correlative immunologic studies with clinical endpoints has been difficult,
possibly because of the requirement for extensive laboratory support or because of
biological variability inherent to the immune system. Serial studies are especially
demanding to perform reliably, and a GLP facility specializing in immune monitor-
ing is an appropriate venue for studies in support of clinical trials. New high-
throughput technologies including the genomic and proteomic platforms provide
tools necessary for establishing personalized immune profiles for patients receiving
biotherapies. Changes in this profile in the course of treatment or as a result of
disease progression or regression might serve as intermediate markers of outcome.
However, much work remains to first confirm a reliable association of these profile
changes with clinical endpoints and then to validate each potential biomarker in the
series of prospective clinical trials.

The current expertise in technical and conceptual aspects of immune monitoring
of patients undergoing biotherapy is largely a by-product of efforts to centralize
monitoring to specialized laboratories and to apply clinical, immunologic, and
biostatistics insights into data interpretation. To take advantage of immune monitor-
ing, it is necessary to (a) ensure that it adequately and reliably measures changes
induced by administered biotherapy and (b) establish strong and transparent inter-
actions between the clinical investigator, clinical immunologist, and biostatistician
assisting in data analysis (Table 1).

Table 1 Technologies available for adaptation to establishing an “immune profile” of patients
treated with biotherapies in clinical trials

Genomic analysis: DNA arrays

Transcriptional signature: RT-PCR or gRT-PCR for molecular markers of disease

Proteome signature: Serum/plasma and tissue proteomics, including antibody microarrays and
multiplexing for cytokines and chemokines; exosome profiling

Molecular signaling; receptor/ligand interactions

Immune polymorphisms

High-content cell screening by flow cytometry and image analysis

Tissue microarrays and immunocytochemistry

Assessment of immune infiltrates into tissues: “Immune score”

Assessments of cell apoptosis vs. necrosis
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