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 PREFACE         

 It seems impossible not to see or hear of the threat of avian infl uenza 
in the printed media or the nightly news. The avian infl uenza A (H5N1) 
epizootic that is occurring in Asia and in parts of Europe, the Near East, 
and Africa will not likely diminish soon. Thus far, there is no evidence 
to suggest genetic recombination between avian infl uenza A virus and 
human genes. Nonetheless, since there is little preexisting natural 
immunity to H5N1 infection in human populations, if H5N1 viruses 
become able to maintain effi cient and sustained transmission among 
humans, an infl uenza pandemic could result. High rates of morbidity 
and mortality could result along with staggering economic and societal 
disruption.        1 – 4

 While vaccines will likely be the most effective at reducing morbidity 
and mortality, they may be available in the beginning of a pandemic 
because of production capacity. 5   Therefore, antivirals, such as neur-
aminidase inhibitors, would be expected to provide pharmaceutical 
intervention until suffi cient vaccine can be produced. 6 – 8   This places a 
huge onus on antiviral chemotherapy, especially when the phenomenon 
of emerging resistance is considered. 9   Of great signifi cance is the fi nding 
that H5N1 viruses from humans in Thailand and Vietnam show resis-
tance to amantadine and rimantadine, Therefore, novel approaches 
of all kinds to effective therapeutics for infl uenza should be sought. 
The contributions in this volume provide some insight into such 
possibilities.

 In Chapter  1 , De Clercq provides an overview of the current state 
of antiviral therapeutics for infl uenza. Covered are: M2 ion - channel 

xi
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inhibitors such as amantadine, rimantadine, and new adamantanamine 
congeners; interferon and interferon inducers; neuraminidase inhibi-
tors such as the well - known zanamivir and oseltamivir as well as more 
recent compounds such as peramivir and other cyclopentane or pyrro-
lidine derivatives and dimeric zanamivir derivatives; the IMP dehydro-
genase inhibitors ribavirin and viramidine; RNA polymerase inhibitors 
such as 2 ′  - deoxy - 2 ′  - fl uoroguanosine and the newer thiadiazolo[2,3 -
 a]pyrimidine and pyrimidinyl acylthiourea. In addition, the key issues 
of drug combinations and resisitance devlopment are treated. 

 The vital matter of high - throughput screening (HTS) to aid in the 
identifi cation of new leads for infl uenza antivirals is dealt with by Noah 
et al. in Chapter  2 . Described is the potential of each infl uenza compo-
nent as an assay target, along with the current state of infl uenza assays 
that are adaptable or have already been adapted to HTS formats for 
diagnostic strain characterization, vaccine evaluation, and identifi cation 
of potential antivirals. 

 Interferon and interferon inducers have been around for some time 
and may prove to be of use as interferon antivirals, but it may well be 
the targets revealed through mechanisms of their antiviral activity that 
will provide clues for alternative therapeutics. In Chapter 3 , Ezelle and 
Hassel review the ever - expanding knowledge base of interferon actions. 

 In Chapter  4 , Shigeta describes his laboratory ’ s experiences in mass -
 screening trial of potential anti - myxovirus agents including both syn-
thetic and natural substances, Several broad - spectrum anti - myxovirus 
agents have been found in these studies, and some of these compounds 
exceeded ribavirin in potency and selectivity in vitro  and some dis-
played activity in vivo . 

 Wong and colleagues look at nucleic acid - based agents (with the 
exception of RNAi interference) as antiviral agents in Chapter 5 , 
whereas Haasnoot and Berkhout review the activity and potential of 
RNA interference against infl uenza and other respiratory viruses in 
Chapter  6 . 

 Hayashi and co - workers review their research on fucoidan, a sulfated 
polysaccharide isolated from an edible alga Undaria pinnatifi da , as an 
inhibitor of infl uenza A virus replication in Chapter  7 . This fucoidan 
shows in vitro  antiviral activity and synergistic antiviral action in com-
bination with oseltamivir. 

 Carbohydrate chains of mammalian host cells are known to be 
re ceptors for infl uenza virus and many other viruses and bacteria. In 
Chapter 8 , Bovin and Gambaryan presented the rational design of an 
anti - adhesion drug for infl uenza. This includes self - assembling glyco-
peptides and symmetric star - like molecules. 
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 Verma and Hansch apply quantitative structure – activity relationships 
(QSAR) in the search for new neuraminidase inhibitors as anti - 
infl uenza drugs in Chapter  9 . From data gathered on known specifi c 
infl uenza A and B neuraminidase inhibitors, the authors have developed 
two QSAR models that may be used to narrow the synthetic challenges 
required to develop new inhibitors. 

 In Chapter  10 , Gao relates recent progress in the development of 
anti - virus fusion peptides by addressing the important hepted repeat 
(HR) polypeptides in some notorious viruses, such as HIV, Newcastle 
disease virus (NDV), and infl uenza virus, which are all Class I envel-
oped viruses. 

 Finally, in Chapter  11 , Aschenbrenner and colleagues describe several 
new approaches under development at NexBio, Inc. These include a 
chemical entity that inactivates the virus receptor and another that 
inhibits the viral RNA polymerase. 
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Combating the Threat of Pandemic Infl uenza: Drug Discovery Approaches,
Edited by Paul F. Torrence
Copyright © 2007 by John Wiley & Sons, Inc.

 EXISTING INFLUENZA 
ANTIVIRALS: THEIR MECHANISMS 
OF ACTION AND POTENTIAL IN 
THE FACE OF AVIAN INFLUENZA  *    

  Erik   De Clercq  
  Rega Institute for Medical Research, Katholieke Universiteit Leuven, B - 3000 
Leuven, Belgium 

   *     This chapter represents an adjusted and updated version of De Clercq, E. Antiviral 
agents active against infl uenza viruses,  Nature Rev. Drug Discovery   5 :1015 – 1025 (2006).  1

  INTRODUCTION 

 The outbreaks of avian infl uenza A (H5N1) in Southeast Asia  2   (with 
several clusters recently identifi ed in Indonesia  3  ), the expanding geo-
graphic distribution of this epizootic virus (with well - documented cases 
in Eastern Turkey in 2006 4  ), and the ability of infl uenza A to transfer 
to humans and cause severe infection have aroused serious concerns 
on the control measures that should be undertaken if a pandemic with 
infl uenza A, whether avian or human, would strike. In the wake of such 
pandemic, several preventive and therapeutic strategies have been 
formulated, among which are the stockpiling of antiviral drugs 2,5   and 
in particular the neuraminidase inhibitors oseltamivir (Tamifl u ™ ) and 
zanamivir (Relenza ™ ). 



2 EXISTING INFLUENZA ANTIVIRALS

 Many governments are now stockpiling large quantities of oseltami-
vir, providing an expanding and durable market for the drug. 6   Public 
and media interest in avian infl uenza has sparked demand for oselta-
mivir in the private sector, leading to increases in prescriptions amid 
fears of a shortage. 6   Roche has announced plans to dramatically increase 
production by as much as 8 -  to 10 - fold to meet these demands. Other 
companies are now considering to resurrect their antiviral programs to 
take advantage of the increased interest generated by the possibility of 
a pandemic.  6   Given the considerable challenges to the rapid develop-
ment of an effective vaccine against infl uenza A (H5N1) antiviral agents 
will play an important role as a fi rst - line defense if a new pandemic 
strikes.7   However, the large - scale use of drugs for chemoprophylaxis 
and chemotherapy imposes new challenges — that is, those of the selec-
tion and ensuing transmission of drug - resistant virus strains. 7

 There are, in principle, two mechanisms by which pandemic infl uenza 
may originate (i) by direct transmission (of a mutated virus?) from 
animal (bird) to man, as happened in 1918 with the “ Spanish infl uenza ”  
(H1N1),  “ the mother of all pandemics, ”    8   or (ii) through reassortment 
of an avian with a human infl uenza virus, as occurred in 1957 with the 
 “ Asian infl uenza ”  (H2N2) and, again, in 1968 with the  “ Hong Kong 
infl uenza ”  (H3N2)  9   (Fig.  1.1 ).  10   Whether a new infl uenza pandemic may 
arise through (i) antigenic “ drift ”  from an avian infl uenza or (ii) anti-
genic  “ shift ”  by recombination of an avian and human infl uenza virus 
can only be speculated upon. Whereas this question is of crucial impor-
tance for future vaccine development, it basically should have little 
bearing on antiviral drug design, because the antiviral drug targets, 
as depicted in Fig. 1.2 , should be applicable to all infl uenza A virus 
variants.11

  M2 ION - CHANNEL INHIBITORS: 
AMANTADINE, RIMANTADINE, AND NEW 
ADAMANTANAMINE DERIVATIVES 

 The fi rst synthetic compound ever shown to inhibit infl uenza virus 
replication was amantadine. 12   As indicated in Fig.  1.2  amantadine 
blocks, within the endosomes, the migration of H +  ions (protons) into 
the interior of the virus particles (virions), a process that is needed for 
the uncoating to occur. The H +  ions are imported through the M2 
(matrix 2) channels. 13   The transmembrane domain of the M2 protein, 
with the amino acid residues facing the ion - conducting pore,  14   is shown 
in Fig.  1.3 . Amantadine has been postulated to plug up the interior 



channel within the tetrameric M2 helix bundle. 15   The adamantan(amin)e 
derivatives amantadine and rimantadine (Fig. 1.4 ) have for a consider-
able time been available for both the prophylaxis and therapy of infl u-
enza A virus infections, but their use has been limited essentially 
because of the rapid emergence of virus - drug resistance, the ready 
transmissibility of the drug - resistant viruses.     

 In addition to amantadine and rimantadine, a variety of new ada-
mantanamine derivatives have been accredited with marked activity 
against infl uenza A (H2N2 and/or H3N2): spiro[cyclopropane - 1,2 ′  - ada-
mantan] - 2 - amine,16   spiro[pyrrolidine - 2,2 ′  - adamantane],  16   spiro[piperidine - 
2,2′  - adamantane],  17   2 - (2 - adamantyl)piperidine,  18   3 - (2 - adamantyl)
pyrrolidine,19   rimantadine 2 - isomers,20   2 - (1 - adamantyl)piperidine,  21   2 -
 (1 - adamantyl)pyrrolidine, 21   and 2 - (1 - adamantyl) - 2 - methyl - pyrrolidine  22

(Fig.  1.4 ). Whether any of these new adamantyl derivatives may offer 
any advantage — in terms of potency, selectivity, safety, or resistance 

Fig. 1.1.   The two mechanisms whereby pandemic infl uenza originates. In 1918, the 
 “ Spanish infl uenza ”  H1N1 virus closely related to an avian virus adapted to replicate 
effi ciently in humans. In 1957 and 1968, reassortment events led to, respectively, the 
 “ Asian infl uenza ”  H2N2 virus and the  “ Hong Kong infl uenza ”  H3N2 virus. The  “ Asian 
infl uenza ”  H2N2 virus acquired three genetic segments from an avian species [a hemag-
glutinin, a neuraminidase, and a polymerase (PB1) gene]. The “ Hong Kong infl uenza ”  
H3N2 virus acquired two genetic segments from an avian species (hemagglutinin and 
PB1). Future pandemic strains could arise through either mechanism. 10   (Taken from 
Belshe.10  ) See color insert. 
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4 EXISTING INFLUENZA ANTIVIRALS

profi le — over the parent compounds amantadine and rimantadine 
needs to be further explored. 

  RESISTANCE TO THE M2 ION - CHANNEL INHIBITORS 
AMANTADINE AND RIMANTADINE 

 Resistance to amantadine and rimantadine develops rapidly as a result 
of single amino acid substitutions 26, 27, 30, 31, or 34 within the trans-
membrane domain of the M2 protein. 23   In particular, the Ser  →  Asn 
mutation at position 31 (S31N) engenders high - level resistance to 

Fig. 1.2.   Inhibition of infl uenza virus replication cycle by antivirals. After binding to 
sialic acid receptors, infl uenza virions are internalized by receptor - mediated endocyto-
sis. The low pH in the endosome triggers the fusion of viral and endosomal membranes, 
and the infl ux of H +  ions through the M2 channel releases the viral RNA genes in the 
cytoplasm. Adamantanamine derivatives block this uncoating step. RNA replication/
transcription occurs in the nucleus. This process can be blocked by inhibitors of IMP 
dehydrogenase (a cellular enzyme) or viral RNA polymerase. The stability of the viral 
mRNA and its translation to viral protein may be prevented by siRNAs. Packaging 
and budding of virions occur at the cytoplasmic membrane. Neuraminidase inhibitors 
block the release of the newly formed virions from the infected cells. (Taken from 
Palese,11   with modifi cations.  1  ) See color insert. 
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M2 ION-CHANNEL INHIBITORS AMANTADINE AND RIMANTADINE 5

adamantan(amin)es (Fig. 1.5 ).24   The incidence of adamantan(amin)e 
(M2 - inhibitor) resistance among human infl uenza A (H3N2) virus in 
the United States has increased from less than 2% until 2004 to 14.5% 
for the period October 2004 – March 2005 to 92.3% for the period 
October – December 2005.  24   The incidence of adamantane resistance 
among infl uenza A (H3N2) viruses isolated in the United States 25   and 
worldwide26   has been a cause for concern. More than 98% of the ada-
mantane - resistant isolates identifi ed worldwide between 1995 and 2005 
contain the same S31N substitution. 26

 The rate of adamant(amin)e resistance began to increase in Asia in 
the 1997 – 1998 infl uenza season and increased markedly in China 
to 57.5% in 2002 – 2003 and 73.8% in 2003 – 2004.26   Misuse of the 
adamant(amin)es most likely contributed to this rapid increase in resis-
tance. In China, Russia, and some other countries, amantadine and 

Fig. 1.3.   Model of the proposed transmembrane domain of the M2 protein, showing 
top view as seen from the extracellular side and a cross section in the plane of the lipid 
layer. Residues that were identifi ed as facing the ion - conducting aqueous pore are 
indicated. (Taken from Shuck et al. 14  ) See color insert. 
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6 EXISTING INFLUENZA ANTIVIRALS

Fig. 1.4.   The adamantane (or adamantanamine) derivatives amantadine and rimanta-
dine and various new adamantanamine derivatives. Amantadine, rimantadine, 
and adamantanamine derivatives share a number of common structural features, 
which relate to their eventual mode of action — that is, blockage of the M2 channel —
 responsible for transporting H +  ions (protons) into the interior of the virions and 
initiating the viral uncoating process (see legend to Fig. 1.2 ). Several new adaman-
tamine derivatives were found to be more active than amantadine: i.e. 230 - fold 
(spiro[pyrrolidine - 2,2 ′  - adamantane), 101 - fold (spiro[cyclopropane - 1,2 ′  - adamantan] - 2 -
 amine), and 4.3 - fold (3 - [2 - adamantyl]pyrrolidine).  22
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Fig. 1.5.   Mechanism of action of and development of resistance to M2 inhibitors. In 
the absence of amantadine, the proton channel mediates an infl uex of H +  ions into the 
infecting virion early in the viral replication cycle, which facilitates the dissociation of 
the ribonucleoproteins from the virion interior and allows them to be released into the 
cytoplasm and transported into the cell nucleus. In highly pathogenic avian viruses (H5 
and H7), the M2 - proton channel protects the hemagglutinin from acid - induced inacti-
vation in the trans - Golgi network during transport to the cell surface. In the presence 
of amantadine, the channel is blocked and replication is inhibited. The serine at position 
31 lies partially in the protein – protein interface and partially in the channel (see inset). 
Replacement of serine by a larger asparagine leads to the loss of amantadine binding 
and the restoration of channel function. Depending on the particular amino acid, other 
mutations at position 26, 27, 30, or 34 may inhibit amantadine binding or allow binding 
without the loss of ion - channel function. [Taken from Hayden. 24   Inset courtesy of 
Rupert Russell, Phillip Spearpoint, and Alan Hay (National Institute for Medical 
Research, London).] See color insert. 
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rimantadine are both available without a prescription and are included 
in over - the - counter  “ antifl u ”  and  “ cold ”  preparations at a range of 
doses.27   In North America, the increase in resistance began about 5 
years after the initial increase in Asia to reach the current 92%. 25   In 
January 2006, the Centers for Disease Control (CDC) issued a Health 
Alert and recommended that neither amantadine nor rimantadine 
should be used for the treatment or prophylaxis of infl uenza A infec-
tions in the United States for the remainder of the 2005 – 2006 infl uenza 
season.27

 The distribution of amantadine - resistant avian infl uenza H5N1 in 
Asia has been examined. 28   More than 95% of the H5N1 viruses isolated 
in Vietnam and Thailand contained resistance mutations, as compared 
to 6.3% in Indonesia and 8.9% in China. The dual mutation Leu26Ile 
and Ser31Asn was found almost exclusively in all resistant isolates from 
Vietnam, Thailand, and Cambodia. 28

 The startling increase in the incidence of adamantan(amin)e resis-
tance in the United States 25   has obviously been looking for an explana-
tion, one (still hypothetical) being the wide - scale use of the amantadine 
derivative memantine (3,5 - dimethyl -l  - adamantanamine). Memantine, 
which interacts with the N  - methyl -  d  - aspartate (NMDA) receptor, 29   has 
been launched in March 2004 for the treatment of Alzheimer ’ s disease, 
accounting for 26% of all prescriptions for this disease by March 31, 
2005. The introduction of memantine may, according to this provocative 
hypothesis,29   have inadvertently led to the inability of amantadine to 
be used in the prophylaxis or therapy of infl uenza A.  

  NEURAMINIDASE INHIBITORS: 
ZANAMIVIR AND OSELTAMIVIR 

 Whereas the viral hemagglutinin (H) is needed for the virus to interact 
with the receptor bearing the N  - acetylneuraminic acid (NANA, sialic 
acid), the viral neuraminidase (N) that cleaves off NANA enables the 
progeny virions to leave the infected cells and to spread to other host 
cells. By blocking the release of these newly formed virus particles, 
neuraminidase inhibitors should prevent further spread of the virus 30,31

(Fig.  1.6 ). The neuraminidase may also play a role early in infl uenza 
infection of the human airway epithelium. 32   The viral neuraminidase 
cleaves NANA (sialic acid or SA) from the cell surface glycoprotein 
at a specifi c bond [SA α 2,3Gal (sialic acid linked to galactose by an 
α  - 2,3 linkage) or SA α 2,6Gal (sialic acid linked to galactose by an 
α  - 2,6 linkage)] (Fig.  1.7 ).     



Fig. 1.6.   Mechanism of action of neuraminidase inhibitors. Neuraminidase inhibitors, 
such as zanamivir and oseltamivir (see Fig. 1. 8 ), interfere with the release of progeny 
infl uenza virions from the surface of infected host cells. In doing so, the neuraminidase 
inhibitors prevent virus infection of new host cells and thereby halt the spread of infec-
tion in the respiratory tract. The neuraminidase cleaves off sialic acid ( N  - acetylneur-
aminic acid) from the cell receptor for infl uenza virus (see Fig. 1. 7 ), so that the newly 
formed virus particles can be released from the cells. Neuraminidase inhibitors prevent 
this process. (Taken from Moscona. 31  ) See color insert. 
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 Avian (H5N1) infl uenza and human (H3N2, H1N1) infl uenza viruses 
seem to target different receptors of the human respiratory tract: 
Whereas human - derived viruses preferentially recognize SA α 2,6Gal 
located on epithelial cells of the nasal mucosa, paranasal sinuses, 
pharynx, trachea, and bronchi, avian viruses would preferentially rec-
ognize SA α 2,3Gal located more deeply in the respiratory tract, at the 
alveolar cell wall and junction between the respiratory bronchiole and 
alveolus.33   The avian infl uenza H5N1 virus may cause severe lower 
respiratory tract (LRT) disease in humans because it attaches predomi-
nantly to type II pneumocytes, alveolar macrophages, and nonciliated 
bronchiolar cells of the human LRT. 34   In terms of the effectiveness of 
neuraminidase inhibitors, it would not, in theory, matter whether NANA 
is bound via an α  - 2,3 or  α  - 2,6 linkage, because the neuraminidase 
inhibitors act as transition state analogues 35   of NANA, irrespective on 
how it is bound to the penultimate galactose unit. 

 The fi rst neuraminidase inhibitors designed according to the  “ transi-
tion state analogue ”  principle were DANA and FANA. They served as 
the lead compounds for the development of the neuraminidase inhibi-
tors that were eventually marketed for the treatment (and prophylaxis) 
of infl uenza A and B virus infections: zanamivir (Relenza  ®  , 4 - guanid-
ino - Neu5Ac2en, GG167)  36   and oseltamivir (Tamifl u  ®  , GS4071 ethyl 
ester, GS4104, Ro64 - 0796)37   (Fig.  1.8 ). Both compounds have been 
found to be highly potent inhibitors (IC 50   ≤  1   ng/ml) of the infl uenza 
neuraminidase, to inhibit infl uenza A and B virus replication  in vitro
and in vivo  (mice, ferrets), to be well - tolerated, and to be both prophy-
lactically (signifi cant reduction in number of ill subjects) and therapeu-
tically (signifi cant reduction in duration of illness) effective against 
infl uenza A/B virus infection in humans. A crucial difference between 
zanamivir and oseltamivir, however, is that zanamivir has to be admin-
istered by inhalation (10   mg bid), whereas oseltamivir can be adminis-
tered orally (75 or 150   mg b.i.d.). 

 The benefi ts to be expected from the neuraminidase inhibitors are 
that they may be expected to reduce illness duration by 1 – 3 days, to 
reduce the risk of virus transmission to household or health - care con-
tacts, to reduce the number and severity of complications (sinusitis, 
bronchitis), to reduce the use of antibiotics and to prevent seasonal 
infl uenza virus infection. As shown in particular for oseltamivir, the 
earlier the administration of oseltamivir, the shorter the duration of 
fever, the greater the alleviation of symptoms and the faster the return 
to baseline activity and health scores. 38   Oseltamivir treatment of infl u-
enza illness reduces lower respiratory tract complications (LRTCs), 
particularly bronchitis and pneumonia, concomitantly with a reduction 



Fig. 1.8.   DANA, FANA, eanamivir (Relenza  ®  , 4 - guanidino - Neu5Ac2en, GG167), osel-
tamivir (Tamifl u  ®  , GS4071 ethyl ester, GS4104, Ro64 - 0796), peramivir (RWJ - 270201), 
and cyclopentane and pyrrolidine derivatives. 
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in antibiotic use and need for hospitalization. 39   Also, post - exposure 
prophylaxis with oseltamivir, 75   mg once daily for 7 days, was found to 
protect close contacts of infl uenza - infected persons against infl uenza 
illness and prevented spread within households. 40   Post - exposure pro-
phylaxis with oseltamivir can be considered an effective option for 
preventing the transmission of infl uenza within households. 41   It should 
be recognized, however, that oseltamivir is less effective against infl u-
enza B than against infl uenza A — that is, with regard to duration of 
fever and virus persistence. 42

 The neuraminidase inhibitors (i.e., GS4071) have been positioned in 
the active center of the neuraminidase (Fig. 1.9 ).37,43   The structure of 

Fig. 1.9.   GS4071 within the active site of the infl uenza A viral neuraminidase. Loca-
tions of oseltamivir - resistance mutations (i.e., H274Y) showing that the tyrosine at 
position 252 is involved in a network of hydrogen bonds in group - 1 (H5N1 and H1N1) 
neuraminidases.44   (Figure 1.9A was taken from Kim et al. 37   and De Clercq, 43   and Fig. 
1.9B was taken from Russell et al. 44  ) See color insert. 
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the infl uenza A virus neuraminidase has recently been resolved in two 
groups (group 1 contains the subtypes N1 (as in H5N1), N4, N5, and 
N8, and group 2 contains the subtypes N2 (as in H3N2), N3, N6, N7, 
and N9).  44   The crystal structures of the N1, N4, and N8 neuraminidases 
reported by Russell et al., 44   surprisingly reveal that the active site of 
these group 1 enzymes have a different three - dimensional structure 
from that of group - 2 enzymes.  45   The differences lie in a loop of amino 
acids known as the 150 - loop. Group - 1 neuraminidases contain a cavity 
adjacent to their active site that closes on ligand binding (Fig.  1.10 ).  44

When an inhibitor binds to group - 1 subtypes, the 150 - loop adopts a 
conformation similar to that of group - 2 neuraminidases.  45   The cavity 
near the active site that is exposed by the open conformation of the 
150 - loop might be exploited in further drug design. 45

Fig. 1.10.   Molecular surfaces of group - 1 (N1) and group - 2 (N9) neuraminidases with 
bound oseltamivir showing the 150 - cavity in the group - 1 (N1) structure that arises 
because of the distinct conformation of the 150 - loop. (Taken from Russell et al. 44  ) See 
color insert. 
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  RESISTANCE TO NEURAMINIDASE INHIBITORS 
ZANAMIVIR AND OSELTAMIVIR 

 The neuraminidase inhibitors zanamivir and oseltamivir make contact, 
through their carboxylic acid group, with the neuraminidase amino acid 
residue arginine in position 292 and, through their basic amine (osel-
tamivir) or guanidinium (zanamivir) group, with the neuraminidase 
amino acid residue glutamic acid in position 119. Hence, it is not sur-
prising that at these positions (R292K, E119G), mutations may arise 
that engender resistance to both zanamivir and oseltamivir. 46   The 
R292K mutation causes high - level resistance to oseltamivir but only 
low - level (5 -  to 30 - fold) resistance to zanamivir. 

 In a comprehensive study of over 1000 clinical infl uenza isolates 
recovered from 1996 to 1999, there was no evidence of naturally occur-
ring resistance to either oseltamivir or zanamivir in any of the isolates. 47

During the subsequent 3 years (1999 – 2002) the frequency of variants 
with decreased sensitivity to the neuraminidase inhibitors did not 
increase signifi cantly (the percent variants with a  > 10 - fold decrease in 
susceptibility to oseltamivir was 0.41% in 2002, as compared to 0.33% 
in 2000).  48   However, in children treated for infl uenza with oseltamivir, 
Kiso et al.  49   found neuraminidase mutations in viruses from nine 
patients (18%), six of whom had mutations at position 292 (R292K) 
and two at position 119 (E119V). It has been postulated that zanamvir -
 resistant infl uenza H3N2 viruses may not readily arise  in vivo  due to 
their poor viability (reduced fi tness).  50

 Recombinant viruses containing either the wild - type neuraminidase 
or a single amino acid change at residue 119 (E119V) or 292 (R292K) 
were generated in the infl uenza A (H3N2) infl uenza virus background 
by reverse genetics: Both mutants showed decreased sensitivity to osel-
tamivir, and the R292K virus showed cross - resistance to zanamivir. The 
R292K mutation was associated with compromised viral growth and 
transmissibility (in accordance with earlier studies 51,52  ), whereas the 
growth and transmissibility of the E119V virus was comparable to 
those of wild - type virus.  53

 Of note, infl uenza virus A (H3N2) carrying the R292K mutation in 
the neuraminidase gene did not transmit to ferrets under conditions 
the wild - type virus was readily transmitted. 51   However, other mutant 
viruses of infl uenza A (H3N2) (i.e., E119V and H274Y, both engender-
ing resistance to oseltamivir) were found to be readily transmissible in 
ferrets, although the H274Y mutant required a 100 - fold higher dose for 
infection and was transmitted more slowly than the wild type. 52

 It has been hypothesized that neuraminidase inhibitors could, in 
theory, inhibit the 1918 pandemic virus. 54   In fact, recombinant viruses 



possessing the 1918 neuraminidase, or both the 1918 neuraminidase 
and 1918 hemagglutinin, were shown to be effectively inhibited, both 
in vitro  and  in vivo  (mice) by the neuraminidase inhibitors zanamivir 
and oseltamivir; and a recombinant virus possessing the 1918 M2 ion 
channel could be effectively inhibited by amantadine and rimantadine. 
This means that current antiviral strategies would be effective in curbing 
a reemerging 1918 or 1918 - like infl uenza (H1N1) virus. 55

 Particular vigilance is warranted for drug - resistant infl uenza virus in 
immunocompromised patients, which may harbor, and shed, multi -
 drug - resistant infl uenza A (H3N2) for a prolonged time (1 year), as has 
been demonstrated for H3N2 infl uenza A H3N2 carrying the neur-
aminidase E119V mutation. 56,57

 The conserved amino acid residues that interact with neuraminidase 
inhibitors are under selective pressure, but only a few have been linked 
to resistance. In the A/Wuhan/359 (H3N2) recombinant virus back-
ground, seven charged neuraminidase residues (R118, R371, E227, 
R152, R224, E276, and D151) were characterized that directly interact 
with the neuraminidase inhibitors but have not been reported to confer 
resistance to neuraminidase inhibitors. 58   Of the mutations that may 
arise at these positions, only the E276D mutation was predicted to 
likely emerge under selective pressure. 58   Other mutations, in addition 
to those that are currently associated with infl uenza resistance to zana-
mivir and oseltamivir (E119G, R152K, H274Y, and R292K), are so -
 called  “ outlier ”  mutations (i.e., A18S, L23F, C42F, R143V, E199K, S332F, 
and K431N): these “ outlier ”  mutations have not been associated with 
resistance to neuraminidase inhibitors. 59

 Resistance of infl uenza H5N1 to oseltamivir due to the H274Y muta-
tion in the N gene has been described: 60   The patient from whom the 
oseltamivir - resistant H5N1 strain was isolated recovered from the 
disease, and the virus was found to be less pathogenic in ferrets than 
the parent strain and did not show cross - resistance to zanamivir. 
Although the H274Y mutation in infl uenza A H1N1 neuraminidase 
had been previously reported, 61,62   its occurrence in infl uenza A (H5N1) 
infection raised concern because it was associated with death in two of 
the eight infl uenza A (H5N1) virus - infected patients.  63   Whether there 
was a causal relationship between the emergence of the H274Y muta-
tion and the lethal outcome could not be ascertained, however. 63

 The effi cacy of oseltamivir in the treatment of H5N1 infection in 
humans could, because of its anecdotal use, not been unequivocally 
demonstrated. Yet, it should be pointed out that oseltamivir has 
been shown to protect ferrets against lethal infl uenza H5N1 infection: 
Treatment with oseltamivir at 5   mg/kg/day for 5 days twice daily 
(orally) resulted in complete inhibition of virus replication in the lungs 
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and small intestine on day 5 p.i. and, consequently, prevented mortal-
ity.64   Similarly, oseltamivir has proven effi cacious in the treatment of 
mice infected with the highly pathogenic H5N1 A/Vietnam/1203/04 
infl uenza virus strain, although prolonged and higher - dose oseltamivir 
regimens were required for achieving the most benefi cial antiviral 
effect.65

 Recent data have demonstrated that the sensitivities of the neur-
aminidase of H5N1 viruses isolated in 2004 and 2005 to oseltamivir are 
about 10 - fold higher than those of earlier H5N1 viruses. 66   Although the 
clinical relevance of a 10 - fold increase in sensitivity of neuraminidase 
to oseltamivir needs to be investigated further, the possibility that sen-
sitivity to neuraminidase inhibitors could increase (or possibly decrease) 
signifi cantly, even in the absence of treatment, underscores the need 
for continuous evaluation especially for infl uenza viruses with pan-
demic potential.  66

  NEURAMINIDASE INHIBITORS: PERAMIVIR AND OTHER 
CYCLOPENTANE OR PYRROLIDINE DERIVATIVES AND 
DIMERIC ZANAMIVIR DERIVATIVES 

 Whereas oseltamivir can be described as a cyclohexenyl derivative, 
there are a number of cyclopentane and pyrrolidine derivatives that 
have been described as neuraminidase inhibitors: peramivir (RWJ -
 270201, BCX - 1182)  67 – 69   and other cyclopentane  69,70   and cyclopentane 
amide71   derivatives as well as a variety of pyrrolidine derivatives, includ-
ing A - 192558,  72   A - 315675,  73 – 75   and other pyrrolidines 76   (Fig.  1.8 ). Also, 
2,3 - disubstituted tetrahydrofuran - 5 - carboxylic acid derivatives have 
been described as infl uenza neuraminidase inhibitors, albeit with 
reduced inhibitory potency as compared to the corresponding pyrro-
lidine analogues.  77

 Peramivir (RWJ - 270201) and A - 315675 represent novel neuramini-
dase inhibitors that were shown to retain activity against various zana-
mivir -  and oseltamivir - resistant infl uenza A and B viruses: 78   Specifi cally, 
a new oseltamivir - resistant infl uenza B variant carrying the D198N 
substitution at the viral neuraminidase was found to retain susceptibil-
ity to peramivir and A - 315675. Also, the neuraminidase E119V mutant 
displaying 6000 - fold lower susceptibility to oseltamivir and 175 - fold 
lower susceptibility to zanamivir than did wild - type virus still retained 
full susceptibility to A - 315675.79

 Taken together the different studies performed with infl uenza A 
(H3N2) virus mutants, 49 – 53,78,79   it appears that neuraminidase inhibitors 



may select for mutations at a number of positions (E119V, R152K, 
D198N, H274Y, and R292K) that do only partially overlap, 80   that is, only 
partially engender cross - resistance. 

In vivo , peramivir (BCX - 1812, RWJ - 270201) was found to strongly 
suppress infl uenza A (H1N1) infection in mice upon a single intramus-
cular injection (10   mg/kg). This was ascribed to a tight binding of pera-
mivir to the neuraminidase. 81   Complete protection against lethality was 
afforded by peramivir given once daily for fi ve days after infl uenza A 
virus infection in a murine model. 82   Similarly, a single intramuscular/
intravenous injection of peramivir, 1 hour pre - virus exposure, offered 
protection against infl uenza A (H5N1) in mice. 83   When given orally to 
humans, however, peramivir did not offer robust protection against 
human infl uenza A virus infection, which was attributed to the very low 
oral bioavailability ( < 5%) of peramivir;  84   further studies with paren-
teral formulations of peramivir are, therefore, warranted. 

 Dimeric derivatives of zanamivir with linking groups of 14 – 18 atoms 
in length were found to be 100 - fold more potent inhibitors of infl uenza 
virus replication in vitro  and  in vivo  than zanamivir. 85,86   These com-
pounds exhibited long - lasting antiviral activity due to extremely long 
resistance times in the lungs, thus allowing a once - weekly dosing 
regimen. This raises the prospect for a new type of anti - infl uenza drug 
that could be administered as a single dose in the treatment of infl u-
enza, or just once a week in the prevention of infection. 86

  IMP DEHYDROGENASE INHIBITORS: 
RIBAVIRIN AND VIRAMIDINE 

 Ribavirin has long been recognized as a broad - spectrum antiviral agent 
with particularly distinct activity against orthomyxo (i.e., infl uenza) and 
paramyxo (i.e., measles, respiratory syncytial) viruses.  87   Respiratory syn-
cytial virus (RSV) infection is the only ( − )RNA virus infection for 
which aerosolized ribavirin has been formally approved. Oral ribavirin 
is also used, in combination with parenteral pegylated α  - interferon, in 
the treatment of chronic hepatitis C virus (HCV) infection. The intra-
venous form of ribavirin has been registered for the treatment of hem-
orrhagic fever with renal syndrome (HFRS). In addition to ribavirin, 
viramidine, which can actually be considered as the amidine prodrug of 
ribavirin (Fig. 1.11 ), has been accredited with marked potential as an 
anti - infl uenza drug. 88   Of interest, ribavirin has not been shown to gener-
ate virus - drug resistance, and resistance of infl uenza virus replication to 
ribavirin has not been reported to date. Obviously, this lack of drug 
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Fig. 1.11.   Ribavirin and viramidine, with IMP dehydrogenase being the target enzyme 
for ribavirin 5 ′  - monophosphate. Viramidine acts as a prodrug (precursor) of ribavirin, 
which is converted intracellularly to its 5 ′  - monophosphate derivative, ribavirin - MP. The 
latter inhibits IMP dehydrogenase, a crucial enzyme in the biosynthesis of RNA, includ-
ing viral RNA. The IMP dehydrogenase is responsible for the conversion of IMP 
(inosine 5 ′  - monophosphate) to XMP (xanthosine 5 ′  - monophosphate), which, in turn, 
is further converted to GMP (guanosine 5 ′  - monophosphate), GDP (guanosine 5 ′  -
 diphosphate), and GTP (guanosine 5 ′  - triphosphate). The latter serves as substrate, 
together with ATP, UTP, and CTP, in the synthesis of RNA. 
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resistance development is due to the fact that ribavirin ’ s main target of 
antiviral action (as demonstrated for paramyxo -  and fl aviviruses  89  ) is a 
cellular enzyme, the inosine 5 ′  - monophosphate (IMP) dehydrogenase 
(responsible for the conversion of IMP to XMP), a key enzyme involved 
in the biosynthesis of GTP and viral RNA synthesis (Fig. 1.11 ). 

 Ribavirin is active against both human and avian (H5N1) infl uenza 
viruses within the 50% effective concentration (EC 50 ) range of 6 –
 22    μ M.  88   Of the three routes (oral, aerosolized, intravenous) by which 
ribavirin could be administered in the treatment of avian/human infl u-
enza, the intravenous should be the preferred route when it comes to 
therapy of an acute infl uenza virus infection. Oral ribavirin did not 
offer the expected clinical or virological effi cacy in earlier studies with 
infl uenza A (H1N1). 90   Ribavirin aerosol has been used successfully 
(based on reduction of virus shedding and clinical symptoms) in the 
treatment of infl uenza virus infections in college students. 91   Intrave-
nous ribavirin (producing mean plasma concentration at 20 – 60    μ M) 
was associated with symptomatic improvements and elimination 
of infl uenza virus from nasopharyngeal swabbings and tracheal 
aspirates.92

 Intravenous ribavirin has been further investigated, with success, in 
the treatment of Lassa fever 93   and HFRS.  94   Both studies demonstrated 
signifi cant benefi ts of ribavirin in terms of survival and reduction of 
disease severity. The dosing regimen for intravenous ribavirin consists 
of a loading dose of 2   g of ribavirin followed by 1   g every 6   hr for 4 days. 
During the next 5 days, a maintenance dose of 0.5   g should be admin-
istered every 8   hr. This should generate the effective concentrations 
needed for achieving suppression of (human and avian) infl uenza virus 
replication. Dose - limiting toxicity would be hemolytic anemia, which 
should be reversible upon cessation of therapy. 

  SHORT INTERFERING RNAS AND PHOSPHOROTHIOATE 
OLIGONUCLEOTIDES

 Short interfering RNAs (siRNAs) specifi c for conserved regions of 
infl uenza virus genes were found to reduce virus production in the 
lungs of infected mice, when the siRNAs were given intravenously (i.v.) 
in complexes with a polycation carrier either before or after initiating 
virus infection. 95   Delivery of siRNAs specifi c for highly conserved 
regions of the nucleoprotein or acidic polymerase signifi cantly reduced 
lung virus titers in infl uenza A virus - infected mice and protected the 
animals from lethal challenge. This protection was specifi c and not 
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mediated by an antiviral interferon response. The infl uenza - specifi c 
siRNA treatment was broadly effective and protected animals against 
lethal challenge with highly pathogenic avian infl uenza A viruses of the 
H5 and H7 subtypes. 96   That specifi c siRNA would be effective against 
infl uenza could be readily predicted from equally effective results 
obtained with other specifi c siRNAs — that is, against the SARS (severe 
acute respiratory syndrome) coronavirus in comparable situations. 97

 Phosphorothioate oligonucleotides (PS - ONs) (i.e., REP, a 40 - mer 
PS - ON) offer potential, when administered as aerosol in the prophy-
laxis and therapy of infl uenza infection. 98   Similarly, antisense phospho-
rodiamidate morpholino oligomers (ARP - PMOs) could be further 
pursued for their potential in the treatment of H5N1 infl uenza A virus 
infections.99   Similarly, peptide - conjugated phosphorodiamidate mor-
pholino oligomers (P - PMO), designed to base - pair with infl uenza viral 
RNA sequences that are highly conserved across viral subtypes, proved 
highly effi cacious in reducing the viral titer in a dose - responsive and 
sequence - specifi c manner in infl uenza A virus - infected cells.  100

  INFLUENZA VIRUS RNA POLYMERASE INHIBITORS 

 The infl uenza viral RNA polymerase consists of a complex of three 
virus - encoded polypeptides (PB1, PB2, and PA), which, in addition to 
the RNA replicative activity, also contains an endonuclease activity so 
as to ensure  “ cap snatching ”  for initiating the transcription and subse-
quent translation process. 101   The polymerase complex genes 102   contrib-
ute to the high virulence of the human H5N1 infl uenza virus isolate 
A/Vietnam/1203/04. This observation underscores the importance of 
novel antivirals targeting the polymerase for further development for 
the therapy and prophylaxis of human and avian infl uenza virus 
infections.

 Few compounds have been reported to be operating at either the 
RNA replicase (RNA polymerase) or endonuclease level. In analogy 
with the inhibitors that have been identifi ed to inhibit the reverse tran-
scriptase (RNA - dependent DNA polymerase) of HIV or RNA repli-
case (RNA - dependent RNA polymerase) of HCV, infl uenza RNA 
replicase inhibitors could be divided into two classes: nucleoside and 
non - nucleoside type of inhibitors. Examples of the nucleoside type of 
inhibitors are 2 ′  - deoxy - 2 ′  - fl uoroguanosine (FdG) 103,104   and T - 705  105 – 107

(Fig.  1.12 ).   
 T - 705 is a substituted pyrazine that has been found to exhibit potent 

anti - infl uenza virus activity  in vitro  and  in vivo . According to a com-



parative study, T - 705 would even be more potent than oseltamivir when 
increasing the multiplicity of infection ( in vitro ) or using a higher virus 
challenge dose ( in vivo ).  106   It has been postulated that T - 705 would be 
converted intracellularly to its ribonucleotide, T - 705 4 - ribofuranosyl -
 5 ′  - monophosphate (T - 705 RMP), through a phosphoribosyl transfer-

Fig. 1.12.   FdG, Flutimide, thiadiazolo[2,3 -a ]pyrimidine, pyrimidinyl acylthiourea, and 
T - 705, with the postulated mode of action of T - 705, according to Furuta et al. 107
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ase, and, upon further phosphorylation to its 5 ′  - triphosphate (Fig.  1.12 ), 
T - 705 RTP would then inhibit infl uenza virus RNA polymerase in a 
GTP - competitive manner.  107   Unlike ribavirin 5 ′  - monophosphate, T - 705 
RMP did not signifi cantly inhibit IMP dehydrogenase, indicating that 
it owes its anti - infl uenza virus activity mainly, if not exclusively, to an 
inhibition of the infl uenza virus RNA polymerase. 

 In addition to the RNA polymerase, the  “ cap snatching ”  or  “ cap 
scavenging ”  endonuclease activity associated with the PB1 - PB2 - PA 
complex could be considered as an attractive target for infl uenza virus 
inhibitors: It can be inhibited by 4 - substituted 2,4 - dioxobutanoic acid 
derivatives108   and  N  - hydroxamic acid/ N  - hydroxy - imide derivatives.  109

Likewise, fl utimide, a 2,6 - diketopiperazine (Fig.  1.12 ), identifi ed in 
extracts of the fungal species Delitschia confertaspora , has been dem-
onstrated to specifi cally inhibit the cap - dependent endonuclease activ-
ity associated with infl uenza viral RNA polymerase and to inhibit the 
replication of infl uenza A and B virus in cell culture. 110   Both the viral 
RNA polymerase and endonuclease should be further explored as 
targets for the development of anti - infl uenza agents. 

 Recently, a new class of potent infl uenza virus inhibitors (EC 50  for 
virus replication: 0.08 – 0.09    μ M), as represented by thiadiazolo[2,3 -
a ]pyrimidine and pyrimidinyl acylthiourea (Fig.  1.12 ), has been 
reported.111   Although the mechanism of action of this highly potent and 
selective inhibitors of infl uenza virus remains to be established, they 
represent a highly interesting lead worth pursuing. A series of novel 
bisheterocycle tandem derivatives consisting of methyloxazole and thia-
zole may also serve as leads for further optimization, although the lead 
compounds exhibited only modest activity against infl uenza A virus.  112

  INTERFERON (INDUCERS) 

 Interferon was originally discovered, exactly 50 years ago, with infl u-
enza virus as inducer. 113   In some earlier studies, interferon, instilled by 
the intranasal route, did not offer much protection in the prophylaxis 
of infl uenza A virus infections. 114,115   Meanwhile, interferon has come a 
long way, and pegylated α  - interferon (injected parenterally), in combi-
nation with (oral) ribavirin, has become the standard therapy for 
chronic hepatitis C virus (HCV) infections. This means that with this 
combination, extensive experience has been accumulated, 116   which 
could be readily implemented in the prophylaxis and therapy of human 
and avian infl uenza virus infections in humans. In the prophylaxis/
therapy of infl uenza virus infections, the duration of treatment would 



be much shorter than that for hepatitis C, which would obviously refl ect 
on the convenience (cost/benefi t) and side effects that are inherently 
linked to the use of interferon and ribavirin. 

 In addition to interferon, interferon inducers such as poly(I) · poly(C), 
discovered some 40 years ago, 117   may also play a role in the control of 
infl uenza virus infections. Prophylaxis using liposome - encapsulated 
double - stranded RNA [poly(I) · poly(C)] provided complete and long -
 lasting protection against infl uenza A virus infection. 118   Furthermore, 
poly(I) · poly(C), when combined with (intranasal) vaccination, con-
ferred complete protection against infl uenza virus infection, which may 
have been mediated by an upregulated expression of Toll - like receptor 
3 and α / β  interferons as well as Th1 -  and Th2 - related cytokines.  119   It is 
unclear whether the use of exogenous interferon, or the induction of 
endogenous interferon by poly(I) · poly(C) or other double - stranded 
RNAs, may help in the prophylaxis or therapy of avian or human infl u-
enza virus infections, but in view of the “ renaissance ”  of interferon, 
as witnessed in the treatment of HCV infection, the potential of inter-
feron in control measures against infl uenza may well deserve to be 
revisited.

  ANTIVIRAL DRUG COMBINATIONS 

 From the drug combination regimens utilized in the treatment of  Myco-
bacterium tuberculosis  and human immunodefi ciency virus (HIV) 
infections (AIDS), we have learned that such drug combinations (i) 
achieve greater benefi t than each compound given individually, (ii) 
reduce the likelihood of drug resistance development, and (iii) may 
allow us to decrease the individual drug doses, thereby diminishing 
adverse side effects. The concept of using two or more antivirals for 
infl uenza to enhance antiviral effi cacy and possibly reduce resistance 
emergence is several decades old, 120 – 123   and it was fi rst demonstrated 
for the combination of interferon with amantadine. 121   Many more drug 
combinations are possible, even if limited only to those compounds that 
are available (marketed) today: neuraminidase inhibitors (oseltamivir 
and zanamivir), adamantanamines (amantadine and rimantadine), 
ribavirin, and (pegylated) interferon (Fig. 1.13 ).   

 In the therapy (or prophylaxis) of infl uenza virus infections, the 
combination of (pegylated) interferon and ribavirin could be further 
complemented with amantadine (or rimantadine). This triple - drug 
combination has shown effi cacy in the treatment of chronic HCV 
infection,124   and it may also be worth pursuing in the treatment (or 

ANTIVIRAL DRUG COMBINATIONS 23



24 EXISTING INFLUENZA ANTIVIRALS

prophylaxis) of infl uenza. The three drugs are, individually, all active 
against infl uenza virus replication  in vitro  and act through different 
mechanisms, which implies that, when combined, they may achieve an 
additive or even synergistic action while reducing the risk of emergence 
of drug - resistant virus variants. As early as 1984, Hayden et al. 125   pointed 
to the additive synergistic action between interferon -α 2, rimantadine, 
and ribavirin. 

 Also combinations of (pegylated) interferon with neuraminidase 
inhibitors (zanamivir, oseltamivir, peramivir) may be considered, and 
thus might be combinations of ribavirin (or viramidine) with the neur-
aminidase inhibitors, although in a recent study with a lethal infl uenza 
A (H1N1) infection model in mice, Smee et al. 126   found that the com-
bination of oseltamivir with ribavirin did not score better than ribavirin 
alone. On the other hand, combination of oseltamivir with amantadine 
appeared to effect a signifi cantly greater antiviral activity against infl u-
enza A (H1N1, H3N2, and H5N1) while reducing the emergence of 
drug - resistant infl uenza A variants.  127

 Combinations of the adamantan(amin)es (i.e., amantadine or riman-
tadine) with the neuraminidase inhibitors (zanamivir or oseltamivir) 
should, therefore, receive due attention. In vitro , rimantadine was found 
to act synergistically with zanamivir, oseltamivir, or peramivir in reduc-
ing the extracellular yield of infl uenza A (H3N2) virus.  128    In vivo , osel-
tamivir at 10   mg/kg/day and amantadine at 15   mg/kg/day provided 
similar protection against infl uenza A (H5N1) - associated death risk in 
mice; but when both were combined, they provided an incremental 
protection against lethality as combined to both compounds given as 
single - agent chemotherapy.  129   The only controlled study in humans was 

Fig. 1.13.   Drug combination possibilities among neuraminidase inhibitors (oseltamivir 
and zanamivir), adamantanamines (amantadine or rimantadine), ribavirin (or virami-
dine), and interferon (or interferon inducers). 
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a comparison of rimantadine alone versus rimantadine plus inhaled 
zanamivir in hospitalized (adult) patients with serious infl uenza;  130

although preliminary, this study pointed to a higher clinical benefi t for 
the combination of zanamivir with rimantadine. 

  RECOMMENDATIONS 

 Among the antivirals, the neuraminidase inhibitors oseltamivir and 
zanamivir are the most likely to be considered for use against an avian 
infl uenza H5N1 pandemic, with oseltamivir being the preferable option 
of the two neuraminidase inhibitors because it is less expensive and 
administered orally (whereas zanamivir is administered by inhala-
tion).131   The stockpiling of an appropriate antiviral agent such as osel-
tamivir is currently the most crucial single defense to be utilized against 
infl uenza H5N1.  132

 Zanamivir remains an attractive antiviral drug for combination with 
oseltamivir because of a non - overlapping resistance pattern, but then 
the route of administration will need to be reconsidered, since, if admin-
istered by inhalation, it does not reach the sites (lower respiratory tract 
and extrapulmonary) where avian infl uenza H5N1 replicates.  133

 Some authors have questioned the effectiveness of neuraminidase 
inhibitors in interrupting viral spread and argued that their use in a 
serious epidemic or pandemic should not be considered without con-
comitant public - health measures such as barriers, distance, and per-
sonal hygiene. 134   The same authors also argued against the use of 
amantadine and rimantadine. 134   Yet, in severe infl uenza A virus infec-
tions, amantadine may be lifesaving, 135   due to the fact that, indepen-
dently of its antiviral properties (and thus unaffected by antiviral 
resistance), it may increase distal airway function and thus improve 
oxygenation.136

 Finally, when considering the use of antivirals in the prevention and/
or treatment of infl uenza, particular attention should be paid to high -
 risk groups: children, pregnant women, immunocompromised hosts, 
and nursing home residents. 137

  CONCLUSIONS 

 Several drugs are available that could be used, either alone or in com-
bination, in the treatment (or prophylaxis) of a pandemic infl uenza 
virus infection, whether avian or human. These include adamantan(amin)e 
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derivatives (i.e., amantadine, rimantadine), neuraminidase inhibitors 
(i.e., zanamivir, oseltamivir), ribavirin, and interferon. In the meantime, 
attempts should be intensifi ed to further design and develop new anti-
virals whether based on known molecular targets, such as the neur-
aminidase and M2 ion channel, or on yet relatively unexplored targets 
such as the viral RNA polymerase. The latter could, in principle, be 
targeted by both nucleoside and non - nucleoside inhibitor types, an 
approach that has proven most successful in the cases of the HIV 
reverse transcriptase and HCV RNA polymerase. 
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  INTRODUCTION 

 Although a typical infl uenza season poses only a moderate health risk 
to the general population, large portions of the community are rou-
tinely endangered due to age - related susceptibility or compromised 
immunity, and infl uenza remains one of the 10 most common causes 
of death in the United States. 1   Infl uenza type A and B virus infection 
in humans results in an estimated 200,000 hospitalizations and 50,000 
deaths in the United States annually. 2,3   These annual epidemics have a 
large economic impact, costing more than 1 billion dollars directly, and 
11 billion dollars indirectly, per year in the United States alone. 4   In the 
event of a pandemic, the Centers for Disease Control and Prevention 
(CDC) has predicted a three -  to sevenfold increase in hospitalization 
and mortality rates and at least a 20 - fold increase in economic impact 
in the United States alone. The effect would be many times more 
devastating in regions of the world where the health - care system is 
not comparably advanced. 5,6   Finally, the potential decimation of the 



domestic fowl population would have a tremendous economic impact 
on the worldwide poultry industry. 7,8

 Modern research credits the seasonal reoccurrence of infl uenza to 
both its nature as a segmented negative - strand RNA virus and the 
selective pressure to coexist in a dual host system consisting of the 
natural avian reservoir and a secondary mammalian host such as 
humans, horses, dogs, cats, and ferrets, all of which can contract the 
naturally occurring infl uenza virus. 9   The success of infl uenza is attrib-
uted partially to mutations in the viral surface proteins (antigenic 
drift) and partially to the ability of the virus to evade immunogenic 
recognition by shuffl ing its genetic constellation annually (antigenic 
shift), resulting in a genetic reassortment that may combine separate 
strain idiosyncrasies, some of which may be virulence factors, into a 
single virus. This is why a new vaccine is required every year, and this 
also rationalizes the need for continued virological surveillance against 
the rise of particularly virulent infl uenza strains. Finally, this is the 
reason for the statistical certainty of another pandemic, a prospect that 
is continually emphasized by the emergence of the highly pathogenic 
avian infl uenza (HPAI) strains in Asia and their spread over a large 
portion of the world. 10   The potential social and economic disruption 
ensuing from a human pandemic combined with the economic disaster 
resulting from the destruction of domesticated bird populations has 
prompted the NIAID to classify the infl uenza virus as a Category C 
priority pathogen and has led the CDC to classify HPAI as a select 
agent.11

 The logistical pressure of monitoring potentially millions of environ-
mental samples for infl uenza strain migration in the avian reservoir, 
combined with the need to analyze an equal number of isolates for 
strain movement within the human population during infl uenza season, 
demands assay procedures that use high - throughput screening (HTS) 
formats.11   The annual need to develop new vaccines against circulating 
human infl uenza strains and emerging avian strains again requires a 
high - throughput approach to rapidly evaluate vaccine effi cacy.  12   Lastly, 
antiviral drugs are available to protect the human population from 
infl uenza infection, but only a few approved antivirals are currently 
effective against circulating strains. Although great success has come 
from deriving the structures of infl uenza viral neuraminidase and ratio-
nally designing specifi c inhibitors for the enzymatic active site,  13   the 
molecular structures of the majority of targeted infl uenza components 
have not yet been solved. An alternative to rational design is a sys-
tematic survey of small - molecule compound libraries for antiviral 
properties and development of lead compounds into pharmaceutical 
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drugs. Although this is a time - consuming and costly process, it has 
become a model strategy and is employed for viruses such as HIV, 
West Nile, infl uenza, herpes, and hepatitis viruses. 14,15   The associated 
cost and time required for comprehensive surveys of small - molecule 
libraries (which may contain millions of unique compounds) will be 
greatly reduced by the development and adaptation of infl uenza anti-
viral assays to HTS screening formats by a combination of applicative 
robotics, miniaturization, and effi cient management of the resultant 
large data sets. 

 HTS approaches to infl uenza are divided into three areas: diagnostic 
identifi cation of viral strains, evaluation of vaccines, and development 
of antiviral prophylactics and therapeutics. These assay formats include 
recent methods for genotyping and phenotyping, determination of 
serum neutralizing antibody levels for vaccine evaluation, and cell -
 based or biochemical antiviral screens of small - molecule libraries. 
Because these high - throughput methods often employ a  “ brute force ”  
strategy for blindly evaluating the largest data set possible, the logistics 
of effort, economy, and time demand a good deal of fi nesse in the initial 
stages of assay design, HTS adaptation, assay validation, and library 
selection. In addition, strategies such as combinatorial and virtual 
screening have emerged that are able to systematically narrow 
large screening sets to a practical size for further evaluation by low -
 throughput methods. This chapter will briefl y describe the potential of 
each infl uenza component as an assay target and will detail the current 
state of infl uenza assays that are adaptable or have already been 
adapted to HTS formats for diagnostic strain characterization, vaccine 
evaluation, and identifi cation of potential antivirals. 

  THE INFLUENZA REPLICATION CYCLE 

 The infl uenza A virus ( orthomyxoviridae ) genome contains eight sepa-
rate segments  16   of negative - sense RNA which encode 11 viral proteins 
that are essential for the viral replication cycle and packaging of progeny 
virus. The crucial functions of these proteins during viral replication 
direct the processes of cell membrane recognition, endosomal fusion 
and acidifi cation, delivery of the RNP to the nucleus, polymerase holo-
enzyme catalysis of transcription and replication, the protein and RNA 
binding activity of nonstructural proteins, and sialidase activity. Each 
represents a key point for interruption of the replication cycle. Exten-
sive characterization of the infl uenza A subtype has occurred because 
this strain represents the greatest threat to civic welfare. It is the only 



strain to exhibit antigenic shift 17   and has accounted for all known high -
 mortality epidemics and pandemics. 18   Therefore this chapter will deal 
primarily with the components of infl uenza A, with applications to 
other infl uenza viral types. 

 Infl uenza particles are spherical ( ∼ 100 - nm diameter) with a lipid 
bilayer derived from the host plasma membrane. 19   The virion contains 
a matrix protein (M1) and three transmembrane proteins (hemagglu-
tinin [HA], neuraminidase [NA], and a proton channel [M2]). Beneath 
the matrix coat is the helical ribonucleocapsid, which includes the 
vRNA genome, nucleoprotein (NP), nuclear export protein (NEP), 
and the three viral polymerase subunits (PB1, PB2, PA) that form the 
polymerase holoenzyme. The viral replication cycle begins with infec-
tion of the host cell by HA - mediated binding to cell - surface sialic acids 
(which are ubiquitously present on membrane - associated glycoproteins 
and glycolipids), followed by internalization by receptor - mediated 
endocytosis. Viruses with proteolytically activated HA (HA with a 
cleaved fusion peptide) fuse with the endosomal membrane through 
an acidic pH - promoted conformational alteration and is followed by 
the M2 proton channel - controlled acidifi cation of the viral core. This 
causes disassociation of the M1 coat protein and release of the viral 
ribonucleoprotein (vRNP) into the cytoplasm. Nuclear - localization 
signals on the NP facilitate transport of the vRNP to the nucleus, where 
viral mRNA transcription (vRNA → vmRNA) and genomic replication 
(vRNA→ cRNA → vRNA) occurs. Once translated, one of the virally 
encoded nonstructural proteins, NS1, binds double - stranded RNA and 
host mRNA processing factors to inhibit the cellular interferon - induced 
antiviral response (reviewed in Ref. 20 ). Another recently discovered 
nonstructural protein, PB1 - F2, is thought to promote host cell apo-
ptosis by insertion into mitochondrial and cell membranes. 21   The 
polymerase holoenzyme performs host mRNA cap - recognition and 
 - snatching to provide capped mRNA primers for initiation of viral 
transcription.22   Replicated vRNPs are exported from the nucleus, 
assisted by NEP, and transported to the plasma membrane for assem-
bly and with the envelope proteins (NA, M2, HA, M1). Virus budding 
and release by NA - facilitated cleavage of terminal sialic acid residues 
on the cell surface glycoligands completes the cycle. 19

  INFLUENZA COMPONENTS AS HTS ASSAY TARGETS 

 A molecular targeting approach to infl uenza requires identifi cation of 
a viral component as a target for viral detection or function inhibition. 23
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Assays are designed to detect target presence and evaluate target func-
tion. Targeted low - throughput assays employing enzyme - linked immu-
nosorbent assay (ELISA), RT - PCR, cell - based, or biochemical methods 
have been developed using whole virus or purifi ed infl uenza compo-
nents to rapidly identify strain lineage, vaccine effi cacy, and potential 
antivirals, yet the overwhelming numbers of diagnostic isolates, 
vaccines, and potential antiviral compounds available for analysis has 
driven the adaptation and validation of only a few of these assays to 
HTS.24   In some cases, extensive assay design modifi cation is required 
for HTS adaptation, which demands a rationalization of target selec-
tion to choose the best adaptation and endpoint detection methods. 

 The infl uenza virus components can be classifi ed into three catego-
ries: the envelope - associated proteins (HA, NA, M1, M2), the interior 
ribonucleoproteins (PB1, PB2, PA, NP), and the nonstructural proteins 
(NS1, NEP, PB1 - F2).19   The functions of these components have been 
investigated by genetic and in vitro  methods, and each has been evalu-
ated as a target for strain identifi cation, vaccine generation, or inhibi-
tion by antivirals. Figure 2.1  illustrates the viral life cycle and lists the 
potential HTS assay targets. A brief review of each infl uenza compo-
nent follows, focusing on the functional signifi cance and rational justi-
fi cation of each as a diagnostic, immunogenic, or antiviral target.   

Fig. 2.1.   The infl uenza viral life cycle and targets for HTS assays. 



  The Envelope - Associated Viral Proteins 

 During viral infection the envelope proteins work to allow the virus to 
penetrate mucosal barriers to reach the target cell, bind the cellular 
membrane to mediate endosomal fusion, and deliver the viral genetic 
package to the target cell interior. They are also responsible for the 
promotion of viral uncoating and release of progeny virus. The host -
 derived viral envelope lipid bilayer encompasses the transmembrane 
M2 proton channel and the two HA and NA proteins, and it surrounds 
the M1 coat protein. Three of these components (HA, NA, M1) have 
been successfully exploited as antigens for strain phenotyping and 
vaccine development, and two (NA, M2) have been successfully 
inhibited by small - molecule drugs used as antiviral prophylactics and 
therapeutics.

Hemagglutinin.  Several targets for diagnostic, vaccine evaluation, or 
inhibition assays exist in HA. These include the sialic acid receptor 
recognition, the immunogenic potential of the HA1 subunit, the fusio-
genic properties of the HA2 fusion peptide, and the proteolytic activa-
tion of the HA0 precursor protein. First, 16 infl uenza A subtypes of 
HA have been identifi ed, but only three (H1, H2, H3) are adapted to 
human populations. This specifi city is controlled by as few as two criti-
cal amino acid residues, 25   making the act of receptor recognition by 
HA a critical point for antiviral intervention. Second, HA subtyping is 
based on the affi nity of antibodies (derived from hyperimmune anti -
 HA sera) for varying surface epitopes found predominately in the HA1 
domain,26   which justifi es HA1 as a diagnostic assay target. Third, the 
HA2 - mediated endosomal fusion event is a potential target for small -
 molecule inhibition at the early stages of viral replication. Although 
the mechanics of fusion are not clearly defi ned,  27   experiments with 
fusion peptide mutants have suggested that HA2 employs a “ leash - in -
 groove ”  mechanism to mediate fusion by packing the N - terminal 
peptide (the “ leash ” ) into the adjacent HA2 coiled - coil structure, 
thereby bringing conserved hydrophobic leash residues in close prox-
imity with the cell membrane to initiate lipid destabilization. 28   This 
suggests that these leash residues and their interactions with the coiled 
coil are viable targets for inhibition of fusion. Lastly, the nature of the 
protease cleavage site in HA0 is an important virulence determinant 
for infl uenza A viruses and a target for antiviral therapies. Activation 
of HA0 by cleavage into HA1 and HA2 is typically performed by host 
cell - surface proteases  29   that specifi cally recognize the multibasic cleav-
age site, which restricts the spread of most infl uenza viral strains to lung 
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tissues.18   It is important to note that the polybasic cleavage site in both 
the 1918 infl uenza H1 strain and in recent isolates of highly pathogenic 
H5 avian infl uenza viruses is larger than that found in recent human 
strains and therefore is additionally recognized by furin or furin - like 
proteases present in the trans - Golgi network of a broad range of 
cell types. 30   This allows HA activation to occur before assembly and 
budding, increasing the overall production and spread of infectious 
virus particles. The high virulence of the H5 virus in domestic birds and 
the extended tissue tropism in mammals is attributed to the nature of 
the H5 HA polybasic cleavage site. 18

Neuraminidase.  The NA protein is immunogenic and is therefore a 
diagnostic target, while the enzymatic activity is an antiviral target. NA 
is instrumental in both the early and late stages of infection because it 
cleaves sialic acid residues that are linked to glycoprotein and glyco-
lipids on the cell surface 31   and found in mucosal secretions. 32   Inhibition 
of this process causes an accumulation of attached virus particles at the 
cell membrane and prevents the spread of the virus to the surrounding 
cells. NA is also a surface determinant for antibody recognition and 
viral subtyping. As an antiviral target, NA is one of the most success-
fully inhibited infl uenza proteins, and more than two decades of effort 
has been spent in NA subtype 1 and 2 crystallization and rational drug 
design,13,33   which has yielded two Food and Drug Administration (FDA) 
approved drugs, zanamivir (Relenza) and oseltamivir (Tamifl u). Based 
on the assumption that the NA active site is conserved across protein 
subtypes, these drugs specifi cally inhibit the viral NA by imitating the 
substrate transition state, halting release of budding virus. 34   They are 
currently effective prophylactics 35   and therapeutics, and the present 
isolation rate of resistant strains is low. However, frequent use of 
both drugs has the potential to rapidly increase the resistance rate 36,37

(an increasingly disturbing scenario observed in the case of avian 
infl uenza  38,39  ). Thus NA activity remains a valuable target for antiviral 
research.

M2 Proton Channel.  The M2 proton channel is a well - documented 
target for inhibition of infl uenza replication. Infl uenza A encodes a 
small (97 amino acids) membrane - bound protein that forms the tetra-
meric M2 proton channel. Inhibition of channel function prevents viral 
uncoating, thereby halting virion release, nuclear localization, and 
ultimately replication at an early state of infection. 40   Although the M2 
protein has not been successfully exploited as a diagnostic or vaccine 
target, the proton channel is a demonstrated antiviral target. Two M2 
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channel inhibitors (amantadine and rimantadine) are FDA approved 
for antiviral therapy, but the high incidence of viral resistance to these 
drugs restricts their effectiveness 41   and justifi es continued antiviral 
screening. Importantly, some of the H5N1 emergent avian infl uenza 
strains are amantadine resistant. 42

M1 Coat Protein.  The M1 viral coat protein is a potential target for 
diagnostic assays and is a candidate for the development of vaccines. 43

It remains elusive as a therapeutic target due to the insuffi cient infor-
mation about the nature and necessity of the interactions between the 
M1 protein and viral or host factors. The M1 protein is the most abun-
dant component in the virus and plays a well - defi ned role in RNP 
coating during viral assembly. 19   As a diagnostic determinant, antibodies 
to M1 readily recognize the protein, although the lack of antigenic 
variation does not allow strain determination by M1 protein epitope 
mapping alone. The same lack of variation instead suggests that 
the M1 protein might be a good candidate for development of cross -
 protective vaccines. 43   Finally, antiviral potential might be found in 
small molecules that inhibit protein – protein interactions,  44   or they 
might be found in peptides or nucleic acid aptamers, which have been 
successfully used to inhibit infl uenza HA receptor recognition. 45

  Ribonucleoproteins 

 The infl uenza ribonucleoprotein consists of the genomic vRNA seg-
ments in complex with the polymerase protein subunits PB1, PB2, and 
PA, and the NP. After release into the cytoplasm, the vRNPs are 
imported into the nucleus for viral transcription and genomic replica-
tion. Nuclear transport and import of the vRNPs are directed by 
multiple and cooperative nuclear localization signals (NLS) located 
within each of the protein RNP components (see Ref. 46  for review) 
and controlled by NP - mediated binding of nuclear importins, which 
actively transport the infectious vRNPs or the newly transcribed poly-
merase holoenzyme complex and NP into the nucleus for replication 
or assembly into nascent vRNPs. After assembly, vRNP nuclear export 
and transport to the cell membrane is necessary for incorporation into 
new virus particles. The genomic RNA is a major component of the 
vRNPs and is itself a target for diagnostic screening assays, which are 
able to determine viral type, subtype, and subfamily (clade) by RNA 
sequencing and phylogenetic comparisons. 7   However, the genomic 
RNA is not a candidate for vaccine effi cacy or small molecule antiviral 
screens.
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Polymerase Holoenzyme.  The polymerase holoenzyme represents 
three obvious targets for antiviral HTS assay design, and each of them 
involves the inhibition of substrate recognition or catalysis. Both infl u-
enza virus transcription and replication occur in the nucleus through 
the catalytic action of the three polymerase subunits (PB1, PB2, PA) 
acting in concert with the RNA organizational ability of the NP. The 
capping of mRNA with a 5 ′  - m7GpppN - cap structure is essential for 
effi cient export of mRNA from the nucleus and for eukaryotic transla-
tion initiation.  47   The cap structure is recognized by eukaryotic initia -
tion factor eIF4E in the eIF4F translation initiation complex, 48   while 
uncapped mRNAs are restricted to utilizing less effi cient, 5 ′  - dependent 
translation initiation processes. 49   The infl uenza polymerase holoen-
zyme possesses no mechanism to cap viral mRNAs (vmRNAs), but 
instead has evolved an almost unique (shared by Bunyaviridae50  ) 
method for ensuring that vmRNA transcripts all possess host - 
recognized cap structures. The polymerase holoenzyme employs a spe-
cialized cap - snatching mechanism  47   in which it binds a capped host cell 
mRNA and cleaves the mRNA 9 – 17 nt downstream from the cap. This 
short length of host capped mRNA is subsequently used as a primer 
for viral mRNA transcription. 

 Based on the evidence indicating that the polymerase subunits are 
virulence factors, 51   it is clear that cap - recognition and endonuclease 
functions, as well as transcriptive and replicative polymerization, rep-
resent key targets for small - molecule inhibition. Recent experiments 
have identifi ed (a) compounds that selectively target the infl uenza 
polymerase cap - recognition activity and have a lower affi nity for 
cellular cap - recognition proteins that are necessary for cell viability 
(e.g., eIF4E) 48   and (b) compounds that inhibit endonuclease activity 
have been investigated for over a decade. 52   Two compounds, ribavirin 53

and T - 705,  54   have been shown to affect the holoenzyme polymerase 
activity. However, neither compound has been approved by the FDA 
for use as an infl uenza prophylactic or therapeutic, which highlights the 
continued need to identify effective antivirals that affect these critical 
targets.

Nucleoprotein.  Nucleoprotein (NP) is a target for diagnostic and 
vaccine effi cacy assays, and evidence suggests that it is also a target for 
antivirals. NP organizes the vRNA during transcription and replica-
tion, functions in packaging and assembly of vRNPs into new virus 
particles, and associates with the cellular factors required for nuclear 
cytoplasmic shuttling, 55   including the viral polymerase subunits and the 
M1 coat protein. NP homo - oligomerizes through the interaction of two 
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independent regions within each monomer and is thought to act as a 
processivity protein during polymerization, either by regulating the 
speed of the polymerase holoenzyme complex or by providing addi-
tional protein – protein contacts that promote retention of the holoen-
zyme on the elongating vRNAs. 56,57   It also has been suspected of 
participating in the primary mechanism that governs the switch from 
viral mRNA transcription to genomic RNA replication, although the 
hypothesized manner of this participation ranges from the primary 
regulatory protein to simply a structural cofactor. 55   Finally, the position 
of the last NP monomer on the vRNA is associated with the polyade-
nylation signal.  58

 As an assay target, the early translation and high levels of NP expres-
sion make it a candidate for immunodetection of early virus replication 
in cell - based assays. ELISA - based detection of the early accumulation 
of NP has been used to determine the amount of neutralizing antibody 
in the sera of vaccinated individuals. 59   Since the sequence of NP is more 
than 89% conserved, 60   antibody probes have a large degree of cross -
 reactivity to conserved NP epitopes and can be used for early multi -
 strain detection of viral replication. Antiviral targeting potential might 
be found in disrupting protein – protein interactions that govern the 
polymerase subunit/NP associations, NP/host protein associations, and 
the RNA binding potential of NP using peptides, nucleic acid apat-
mers,45   or small molecules. 44   Of particular interest is the targeting of 
the mechanism that governs NP oligomerization, which, if triggered 
prior to association with vRNPs, could deplete the nuclear store of NP 
and hamper or prevent the formation of active vRNPs 56,57   and/or their 
export.   

  Nonstructural Viral Proteins 

 Several infl uenza viral transcription products essential to the replica-
tion cycle are not packaged within the virus particles (or are packaged 
at low levels). These proteins include the NS1 protein, the NEP, 
and the PB1 - F2 fragment. The degree of sequence conservation 
between the nonstructural viral proteins is greater than that found in 
the viral envelope proteins, and efforts have been made to develop 
immunogenic - based diagnostic assays for the NS1 protein from a broad 
range of avian viral strains, and these proteins might serve as target 
antigens for diagnostic assays and vaccine effi ciency studies. 61   However, 
the cellular concentrations of the nonstructural proteins are low in 
comparison with viral immunogenic targets such as the M1 protein or 
NP,62   suggesting that ELISA - based diagnostic assays or vaccine devel-
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opment against the former might be less effi cient than using the latter. 
Finally the nonstructural proteins regulate viral and cellular functions 
not through catalysis but instead through protein – protein or protein –
 RNA interactions, making them novel targets for antiviral inhibition. 

NS1.  NS1 has two domains, an RNA - binding domain and a protein -
 binding domain, both of which are rational targets for antiviral strate-
gies, and NS1 has also been used to generate antibodies for the 
development of immunogenic diagnostic and neutralization vaccine 
effi cacy assays. It is one of two proteins translated from the NS gene 
segment during early infection, after which it rapidly localizes to the 
nucleus, thereafter inhibiting the functions of two host cellular proteins 
that participate in the 3 ′  - end processing of cellular pre - mRNAs: the 
poly(A) - binding protein II (PABII) and the 30 - kD subunit of the 
cleavage and polyadenylation specifi city factor (CPSF, required for 
pre - mRNA 3 ′  - end maturation).  63   Also, NS1 binds double - stranded 
RNA (dsRNA) with low affi nity, possibly to antagonize the cellular 
antiviral dsRNA - induced antiviral response by sequestering and pre-
venting dsRNA - induced activation of 2 ′  - 5 ′ oligo (A) synthetase. 64   NS1 
has also recently been shown to bind cellular PKR (dsRNA - activated 
kinase), and this binding likely accounts for the inhibition of PKR 
during infl uenza A viral infection. 65   Importantly, NS1 has been identi-
fi ed as a virulence factor in H5N1 strain infections in chickens, 66   increas-
ing its priority as an antiviral target. 

 The N - terminal 73 amino acids of the NS1A protein comprise the 
dsRNA - binding domain and possess all the dsRNA binding properties 
of the full - length protein.  67   Using a reverse genetics system, 68,69   it has 
been demonstrated that (a) a recombinant infl uenza A virus encoding 
an NS1A protein with a mutated RNA - binding domain is highly atten-
uated and replicates approximately 50 - fold less effi ciently and (b) 
dsRNA binding mediated by NS1 is essential for virus replication, 
making the dsRNA binding potential of the NS1 protein a logical target 
for antiviral intervention. 70   The NS1A effector domain (aa 74 – 230) that 
binds PABII and CPSF is also a target with equal potential for inhibi-
tion. Possible inhibitory molecules could be peptide or nucleic acid 
aptamer - based.45

NEP.  As a rational diagnostic, vaccine, or antiviral assay target, the 
infl uenza NEP has yet to be explored. The NEP is the second gene 
product of the NS viral segment and is the protein primarily responsible 
for export of the assembled vRNPs from the nucleus to the cytoplasm 
for viral packaging. 46,71   It has no documented catalytic function, but 



instead acts through protein – protein interactions. As a target for diag-
nostic or vaccine effi cacy assays, its cellular expression levels are far 
lower than that of NP as a marker for cell - based infection assays, 
although antibodies raised against recombinantly expressed NEP have 
been shown to alter the nuclear accumulation of NP and vRNPs at 
late - stage infections,  71   and these same antibodies might prove effective 
tools in assay development. As a target for antivirals, the protein 
nuclear export signal (NES) or the interface of NEP/M1 binding might 
be inhibited by aptamers or peptides specifi cally designed to bind, 
sequester, or block these regions. 45

PB1-F2.  PB1 - F2 is a recently discovered infl uenza A virus protein 
with pro - apoptotic properties that has also only begun to be experi-
mentally explored as a rational assay target. 21   This protein was initially 
identifi ed in the strain A/PR8/34 (H1N1) 72   and is encoded and con-
served in most known human isolates of infl uenza A subtype viruses, 
but is not found in infl uenza B - type viruses.  73   Similar to the polygenic 
M and NS gene segments, the PB1 - F2 sequence is contained within the 
polymerase subunit PB1 gene segment, and the translation of an alter-
native (+1) open reading frame within the subunit gene results in an 
87 - amino - acid protein. The PB1 - F2 C - terminal helical region has been 
shown to promote targeting and insertion of the protein into the cel-
lular mitochondrial membranes. 74   It has been proposed that the apop-
totic nature of the protein works to destabilize cells both (a) internally 
during viral infections by accelerating apoptosis in the cells expressing 
it73   and (b) externally once infected cells release the free protein. 21

  INFLUENZA HTS ASSAY DEVELOPMENT AND 
ADAPTATION TO HTS FORMATS 

 What does HTS mean? Does it mean screening tens, hundreds, thou-
sands, or hundreds of thousands of points per day? For a small labora-
tory, an assay format for screening one 96 - well microplate/day using 
a hand - held, multichannel pipette is considered high - throughput, and 
the corresponding laboratory HTS assays are designed and adapted 
with human and laboratory limitations in mind. Alternatively, a large 
industrial laboratory may design and adapt multiple assays that 
incorporate the use of extreme miniaturization, automated robotics, 
liquid handlers, and readers for screening 100,000 points/day. Many 
different assays are capable of screening less than 100 points/day but 
are labeled as high - throughput, when they are actually moderate -  or 
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low - throughput. With the current need to rapidly identify and charac-
terize infl uenza strains from thousands of avian or human isolates, the 
urgency to create and evaluate new vaccines for potentially pandemic 
strains, and the desire to screen uncharacterized small molecule librar-
ies with millions of chemically diverse members for antiviral activity, 
the development of infl uenza assays must accommodate these equiva-
lent numbers of available points by adopting HTS. Sophisticated robot-
ics and programming software, along with bioinformatics and statistical 
computer programs capable of analyzing large data sets, are available. 
The true bottleneck lies in the diffi culty in adapting the many existing 
benchtop infl uenza assays to HTS formats. 

 HTS assays are designed to reproducibly generate a large data set 
with conservation of time, materials, and manpower. This is accom-
plished by using assay miniaturization to reduce the ratio of materials 
consumption to generated data, programmable robotics to decrease the 
required manpower and increase reproducibility, and bioinformatics 
programs to effi ciently manage and display the resulting large data. 
Strategies for adapting infl uenza assays to HTS formats should primar-
ily include reducing the number of assay manipulation steps and devel-
oping and validating liquid handling methods and automated detection 
systems for the reproduction of bench level procedures. 75   Secondary 
strategies may include assay miniaturization. Following this, a dose –
 response curve should be established with known assay controls (i.e., 
oseltamivir carboxylate is an ideal positive control for neuraminidase 
inhibition assays) to identify the control concen tration that balances 
assay reproducibility with sensitivity. HTS assay design variables can 
include incubation time and temperature, moderating - edge effects, 
minimal assay manipulations, and DMSO tolerance (a factor of antivi-
ral compound storage and solubility). Assay quality assessment includes 
run - to - run and day - to - day reproducibility. Evaluating screening vari-
ability takes account of the experimental signal - to - background (S/B) 
and signal - to - noise (S/N), standard deviation of the mean ( σ ), coeffi -
cient of variation (CV), and Z/Z ′  determination (a statistical measure 
of robustness 76  ).   Table     2.1  lists the calculations for determination of 
each of these parameters. 

 A fi nal step in evaluating the HTS assay performance should include 
a duplicate pilot screen (on separate days) of a small set of unknown 
samples ( n    =   1000 – 3000) to establish the data correlation and historical 
reproducibility. For antiviral screening, this also establishes optimum 
compound screening concentration and the cutoff value for compound 
effi cacy (i.e.,  “ hit ”  qualifi cation). The following section will describe 
current assay formats for infl uenza screening and their high - throughput 



application or adaptation for diagnostic, vaccine, and antiviral screen-
ing, with emphasis on target selection, sample throughput, and the 
adaptation of current low - throughput assays to high - throughput 
formats.

  Infl uenza Diagnostic HTS assays 

 In the event of an infl uenza epidemic or pandemic, early diagnosis is 
crucial to the success of outbreak management programs and patient 
therapy. The choice of annual vaccine strains is based on data from 
surveillance programs that monitor antigenic variation in viral NA and 
HA viral surface proteins, and the ability and accuracy of these pro-
grams in tracking the migration and circulation of infl uenza viral strains 
would be greatly increased by the development of diagnostic HTS 
assays designed to screen thousands of isolates. 12   Of the existing diag-
nostic infl uenza assays, only a few of these have been adapted to 
HTS, and none has yet been rigorously validated or automated. None-
theless, several of these assays have the potential to greatly increase 
the power of worldwide infl uenza surveillance programs once the fi nal 
steps of automation and validation have been achieved. They include 
sensitive and strain - specifi c immunoassays and RT - PCR assays  7  , detec-
tion of viral protein fragments by mass spectrometry, 1   and microarray 
technologies.25

ELISA Diagnostics.  In a pandemic scenario, rapid fi eld detection of 
infl uenza virus infection followed by multisample surveys is critical for 

 TABLE 2.1.    Parameters for HTS Assay Validation 

 HTS Validation Parameter  Calculation 

S/B121     μp  / μn
a

S/N121 (μp     −     μn)/((σp)2    +   (σn)2)1/2a,b

σ (1/ n  Σ(χi     −     μx)2)1/2c

 CV σ / μ  
Z76 1    −    ((3σp    +   3σn)/|μp     −     μn|)a,d

Z′76    1    −    ((3σd    +   3σn)/| μd     −     μn|)b,d

a     μ  p  is the mean positive control value, and  μ  n  is the mean nega-
tive control value.  
b     σp  is the standard deviation of the positive control value, and 
σn  is the standard deviation of the negative control value.  
c    n is the number of points,  χi  is the individual point value, and 
 μ  x  is the mean of all  χ  values.  
d     μ  d  is the mean drug control value, and  σd  is the standard devia-
tion of the drug control value.   

INFLUENZA HTS ASSAY DEVELOPMENT 51



52 DEVELOPMENT OF HTS ASSAYS FOR INFLUENZA

early subtype identifi cation and outbreak management. Field classifi ca-
tions are done by immunoassays that measure the antibody response 
to the HA and NA viral surface proteins. The goal of these assays is 
twofold: to detect the presence of the infl uenza virus and to determine 
the type and subtype, but limitations in the assays prevent further viral 
classifi cation. Strain - specifi c antibodies for four infl uenza antigens 
(HA, NA, NP, and the M1 matrix protein) are commercially available. 
Several rapid detection kits based on ELISA detection of HA and NA 
are also commercially available for characterizing virus type and 
subtype; more recently, assays against the NP 77   have been developed 
which have proven equally or more sensitive. Subtype specifi city for 
these low - throughput assays frequently reaches 100%, 77   with a sensitiv-
ity of 90 – 99%.  77,78   Adaptation of these methods to completely auto-
mated HTS methods has not been accomplished due to the specialized 
requirements of sample preparation, assay design, and endpoint detec-
tion, and the number and type of critical assay steps. Instead, detection 
kits have been designed for ease of use and rapid readout but are 
reported to sacrifi ce sensitivity.  79,80   It is clear that these methods are 
adequate for fi eld detection but inadequate for adaptation to HTS 
formats. In light of this, they are rapidly being replaced with more 
sensitive RT - PCR methods.  

RT-PCR Diagnostics.  The primary HTS adaptable diagnostic method 
for infl uenza virus strain characterization is reverse transcriptase poly-
merase chain reaction (RT - PCR), which allows for the rapid deter-
mination of genomic sequences, surface protein subtyping, and strain 
classifi cation through phylogenetic comparison of the sample genomic 
RNA sequences with strains of known sequences. This method requires 
the identifi cation of a strain - specifi c viral genomic sequence sandwiched 
between two conserved regions of the same coding region. Sequence 
isolation is accomplished by reverse transcription of one or several viral 
genomic segments with specifi c DNA primers, followed by PCR ampli-
fi cation of the sequences using DNA primers specifi c for the conserved 
regions. The identifi cation of strain - specifi c sequences fl anked by con-
served sequences is absolutely critical to the accuracy of the assay; this 
allows a single set of primers to be used for detection multiple virus 
subtypes. Using amplifi cation of the HA gene and phylogenetic com-
parison of the resultant sequences, this method has accurately identi-
fi ed virus strains containing any of the 15 HA subtypes. 7   However, the 
complex methods currently utilized for the extraction of viral RNA 
from isolates have proven diffi cult to automate and remain costly in 
the time required for sample processing. Adaptation of this assay for 



higher - throughput could be accomplished by utilizing an HTS real -
 time RT - PCR method that was previously developed for the Exotic 
Newcastle Disease (END) virus, a technique that could readily be 
applied to infl uenza virus characterization. 81   Briefl y, a magnetic bead -
 based RNA extraction method performed in a 96 - well microplate was 
used to isolate the viral RNA, followed directly by a 96 - well real - time 
RT - PCR assay, which allowed a single technician to process 400 samples 
per day. The assay demonstrated a sensitivity of ∼ 99% in positive fi eld 
samples and 100% in negative samples, and it resulted in a 66% reduc-
tion in the time required for END virus control and eradication. These 
methods could be readily adapted to infl uenza screening and could 
potentially be coupled to automated DNA sequence analyses for 
greater effi ciency.  

Emerging Diagnostic Methods.  Signifi cant progress has been made in 
the last few years on emerging and alternative diagnostic methods for 
infl uenza detection and characterization, including the use of nucleic 
acid and specialized - ligand microarrays as well as mass spectrometry. 
Stevens et al.  82   have detailed an HTS method using solid - phase glycan 
ligand microarrays to examine the specifi city of the HA protein for 
different sialic acid ligands using hundreds of different sialic acid 
linkage combinations. 82   Other microarray assays using immobilized 
nucleic acids (i.e., a Fluchip) have been designed to provide informa-
tion for a wide range of viral strains and lineages. 83,84   Assays of this type 
require the extraction and amplifi cation of the viral RNA, hybridiza-
tion and fl uorescent labeling, and imaging of the chip to determine 
virus type and subtype. A clinical sensitivity of 95% and clinical speci-
fi city of 92% was reported, with errors attributed not to the assay chip 
performance but rather to the amplifi cation step. Coupled with auto-
mated RNA extraction and amplifi cation, these methods can be adapted 
for HTS to determine both strain specifi city and the ability of arrayed 
small molecules to bind to and possibly inhibit infl uenza targets. 

 Lastly, immunoconjugation coupled with a moderate - throughput 
mass spectrometry assay has been used to identify antigenic infl uenza 
HA peptides in a mixture of biological components. 1   This assay requires 
minimal sample manipulation (consisting of a short tryptic digestion 
followed by an antibody association step), and the method is able to 
analyze one sample per minute. It has the potential for HTS adaptation 
to microplate format using automated liquid handling coupled to 
matrix - assisted laser desorption/ionization or electrospray mass spec-
trometry to identify infl uenza viral type and subtype at femtomolar 
concentrations of antigenic HA epitopes. 
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  Infl uenza Vaccine Effi cacy HTS Assays 

 Infl uenza vaccines are currently the most widely used and most effec-
tive means to reduce the severity of yearly infl uenza infections in the 
general population. After vaccination, the immunogenic response 
results in the production of reactive antibodies primarily against the 
viral HA protein. As part of the pandemic preparedness plan, interna-
tional scientifi c communities are developing vaccine candidates to limit 
spread of a pandemic and reduce morbidity and mortality, or poten-
tially even prevent a pandemic from occurring. Part of the global plan 
is to analyze patient antibody response titers to vaccines in a uniform, 
accurate, and reproducible manner at various labs around the world, 
something that is not currently established. 85   Again, the number of sera 
samples resulting from multiple vaccine studies involving both human 
and avian infl uenza strains requires a validated HTS assay for vaccine 
effi cacy. 

 An effective, approved vaccine is not yet available for any of the 
HPAI H5N1 strains, although efforts are currently underway to develop 
vaccines for both domesticated bird and human populations using 
LPAI strains 86   or recombinant H5 strains. 87   The spread of HPAI H5N1 
strains around the world and the almost 60% current human mortality 
rate88   have driven the partial HTS adaptation of two assays, the hemag-
glutinin inhibition assay and the neutralization assay. Hemagglutinin 
inhibition has been used for decades as the standard method of vaccine 
evaluation, but the ELISA - based neutralization assays did not gain 
wide use until the late 1990s when it provided sensitive results for 
emerging H5 viruses. 59   Both of these assays are currently performed in 
96 - well microplates.  87

Hemagglutinination Inhibition Assay.  The primary assay for deter-
mining the amount of infl uenza - specifi c antibody present in the serum 
of vaccinated individuals is the hemagglutination inhibition (HAI) 
assay. It has been known for over 50 years that infl uenza causes red 
blood cells (RBCs) to agglutinate in a process called hemagglutina-
tion89   through the binding of the viral hemagglutinin to sialic acid 
residues present on the RBC surface. When preincubating vaccinated 
patient sera with the target virus, a suffi cient titer of antibodies against 
the viral HA in the sera results in the binding and sequestering of the 
virus, thereby preventing agglutination. 90   Because infl uenza viral strains 
show a strong species specifi city for receptor recognition, 25   the HAI 
assay has been optimized using RBCs from a variety of avian and mam-
malian species, depending on the strain of virus assayed. Recently, the 



sensitivity of the HAI assay for avian viruses has been improved by the 
use of horse red blood cells, 91   which have species specifi city factors 
similar to avian infl uenza viruses, including the potentially pandemic 
H5, H7, and H9 virus strains. 

 This assay has several critical steps that would hamper a complete 
adaptation to HTS. First, the HAI assay is labor - intensive because the 
sera samples require serial dilution for titer determination, although 
this could be performed by contact liquid handler on an automated 
robotics platform. Second, antibody standards against potentially pan-
demic strains of infl uenza (including pathogenic H5N1 strains) are not 
available to the international scientifi c community, making assay stan-
dardization diffi cult. Third, there is a question of the appropriate HTS 
endpoint detection method. Agglutination is currently determined sub-
jectively by direct visualization, and conversion of this determination 
to an automated reading system is problematic. Thus the assay, although 
currently the most widely used method for vaccine effi cacy testing, is 
not amenable to complete HTS adaptation, although some HTS 
methods (e.g., miniaturization, liquid handling) can be incorporated 
into sample preparation and assay performance. With a partial HTS 
adaptation, the assay is highly reproducible (using equivalently trained 
operators). In a two - month laboratory study, greater than 95% of all 
assay plates ( n    =   450) had a control titer within one dilution of the his-
torical median.  92

Neutralization Assay.  The neutralization assay is another effective 
method for determining serum antibody titers against infl uenza virus as 
well as against many other viruses, including SARS CoV, cytomegalovi-
rus, and West Nile virus. 93 – 95   The neutralization assay, like the HAI assay, 
incubates patient serum with virus to allow for binding and neutraliza-
tion of the virus. Methods for detection of neutralizing antibody include 
determining plaque reduction, cytopathic effect (CPE), ELISA - based 
detection of viral proteins synthesized, and HAI of cell supernatants, 
each of which is limited in HTS adaptability. The plaque reduction 
assays are not amenable to a high - throughput format because they 
require addition and removal of overlay media, and plaques must be 
either (a) counted manually or (b) stained and read by plate reader. 
Cell - based CPE assays have been employed in antiviral screening 
assays75   using low multiplicity of infection (MOI) ratios and fl uores-
cence or luminescence as the endpoint detection method, and they could 
be modifi ed for neutralization by shortened incubations to avoid multi-
ple cycles of replication. ELISA - based HTS methods are possible but 
require specialized equipment such as automated plate washers. Efforts 
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have been made to design an HTS neutralization assay in 96 - well micro-
plates that can evaluate up to 400 sera samples/day and can easily meet 
the requirement of screening thousands of samples from vaccine study 
participants. This assay follows the same format outlined above, uses 
manual serial dilution of sera samples into plate wells, and involves 
automated addition of virus, cells, fi xing agents, antibodies, wash solu-
tions, and developing solutions, coupled with an automated reader. In a 
single 15 - month laboratory study, the assay performed consistently and 
reliably, and greater than 90% of all assay plates ( n    =   2500) had a control 
titer within one dilution of the historical median. 92

 Infl uenza Antiviral HTS Assays

 The goal of high - throughput antiviral screening is to identify compounds 
with antiviral potential from pharmacologically uncharacterized, small 
molecule or natural product libraries. Biochemical investigations have 
identifi ed several of the viral components as potential targets for inhibi-
tion of viral propagation, and multiple HTS assay formats are available 
for screening against these targets. These can be categorized as cell -
 based,  75,96   biochemical,  97   or combinatorial assays. 98,99

 A general algorithm for HTS antiviral screening employs a primary 
assay for determining single - dose effi cacy, followed by a secondary 
assay for effi cacy confi rmation and dose – response. Finally, a tertiary 
assay may be used to better defi ne the antiviral activity and mechanism 
before classifi cation as a lead antiviral. 100   The choice of infl uenza 
primary assay depends wholly on the selected assay target. Typically a 
cell - based primary assay is used when simultaneously screening against 
several targets during viral replication. Alternatively, a biochemical 
primary assay is chosen when a single infl uenza component is targeted. 
Figure  2.2  outlines an algorithm for screening for infl uenza antivirals 
using either cell - based and biochemical primary assays. 

 Once the primary assay has screened a compound library and identi-
fi ed a smaller subset of effective lead compounds (i.e.,  “ hits ” ), these are 
then run through one or several secondary assays to defi ne the com-
pound dose – response and/or toxicity. The accuracy of the primary assay 
is paramount for identifying hits while simultaneously reducing the 
number of compounds funneled through the secondary assays and 
greatly decreasing the amount of time and resources required to evalu-
ate lead antiviral compounds. Following confi rmation, structure –
activity relationships are defi ned and parallel chemical synthesis may 
be done to generate a group of structurally related compounds, which 
are then evaluated by re - screening using the secondary and tertiary 



assays. To apply this algorithm, a variety of infl uenza HTS assays, includ-
ing both cell - based and biochemical methods, are needed for a com-
plete infl uenza screening program. This section will discuss cell - based 
and biochemical infl uenza assays that have already been adapted to or 
have the potential for HTS adaptation that can serve as primary, sec-
ondary, or tertiary screening assays. 

Cell-Based Anti -infl uenza HTS Assays.  Cell - based assays for infl u-
enza are commonly used during initial screening efforts to evaluate a 
diverse compound library against multiple viral targets in a cellular 
context. One advantage of a cell based assay is that it can identify 
compounds that are effective against known and unknown targets, as 
well as identify compounds that are metabolized by the cell into effec-
tive antivirals. 101   Compound toxicity can also be established either in 
the same screen or by secondary counter screens that confi rm both 
dose – response and toxicity. Disadvantages include an inability to rec-
ognize effective but toxic compounds, compounds that are excluded 
from passage through the cellular membrane, or compounds that inhibit 
through aggregation - based mechanisms.  102   Cell - based screening for 
infl uenza has shown that the hit rate is increased by a corresponding 
increase (10 -  to 20 - fold) in the compound screening concentration, 103

perhaps because the infl uenza virus replicates in the nucleus and the 
increased ambient compound screening concentration promotes more 
effi cient penetration of compounds into the nucleus. Alternatively, this 

Fig. 2.2.   HTS antiviral screening algorithm. 
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may be due to increased compound promoted aggregation and seques-
tering of viral particles. 102   Finally, in the case of infl uenza these assays 
typically require 2 – 5 days performance time, most of which is incuba-
tion time required to accurately measure viral replication. 

 The growing use of cell - based assays is balanced by the technical 
challenges in developing robust, large - scale systems — that is, the labor -
 intensive production of large quantities of cells and the inherent assay 
variability due to differences in cell passage number and handling. 104

These assays are typically performed in microplates, and the endpoint 
in most cases is cell death — that is, the CPE induced by viral infection 
and replication. CPE induced by viral infection is a well - documented 
and frequently exploited determinant for viral propagation in lytic 
viruses, but one which requires a reliable method for determining 
viability.105   Assays for infl uenza - induced CPE have previously used 
the uptake of fl uorescent dyes by viable cells as an endpoint. 96,106   This 
method can determine the effi cacy of small numbers of compounds 
( < 400) and is generally conducted in 96 - well plate format. Although 
deemed suffi ciently robust for HTS adaptation, this method requires 
specialized, automated plate washers (for supernatant exchanges and 
plate well washes), making it unsuitable for screening large numbers 
( > 10,000) of compounds using standard noncontact liquid handlers. As 
an alternative endpoint detection method, a fully HTS - adapted cell -
 based primary screening assay that measures the infl uenza - induced 
(strain A/Udorn/72) CPE in MDCK cells using luminescence was 
recently developed and validated. 75   This three - day assay uses 384 - well 
microplates and performs as consistently and reliably as methods using 
neutral red, with a large signal window (S/B    >    30) and low noise level. 
As a primary screen, it proved effective for blindly identifying control 
compounds affecting the viral M2 proton channel, NA protein, and 
polymerase targets while simultaneously evaluating factors such as 
compound exclusion from the cell and/or toxicity. This HTS assay has 
also been adapted (at elevated biosafety levels) using HPAI. 107

 A successful cell - based moderate - throughput assay used a  Xenopus
laevis  oocyte transient expression system to measure inhibition of the 
M2 proton channel function. 108   In this assay, cRNA for the infl uenza 
M2 protein was microinjected into oocytes followed by a 4 -  to 6 - hr 
incubation period for protein expression and proton channel insertion 
into the oocyte lipid bilayer. Compounds were added to the oocyte 
chamber and were allowed time for potential M2 channel binding, the 
environmental pH was lowered (to    <    pH 6.0), and the proton fl ux was 
monitored by measuring the electrophysiological potential changes by 
two - microelectrode voltage clamp technique. Upon activation of the 



M2 proton channel, channel blockers (such as amantadine or rimanta-
dine) effectively inhibited channel function. Because this assay is only 
moderate - throughput (able to screen  ∼ 100 compounds/day), it is not 
amenable for large library screening, but is quite suitable as a second-
ary confi rmation or mechanism evaluation assay. A variation of this 
assay that could be adapted to screen large libraries has been demon-
strated more recently using CV - 1 cells that have been infected with a 
high titer of SV40 virus containing the M2 cDNA sequence. 109   After 
infection, the cells are plated, allowed time for M2 protein expression, 
and drugged, and the channel is activated by decreasing the media pH. 
Constitutive activation of the M2 proton channel causes CPE as the 
interior of the cell acidifi es, which can be accurately measured by 
methods described above. Compounds that inhibit the M2 channel 
activity could be identifi ed by a decrease in CPE. This assay format is 
suitable for miniaturization, as well as for automation of liquid handling 
and reading, and is fully adaptable to HTS as both a primary or second-
ary assay.  

Biochemical HTS Assays.  Biochemical assays for infl uenza targets 
have been employed in the past in a low - throughput format as second-
ary assays to further evaluate compound hits that have shown effi cacy 
in inhibiting viral replication in a primary cell - based assay. For HTS 
primary antiviral screening, biochemical assays can often be performed 
in a fraction of the time (hours instead of days) that a cell - based assay 
can, and they are not bound by compound toxicity issues, making them 
ideal for targeted primary HTS. For infl uenza HTS screening, several 
of the assay formats discussed below are readily adaptable to HTS 
against targets such as HA2 - mediated fusion, NA activity, the poly-
merase holoenzyme functions, and NS1 RNA binding. The endpoint 
detection methods use colorimetric, fl uorescent, and proximity labels, 
all of which can be determined by automation. 

NA HTS Assays.  The infl uenza NA is bound to the surface of the virus 
and can be assayed using cell cultured - amplifi ed virus. An effective and 
sensitive NA assay that directly measures sialidase activity (instead of 
indirectly by enzyme cascade, as detailed in Ref. 110 ) has been estab-
lished for low - throughput use,  111   and it has recently been adapted and 
validated for HTS in 384 - well microplates.  107   Neuraminidase inhibition 
is measured using 2 ′  - (4 - methylumbelliferyl) - a -  d  -  N  - acetylneuraminic 
acid, which liberates a quantifi able fl uorescent tag (methylumbellifer-
one) in an enzymatic reaction directly proportional to the amount of 
sialidase activity. The system uses MDCK cell culture - amplifi ed 
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infl uenza virus that has been diluted to the appropriate concentration 
(for linearity of signal) in reaction buffer and added directly to micro-
plates containing the assayed compounds. After a 30 - minute incubation 
to allow for the compounds to potentially bind to the NA on the surface 
of the virus, the substrate is diluted in reaction buffer and added to the 
plates, allowed a 30 - minute reaction time, and stopped by addition of 
a high - pH stop buffer. Methylumbelliferone has absorption and fl uo-
rescence emission maxima of 365 and 450, respectively, and the signal 
can be detected with a sensitivity as low as 10 6  H3N2 virus particles/ml 
within a broad linear range of 10 6  – 10 8  particles/ml.  107   The assay is robust 
with S/B    >    20 and has been validated in a pilot screen against 10,000 
compounds.107

 Finally, the X - ray crystal structure of the infl uenza NA protein is 
known,112   allowing virtual screening of small - molecule libraries to 
determine compatibility with the enzyme active site, followed by bio-
chemical screening of candidate inhibitors. This method has recently 
succeeded in identifying novel NA inhibitors. 113   Virtual screening serves 
the same purpose as a primary screen by structurally restricting library 
compounds to a particular pharmacophoric space, although this restric-
tion precludes identifi cation of novel antiviral compounds. 

HA HTS Assays.  The HA protein is instrumental during the initial 
stages of infection, and therefore a cell - based primary HTS assay would 
serve to screen compounds for the target activities that are associated 
with HA — that is, the surface glycoprotein sialic acid recognition, 
membrane fusion that is mediated by the HA2 fusion peptide, and 
activation by protease cleavage of HA0. The lack of HA - associated 
catalytic activity makes HTS assay development a challenge that 
depends heavily on the chosen target and method of endpoint. Com-
binatorial HTS using glycan microarrays has been successfully used to 
defi ne receptor specifi city for both human and avian strains, and it 
serves as a biochemical method for recognizing inhibitory molecules. 82

The identifi cation of inhibitors of protease cleavage is diffi cult because 
the target sequence is variable and is a substrate for a wide variety of 
proteases that can recognize, cleave, and activate HA0. 114   As of yet, no 
development has yielded an HTS adaptable HA cleavage assay. Finally, 
a promising method to determine inhibition of infl uenza HA - mediated 
fusion by HTS might be based on a combinatorial assay that has been 
used to screen for small molecules that inhibit gp41 - mediated fusion of 
the HIV - 1 virus with target cells. 99   This work defi ned a method for 
selecting short peptides that bind in the hydrophobic surface of the 
gp41 inner core to guide the binding of an attached small - molecule 



library that may inhibit viral entry into the cell by blocking gp41 -
mediated membrane fusion. This method involved attachment of the 
peptide library to affi nity - labeled beads, followed by selection of the 
members of the peptide library with high affi nity for the target site. 
Once the high - affi nity peptides were selected, experiments were done 
to optimize the formation of a stable gp41 - peptide complex and target 
an attached three position non - peptide small molecule library into the 
hydrophobic cavity of the gp41 inner core to prevent fusion. The com-
binatorial approach for infl uenza may be accomplished by the genera-
tion of a biased combinatorial peptide library to identify inhibitors of 
HA2 - mediated viral fusion. This method might be adapted to target 
small molecules that inhibit membrane fusion of the HA2 peptide, 
thereby rapidly surveying and identifying effective small molecule 
combinations from large compound libraries. 

Polymerase Holoenzyme HTS Assays.  The functions of the individual 
infl uenza polymerase subunits (PB1, PB2, PA) and the heterotrimeric 
holoenzyme have been extensively studied using a series of low -
 throughput assay systems that have defi ned the subunits responsible 
for host mRNA cap - recognition ability, RNA endonuclease activity, 
and RNA polymerization. These assays have utilized UV - crosslinking 
to capture RNA - protein binding and electrophoretic detection to 
examine the reaction products. The largest barriers to adapting these 
infl uenza polymerase holoenzyme  in vitro  assay systems for HTS 
are the availability of purifi ed polymerase and the nature of endpoint 
detection. Purifi ed polymerase has been effi ciently obtained from tran-
siently transfected cells induced to recombinantly express the affi nity -
 tagged polymerase subunits, 115,116   which are then purifi ed as the 
holoenzyme for assay use. Using purifi ed holoenzyme, low - throughput 
experiments have shown that polymerase - dependent cap binding and 
endonuclease activity can be assayed by immobilizing the template 
RNA, binding the polymerase to the fi xed template, and measuring 
activity upon addition of a short, capped mRNA. 22   In particular, it was 
found that a 20 - nt capped mRNA can be bound to the polymerase 
complex and cleaved in a magnesium - dependent manner, and quanti-
zation of the products is possible. While this assay is extremely useful 
for measuring a small number of samples, it requires signifi cant adapta-
tion for HTS. This might be accomplished by labeling substrates with 
fl uorescent or affi nity proximity labels, which provides a means of rapid 
endpoint determination. Recently, an HTS fl uorescent substrate assay 
has been used to screen 670,000 compounds against E. coli  RNA 
polymerase activity, with a reported hit rate of 0.1%, 117   and might be 
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adapted for infl uenza polymerase screening. Finally, a promising assay 
for RNA - dependent RNA polymerization which uses an affi nity -
 labeled primer anchored to a scintillation proximity assay bead has 
recently been developed for the HCV NS5B polymerase. 118   Initiation 
of polymerization in the presence of tested compounds and radio -
 labeled nucleotide substrates allowed determination of the compound 
effectiveness by measuring the incorporated radio - label in the nascent 
RNA. This assay has been adapted to a 96 - well microplate format, and 
the addition of automated robotics would allow several thousand com-
pounds to be screened by scintillation counting in a single day. 

NS1 HTS Assays.  The NS1 protein has no defi ned enzymatic activity 
but instead regulates the function of host cellular components (CPSF, 
PABII, PKR, dsRNA) through binding and sequestering of these factors 
(reviewed in Ref. 20 ). The protein -  and RNA - binding potential of NS1 
is an elusive activity to target for inhibition by small molecules, although 
inhibition by both RNA aptamers and short peptides has been pro-
posed.119   HTS assay designs for inhibition of protein binding have been 
proposed using proximity - detection systems with fl uorescent or affi nity 
labeling of the assayed components (e.g., dsRNA and recombinantly 
expressed NS1) and measurement of the component association in the 
presence of potential binding inhibitors. However, these assays have 
not been developed or validated for HTS at this time. Part of the reason 
for this is the insoluble nature of the recombinant NS1 protein itself, 
although truncated versions of the protein containing either the protein -
 binding potential (C - terminal) or the RNA - binding potential (N - ter-
minal) have successfully been affi nity - tagged, bacterial - expressed, and 
purifi ed.  65,119

  SPECIAL CONSIDERATIONS FOR INFLUENZA 
HTS SCREENING 

 With the emergence of highly pathogenic avian infl uenza and the 
increase in worldwide surveillance of the wild bird and human popula-
tions, there is a high probability that a diagnostic HTS screening 
facility will screen strains with a high lethality and high risk to public 
security, which requires both administrative and engineering biosafety 
controls to protect the public, the facility personnel, and the environ-
ment. Infl uenza is not unique in this attribute, but has become extremely 
high profi le as HPAI viruses are identifi ed in avian populations and 
in isolated human cases. There is also strong demand for HTS vaccine 



testing and antiviral screening using HPAI H5N1 strains, and the 
CDC/NIH Biosafety in Microbiological and Biomedical Laboratories 
requires that this work be performed in at biosafety level 3.  120   HTS 
screening using HPAI may require additional assay adaptations for 
performance in a BSL - 3 laboratory, and these may include (a) restric-
tions on the type of equipment used (i.e., equipment that generates 
aerosol would be a disadvantage when screening respiratory patho-
gens) and (b) placement of automated robotics and liquid handlers, as 
well as endpoint readers, inside additional containment facilities, such 
as a biosafety cabinet. Assay throughput will certainly be reduced at 
high biosafety in favor of increased safety. The development and adap-
tation of infl uenza assays for HTS will continue to force evolution of 
HTS methodology as the demand for biocontained HTS facilities 
increases.

  CONCLUSION 

 Infl uenza is a chronic affl iction for the entire world ’ s population, and 
modern society has enabled the virus to spread and adapt more rapidly 
than ever before. Adaptation of our diagnostic, vaccine effi cacy, and 
antiviral assays must also occur to meet the demands for heightened 
surveillance, increased annual vaccine production, and novel antiviral 
identifi cation. Efforts must be made to continually evaluate new tech-
nologies and more fully integrate HTS anticipations into all stages of 
assay development to (a) speed the rate of infl uenza diagnosis and 
vaccine approval and (b) widen the window and options for antiviral 
therapy. Adaptation of current assays to HTS formats will only par-
tially meet these needs, and future assays must be designed with HTS 
adaptation in mind to prepare for and combat the statistical certainty 
of future infl uenza epidemics and pandemics. 
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  INTRODUCTION 

 Since the beginning of the twentieth century, infl uenza has caused three 
pandemics and multiple epidemics. The 1918 Spanish fl u, a product of 
genetic mutation of avian infl uenza, killed over 40 million people 
worldwide.1   Conversely, the 1957 Asian fl u and the 1968 Hong Kong 
fl u viruses were the result of genetic reassortment between human and 
avian strains.  2,3   In this light, the potential adaptation to permit human -
 to - human transmission of the current H5N1 avian infl uenza, either by 
reassortment or mutation, poses a serious health threat worldwide. 

 Infl uenza is a segmented, negative - stranded RNA virus and is a 
member of the Orthomyxoviridae  family. It can be divided into three 
types, A, B, and C, of which A is the primary pathogen for humans. 
The infl uenza A genome contains eight RNA segments that encode 10 
proteins: the matrix (M1), envelope glycoproteins neuraminidase (NA) 
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and hemagglutinin (HA), nucleoprotein (NP), a polymerase complex 
composed of PB1, PB2, and PA, an ion channel protein (M2), and 
nonstructural proteins (NS1 and NS2). 4   Variances in the envelope pro-
teins HA and NA are used to further subclassify fl u into classes H1 to 
H16 and N1 to N9 (e.g., H3N2 for the 1968 Hong Kong fl u). Infl uenza 
predominantly infects epithelial cells in the upper respiratory tract, as 
well as macrophages and other leukocytes; however, because its recep-
tor, sialic acid, is so prevalent, many other cell types can also be infected 
in culture. 5

 Unlike most other RNA viruses that replicate in the cytoplasm, infl u-
enza replicates in the cell nucleus. Upon binding to the cell surface 
receptor, the virus enters by endocytosis. Once in the endosome, low 
pH mediates the fusion of the viral and endosome membranes so that 
the viral nucleocapsids are released into the cytoplasm and then imported 
into the cell nucleus. Here, the viral polymerase initiates primary mRNA 
transcription in order to synthesize new polymerase, NP, NS1, and NS2 
proteins. After translation in the cytoplasm, the viral proteins are then 
transported back to the nucleus to initiate replication of the genome and 
secondary mRNA transcription. Subsequently, viral ribonucleoprotein 
complexes are assembled in the nucleus and then transported to the 
plasma membrane where budding of mature virions occurs. 4

 In order to facilitate this productive replication, infl uenza has devised 
several mechanisms for inhibiting normal cellular processes, as well as 
the innate antiviral response to infection. For instance, the viral poly-
merase complex engages in “ cap snatching ”  of the 5 ′  caps of host 
mRNA, leading to their degradation. 6,7   The NS1 protein can also inhibit 
mRNA splicing of cellular mRNAs as well as prevent their export from 
the nucleus. 8   In addition, infl uenza is known to inhibit translation of 
cellular protein yet selectively translate viral proteins, and ultimately, 
after hijacking the cell ’ s machinery to replicate, it leads to cell death 
by cytolysis or apoptosis. 9,10   During the course of infection, numerous 
chemokines and proinfl ammatory cytokines are produced not only to 
recruit and modulate the adaptive immune response, but also to control 
the immediate infection. One of the key players in this innate immune 
response is type I interferon (IFN α / β ).  

  TYPE I INTERFERON 

 One of the key components of innate immunity, particularly against 
viral infection, are the interferons (IFNs), a family of pleiotropic cyto-
kines that are divided into two major subtypes referred to as type I 



(IFNα / β ) and type II (IFN γ ). Type I interferon is immediately induced 
upon viral infection and subsequently leads to the induction of hun-
dreds of genes that collectively create an antiviral state in the cell. This 
inhibitory state can potentially control the infection until a virus - 
specifi c adaptive immune response can be generated. IFN α  may also 
serve as a link between innate and adaptive immunity by modulating 
dendritic cell (DC) maturation, activating T cells, and stimulating 
the antibody response. 11

 Recent fi ndings have provided greater insight into how infl uenza and 
other viruses stimulate IFN production. dsRNA, in the form of dsRNA 
genomes, replication intermediates, or transcripts with signifi cant sec-
ondary structure, has been known to trigger a signaling cascade leading 
to the activation of the transcription factors interferon regulatory factor 
3 (IRF - 3), nuclear factor kappa - B (NF -  κ B), and adaptor - related pro-
tein complex - 1 (AP - 1). These components transcriptionally upregulate 
IFNβ , leading to its subsequent secretion and autocrine and paracrine 
signaling cascades. 12   Until recently, it was unknown how viral dsRNA 
was detected and what signaling events lead to IRF - 3 activation. The 
intracellular viral RNA (vRNA) sensors have now been identifi ed as 
two putative RNA helicases, retinoic acid inducible gene - I (RIG - I) and 
melanoma differentiation - associated gene - 5 (MDA - 5).  13,14   MDA - 5 has 
been shown to recognize dsRNA from viruses such as EMCV, while 
RIG - I was recently found to be activated by viral RNA possessing 5 ′  -
 triphosphates generated by the viral polymerases from infl uenza, VSV, 
Sendai virus, and Newcastle disease virus. 15 – 17   Upon binding vRNA, 
RIG - I and MDA - 5 recruit VISA/IPS - 1/MAVS/Cardif and activate the 
IRF - 3 kinases, TANK binding kinase - 1 (TBK - 1) and inhibitor of NF -
κ B kinase  ε  (IKK ε ).  18 – 23   This leads to the phosphorylation and dimeriza-
tion of IRF - 3 and ultimately to the induction of IFN β  (Fig.  3.1 ).24

Infl uenza has also been shown to be recognized by Toll - like receptor 
(TLR) - 7, and possibly the dsRNA receptor TLR - 3, which can lead to 
IFN induction. 25 – 27   Presumably, fl u ’ s ssRNA genome is detected by 
cell - surface - bound TLR - 7 during endocytosis. 

 After infection, IFN β  is secreted and binds, in either an autocrine 
or paracrine fashion, to its cognate receptor, the IFN -α / β  receptor 
(IFNAR). IFNAR signaling can then amplify the production of IFN α , 
which, like IFN β , is then secreted and binds to the same IFNAR. Upon 
binding, the receptor subunits dimerize and signaling proceeds through 
a well - characterized Jak1/Tyk2 and STAT1/STAT2 signaling cascade. 
The STAT1/2 heterodimer then complexes with IFN - stimulated gene 
factor 3 gamma (ISGF - 3 γ /IRF9), forming the ISGF - 3 complex.  12,28,29

This complex then translocates into the nucleus, where it binds IFN 
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stimulated response elements (ISREs) found in the promoters of hun-
dreds of IFN stimulated genes (ISGs; Fig. 3.1 ). Through this pathway, 
IFN can induce the many genes necessary for producing IFN ’ s antiviral 
effects. Many of these IFN stimulated genes are cellular components 
such as MHC class I, LMP - 2, and the TAPs, which are required for the 
processing and presentation of viral antigens to the immune system. In 
addition, components of the signaling cascade itself, such as STAT - 1, 
are also highly inducible, as are many antiviral effector proteins such 
as 2 ′ ,5 ′  - oligoadenylate sythetase (OAS), Mx proteins, and the dsRNA -
 activated serine/threonine kinase, PKR. 30

  THE MX FAMILY 

 The Mx family members are type I IFN - induced GTPases that are part 
of the superfamily of dynamin - like GTPases. There are two Mx pro-
teins in both mouse and human, and while three of the four display 
antiviral activity, their mechanisms appear to differ based on subcellu-
lar localization and virus specifi city. Knockout and transgenic mouse 
studies demonstrate that both Mx1 and MxA can mediate suffi cient 
antiviral activity to inhibit virus replication, even in the absence of 

Fig. 3.1.   Diagram of type I interferon signaling and targets of inhibition by the infl u-
enza NS1 protein. 



other IFN - mediated effects.  31,32   Mouse Mx1 selectively inhibits members 
of the Orthomyxoviridae  family, which includes infl uenza virus. 32,33   It 
is localized in the nucleus and blocks infl uenza ’ s primary transcription 
by the viral - associated polymerase.  34 – 36   Mouse Mx2, unlike Mx1, is 
found in the cytoplasm and can mediate resistance to VSV but not 
infl uenza.  37,38   The human Mx proteins have differential antiviral activ-
ity. MxA has broad resistance to infl uenza, VSV, measles virus, Thogoto 
virus, and Semliki forest virus. 39 – 41   Likely due to its cytoplasmic local-
ization, rather than through direct inhibition of transcription like Mx1, 
MxA inhibits replication by binding to the viral nucleocapsid and pre-
venting its entry into the nucleus where viral transcription occurs.  36,42

MxB is the only family member with no known antiviral activity. It 
resides in the perinuclear region and is believed to inhibit nuclear 
import and cell - cycle progression.  43   While it is currently unknown 
whether fl u encodes any inhibitors of the Mx proteins, it is well docu-
mented that its NS1 protein can inhibit several ISGs and appears to be 
a key mediator of IFN resistance. 

  PKR INHIBITION BY NS1 

 PKR is a well - characterized, key component of the host antiviral 
response. It exists at low levels in most cell types and is potently 
induced by IFN. PKR ’ s N - terminus contains two canonical dsRNA 
binding domains (dsRBD) which, following infection, bind to viral 
dsRNA, leading to activation of the kinase. 44 – 46   PKR then autophos-
phorylates and forms a homodimer that is capable of phosphorylating 
target substrates, the most well - characterized being the alpha subunit 
of eukaryotic initiation factor 2 (eIF2 α ).  47,48   Phosphorylation of eIF2 α
on Ser - 51 causes an inhibition of protein synthesis in the cell by pre-
venting the exchange of eIF2 - bound GDP for GTP by eIF2B. This 
exchange is required for eIF2 to bind methionyl - tRNA to the 40S 
ribosomal subunit during translation initiation. 49,50   Studies have shown 
that this translational repression not only leads to a global inhibition 
of protein synthesis in the cell, but also inhibits viral protein produc-
tion, thereby inhibiting replication. 51   Other potential PKR targets 
include the alternatively spliced nuclear proteins NFAR - 1 and NFAR -
 2, histone 2a, and IKK β .  52,53   These substrates, as well as others, likely 
facilitate PKR ’ s many roles in the cell including the regulation of trans-
lation, the induction of virus associated cell death, and the regulation 
of growth factor signaling pathways and in the activation of NF -κ B 
through modulation of I κ B kinase, IKK β .  52,54 – 56

PKR INHIBITION BY NS1 77
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 Due to PKR ’ s antiviral activity, numerous viruses have developed 
different methods for inhibiting its activity. It has been demonstrated 
that infl uenza A ’ s NS1 protein is a potent inhibitor of PKR activity 
both in vitro  and  in vivo.  NS1 is a 26.8 - kDa protein that contains a 
dsRBD in its N - terminus, two nuclear localization signals, and one 
nuclear export signal to allow for shuttling. 57 – 59   It is expressed early and 
to very high levels in the nucleus of infected cells and is the most abun-
dant of the nonstructural proteins. 60   Crystallographic structures and 
mutation analysis indicate that it functions as a homodimer and that 
dimerization is required for RNA binding. 61   Despite its abundant 
expression, however, NS1 is not believed to be incorporated into the 
virion structure. Aside from inhibiting the IFN response, it also has 
other roles in infl uenza ’ s pathogenicity. First, NS1 can inhibit the export 
of cellular poly(A) - containing mRNAs from the nucleus by directly 
binding the 3 ′  poly(A) sequence. 8,62,63   Second, it can inhibit pre - mRNA 
splicing of host mRNAs. NS1 mediates this by binding a purine -
containing bulge in a stem structure of the splicesomal U6 small nuclear 
RNA.8,64,65   Third, NS1 can enhance viral protein translation by binding 
and recruiting cellular translation initiation factors, such as eIF - 4GI 
and poly(A) binding protein, to the 5 ′ UTRs of viral mRNAs. 66,67   While 
NS1 ’ s inhibition of cellular protein expression is not a direct IFN inhibi-
tory mechanism, the IFN response requires de novo  protein expression 
of ISGs following IFNAR ligation. Therefore, inhibition of total cellu-
lar gene expression would also inhibit ISG induction. The overall rel-
evance of these cellular functions is somewhat tempered, however, by 
studies involving infl uenza virus lacking NS1 (delNS1). When this virus 
is grown in cells with a defi cient IFN system, viral replication is com-
parable to wild - type virus, indicating that either (a) NS1 ’ s major func-
tion is inhibition of the IFN response or (b) compensatory mechanisms 
exist that mask the other functions of NS1 in this setting. 68,69

 NS1 ’ s inhibition of PKR has been continuously well - documented  in
vitro  and  in vivo  for over a decade. Though NS1 ’ s ability to bind 
dsRNA was originally documented in 1992, Lu et al. were the fi rst to 
demonstrate in vitro  that NS1 could inhibit the dsRNA mediated acti-
vation of PKR. 70,71   This was shown at the level of both autophosphory-
lation and phosphorylation of the PKR substrate eIF2 α .  70,72,73   Subsequent 
experiments utilizing delNS1 or a ts NS1 infl uenza mutant confi rmed 
these fi ndings by demonstrating that PKR could be activated by infec-
tion with these NS1 defective viruses, but not wild - type virus, and this 
phenotype could be complemented by trans  expression of intact NS1. 68,74

Studies have also been conducted in mice defi cient in either STAT1 or 
PKR using either wild - type or delNS1 infl uenza viruses. 68,69,75   In these 



studies, delNS1 replication in the lungs of infected mice was inhibited 
in wild - type mice, but not the knockouts, signifying NS1 ’ s importance 
for inhibiting the IFN response and PKR in particular. In fact, replica-
tion of delNS1 was similar to wild - type infl uenza in PKR  − / −  mice, 
indicating that NS1 ’ s primary function was the inhibition of PKR rather 
than regulating mRNA processing or translation. In addition, wild - type 
fl u replicated only marginally better in the STAT1  − / −  mice, which are 
defective in all ISG induction, than in the PKR − / −  mice.  68   This would 
suggest that the most signifi cant ISG inhibited in the STAT1  − / −  mice 
is PKR. While these results indicate that other ISGs are involved in 
inhibiting infl uenza infections, it should also be mentioned that the 
STAT1  − / −  mice were on a C57BL/6 background, which does not 
express functional Mx protein. This may suggest that conducting similar 
experiments in other strains of mice may provide more insight into 
other potential mediators of host defense. Due to PKR ’ s multiple roles 
in the IFN response, its inhibition may affect not only eIF2 α  - mediated 
translation regulation, but also IFN induction by IRF1, IFN γ  signaling 
through STAT1, and dsRNA - induced cell death.  54,55,76   Further studies 
would be benefi cial to more fi nely determine which PKR activities are 
required for inhibiting fl u. 

 The mechanism of NS1 ’ s inhibition was originally thought to be 
dependent on its ability to bind dsRNA. It was hypothesized that NS1 
would bind dsRNA and retain it in the nucleus. Although some PKR 
protein is nuclear, it is predominantly detected in the cytoplasm, and 
therefore nuclear sequestration of dsRNA could effectively prevent it 
from activating PKR. 70   In fact, a number of viral inhibitors, such as 
vaccinia virus E3L, utilize this tactic for preventing PKR activation. 77

Recent evidence, however, has indicated an alternative mechanism of 
inhibition involving NS1 ’ s ability to bind directly to PKR. 72,73   Li et al. 
have shown that NS1 can inhibit not only dsRNA - induced PKR activa-
tion, but also activation by PACT. 72   PACT is a cellular protein that 
encodes two functional dsRBDs and a third domain that binds directly 
to PKR in order to activate it, irrespective of the presence or absence 
of dsRNA. 78,79   When a point mutation was introduced to abrogate 
NS1 ’ s dsRNA binding activity (R38A), NS1 was still able to bind to 
and inhibit PKR activation by both dsRNA and PACT. It is hypothe-
sized that the binding of NS1 to PKR prevents the conformational 
change induced by dsRNA binding, which is required for activation. 
This may be a more plausible mechanism for NS1 since it has also been 
demonstrated that the NS1 dsRBD has a lower affi nity for dsRNA than 
for PKR ’ s dsRBDs, and therefore may not be capable of outcompeting 
it.74,80,81
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 Although most research into NS1 inhibition of PKR has been con-
ducted with infl uenza A NS1 protein, some studies have been per-
formed utilizing infl uenza B and C viruses. There is little homology 
between the NS1 proteins of these viruses, but NS1 from infl uenza 
B is capable of binding dsRNA and inhibiting PKR. 82,83   It has also 
been reported to inhibit IRF - 3 and subsequent IFN β  transcriptional 
activation.84

  ACTIVATION OF THE CELLULAR PKR INHIBITOR, P58 IPK

 P58 IPK  is a cellular inhibitor of PKR that is activated upon infl uenza 
infection to suppress PKR ’ s catalytic activity. It contains nine tandemly 
arranged tetratricopeptide repeats (TPR) as well as a J - domain that 
shares homology with the DnaJ heat shock family of proteins. There 
is also limited, localized homology to the PKR substrate eIF2 α  which 
may facilitate binding to PKR. 85   Its association with PKR is dependent 
on TPR6, and direct protein – protein interaction is required for inhibi-
tion of PKR dimerization, a required step for activation.  86   P58 IPK  was 
fi rst discovered in experiments in which infl uenza infections were con-
ducted in series after mutant adenovirus infections. The adenoviruses 
were defi cient in the PKR inhibitor VAI RNA; therefore, PKR was 
activated by the viral infection and competent to inhibit translation. In 
the cultures infected with both mutated adenovirus and infl uenza 
however, PKR was inhibited, indicating the induction or activation of 
a PKR inhibitor by infl uenza.  87   This novel protein was later purifi ed 
and identifi ed as the host encoded inhibitor P58 IPK .  88

 P58 IPK  is normally inactive in the cell and is reportedly inhibited by 
two separate proteins, Hsp40 and P52 rIPK  (repressor of inhibitor of 
protein kinase). P52 rIPK  has been shown to block P58 IPK  ’ s suppression 
of PKR, thereby permitting eIF2 α  phosphorylation and growth sup-
pression in yeast. 89   The exact mechanism for this regulation has yet to 
be elucidated; however, the interaction domain has been mapped. 
Hsp40 inhibition of PKR may involve a third component, Hsp70. Prior 
to infection, Hsp40, Hsp70, and P58 IPK  reside in a complex that is dis-
sociated following infl uenza infection. Once Hsp40 is removed from 
the complex, this allows Hsp70 and P58 IPK  to associate with PKR and 
inhibit activation.  90,91

 Recently, P58 IPK  - defi cient mice have been generated, and their 
response to infl uenza and other virus infections are currently being 
analyzed. Preliminary results have been noted in a review by Kash 
et al., indicating that knockout mice infected with infl uenza virus show 



decreased levels of viral protein synthesis and increased eIF2 α  phos-
phorylation, as would be expected by uninhibited PKR. 85   Their data 
are supported by fi ndings in P58 IPK  - null plants in which infections with 
Tomato mosaic virus and Tobacco etch virus demonstrate increased 
cell death and reduced viral titers. 92   The P58 IPK  knockout mouse does 
have a signifi cant phenotype that has been characterized relating to its 
roles in stress response. In addition to being an inhibitor of PKR, P58 IPK

is also capable of inhibiting another eIF2 α  kinase, PERK. PERK is 
activated by the build - up of misfolded proteins in the endoplasmic 
reticulum, which is known to induce the unfolded protein response 
(UPR). One of the general reactions to the UPR is activation of PERK, 
which phosphorylates eIF2 α  and induces a global inhibition of protein 
synthesis, reducing the burden on the ER. 93   A second role for P58 IPK

in the UPR has also been recently elucidated. These studies show that 
P58IPK  binds to the ER protein translocation channel, Sec61, and medi-
ates ER protein degradation during the stress response. 94   The absence 
of P58 IPK  produces a diabetic phenotype in mice, including hyperglyce-
mia and increased apoptosis of pancreatic β  - cells, not unlike the 
PERK − / −  phenotype.  95 – 97

  ISGYLATION INHIBITION BY NS1B 

 Most of this chapter involves data obtained using the infl uenza A virus 
and its NS1 protein (NS1A). Though some of NS1A ’ s functions are 
shared with its counterpart NS1B, the two proteins are not identical. 
Unique to infl uenza B virus is its ability to induce ISG15 expression 
during infection and to inhibit its conjugation to other proteins. 98

 ISG15 is one of the most highly induced ISGs. Like ubiquitin and 
other ubiquitin - like proteins such as SUMO - 1, Nedd - 8, and Rub1, 
ISG15 is covalently linked by its C - terminal glycine residue to target 
proteins upon IFN induction. 99   This ISGylation process has three steps 
that utilize activating (Ube1L), conjugating (UbcH8), and ligating (Efp 
and Herc5) enzymes to conjugate ISG15 to its substrates. 98,100 – 103   Though 
no broad function such as protein degradation or localization have 
been ascribed to ISGylation, it has been demonstrated to disrupt 
protein function and prevent thioester bond formation between ubiq-
uitin and its E2 conjugating enzymes, UbcH6 and Ubc13. 104 – 106   ISG15 − / −  
mice have been generated and show no overt phenotype in develop-
ment, lymphocyte populations, or resistance to VSV or LCMV infec-
tion.107   However, detailed experiments involving Sindbis virus and HIV 
have demonstrated a clear role for ISG15 in antiviral immunity.  108,109
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 Unlike NS1A, which is able to inhibit ISG15 induction by suppress-
ing IFN production, infl uenza B virus upregulates ISG15 and ISGylation. 
In order to combat this IFN induced response by the cell, NS1B has 
been shown to inhibit the conjugation of ISG15 to its targets by pre-
venting the activation step required for ISGylation. The N - terminus of 
NS1B binds ISG15 and prevents its thioester bond formation with 
Ube1L.98   This interaction with ISG15 is dependent on residues con-
tained in large, N - terminal loops that overlap the dsRNA binding 
domain of NS1B and that are missing from NS1A. Despite the overlap, 
ISG15 and dsRNA can bind simultaneously and the binding of one 
has no appreciable effect on the other. 110   Experiments examining the 
enhancement of viral fi tness due to the presence of NS1B have not 
been published; however, infl uenza ’ s susceptibility to the ISG15 targets 
PKR, MxA, and RIG - I would make it a prime candidate for being 
vulnerable to ISGylation - mediated antiviral activity.  111

  A NEW TARGET FOR NS1? 

 Recently, a new potential target for NS1 inhibition of the IFN response 
has been identifi ed.  112   Although it is a well - characterized antiviral 
pathway, the 2 ′  - 5 ′  oligoadenylate synthetase (OAS)/RNase L pathway 
has never been shown to antagonize infl uenza virus. The OAS and 
RNase L proteins function in tandem as a sensor and effector mecha-
nism, respectively, that ultimately leads to the cleavage of both cellular 
and viral RNAs to inhibit virus replication. 

 The OAS family contains three members in humans (OAS1, OAS2, 
and OAS3), of which OAS1 and OAS2 are differentially spliced. 
Though they are all induced by both type I and II IFNs and possess 
sythetase activity, they vary in their subcellular localization, the size 
pattern of the 2 ′  - 5 ′  phosphodiester - linked oligoadenylates (2 - 5A) pro-
duced, and their dsRNA requirements. OAS is activated by viral 
dsRNA, typically produced during viral genome replication or the 
transcription of viral genes. Upon activation, OAS catalyzes the polym-
erization of ATP to generate 2 - 5A oligomers, which are capable of 
activating RNase L.  113,114

 RNase L (also known as 2 - 5A - dependent RNase, RNS4, or RNase 
F) is an endoribonuclease that possesses antiviral, proapoptotic, anti-
proliferative, tumor - suppressive, and senescence - inducing activity.  115   It 
contains a 2 - 5A binding domain and nine ankyrin repeats in its N -
terminus, as well as RNase and kinase - like domains in the catalytic C -
 terminus.  116,117   Binding of 2 - 5A is believed to release the negative 



regulatory activity of the N - terminus and enable homodimerization to 
form an active complex. 118,119   The RNase L homodimer is then capable 
of cleaving cellular and viral RNAs to inhibit virus replication and 
presumably mediate its other activities. Although RNase L does not 
signifi cantly inhibit viruses such as VSV, infl uenza, or herpesviruses, it 
is a potent inhibitor of picornavirus replication. 120 – 123   To emphasize this, 
RNase L − / −  mice were generated and infected with EMCV, a proto-
typical member of the Picornaviridae  family. RNase L - defi cient mice 
were found to succumb more rapidly than wild - type mice to EMCV, 
as well as possess defects in apoptosis. 124

 Recently, Min et al. have identifi ed RNase L as a target of the infl u-
enza NS1 protein.  112   In their studies, recombinant infl uenza virus was 
generated that possesses a NS1 protein encoding a point mutation 
(R38A) that renders it unable to bind dsRNA. 71   They demonstrated 
that this recombinant virus was able to replicate 100 -  to 200 - fold more 
in RNase L − / −  mice than in wild - type mice possessing functional 
RNase L. Wild - type infl uenza replicated equally in both RNase L  − / −
and +/+ mice. 112   These results indicate that fully functional NS1 is 
capable of inhibiting RNase L activity in a dsRNA - dependent manor. 
However, if NS1 is unable to bind dsRNA and therefore unable to 
inhibit RNase L, then RNase L can suppress virus replication. Given 
that RNase L activity is dependent on OAS activation by dsRNA, it is 
likely that NS1 sequesters dsRNA away from OAS, preventing its 
activation. Indeed, possible OAS inhibition by NS1 has been previously 
suggested.125

  TACKLING HUNDREDS OF BIRDS WITH ONE STONE 

 Inhibition of IFN - induced effector proteins has been proven to be a 
valuable mechanism for virus survival. However, inhibiting even a frac-
tion of the hundreds of ISGs is ineffi cient, so many viruses have evolved 
means of inhibiting the IFN response further upstream by impeding 
IFN production itself. Many studies have documented the diminished 
IFN production by infl uenza - virus - infected cells. Though microarray 
analysis has demonstrated that infl uenza can stimulate suffi cient IFN β
production to cause some ISG induction, signifi cant data also exist 
showing that infl uenza can dramatically limit the amount of IFN β
made.84,126,127   This inhibition is believed to be a result of the multifunc-
tional NS1 protein. 

 Several studies have explored infl uenza ’ s role in IFN induction, and 
recent publications have begun to tease out a possible mechanism for 
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this inhibition. One of the fi rst major achievements was the use of 
reverse genetics to generate infl uenza virus lacking the NS1 gene 
(delNS1).69   Utilizing this viable, but attenuated, virus, delNS1 has been 
shown to stimulate severalfold more IFN β  than wild - type virus, and 
this phenotype can be rescued by transient expression of NS1 or a 
truncated version composed of the N - terminal 73 amino acids. 127,128

This inhibition of IFN β  is attributed to fi ndings indicating that NS1 can 
inhibit IRF - 3 activation and prevent its translocation to the nucleus 
where it binds to the IFN β  promoter.  129   Though direct inhibition could 
have been plausible, evidence also existed that NF -κ B activation by 
virus infection is also inhibited, suggesting that NS1 suppresses a factor 
upstream of both NF -κ B and IRF - 3.  127

 Given that only the N - terminus of NS1, which encodes the dsRNA 
binding domain, was required for inhibition of IFN, it seemed logical 
that NS1 was inhibiting the viral dsRNA sensor that activates both 
IRF - 3 and NF -  κ B. Early efforts to prove that NS1 was binding dsRNA 
and sequestering it were hampered by the fact that at the time, RIG - I 
and MDA - 5 had not yet been identifi ed. Nonetheless, a recombinant 
virus containing two point mutations (R38A, K41A) that abrogated 
dsRNA binding was generated. 84   The R38A, K41A virus was shown to 
be incapable of suppressing IFN β  production and attenuated in mice, 
indicating a role for dsRNA sequestration in the inhibition of IFN 
induction. A subsequent study has challenged these fi ndings by gener-
ating a single - point mutation in NS1, R38A, which alone is suffi cient 
for preventing dsRNA binding. This analysis showed no inhibition by 
the mutated virus and concluded that dsRNA binding was not involved 
in the suppression of IFN. 112   The discrepancy in these fi ndings may be 
a result of the two mutants being generated in different strains of infl u-
enza A, WSN/33 versus Udorn/72, which contain one versus two func-
tional NLSs, respectively. The R38A mutation used in both studies is 
located in the common NLS and therefore may differentially affect 
subcellular localization of the two mutant NS1 proteins. 84,112,130

 In 2004, both RIG - I and MDA - 5 were identifi ed as intracellular 
sensors for viral infection that activated a signaling cascade resulting 
in IRF - 3 phosphorylation and IFN β  transcription.  13,14,131   Each helicase 
was individually stimulated by different viruses, and infl uenza was 
found to induce IFN in a RIG - I - dependent fashion.  16   Though originally 
believed to detect viral dsRNA, recent publications have demonstrated 
that RIG - I is actually activated by the 5 ′  - triphosphate found on the end 
of virally transcribed RNA. 15,17   Specifi cally, fl u vRNA is suffi cient to 
stimulate RIG - I, and this activation can be inhibited by NS1. 17,132,133



Though previously posited to sequester viral dsRNA, NS1 was shown 
to bind directly to RIG - 1 and prevent IRF - 3 translocation to the 
nucleus.17,133   Although the studies differ in regard to possible inhibition 
of IPS - 1, which is directly downstream of RIG - I, it is clear that NS1 is 
a potent inhibitor of RIG - I - mediated IFN induction.  132,133

  POTENTIAL THERAPEUTIC TARGETS 

 Infl uenza is capable of inhibiting multiple aspects of the IFN - induced 
innate immune response; however, it is still susceptible to IFN ’ s anti-
viral activity. In fact, the original discovery of interferon was made 
using infl uenza as an inducer and demonstrated that it could inhibit 
infl uenza replication. 134,135   In fatal cases of infl uenza, interferon was not 
detectable in patients ’  lungs, perhaps emphasizing its importance in 
controlling infection. 136   Given fl u ’ s susceptibility to IFN ’ s pleiotropic 
activity, it is reasonable to assert that IFN could be used as an antiviral 
agent against infl uenza. 

 Early attempts to evaluate IFN as an anti - fl u therapeutic and pro-
phylactic yielded unsatisfactory results. IFN was able to prevent infl u-
enza infection to a limited extent; however, complete protection was 
not obtained and unwanted side effects were observed. 137 – 139   Advances 
in research and technology, and to some degree emphasis on biode-
fense, have provided a renewed effort toward utilizing IFN as an 
antiviral drug. 

 IFN, in combination with the nucleoside analogue ribavirin, is cur-
rently the primary therapeutic regimen for hepatitis C virus. Due to 
the effi cacy and side effects of chronic use (fl u - like symptoms, fatigue, 
weight loss, nausea, and depression), pegylated IFN was developed and 
has become standard therapy for HCV. This modifi cation stabilizes 
IFN in the body and lessens the side effects in some people. 140   Though 
usage for fl u would be of shorter duration, pegylated IFN could allow 
for lower doses, better effi cacy, and perhaps better tolerance. 

 A number of new drugs under investigation activate the Toll - like 
receptors (TLRs), specifi cally TLRs 3, 4, 7, 8, and 9, which are all 
capable of inducing IFN production. 141   In mice, these agonists or manu-
factured mimics can mediate protective effects against fl u and many 
other pathogens.  142   For example, the TLR3 agonist polyI:C is a syn-
thetic dsRNA that would not only activate TLR signaling and MDA - 5 
to produce IFN, but also could activate two key anti - infl uenza mecha-
nisms, PKR and the OAS/RNase L pathway. Previous studies have 
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shown that prophylactic polyIC:LC pre - treatment can confer complete 
protection against lethal infl uenza infection in mice and partial protec-
tion post - exposure.  143

 Along these lines, two drugs have been found to activate IFN effec-
tor mechanisms. Geranylgeranylacetone (GGA) is an antiulcer drug 
that has been shown to upregulate MxA, OAS, and PKR and induce 
PKR phosphorylation in cultured cells. 144,145   In addition, Hemispherx is 
developing the drug Oragen, which is a 2 - 5A analogue that would 
potentially activate RNase L. 142   Use of these drugs as prophylaxis or 
therapy could potentially outcompete NS1 ’ s inhibition of these key 
anti - infl uenza proteins and prevent infection. Likewise, targeting the 
NS1 protein directly could also be a key strategy. NS1 inhibits RIG - I, 
PKR, and the OAS/RNase L pathway, and deletion of NS1 renders 
infl uenza greatly attenuated in mice (Fig.  3.1 ).84   In fact, the current 
pandemic threat of avian H5N1 is resistant to IFN and TNF α , and this 
enhanced pathogenesis is mediated by the NS1 protein. 146   Suppression 
of NS1 would likely allow for full induction of IFN and normal PKR 
and RNase L antiviral activity to inhibit replication. 

 Since the discovery of IFN in 1957, infl uenza and IFN have been 
investigated as mutual antagonists, each revealing insight into the 
other ’ s biology.  135   It seems unlikely that fl u would have evolved multi-
ple, overlapping mechanisms for inhibiting IFN, if IFN was not effec-
tive at suppressing replication. This may implicate the IFN response as 
a key target for antiviral therapy, specifi cally PKR, RIG - I, and OAS/
RNase L. Enhancement of these antiviral proteins or inhibition of their 
suppressor may provide adequate protection against infl uenza without 
the need for strain identifi cation and vaccine development, key barriers 
in the event of a pandemic outbreak. Clearly, the threat of pandemic 
fl u and the importance of IFN in infl uenza ’ s pathogenesis warrant 
further investigation into the development of IFN and its antiviral 
proteins as therapeutic targets. 
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  INTRODUCTION 

 Multiple viral agents are known to cause acute respiratory infections. 
Most of those agents belong to the families orthomyxoviridae, para-
myxoviridae, picornaviridae, coronaviridae, adenoviridae, and so on. 
Among them, the orthomyxoviruses and paramyxoviruses share a 
common nature, that is, they have negative - strand RNA and have viral 
envelopes with a plasma membrane structure, and they are similar in 
several steps of viral replication. In Table 4.1 , the causative agents of 
human respiratory infections which belong to ortho- and paramyxo-
viruses are listed. Infl uenza virus (FLUV) A, B, and C are orthomyxo-
viruses; and parainfl uenza virus (PFLUV) 1, 2, 3, 4, mumps virus 
(MPSV), measles virus (MLSV), respiratory syncytial virus (RSV) A 
and B, and metapneumovirus are paramyxoviruses. Most human viral 
respiratory infections are highly contagious and sometimes epidemic. 
Clinical symptoms of the acute respiratory infections vary and are 
diagnosed as the common cold, rhinitis, pharingitis, croup, bronchitis, 
bronchiolitis, pneumonia, infl uenza and so on. However, etiological 
diagnosis of respiratory infection from clinical manifestations alone is 



very diffi cult for general practioner physicians. At times, metapneumo-
virus and even rhinovirus have caused infl uenza-like disease. 1,2   Although 
there are several laboratory diagnostic procedures for FLUV and RSV, 
the reagents are expensive, it takes time to perform the diagnosis, and 
the patients have to be treated as soon as possible, usually at home. 
Most of the antiviral drugs developed recently for FLUV and RSV 
are virus - specifi c, but I will introduce some broad - spectrum anti - 
respiratory virus agents found from a random screening for ortho -
and paramyxoviruses conducted in our laboratory. 3

  A RAPID  IN VITRO  SCREENING METHOD 
FOR MYXOVIRUSES 

 The cytopathic effects (CPE) on tissue culture cells caused by myxo-
virus infections are not strikingly apparent — if they exist at all — and do 
not have a suffi cient effect to differentiate viable and dead cells on 
MTT assay. It is also diffi cult to induce the formation of visible plaques 
of PFLUV - 1,  - 2,  - 3 or FLUV C in tissue culture cells. The MTT assay 
utilizes 3,4,5 - diphenyltetrazolium bromide (MTT), which is converted 
to a water - soluble blue crystal (formazan) in viable cells through 

 TABLE 4.1.    Human Orthomyxovirus and Paramyxovirus 

 Family  Orthomyxoviridae
    Infl uenza virus type A  (H1N1) 

 (H2N2) 
 (H3N2) 
 (H5N1) May change from avian virus to human

virus
    Infl uenza virus type B     
    Infl uenza virus type C     

 Family  Paramyxoviridae
    Subfamily Paramyxovirinae 
       Genus  Respirovirus  Human parainfl uenza virus type 1 

 Human parainfl uenza virus type 3 
       Genus  Rubulavirus  Human parainfl uenza virus type 2 

 Human parainfl uenza virus type 4 
 Mumps virus 

       Genus  Morbillivirus  Measles virus 

    Subfamily Pneumovirinae 
       Genus  Pneumovirus  Human respiratory syncytial virus 
       Genus  Metapneumovirus  Human metapneumovirus 
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mitochondrial dehydrogenese activity. Dead cells are unable to reduce 
MTT to formazan. Another colorimetric method, the LDH assay which 
quantifi es the infected cells by detection of lactate dehydrogenase activ-
ity (LDH) elution from cells, was devised to detect the infection with 
weakly cytopathogenic myxoviruses such as FLUV C, PFLUV 1, 2, and 
3.4,5   Colorimetric methods are objective and vary less than the plaque 
reduction assay for evaluation of the antiviral effect of compounds. In 
addition, colorimetric assays facilitate the mass screening of compounds 
and computerization of the obtained data. At fi rst we selected a human 
melanoma cell line (HMV - II) for the LDH and MTT assays to examine 
the antimyxovirus activity of compounds. We found that the critical 
points for the sensitive colorimetric method are as follows: First, the 
cells have to be used in a suspended state; second, cells, virus, and 
diluted compounds have to be introduced simultaneously to the culture 
plate; and third, the plate has to be centrifuged at 700   g for 10   min 
before incubation. We examined the sensitivity of viral titration by 
comparatively using LDHID 50  and MTTID 50  and plaque forming units 
(PFU) for ortho -  and paramyxoviruses. The LDHID 50  expressed the 
minimal virus amount that eluted the LDH at 50% of the completely 
degenerated cells, and the MTTID 50  expressed the minimal virus 
amount that reduced MTT in cells at 50% of the mock - infected cells. As 
shown in Table  4.2 , LDHID 50  was less sensitive than MTTID 50  for 
FLUV A, B, PFLUV 2, MPSV, and RSV. On the other hand, LDHID 50

was more sensitive than MTTID 50  for FLUV C, PFLUV 1, and MLSV. 

 TABLE 4.2.    Comparative Titration of Virus Infectivity with LDHID 50 , MTTID 50 , 
and PFU a

 Virus and Strain 
 LDHID 50 /0.1   ml

(log10 ) 
 MTTID 50 /0.1   ml

(log10 ) 
 PFU/0.1   ml

(log10 ) 

 FLUV A (Ishikawa H 3 N 2 )  3.73  4.63  3.58 
 FLUV B (Singapore)  3.61  4.24  3.11 
 FLUV C (Ann Arbor)  3.09  1.69  NA 
 PFLUV 1 (Y91N820)  3.31  1.70  NA 
 PFLUV 2 (Greer)  5.89  6.24  3.47 
 PFLUV 3 (C243)  2.45  NA  b  6.39 
 MPSV (F1213)  4.49  5.19  5.47 
 MLSV (Sugiyama)  2.05  NA  2.92 
 RSV A (Long)  3.45  3.59  4.30 
 RSV B (SM61 - 48)  3.02  2.89  4.02 

a    For plaque titration, MDCK cells for FLUV A, B, and C, Vero cells for PFLUV 2, PFLUV 3, 
MPSV, and MLSV, and HeLa cells for RSV A and B were used.  
b    NA: The corresponding method was not applicable.   



For plaque titration we used MDCK cells for FLUV A and B, Vero cells 
for PFLUV 2 and 3, and MPSV, MLSV, and HeLa cells for RSV. PFLUV 
1 and FLUV C did not form visible plaques in MDCK, Vero, HeLa, or 
HMV - II cells. Figure  4.1  shows the decrease of LDH elution and increase 
of MTT reducing activity in HMV - II cells following the dilution of 
inoculated virus (PFLUV 1 and FLUV C). These viruses were weakest 
in cytopathogenicity for cells and diffi cult to determine viral titer by 
PFU. As shown in the fi gure, LDH activity and MTT reducing activity 
by the viral infection varied together with viral dilution while they were 
reciprocal with each other. Thus, both the LDH and MTT methods were 
proven to be applicable for the titration and evaluation of the antiviral 
activity of compounds for these viruses. 5

 From the result of repeated experiments we chose the most suscep-
tible tissue culture cells for each virus, that is, MDCK cells for FLUV 
A and FLUV B, HEp - 2 cells for RSV, HMV - II cells for FLUV C, 

Fig. 4.1.   Changes in leaked LDH activity and MTT reducing activity of infected cells 
with respect to the viral dilution. The correlations between the leaked LDH activity 
and the mitochondrial reducing activity in (A) PFLUV 1 -  and (B) FLUV C - infected 
HMV - II cell cultures were determined. The LDH activity (�) and MTT reducing activ-
ity ( � ) are expressed as the optical density (O.D.) of formazan. 
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PFLUV 1, and PFLUV 2, Vero cells for PFLUV 3 and MPSV, and B95a 
(a human lymphoid cell line) cells for MLSV. The LDH method was 
used for FLUV C and PFLUV 1, and the MTT method was used for 
the other viruses. The use of suspended cells and centrifugation at 
low speed were requisites for the colorimetric antiviral assay of 
myxoviruses.

  RESULTS OF RANDOM SCREENING OF ANTIVIRAL 
AGENTS FOR MYXOVIRUSES 

 Using this effi cient colorimetric assay, we examined thousands of com-
pounds for inhibitory activities against ortho- and paramyxoviruses. 

  Nucleoside Analogues 

 At fi rst, we examined 20 nucleoside analogues including 3 uridine ana-
logues, 1 cytidine analogue, 7 adenosine analogues, and 6 guanosine 
analogues for inhibitory activities against RSV in vitro . Among these, 
pyrazofurin, 3 - deazaguanine, and ribavirin emerged as selective anti -
 RSV agents (Fig.  4.2 ). Their 50% effective dose (EC 50 ) and selectivity 

Fig. 4.2.   Chemical structures of the nucleoside analogues that have anti - myxovirus 
activity.
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index (SI) were 0.07, 1.65, and 5.82    μ g/ml and 1071,  > 200, 34, respec-
tively. Pyrazofurin and 3 - deazaguanine inhibited virus growth in HEp - 2 
cells at 0.2 and 5    μ g/ml, respectively. Ribavirin has been approved 
for the clinical treatment of RSV infection as aerosol inhalation. 
Thus pyrazofurin and 3 - deazaguanine appeared to be candidate 
anti - RSV agents in addition to ribavirin. 6   In another experiment, 20 
nucleoside analogues (15 were the same as the anti - RSV study) were 
examined for anti - FLUV (including A/H1N1, A/H3N2, B, and C) 
activities in vitro . After the examination, fi ve compounds — pyrzofurin, 
3 - deazaguanine, ribavirin, and the two cytidine analogues carbodine 
and cyclopentenyl cytosine — were found to be potent and selective 
anti - FLUV agents  in vitro  (Table  4.3 ). When we calculated SIs as the 
ratio of the 50% cytotoxic dose (CC 50 ) to the 50% effective dose (EC 50 ), 
they were more than 96 for all fi ve compounds. The SIs as the ratio of 
the 50% inhibitory dose for cellular RNA synthesis to the EC 50  were 
more than 96 for pyrazofurin, 3 - deazagunine, and ribavirin but less than 
3 for carbodine and cycolpentenyl cytosine. 7   Hosoya et al. reported an 
inhibitory effect of ribavirin and pyrazofurin against replication of 
FLUV A in 8 - day - old chick embryos. For ribavirin the SI (TD 50 /ED 50 , 
here ED 50  = dose for 50% survival of FLUV - infected chick embryos 
and TD 50  = dose for 50% survival of mock - infected chick embryos) was 
calculated as 55, whereas that for pyrazofurin was less than 1. This 
report indicates that pyrazofurin was more toxic for chick embryos 
than ribavirin. 8   On the other hand, pyrazofurin displayed a suppressive 
effect against RSV in the lungs of cotton rats that were infected with 
103  TCID 50  of RSV by an intranasal route. As shown in Table  4.4 , RSV 
titers in the lungs of rats that were treated by aerosol exposure with 
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 TABLE 4.3.    EC 50  of Five Nucleoside Analogues for FLUV A, B, and C 

 Compound 

 EC 50  ( μ g/ml)  SI  a

 FLUV A(H3N2, H1N1)  FLUV B  FLUV C 
 a  b  (Average of Five Strains)  (Single Strain) 

 Pyrazofurin  0.17  0.16  0.16  100  365 
 3 - Deazaguanine  3.0  3.3  2.1   > 167   > 167 
 Ribavirin  5.2  4.8  2.8   > 96    > 96 
 Carbodine  3.0  4.8  2.0   > 167  2.3 
 Cyclopentenyl 

cytosine
 5.2  4.3  2.8   > 96  0.6 

a    To determine the SI, cytotoxicity was evaluated by (a) cell viability determined by a trypan blue 
exclusion test and (b)  [ 5 -  3 H ] Urd incorporation into host cell RNA. EC 50  for SI was determined 
by an average of that for FLUV A, B, and C.   
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0.5   mg/ml pyrazofurin were signifi cantly less than those in untreated 
rats, and no obvious toxicity was observed in the treated rats. 9  Thus, the 
toxic effect of pyrazofurin in vivo  is still obscure. 

 5 - Ethynyl - 1 -  β  -  d  - ribofuranosylimidazol - 4 - carboxamide (EICAR) is 
a potent IMP (inosine monophosphate) dehydrogenase inhibitor, 
and 6 ′  - ( R ) - 6 ′  - C - methyl neplanocine A (TJ - 13025) is an inhibitor of 
S - adenosylhomocystein (SAH) hydrolase. EICAR inhibited multiple 
strains of RSV, PFLUV, MPSV, MLSV, and FLUV at 2    μ g/ml or less 
concentrations in vitro . The EC 50  values of EICAR against ortho -  and 
paramyxoviruses were far less than those of ribavirin. TJ - 13025 was also 
inhibitory against several strains of PFLUV, MPSV, and MLSV at a 
lower EC 50  (less than 1    μ g/ml) than ribavirin. However, TJ - 13025 was 
not inhibitory against FLUV A and B and less inhibitory against RSV 
(Table  4.5 ). It is well known that FLUV does not utilize the SAH cycle 
to obtain methyl bases for the cap formation of its own mRNA. FLUV 
obtains methyl residues from a cap of host cell mRNA using its own 
endonuclease activity. Thus, the inhibition of SAH hydrolase does not 
affect the methylation of FLUV mRNA. On the other hand, the low 
susceptibility of RSV to TJ - 13025 cannot be explained completely. 
Probably the effi ciency of the SAH hydrolase system in host cells for 
mRNA cap formation is different among the host cells. As host cells 
for RSV replication we chose HeLa cells, which form apparent plaques 
of RSV in this antiviral assay and the difference of the host cells may 
have infl uenced the effi cacy of TJ - 13025 on RSV replication. TJ - 13025 
was modifi ed at the 6 ′  position of neplanocin A. This modifi cation made 
the compound resistant to adenosine deaminase activity and blocked 
the phosphorylation of the 6 ′  - end of the compound. TJ - 13025 exhibited 
enhanced anti - RNA virus activity and reduced cytotoxicity compared 

 TABLE 4.4.    Aerosol Treatment of RSV - Infected 
Cotton Rats with Pyrazofurin 

 Rat No. 

 RSV Titer (TCID 50 /g) in Lung 

 Untreated  Treated with Pyrazofurin a,b

 1  10 2.6    < 10 1.5

 2  10 2.6    < 10 1.5

 3  10 2.5    < 10 1.5

 4  10 2.5    < 10 1.5

 5  10 2.7   10 3.6

 Average  10 2.58 ± 0.18c  <  10 1.93 ± 0.9

a    Exposed to 0.5   mg/ml of solution for 48   hr.  
b    There was no obvious toxicity for rats.  
c    Signifi cance between two average titers is  p   <  0.01.   



with the original substance, neplanocin A. As shown in Table 4.5 ,  when 
the EC 50  values for the paramyxoviruses except RSV (PFLUV, MPSV, 
and MLSV) were compared, the result was 10 -  to 330 - fold lower in 
EICAR and TJ - 13025 than in ribavirin.  10,11

 In Table  4.6 , anti - myxovirus activities of the selected nucleoside ana-
logues are summarized and comparatively listed as EC 50  ( μ g/ml) values 
in vitro . As shown in the table, pyrazofurin and 3 - deazaguanine exhib-
ited potent anti - RSV, MLSV, SSPE, and FLUV activities. EICAR and 
TJ - 13025 are also broadly effective agents for paramyxoviruses. Their 
EC50 s for paramyxovirus (except for RSV)  in vitro  were 16 -  to 160 - fold 
less than that of ribavirin. Since antiviral effi cacy against PFLUV, 
MPSV, and MLSV are potent in vitro , EICAR and TJ - 13025 might 
be anti - paramyxovirus drugs. However, pyrazorfurin exhibited some 
toxicity to chicken embryos, 9   and TJ - 13025 is toxic for rapidly growing 
cells11  ; therefore they still have to be examined in animal studies before 

 TABLE 4.5.    Inhibitory Effects of Ribavirin, EICAR, and TJ13025 on Replication of 
Ortho -  and Paramyxoviruses  in Vitro

 Virus Type and Strain 

 EC 50  ( μ g/ml)  a

 Ribavirin  EICAR  TJ13025 

 RSV 
    A.   Long   1.9  0.13  25 
    A.   FM - 58 - 8   3.5  0.09  25 
    A.   NS - 100   1.6  0.06  13.4 
    B.   SM - 6148   1.6  0.06  14.0 
 PFLUV 
    1.   Sendai Fushimi  30.0  0.97  15.0 
    2.   CA Greer  25.8  0.63   0.47 
    3.   HA - 1 C243  27.2  0.56   0.16 
 MPSV 
    ECXH - 3 - II  23.7  1.26   0.62 
    WV - 3  13.9  0.46   0.43 
    F - 1213  28.7  0.49   0.2 
    BMV - 0320  32.8  0.57   0.44 
 MLSV 
    Sugiyama  21.9  0.69   0.15 
    Toyoshima   9.1  0.9   0.25 
    Edmonston  66.7  1.51   0.2 
    SSPE Yamagata 1   8.6  0.32   0.12 
 FLUV 
    A.   Bangkok H1N1   1.5  0.4   > 100 
    A.   Ishikawa H3N2   5.3  2.3   > 100 
    B.   Singapore   1.4  0.44   > 100 

a    Average values for three to four independent experiments.   
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the development of these compounds as antiviral drugs. Finally, 
mizoribin is a compound that has been applied clinically as an immu-
nosuppressive drug. Mizoribine is a strong IMP dehydrogenase inhibi-
tor and inhibitory against RSV, FLUV, and MLSV replication in vitro .  12

If short time usage of mizoribin are possible for the respiratory infec-
tions and it does not excessively suppress the immune system, this 
compound may be applicable for the therapy of MLSV and PFLUV 
infections instead of ribavirin. 

  Sulfated Polysaccharides 

 Sulfated polysaccharides such as dextran sulfate have been reported to 
be potent and selective inhibitors of several envelope viruses. 13,14

Dextran sulfate, polyvinyl alcohol sulfate (PVAS), and polymers of 
acyclic acid and vinyl alcohol sulfate (PAVAS) have been shown to be 
potent inhibitors of RSV, FLUV A, and HIV - 1 but not of other myxo-
viruses (FLUV B, PFLUV 3, MLSV) or simian immunodefi ciency virus 
(SIV). Hosoya et al. 15   analyzed an amino acid sequence of HA2 glyco-
protein of FLUV, F1 glycoprotein of paramyxoviruses, and the trans-
membrane glycoproteins of HIV and SIV and found a common amino 
acid sequence in sulfated polysaccharide - sensitive viruses. A triple 
sequence of Phe - Leu - Gly is shared in the envelope glycoproteins 
of RSV, FLUV A, and HIV 1, which were sensitive to dextran 
sulfate, PVAS, and PAVAS, but not in those of FLUV B, PFLUV 3, 

 TABLE 4.6.    Inhibitory Effects of Selected Nucleoside Analogues on Replication of 
Ortho -  and Paramyxoviruses 

 Virus  a
 EC 50  ( μ g/ml) 

 Ribavirin  EICAR  Mizoribin  Pyrazofurin  3 - Deazaguanin  TJ13025 

 RSV   3.0  0.1   2.9  0.09  5.5  19.4 
 PFLUV  39.5  2.4  16.5  NT  c  NT   0.33 
 MPSV  22.3  0.78  30  b  NT  NT   0.4 
 MLSV  32.7  1.0   1.8  0.13  0.8   0.2 
 SSPE  b   9  0.3  NT  0.12  0.7   0.1 
 FLUV A   4.25  0.43   8.7  0.3  3.5   > 100 
 FLUV B   6.2  3.0   3.45  0.16  3.9   > 100 
 FLUV C  b   2.8  NT  NT  0.16  3.3   > 100 

a    Data are averages of EC 50  which are obtained from two to four different strains. RSV contains 
four strains of type A and B, and PFLUV contains type 1, 2, and 3. MPSV and MLSV each contain 
three strains. FLUV A includes subtypes H1N1 and H3N2.  
b    Data from only one strain.  
c    Not tested.   



MLSV, or SIV, which are resistant to the sulfated polysaccharides 
(polymers).15

 Sulfated and non - sulfated polysaccharides exist in several natural 
substances because they comprise a critical substance in the cell wall 
of microorganisms. A naturally sulfated mucopolysaccharide extracted 
from a marine plant Dinofl agellata  (OKU - 40) and an artifi cially sul-
fated polysaccharide prepared from a marine Pseudomonas  (OKU - 41) 
displayed antiviral activities against several myxoviruses and HIV - 1. 
OKU - 40 and OKU - 41 were highly inhibitory against FLUV A, FLUV, 
B, RSV, and PFLUV 2. Although dextran sulfate (DS) could not 
inhibit replication of FLUV B, and MLSV, naturally obtained sulfated 
polysaccharides (OKU - 40) were able to inhibit their replication. OKU -
 40, OKU - 41, and DS were not active against PFLUV 3 replication 
(Table  4.7 ). Although we were not able to analyze the sugar sequence 
of the polysaccharide, the composition of the sugar moiety was ana-
lyzed. The molar ratio of sugars in OKU - 40 is glucose 1.4, galactose 
1.0, urinate 1.4, and sulfate 3.7, and that in OKU - 41 is galacturonic acid 
2, N  - acetylgalactosamine 2, galactose 1,  N  - acetylglucosamine 1, and 
alanine 1. OKU - 40 and OKU - 41 are noncytotoxic substances whereas 
we were concerned about their anti - coagulating effect on normal 
plasma. We examined the infl uence of OKU - 40, OKU - 41, and DS on 
prothrombin time (PT) and activated partial thromboplastine time 
(APTT). As shown in Table 4.8 , PT was not affected by 10    μ g/ml of 
OKU - 40 or  - 41, or 100    μ g/ml of OKU - 40. APTT was almost within the 
normal range by addition of OKU - 40 and  - 41 at a concentration of 
10    μ g/ml. On the other hand, DS prolonged APTT at 10    μ g/ml and 
extremely prolonged PT and APTT at 100    μ g/ml.  16,17

 TABLE 4.7.    Inhibitory Effect of OKU - 40, OKU - 41, and DS on the Replication of 
Enveloped Viruses 

 Virus (strain) 

 EC 50  ( μ g/ml) 

 OKU - 40 (8  ×  10 6 )  a    OKU - 41 (5  ×  10 5 )  DS (7  ×  10 4 ) 

 HSV 1 (KOS)  4.5  0.97  0.1 
 FLUV A (H3N2 Ishikawa)  1.1  0.25  1.4 
 FLUV B (Singapore)  8.3  4.0   > 100 
 RSV (Long)  2.0  19.0  0.2 
 RSV (FM - 58 - 8)  3.0  NT  0.2 
 MLSV (Edmonston)  40  NT   > 100 
 PFLUV 2 (Greer)  0.8  25.3  NT 
 PFLUV 3   > 100   > 100   > 100 
 HIV - 1  1.7  1.7  1.1 

a    Values in parentheses molecular weights of polysaccharides.   
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 OKU - 40 and  - 41 are nontoxic and broad - spectrum anti - myxovirus 
substances. They are inhibitory against FLUV B, PFLUV, and MLSV, 
which were not sensitive to DS or other synthetic sulfated polymers. 
Since these substances exist abundantly in nature and are easy to 
extract from microorganisms, it is worth of investigating them further 
to develop anti - myxovirus drugs from these substances. 

  Polyoxometalates 

 Polyoxometalates (POM) are soluble inorganic cluster - like compounds 
formed principally of an oxide anion and early transition metal cations 
such as tungsten (W), molybdenium (Mo), niobium(Nb), antimony 
(Sb), vanadium (V), and so on. Several POMs have been reported to 
inhibit the replication of HIV, herpes simplex virus (HSV), FLUV, 
and RSV.  18 – 21   We examined 25 POMs for anti - ortho - , anti - paramyxo - , 
and anti - HIV - 1 activities  in vitro . Of the 25 compounds evaluated, 
24 showed anti - FLUV A activity, 11 showed anti - RSV, 6 showed 
anti - MLSV, and 23 showed anti - HIV - 1 activities at lower concentra-
tions than those producing cytotoxicity. Among the effective 
compounds, HS - 054 [Na 16 Fe 4 (H 2 O) 2 (P 2 W 15 O 56 ) 2n H 2 O] and HS - 058 
[K10 Fe 4 (H 2 O) 2 (PW 9 O 32 ) 2n H 2 O] exhibited potent and broad - spectrum 
anti - myxovirus activities. Both compounds were effective for additional 
myxoviruses including FLUV B, RSV B, and PFLUV 2. HS - 054 was 
inhibitory against MPSV and PFLUV 3 at a relatively high concentra-
tion (20 – 28    μ M), whereas HS - 058 was not inhibitory at 50    μ M. HS - 058 
inhibited both adsorption and the fusion process of RSV infection, 
whereas it only inhibited the fusion process of FLUV to the cellular 
membrane.22

 TABLE 4.8.    Infl uence of OKU - 40, OKU - 41, and DS on Anticoagulant Activity of 
Normal Human Plasma 

 Compound
(Molecular Weight)  Concentration ( μ g/ml)  PT  a   (seconds)  APTT  b   (seconds) 

 OKU - 40 (8  ×  10 6 )   10  10.9  48.8 
 100  14.4   > 300 

 OKU - 41 (5  ×  10 5 )   10  10.5  45.3 
 DS (5  ×  10 6 )   10  13.4  234 

 100   > 300   > 300 
 Water      10.0  32.5 
 Normal human plasma       9.9  35.0 

a    PT, prothorombin time.  
b    APTT, activated partial thromboplastin time.   



 We examined further 60 POMs for anti - FLUV A activity and 
16 compounds exhibited antiviral activity with SIs within a range 
of 4 – 20. Six compounds showed SIs of more than 20. PM - 504 
[K9 H 5 (Ge 2 Ti 6 W 18 O 77 )16H 2 O] and PM - 523 [ i PrNH 3 ] 6 H(PTi 2 W 10 O 38

(O2 ) 2 )H 2 O] showed SIs of more than 308 and 167, respectively. Their 
EC50 s for FLUV A were 1.3 and 2.4    μ M, respectively. PM - 523 showed 
anti - RSV activity (EC 50  = 3.0    μ M), anti - PFLUV 2 activity (EC 50  = 
2.7    μ M), and anti - MLSV activity (EC 50  = 11.0    μ M). The anti - FLUV B 
activity of PM - 523 was rather weak but exhibited an EC 50  of 39    μ M.  23

When we investigated the mechanism of anti - FLUV A activity of the 
compounds by FACScan analysis of FLUV - bound cells for adsorption 
and by fl uorescent dequenching assay for membrane fusion, PM - 504 
inhibited both viral adsorption and membrane fusion whereas PM - 523 
inhibited only fusion between the viral envelope and cellular mem-
brane (Figs.  4.3  and  4.4 ).  23

 During the search for the broad - spectirum antimyxovirus activity of 
POM, we found that titanium (Ti) -  or vanadium (V) - substituted Keggin 
(or Keggin sandwich) - type polyoxotungstates possess broad - spectrum 
anti - RNA virus activities. From POMs that were examined for 
anti - myxovirus activity previously, 7 POMs which have the above -
mentioned chemical futures were selected and examined precisely for 
anti - orthomyxovirus, paramyxovirus, and fl avivirus (Dengue fever virus, 
DFV) and HIV activities. As shown in Table 4.9 , all compounds were 
broadly inhibitory against FLUV A, RSV, PFLUV 2, canine distemper 
virus (CDV, belonging to the morbilli paramyxovirus in Table 4.1 ), 
DFV, and HIV - 1. Among these compounds, PM - 43,  - 47,  - 1001, and  -
 1002 were V - containing polyoxotungstates and PM - 518, 520, 523 were Ti -
containing polyoxotungstates. Except for PM - 1001 and  - 1002, which 
had the Keggin sandwich structure, all the other POMs had the Keggin 
structure.24   Next, we expanded the research to investigate anti - 
coronavirus activities of certain Ti -  and V - containing POMs. Coronavi-
rus is a positive - strand RNA virus and is covered with an envelope that 
is obtained at the release of the virus from the cell membrane. Coro-
naviruses are infectious in a number of animals, namely, pigs, cattle, cats, 
birds, and so on. A coronavirus that infects humans causes a severe, 
sometimes mortal respiratory disease called SARS. We examined 13 
POMs with the Ti -  and V - substituted form for antiviral activities against 
TGEV (pig gastroenteritis virus), FIPV (feline peritonitis virus), and 
SARS coronavirus in vitro . Table  4.10  shows the EC 50  values of the 
selected POMs for coronaviruses. As shown in the table, V - substituted 
Keggin sandwich - type POMs displayed a high SI for SARS corona-
virus. PM - 1001, PM - 1002, PM - 1207, and PM - 1208 were all V - containing 
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Keggin sandwich structured compounds and have the same core struc-
ture of (VO) 3 (XW 9 O 33 )(Here X = Sb, As, or Bi). However, the V 3  of 
1001, 1207, and 1208 consist of two V IV  and one V V  while that of 
PM1002 consists of three V V . PM - 1001 and PM - 1002 have the same 
core ion of Sb (X = Sb) and exhibited broad - spectrum anti - RNA virus 

Fig. 4.3.   FACS analysis of FLUV A bound cells. MDCK cells were mixed with FLUV 
A at a MOI of 1 and incubated at 37 ° C for 1.5   hr. During the incubation, 8 – 200    μ M of 
compounds were combined with the virus cell mixture. After incubation, binding of 
FLUV to cells was examined by FACS using indirect immunofl uorescence with anti -
 FLUV A mouse serum and FITC conjugated goat anti - mouse IgG antibody. The 
abscissa indicates intensity of populations of infected cells and the ordinate indicates 
the number of cells. The rightmost line is a population of infected cells without com-
pounds, and the leftmost line is that of uninfected cells. See color insert. 
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activity in vitro  (Table  4.9 ) and had low EC 50  values to FLUV A, RSV, 
PFLUV 2, as well as SARS coronavirus (Table 4.10 ).25   If it were possi-
ble to develop gauzes that adhered PM - 1001 or  - 1002 as medical masks 
during epidemic seasons of respiratory infectious diseases, these com-
pounds may strongly inhibit respiratory infections by a broad spectrum 
of RNA viruses.       

Fig. 4.4.   Effect of polyoxometalates on the dequenching of R - 18 on FLUV A envelope 
by fusion with the cellular membrane. The increase in fl uorescence was expressed in 
% FDQ. Control ( � ), 5    μ M (�), 25    μ M ( � ) of compounds were added. 
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 TABLE 4.9.    Antiviral Activities of Polyoxometalates Against Several RNA Viruses 
in Vitro

 Compound 
 Core Metal 

Ion

 EC 50  ( μ M)  a   for 

 DFV  FLUV A  RSV  PFLUV 2  CDV  b    HIV - 1 

 PM - 43  c    V, W  10.7   8.4    1.6   > 100   7.5  0.3 
 PM - 47  V, W  10.5  11.5   29.0  67.1   6.0  0.03 
 PM - 518  Ti, W  36.8  62.3   26.5  53.2   > 50  2.0 
 PM - 520  Ti, W  11.7  45.2  0.74  23.2   7.4  2.0 
 PM - 523  Ti, W   > 61.5   5.6    1.3   2.5   7.3  0.3 
 PM - 1001  V, Sb, W   0.45   1.8   < 0.16   1.1   5.7  0.14 
 PM - 1002  V, Sb, W   2.0   4.6  0.75   0.75   2.8  0.03 
 Ribavirin       > 100   5.0    3.9  14.0  73.6  NT  d

a    Average values for three to seven independent experiments.  
b    EC 50  was determined by the plaque reduction method. For other viruses it was determined by 
the MTT method.  
c    PM - 43,  - 47,  - 518,  - 520, and  - 523 had Keggin structures. PM - 1001 and PM - 1002 had Keggin sand-
wich structures.  
d    NT, not tested.   
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  RESULT OF SCREENING OF INHIBITORS 
FOR SPECIFIC VIRUS 

  Infl uenza A Virus 

 Recently, the specifi c anti - FLUV drugs oseltamivir and zanamivir were 
developed and have been used clinically for the treatment of infl uenza. 
These drugs are specifi c inhibitors of FLUV neuraminidase and inhibit 
the release of FLUV A and B from infected cells. On the other hand, 
in spite of the efforts by several workers, detection of specifi c inhibitors 
of the RNA polymerase of FLUV is thus far unsuccessful and still in 
the process of laboratory studies. Antisense oligonucleotides can be 
utilized as specifi c inhibitors of targeted viral gene expression — that is, 
inhibition of RNA (DNA) replication and transcription. 

 Takaku and his working group synthesized several antisense oligo-
deoxynucleotide (ODN) targeted to the FLUV RNA polymerase 
gene — that is PA, PB1, and PB2. Among the several antisense ODN 
synthesized, they found a 20 - mer antisense ODN targeted to the 

 TABLE 4.10.    Antiviral Activities of Polyoxometalates Against Coronaviruses 

 Compound 
 Core Metal

Ionsc

 EC 50  ( μ M)  a    SI  b

 TGFV  d    FIPV  d    SARS - V  d    TGEV  FIPV  SARS - V 

 PM - 504  Ge, Ti, W  1.4  0.4  3.5   > 12.8   >  46.7     > 14.3 
 PM - 518  Ti, W  2.1   > 32.9   > 50   > 15.6    < 1.0    < 1.0 
 PM - 520  Ti, W  1.4  0.76  4.9   > 20.4   >  38.5     > 10.3 
 PM - 523  Ti, W  2.5   > 32.0   > 50   >  32     < 1.0    < 1.0 
 PM - 802  Eu, Al, Nb  0.5  0.03   > 50     4.9    97.2     < 1.0 
 PM - 1001  V, Sb, W  0.14  0.2  0.7    83.6     84.4     >  70
 PM - 1002  V, Sb, W  0.6  NT  0.25   18.6   —    >  400
 PM - 1207  V, As, W  1.9  0.09  0.9    > 9.3    35.2     >  54
 PM - 1208  V, Bi, W  2.0   > 3.6  2.7    > 8.1    < 1.0    > 18.4 
 PM - 1210  Bi, W, V  1.6  0.74  0.76    > 6.6   > 14.3    >  66
 PM - 1213  V, W  1.7   > 10.5  0.47   > 18.2    < 1.0     106
a    EC 50  and CC 50  (50% cytotoxic concentration) were determined by the average of three indepen-
dent experiments.  
b    The host cells used for the CC 50  determination were CPK (derived from porcine kidney) cells 
for TGFV, fcwf - 4 (derived from feline embryo fi broblast) cells for FIPV, and Vero cells for SARS -
 V, respectively. The SIs greater than 30 are indicated in boldface.  
c    PM - 518,  - 520, and  - 523 have Keggin structures; PM - 1001,  - 1002,  - 1207,  - 1208, and  - 1213 have 
Keggin sandwich structures. PM - 504,  - 802, and  - 1210 have particular structures — that is, Keggin 
dimmer, Lindqvist triangle, and Keggin triangle, respectively.  
d    TGFV, transmissible gastroenteritis virus of swine; FIPV, feline infectious peritonitis virus; 
SARS - V, SARS coronavirus.   



initiation codon of PB2 mRNA which showed specifi c inhibition for 
mRNA transcription. 26   There are three problems with antisense ODN 
therapy. First, antisense ODN must be suffi ciently resistant to both 3 ′
and 5 ′  exonucleases as well as the endonuclease present in tissue or 
plasma. Second, antisense ODN must have suffi cient affi nity for the 
targeted viral mRNA to bind with a high degree of specifi city, and third, 
the antisense ODN must be delivered to infected cells effi ciently and 
be taken up by the cells in adequate quantities. For the delivery of 
antisense ODN, they used liposome encapsulation of the materials.  27

For the stability of the nucleotides, they used at fi rst phosphorothioate 
antisense ODN. However, phosphorothioate antisense ODN hybrid-
ized more weakly with the complementary nucleotide than the unmodi-
fi ed antisense ODN. Therefore, they subsequently devised circular 
dumbbell RNA/DNA chimeras for antisense ODN. The circular dumb-
bell RNA/DNA chimeras with antisense ODN sequence targeted to 
FLUV PB2 mRNA (Fig. 4.5 ) were shown to be resistant to digestion 
by exonuclease, sustained a suffi cient affi nity to PB2 mRNA, and effi -
ciently suppressed mRNA expression in FLUV A - infected MDCK 
cells when delivered to cells by a cationic liposome system. 28   In the 
fi gure, R = 18 -  o  - dimethoxyltriethylene glycol. When they introduced 
the antisense ODN into FLUV A - infected mice inravenously with 
cationic liposomes, the mean survival time of the mice was signifi cantly 
prolonged.29   The antisense ODN for PB2 mRNA with the structure of 
a circular dumbbell RNA/DNA chimera could prove to be an effective 
and specifi c therapeutic agent for FLUV infection. 

Fig. 4.5.   The structure of circular dumbbell RNA/DNA chimera with antisense ODN 
targeted to the FLUV A PB2 AUG initiation codon. Capital letters express DNA 
nucleotide sequence, and lowercase letters express RNA nucleotide sequence. Anti-
sense sequences are underlined. R represents an alkyl loop (hexa - ethylene glycol) 
structure.

RESULT OF SCREENING OF INHIBITORS FOR SPECIFIC VIRUS 113



114 BROADLY EFFECTIVE ANTI-RESPIRATORY VIRUS AGENTS

  Respiratory Syncytial Virus 

 For the treatment of RSV infections, aerosol ribavirin has been 
approved in the United States. As specifi c anti - RSV agents, antisense 
RNA conjugated with 2 ′ ,5 ′  - oligoadenylate (2 - 5A) and humanized 
monoclonal antibody for the RSV F - glycoprotein have been reported. 
The former is designated RBI - 034 and the latter is commercialized as 
palivizumab.30 – 33

 From a random screening of anti - RSV compounds, we found a sul-
fated sialyl lipid (NMSO3) and a benzodithiin derivative (RD3 - 0028) 
to be potent and selective anti - RSV agents  in vitro  and  in vivo  (Fig. 
 4.6 ). When we examined the EC 50  value of these compounds and riba-
virin for several laboratory and clinical strains of RSV, the EC 50 s of 
NMSO3 were almost 50 -  to 165 - fold less and those of RD3 - 0028 were 
2.3 -  to 8 - fold less than the EC 50 s of ribavirn (Table  4.11 ). Both com-
pounds interacted with the early (adsorption) and late stages (probably 
fusion and penetration) of virus replication. We also examined the anti -
 RSV activity of both compounds  in vivo , using intranasal infection of 
RSV to cotton rats or immunosuppressed mice (by cyclophosphamide 
injection). NMSO3 was injected intraperitoneally at a dose of 100   mg/
kg once a day 1 – 3 days after viral infection. RD3 - 0028 was adminis-
trated as an aerosol for 2 hours twice daily (1.25 – 7   mg/ml). After 3 days 
of treatments, the animals were sacrifi ced and the viral titer in the lungs 

Fig. 4.6.   Anti - RSV compounds. Top: NMSO3. Bottom: RD - 3 - 0028. 
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of the animals determined. The viral titer in the lungs of the treated 
animals signifi cantly decreased compared with the untreated animals. 
When the section of infected lung was observed histologically, the evi-
dence of interstitial pneumonia observed in untreated animals (i.e., 
mononucleal cell infi ltration in peribronchial and perivascular spaces, 
as well as thickness of the alveolar wall) was markedly suppressed in 
the treated animals. 34,35

  Small-Molecule Virus-Specifi c Inhibitors from References 

 As antiviral agents, small - molecule compounds have advantages over 
large - molecule compounds because they are easy to synthesize in the 
laboratory, soluble in water in many cases, and applicable to systemic 
administration in vivo . Against RSV and MLSV virus - specifi c small -
 molecule compounds have been reported to be potent inhibitors. The 
one for RSV was found from a random screening and bound the 
hydrophobic cavity of the RSV fusion protein, while the one for MLSV 
was designed to dock in the pocket of the fusion protein of MLSV. 
The antiviral effects of these compounds designated as VP14637 and 
AS - 48 were highly specifi c and selective for RSV and MLSV, 
respectively.36 – 39

 Specifi c inhibitors of myxoviruses may be promising for antiviral 
treatment in the future. However, I am still adhering to the broad -
 spectrum anti - respiratory virus agents for the reasons cited above. 

 TABLE 4.11.    Anti - RSV Activities of NMSO3 and RD3 - 0028 for Several Laboratory 
and Clinical Strains 

 Virus Strain (Type) 

 EC 50  ( μ M) 

 NMSO3  Ribavirin  RD3 - 0028  Ribavirin 

 Long  (A)  a  0.2  10.5   4.5  36.0 
 A2  (A)  a    NT  c  NT  11.1  35.1 
 FM - 58 - 8   (A)  b  0.15  24.1   7.1  47.5 
 K - 656  (A)  b  0.3  14.7  NT  NT 
 N - 869  (A)  b  0.12  11.9  NT  NT 
 NS - 100  (A)  b  NT  NT   8.9  41.4 
 SM - 6148  (B)  b  0.13   7.7   5.6  13.2 
 Average      0.18  13.8   7.44  34.6 

a    Laboratory strain.  
b    Fresh clinical strain.  
c    NT, not tested.   
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  COMBINATION AND SYNERGISTIC EFFECTS OF 
ANTI - RESPIRATORY VIRUS AGENTS 

 The combination effects of selected antiviral agents were examined for 
several of the demonstrably effective compounds. Since ribavirn is a 
broad - spectrum anti - myxovirus compound, synergistic effects were 
mainly examined between ribavirin and the other compounds. As a 
result, a Keggin - type POM, PM - 523, and ribavirin displayed a synergis-
tic anti - FLUV A activity  in vitro  and  in vivo .  In vitro  assay was 
conducted with infection of MDCK cells and evaluated based on the 
MTT method. The effect of the combination of PM - 523 and ribavirin 
on FLUV replication was evaluated by median - effect principle and 
isobologram, and it was analyzed by using a microcomputer with 
dose – effect analysis software. The degree of interaction of the two 
compounds was determined by calculating the combination index (CI, 
CI = d1/D1 + d2/D2 + α (d1  ×  d2/D1  ×  D2). In this equation, d1 and d2 
indicate the fractional dose of compound 1 and 2 in combination, 
respectively, which are required to produce a median effect or 70% 
inhibitory effect (e.g., the affected fraction is 50% or 70% that of the 
control). D1 and D2 are the doses of compounds 1 and 2, respectively, 
which are required to produce the same median effect or 70% inhibitory 
effect when these compounds are used singly. α  is set at 0 for mutually 
exclusive drugs, and α  is set at 1 for mutually nonexclusive drugs. 

 When we examined the  in vitro  combination effects and calculated 
the CI in several ratios of combination of PM - 523 and ribavirin, the CI 
was consistently lower than 1.0 at several endopoints of inhibition (Fa) 
(Fig.  4.7 ). This result indicates that PM - 523 and ribavirin displayed 
synergism for inhibition against FLUV A replication. Similar synergis-
tic inhibitory effects were observed by a combination of ribavirin and 
interferon (IFN) α  - 2b (Schering Plough) against MLSV (Edmonston 
strain) and ribavirin and pegilated IFN (PEG - IFN) against MPSV 
(EXCH - 3 strain) (Fig.  4.8a, b ).  40,41   Ribavirin and IFN -  α  (Sumitomo) 
also showed a combination effect in vitro  against SSPE virus. As shown 
in Fig.  4.9 , the fractional inhibitory concentration of both drugs was 
plotted in the synergistic area of the isobologram. Thus the combina-
tion effect of ribavirin and IFN α  against SSPE virus was evaluated as 
a synergism. 42   It was reported that paramyxovirus accessory proteins 
antagonize the interferon promoter signal, and the viruses thus circum-
vent IFN response. 43,44   However, this activity is directed at innate IFN 
sig naling and exogenous IFN -α  might be active as antiviral substance. 
Ribavirin may act to suppress the production of the accessory proteins 
of paramyxoviruses and weaken the antagonistic activity to IFN 



Fig. 4.7.   Computer - generated presentation of combination index (CI) with respect to 
the fraction affected (Fa) for the inhibition of infl uenza virus A (H1N1) multiplication 
in MDCK cells. Combination of PM - 523 and ribavirin at a ratio of 1   :   16 ( —— ) and 1   :   4 
( ------ ) were analyzed under mutually nonexclusive assumptions. 
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production. Thus the combined use of rivabirin and IFN -α  may have 
worked synergistically. The combination effects were also examined in 
the in vivo  infection of FLUV and SSPE virus using small animals. For 
the combination of ribavirin and PM - 523, mice were infected with 
FLUV A (H1N1/PR8 strain) intranasally and treated with the single 
and combined use of each compound. In another experiment with riba-
virn and IFN -α , hamsters were infected intracranially with SSPE virus 
and treated with the single or combined use of ribavirin and IFN -α . 
Figures  4.10  and  4.11  show the survival rate of animals after infection 
and effects of treatments. 40,42   As shown in these fi gures, the combination 
use of the antiviral agents enhanced the survival days of the infected 
animals signifi cantly compared with the single use of each compound. 

  CONCLUSION 

 From our own mass - screening trial of anti - myxovirus agents from a 
large number of synthetic and natural substances, several broad - spec-
trum anti - myxovirus agents were found. These compounds exceeded 
ribavirin in the potency and selectivity of their anti - myxovirus effects 
in vitro . Some compounds displayed therapeutic effects on FLUV A -
and RSV - infected animals. A naturally obtained sulfated polysaccha-
ride (OKU - 40) and synthetic Ti -  or V - containing polyoxotungstates 

CONCLUSION 117



118 BROADLY EFFECTIVE ANTI-RESPIRATORY VIRUS AGENTS

(PM - 523, PM - 1001) showed broad - spectrum antiviral activities for 
orthomyxo -  and paramyxoviruses and HIV - 1. Among them, PM - 1001 
exhibited expanded effi cacy to Dengue fever virus and SARS corona-
virus. Since these negatively charged compounds interact with different 
targets of viral replication from nucleoside analogues and neuramini-
dase inhibitors, a combination use of these compounds with virus - 
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Fig. 4.8.   Combination index with respect to the fraction affected by the inhibition of 
(a) measles virus multiplication in Vero cells and (b) mumps virus in Vero cells. A 
combination of ribavirin and IFN -α  - 2b was used for MLSV, and a combination of riba-
virin and PEG - IFN was used for MPSV. 
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Fig. 4.9.   Isobologram of combination effect of ribavirin and IFN -α  against SSPE virus 
infection in vitro . 
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Fig. 4.10.   Therapeutic effect of aerosol treatment of FLUV A - infected mice with PM -
 523 and ribavirin. Mice were infected with virus (1.6  ×  10 4  TCIC 50 ) intranasally and 
were exposed to an aerosol of the compound solutions at the indicated condition for 
2   hr. The compounds were given to the infected mice every 12   hr for 4 days starting at 
8   hr after viral inoculation. (�) Untreated control; ( � ) ribavirin at 40   mM: ( � ) ribavirin 
at 80   mM; ( � ) PM - 523 at 2.4   mM; ( � ) PM - 523 ar 4.8   mM; ( � ) PM - 523 at 2.4   mM plus 
ribavirn at 40   mM; (#) a level of signifi cance of  P   <  0.001 was found against 40   mM 
ribavirin alone and 2.4   mM PM - 523 alone.  P   <  0.01 against 4.8   mM PM - 523,  P   <  0.05 
against 80   mM ribavirin. 
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Fig. 4.11.   Therapeutic effect of IFN -α  and ribavirin for SSPE - virus - infected mice. Mice 
were inoculated with 50    μ l of the virus - infected Vero cell suspension containing 
approximately 500 PFU of SSPE virus. The materials were injected 2   mm deep with a 
27 - gauge needle at two 10 - hr intervals into the subarachnoid space of hamsters under 
ether anesthesia. Intracranial administration of IFN -α  and ribavirin was started at 12   hr 
after the initial virus inoculation and then repeated every 48   hr for IFN and every 24   hr 
for ribavirin for 10 days. (a) Hamsters were treated with ribavirin alone with doses of 
(� ) 1   mg/kg and ( 	 ) 0.2   mg/kg. (b) Hamsters were treated with IFN -α  alone and with 
combinations of IFN -α  and ribavirin. ( 	 ) IFN  α  6  ×  10 5    IU/kg; ( � ) IFN -  α  6  ×  10 5    IU/kg 
plus ribavirin 0.2   mg/kg: ( 
 ) IFN -  α  6  ×  10 5    IU/kg plus ribavirn 1   mg/kg. (�) Untreated 
control.
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specifi c inhibitors may enhance the activity for the specifi c virus and 
extend the spectrum to the other myxoviruses. Our fi ndings on the 
specifi c inhibitors of FLUV A (antisense ODN for PB2 mRNA) and 
RSV (NMSO3 and RD - 0028) were the result of (a) the cooperative 
works with other laboratories and (b) the licenses of these compounds 
to be utilized by commercial companies for the purpose of developing 
them into therapeutic drugs. 
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  INTRODUCTION 

 Seasonal and pandemic infl uenza viruses are highly contagious viruses 
that pose major threats to public health. The present global crisis posed 
by emergence of the avian H5N1 infl uenza virus provides testament to 
the challenge of defense against a deadly virus that is unpredictable 
and ever - changing. The world may be vulnerable to an infl uenza 



pandemic by a highly transmissible strain of avian H5N1 infl uenza 
virus that, with a case fatality rate above 50%, 1   could potentially kill 
millions of people worldwide. 

 The availability of neuraminidase inhibitors and attenuated vaccines 
improves the ability to defend against infl uenza, but therapeutic 
benefi ts have been signifi cantly limited by drug resistance and antigenic 
changes. To circumvent these changes, development of prophylactic and 
therapeutic strategies that are broad - spectrum and/or are less suscep-
tible to the emergence of drug - resistant strains will signifi cantly reduce 
the deadly impacts of infl uenza. Of particular importance are antiviral 
agents that can elicit long - lasting protective innate immune responses 
that are not directed against a specifi c range of viruses, and thus are 
less susceptible to the emergence of drug resistance. 

 Nucleic acid - based antiviral drugs have shown promising antiviral 
activities in animal studies and may represent a novel class of anti -
 infl uenza agents. These antiviral agents are versatile in their modes of 
action and can be generally classifi ed into three categories: (1) immu-
nomodulating nucleic acids, (2) catalytic ribozymes and DNAzymes, 
and (3) gene - silencing antisense ODNs and small interfering RNA 
(siRNA).

 Nucleic acid - based immunomodulators are designed to stimulate the 
host ’ s innate immunity to resist a number of viral infections. The ability 
of these drugs to elicit broad - spectrum antiviral immunity is of particu-
lar importance in the prevention and treatment of infl uenza infection. 
The enhancement of innate cellular immunity and antiviral resistance 
may offer the potential of protection against a number of seasonal and 
avian strains of infl uenza viruses, regardless of genetic mutation, reas-
sortment, recombination, zoonotic origin, or drug resistance. Nucleic 
acid - based drugs currently in development that can stimulate the host ’ s 
immune responses against viral infections include CpG containing 
ODNs2   and double - stranded RNA such as poly ICLC. 3   These drugs are 
Toll - like receptor (TLR) agonists and are in various stages of clinical 
development.

 Nucleic acids with enzyme - like catalytic activity, such as ribozymes 
(RNA) and DNAzymes (DNA), are exciting emerging antiviral agents. 
Ribozymes possess a unique RNA cleavage activity and can be 
designed to hybridize and cleave target viral mRNA molecules in a 
sequence - specifi c manner.  4   DNA enzymes, or DNAzymes, are capable 
of catalyzing the hydrolysis of mRNA at purine - pyrimidine junctions.  5

Catalytic ribozymes and DNAzymes have been explored for their 
applications against a number of clinically relevant human virus 
infections.6
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 Gene - silencing is a highly specifi c approach for inhibiting the 
expression of selected key proteins involved in disease initiation or 
progression. This innovative technology allows for the specifi c suppres-
sion of viral replication in the host by targeting key viral proteins 
required for the virus life cycle. Initially, it was speculated that the most 
effective mechanism for inhibiting viral RNA processing or translation 
was achieved through the use of a single - stranded RNA, such as anti-
sense ODN, hybridizing to viral mRNA. 7   It is now known that post -
 transcriptional gene silencing using double - stranded siRNA can be a 
very potent alternate means to silence expression of viral proteins.  8

 The purpose of this review is to highlight the potential applications 
of the three major classes of nucleic acid - based antiviral agents, 
particularly against infl uenza virus infection. It will focus on mode of 
action, stability, chemistry, antiviral effi cacy in  in vitro  tissue culture, 
and/or in vivo  animal infection model systems. The antiviral application 
of siRNA for the prevention and treatment of infl uenza infection has 
been covered elsewhere in this special issue and will not be addressed 
here. This review will also cover the use of liposome drug delivery 
systems for nucleic acid - based antiviral drugs. Since nucleic acids, in 
general, are susceptible to nuclease degradation in vivo , the encapsula-
tion of these drugs within, or complexed to, liposomes protect them 
against nuclease degradation in vivo . Furthermore, liposomes enhance 
both delivery to intracellular sites of infection and presentation to 
professional antigen presenting cells of the encapsulated nucleic acid. 
Liposome delivery of nucleic acids to sites of infection has been known 
to decrease drug toxicity and/or enhance antiviral activity. 9

  IMMUNOMODULATING NUCLEIC ACIDS AS 
ANTIVIRAL AGENTS 

 The development of a potent and broad - spectrum approach to elicit 
protective antiviral immunity against infl uenza viruses is fundamentally 
important in infl uenza prevention. Due to the ever - changing nature of 
infl uenza viruses, either by mutation, recombination, or reassortment, 
this nonspecifi c approach may offer protection against a number of 
infl uenza viruses, regardless of their genetic makeup, zoonotic origin, 
and resistance to anti - infl uenza drugs. 

 The ability of nucleic acids to activate both innate and adaptive 
immune responses is mediated through a signaling pathway involving 
TLRs found on dendritic cells (DCs), B - lymphocytes, and macrophages. 
The recognition of “ non - self ”  nucleic acids by TLRs induces immuno-
stimulatory responses as part of the host ’ s fi rst line of defense against 



invading pathogens.  10,11   There are two main types of nucleic acid - based 
TLR ligands that are known to induce antiviral immune responses that 
protect the host against viral diseases, including infl uenza. 

  Double - Stranded RNA 

Poly ICLC.     Poly ICLC, a synthetic, double - stranded polyriboinosinic -
 polyribocytidylic acid stabilized with poly -l  - lysine carboxymethyl cel-
lulose, is a potent immunomodulating agent. 3,12,13   Wong  et al .  3   fi rst 
reported that poly ICLC could elicit a prolonged antiviral effect in mice 
challenged with lethal infl uenza viral infection. In rodents and primates, 
poly ICLC has been shown to be effective in the protection against a 
number of other viral infections, including yellow fever, 14   Venezuelan 
equine encephalomyelitis, 15   Japanese encephalitis virus, 16   Rift Valley 
fever,17   and rabies.  18   Recognition by and interaction with TLR - 319   is 
responsible for the broad - spectrum antiviral immune response elicited 
by poly ICLC, which includes the production of interferons (IFN) -α ,  -  β , 
and  -  γ .  13,18,20   This signaling pathway also accounts for stimulation of 
both innate and adaptive immune responses and activation of natural 
killer (NK) cells. 12

 Poly ICLC has been shown to be broadly effective against both sea-
sonal and avian infl uenza viruses in animal effi cacy studies.  3,9,21   When 
poly ICLC was used prophylactically to determine its effi cacy in pro-
tecting mice against a respiratory challenge with a lethal challenge dose 
of mouse - adapted infl uenza A/PR/8/34 virus (H1N1), it was shown that 
pretreatment of mice with two intranasal (i.n.) doses of 1   mg/kg/dose 
was fully protective (100% survival rate), whereas all untreated control 
mice succumbed to the infection ( p     <    0.01 versus control). Mice pre-
treated with a single dose (1   mg/kg) of poly ICLC showed a slightly 
lower survival rate (80%) compared to those who received two doses 
of 500    μ g/kg/dose (100% survival rate). Similarly, mice pretreated with 
a single 500    μ g/kg/dose had a lower survival rate (60%) compared to 
mice pretreated with two 250    μ g/kg doses. Poly ICLC was equally effec-
tive in the prophylactic protection against infl uenza A/Aichi/2 (H3N2). 
All mice pretreated with two i.n. doses of poly ICLC were protected 
against 10 LD 50  of infl uenza A/Aichi/2.  3,9   Compared to the prophylactic 
effi cacy of mouse recombinant IFN -α , two i.n. doses (1   mg/kg/dose) of 
poly ICLC was found to be more effi cacious than two i.n. doses 
(100,000   U/kg/dose) of IFN -α   in the protection of mice against 
infl uenza A/PR/8 infection ( p     <    0.05).  3

 The window of protection provided by poly ICLC was determined 
by pretreating mice with two i.n. doses (1   mg/kg/dose) of poly ICLC 
1 – 20 days prior to infection with 10 LD 50  of infl uenza virus. It was found 
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that mice pretreated within 12 days of viral challenge were fully pro-
tected from infection. 3   The survival rates decreased to 80% and 40%, 
respectively, when pretreatment was given 14 and 16 days prior to viral 
challenge. Poly ICLC administered 20 days prior to infection provided 
no protection. Route of administration was important as mice treated 
with two intravenous (i.v.) doses (1   mg/kg/dose) of poly ICLC showed 
a small increase in survival (40%) compared to untreated control mice 
(p    =   0.064), but less than when treated i.n. In general, poly ICLC was 
shown to be less effective when administered following infl uenza virus 
exposure. Post - exposure treatment of mice with a single 1   mg/kg/dose 
was found to be almost completely ineffective versus 80% survival 
when given prior to virus exposure. 3

 Utilization of a liposome drug delivery system for poly ICLC was 
found to signifi cantly improve the antiviral and safety profi les in experi-
mental animals. 9   Liposome encapsulation was found to prolong the 
poly ICLC - induced antiviral resistant state against infl uenza infection. 9

Mice receiving pretreatment with liposome - encapsulated poly ICLC 
within 21 days prior to virus challenge were fully protected. This rep-
resents an increase of greater than one week of extended protection 
compared to that provided by free unencapsulated poly ICLC. Depend-
ing on the route of administration, the toxicities of poly ICLC observed 
in mice were either signifi cantly reduced or completely mitigated with 
liposome encapsulation. Intravenous administration of liposome - encap-
sulated poly ICLC abolished the hypothermia and body weight loss 
observed in mice treated with the same dosage of free unencapsulated 
poly ICLC. 9   It is unclear whether the signifi cant reductions in poly 
ICLC toxicity provided by liposome encapsulation will also be observed 
in human patients. Such attenuation of toxic side effects in patients may 
result in increased drug tolerance and improved clinical outcomes. 

 Due to the promising antiviral activity of liposome - encapsulated 
poly ICLC observed against seasonal infl uenza A strains, a follow -
up study was conducted in mice to evaluate whether liposome -
encapsulated poly ICLC could exhibit antiviral activity against the 
highly pathogenic H5N1 avian infl uenza A virus. Preliminary results 
from this study suggest that two i.n. doses of liposome - encapsulated 
poly ICLC (1   mg/kg body weight) provided a high level of protection 
against a low - level (1 LD 50 ) challenge of H5N1 avian infl uenza virus.  21

In this study, 50% of untreated control mice died from the avian infl u-
enza infection, whereas all the liposome - encapsulated poly ICLC pre-
treated mice survived ( p     <    0.05). Currently, studies are underway to 
optimize the dosing regimen for liposome - encapsulated poly ICLC 
against a high (4 – 10 LD 50 ) challenge dose of avian infl uenza virus.  



Poly I: Poly C 12 U (Ampligen ®).     Another synthetic double - stranded 
RNA, poly I: poly C 12  U (Ampligen  ®  ), with a mismatched nucleoside 
at position 12 has been shown to have both immunomodulating and 
antiviral activities against infl uenza infection. 22   In cell culture studies, 
Ampligen ®  , when used in combination with either oseltamivir or 
zanamivir, synergistically inhibited the cytopathic effect of an avian 
infl uenza A (H5N1) virus on infected MDCK cells. 22

  CpG Oligonucleotides 

 In 1995 Kreig  et al .23   reported that ODNs containing unmethylated 
(bacterial DNA - like) CpG motifs were able to induce murine B cells 
to proliferate and secrete immunoglobulin in vitro  and  in vivo . This 
discovery resulted in CpGs being classifi ed as a new pathogen - 
associated molecular pattern (PAMP). PAMPs are conserved pathogen 
structures, such as bacterial lipoprotein and lipopolysaccharide, which 
elicit immunostimulatory responses. Responses to PAMPs are regu-
lated through TLR proteins that bind specifi c classes of compounds. 
TLR - 2 binds lipoproteins, TLR - 4 binds lipopolysaccharide, and the 
response to CpG is regulated by TLR - 9.24,25   Early studies revealed a 
signifi cant difference between human and murine cells in the optimal 
sequence context of the CpG motif. 26,27   The optimal murine CpG ODN 
motif (5 ′  - CACGTT - 3 ′  fl anked by two 5 ′  purines and two 3 ′  pyrimidines) 
is a weak adjuvant in human immune cells. After considerable study, 
an ODN containing repeats of the CpG motif (5 ′  - GTCGTT - 3 ′ ) was 
found to be the optimal adjuvant for human, chimpanzee, and rhesus 
monkey leukocytes. 27   Sequence contexts of CpG motifs specifi c for 
NK - cell lytic activity and for stimulation of IFN -γ  secretion have also 
been designed.  27

 CpG ODNs primarily stimulate B cells and DCs through the consti-
tutively expressed TRL - 9 receptor.  25   Human memory B cells (high 
TRL - 9 expressing) but not na ï ve B cells (low TRL - 9 expressing) are 
stimulated to proliferate and differentiate to immunoglobulin - secreting 
cells in response to CpG. Because of the low level of TRL - 9 expression, 
the polyclonal response of na ï ve B cells is suppressed during the primary 
response.28   DCs form a link between the innate and acquired immune 
systems. Stimulation of DCs shifts the balance from a Th - 2 humoral 
response to a Th - 1 cellular response. CpG motifs stimulate peripheral 
blood, but not monocyte - derived, DCs and thereby induce maturation, 
transiently increase antigen processing, and increase the half - life 
of peptide - MHC - II complexes, thus sustaining subsequent antigen 
presentation.26,29   Th - 2 humoral responses are overrepresented in the 
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immune response of immature and aging animals. Treatment with CpG 
hastens maturation of DCs in immature mice and results in a recovery 
and enhancement of the Th - 1 type response in aging mice. 30 – 32   If CpG 
stimulation of innate cellular immunity can also be observed in humans, 
it may be possible to use CpG as an adjuvant to expand the potency 
and effi cacy of antiviral vaccines in the population that is most at risk 
and yet has the least effective immune response. 

CpG as an Anti -infl uenza Adjuvant.     Currently, CpG - induced activa-
tion of innate immunity is being investigated in a variety of models for 
protection against a diversity of pathogens and as a therapy for cancer 
and allergy.  25   In recent years, CpG ODNs adjuvant potential as an 
enhancer of antiviral vaccine effi cacy, including vaccines against infl u-
enza A, have been studied in animal models. Mice primed with CpG 
ODN plus formalin - inactivated infl uenza virus vaccines were capable 
of producing virus - specifi c antibodies at levels seven times higher 
than mice administered vaccine without CpG. 33   A wide range of sites 
of administration including i.n., subcutaneous, oral, and intrarectal 
routes were compared in mice immunized with a killed infl uenza 
vaccine formulated with CpG ODN. 34   These studies revealed that 
mucosal delivery resulted in enhanced production of infl uenza - specifi c 
antibodies in the serum, saliva, and genital tract. Bare skin has also 
been used as a site of immunization with a synthetic peptide composed 
of a T - helper epitope of infl uenza hemagglutinin (HA), a CpG ODN, 
and cholera toxin. 35   Enhanced proliferation of virus - specifi c T cells and 
increased levels of IFN -γ  were observed following immunization. Mul-
tilamellar liposome preparations of CpG ODNs and infl uenza subunit 
vaccine, alone or in combination, enhance vaccine potency and reduce 
the number of doses required for an effective immune response. 4   In 
mice, administration of co - encapsulated vaccine and CpG ODNs within 
liposomes was up to 30 times more effective 3 – 12 weeks post - vaccina-
tion in inducing serum and mucosal IgG2a and IgA and protecting 
against virus challenge than was observed in mice treated with nonen-
capsulated CpG ODN. 4

  CATALYTIC NUCLEIC ACIDS AS ANTIVIRAL AGENTS 

  Ribozymes 

 Ribozymes are catalytic RNA molecules that possess enzymatic cleav-
age and ligation activities driven by the free energy of Watson – Crick 



base pairing interactions. 36,37   In the 1980s, seven classes of naturally 
occurring ribozymes involved in RNA processing were discovered, 
including the hairpin, 37   hammerhead,  38   group I intron, 39   group II 
intron,40   ribonuclease P, 41   hepatitis delta virus ribozyme, 42   and  Neuros-
pora  VS RNA,  43   with each class representing a distinct catalytic 
mechanism.

 Two classes of ribozymes, hairpin and hammerhead, have been exten-
sively investigated because of their relative simplicity, small size, and 
the ability to alter sequences fl anking the active site without loss of 
catalytic activity. The hammerhead ribozyme is derived from the satel-
lite RNA strand (+) of the tobacco ringspot virus (TobSV) and its 
sequence consists of (i) a conserved 22 - base catalytic region, (ii) base -
 pairing fl anking arm sequences, and (iii) a recognition sequence on the 
target RNA (i.e., CUC). 44   Cleavage occurs 3 ′  to the recognition sequence 
and results in a 2 ′ ,3 ′  - cyclic phosphate and a 5 ′  - hydroxyl terminus on 
the 3 ′  fragment (Fig.  5.1A ). The catalytic moiety of hairpin ribozymes, 
which are formed by the ( − ) strand of the sTobSV, consist of a complex 
of four helices and fi ve loop regions formed between the 50 - base ribo-
zyme and 14 - base substrate sequence region (Fig.  5.1B ). Cleavage 
occurs 5 ′  to a bNGUC recognition sequence (where b is C, G, or U and 
N is any base).  45

Fig. 5.1.   Structures of (A) hammerhead ribozymes and (B) hairpin ribozymes. 
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Designing Antiviral Ribozymes.     Extensive study of ribozyme -
mediated catalysis has revealed that Michaelis – Menton kinetics can be 
used to describe the reaction where the enzyme (E) and substrate (S) 
assemble via Watson – Crick base pairing into an enzyme – substrate 
(E •  S) complex. The E  •  S complex is converted to the 2 ′ ,3 ′  - cyclic phos-
phate terminus (P1) and a 5 ′  - hydroxyl terminus bound to the enzyme, 
followed by release of the products. 46   Under multiple turnover condi-
tions (where the substrate is in excess of the enzyme) the kcat  or turn-
over number is used to determine the rate - limiting catalytic step for 
comparison of the relative effi ciencies of ribozymes designed for a 
specifi c target. For example, extension of the binding arms of a ham-
merhead ribozyme increased Watson – Crick binding stability between 
enzyme and substrate with the effect of substantially decreasing kcat .  47

 In nature, ribozymes are  cis  - cleaving, cutting RNA at intramolecular 
sites. However, by altering substrate recognition sequences, ribozymes 
have been altered to cleave a wide range of viral and other medically 
relevant target RNA molecules in trans .  48   Theoretically, a ribozyme 
containing any sequence recognition site could be designed; however, 
empirical in vitro  studies have revealed basic rules of ribozyme design. 
Hammerhead ribozymes, for example, can cleave any 5 ′  - NUH - 3 ′ , where 
N is any nucleotide, U is conserved, and H can be A, U, C, but not G 
with kcat  decreasing in the order AUC, GIC    >    GUA, AUA, CUC    >    AUU, 
UUC, UUA    >    GUU, CUA    >    UUU, CUU. This order of decreasing effi -
ciency can, in general, be applied to levels of gene expression affected 
by ribozyme cleavage. 48

In vitro  studies of ribozymes with synthetic substrates have been 
invaluable in revealing the range and extent of cleavage activities; 
however, to be therapeutically relevant, consideration must be given to 
the native RNA substrate. Predicting the availability of the target site 
on the substrate RNA in the native in vivo  state is a challenge common 
to all gene ablation agents. The native RNA substrate may have multi-
tude secondary structures and be bound to a number of cellular pro-
teins in situ , all of which may impair binding of the ribozyme to its 
predicted target site. A number of strategies have been utilized to 
reveal cleavage site accessibility including RNA secondary structure 
prediction programs or S1 nuclease and/or RNase mapping to probe 
the RNA secondary structure. 49   Because studies of synthetic RNA can 
be unreliable, empirical evaluation must be performed by creating a 
range of ribozymes in order to “ walk ”  the target of interest and deter-
mine in vivo  expression levels. Recent studies suggest using a combi-
natorial approach in order to more effi ciently select a target site. A 
ribozyme library composed of a hammerhead ribozyme with random 



sequences in the binding arms can be screened using a RACE tech-
nique to identify active ribozymes that can subsequently be cloned. 50

Use of a similar approach with hairpin ribozymes suggests that activ-
ity - selected ribozymes have higher activity and cannot necessarily be 
predicted by computer - based substrate selection rules. 51

Antiviral Ribozymes.     Ribozymes (hammerhead, hairpin, and RNAse 
P) have been designed to cleave a number of viral targets in cell culture 
assays, including hepatitis B virus (HBV), 52   hepatitis C virus (HCV), 53

cytomegalovirus,54   human immunodefi ciency (HIV) - 1,55   human papil-
lomavirus (HPV), 56   and infl uenza A.  57,58   Ribozymes (both hammerhead 
and RNAse P) directed against the polymerase ( PB1  and  PB2 ) and 
nucleocapsid ( NP ) genes of infl uenza A have been shown to inhibit 
viral particle production and/or viral protein expression. 57 – 59   In virtually 
all cases, cells were transfected with plasmid or transduced with retro-
virus or adenovirus vectors. Delivery in this manner resulted in endog-
enous expression of the ribozyme, potentially co - localizing it with the 
viral RNA target. This approach has been used in recent clinical trials 
of a tat  - targeted anti - HIV ribozyme. Retroviral vectors were used to 
transduce patient derived CD34+ stem cells that were returned to the 
HIV - positive patient following expansion. 60   This form of  ex vivo  per-
manent transduction of the target host cell is ideally suited to treatment 
of a blood borne chronic viral infection but is unlikely to be practical 
for treatment of an acute infection with infl uenza virus. 

 Ribozyme ODNs, similar to antisense ODNs, have been synthesized 
and delivered exogenously; however, in vivo  therapeutic applications 
are limited due to their biological lability. In order to minimize nuclease 
degradation, a range of chemical modifi cations have been employed. 
Typical ribonucleotide modifi cations include phosphorothioate (PS) 
linkages, 2 ′  -  O  -  substitutions (2 ′  -  O  - methyl, 2 ′  -  O  - allyl - , 2 ′  - fl uoro -  and 2 ′  -
 amino - ), 3 ′  - 3 ′  inversions, or combinations of these. 61   Such modifi cations 
allow direct delivery (intravenous or direct tissue injection) of intact 
ribozymes and extend the biological half - life as much as 14,000 - fold  in
vivo .  62,63   Recently, a modifi ed hammerhead ribozyme directed against 
infl uenza A has been developed and patented, although no data describ-
ing its anti - infl uenza activity have yet been reported. 64

  DNAzymes 

 DNAzymes are RNA - cleaving catalytic DNA enzymes which, unlike 
ribozymes, are entirely synthetic and derived from a selection protocol 
developed to evolve DNA sequences capable of cleaving RNA 5
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(Fig.  5.2 ). The  “ 10 – 23 ”  DNAzyme isolated by this  in vitro  selection 
protocol is a general - purpose enzyme capable of cleaving RNA at 
purine – pyrimidine junctions. The structure of the DNAzyme is remi-
niscent of the hammerhead ribozyme with a 16 - mer 3 ′  - AGCAAC-
CATCGATCGG - 5 ′  catalytic core fl anked by binding arms. 6   DNAzyme 
kinetic activity appears to be proportional to the degree of heterodu-
plex stability, wherein enzyme – substrate combinations with the lowest 
free energy of hybridization have the highest catalytic rate. 65   Extension 
of binding arm length and alteration of CG content generally increases 
catalytic effi ciency and decreases  Km . Excessive heteroduplex binding 
effi ciency, however, ultimately inhibits the release of cleaved substrate 
from the enzyme, thus reducing kcat . Empirical studies have revealed 
that binding arm lengths of 8 – 9 bases yield the maximal overall 
effi ciency.  66

Fig. 5.2.   A selection scheme for the evolution of RNA cleaving catalytic DNA. See 
text for detail. In this system a combinatorial library of different DNA sequences is 
generated by the synthesis of an oligonucleotide template with a 50 base (N50) stretch 
of random sequence (hatched lines). To enable amplifi cation and reselection, each 
molecule from this diverse pool contains a fi xed primer binding sequence at each end 
(black). Immobilization is achieved by tethering this assembly of potentially functional 
sequences through a biotinylated (B) RNA containing substrate (rA) to a solid strep-
tavidin - coated support. After alkali denaturation (to strip away the template strand) 
the single - stranded residue is allowed to fold around its substrate linkage in the pres-
ence of suitable buffer and cofactors. The eluent of this washing (which contains cata-
lytically active molecules) is then used as a PCR template for regenerating the assembly 
for a second round of selection. After multiple rounds of selection the relative abun-
dance of each active molecule should be high enough to visualize the activity in a 
cleavage assay and clone the DNA for sequencing. 
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  DNAZYME DESIGN 

 The ability to cleave at any purine - pyrimidine junction leaves open the 
possibility of a much wider target site range than that available to 
ribozymes. The design of an appropriate DNAzyme depends upon 
selecting a target site that has an appropriate free energy of hybridiza-
tion and a location on the RNA that has not been rendered inaccessible 
by secondary or tertiary structure. A multiplex selection assay protocol 
based on primer extension and sequencing gel technology has been 
developed which allows the activity of a large number of DNAzymes 
to be observed simultaneously. 67   The wide range of potential target sites 
for DNAzymes relative to ribozymes does not come at the expense of 
specifi city since 10 – 23 DNAzymes could discriminate between sequences 
that varied by as little as a single nucleotide. 68   Reactions between 
DNAzymes and matching substrate sequences were compared with 
reactions against unmatched substrates. In each case, only the perfectly 
matched type - specifi c DNAzymes were capable of achieving substan-
tial cleavage of the corresponding substrates. This cleavage specifi city 
has been used in the development of DNAzymes as clinical diagnostic 
reagents used for real - time PCR measurement of target RNA sub-
strates.69   This leaves open the exciting possibility of using DNAzymes 
as both a therapeutic and diagnostic tool against the same viral 
target.

 DNAzymes, due to their synthetic nature, cannot be expressed intra-
cellularly and therefore must be exogenously delivered. Although 
DNAzymes are inherently more stable than ribozymes, they must be 
modifi ed to protect against nuclease degradation  in vivo . To date, 
reported studies of DNAzyme activity have been limited to cell culture 
experiments and only a small range of nucleic acid modifi cations have 
been employed. A 3 ′  inversion modifi cation has been shown to increase 
the half - life of a model DNAzyme from 2 hours (unmodifi ed form) to 
24 hours (3 ′  inversion modifi ed form) when incubated in human serum. 70

Partial phosphorothioate modifi cation (5 ′  – 3 ′  linkages on either binding 
arm) or 3 ′  – 3 ′  inversions on the 3 ′  - terminus can also stabilize the 
DNAzyme in cell culture studies. 71   Comparison of the intracellular 
activity of phosphodiester and phosphorothioate or 2 ′  -  O  - methyl modi-
fi cations in the binding arms in the 10 – 23 DNAzyme have also been 
reported.72   DNAzymes containing either of these modifi cations retained 
activity in mammalian cells longer than unmodifi ed forms, with the 2 ′  -
O  - methyl modifi cation being the most stable. 

 The antiviral activity of the 10 – 23 DNAzyme has been examined 
against a range of viruses in cell culture experiments. Suppression of 
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viral replication has been observed using DNAzymes directed against 
the HIV - 1  tat, rev ,  73    gag ,  74   and  env75   genes, the HBV  X  gene,  76   and the 
HCV 5 ′  - noncoding region.  77   In a study describing the antiviral activity 
of a 10 – 23 DNAzyme against the infl uenza A  PB2  gene, greater than 
90% inhibition was observed. 78   While few potential gene targets for 
anti - infl uenza ribozyme or DNAzyme activity have been reported, a 
number of gene targets have been assessed using antisense technology. 
The antisense studies suggested that targeting the AUG codon for the 
PB2  gene was more effective than targeting the AUG codons of the 
PB1, NP , and  PA  genes.  79   Interestingly, no studies to date have described 
selecting regions of the infl uenza genome that represent the most con-
served sequences across all known virus subtypes. Such a strategy could 
produce a therapeutic enzyme less likely to be rendered ineffective by 
mutation.

  ANTISENSE OLIGONUCLEOTIDES AS ANTIVIRAL AGENTS 

 Over two decades ago, Zamecnik and Stephenson 4,80   demonstrated that 
RNA translation, virus replication, and cell transformation of Rous 
sarcoma virus could be inhibited by a 13 - mer deoxyribonucleotide that 
was complementary to the RSV repeat terminal sequence. This pro-
vided the fi rst evidence that an antisense ODN could act as an antiviral 
agent. Studies of antisense ODNs over the past several years have 
demonstrated that the mechanisms of action are complex and may 
include steric hindrance of ribosomes, reverse transcriptase activity, 
increased target RNA susceptibility to RNAse H cleavage, blockage of 
viral binding, or enhanced immunostimulation via CpG motifs. 23,81 – 83

The susceptibility of phosphodiester ODNs to in vivo  nuclease activity 
resulted in the development of a range of nuclease - resistant chemical 
modifi cations either to the phosphate backbone (i.e., phosphorothioate, 
phosphorodithioate, methyl phosphonate), to the 2 ′  - position on the 
ribose sugar moiety (2 ′  -  O  - methyl, 2 ′  - methoxy ethyl), or to the oligo-
nucleotide structure (3 ′  - inversion).  83   Suitably modifi ed antisense ODNs 
are designed for antiviral activity by targeting hybridization to an 
essential sequence such as the AUG start codon or by screening a range 
of antisense sequences in a walk of the viral genome. This can be 
achieved either in a comprehensive manner or aided by RNA second-
ary structure predicting programs to target regions lacking signifi cant 
secondary structure. Typically, 5 – 30 antisense ODNs thus designed are 
tested for gene suppression using a range of criteria including in vitro
translation inhibition, plaque assay, cell viability or proliferation, marker 



gene activity from cells transformed with viral constructs or antiviral 
activity in vivo .  81   Sequence specifi city, a hallmark of antisense drug 
design, is evaluated using a range of control ODNs that may include 
random, sense, missense, or scrambled orientation sequences. 84

 The experimental usage of antisense ODNs against infl uenza virus 
infections have been reported in both in vitro  tissue culture and  in vivo
animal infection model systems. The rational drug design for antisense 
ODNs against infl uenza has been focused on viral gene targets that are 
less prone to antigenic shift and/or drift. Therefore, the highly variable 
regions of mRNAs encoding HA and neuraminidase (NA) are usually 
not considered to be ideal gene targets. However, given the highly 
conserved regions of the polymerase ( PA, PB1, PB2 ) and nucleopro-
tein ( NP ) genes, a number of potential broad - range antisense targets 
have been identifi ed. Early work using MDCK cells demonstrated 
sequence - specifi c antiviral activity, although a specifi c effect on the 
target genes was not determined. 85,86   A transient infl uenza gene expres-
sion assay has been developed by sandwiching a chloramphenicol acet-
yltransferase (CAT) gene between the 5 ′  and 3 ′  terminal sequences of 
infl uenza A/PR/8/34 RNA segment 8. RNA from this expression vector 
was transfected into clone 76 cells, into which ODN was delivered using 
a cationic lipid complex. 87   Using either CAT expression or cell viability 
as a measure of antiviral activity, antisense ODN directed against PB2
was consistently found to be the most potent inhibitor of infl uenza 
replication and gene expression. 87 – 89    PB1, PB2 , and  PA  antisense ODNs 
were administered i.v. as a cationic lipid complex with Tfx - 10 or DMRIE 
at twice daily intervals 1 day prior to infection and 4 days post - infection 
in a murine infection model with 100 LD 50  of infl uenza A/PR/8/34. 79,90,91

PB2  antisense ODN, which targeted the AUG region of  PB2 , consis-
tently increased both the mean survival time and survival at day 14 
post - infection (45%). Concomitant with increased survival was a 
decrease in PB2  mRNA expression and viral titer in infected lungs 
4 days after infection. 

 Antisense ODNs (15 - mer) directed against a conserved region of the 
infl uenza A virus HA protein have also been shown to be effective in 
the post - exposure treatment of infl uenza A virus infection in mice.  21   In 
this study, both unencapsulated and liposome - encapsulated antisense 
ODNs, administered i.n., were completely effective in the treatment of 
mice against an otherwise lethal respiratory challenge. A signifi cant 
therapeutic advantage was achieved with liposome encapsulation of 
the antisense ODNs as the dosage of antisense ODNs required to 
achieve complete protection was reduced by up to 80%. 92   The level of 
dose reduction was presumably due to protection of antisense ODNs 
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against nuclease degradation in the body, as well as enhanced delivery 
of the antisense ODNs to intracellular sites of viral replication.  

  CONCLUSION 

 In light of increasing drug - resistance of infl uenza viruses to conven-
tional antiviral drugs and the pandemic potential of avian H5N1 infl u-
enza virus, there is a critical need to develop new antiviral agents. 
Nucleic acid - based therapeutic drugs represent a promising new class 
of antiviral agents, offering signifi cant therapeutic advantages over con-
ventional antiviral drugs due to their versatility and specifi city. This 
review has highlighted a range of applications for ODNs in antiviral 
therapy. Immunomodulating nucleic acids, catalytic nucleic acids, and 
antisense ODNs are three main classes of nucleic acid - based antiviral 
agents being evaluated in clinical studies. Double - stranded RNA (such 
as poly ICLC) and CpG ODNs may provide broad - spectrum protec-
tion against new and drug - resistant infl uenza virus variants by virtue 
of the enhancement of the host ’ s innate and adaptive immune responses. 
DNAzymes and ribozymes are catalytic nucleic acids that cleave viral 
mRNAs, while antisense ODNs cause sequence - specifi c inhibition of 
viral gene expression. However, in order for these agents to meet thera-
peutic expectations, a number of issues will need to be addressed; these 
include the biological stability and safety of phosphorothioate and 
other chemically modifi ed ODNs, as well as delivery and transport to 
intracellular sites of infection. Research and development efforts have 
been greatly aided by advances in synthetic medicinal chemistry which 
have resulted in the design of ODNs with improved stability and fewer 
side effects, some of which are currently being evaluated in clinical 
trials. Formulation improvements have also been made to enhance 
intracellular delivery of ODNs to sites where viruses replicate. Of 
particular interest is the use of novel liposome formulations that can 
protect ODNs from nuclease degradation and assist with target local-
ization. Cationic and pH - sensitive liposomes are the formulations of 
choice for ODNs. Overcoming the challenges mentioned above will 
enable nucleic acid - based drugs to reach their full potential as antiviral 
therapeutics.
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  INTRODUCTION 

 Viral respiratory tract infections contribute signifi cantly to illness, hos-
pitalisation, and death of young, elderly, and immunocompromised 
individuals. In most cases, vaccines and antiviral drugs give only limited 
protection. In particular, viruses such as infl uenza A virus are a serious 
health threat for which new antiviral vaccines and treatments need to 
be developed. A possible addition to the antiviral arsenal is RNA - 
interference (RNAi) - based therapeutics. Ever since its discovery, RNAi 
has been considered a potentially powerful new tool to combat viruses. 
These  “ great expectations ”  were recently underscored by awarding the 
2006 Noble prize for physiology and medicine to Andrew Fire and 
Graig Mellow for their pioneering work on the description and mecha-
nism of RNAi. Their fi nding that double - stranded RNA (dsRNA) trig-
gered sequence - specifi c gene silencing in  Caenorhabditis elegans  is now 
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at the basis of the development of several RNAi therapeutics.  1   The 
applications range from compounds for the treatment of virus infec-
tions or genetic diseases to cosmetic compounds as in Sirna ’ s hair 
removal program ( http://www.sirna.com ). Currently, several RNAi -
 based therapeutics are being tested in clinical trials. Both Acuity Phar-
maceuticals and Sirna began testing siRNAs in humans as an alternative 
treatment for the wet form of age - related macular degeneration 
(AMD). In April 2006, Alnylam presented phase I clinical data on an 
siRNA - based drug against respiratory syncytial virus (RSV) ( http://
www.alnylam.com ). 

 RNAi - mediated inhibition has been reported for a large variety of 
viruses. These include important human pathogens such as human 
immunodefi ciency virus type 1 (HIV - 1), hepatitis C virus (HCV), 
dengue virus, poliovirus, hepatitis D virus (HDV), hepatitis B virus 
(HBV), herpes simplex virus type - 1, human papillomavirus, JC virus, 
Epstein – Barr virus, and cytomegalovirus (CMV). 2   Important respira-
tory viruses for which RNAi - mediated inhibition has been reported 
include severe acute respiratory syndrome coronavirus (SARS - CoV), 
NL63 coronavirus (NL63 - CoV), infl uenza A virus, parainfl uenza virus 
(PIV), RSV, and human rhinovirus - 16 (HRV - 16). The results for all 
respiratory viruses are summarized in Table 6.1  — except for SARS and 
other coronavirus studies, which are summarized in Table 6.2 . Animal 
respiratory viruses are also included in Table 6.1 : porcine reproductive 
and respiratory syndrome virus (PRRSV) and avian metapneumovirus 
(aMPV). Although profound inhibition of virus replication has been 
reported in vitro  and  in vivo , it has become clear that several problems 
need to be resolved before RNAi therapeutics will reach the clinic. 
Important concerns include virus escape from RNAi, possible off - target 
effects of RNAi treatment, and the delivery of the RNAi - inducer to 
the right target cell. 

 Respiratory viruses appear to be ideal targets for the development 
of RNAi - therapeutics because the upper airways and lungs are rela-
tively easy to reach target tissues. In this review, we provide an overview 
of RNAi studies on infl uenza and other respiratory viruses and discuss 
the possibility to develop RNAi - based antiviral therapies. 

  MECHANISM OF RNA INTERFERENCE 

 RNAi is a conserved sequence - specifi c gene silencing mechanism in 
eukaryotic cells that is induced by dsRNA. It plays a pivotal role in the 
regulation of cellular gene expression via microRNAs (miRNAs). These 
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miRNAs represent a family of highly structured small noncoding RNAs 
that negatively regulate gene expression at the post - transcriptional 
level.3   They are expressed as primary miRNAs (pri - miRNAs) and 
processed by the proteins Drosha and Dicer into, respectively, a 
∼ 70 - nucleotide (nt) stem - loop precursor miRNA (pre - miRNA) and the 
mature miRNA of 21 – 25   nt. One strand of the mature miRNA, the 
antisense or guide strand, is loaded in the RNA - induced silencing 
complex (RISC). This guide strand targets RISC to the mRNA, where 
the complex hybridizes to (partially) complementary sequences, trig-
gering mRNA cleavage or translational inhibition. RNAi is also believed 
to be involved in inhibition of viruses and silencing of transposable 
elements by generation of virus - specifi c small interfering RNAs 
(siRNAs, 21 - nt dsRNA). Similar to miRNAs, these siRNAs are loaded 
into RISC and target viral RNAs for destruction or translational repres-
sion.4   Although the antiviral function of RNAi is well established in 
plants, insects, and nematodes, it is still unclear whether RNAi has a 
similar role in mammals. 5 – 7

 The standard method to induce RNAi against viruses in mammalian 
cells is via transfection of synthetic siRNAs corresponding to viral 

 TABLE 6.2.    RNAi - Mediated Inhibition of Human Coronaviruses 

 Virus  Target Gene 
 RNAi 

Inducer  Cell Type 

 Fold 
Inhibition
of Virus 

Replication  Reference 

 SARS - CoV  Pol  shRNA  Vero    5   38  
 Pol  shRNA  Vero - E6, 

293, Hela 
  16   37  

 Pol  siRNA  FRhk - 4  7 – 14   36  
 Spike  shRNA  293T, 

Vero - E6 
∼ 10   39  

 5 ′  - UTR, TRS, 
Spike, 3 ′  - UTR 

 siRNA  Vero - E6 ∼ 10   41    

 E, N  shRNA a  293T, COS7  ND   35  
 5 ′  - UTR  shRNA  Vero - E6   > 10   70  
 Spike, NSP12  siRNA  Rhesus 

macaque
   ∼ 2 b   42  

 Spike  siRNA  293T  ND   71  
 7a/7b, 3a/3b, S  shRNA c  Vero - E6   > 10   77  

 HCoV - NL63  Spike  siRNA  LLC - Mk2   > 10   43  

  See Table  6.1  for details. ( a ) Stable expression using an adenovirus vector, ( b ) Inhibition of virus 
infected cell count in lung tissue. ( c ) Stable expression via selection using antibiotics. (ND) not 
done.   
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sequences before or after a viral challenge. These siRNA duplexes are 
generally 21   nt long with 2 - nt 3 ′  overhangs and are modeled after the 
natural Dicer cleavage products. Once the antisense strand of the anti-
viral siRNA is loaded into RISC, the complex will target the viral 
RNAs in a sequence - specifi c manner. Alternatively, transient transfec-
tion of plasmids that express antiviral short hairpin RNAs (shRNAs) 
is also commonly used to induce RNAi. These shRNAs are typically 
19 – 29 base pairs long with a small apical loop and a 3 ′  - terminal UU 
overhang. ShRNAs are usually expressed in the nucleus under control 
of a polymerase III promoter, are translocated to the cytoplasm 
by Exportin - 5, and are further processed by Dicer in the cytoplasm 
into functional siRNAs. The fi rst vectors for the expression of func-
tional shRNA were described in 2002. 8,9   Several modifi cations of this 
system have been reported. For example, the enhancer from the CMV 
immediate - early promoter (a Pol II unit) can enhance the expression 
of siRNA from a Pol III unit. 10   The two human Pol III promoters that 
have been most widely are the U6 and H1 promoters that naturally 
drive expression of respectively a snRNA and the RNA component of 
the RNase P complex. More effi cient siRNA expression was reported 
for a modifi ed tRNA met  promoter (MTD unit). 11   Other improvements 
include the design of a doxycycline - regulated H1 promoter that allows 
the inducible knockdown of gene expression by siRNAs. 12   Recently, 
inhibition by shRNA - induced RNAi has also been signifi cantly 
improved by using shRNA that more closely resemble miRNAs. These 
second - generation shRNAs (shRNA - mirs) are designed using the 
increased knowledge of RNAi biochemistry and miRNA biogenesis. 
shRNA - mirs are expressed as larger transcripts and contain bulged 
nucleotides and large loops as present in pri -  or pre - miRNAs.13 – 15   Strate-
gies to express multivalent shRNA constructs have also been described,  16,17

which seems very important to avoid the danger of viral escape. 18

 Transient transfection of siRNAs or shRNA expression plasmids 
results in potent, albeit temporary, inhibition of virus replication. In 
order to obtain long - term virus suppression, researchers have turned 
to a combined RNAi/gene therapy approach. In this approach, lenti - , 
retro - , or adeno - associated virus (AAV) vectors are used to stably 
transduce cells with constructs expressing shRNA, resulting in viral 
resistance. Such gene therapy strategies in which cells are stably trans-
duced to express antiviral siRNAs are presumably the best way to 
counter chronic virus infections such as HIV - 1, HCV, and HSV. In con-
trast, viruses causing more acute temporary infections, including all 
respiratory viruses, might be candidates for transient treatment with 
synthetic siRNAs. Another possibility is to use nonpathogenic, but 



replicating, viruses as a vector to express siRNAs against other patho-
genic viruses.  19

  INFLUENZA VIRUS 

 Worldwide, an estimated half million deaths per year are attributed to 
infl uenza virus infections, and there is the continuous threat of the 
emergence of a novel pandemic strain. Due to limitations of anti - 
infl uenza vaccines and drugs, there is an urgent need for novel strate-
gies to inhibit infl uenza virus. Infl uenza A viruses are members of the 
family of Orthomyxoviridae, which are enveloped viruses containing a 
segmented genome of eight strands of minus - strand RNA.  20   The gene 
segments encode 10 viral proteins: a nucleoprotein (NP), three subunits 
of the viral polymerase (PB1, PB2, and PA), two glycoproteins [hemag-
glutinin (HA) and neuramidase (NA)], a matrix protein (M1), a mem-
brane protein (M2), and two nonstructural proteins (NS1 and NS2). 
Infl uenza virus infects epithelial cells in the upper airways and lungs. 
In healthy individuals the virus is cleared in seven days. In young, 
elderly, and immunocompromized individuals, infl uenza virus infection 
might lead to more serious disease progression (pneumonia) and in 
some cases death. Infl uenza virus replication takes place in the cell 
nucleus, where the viral RNAs (vRNA) are transcribed by the viral 
polymerase into mRNAs for viral protein synthesis. Besides production 
of viral mRNAs, transcription of the genomic RNAs also results in the 
synthesis of complementary plus - strand RNA templates (cRNA) for 
synthesis of new vRNAs. 20

 Infl uenza viruses are notorious for their genetic diversity. The main 
reasons for this are the error - prone RNA polymerase, which lacks 
proofreading activity, and the fact that the virus has a segmented RNA 
genome. The major viral antigens HA and NA display high sequence 
variation that causes the virus to rapidly escape protective immune 
responses (antigenetic drift). A great concern is the emergence of new 
virus strains when infl uenza viruses from different species end up in 
the same host and eventually the same cell. If this happens, reassort-
ment of the genomic RNA segments may lead to new virus strains 
against which humans have no protective immune response (antige-
netic shift). 21   Two major pandemics caused by the 1957 Asian fl u virus 
and the 1968 Hong Kong fl u virus originate from the process of gene 
reassortment between human and avian infl uenza strains. 22 – 24   The highly 
virulent infl uenza strain causing the 1918 pandemic with an estimated 
20 – 40 million deaths was previously also believed to have emerged 
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after reassortment. However, high sequence similarity between the 
1918 virus and avian infl uenza viruses suggest that the virus originated 
from an avian infl uenza virus that became adapted to humans. 25

Currently, reassortment of human and avian infl uenza strains and 
direct infection of humans with avian infl uenza viruses are considered 
serious threats. During recent outbreaks of avian infl uenza virus 
in Hong Kong and the Netherlands, several human cases were 
reported.26 – 29   It therefore appears only a matter of time before reas-
sortment and/or adaptation will lead to the emergence of a highly viru-
lent infl uenza A strain. 

 There are currently, two licensed vaccines for human infl uenza virus 
in the United States. 26   One is based on inactivated virus, the other is a 
live - attenuated virus vaccine. Each year an international surveillance 
team coordinated by the WHO determines the components of the 
inactivated vaccine. Thus, the vaccine is generally designed against 
the virus strain that is expected to become the most prevalent during 
the next season. However, different virus strains — against which the 
vaccine is ineffective — may emerge rapidly. FluMist is a cold - adapted 
live - attenuated virus vaccine that was licensed in 2003. This virus is able 
to replicate at a low level in the upper airways, but is restricted in the 
lung due to the higher temperature. An important criterion for use of 
this vaccine is that the patient should have a fully functional immune 
system. This is often not the case for elderly people. RNAi therapeutics 
could therefore be particularly benefi cial for the elderly and otherwise 
immunocompromised persons. However, it is currently unknown 
whether RNAi responses require a functional immune system. 

  RNA - INTERFERENCE - MEDIATED INHIBITION OF 
INFLUENZA A VIRUS 

 To obtain broad protection against different strains of infl uenza, it is 
essential to target RNAi against highly conserved viral sequences. The 
RNA encoding the main viral antigens HA and NA are no suitable 
targets because these proteins exist, respectively, as 15 and 9 different 
serotypes, with a large degree of sequence diversity. Instead, conserved 
regions in the NP, PA, PB1, PB2, M, and NS genes provide candidate 
targets for RNAi (Table 6.1 ). In their initial study, Ge  et al .  30   tested 20 
different siRNAs against sequences that were conserved in virus strains 
from human, chicken, duck, horse, and swine. Infl uenza production in 
MDCK cells and embryonated chicken eggs was strongly inhibited. 
siRNAs against NP and PA were found to be highly effective because 



they not only target the specifi c mRNAs for degradation, but also block 
the accumulation of all other viral RNAs. 30   These siRNAs also pro-
foundly inhibited virus replication in vivo . Lung virus titers were sig-
nifi cantly reduced in infected mice when siRNAs were administered 
through hydrodynamic intravenous injection. 31   Similarly, virus titers 
were reduced when mice were given DNA vectors intravenously or 
intranasally that express antiviral shRNAs. 31   Interestingly, reduced 
virus - induced mortality was observed in mice that were targeted with 
siRNAs after virus infection. This result supports the idea that siRNAs 
could act both as a prophylactic and in treatment of established infec-
tions. For delivery of the siRNAs and a lentiviral vector expressing 
shRNAs, polyethyleneimine (PEI) was used intravenously or intratra-
cheally.31   PEI is a cationic polymer that has been used to deliver DNA 
into lung cells. In a similar study, siRNAs against NP and PA sequences 
also protected mice against a lethal infl uenza virus challenge. 32   More-
over, siRNA treatment resulted in a broad protection against the 
pathogenic avian infl uenza A viruses of the H5 and H7 subtypes. In this 
study, the anti - infl uenza siRNAs were delivered intranasally with the 
cationic transfection reagent Oligofectamine. 32

  RNA - INTERFERENCE - MEDIATED INHIBITION OF RSV 

 RSV was the fi rst human pathogenic virus for which RNAi - mediated 
inhibition was reported. 33   This virus belongs to the Paramyxoviridae 
and is an enveloped, nonsegmented, negative - stranded RNA virus. 
RSV is a major cause of respiratory illnesses in both the upper and 
lower respiratory tract, typically leading to cold - like symptoms that in 
some cases — especially in very young children — lead to more serious 
illness such as bronchiolitis and pneumonia. Currently, no vaccine is 
approved and RSV infection in young children accounts for more than 
100.000 hospitalizations per year in the United States. In their initial 
report, Bitko and Baric described a 10 - fold inhibition of RSV replica-
tion in vitro  using nanomolar concentrations of synthetic siRNAs that 
target sequences encoding the viral polymerase subunit P and the 
fusion protein F. 33   Similar to infl uenza virus, replication of RSV and 
also human parainfl uenza virus (PIV) could be blocked in mice by 
synthetic siRNAs 34   (Table  6.1 ). This therapy is effective both with and 
without the use of transfection reagents. Besides synthetic siRNAs, also 
intranasal administration of plasmids expressing shRNA against RSV 
resulted in a signifi cant decrease of viral titers. 35   Treatment with siRNAs 
was effective both before and after infection with RSV. These fi ndings 
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suggest that low dosages of inhaled or intravenously administered 
siRNAs or shRNA - encoding plasmids may provide an easy and effi -
cient basis for prophylaxis and antiviral therapy against respiratory 
viruses in human populations. 

 In April 2006, Alnylam presented the results of a phase I clinical trial 
with its leading siRNA drug candidate ALN - RSV01 ( http://www.
alnylam.com/ ). ALN - RSV01 is being evaluated for the treatment of 
RSV infection and is the fi rst RNAi therapeutic in human clinical 
development for an infectious disease. The drug was found to be safe 
and well - tolerated when administered intranasally in two phase I clini-
cal studies. A total of 101 subjects were enrolled in the trials, 65 of which 
were exposed to the drug that was given in single or multiple doses in 
a nasal spray. Alnylam expects to initiate phase II clinical trials in natu-
rally infected RSV patients in the fi rst half of 2007. Phase I human 
clinical trials are underway to test the nebulizer systems for aerosol 
delivery of siRNAs to the lungs. 

  INHIBITION OF HUMAN CORONAVIRUSES BY 
RNA INTERFERENCE 

 Since it became clear that the outbreak of SARS in 2003 was caused 
by the virus currently known as SARS - CoV, researchers have tried to 
fi nd cures for this new human pathogen. Because SARS is a disease of 
the upper airways and lungs, it could be relatively easy to administer 
therapeutic siRNAs. As mentioned above, replication of infl uenza virus, 
RSV and PIV in the lungs of mice can be inhibited by intravenous or 
intranasal administration of siRNAs/shRNAs. 31,32,34,35   Following a 
similar route, siRNAs against SARS - CoV might be effective as new 
antiviral therapeutics. Both shRNAs and siRNAs could effi ciently block 
SARS - CoV replication in cell culture infections 36 – 41   (Table  6.2 ). The 
main viral target in these studies is the polymerase gene, although also 
other regions such as the 5 ′  and 3 ′  untranslated regions (UTRs), the 
spike protein gene, and the transcriptional regulator sequence (TRS) 
have been targeted successfully. 39   Potent siRNA inhibitors against the 
SARS - CoV spike and pol genes were further tested for effi cacy and 
safety in a rhesus macaque SARS model. The siRNAs were adminis-
tered intranasally as prophylactic, concurrent, or early post - exposure 
treatments.42   Similar to studies in mice with anti - RSV siRNAs, these 
treatments with anti - SARS siRNAs showed both prophylactic and 
therapeutic effects. siRNA treatment showed a signifi cant reduction in 
SARS - like symptoms, viral RNA levels, and lung histopathology. 



 Antiviral RNAi strategies were also tested against the recently dis-
covered human coronavirus, NL63 - CoV.43,44   This virus is associated with 
acute respiratory illness in young children, elderly, and immunocom-
promised persons, and it was recently linked more specifi cally to croup. 45

siRNAs targeting the spike sequences signifi cantly inhibited virus rep-
lication at 3 – 5   nM concentration   43   (Table  6.2 ).  

  VIRUS ESCAPE FROM RNA INTERFERENCE 

 Potent inhibition of virus replication can be obtained by transient trans-
fection of synthetic siRNAs or intracellular expression of shRNAs. 
However, the use of these approaches appears to be limited due to the 
rapid emergence of virus escape variants. RNAi escape variants may 
contain point mutations or deletions within the siRNA target sequences. 
So far, escape from RNAi has been reported for HIV - 1, poliovirus, 
hepatitis A virus, HBV, and HCV. 46 – 52

 Studying anti - HIV RNAi approaches, Boden  et al .46   expressed 
shRNA against the HIV - 1 tat gene in an adeno - associated virus (AAV) 
vector with an H1 - promoter. Potent inhibition was scored, but an escape 
virus variant appeared in prolonged cultures. Similar results were 
described by Das et al .  47   using a retroviral vector with an H1 unit 
expressing an siRNA against sequences in the nef gene. The latter study 
described seven independent HIV - 1 escape variants. Point mutation, 
double - point mutations, and partial or complete deletion of the target 
sequence all lead to RNAi - resistant escape variants. These results con-
vincingly demonstrate that inhibition was potent and sequence - specifi c, 
but also that viruses are able to escape from the inhibitory action of a 
single siRNA. 

 We recently discovered an alternative resistance mechanism that is 
not triggered by mutation of the target sequence. Instead, a mutation 
in the fl anking HIV - 1 sequences was selected, which was subsequently 
shown to induce a conformational change within the target sequence 
such that it is protected from RISC - attack.49   This fi nding indicates that 
it will not be very straightforward to predict viral escape routes. 

 A deletion - based resistance mechanism seems impossible in case 
essential viral genes or critical sequence motifs are targeted. Thus, one 
should preferentially target essential sequences that are well - conserved 
among virus isolates. 17   Interesting targets with relatively little muta-
tional freedom are overlapping reading frames. Ideally, one should 
target multiple of these essential and well - conserved viral sequences. 
Such combination siRNA therapy mimics the successful strategy to 
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combat HIV - 1 with multiple antiviral drugs and should avoid the evolu-
tion of escape variants. We calculated that with four effective siRNAs, 
the chance of HIV - 1 escape drops to 2.1  ×  10  – 14 .  18   In practice, this means 
that viral escape is impossible as long as viral suppression is nearly 
complete. Effi cient expression systems should be developed for multi-
ple shRNAs  17   or long hairpin inhibitors (lhRNA) that generate multiple 
siRNAs.53

 An alternative antiviral strategy is to target host - encoded functions 
that are important for viral replication, but not essential for survival of 
the host cell. 4   For HIV - 1, such targets include the mRNAs for the CCR5 
or CXCR4 co - receptors. Importantly, an inactivating mutation in the 
CCR5 gene is known to be compatible with normal life, indicating that 
it plays no essential role in human physiology. 54,55   A 63% and 48% 
reduction in CXCR4 and CCR5 expression resulted in a modest two -  to 
three - fold decrease of HIV - 1 entry.  56   When a lentivirus - based vector 
system was used to introduce shRNAs against CCR5 into peripheral 
blood T lymphocytes, expression of CCR5 on the cell surface was 
reduced 10 - fold, resulting in a three -  to seven - fold decrease in the 
number of infected cells. 57   In comparison to direct HIV - 1 RNA target-
ing, the indirect silencing of viral receptors appears less effective in 
reducing virus production. A major advantage of host factor silencing 
is the possibility that viral escape may not occur, although that should 
be verifi ed experimentally.  

  SIDE EFFECTS 

 Although RNAi may be considered a highly specifi c tool to knockdown 
genes, recent fi ndings show that high expression of siRNA/shRNAs 
may induce interferon responses and other unwanted toxic side 
effects.58,59   It was found that transcripts containing partial complemen-
tarity with an siRNA can also be targeted for RNAi - mediated knock-
down.60 – 62   Such off - target effects can have an impact on cell viability.  59,61

High expression of shRNAs also interferes with cellular miRNA pro-
cessing and function. Exportin 5, which is required for nuclear export 
and stability of miRNAs, was found to be a limiting factor in the RNAi 
pathway that could be saturated by exogenous shRNAs. Fatal off - target 
effects were observed in mice that were treated with an AAV8 vector 
for high expression of shRNAs in the liver. 63   This study showed that 
there is an shRNA threshold for toxicity. Therefore, low expression of 
highly active shRNAs is essential for the development of safe RNAi 
therapeutics. Inducible promoters could be used to regulate shRNA 



expression to avoid off - target effects. In case of synthetic siRNAs, it 
was reported that chemical modifi cation of the siRNAs can reduce 
toxicity.61   Moreover, a strong correlation was found between the pres-
ence of the UGGC sequence motif and toxicity. 61   To avoid toxic off -
 target effects of antiviral RNAi therapeutics, viruses should ideally be 
targeted transiently, locally, and with a low dosage. This could be real-
ized for acute respiratory viral infections, but treatment of chronic viral 
infections may require a durable gene therapy approach. 

 Delivery of the siRNAs into the right target cells will also limit the 
impact of potential off - target effects. Some recent progress has been 
reported using nanoparticles loaded with siRNAs. These particles, pref-
erably ranging between 25 and 40   nm in diameter, can be used to load 
high concentrations of siRNAs into a protected environment. Most 
interesting is the fact that the nanoparticles can be targeted to specifi c 
cells by decorating their surface with ligands that target specifi c cell -
 surface receptors. For example, ligands such as transferrin, Her2 anti-
bodies, folate, and integrin - targeting peptide have been successfully 
used to target siRNAs to cells bearing the corresponding receptors. 64 – 67

These results look promising and will contribute to the further develop-
ment of safe and effi cient siRNA delivery systems. 

  CONCLUSIONS 

 Many laboratories and pharmaceutical companies have recently focused 
on the development of RNAi - based therapeutics. As a result, RNAi has 
moved in a short time from an obscure phenomenon in plants and C.
elegans  to therapeutic compounds that are being tested in clinical trials. 
It has become clear that RNAi therapy might not be as straightforward 
as initially hoped. However, the results from in vitro  studies and animal 
models show that RNAi therapeutics can be highly effective at a low 
dosage, which makes them outstanding candidates for future clinical 
use. Further optimization of the RNAi inducers and delivery tools/
vectors is expected in the near future. Respiratory illnesses such as 
asthma and infection with respiratory viruses will be among the fi rst to 
be targeted with RNAi - based therapeutics.  
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  INTRODUCTION 

 For a long time, infl uenza has continued to be a signifi cant public health 
concern, since annual epidemics by the pathogen is responsible for 
serious morbidity and mortality. 1   Highly pathogenic avian infl uenza 
virus H5N1, in particular, has recently become of major concern after 
it was documented to cause severe respiratory disease and death in 
humans.2 – 4   Therefore, much attention has been given to the develop-
ment of antiviral agents for the treatment of the infectious disease by 
infl uenza A virus (IFV). Since the clinical effi cacy of two neuraminidase 
(NA) inhibitors, oral oseltamivir 5,6   and inhaled zanamivir 7 – 9  , has been 
recently reported, the hope that chemotherapy with these drugs may 
provide a means for effective containment of infl uenza has been pro-
vided. However, Kiso et al. 10   have reported more recently that 
oseltamivir - resistant mutants were detected in children being treated 



with the drug more frequently than previously reported. 11 – 13   In immu-
nocompromised hosts, the emergence of resistance to NA inhibitors 
was also observed. 14,15

 In order to overcome the disadvantages of oseltamivir for treating 
IFV infections, other drug candidates with anti - IFV activity and mecha-
nism of action different from that of oseltamivir are needed. Sulfated 
polysaccharides should be one of the candidates because these com-
pounds such as dextran sulfate have been found to inhibit the replication 
of IFV in vitro .  16,17   Recently, we have reported on structural characteriza-
tion and antiviral activities of fucoidan, a sulfated polysaccharide 
isolated from an edible alga ( Undaria pinnatifi da ).  18   The fucoidan was 
composed of fucose and galactose with an approximately ratio of 1.0   :   1.1, 
and its apparent molecular weight is 9000. The compound showed selec-
tive in vitro  antiviral activity against IFV replication. In general, sulfated 
polysaccharides are also known to have the immunomodulating activ-
ity.19 – 23   These effects of sulfated polysaccharides might be favorable to 
the suppression of IFV replication in the body. Therefore, we have been 
assessing the effi cacy of the fucoidan from  U. pinnatifi da  by determining 
virus yields and virus - specifi c antibodies in IFV - infected mice. 

 Combination chemotherapy with synergistically active antiviral 
agents that have different targets from each other for viral replication 
may offer several advantages over single agent therapy, such as greater 
potency, superior clinical effi cacy, reduction of toxicity and side effects 
due to the reduction of the drug dosage needed, suppression of the 
emergency of drug - resistant viruses, and greater cost effectiveness. With 
this in mind, several reports address the anti - IFV drug combinations —
 for example, amantadine or rimantadine with ribavirin, 24,25   rimantadine 
with aprotinin, 26   ribavirin with an NA inhibitor (RWJ - 270201),27,28   and 
NA inhibitors with rimantadine. 29   So far, there is only one report on 
the synergistic anti - IFV effect of oseltamivir, where the combination 
of oseltamivir carboxylate and rimantadine, an M2 ion blocker, was 
found to show synergism in vitro .  29   In this context, we have also evalu-
ated the combination of the fucoidan and oseltamivir in suppressing 
IFV replication. 

IN VITRO ANTI - INFLUENZA VIRUS ACTIVITY 
OF FUCOIDAN 

  Antiviral Activity of Fucoidan 

 The fucoidan was assessed for its anti - IFV (A/NWS/33 strain, H1N1) 
potency. The 50% inhibitory concentration of the fucoidan for virus 
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replication (IC 50 ) was 15    μ g/ml when determined by plaque yield reduc-
tion assay. The 50% inhibitory concentration of the fucoidan for host 
cell (MDCK cell) growth (CC 50 ) was  > 2000    μ g/ml. Thus, the resulting 
selectivity index (CC 50 /IC 50 ) was more than 130, indicating that the 
fucoidan has potent antiviral activity against IFV. 

  Antiviral Target of Fucoidan 

 To determine the stage of viral replication which is the most sensitive 
to the fucoidan, antiviral time - of - addition experiments were performed. 
The fucoidan (100    μ g/ml) or oseltamivir (5    μ M) was added to cells 
infected with IFV at 1 plaque - forming unit (PFU) per cell at different 
time points. As shown in Fig. 7.1 , the fucoidan acted most effectively 
when added during viral infection and throughout the incubation 
for 24   hr thereafter. Oseltamivir showed potent inhibition of viral 
replication when added by 3   hr after infection. A delay of addition 
of oseltamivir at 6   hr post - infection led to only a little reduction in 
activity, while the fucoidan showed only weak activity in this time 
point of addition. The presence of the fucoidan in viral infection with 
cells produced approximately 40% reduction of virus yield, while 

Fig. 7.1.   Time - of - addition experiments comparing the antiviral activity of fucoidan 
(FU) to that of oseltamivir. FU (100    μ g/ml) or oseltamivir (5    μ M) was added to cells 
infected with infl uenza A/NWS/33 (H1N1) virus at the indicated time points. Inhibition 
of viral replication was determined by plaque yield reduction assays in MDCK cells 
on samples taken at 24   hr post - infection (p.i.). Data are presented as the mean of 
duplicate assays. 
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the presence of oseltamivir during infection had no effect on viral 
replication.   

 Fucoidans are sulfated polysaccharides isolated from several brown 
algae18,19,30   and show antiviral activity. 31   The mechanism of anti -
infl uenza virus action of sulfated polysaccharides was reported to be 
the inhibition of the fusion between the viral envelope and host cell 
membrane.16,32   In accord with this fi nding, the most sensitive stage of 
infl uenza virus replication to the fucoidan derived from  Undaria pin-
natifi da  was the early replication stage including virus attachment and 
internalization to host cells as shown by time - of - addition experiments. 
In other experiments, the effects of the fucoidan on virus attachment 
and penetration to host cells were evaluated. The fucoidan inhibited 
the binding of IFV to MDCK cells at 10 and 100    μ g/ml by approxi-
mately 15% and 30%, respectively. Virus penetration into host cells 
occurs immediately after virus attachment. The fucoidan also inhibited 
this step of viral replication at 10 and 100    μ g/ml by approximately 25% 
and 40%, respectively. These results mean that the fucoidan is different 
in anti - infl uenza virus targets from oseltamivir, which is an inhibitor of 
infl uenza virus neuraminidase. 

  EFFECTS OF FUCOIDAN ON IMMUNE SYSTEM 

  Effect of Fucoidan on the Function of Macrophages 

 When invaded the human body, viruses are encountered by the host 
immune responses, which can be typically subdivided into nonspecifi c 
and specifi c immunity. One of the former is supported by macrophages. 
Macrophages have a phagocytic ability that contributes to eliminate 
virus from the circulation after a blood - borne infection. Their scaven-
ger function serves as an early reduction of the virus load. When this 
function of macrophages was evaluated by the method of latex bead 
endocytosis, the fucoidan was shown to stimulate the phagocytic activ-
ity of macrophages in in vitro  conditions. Another function of macro-
phages in virus infection is the production of nitric oxide (NO). NO is 
involved nonspecifi cally in immunological defense, and its overproduc-
tion, mainly by inducible NO synthase (iNOS), has been reported in 
infectious events of viruses including IFV, herpes simplex virus, rabies 
virus, and coxsackievirus. 33 – 36   When the effect of the fucoidan on  in vitro
production of NO 2 −  , which is known to be an oxidized metabolite of 
NO, was investigated, there was no signifi cant enhancement or suppres-
sion of NO production. These results suggest that the fucoidan might 
cause at least no NOS inhibition. 

EFFECTS OF FUCOIDAN ON IMMUNE SYSTEM 169



170 PROMISING ANTIVIRAL GLYCO-MOLECULES FROM AN EDIBLE ALGA

  Effect of Fucoidan on Natural Killer Cell - Mediated Cytotoxicity 

 In the state of virus infections, natural killer (NK) cells provide an early 
line of host defense before antigen - specifi c immune responses develop, 
and they play a role in recovery from these infectious diseases. 37 – 39   The 
immunosuppressed state, which mimics the decline of the immune 
function due to age, stress, or medical interventions such as surgical 
operation, radiotherapy or chemotherapy, can be experimentally pro-
duced in the animals and human by the treatment with some anticancer 
drugs, including mitomycin C and 5 - fl uorouracil (5 - FU).  40 – 45   When 
BALB/c mice were treated with 5 - FU, the anticancer drug caused the 
reduction of NK activity as reported previously. 42,45,46   Interestingly, oral 
administration of the fucoidan from U. pinnatifi da  showed selective 
augmentation of NK activity only in such an immunosuppressed state 
of 5 - FU - injected mice, since the same treatment with the fucoidan 
exerted no signifi cant change in NK activity in the animals without 
5 - FU injection where the normal level of NK activity was maintained.  

  Effect of Fucoidan on Blast Formation of B Cells 

 When the population of B cells derived from the spleen of BALB/c 
mice was cultured in the presence of the fucoidan, a higher proportion 
of large B cells could be observed as compared with that of no treat-
ment control. This result implies that the fucoidan might induce the 
differentiation of B cells — that is B cell blastogenesis. Therefore, the 
fucoidan was expected to promote the maturation of B cells that might 
result in the stimulation of antibody - secreting activity. This concept 
might be supported by the elevated production of neutralizing anti-
bodies that recognize the surface antigens on virus particles as described 
later.   

IN VITRO  EFFECTS OF THE COMBINATION OF FUCOIDAN 
AND OSELTAMIVIR 

 From the fact that the fucoidan and oseltamivir have different targets 
of viral replication from each other as shown in the section entitled 
 “  In Vitro  Anti - Infl uenza Virus Activity of Fucoidan, ”  it could be 
expected that favorable antiviral interaction might exist between the 
two compounds. Thus, the antiviral effects of the fucoidan and oselta-
mivir alone and in combinations were evaluated in MDCK cell cultures 
by virus yield reduction assay. Six different concentrations of the fucoi-



dan (2 – 50    μ g/ml) or oseltamivir (0.5 – 200   nM) were tested. The drug com-
binations produced greater antiviral effects than did each drug alone. 
For example, the combination of 10    μ g/ml fucoidan, which was only 
slightly effective by itself, with oseltamivir resulted in approximately 
50% reduction of IC 50  value of the NA inhibitor itself. The overall inter-
action between the fucoidan and oseltamivir was found to be synergistic 
as evaluated by isobologram 47   in which the  x  and  y  axes showed the ratio 
of the concentrations in μ g/ml of FU and IC 50  values of FU, and FIC 50 s 
of oseltamivir, respectively (Fig. 7.2 ). There was no enhancement of 
cytotoxicity in these drug combinations (data not shown). 

IN VIVO  EFFECTS OF FUCOIDAN IN INFLUENZA 
VIRUS - INFECTED ANIMALS 

  Effects of Oral Treatment with Fucoidan on Mortality of Mice 
Inoculated with Infl uenza Virus 

 To determine the ability of the fucoidan to prevent the death in mice 
infected with infl uenza virus, A/NWS/33 virus was inoculated intrana-
sally at 1  ×  10 6  PFU per animal. The fucoidan was administered 
perorally at a dose of 5   mg/day three times daily (every 8   hr) for 10 
consecutive days beginning immediately after viral inoculation. At this 
dose, no toxicity was observed. In the placebo (distilled water) group, 

Fig. 7.2. In vitro  interaction between oseltamivir and fucoidan (FU). FU (2 – 50    μ g/ml) 
was combined with oseltamivir (0.5 – 200   nM) against infl uenza A virus. Virus yield was 
determined by plaque assay. The drug interaction was evaluated by isobologram. 
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seven of 19 mice died during 4 – 10 days post - infection, the mortality 
being 37%. In fucoidan - treated group, however, no death was observed 
in 14 mice (data not shown). 

  Effects of Fucoidan on Virus Production in Mice Inoculated with 
Infl uenza Virus 

 Mouse model of nasal infection was used for determination of  in vivo
activity of the fucoidan against infl uenza virus. Mice were intranasally 
inoculated with a sublethal dose of A/NWS/33 virus fl uid containing 
1  ×  10 5  PFU per animal. Twenty - fi ve mice per drug treatment group 
were included in the experiments, and no death was observed at this 
viral challenge dose throughout the experiments. The fucoidan and 
oseltamivir were orally administered alone or in combinations at a 
daily dose of 5   mg or 0.1   mg, respectively, twice a day (every 12   hr) for 
seven consecutive days beginning just after viral inoculation. The fucoi-
dan was administered ad libitum from drinking water during days 8 – 21 
after inoculation. 

 The daily virus titers in the lung of mice treated with each drug or 
in combinations are shown in Fig. 7.3 . Treatment with fucoidan alone 
produced no marked inhibition of viral replication on day 1 of the 
infection, but it did inhibit viral replication at later assay times of days 
2, 3, 4, 5, and 7, virus titer being reduced to 63 ( p   <  0.05), 50, 70, 50 
(p   <  0.05) and 58%, respectively, as compared with no drug control. 
Oseltamivir treatment lessened virus titers on days 1, 2, 3, 4, 5, and 
7 to 30 ( p   <  0.01), 24 ( p   <  0.05), 8.5 ( p   <  0.001), 12 ( p   <  0.05) and 13%, 
respectively, as compared with no drug control. The combination of 
fucoidan and oseltamivir yielded signifi cant reduction in lung titers 
throughout the assay times. It is noteworthy that on days 3 ( p   <  0.01) and 
4 ( p   <  0.001), signifi cant inhibition of viral replication in lung was observed 
in the combination group as compared with oseltamivir alone. 

  Effects of Fucoidan on the Production of Infl uenza Virus - Specifi c 
and Neutralizing Antibodies in Mucosa 

 Antibody responses were compared after infection with infl uenza virus 
among the groups of fucoidan - , oseltamivir - , and fucoidan plus 
oseltamivir - treated mice. The titers of mucosal neutralizing antibody 
were determined by plaque reduction assay of diluted bronchoalveolar 
fl uid (BALF) and expressed as the highest dilution of BALF that 
reduced the plaque numbers by 50% as compared with that of control 
without BALF. The levels of the antibody were always higher in 



fucoidan - treated animals than those in no drug control, showing signifi -
cant increase ( p   <  0.05) at day 7 (Fig.  7.4 ). In contrast, oseltamivir 
depressed the antibody responses at days 14 ( p   <  0.05) and 21. The 
combination of fucoidan and oseltamivir did not signifi cantly decrease 
the levels of neutralizing antibody throughout the evaluation period of 
21 days as compared with no drug control, although the average titers 
in this group did not rise as high as those in control group after 2 and 
3 weeks of infection. 

 The magnitude of virus - specifi c IgA antibody in BALF after infec-
tion was determined by an ELISA assay. The fucoidan increased IgA 
production throughout the period of 21 days after infection, leading to 
signifi cant increase ( p   <  0.05) at day 21 (Fig.  7.5 ). There was no signifi -
cant difference in IgA levels between control and oseltamivir or fucoi-
dan plus oseltamivir groups. 

Fig. 7.3.   Effects of peroral treatment with fucoidan (FU) (5   mg/day) and oseltamivir 
(0.1   mg/day) alone or in combinations on daily virus titers in the lung of mice infected 
with infl uenza A virus. Treatment of mice ( n  = 3) was twice a day beginning just after 
virus inoculation. * Signifi cant reduction ( p   <  0.05) as compared with no drug control; 
 *  * signifi cant reduction ( p   <  0.01) as compared with no drug control;  *  *  * signifi cant 
reduction ( p   <  0.001) as compared with no drug control;  ## signifi cant reduction 
(p   <  0.01) as compared with oseltamivir alone;  ### signifi cant reduction ( p   <  0.001) as 
compared with oseltamivir alone. 
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Fig. 7.4.   Effects of peroral treatment with fucoidan (FU) and oseltamivir alone or in 
combinations on the production of neutralizing antibody in the mucosa of mice infected 
with infl uenza A virus. Treatment was done as described in Fig.  7.3 .  * Signifi cant increase 
(p   <  0.05) as compared with no drug control;  # signifi cant reduction ( p   <  0.05) as com-
pared with no drug control. 
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Fig. 7.5.   Effects of peroral treatment with fucoidan (FU) and oseltamivir alone or in 
combinations on the production of infl uenza virus - specifi c IgA in the mucosa of mice 
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increase ( p   <  0.05) as compared with no drug control. 
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  Effects of Fucoidan on the Production of Infl uenza Virus - Specifi c 
and Neutralizing Antibodies in Sera 

 To test whether the fucoidan stimulates systemic immunoresponses by 
oral administration, the levels of neutralizing antibody IgM and IgG in 
sera of mice were determined. Fucoidan group had higher neutralizing 
titers than control group at earlier phase of viral infection, with 1.4 - , 



1.2 - , 1.6 -  ( p   <  0.01), 1.8 -  and 2.1 - fold ( p   <  0.01) higher titers at days 3, 
4, 5, 7, and 14 (Fig. 7.6 ). Both oseltamivir alone and combination of 
oseltamivir and fucoidan groups showed no signifi cant change in neu-
tralizing antibody titers by 14 days after viral inoculation, but showed 
signifi cant reduction ( p   <  0.05) in the titers at day 21. 

 The levels of IFV - specifi c IgM were also affected by drug administra-
tion. Fucoidan group had a tendency to increase the IgM production 
as compared with control group, showing a signifi cant increase 
(p   <  0.05) in IgM level at day 5 (Fig.  7.7 ). IgM production in both osel-
tamivir alone and the combination of fucoidan and oseltamivir groups 
was signifi cantly less than that in control group ( p   <  0.05) at day 5. 
Higher levels of IgM were seen in the combination group as compared 
with oseltamivir alone group after 1 week of viral inoculation. 

 The levels of virus - specifi c IgG in sera increased rapidly from day 7 
(Fig.  7.8 ). The fucoidan showed no signifi cant change in IgG production 
as compared with no drug control during 3 weeks after viral inocula-
tion. Oseltamivir treatment, however, suppressed the IgG production 
throughout the observation period of 3 weeks, reducing the levels of 
IgG signifi cantly at day 7 ( p   <  0.01). The combination of oseltamivir 
and fucoidan signifi cantly lowered the IgG production at day 3 
(p   <  0.05). There was no signifi cant difference in IgG production 
between oseltamivir alone and the drug combination groups. 

Fig. 7.6.   Effects of peroral treatment with fucoidan (FU) and oseltamivir alone or in 
combinations on the production of neutralizing antibody in the sera of mice infected 
with infl uenza A virus. Treatment was done as described in Fig.  7.3 .  * Signifi cant increase 
(p   <  0.05) as compared with no drug control;  # signifi cant reduction ( p   <  0.05) as com-
pared with no drug control. 
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Fig. 7.7.   Effects of peroral treatment with fucoidan (FU) and oseltamivir alone or in 
combinations on the production of infl uenza virus - specifi c IgM in the sera of mice 
infected with infl uenza A virus. Treatment was done as described in Fig.  7.3 .  * Signifi cant 
increase ( p   <  0.05) as compared with no drug control;  # signifi cant reduction ( p   <  0.05) 
as compared with no drug control; ## signifi cant reduction ( p   <  0.01) as compared with 
no drug control. 
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Fig. 7.8.   Effects of peroral treatment with fucoidan (FU) and oseltamivir alone or in 
combinations on the production of infl uenza virus - specifi c IgG in the sera of mice 
infected with infl uenza A virus. Treatment was done as described in Fig.  7.3 .  # Signifi cant 
reduction ( p   <  0.05) as compared with no drug control;  ## signifi cant reduction ( p   <  0.01) 
as compared with no drug control. 
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  Summary of the Effects of Fucoidan on  In Vivo  Immune Responses 

 It is important to induce mucosal immunity since infl uenza virus parti-
cles enter their host through a mucosal surface. Oseltamivir reduced 
mucosal immunoresponces as the virus yield in the mucosa decreased 
when determined by the levels of virus - specifi c IgA and neutralizing 



antibody in bronchoalveolar lavage fl uid. Here, the fucoidan was unique 
in reducing virus yield in the mucosa with stimulating mucosal immu-
noresponses. Neutralizing antibody recognizes the surface antigens 
present on virus particles or virus - infected cells.  48,49   While oseltamivir 
produced signifi cantly lower titers of neutralizing antibody in sera than 
did the placebo treatment, the fucoidan signifi cantly promoted its pro-
duction in sera. This might mean that hosts treated with oseltamivir 
alone would remain less protected against re - infection with the same 
infl uenza virus. Signifi cant increase in virus - specifi c IgM production in 
sera of fucoidan - treated mice at the acute phase of infl uenza virus 
infection (5 days post - infection) might play a role at least in part in the 
reduction of virus yield. Based on the fi ndings that the fucoidan is dif-
ferent from oseltamivir in antiviral targets and immunoresponses in 
host, we also evaluated the combined effects of the two compounds on 
in vivo  infl uenza virus replication. This combination treatment mark-
edly reduced virus yields in mice as compared with the yields obtained 
after treatment with either single compound. 

  SUMMARY AND CONCLUSIONS 

 From sporophyll of an edible alga  Undaria pinnatifi da , fucoidan, a sul-
fated polysaccharide, was isolated and evaluated in vitro  and  in vivo  as 
an inhibitor of infl uenza A virus replication. The fucoidan showed 
in vitro  antiviral activity with selectivity index of more than 130. In the 
time - of - addition experiments, the most sensitive stage of viral replica-
tion to the fucoidan was shown to be earlier than that to a neuramini-
dase inhibitor oseltamivir. The binding of the virus to host cells and the 
penetration into host cells were inhibited by the fucoidan. In vitro
experiments demonstrated that the fucoidan plus oseltamivir synergis-
tically reduced virus yields at low concentrations of each compound. 
Virus - infected BALB/c mice were treated with oral fucoidan at 
5   mg/day combined with oral oseltamivir at 0.1   mg/day, or used alone. 
The fucoidan prevented mortality, reduced virus yields in the lung, and 
signifi cantly increased neutralizing antibody levels in the mucosa and 
the blood in the acute phase of infection. In contrast, oseltamivir treat-
ment markedly suppressed the production of neutralizing antibody. The 
combination of the fucoidan and oseltamivir inhibited the virus replica-
tion in the lung signifi cantly compared to oseltamivir alone, and it 
increased neutralizing antibody in the mucosa and IgM in the sera. The 
fucoidan is worthy of further exploration for its potential of single use 
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or combination therapy with neuraminidase inhibitors in the treatment 
of infl uenza.  
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  INTRODUCTION 

 Carbohydrate chains on human cells are primary receptors for many 
microorganisms. The corresponding lectin of a microorganism ensures 
the specifi c carbohydrate – protein binding and could be the target for 
therapeutic intervention. Anti - adhesion therapy means inhibition or 
complete blocking of lectin - mediated adhesion (Fig.  8.1 ), without killing 
of the pathogen. 1   Antibiotics and conventional antivirals exert strong 
evolution pressure on pathogens, thus increasing the probability that 
resistance will develop. In contrast, an anti - adhesion strategy could 
minimize or even avoid mutational escape or development of strains 
resistant to the therapeutic. 2   Another evident advantage of anti -
adhesion strategy is well - known structure of carbohydrate receptors 
and three - dimensional organization of many lectins — potential targets 
for rational drug design that allows us to avoid the time - consuming 
high - throughput screening stages and thus to accelerate drug discovery 
process. The idea of inhibition of viral attachment to the host cell arose 
just after fi rst experiments demonstrating the potency of synthetic 
sialooligosaccharides as targets for infl uenza virus hemagglutinin, in 
1971.3   Later, anti - adhesion therapy was discussed mostly in context of 
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anti - bacterials. Last decade was the time for experimental evaluation 
of this idea, including clinical trials. However, there are still no anti -
 adhesion drugs on the shelves of drug stores. The reason is the belief 
that soluble oligosaccharide drugs are incapable of effective competi-
tion with the same oligosaccharides on the cell surface. Lectin on the 
microorganism surface is interacting with the target cell multipointly 
with high affi nity, whereas a small - molecule free oligosaccharide binds 
to the same lectin in a monovalent manner and therefore with low 
affi nity.  4   To be a good anti - adhesion drug, a blocker must be more affi ne 
toward pathogen as compared to the natural receptor on the cell surface. 
Therefore, the fi rst key problem of anti - adhesion design is crucial 
improvement of oligosaccharide affi nity.   

 The second key problem is diversity of pathogen strains binding 
specifi city. Indeed, if H1, H3, H5, and B infl uenza viruses recognize 
different oligosaccharides, one should design several drug variants, 
thereby killing all the advantages of the anti - adhesion strategy. Fortu-
nately, all H1, H3, and B human strains recognize the same target, tri-
saccharide 6 ′ SLN, whereas the solution of the fi rst - mentioned problem 
remains to be more intriguing. 

  TARGET OLIGOSACCHARIDE FOR DESIGNING THE 
ANTI - INFLUENZA THERAPEUTIC 

 The choice of 6 ′ SLN trisaccharide as a drug candidate is based on (a) 
investigation of carbohydrate specifi city of numerous virus strains and 
(b) occurrence of sialylated carbohydrate chains in the composition of 

Fig. 8.1.   Anti - adhesion principle. Oligosaccharide (OS) of host cell serves as receptor 
for virus. Natural mucin or synthetic bulky conjugate of this OS able to attain high -
 affi nity binding to virus particle and to inhibit virus - to - cell binding, thus blocking 
infectivity. See color insert. 

virus

inhibitor-bound virus

host cell inhibitor



respiratory glycoproteins. The detailed reasoning of this choice is dis-
cussed in the section entitled “ Complementary Material ” , along with 
our thoughts on why glycomimetics could not replace 6 ′ SLN. Here we 
explain our choice in brief. 

 Infl uenza virus infection is initiated by specifi c interactions between 
viral HA and host cell - surface receptors.  5 – 7   Terminal sialic acid residue 
of sialoglycoconjugates is known to be the minimum binding determi-
nant of these receptors. Virus binding also depends on the type of the 
Neu5Ac linkage to penultimate galactose and on the structure of 
the more distant parts of the sialyl oligosaccharides. 8 – 11   According to 
the well - established simplifi cation, human viruses bind to fragment 
Neu5Acα 2 – 6Gal, whereas avian strains bind to Neu5Ac α 2 – 3Gal. More 
recent data 9   indicate that the next residue of the carbohydrate chain, 
namely GlcNAc, also has a signifi cant role in reception, that is, the 
shared receptor for all human infl uenza viruses is trisaccharide 
Neu5Acα 2 – 6Gal β 1 – 4GlcNAc (6 ′ SLN). Interestingly, 6 ′ SL differing 
from 6 ′ SLN by just one small NHAc group, is a poor receptor for 
modern H1 and H3 human strains (Fig. 8.2 ), and this preference of 
6′ SLN versus 6 ′ SL tended to be more pronounced during last decade. 
At the same time, B strains do not differentiate 6 ′ SLN and 6 ′ SL. This 
unexplained conservatism of human HA toward 6 ′ SLN looks irratio-
nal, especially in the light of avian viruses unpretentiousness (see 

Fig. 8.2.   High specifi city of modern human H1, H3, and B infl uenza viruses toward 
trisaccharide 6 ′ SLN. Solid - phase assay (FBI) in inhibitory mode, polyacrylamide 
(30   kDa) conjugates of 6 ′ SLN, 6 ′ SL, and 3 ′ SLN as inhibitors. Similar results were 
observed with all other modern isolates propagated in MDCK or Vero cell culture. See 
color insert. 
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section entitled “ Compementary Material ”  and Ref.  12 ). Nevertheless, 
narrow specifi city of modern human strains ascertains to be well - docu-
mented, and the selection of 6 ′ SLN trisaccharide as the ligand for the 
design of therapeutic blocker is apparent. 

  OLIGOSACCHARIDE/POLYMER CONJUGATES FOR 
MODELING ANTI - INFLUENZA DRUG 

 As mentioned above, the high - activity blocker has to be multivalent. 
An evident and simplest way to multivalency is conjugation of oligosac-
charide with soluble polymer. Indeed, we demonstrated, in vitro  and  in
vivo , the effi ciency of polyacrylamide - conjugated oligosaccharides as 
infl uenza virus blockers. Realizing that therapeutics on the base of 
PAA and other true polymers do not have real chances to gain FDA 
approval (due to their production and composition inconsistency as 
well as high risk of side effects), we have been working with PAA gly-
coconjugates as a convenient model for comparison of monomeric 
versus multivalent blockers. PAA glycoconjugates showed ability to 
hamper cell culture infection. In the in vitro  inhibition assay (FBI 
assay,13   when the drug candidate competes with fetuin - peroxidase for 
binding to virus coated onto plate) a high - molecular - weight polymer, 
6′ SLN - PAA, was at least fi ve orders of magnitude more potent than 
the monomer. Both FBI assay and experiments on the infectivity inhi-
bition test (MDCK cells) demonstrated high potency of 6 ′ SLN - PAA as 
blocker for all modern human H1, H3, and B strains. Next, the mouse 
model was approved for testing of infl uenza virus blockers  in vivo  (see 
legend to Fig. 8.3 ; Ref. 14); for this a human H1 (without any passage 
in chicken embryo) virus was adapted to mice by continuous re - infec-
tion. Importantly, receptor specifi cities of initial and adapted viruses, 
namely, high binding to 6 ′ SLN and absence of binding to 3 ′ SLN, were 
identical. Figure  8.3  demonstrates the pronounced therapeutic effect of 
6′ SLN - PAA, whereas infection of mice without the blocker caused 90% 
mortality. Notably, the therapeutic dose calculated for human body 
weight seems to be reasonable for intranasal administration. 

  SELF - ASSEMBLED GLYCOPEPTIDES AS PRACTICAL 
DRUG CANDIDATE 

 How can we preserve outstanding blocking potency of high - molecular -
 weight polymers and at the same time avoid generic drawbacks (see 



above) of true polymers? We have launched two approaches to over-
come this problem. One of them is based on rational design of rela-
tively small tri -  and tetrantennary blockers optimized for trivalent 
binding (see below), and the second one exploits the idea of supramo-
lecular assemblies instead of true polymers 15   (see Fig.  8.4 ). Supramo-
lecular polymers (we use the term tectomer ) do not have the inconsistency 
problem; clearance of glycopeptide tectomers from the organism seems 
to follow standard metabolic pathways because the tectomers are con-
structed from oligoglycine and mammalian monosaccharides. Actually, 
compounds of this class demonstrated the absence of acute toxicity in 
mice.   

 The main requirement for design of the self - assembling molecules 
as potential therapeutics was the absence of hydrophobicity, thus avoid-
ing any nonspecifi c interaction with the cell membrane — even weak 

Fig. 8.3.   Weight dynamics and survival of A/Sn mice from noninfected control group 
treated with placebo (blue); noninfected control group treated with 6 ′  - SLN - PAA 
(cyan); and virus - infected mice treated either with placebo (red, 10 mice) or 6 ′  - SLN -
 PAA (green). On days 2 – 5 after infection (10 3    IU of virus), mice were treated by 10 - min 
exposures with 6 ′  - SLN - PAA in aerosol form every 2   hr with 10 - hr night break. The 
preparation dose (for each administration) was ∼ 1   nmol by sialic acid per mouse.  P  -
 value for WL difference between the two control groups and between the two infected 
groups was 0.528 and < 0.001, respectively. (Adapted from Ref. 14.) See color insert. 
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hydrophobicity at the monomer level could result in multiplied non-
specifi c binding at the multivalent level. Therefore, liposomes, micelles, 
and all other entities based on the hydrophobic principle of assembling 
were excluded from consideration. Due to similar reasons, charge -
 based interaction also did not fi t the background criteria. In contrast, 
hydrogen bonding in pure form, not contaminated with hydrophobic 
and charge constituents, is expected to be an ideal driving force for this 
purpose. Ironically, practically all known hydrogen - bonded supramo-
lecular assemblies are formed either in organic solvents or in solid 
phase but not in water. 16 – 19   An additional problem at the designing 
stage was the requirement of chemical simplicity. Nevertheless, peptide 
molecules corresponding to all the mentioned criteria have been 
designed, namely tri -  and tetraantennary (see Fig.  8.5 ) oligoglycines. 
The so - called polyglycine II secondary structure of peptide chains is 
distinct from canonical α  - helix and  β  - sheet; the conformation of the 
polypeptide chain is 3 1  helix ( φ  =  − 76.9 ° ,  ψ  = 145.3 ° ) where all the NH 
and CO groups form highly cooperative intermolecular hydrogen bonds 
with the six parallel or antiparallel surrounding chains (see Fig. 8.5 ). 

Fig. 8.4.   Supramolecular organisation of monomeric glycopeptides into one - molecule -
 thick tectomer. Glycopeptides consist of two parts: A saccharide is capable of binding 
to viral lectin, whereas peptide is capable of self - assembling due to formation of mul-
tiple hydrogen bonds of polyglycine II type (see Fig. 8.5). 



The distance of 5    Å  between two polypeptides is so small that any 
substituent in the CH 2  group kills the polyglycine II structure this 
means that only polymers of NH 2 CH 2 COOH itself or, generally, of 
NH2 (CH 2 ) n COOH are capable of forming this secondary structure. 
Polyglycine II was found in several crystalline substances such as glycine 
polymer,20   bolaamphiphils,  21   and nylons.  22   In contrast to the cited exam-
ples, we have succeeded in fi nding short (heptamers) peptides capable 
of forming stable polyglycine II structure in water media. The fi rst 
reported example was a series of tetraantennary oligoglycines without 
substituents or with pendant SA residues. The polyglycine II structure 
of the tectomers is apparent from Raman spectra; the spectrum profi les 
of both water - soluble peptide and glycopeptide tectomers comprise a 
banding pattern with the position and relative intensity consistent with 
polyglycine II spatial organization. The tectomers were investigated by 
AFM and EM methods, 15   indicating that they were shaped as thin, fl at 
sheets; the experimentally determined thickness of the core glycopep-
tide tectomer [Gly 7  - NHCH 2 ] 4 C was  ∼ 45    Å . A number of more simple 
oligoglycines, namely tri - , di -  and even mono - antennary ones, also dem-
onstrated the ability to form polyglycine II structures. 23   The unusual 
stability of tectomers in aqueous media is explained by the participa-
tion of all CO and NH glycine groups in H - bonding, and thus the 
exclusion of any H - bond interactions with water inside the body of 
two - dimensional crystal, where all except peripheral chains are hidden 
by each other.   

 As expected, the attachment of 6 ′ SLN to the polyglycine II tectomer 
led to a high potency blocker for the infl uenza virus. The non -

Fig. 8.5.   Structure of polyglycine II, top view (left) and side view (right), Gly 7  frag-
ments of polyglycine chains is presented. Hydrogen bonds between chains are shown. 
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assembling glycopeptides of a general formula [6 ′ SLN - linker - Gly n  -
 NHCH 2 ] 4 C ( n  = 1  ÷  6) did not show a substantial increase in activity 
relative to monovalent 6 ′ SLN. However, the corresponding Gly 7  and 
more continuous analogues demonstrated antiviral potency by at least 
three orders of magnitude higher. Notably, the observed anti - infl uenza 
activity of the tectomers approached that of the 6 ′ SLN derivatives of 
true polymers.  

  VIRUS - PROMOTED ASSEMBLY INSTEAD 
OF SELF - ASSEMBLY 

 While the above - presented results have focused on the activity of pre-
formed tectomers, a more promising way is believed to be a prodrug 
strategy, when tectomer is formed only in the presence of virus  (see Fig. 
 8.6 ). If so, the drug formulation (prodrug) is a relatively small molecule 
having, in contrast to high - molecular - weight compounds, unequivocal 
chemical structure and acceptable diffusion properties. From the per-

Fig. 8.6.   Principle of virus - promoted assembly. In contrast to the above - described 
molecules (see Fig. 8.5 ), here glycopeptides are not able to assemble simultaneously. 
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spective of antiviral therapy, the assembly of small molecules into a 
tectomer directly on a virion has clear advantages as compared to the 
administration of the same but preformed tectomer. 

 Experimental approval of this concept was performed. Four moles 
of Neu5Ac were coupled to tetraantennary oligoglycine peptide in the 
presence of LiBr (see section entitled “ Complementary Material ” ). The 
synthesis in the presence of LiBr enables the achievement of 100% 
substitution by Neu5Ac; glycopeptide obtained in these conditions is 
incapable of spontaneous  assembling into tectomer due to mutual 
spatial hindrance and charge of neighbor Neu5Ac residues in composi-
tion of tectomer to be formed. Potential barrier (see Fig. 8.6 ) of the 
aggregation is too high for a spontaneous step - by - step process; however, 
such glycopeptides are fi nally capable of forming tectomer in the pres-
ence of the virus particle. Virus plays a role of priming: HA trimers are 
densely situated on a virion and thus serve as a scaffold, which locally 
concentrates the monomers and stabilizes tectomer germs (process 
similar to crystallization). Thus, the driving force of virus promotion 
seems to be (a) double cooperativity of glycopeptide assembly on the 
one hand and (b) their binding to a pattern of hemagglutinins on a viral 
surface on the other hand. Actually, we observed a dynamic mixture of 
monomeric form and small aggregates; probably, such pretectomers are 
oligovalently adsorbed onto a virion surface followed by maturation 
and further growth processes. Importantly, this virus - promoted assem-
bly is ligand - specifi c; in the same conditions an analogue with a cor-
rupted saccharide ( β  -  instead of  α  - ) demonstrated no aggregation when 
contacted with the virus particle. One can suppose an alternative mech-
anism: Viral neuraminidase splits off one “ extra ”  Neu5Ac residue from 
tetra - substituted molecule; after that the tri - substituted version becomes 
capable of assembling simultaneously. However, the presence of a neur-
aminidase inhibitor, 4 - amino - 4 - deoxy - Neu5Ac2en, does not affect the 
phenomenon; thus the virus - promoted assembly cannot be explained 
by neuraminidase participation. 

 Thus, the microorganism - promoted self - assembly of prodrug is a 
novel paradigm offering to surmount much better the general problem 
of design of anti - adhesion therapeutics.  

   “ TETRAHEDRONS ” : SMALL 
NONASSEMBLING GLYCOPEPTIDES 

 Another group of potent infl uenza virus blockers was synthesized, 
with small molecules bearing three or four copies of 6 ′ SLN spatially 

“TETRAHEDRONS”: SMALL NONASSEMBLING GLYCOPEPTIDES 191



192 RATIONAL DESIGN OF AN ANTI-ADHESION DRUG FOR INFLUENZA

organized by optimal way. Several groups reported synthesis of clusters 
or star - like molecules with SA as ligand 24 – 27  ; however, only a limited 
number of them demonstrated enhanced activity compared to mono-
meric sialosides. Key points in rational design of such molecules are 
optimal distance between the ligands and their correct spatial organiza-
tion. We assumed that clusters with tetrahedral display of 6 ′ SLN (Fig. 
 8.7 ) would be especially potent for infl uenza virus inhibitors. First, their 
symmetry is suitable for trivalent binding. Second, the tetrahedron has 
four equivalent planes for trivalent contact with HA. Third, symmetri-
cal tetrahedron is preferable due to the dynamics of interaction: Being 
bound with HA by the fi rst of 6 ′ SLN residues, it can easily adjust itself 
for the other two 6 ′ SLN/HA interactions. In a rigid tetrahedron the 
distance between ligands could be regulated in a custom fashion and 
thus optimized for binding to multivalent protein. Infl uenza virus HA 
is homotrimer with intra - CBS distance of  ∼ 50    Å ,  28   whereas an average 
inter - CBS distance (for neighbor trimers) is  ∼ 100    Å .  29,30   We supposed 
that formally tetrahedral molecules (Fig. 8.7 ) with the distances between 
two 6 ′ SLN residues of 50 – 100    Å  should be strong HA blockers. Indeed, 
sym  tetra - sialosides of general formula [Neu5Ac - sp - AC n  - NHCH 2 ] 4 C 
(sp is spacer - arm, AC is aminocaproic residue) with  n  value equal 5 – 6 

Fig. 8.7.   Rationales for designing tetravalent nonassembling infl uenza blockers. 
Optimal length of antennae in combination with general rigidity of the molecule pro-
vides a convenience for trivalent binding to viral hemagglutinin. Two possible modes 
of docking are shown. First, intra - trimer binding (left): HA is a symmetrical trimer, 
CBS are located at the end of each HA subunit, and distance between CBS is ∼ 50    Å . 
Second, inter - trimer binding (right): HA trimers are evenly distributed on the viral 
membrane with the center distance of ∼ 100    Å . Sialic acid is shown as a ligand for 
simplicity.
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(i.e., when the theoretical distance between two SA residues fi ts the 
required interval 50 – 100    Å ) were three orders of magnitude more 
potent comparing to monomeric Neu5Ac - sp, whereas all shorter com-
pounds ( n  = 1 – 4) demonstrated activity equal to the monomer. 31

 Lead optimization resulted in similar  sym  molecules where (i) rela-
tively hydrophobic (risk of side effects!) AC residues were substituted 
for hydrophilic ones, (ii) Neu5Ac was substituted for 6 ′ SLN, and (iii) 
the molecule as a whole was organized in a rigid manner allowing the 
saccharide ligands to occupy peripheral, maximally distanced positions 
from each other. As a result, this last generation of nonassembling 
molecules demonstrated high antiviral potency — as compared with 
self - assembled glycopeptides — in FBI assay, cell culture assay, and  in
vivo , especially against H1 and H3 strains. 

  ADMINISTRATION, CLEARANCE, STABILITY 

 In contrast to many other preparations, anti - adhesion drugs act outside 
the cell and, correspondingly, should not penetrate into it. Ultimately, 
low - molecular - weight, highly restricted hydrophobic – hydrophilic 
balance and other strict requirements that have become dogmas and 
stereotypes in drug discovery should not be taken into consideration 
in this case. Thus, the relatively high molecular weight (about several 
thousand daltons) and high hydrophilicity (correspondingly, the inabil-
ity to cross plasmatic membrane) of the sialylated peptides plays a 
positive rather than negative role when acting outside the cell. 

 A limited group of respiratory epithelium cells is the target for 
common (H1, H3, B) infl uenza viruses in humans. Evidently, the drug 
should be delivered precisely there, locally, whereas systemic adminis-
tration of the drug seems to be at least wasteful. Unfortunately, phar-
maceutical bosses still believe that a pill is more convenient for a 
consumer than a spray. This is confi rmed by recent statistics of sales of 
neuraminidase inhibitors: Relenza used as spray has been brought to 
market earlier than Tamifl u (pills), and Relenza is more preferable with 
respect to appearance of drug - resistant strains; nevertheless, its sales 
are one order of magnitude lower. We believe that now is the time to 
overcome this stereotype, and consumers should be educated that a 
locally administered drug is much better than pills from the point of 
view of human ecology. Happily, sprays and similar dosing delivery 
devices have been technically developed and are more widespread 
nowadays.
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  COMPARISON OF SYNTHETIC BLOCKERS WITH 
NATURAL MUCINS 

 Containment and prevention of infl uenza by an anti - adhesion mecha-
nism is used by Nature: Well - known mucins are the innate therapeutics 
preventing numerous infectious diseases, including infl uenza. However, 
why do mucins not always execute this function and how did we become 
confi dent that synthetic preparation can be more effi cient than analo-
gous  “ drug ”  polished by evolution? To answer this question, we have 
compared anti - infl uenza virus potency of synthetic and natural sialo-
sides14  : The values of dissociation constants for human tracheal and 
nasal mucins and polymer 6 ′ SLN - PAA are given in Table  8.1 . Affi nity 
of mucins, with respect to total concentration of sialic acid, is rather 
high and is comparable to that of 6 ′ SLN - PAA. Notably, mucin concen-
tration in human respiratory epithelium corresponds to approximately 
100 Kd , which should be enough for strong competition with cellular 
receptors and thus prevention of the infection. If so, use of synthetic 
sialylglycopolymers does not seem promising. However, as all we know, 
in the course of natural infection the virus is able to effi ciently over-
come the mucin barrier causing disease. The same is true also for viral 
infection in cell culture (Table 8.1 ). In contrast, the synthetic inhibitor 
6′ SLN - PAA strongly suppressed the infection of MDCK cells under 
the same experimental conditions and capable of preventing infection 
in mice (see above). This marked difference between the synthetic 
inhibitor and the natural mucins in cell culture and in vivo  could fi rst 
be explained by higher stability of 6 ′ SLN - PAA to cleavage by prote-
ases: proteolytic digestion decreases multivalency and thus antiviral 
potency of mucins in vivo . Second,  “ rational ”  Nature utilizes mucins as 
universal therapeutic against numerous carbohydrate - recognizing 
pathogens, and the molecule contains big variety of OSs types and thus 
a limited number of copies of each particular type. Much higher content 

 TABLE 8.1.    DissociationConstants ( Kd ,  m M Sia) 
of Virus Complexes with Human Mucins and 
Sialopolymer (FBI assay), and Concentration of 90% 
Neutralization (IC 90% ,  m M Sia) of Virus Infectivity, 
A/NIB23/89M (H1N1) Strain 

 Inhibitors Kd  IC 90%

 Human tracheal mucin  0.1   > 10 
 Human nasal mucin  0.2   > 10 
 6 ′ SLN - PAA  0.01  0.05 



of 6 ′ SLN (and therefore higher multivalency) in the composition of 
6′ SLN - PAA, as compared to the natural mucin, is believed to explain 
the high potency of the synthetic blocker. Will this obvious advantage 
of a true polymer be retained in the case of tectomers? Most probably, 
yes, because common proteases hardly cleave oligoglycine fragments. 
Moreover, oligoglycines are so tightly packed in the formed tectomer 
that the enzyme can reach them only from periphery of the tectomer, 
that is, slowly. Preliminary tests demonstrate that tectomers resemble 
true polymers rather than mucins by their activity in vivo .   

 One more mechanism sharply decreasing the potency of sialosides -
 blockers is viral neuraminidase action. This can be crucial in the case 
of mucins where the density of 6 ′ SLN residues is low. We expected that 
neuraminidase action would not be so critical for synthetic blockers 
with high density of the receptor trisaccharide. The results of cell culture 
and murine model tests lived up to our expectations. The study of kinet-
ics of oligosaccharide desialylation by infl uenza viruses demonstrated 32

that all viruses cleaved 2 – 6 sialosides much slower than 2 – 3 ones, 
whereas neuraminidase from human viruses was inferior to avian 
viruses enzyme, which is by all means a factor assisting the application 
of the blockers based on natural trisaccharide 6 ′ SLN. This is another 
argument against necessity of the search for molecules - mimetics stable 
to NA action.  

  COMPLEMENTARY MATERIAL 

  1.   Change of Receptor Specifi city During Adaptation of Infl uenza 
Virus to a New Host 

 Waterfowl birds, fi rst of all wild ducks, are primary hosts of infl uenza 
viruses. Sixteen antigenic virus subtypes by HA and 9 NA subtypes 
circulate among them. 33 – 35

 All the viral proteins are evolutionally stable in primary hosts, 
although intense exchange with the elements of segmented genome 
often takes place due to reassortment. This vast “ pot ”  gives origin to 
numerous evolutionary branches of viruses circulating in secondary 
hosts — that is, in humans, other mammals, and poultry birds. Evolution 
speed increases drastically in new hosts. 36

 The most important element of virus adaptation to a new host is 
adjustment to new receptors of the same cell targets or (in some cases) 
to new targets. It would be interesting to trace the changes in receptor 
specifi city during the transition from the previous host to the new one 
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and its further evolution. Systematic study of infl uenza virus receptor 
specifi city with the aid of synthetic sialooligosaccharides for 15 years 
demonstrated that all evolutionary branches of human infl uenza viruses 
acquire a high affi nity to the same receptor, Neu5Ac α 2 - 6Gal β 1 -
 4GlcNAc (6 ′ SLN), that is, that GlcNAc residue is important for recog-
nition. At the same time, all the studied avian viruses of eight subtypes 
recognized disaccharide fragment Neu5Ac α 2 – 3Gal in composition of 
various  oligosaccharides (fucosylated, sulfated, etc.). 

 Interestingly, different subtypes of avian infl uenza viruses were dem-
onstrated to have the same molecular mechanism of Neu5Ac α 2 – 3Gal 
recognition. Their evolutionary stable CBS contains 10 conservative 
amino acids, six of which can be changed during the transfer to another 
host. Affi nity of duck viruses to Neu5Ac α 2 – 3Gal is higher than to 
monosaccharide Neu5Ac, thus evidencing energetically advantageous 
interaction of CBS with galactose moiety. 37

 The mechanism of receptor specifi city rebuilding during infl uenza 
viruses transfer to humans has been studied the best for H3N2 viruses. 
The very fi rst isolates of human H3N2 differed from relative avian 
viruses by replacements Gln226 → Leu and Gly228 → Ser, resulting in 
increased affi nity to 2 – 6 and decreased affi nity to 2 – 3 sialylgalactose 
fragments.5,10,38   An analogous mechanism has been realized during 
H2N2 virus subtype transfer to humans, where amino acids 226 and 228 
have been replaced primarily. Interestingly, the same replacements 
Gln226→ Leu and Gly228 → Ser have been observed in H4N6 virus 
isolated form pigs. Receptor specifi city of this isolate coincided with 
that of early H3N2 virus A/Aichi/2/68. 39

 Independent appearance of two identical replacements in three evo-
lutionary branches demonstrates the effi ciency of this mechanism for 
acquirement of the ability to recognize 6 ′ SLN. In all three cases, viral 
HA in a new host is, from an evolutionary standpoint, very close to 
hemagglutinin of wild duck viruses of the given subtype. Indeed, two 
replacements, Gln226 → Leu and Gly228 → Ser, are suffi cient for re -
 adjustment of receptor specifi city from recognizing of wild duck recep-
tor to recognition of human receptor 6 ′ SLN.  40,41

 Other amino acid replacements assisting the appearance of the 
ability to recognize 2 – 6 receptor during transfer from birds to humans 
have been observed in the case of B and H1N1 viruses. 11,42   Replacement 
Glu190→ Asp was observed in all fi ve sequenced human viruses H1N1 
from year 1918. Viruses with single replacement demonstrated shared 
2 – 6/2 – 3 receptor specifi city and, additionally, high affi nity to 6 - Su -
 3 ′ SLN and related sulfated OS. At the same time, the viruses with 
additional replacements Gly225 → Asp do not bind Neu5Ac2 – 3Gal 



receptors and possess maximum affi nity to human receptor 6 ′ SLN.  43 – 46

Mutation amino acid 190 has been observed in all pig viruses H1N1 
and H9N2 and in one of evolutionary branches of poultry viruses 
H9N2.47   Study of pig viruses with this mutation demonstrated the 
optimal receptor to be Su - SiaLe x , and these viruses also acquired the 
ability to recognize 6 ′ SLN.  48 – 50   Additional replacement Glu190 → Asp 
in the viruses with Asp225 provides preferential binding with 6 ′ SLN 
compared to 6 ′ SL.  11

 X - ray crystallography data of HA from human and pig H1N1 viruses 
revealed hydrogen bonds between Asp225 and galactose residue in 
composition of Neu5Ac2 – 6Gal and between Asp190 and amino group 
nitrogen of glucosamine in composition of 6 ′ SLN.  51

 After 1992 the replacement Asp190 → Glu was also observed in 
human H3N2 viruses, accompanied by the change of receptor proper-
ties: fi rst, reduced agglutination of chicken erythrocytes 52,53  ; second, loss 
of affi nity to fetuin; and, fi nally, acquisition of the ability to differentiate 
6′ SL and 6 ′ SLN.  54   After 2003, H3N2 viruses acquired Asp225 instead 
of Gly, thus leading to dramatic decrease of affi nity to 6 ′ SL and retain-
ing affi nity to 6 ′ SLN. Most probably, bulky hydrophilic residue Asp225 
prevents hydrophobic interactions of the oligosaccharide with amino 
acid 226. Thus, human viruses H3N2 acquired the ability to recognize 
trisaccharide 6 ′ SLN, similarly to H1N1 viruses. 54

 Viruses B also display much stronger binding to trisaccharides SL 
and SLN than to monosaccharide Neu5Ac, thus indicating energeti-
cally favorite interactions with the asialo part of the receptor. 42   Notable 
discrimination between Neu5Ac2 – 3Gal and Neu5Ac2 – 6Gal was 
observed only for polyvalent receptors 9,11   but not for free oligosaccha-
rides. During adaptation to human receptor, avian B viruses retain 
intact the residues 226 and 228 in the sequence Gln – Ser – Gly – Arg 
typical for avian viruses, but acquired replacements Tyr98 → Phe and 
Glu190→ Gln and insertion in the 225 amino acid region. Additionally, 
carbohydrate residue at amino acid 187, localized practically inside 
CBS in the left upper fi ssure of HA, plays an important role in retrain-
ing of receptor specifi city. Loss of this residue and correspondingly the 
carbohydrate chain restores the virus ability to bind Neu5Ac2 – 3Gal.9,11,55

A typical feature of viruses B is inability, in contrast to viruses H1 and 
H3, to differentiate Neu5Ac α 2 – 6Gal β 1 – 4 GlcNAc  and Neu5Ac α 2 – 
6Galβ 1 – 4 Glc . 

 Thus, adaptation of hemagglutinin CBS to a new receptor during the 
transfer of avian viruses to humans can proceed by various pathways 
though with the same result, namely, attainment of high affi nity to tri-
saccharide 6 ′ SLN.  
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  2.   Structure of Natural Cell Receptors and Fine Carbohydrate 
Specifi city of HA: Too Much Discrepancies 

 It is well known that receptor specifi city of infl uenza virus is host -
 dependent. Change of specifi city also takes place at the cell culture 
level. Thus, growing of a human isolate on chicken embryos can lead 
to attainment of avian specifi city even after a couple of passages; change 
of MDCK cells as host to closely related (both of kidney origin) Vero 
cells sometimes leads to tuning of receptor specifi city. Two mechanisms 
of receptor specifi city adaptation have been revealed. The fi rst one is 
amino acid replacement in the CBS region; the second one is change 
of peptide chain glycosylation in proximity to CBS. Why the virus easily 
changes specifi city and adapts to a new host in one case but not in other 
cases (e.g., during the transfer of viruses H5N1 from birds to humans) 
is not known for certain yet. Most probably, there are also two reasons 
for inducing the change of specifi city in a new host. The fi rst one 
is receptor differences in primary target cell. The second reason is 
dramatically different: The whole physiological cycle virus/host  is 
exemplifi ed by the pair duck (virus environment is stomach) versus 
pig (respiratory tract is infected). 

 Until recently it has been considered that, human viruses as a result 
of evolution, acquired Neu5Ac α 2 – 6Gal specifi city because these car-
bohydrate chains are characteristic for human respiratory tract cells, 
whereas Neu5Ac α 2 – 3Gal specifi city of avian viruses is the result of 
predomination of the corresponding structures on avian intestinal epi-
thelium cells. However, more detailed analysis of avian viruses receptor 
specifi city as well as composition of target cell carbohydrate chains 
demonstrated that this hypothesis is at least simplifi ed. 

 Recently, studies with the aid of specifi c lectins have demonstrated 
that 2 – 3 but not 2 – 6 sialosides are exposed on cells of chicken embryo 
chorio - allantoic membrane and duck intestinal epithelial cells, 35,56,57   but 
both  variants of chains have been observed on chicken embryo endo-
thelial cells, 58   on intestine, and on tracheal epithelial cells of adult 
chicken59  ; moreover, these cells were capable of binding both human 
and avian viruses. 59,60   In addition, it has been shown that intestine and 
trachea epithelium of quail also carry both variants of sialylated chains 
and were capable of binding human viruses. 61   Analogous observations 
were made for a number of other bird species. 62

 Study of fi ne receptor specifi city using a wide range of synthetic OS 
revealed principal importance of fucose substituent at GlcNAc residue 
of sialoreceptor for virus reception. Thus, duck viruses displayed high 
preference to non - fucosylated receptor Neu5Ac α 2 – 3Gal β 1 – 4GlcNAc 
(3′ SLN) and displayed low preference to its fucosylated variant — that 



is, SiaLe x . Remarkably, mentioned viruses bind well only duck intestinal 
epithelium cells. At the same time, several chicken viruses possessed 
high specifi city toward SiaLe x ; these viruses bound chicken cells well, 
thus allowing us to speculate about the presence of SiaLe x  on chicken 
epithelium cells.  62

 The distribution of infl uenza virus receptors on the human airway 
epithelium was investigated using lectins and well - characterized viruses. 
The results showed that both α 2 – 3 -  and  α 2 – 6 - linked sialosides were 
expressed on the surface of airway epithelial cells. 63 – 66

 Thus, infl uenza virus tropism cannot be abridged to the following 
simple formula: “ The Neu5Ac2 - 3Gal receptor is presented on avian 
cells, so 2 – 3 - specifi c viruses bind them; the Neu5Ac2 – 6Gal receptor 
is presented on human cells, so 2 – 6 - specifi c viruses bind them. ”  Obvi-
ously, it is important (possibly, even more important) what the virus 
must not  bind during its way to a target cell — in particular intercellular 
matrix mucins and sialylated non - target cells, incapable of being 
infected. Furthermore, the choice of target cells in new hosts must 
support not only successful infection, but also effective transmissibility 
of virus.  67

  3.   Mimetics? 

 In spite of great progress in glyco - biotechnology and chemical synthe-
sis, scale oligosaccharide production remains a risky area for pharma 
investors. So, why can ’ t an OS be substituted by cheap mimetics? We 
believe that in contrast to many other areas, glycomimetics are bad 
candidates for substitution of natural oligosaccharides in design of anti -
 adhesion therapeutics, because mimetic is unable to bind all the variety 
of virus strains. Indeed, the existing infl uenza virus (sub)types have 
acquired a different mechanism (specifi c set of amino acids in composi-
tion of CBS) of 6 ′ SLN recognition (see above); moreover, the trisac-
charide is recognized in two conformations 68,69  ; thus, the search for such 
a complicated mimetic is believed to be a practically impossible task. 
Moreover, a mimetic should bind not only existing but also new strains. 
Thus, only the natural oligosaccharide itself is capable of binding 
all the evolutionary or drug - promoted variants of the lectin, and 
an optimum strategy for anti - adhesion drug design is a minimal 
strategy — not to make any changes at all, that is, to use the natural 
ligand as is. 

 One more expected advantage of a natural ligand compared to a 
mimetic is the expected low risk of side effects because a therapeutic 
will be, in fact, a variant of a molecule presented onto human cells or 
mucins — that is, a motif tolerant to its environment. Natural ligand 
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instead of mimetics means the absence of lead candidates sorting out 
due to their side effects and, therefore, shortening of the drug develop-
ment process. 

 Finally, here ’ s the most obvious reasoning: We already know the 
structure of the receptor for human infl uenza viruses, so why invent a 
mimetic?

  4.   Other Anti - Infl uenza Therapeutics, Brief Overview 

Antiviral Peptide.     A 20 amino - acid peptide derived from the signal 
sequence of fi broblast growth factor exhibits antiviral including H5N1 
strain activity. The peptide binds to HA and inhibits in 5 – 30    μ M con-
centration the attachment to the cell receptor preventing infection. The 
binding is expected to change the conformation of HA, thereby decreas-
ing the affi nity for sialoreceptor on the cell surface. Another possibility 
is that the peptide interacts at or near the CBS of HA, thereby blocking 
binding pocket or causing steric hindrance during receptor docking. 70

Thus, this approach mechanistically seems to be similar to our anti -
 adhesion approach. Exact amino acid sequence of an HA molecule 
responsible for specifi c binding remains unknown, so it is impossible to 
anticipate evolutionary drift of this site and thus resistance potency of 
infl uenza viruses to this new therapeutic candidate. 

Neuraminidase Inhibitors.     Tamifl u (Oseltamivir) is a 312 - Da systemic 
drug that is an oral inhibitor of viral NA. Tamifl u is developed by 
Gilead Biosciences and is licensed for manufacturing and sales to 
Roche. If started within 48   hr of symptoms ’  onset, Tamifl u is reported 
to reduce infl uenza symptoms by 1 day over a 5 - day treatment course 
compared with placebo. 71   No data on the mortality reduction exist. 
Nausea, vomiting, and a few serious central nervous system side effects 
were reported. Resistance to neuraminidase drugs is reported at < 5% 
rate, although higher rates of resistance to Tamifl u in children (6 – 18%) 
and in H5N1 - infected patients were reported. 72   In a 2004 report of 10 
H5N1 - infected patients in Vietnam with 80% mortality, four out of fi ve 
patients treated with Tamifl u died.  73   Relenza (Zanamivir) is also a 
small - molecule inhibitor of NA. Relenza is administered via inhalation 
of a powder, due to poor systemic availability. Relenza has been devel-
oped via rational drug design 74   by university research and company 
Biota Holdings and is marketed by GlaxoSmithKline. Relenza was the 
fi rst worldwide neuraminidase inhibitor drug. Structurally, Relenza is 
more close to progenitor Neu5Ac molecule than Tamifl u, and this 
explains the very infrequent appearance of resistant strains. 



Adamantane Derivatives.     Amantadine (approved in 1976) and riman-
tadine are orally available agents for treatment of infl uenza A. The 
drugs interfere with viral protein M2 resulting in blocking of viral 
uncoating and replication. Their effectiveness against infl uenza A is 
similar to NA inhibitors and results in a 1 - day reduction of symptoms 
if taken within 48   hr of onset. Most of their side effects concern gastro-
intestinal and central nervous systems; amantadine is teratogenic in 
animals. The CDC reports progressive enhancement of drug - resistant 
strains, both H1 and H3. 

Monoclonal Antibodies.     In 2005, Gemini Science announced the devel-
opment of a novel, fully human monoclonal antibody to the infl uenza 
A M2 protein for protection against and treatment of infl uenza infec-
tion. In preliminary studies using in vitro  and  in vivo  systems, the anti-
body demonstrated broad activity against a wide range of human and 
avian infl uenza strains, including the recently emerging avian infl uenza 
strain, H5N1. Based upon these data, Gemini Science is initiating pre-
clinical studies of the monoclonal antibody. This therapeutic is expected 
to have all the typical drawbacks of protein - based drugs, namely, high 
molecular weight, low stability, high production cost, high risk of allergy 
reactions, and, fi nally, high risk of resistant strains formation.  

Vaccines.     A person has to undergo regular vaccinations because new 
epidemic strains usually appear every 1 – 2 years. There is a stable unwill-
ingness of the population to be vaccinated against the infl uenza. Short-
age of modern vaccine due to production problems is not an unusual 
situation. Another general problem of all infl uenza vaccine preparation 
is storage instability. Probably, the most prospective modern vaccine 
series (H1, H3, H5) has been developed by GreenHills Biotechnology 
(Vienna). Vaccine virus lacks NS protein responsible for viral resistance 
to interferon; therefore live vaccine is capable only to a single infection 
cycle.

Recombinant Neuraminidase.     NexBio (San Diego) announced 75   the 
start of clinical trials of anti - infl uenza preparation ( fl udase ) based on 
recombinant NA from V. cholerae . The concept of this approach is to 
destroy human cell receptors for infl uenza virus. The approach is 
believed to have no chance for approval, because, fi rst, incomplete 
removal of cell sialic acid may give the opposite result, that is, facilitated 
infection; and, second, sialooligosaccharides play a crucial role in many 
important cell processes; thus, removal of sialic acid ultimately causes 
numerous side effects. 
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 This brief overview demonstrates that all conventional and modern 
preparations against infl uenza virus do not solve the problem of treat-
ment this disease and prevention of expected avian pandemic. No 
doubt, principally new approaches are required. We believe that anti -
 adhesion paradigm itself or in combination with existing strategies are 
capable of solving infl uenza problem. 

  5.   Synthesis of Self - Assembling Glycopeptides 

 The tetraantennary oligoglycine - based peptides and glycopeptides 
were synthesized by a conventional peptide chemistry using tetra(ami
nomethyl)methane as the starting material. Glycine residues were 
inserted individually or en block  as hydroxysuccinimide - activated Boc -
 derivatives.  31   Carbohydrate residues were coupled to peptide backbone 
through acylation of amino groups of terminal glycyl residues by cor-
responding COO - nitrophenyl dervatives in two different ways: (i) 
NaHCO3  was added to aqueous [HCl    ·    Gly 7  - NHCH 2 ] 4 C (which exists as 
a monomer), resulting in the assembled [Gly 7  - NHCH 2 ] 4 C followed by 
acylation of the formed peptide tectomer; (ii) alternatively, the glyco-
peptide was obtained by acylation of monomeric [Gly 7  - NHCH 2 ] 4 C in 
the presence of LiBr. The degree of “ glycosylation ”  by fi rst method was 
∼ 75%, whereas the synthesis by second method allowed achievement 
of 100% substitution. Aqueous tectomers are stable at room tempera-
ture in the presence of salts at physiological concentrations, while a 
reversible disintegration occurs in the presence of concentrated solu-
tions of lithium bromide or trifl uoroacetic acid or upon heating. 
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  INTRODUCTION 

 Infl uenza is a highly contagious, acute viral respiratory disease that 
occurs seasonally in most parts of the world. This virus continues to be 
a major cause of morbidity and mortality worldwide despite the avail-
ability of vaccines and antiviral agents. It is responsible for an average 
of 140,000 hospitalizations and 36,000 deaths annually in the United 
States alone, and the problem is increasing due to the aging population 
and the susceptibility of the elderly. Thus, infl uenza is regarded as a 
virus of enormous public health importance. 1,2   Vaccination remains the 
primary method for prevention of infl uenza, but vaccine strains must 
be continually updated and also their protective effi cacy is limited in 
patients over 65 years of age, who are the major target group.  3   The 
alternative to the vaccination lies in antiviral drugs. 

 The unique replication mechanism of infl uenza virus has allowed 
investigators to identify a number of potential molecular targets for 
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drug design; these include hemagglutinin, neuraminidase, M2 protein, 
and endonuclease. Hemagglutinin (HA) and neuraminidase (NA) are 
the two major surface glycoproteins of infl uenza A and B viruses. HA 
is known to mediate binding of viruses to target cells via terminal sialic 
acid residue in glycoconjugates. In contrast to HA activity, NA cleaves 
terminal sialic acids from glycoproteins and glycolipids and it is critical 
for viral replication. 4   Thus, the discovery of NA inhibitors for the treat-
ment of infl uenza infection has been an active area of research. 

 Four drugs are available to treat and/or prevent infl uenza. They are 
amantadine, rimantadine, zanamivir, and oseltamivir. Amantadine and 
rimantadine were the fi rst anti - infl uenza drugs and block the ion channel 
of virus protein M2. They are effective only against type A infl uenza 
viruses and cause many side effects. 5   Two other drugs (zanamivir and 
oseltamivir) that inhibit both infl uenza A and B viruses are neuramini-
dase inhibitors and have recently been approved by FDA for the treat-
ment and prevention of infl uenza.  6   Zanamivir is administered by oral 
inhalation due to high polar compounds, and oseltamivir is a prodrug 
that is converted (after oral intake) to its active form of the carboxylic 
acid (GS 4071) (Fig. 9.1 ). None of the four drugs has been shown to 
effectively prevent serious infl uenza - related complications such as bac-
terial or viral pneumonia. When either amantadine or rimantadine is 
used for therapy, drug - resistant fl u viruses may appear in about one -
 third of patients. Laboratory studies have shown that infl uenza A and 
B viruses can develop resistance to zanamivir and oseltamivir. Thus, 
there is an urgent need for the development of newer NA inhibitors as 
anti - infl uenza drugs. More recently, we developed and published 17 
QSAR models on various compound series for the inhibition of infl u-
enza A and B neuraminidase. Results from that study suggest that the 

Fig. 9.1.   Inhibitors of infl uenza A and B virus neuraminidase. 
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inhibitory activity of the neuraminidase inhibitors is mainly dependent 
on their hydrophobicity, which is one of the most important determi-
nants of the activity. 7   In the present chapter, we describe the QSAR 
studies on carbocyclic compounds as infl uenza neuraminidase inhibi-
tors to understand the chemical – biological interactions.   

 In the past 44 years, the use of QSAR, since the advent of this meth-
odology,8   has become increasingly helpful to understand many aspects 
of chemical – biological interactions in drug - design process and pesti-
cide research as well as in the areas of toxicology. It is useful in eluci-
dating the mechanisms of chemical – biological interactions in various 
biomolecules, particularly enzymes, membranes, organelles, cells, and 
human.9 – 11   It has also been utilized for the evaluation of absorption, 
distribution, metabolism, and excretion (ADME) phenomena in many 
organisms and whole - animal studies.  12   The QSAR approach employs 
extra - thermodynamically derived and computational - based descriptors 
to correlate biological activity in isolated receptors, in cellular systems, 
and in vivo . Four standard molecular descriptors are routinely used in 
QSAR analysis: electronic, hydrophobic, steric, and topological indices. 
These descriptors are invaluable in helping to delineate a large number 
of receptor – ligand interactions that are critical to biological processes.  9

The quality of a QSAR model depends strictly on the type and quality 
of the data, and not on the hypotheses, and is valid only for the com-
pound structure analogues to those used to build the model. QSAR 
models can stand alone, augment other computational approaches, or 
be examined in tandem with equations of a similar mechanistic genre 
to establish the authenticity and reliability. 13   Potential use of QSAR 
models for screening of chemical databases or virtual libraries before 
their synthesis appears equally attractive to chemical manufacturers, 
pharmaceutical companies, and government agencies. 

  MATERIALS AND METHODS 

 All the data used in this chapter have been collected from the literature 
(see individual QSAR for respective references). C  is the molar con-
centration of a compound and log 1/ C  is the dependent variable that 
defi nes the biological parameter for QSAR equations. Physicochemical 
descriptors are auto - loaded, and multi - regression analyses (MRA) 
used to derive the QSAR are executed with the C - QSAR program.  14

The parameters used in this chapter have already been discussed in 
detail along with their application. 9   Briefl y,  C     log    P  is the calculated 



212 UNDERSTANDING INFLUENZA NEURAMINIDASE INHIBITORS

partition coeffi cient in  n  - octanol/water and is a measure of hydropho-
bicity, and π  is the hydrophobic parameter for the substituents. CMR 
is the calculated molar refractivity for the whole molecule. MR is cal-
culated from the Lorentz – Lorenz equation and is described as follows: 
(n 2      −    1/ n 2     +   2)(MW/ ρ ), where  n  is the refractive index, MW is the molec-
ular weight, and ρ  is the density of a substance. MR is dependent on 
volume and polarizability. It can be used for a substituent or for the 
whole molecule. MR is thus a means of characterizing the bulk and 
polarizability of a substituent/compound. Although it contains no infor-
mation about the shape, it has found considerable usage in biological 
QSAR where intermolecular effects predominate. MR is usually scaled 
at 0.1 to make it equiscalar with π . The indicator variable  I  is assigned 
the value of 1 or 0 for special features with special effects that 
cannot be parameterized and has been explained wherever used. Each 
regression equation includes 95% confi dence limits for each term in 
parentheses.

 In QSAR equations,  n  is the number of data points,  r  is the correla-
tion coeffi cient between observed values of the dependent and the 
values calculated from the equation, r2  is the square of the correlation 
coeffi cient represents the goodness of fi t,  q2  is the cross - validated  r2  (a 
measure of the quality of the QSAR model), and s  is the standard 
deviation. The cross - validated  r2  ( q2 ) is obtained by using the leave -
one - out (LOO) procedure. 15    Q  is the quality factor (quality ratio), 
where Q   =   r / s . Chance correlation, due to the excessive number of 
parameter (which increases the r  and  s  values also), can, thus, be 
detected by the examination of Q  value.  F  is the Fischer statistics 
(Fischer ratio), F   =   fr2 /[(1    −     r2 ) m ], where  f  is the number of degree of 
freedom, f   =   n     −    ( m    +   1),  n   =    number of data points, and  m   =    number of 
variables. The modeling was taken to be optimal when Q  reached a 
maximum together with F , even if slightly nonoptimal  F  values have 
normally been accepted. A signifi cant decrease in  F  with the introduc-
tion of one additional variable (with increasing Q  and decreasing  s ) 
could mean that the new descriptor is not as good as expected; that is, 
its introduction has endangered the statistical quality of the combina-
tion. However, the statistical quality could be improved by the intro-
duction of a more convincing descriptor. 16 – 18   Compounds were assigned 
to be outliers on the basis of their deviation between observed and 
calculated activities from the equation ( > 2 s ).  19 – 21   Each regression equa-
tion includes 95% confi dence limits for each term in parentheses. For 
a list of outliers in both data sets, refer to Table 9.1 . Both the QSAR 
(1  and  2 ) reported here are derived by us and were not formulated by 
the original authors.    
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  RESULTS AND DISCUSSION 

  Inhibition of Infl uenza A Neuraminidase by Carbocyclic 
Derivatives (I) 

 Combined data of Lew  et al . (Table  9.1 )  22 – 26       :

COOHR

AcHN

NH2

I

 From the combined data in Table  9.1 , we developed Eq.  (1) :

    

log / . ( . ) . ( . )( ) . ( . )1 0 51 0 32 0 15 0 06 0 48 0 212C = ± − ± + ±C -R C -R
CMR-R

π π
−− ± + ± + ±

= = =
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1 2

2

. ( . ) . ( . ) . ( . )

, .

I I
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. . ( .

494 0 709 1 785
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2

5 48

, , ,
optimum C -R,

q Q
F

= =
= = −π .. )43

(1)

 This is a parabolic correlation in terms of C π  - R (calculated hydropho-
bicity of R - groups) followed by linearly related to CMR - R (calculated 
molar refractivity of R - groups) and two indicator variables, which sug-
gests that the inhibitory activity of carbocyclic derivatives ( I ) to infl u-
enza A neuraminidase fi rst increases with an increase in hydrophobicity 
of the R - groups up to an optimum C π  - R of 1.76 and then decreases. 
The positive coeffi cient of CMR - R (+0.48) suggests that the R - substitu-
ents having high molar refractivity/polarizability may improve the 
activity. Indicator variable I1    =   1 and 0 is for the presence and absence 
of substituted amine groups at the R - position. Similarly,  I2    =   1 and 0 
is for the presence and absence of branched alkoxy groups at the R -
 position. The negative coeffi cient of  I1  ( − 1.35) suggests that the absence 
of substituted amine groups at the R - position will enhance the inhibi-
tory activity of carbocyclic derivatives ( I ) to infl uenza A neuraminidase. 
In contrast, the positive coeffi cient of  I2  (+1.73) suggests that the pres-
ence of the branched alkoxy groups at the R - position will increase the 
inhibitory activity. Thus, one should increase the inhibitory activity of 
carbocyclic derivatives ( I ) to infl uenza A neuraminidase by boosting 
the molar refractivity of R - groups and preserving R   =   branched alkoxy 
groups with C π  - R    ≈    1.76.  



  Inhibition of Infl uenza B Neuraminidase by 
Carbocyclic Derivatives (I) 

 From the combined data of Lew  et al . (Table  9.1 )  22 – 24  , we developed 
Eq.  (2) :

    

log / . ( . ) . ( . )( ) . ( . )
.

1 1 41 0 40 0 37 0 09 1 12 0 45
0

2
1C I= ± − ± − ±

+
C -R C -Rπ π
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2

2 2

( . ) . ( . )

, . . .

± + ±

= = = = =

I

n r s q Q, , , ..
. . ( . . )
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,
optimum C -R4,2F = = −π

(2)

 All parameters used in this equation have the same meanings as 
described for Eq. (1) . Equation  (2)  is very similar to the Eq.  (1)  and 
their optimum value for C π  - R is also very close. This result is supported 
by the well - established fact that the neuraminidase inhibitors inhibit 
both infl uenza A and B viruses. The absence of the CMR - R term is not 
very clear. It may be due to the presence of the smaller data set (20 
less compounds) than that of Eq. (1) .   

  QSAR MODEL VALIDATION 

 QSAR model validation is an essential task to develop a statistically 
valid and predictive model, because the real utility of a QSAR model 
is in its ability to predict accurately the modeled property for new 
compounds. The following approaches have been used for the valida-
tion of QSAR (1) and (2): 

 • Fraction of the Variance :   It is important to note that a QSAR 
model must have to explain a suffi ciently high fraction of the vari-
ance for any data set. The fraction of the variance of an MRA 
model is expressed by r2  (measure of the goodness of fi t between 
model - predicted and experimental values). It is believed that the 
closer the value of r2  to unity, the better the QSAR model. The 
values of r2  for QSAR models (1) and (2) are 0.777 and 0.776, 
which suggests that these two QSAR models explain more than 
77% of the variance of the data. According to the literature, the 
predictive QSAR model must have r2     >    0.6.  27,28

 • Cross - Validation Test :   The values of  q2  for QSAR models (1) and 
(2) are 0.709 and 0.638. The high values of q2  validate these QSAR 
models. In the literature, it must be greater than 0.50. 27,28
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 • Standard Deviation (s):   s  is the standard deviation about the 
regression line. This is a measure of how well the function derived 
by the QSAR analysis predicts the observed biological activity. The 
smaller the value of s , the better the QSAR model. The value of  s
for QSAR models (1) and (2) are 0.494 and 0.496. 

 • Quality Factor or Quality Ratio (Q) :   Chance correlation, due to 
the excessive number of parameter (which increases also the r  and 
s  values), is detected by the examination of  Q  value.  16 – 18   The high 
values of Q  (1.785 and 1.776) for QSAR models (1) and (2) suggest 
that the high predictive powers of these QSAR models and also 
no overfi tting.  

 • Fischer Statistics (F) :   Fischer statistics ( F ) is a value derived from 
the F  - test indicating the probability of a true relationship, or the 
signifi cance level of the MLR model. The  F  - value is the ratio 
between explained and unexplained variance for a given number 
of degree of freedom. The larger the F  - value, the greater the prob-
ability that the QSAR equation is signifi cant. The  F  - values obtained 
for QSAR models (1) and (2) are 33.449 and 24.250, which are 
statistically signifi cant at the 95% level. 

 •   Both the QSAR models also fulfi ll the thumb rule condition, which 
is (number of data points)/(number of descriptors)    ≥    4.     

  NEW MOLECULE PREDICTION 

 Both Eq.  (1)  and  (2)  are parabolic correlations in term of hydrophobic 
parameter of the R - substituents, where the optimum hydrophobicity of 
the R - substituents (1.76 and 1.90) is well - defi ned. We believe that these 
equations may be the predictive models to narrow the synthetic chal-
lenges in order to yield very specifi c neuraminidase inhibitors. On the 
basis of these models and keeping R   =   branched alkoxy groups having 
Cπ  - R   =   1.76 – 1.90, we can predict at least one compound ( II ) that may 
be the next synthetic target. 

COOHO

FF
F

H3C

AcHN

NH2

II



 The predicted log 1/ C  of compound ( II ) for the inhibition of infl u-
enza A neuraminidase and infl uenza B neuraminidase are 8.60 and 
8.27, respectively, which are obtained from QSAR models 1  and  2 . The 
other parameters for this compound ( II ) are  C     log    P   =     − 1.72, C π  - R   =   1.78, 
and CMR - R   =   2.61. The minimized energy geometry of the compound 
(II ) is shown in Fig.  9.2 , which is obtained from the Spartan  ’ 06 
program,29   and used to calculate the following: minimized energy   =   
100.8982   kJ/mol, area   =   343.14    Å  2 , polar surface area (PSA)   =   89.234    Å  2 , 
volume   =   312.35    Å  3 , and molecular weight   =   338.326   amu. It is interest-
ing to note that the proposed molecule ( II ) fulfi lls all conditions of the 
 “ rule of fi ve. ”    

 In the process of drug discovery and development, the estimation of 
molecular transport properties, particularly intestinal absorption and 
blood – brain barrier penetration, is one of the important key factors. 
Traditionally, calculated values of n  - octanol/water partition coeffi cient 
have been used for this purpose. 30   A set of rules, which imposes the 
limitations on log    P , molecular weight, and the number of hydrogen 
bond donors and acceptors, is known as “ rule of fi ve ”  and was intro-
duced by Lipinski et al .  31   According to Lipinski ’ s  “ rule of fi ve, ”  drug -
 like molecules should have log    P   ≤  5, molecular weight  ≤  500, number 
of hydrogen bond acceptors (expressed as the sum of Ns and Os) ≤  10, 
and number of hydrogen bond donors (expressed as the sum of OHs 

Fig. 9.2.   The minimized energy geometry of compound ( II ) obtained from Spartan  ’ 06. 
See color insert. 
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and NHs) ≤  5. Molecules violating more than one of these rules may 
have problems with bioavailability. As an alternative to Lipinski rules, 
polar surface area or VolSurf parameters can be used to predict oral 
absorption and blood – brain barrier penetration. 32   The polar surface 
area (PSA) of a molecule is a good parameter to predict compound 
(passive) absorption into the body. It is defi ned as the surface area 
of nitrogen and oxygen atoms in a molecule plus the surface of the 
hydrogen attached to these hetero - atoms. This has been established 
that a PSA value of over 140    Å  2  generally yields molecules that are 
poorly absorbed from the stomach and gastrointestinal tract. 33   Thus, the 
robust method of computationally screening large numbers of com-
pounds prior to synthesis is to always keep the value of PSA <  140    Å  2 . 
Our predicted compound ( II ) has the PSA value 89.234    Å  2 .  

  CONCLUSION 

 In this chapter, we developed two QSAR models [Eqs.   (1)   and   (2)  ] on 
carbocyclic derivatives ( I ) for their inhibitory activities to infl uenza 
A and infl uenza B neuraminidase and found the importance of R -
substituents. The data were collected from the fi ve publications of Lew 
 et al .  22 – 26   Both QSAR models are parabolic correlations in terms of the 
hydrophobic parameter of the R - substituents and very encouraging 
examples, where the optimum hydrophobicity of the R - substituents 
(1.76 and 1.90) is well - defi ned. We believe that these equations may be 
the predictive models to narrow the synthetic challenges in order to 
yield very specifi c neuraminidase inhibitors. On the basis of these 
models, we can predict at least one compound ( II ) that may be the next 
synthetic target. It is interesting to note that the proposed molecule ( II ) 
fulfi lls all the conditions of Lipinski ’ s  “ rule of fi ve. ”  The PSA value of 
this compound (PSA   =   89.234    Å  2 ) is less than 140    Å  2 , suggesting its 
ability to absorbed easily from the stomach and the gastrointestinal 
tract.
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  INTRODUCTION 

 Viruses can be divided into two groups in terms of their surface archi-
tectures: (a) enveloped viruses that have an envelope derived from the 
double - layered lipid cell membrane with virus envelope proteins 
protruding into it and (b) non - enveloped viruses that do not have a 
envelope, with only a viral protein core. 1   Infection of virus starts 
from virus entry into the host cells to deliver its genome for replication 
and new virus assembly. 1   In enveloped viruses, the virus entry works 
by virus - cell membrane fusion, which takes place either in the cell -
 surface membrane (e.g., human immunodefi ciency virus, HIV, takes this 
way)1,2   or in the endosome inside the cell after the virus is taken into 
the cells through endocytosis (e.g., infl uenza virus goes through this 
way).3,4

 Virus - cell fusion is mediated by protein – protein or protein – ligand 
(non - protein molecules) interaction in the interface of virus and cell. 4,5



On the virus surface there exist several surface proteins, named enve-
lope proteins. The numbers of the envelope proteins on the virus surface 
depend on different kinds of viruses from different virus families (Table 
 10.1 ).  6   Their functions can be different, but at least one or two, in 
general, are involved in virus fusion. 1   Those proteins are usually named 
as fusion proteins — for example, gp160 in HIV or S protein in severe 
acute respiratory syndrome coronavirus (SARS - CoV).7 – 10   Envelope 
proteins bind to their cell - surface receptors, either protein (e.g., CD4 
as HIV virus receptor) or other molecules (e.g., sialic acid as infl uenza 
virus receptor). There is a prominent phenomenon, called binding -
 induced conformational changes, in the envelope protein during the 
virus fusion process. 4,11 – 13   This is referred to as the envelope protein 
conformational changes induced by its binding to the cellular receptors. 
This conformational change is the driving force to initiate the virus - cell 
fusion. Research on the envelope protein – receptor binding and the 
induced conformational change in the recent years on different envel-
oped viruses has led to some important discovery for us to understand 
the process of virus fusion and entry. This also leads to several concepts 
to elucidate the molecular mechanism involved and development for 
the new antiviral drugs, including some polypeptides. 5,8 – 10,14

 In this chapter, I will review recent progress in the development of 
anti - virus fusion peptides by addressing the important hepted repeat 
(HR) polypeptides in some notorious viruses, such as HIV, Newcastle 
disease virus (NDV), and infl uenza virus, which are all Class I envel-
oped viruses.  

  TWO CLASSES OF VIRAL ENVELOPE FUSION PROTEINS 

 Recent studies have shown that virus fusion proteins are classifi ed at 
least into two groups: Class I and Class II (Table 10.1 ); these correlate 
well to virus surface structures, and each has its unique entry mecha-
nism.      1,8,15,16   Under the electronic microscopy (EM), viruses with Class 
I fusion protein are seen having some protruding spikes. Sometimes 
it even has a  “ crown ”  appearance, thus being called  “ coronavirus ”
(members of Family Coronaviridae )  1  , whereas viruses with Class II 
fusion protein shows a relative “ fl at ”  surface. HIV, SARS - CoV, and 
infl uenza virus have Class I envelope proteins. Flavivirus, instead, such 
as yellow fever virus, has Class II envelope proteins. 

 Class I envelope protein orients on the virus surface perpendicularly 
to the host membrane, forming a kind of “ stick ” ; a number of them are 
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circled around the virus surface ( “ crown ”  structure), with the presence 
of amino - terminal or amino - proximal fusion peptides, which are 
short stretches of amino acids (usually hydrophobic) believed to inter-
act directly with the target cell membrane by inserting their hydropho-
bic amino acids into the cellular lipid membrane after the envelope 
protein - cell receptor binding (exposure of the hydrophobic fusion 
peptide).5   Through this way the cellular membrane and viral membrane 
starts to fuse together to form a single membrane. Though the detailed 
mechanism for the membrane fusion is largely unknown, however, 
research on HIV fusion core made an important breakthrough in 1997 
by two American groups (worth mentioning my mentor at Harvard, the 
late Dr. Don C. Wiley) for the Class I virus fusion. 17,18   Most of the Class 
I envelope fusion proteins form homotrimers, with several known 
crystal structures to confi rm this particular features. 19 – 25   The molecular 
mechanism of Class I fusion proteins has thoroughly reviewed by 
Skehel and Wiley  5   in 2000. Readers are encouraged to read it to get 
more background for the rational of the design of the peptide fusion 
inhibitors.

 In contrast, Class II envelope fusion protein is quite different, at a 
glance, from Class I fusion protein. It lies down onto and parallels to 
the viral membrane, leading to an un -  “ crowned ”  appearance under the 
EM. There is also a stretch of hydrophobic amino acids acting as fusion 
peptide that will insert into the cellular membrane during the mem-
brane fusion, similar to Class I envelope proteins. 15,16,26 – 28   This fusion 
peptide usually locates in the middle of the folded envelope fusion 
protein.    16,28   Flavivirus envelope protein, a member of Class II 
fusion protein, forms homodimer on the cell surface and has three 
domains: I, II, and III. Recent crystal structure work by Dr. Stephen C. 
Harrison ’ s group (Dr. Harrison was my second mentor at Harvard) has 
shown that the homodimeric fusion protein E of dengue virus (a 
member of Family Flaviviridae ) would irreversibly change into homotri-
mers under the endosomal low - pH condition.    15,16,26 – 28   The three domains 
in these two multimeric states are relatively “ intact ”  but with large 
rearrangement to fulfi ll their changed conformations (a kind of rigid -
 body rearrangement).  26 – 28

 Research on the conformational changes of these two class viral 
fusion proteins, in general, contributes some important concepts of 
protein conformational changes for other systems. This, in part, explains 
why the open reading frames (ORFs) of human genome are much less 
than we have ever expected as some functions are carried out by the 
same protein with different conformations. 
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  UNIQUE HEPTAD REPEAT (HR) SEQUENCES IN CLASS I 
ENVELOPE PROTEINS AND INHIBITORY EFFECTS OF HR 
POLYPETIDES TO VIRUS ENTRY 

 Current understanding of virus fusion process shows that there are 
some obvious structural domains/modules in viral envelope fusion 
proteins — for example, receptor binding domain, fusion peptide, trans-
membrane domain, and so on (Fig. 10.1 ).    1,6   These can even easily be 
recognized in the gene sequences by eye or by some computer pro-
grams — for example, the heptad repeat (HR) regions in Class I viral 

Fig. 10.1.   Structural and functional domains of HIV envelope protein gp160. (a) 
Schematic representation of these domains: Receptor - binding subunit gp120 and 
fusion subunit gp41 are depicted. The positions of the HR1, HR2, fusion peptide, trans-
membrane (TM), and cytoplasmic tail (Tail) are shown in detail. (b) Typical HR1/2 
prediction result of the HIV gp160 using LearnCoil - VMF program. 
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fusion proteins (Fig. 10.1 ). HRs are amino acid repeats of 3 – 4 seven -
 amino - acid peptide, and each repeat starts with a characteristic leucine 
(L) or isoleucine (I) or sometimes other hydrophobic amino acids. This 
characteristic HR sequence has been found in many virus envelope 
proteins (Table  10.2 ).   

 HR sequences have a typical  α  - helix structure and can easily be 
predicted by some computer programs — for example, Dr. Peter Kim ’ s 
LearnCoil - VMF ( http://nightingale.lcs.mit.edu/cgi-bin/vmf )  29   (Fig.  10.1 ). 
HRs are usually found in pairs and they are referred to as HR1 (or 
HR - A or HR - N) and HR2 (or HR - B or HR - C). They are separated by 
different lengths of amino acids between them, dependent on virus 
families. Retrovirus envelope protein has a shorter - spaced sequence 
than that of paramyxovirus. Lu et al .  30   fi rst showed, using HIV gp41 as 
a model, that HR1 and HR2 bind each other in an antiparallel manner 
by proteinase K digestion experiments. This pioneering biochemical 
analysis is the milestone for our understanding of the molecular and 
mechanistic mechanism of Class I virus fusion. 

 HRs can act as effective inhibitors for virus entry. 6,31 – 33   Initially, this 
phenomenon was discovered by chance in HIV studies by Jiang et al .  34

They fi rst demonstrated that some peptides (HR2) derived from gp41 
of HIV inhibited HIV fusion and realized that these peptides showed 
typical α  - helix structure. This leads to an assumption that some 

 TABLE 10.2.    Known Fusion Proteins with HR Inhibitory Activities in Class I 
Enveloped Viruses 

 Viruses 

 Characteristics of Fusion Protein 

 Fusion 
Proteins

 Domain with 
Known Inhibitory 

Activity

 With 
Known

Structure  References 

 HIV  gp41  HR1/HR2  Yes  49, 50, 
78 – 80 

 SARS - CoV  S  HR2  Yes  81 
 MHV  S  HR2  Yes  21, 82, 83 
 Murine leukemia virus  Env  HR2  Yes  24, 84, 85 
 Human parainfl uenza virus  F  HR2  Yes  62 
 Sendai virus  F  HR2  Yes  86 
 Simian virus 5  F  HR1/HR2  Yes  65 
 NDV  F  HR1/HR2  Yes  31 
 Avian sarcoma and 

leucosis virus 
 E  HR2  No  59 

 Measles virus  F  HR1/HR2  Yes  69 
 Hendra virus  F  HR2  Yes  19 
 Nipah virus  F  HR2  Yes  19 
 RSV  F  HR1/HR2  Yes  25, 33, 35 

UNIQUE HEPTAD REPEAT (HR) SEQUENCES 231
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polypeptides with α  - helix sequences of the envelope protein can, in an 
unknown manner, inhibit virus fusion and entry. Later, a lot of fusion 
inhibitors have been tested based on this observation in HIV, and the 
concept was expanded to other viruses, including paramyxoviruses 
(Table  10.2 ).      31,33,35 – 38   However, the mechanism underlying this effect is 
unclear. It is a typical empirical observation. 

 In the early studies, HR2 has been found to consistently show the 
inhibition effect for all the tested viruses; however, the inhibition of 
HR1 was shown to be unstable, which was believed due to the hydro-
phobicity of the HR1 peptide. Our recent studies by using a paramyxo-
virus as a model have shown that inhibition of HR1 and HR2 are 
indeed different.    31,35

 Based on the structural data recently obtained (see below for detailed 
discussion), some de novo  polypeptide inhibitors have been devel-
oped.      31,32,35,39,40   They are analogues or homologues of the HR1 and HR2. 
In 2001, the Kim group 40   fi rst reported that a 5 - helix HIV gp41 could 
act as a potent virus fusion inhibitor with a more stable character, which 
would help for clinical application. Later on, our group tested the 
concept in other viruses and further expanded the idea to develop some 
new polypeptides (e.g., HR121, HR212, etc.). 

  STRUCTURE OF CLASS I ENVELOPE PROTEIN FUSION 
CORE AND FUSION MECHANISM INVOLVED 

 Though the striking sequence characters are obviously conserved 
among Class I envelope proteins, it is more striking that the HR forms 
a characteristic 6 - helix coiled coil bundle in an antiparallel manner of 
HR1 and HR2 (Fig. 10.2 ).        17 – 19,21 – 23,25,41   HR1 and HR2 bind to each other 
tightly, and the complex is very thermally stable. 5,7,8   This 6 - helix coiled 
coil structure is believed to represent the post - fusion state of the part 
of envelope structure and is named as viral fusion core. It is assumed 
that HR1 and HR2 are apart in the pre - fusion state of the envelope 
protein. After the receptor binding the new conformation of the enve-
lope is formed, notably the formation of the fusion core. In the fusion 
core, HR1 and HR2 bind each other after an intermediate conforma-
tional state, which is a short - lived state but is important for fusion 
inhibitor design because blocking the protein further folding into the 
fusion core and keeping them in the intermediate state offer us a good 
chance for drug dicovery. 

 In the fusion core structure, three HR1s form a trimeric coiled coil 
core surrounded by three HR - 2s, which also have  α  - helix structures, 



Fig. 10.2.   Crystal structure of the fusion core of the HIV HR1/HR2 6 - helix bundle. (a) 
Side view of the α  - helix structure. HR1 (green) forms a tightly bound trimer sur-
rounded by three HR2 (cyan). (Source of the structure: PDB code 1AIK.) (b) Top view 
of the fusion core. (c) Fusion structure (HR1 in space - fi lling form to show the surface 
potential and HR2 in stick form) with one HR2 removed to show the cavities (circled), 
which are targets for small - molecule design. See color insert. 

(c)

(b)

(a)
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thereby being called 6 - helix bundle or  “ trimer - of - hairpins ”  (Fig.  10.2 ). 
The binding of HR1 and HR2 is in a head – tail form, or antiparallel 
manner; that is, the N - terminal amino acids of HR1 bind to C - terminal 
amino acids of the HR2. This is due to the folding process as the HR1 
and HR2 are in a single sequential polypeptide sequence. After binding 
of the fusion peptide locating at the N - terminus of HR1 to the cell 
membrane, through an intermediate state, the HR1 and HR2 bend to 
bind each other, leading the virus membrane and cell membrane to the 
close proximity necessary for membrane fusion to occur, fulfi lling the 
membrane fusion process. Just before the HR1 binds to HR2 during 
the folding process, the two HRs are exposed in this intermediate state, 
called prehairpin intermediate. Therefore if either the HR1 or HR2 is 
introduced, they will compete with the endogenous counterpart for 
binding, blocking the formation of the fusogenic 6 - helix bundle fusion 
core, thereby working as an effective fusion inhibitor. 

 Detailed structural analysis of several fusion cores has shown that 
there are some clear cavities in the HR1 folded area for HR2 binding. 
These cavities are good targets for novel drug discovery of small mol-
ecules. These small molecules can be used to replace the HR2, thereby 
blocking the HR1/2 binding. This concept has been applied in the small -
 molecule search of human respiratory syncytial virus (hRSV) 42,43   and 
HIV.44   However, to get these into clinical use, it will take some time. 
Current research focuses on this because small molecules are easy to 
deliver to the body and are more stable. 

  PEPTIDE INHIBITORS FOR HIV FUSION 

 HIV virus is a typical one with Class I envelope protein (named gp160 
or two subunits, gp120 and gp41) protruding on the virion surface. 1,8,10,45

Early studies on its HR six - helix bundle structure 17,18,30,41   paved the road 
toward our understanding of the molecular and mechanistic mecha-
nism of virus fusion in those viruses who have a Class I fusion 
proteins.

 In fact the HR2 inhibitory effect of HIV was discovered by chance, 34

not based on the understanding of the 6 - helix bundle formation of the 
HR1/HR2. Indeed it is the discovery of the HIV coiled coil structure 
that promotes the science of the classifi cation of two classes of the 
fusion proteins. 6   This also leads to the establishment of a company 
named Trimeris Inc. for further development of HR inhibitors and their 
homologues or analogues ( http://www.trimeris.com ). The inhibitory 
activity of the HIV HR2 provides compelling evidence that the 



prehairpin intermediate indeed exists and is a useful target for anti -
 HIV therapy. This concept has extended to be applied to other Class I 
viruses.

 With great efforts, peptide derived from the HR2 (T20, or brand 
name Fuzeon, or generic name Enfuvirtide) has been developed from 
the laboratory bench into a clinically - applicable drug, with an IC 50

value in the low nanomolar range. This has been approved by the US 
Food and Drug Administration (FDA) and European Commission as 
an alternative for treatment of HIV - 1 infection in adults and children 
who have failed to respond to the current antiretroviral drugs and 
proved to be very effective. 46

 Although it is a great success for the concept and in the laboratory, 
the use of T20 in patients has some disadvantages. First, large amounts 
of this peptidic drug (about 200   mg/day/patient) are required to main-
tain the in vivo  antivirus effi cacy in humans because of the short half - life 
of the drug in vivo  due to its intrinsic degradation character of the 
peptide.46 – 48   Second, the procedure to produce this peptide is tedious 
and time - consuming, and therefore the capacity to supply enough drugs 
for patients is very limited. We and other groups have attempted to 
develop some new polypeptides targeting the HR1 and HR2 with potent 
anti - HIV activity but with higher stability and lower cost of production. 
Based on the study that HR1 and HR2 can form stable 6 - helix bundle 
if these two is linked by a short fl exible amino acid linker and can be 
produced by recombinant E. coli  expression system,  40,41   we and others 
made use of the fusogenic core (HR1 - linker - HR2) as a scaffold to link 
another HR1 (denoted HR121, HR1 - linker - HR2 - linker - HR1) or HR2 
(denoted HR212, HR2 - linker - HR1 - linker - HR2) or three HR1 and two 
HR2 (5 - Helix, HR1 - linker - HR2 - linker - HR1 - linker - HR2 - linker - HR1) 
for the development of more stable polypeptide inhibitors. The results 
show that they are all potent HIV fusion inhibitors with IC 50  in a range 
of nanomolar and improved solubility and stability. Because they are 
produced using recombinant techniques, they are low - cost with suffi -
cient supplies. These are under clinical development. 

 Taking the current gene therapy into account, one would immedi-
ately think that these polypeptides, if produced inside the cells, might 
be used to block the envelope protein folding inside the cells as a gene 
therapy tool. This concept has been examined by Hildinger and Egel-
hofer and their colleagues and proved to be an alternate of HIV 
therapy.49,50

 Currently, treatment with T - 20 is priced about  $ 20,000 and  $ 25,000 
per patient per year in the United States and Europe, respectively. A 
clinically feasible drug would be stable, easy - delivering, and cheap -
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producing; therefore, in addition to our approach to develop novel 
polypeptide inhibitors, some peptide analogues or small molecules are 
our ultimate goal for HIV therapeutic drugs in the future, which are 
vigorously pursued by scientists around the world. 

  PEPTIDE INHIBITORS FOR PARAMYXOVIRUS FUSION: 
TARGETING NEWCASTLE DISEASE VIRUS 

 Like other Class I enveloped virus, paramyxovirus envelope fusion 
protein also has heptad repeat sequences. 13,51   Studies on fusion mecha-
nism or crystal structures of some important paramyxovirus HRs have 
led to the rational design of some fusion inhibitors. 31,33,35

 There are two separate envelope proteins in paramyxovirus involved 
in virus entry: attachment protein and fusion protein. The former is 
responsible for cell - receptor binding, whereas the latter is responsible 
for fusion. Following the rule of Class I envelope protein in the fusion 
process, typical coiled coil 6 - helix HR bundle, or fusion core, is formed 
in the fusion protein F of all the studied paramyxoviruses, 19,20,25

after a series of conformational changes. Blocking the fusion core 
formation by using either HR1 or HR2 has been proved effective in 
paramyxovirus.

 By using Newcastle disease virus (NDV) as a model, 31   we found that, 
though they are effective in fusion inhibition, the IC 50  of HR1 and HR2 
is in the range of micromolar, a magnitude lower than that of HIV HRs. 
Similar observations have been seen in other paramyxoviruses. 33,35 – 38

This implies that although they might follow the general rule of Class 
I virus fusion, papramyxovirus has some specifi c characters in the fusion 
process. In NDV, both attachment protein (HN) and fusion protein (F) 
are absolutely required for F - protein - mediated fusion. The conforma-
tional change of F protein is prompted by HN protein binding to cel-
lular receptors. Therefore the interaction of HN and F is essential for 
virus to initiate the fusion. F protein is synthesized initially as a precur-
sor, F 0 , which is later cleaved into disulfi de - bond - linked F 2  and F 1  by 
furin - like enzyme of the host cells. 11   This cleavage process is essential 
for NDV fusion and entry. Some NDV strains are not cleaved into the 
subunits and therefore the effi cacy of fusion is very low, leading to some 
avirulent viruses. 11,12   Our studies    31,36   showed that peptides correspond-
ing to both HR1 and HR2 of NDV F protein can inhibit virus - mediated 
cell fusion, but the inhibition of the two peptides probably occurs 
through a different mechanism, maybe at different stages during F 
protein conformational changes. 



 Based on the structural and functional analyses, we have developed 
several de novo  polypeptides for NDV fusion inhibition, namely HR121, 
HR212, and 5 - Helix as we discussed in HIV inhibitor section. Indeed 
we do show that the concept does work in the NDV system, and later 
the observation is expanded to hRSV inhibitor design. 35

  INFLUENZA VIRUS FUSION AND POTENTIAL PEPTIDE 
FUSION - INHIBITORS 

 There are also two envelope proteins for infl uenza virus, hemagglutinin 
(HA) and neuraminadase (NA), 1,5   but their functions are totally differ-
ent. HA is a typical fusion protein and is responsible for binding to 
cellular receptors and membrane fusion, 1,5   whereas NA is responsible 
for virus release from the infected cells. HA is synthesized as an HA 0
precursor and processed later by cellular furin - like enzyme into two 
subunits, HA 1  (cellular receptor binding subunit) and HA 2  (the actual 
fusion subunit). 5   HA is also a typical Class I viral envelope protein with 
two HR structures in the HA 2  subunit, HR1 and HR2 5  (Fig.  10.3 ). 
Crystal structures of both pre - fusion and low - pH - induced post - fusion 
HA have been solved, and clear conformational changes and domain 
rearrangement have been revealed. 52,53   In the post - fusion state of the 
HA, the two HRs bind each other, forming a typical coiled - coil 6 - helix 
bundle, or hairpin fusion core (Fig. 10.3 ). This clearly provides a good 
target for potential fusion inhibitors based on the HR sequences. 
Unfortunately, work in infl uenza virus has not yet been done so far, and 
the potential use of these polypeptides in the eve of a possible fl u - pan-
demic is extremely welcomed. 

 Infl uenza virus fusion occurs inside the cells in the endosome after 
being taken up into the cell by endocytosis; therefore it is impossible 
to have the HRs to inhibit the virus entry on the cell membrane level. 
However, if the peptides can be delivered into the cells, they might 
function to inhibit the endosomal - viral membrane fusion. Our prelimi-
nary data on peptide - soaking into the cells show some inhibitory effects 
on virus titers in an in vitro  infection system (Liu and Gao, unpublished 
data).

 Based on the successful work in HIV studies, 49,50   we have introduced 
(by transfection) the infl uenza virus HA protein HRs (both HR1 and 
HR2) into the MDCK cells (a permissive cell line to support infl uenza 
virus growth) and have found that HR expression inside the cells 
affects virus titers, implying that they might block the virus fusion in 
the endosome (Liu and Gao, unpublished data). This gene therapy 
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Fig. 10.3.   Crystal structure of the HR1/HR2 complex of infl uenza virus HA. (a) Typical 
α  - helix structure of the three long HR1 (yellow) surrounded by three shorter HR2 
(cyan) with some fl exible loops shown in blue. (Source of the structure: PDB code 
2viu.) (b) Space - fi lling presentation of the structure in part a to show the HR1 surface 
potential and the bound HR2 in stick. See color insert. 

(a) (b)

approach provides us an alternative for drug stockpiling of a potential 
infl uenza pandemic.  

  CONCLUSIONS AND PERSPECTIVES 

 Our understanding of the molecular and mechanistic mechanism of 
virus fusion and entry is gradually clear. Preventing virus fusion or 
entry has become a new therapeutic strategy to prevent virus infection, 
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and virus fusion inhibition is currently one of the most promising 
approaches. Binding - induced conformational changes of viral envelope 
protein have been shown to play an important role in envelope virus 
fusion and entry. Catching the intermediate state of a protein folding 
process duing the conformational changes can stop the protein from 
further folding, thereby blocking the virus membrane fusion. The suc-
cessful use in clinics of the T20 (or Enfuvirtide or Fuzeon) in HIV -
 infected patient makes a promise for further development of other HR 
polypeptide inhibitors, including SARS - CoV and infl uenza virus, which 
might be used in the event of a potential pandemic of infl uenza world-
wide. Work in either the soluble HR form or in vivo  delivery of the HR 
genes into the cells as a gene therapy strategy needs to be rigorously 
further explored for infl uenza virus.  
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    Infl uenza is a highly infectious acute respiratory disease that has plagued 
the human race since ancient times. It is characterized by recurrent 
annual epidemics and periodic major worldwide pandemics. Due to 
high disease - related morbidity and mortality, the direct and indirect 
socioeconomic impacts of infl uenza (IFV) are enormous. In the United 
States alone, annual epidemics cause approximately 300,000 hospital-
izations and 36,000 deaths. In the twentieth century, three infl uenza 
pandemics (1918, 1957, and 1968) were recorded and together they 
have taken an enormous toll of millions of lives and billions of dollars. 
The avian IFV, H5N1, which initially emerged in the late 1990s, has 
spread to hundreds of poultry farms in Asia, Europe, and Africa. As of 
March 12, 2007, 278 people have been confi rmed to be infected by the 
virus in 10 countries and 168 of them have died. Accumulated epide-
miological evidence has documented that since 1999, the H5N1 virus 
has evolved rapidly in ducks and has become increasingly virulent and 
pathogenic in both chickens and mice. 1   Recent molecular and genetic 
evidence has shown that the H5N1 virus isolated from the human out-
break of avian fl u in Turkey has acquired mutations that are likely to 
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make the virus better adapted to infect humans. 2   These are serious 
warning signs that a pandemic could be imminent. 

 Currently, vaccination and antiviral chemical compounds are the 
only prophylaxis and therapeutic remedies to control epidemic infl u-
enza. Inactivated or attenuated live human infl uenza vaccines are now 
in worldwide use, especially in the high - risk groups; however, these 
vaccines need to be updated annually to maintain effi cacy and require 
a substantial period of time for manufacture. The United States vaccine 
supply for the infl uenza season of 2004 – 2005 was abruptly cut in half 
due to manufacturing problems, highlighting potential issues of incon-
sistency and unreliability of future product supply. It is estimated that 
in facing a pandemic outbreak, it could take up to 8 months before the 
updated infl uenza vaccines are ready for distribution. 3   Historical record 
has shown that in the past, fl u pandemics have spread to most 
continents within 6 months, and future pandemics are expected to 
spread even faster due to increased international travel. 4   At the present 
time, no vaccine exists against the potential pandemic strain H5N1. 
Furthermore, it has become increasingly clear that proper prediction 
of the pandemic virus strain will be diffi cult in light of the recent 
discovery that genetically and antigenically distinct sublineages of 
H5N1 virus have become established among poultry in different geo-
graphical regions of Southeast Asia. 5   It is inevitable that vaccines will 
be either unavailable or in short supply during the fi rst wave of future 
pandemics.

 Antiviral chemical compounds are becoming the mainstay for thera-
peutic treatment during inter - pandemic periods and are currently the 
only option for controlling pandemics during the initial period. Two 
classes of antiviral compounds are currently on the market: (a) the M2 
inhibitors such as amantadine and rimantadine and (b) the viral neur-
aminidase inhibitors (NAIs) oseltamivir (Tamifl u  ®  ) and zanamivir 
(Relenza ®  ). The fi rst class only works for infl uenza A and is commonly 
associated with side effects and drug resistance. In addition, they are 
generally considered useless against the potential IFV pandemic of the 
H5N1 subtype. 6   In January 2006, the Centers for Disease Control and 
Prevention (CDC) advised physicians to stop prescribing rimantadine 
and amantadine because 91% of infl uenza viruses have become resis-
tant to this class of drug, underscoring the importance of developing 
new classes of infl uenza therapeutics. 

 The NA inhibitors entered the marketplace in recent years and are 
effective against both infl uenza A and B viruses. However, oseltamivir, 
which now dominates the NA inhibitor market, was linked to a surpris-
ingly high frequency (18%) of drug - resistant viruses in children. 7   A 



mutant IFV strain (H274Y) that is highly resistant to oseltamivir has 
been isolated from two patients who had been treated with the drug, 
and both patients died from the infection. 8   The community emergence 
and spread of viruses resistant to oseltamivir, if it were to occur, would 
have signifi cant implications for infl uenza A/H5N1 prevention and 
control. Furthermore, it has been repeatedly observed that some of the 
oseltamivir resistant viral strains also exhibit cross - resistance against 
other NAIs. 9 – 11   The introduction of new NAIs to the market may not 
provide the solution to oseltamivir resistance. Therapeutics with a novel 
mechanism of action are urgently needed for infl uenza treatment. 

 Targeting distinct steps in the infl uenza virus life cycle is a strategy 
for developing novel infl uenza therapeutics (Fig.  11.1 ). Infl uenza initi-
ates infection by binding to the sialic acid receptors on the surface of 
the airway epithelium and is then internalized with the host cells ’  
machinery. As the endosomal vesicle containing the newly internalized 
virion matures, the pH of the vesicle becomes more acidic, thereby ini-
tiating HA - dependent fusion between the vesicle and the virion. Once 

Fig. 11.1.   Infl uenza virus life cycle. Fludase  ®   (DAS181) prevents viral binding and 
entry; amantadine and rimantadine inhibit pH - dependent uncoating of the virion; 
ASOs, siRNA, and T - 705 target viral replication, transcription, and subsequent transla-
tion; Tamifl u  ®  , Relenza  ®  , and long - lasting multimeric forms of NAIs target the budding 
and release stage of the infl uenza virus life cycle. 
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the fusion has occurred, the contents are released into the cytoplasm 
and the viral RNA along with replication components are translocated 
to the nucleus. Here, both transcription and replication take place. Viral 
proteins are synthesized and assembled on the apical surface of the cell. 
The assembled virions are then released and spread to the neighboring 
cells.   

 Novel therapeutic candidates have been designed to target various 
steps of the virus life cycle including host receptor binding, viral RNA 
replication, viral RNA translation, and viral release. They are summa-
rized in Table  11.1 , and discussed in more detail in this review. 

  DAS181 (FLUDASE  ®  ): A NOVEL INFLUENZA VIRUS 
RECEPTOR INACTIVATOR 

 An investigation into the life cycle of infl uenza viruses revealed that 
binding to the host cell receptor is the key event to initiate infection, 
and this holds true for every subtype and strain of infl uenza virus. If 
viral attachment to its cellular receptor is blocked by a specifi c anti-
body, infection does not take place. 12   Neutralizing anti - infl uenza anti-
bodies isolated from individuals exposed to infl uenza virus work by 
inhibiting viral infection by blocking the viral HA protein from binding 
to the host cell receptor, sialic acid. The vaccines that have been proven 
effective typically work by inducing the formation of the receptor 
blocking neutralizing antibodies. 13   These facts clearly demonstrated 
that blocking the fi rst step (i.e., viral binding to host cell receptors) in 
the viral life cycle is potentially the most effective approach to prevent 
infl uenza viral infection. 

 TABLE 11.1.    Novel Therapeutic Candidates and Strategies Against Infl uenza 

 Candidates or 
Strategy

 Mechanism of 
Action

 Current 
Development Stage  Developed By 

 DAS181 
(Fludase ®  ) 

 Inhibition of host 
cell receptor 
binding

 Phase 1 clinical trial  NexBio Inc. 

 T - 705  Inhibition of RNA 
replication

 Phase 1 clinical trial  Toyama Chemical 
Co.

 Antisense 
oligonucleotides
and siRNA 

 Inhibition of RNA 
replication and 
translation

 Preclinical  AVI Biopharma 
Alnylam
Pharmaceuticals

 Multimeric 
zanamivir

 Inhibition of viral 
release

 Preclinical  Biota 



 However, since most viral surface antigens are mutation prone, neu-
tralizing antibodies against infl uenza viruses are only effective toward 
the strains to which they are raised and cannot provide broad - based 
protection to the mutant strains. To create a broad - spectrum infl uenza 
therapeutic agent, NexBio Inc., a San Diego - based biopharmaceutical 
company, undertook a novel approach to block the specifi c binding 
between all types of infl uenza viruses to their host cell receptors. Nex-
Bio ’ s strategy is to render the target cells inaccessible to infl uenza 
viruses by inactivating the infl uenza virus receptor, sialic acids, on the 
cell surface. To this end, NexBio invented and produced DAS181, a 
novel recombinant fusion protein consisting of a sialidase catalytic 
domain fused with a human respiratory epithelium - anchoring domain 
for blocking viral infection. 

 The host cell receptors for infl uenza A and B viruses are cell - 
surface sialic acids. 14   Sialic acids are  α  - keto acids with 9 - carbon 
backbones that are usually found at the outermost positions of oligo-
saccharide chains that are attached to glycoproteins and glycolipids. 
The predominant type of sialic acid is N  - acetylneuraminic acid 
(Neu5Ac), which is the biosynthetic precursor for most other types. 
Two major linkages between Neu5Ac and the penultimate galactose 
residues of the carbohydrate side chains are found in nature, Neu5Ac 
α (2,3) - Gal ( α 2,3 - linked sialic acids) and Neu5Ac  α (2,6) - Gal ( α 2,6 -
 linked sialic acids). Both  α 2,3 -  and  α 2,6 - linked sialic acids can be rec-
ognized as receptors by infl uenza viruses. 15   Human viruses recognize 
α 2,6 - linked sialic acids while avian and equine viruses recognize  α 2,3 -
 linked sialic acids. 14,16

 The human tracheal epithelium expresses both forms of sialic acids, 
but α (2,6) - linked sialic acids are more abundant and present on both 
the ciliated and nonciliated cells, while the α (2,3) - linked sialic acids are 
less abundant and restricted to only some ciliated cells. 17   This explains 
why the avian virus can infect humans, but the virus transmission is very 
ineffi cient. The relatively low abundance of  α (2,3) - linked sialic acid in 
the human airway epithelium underlies the species barrier for avian 
viruses. This also indicates that merely reducing the sialic acid level on 
the airway surface would have a signifi cant impact on IFV infectivity. 

 Sialidases, also referred to as neuraminidases, are a family of exogly-
cosidases that catalyze the removal of terminal sialic acid residues from 
various glycoconjugates, such as glycoproteins and glycolipids. Sialic 
acids on the cell surface can be removed by treating the cells with 
a sialidase. The respiratory epithelium - anchoring domain is a high -
 affi nity heparin - binding peptide domain that attaches the enzyme onto 
heparin - like molecules such as heparan sulfate, or other negatively 
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charged polysaccharides that are ubiquitously present on the epithelial 
cell surface. The anchoring domain enhances the potency of the siali-
dase by juxtaposing the molecule to the target sialic acid functional 
groups and thus increases retention time on the respiratory epithelium. 
In fact, the epithelial anchoring domain increases the potency of sialic 
acid removal on MDCK cells by over 10 times. 18

 Sialidases have been shown to be effective inhibitors of infl uenza 
virus infection in a number of in vitro  experimental models. Even 
before sialic acids were proven to be the receptor for infl uenza viruses, 
it was observed that when sialic acids were enzymatically removed 
from cell surfaces, the cells were less susceptible to infection by infl u-
enza viruses. 19 – 22   These fi ndings, however, had not been translated into 
a practical approach for clinically treatment of infl uenza until the cre-
ation of DAS181. 

 Sialidase activities are normally present in many human tissues, 
including the salivary glands and the lungs. 23   In fact, sialidase treatment 
of guinea pig respiratory tract signifi cantly reduced substance P - induced 
bronchoconstriction24   and inhibited tracheal contraction induced by an 
antigen (ovalbumin) or compound 48/80. 25   Furthermore, sialidase treat-
ment did not change the rheological properties of mucus, nor did it 
affect the normal mucus transport activity on ciliated epithelium.  26,27

These features suggest that a sialidase like DAS181 is unlikely to be 
overtly toxic to the airway or produce airway hyper - responsiveness and 
hyper - reactivity. 

 Studies have shown that DAS181 has potent broad - spectrum anti -
 infl uenza activity in cell culture and animal models. Using the conven-
tional MDCK cell culture model, the antiviral activity of DAS181 and 
its analogue has been demonstrated against over 20 laboratory strains 
and clinical isolates of IFV of the H1N1, H2N2, H3N2, H5N1, H9N2, 
and H7N7 subtypes. DAS181 was shown to be active against all of the 
tested IFV strains in this model system. The 50% and 90% inhibitory 
concentrations (EC 50  and EC 90 ) in cell protection and viral inhibition 
assays were in the range of 0.04 to 15.6 nM and 0.4 to 51.6 nM, respec-
tively. The in vitro  anti - IFV activity of DAS181 appears to be stronger 
than Tamifl u  ®   and Relenza  ®   by several orders of magnitude; the 
reported cell protection EC 50  values of Tamifl u  ®   and Relenza  ®   ranged 
from  < 10   nM to 3.4    μ M.  10

 DAS181 maintained similar potency even when the infectious dose 
of virus was increased by 100 -  to 1000 - fold. By contrast, the activity of 
many antiviral compounds is infl uenced by the infectious viral dose; 
they are often more active in cell culture at low MOI and thus less 
active (or inactive) at higher virus - to - cell ratio. For the NAIs, oseltami-



vir and RWJ - 270201, every fi vefold increase in MOI, in the MOI range 
of 0.0002 to 0.02 raised EC 50  of both compounds by 7 -  to 10 - fold (from 
10   nM at MOI 0.0002 to  > 10    μ M at MOI 0.02).  10   DAS181 potency 
remained undiminished even when the cell treatment was performed 
24   hr prior to the virus challenge. 18   By targeting the host cells rather 
than the virus, DAS181 has shown distinct anti - IFV properties from the 
virus - targeting compounds, such as the NAIs. In MDCK cell cultures, 
the state of cell surface desialylation was sustained for over 3 days after 
a single DAS181 treatment. 18

 In the model system of the well - differentiated human airway epithe-
lium (HAE), which closely mimic the human airway epithelium 
morphologically and functionally, 28,29   DAS181 demonstrated similarly 
potent activity against infl uenza A and B virus strains. In this model 
system, the treatment effect of a single dose of DAS181 lasted for over 
one week (unpublished results). 

 In a murine model of infl uenza infection, DAS181 displayed potent 
anti - infl uenza activity. Twice daily dosing of 30   U (approximately 
1   mg/kg/day) demonstrated 100% survival protection and over 5   logs of 
reduction in viral titer using the lethal A/NWS/33 (H1N1) strain of 
infl uenza. Doses as low as 0.3   U (approximately 10    μ g/kg) still yielded 
100% survival protection and gave rise to 4 logs of reduction in 
viral lung titer. In the same murine model, once every other day 
DAS181 treatment could be delayed to as late as 48   hrs post infection 
and still result in 100% survival. 18   Studies testing a DAS181 analogue 
in a ferret model of infl uenza infection gave similar results; viral titers 
in nasal washes were reduced and there were less signs of infl ammation 
in the nasal washes. When the treatment was initiated at two days 
prior to the virus challenge, about 30% of the ferrets were completely 
protected from infection as demonstrated by negative seraconversion 
by the treated animals. 18   DAS181 has also demonstrated unprecedented 
activity against the highly pathogenic H5N1 virus (A/Vietnam/1203/04) 
in a lethal mouse model. In a series of studies, DAS181 administered 
once a day starting from one day prior to the virus challenge achieved 
100% animal survival, and 70% of the animals were completely 
protected from the virus infection as demonstrated by the lack of 
seroconversion. The viral titer in the lungs was reduced by 4 to 6   log 10

units, and the virus infection of the brains was completely prevented. 
When the DAS181 treatment was initiated at up to 72   hr after the 
virus infection, signifi cant animal survival and virus inhibition was 
achieved.30

 Based on its design, DAS181 has the following features that consti-
tute an ideal therapeutic candidate against infl uenza: (1) By containing 
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a sialidase that can effectively degrade both receptor sialic acids, 
Neu5Ac α (2,6) - Gal and Neu5Ac  α (2,3) - Gal, DAS181 confers protec-
tion against the broadest range of infl uenza viruses, including both 
human and animal viruses. It also remains effective as the virus continu-
ously mutates and evolves. As a result, DAS181 may overcome the 
shortcomings of infl uenza vaccines, which require annual updates due 
to antigenic drifts and antigenic shifts of the virus. (2) DAS181 targets 
the host cells rather than the virus. It simply prevents the virus from 
fi nding host receptors on the mucosal surface without selective killing 
of a large segment of the wild - type viral gene pool. Therefore, the likeli-
hood of selecting resistant viral strains may be greatly reduced in 
comparison to therapeutics that target viral components. 

 Based on previous studies, it is expected that infl uenza strains resis-
tant to DAS181 will be diffi cult to establish. A previous attempt to 
establish a stable sialidase - resistant infl uenza viral variant was only 
successful by using a combination of a bacterial sialidase with a poly-
clonal antibody directed toward the IFV NA. 31 – 34   The virus isolated 
under such conditions carried a large internal truncation in the NA 
gene and displayed a much reduced virulence both in vitro  and  in
vivo .  33,35   It was revealed that the IFV mutants compensated for the lack 
of NA activity by having mutations around the HA receptor - binding 
pocket to reduce the virus ’ s affi nity for cellular receptors. 35   These 
studies demonstrated that the survival of the IFV mutants that were 
established by sialidase/anti - NA antibody double selection was only 
made possible by sacrifi cing the ability of the virus to infect host cells. 

 NexBio Inc. has submitted an IND application on DAS181 with the 
United States FDA. 

  T - 705: AN INHIBITOR OF INFLUENZA VIRUS REPLICATION 

 Infl uenza viruses carry their genetic information as negative strands of 
RNA. Human host cells use DNA, rather than RNA templates for 
replication and transcription of their genetic information; they do not 
contain enzymes necessary to transcribe or replicate the RNA - based 
viral genome. Therefore the virus must supply its own RNA - dependent 
polymerases, making this unique enzyme an ideal target for the inhibi-
tion of infl uenza viral replication. Infl uenza nucleocapsids contain 
active viral RNA polymerase which bears signals that direct its entry 
into the nucleus of infected cells. During infection, each segment of the 
viral RNA genome is transcribed and replicated by viral polymerase in 
the host cell nucleus. 



 T - 705 is a nonpeptide small - molecule infl uenza drug candidate that 
targets the viral gene replication process. Toyama Chemical Co. of 
Japan has developed the pyrazine derivative, T - 705 (6 - fl uoro - 3 - hydroxy -
 2 - pyrazinecarboxamide), which is reported to inhibit viral reproduction 
through inhibition of viral RNA polymerase. 36   Additional investigation 
showed that T - 705 could function as a prodrug that can be phosphory-
lated into the nucleotide analogue drug T - 705 – 4 - ribofuranosyl - 5 ′  -
triphosphate (T - 705RTP) for viral RNA polymerase inhibition. Its 
mode of action is similar to that proposed for ribavirin which is a gua-
nosine analogue antiviral compound. Ribavirin has demonstrated effi -
cacy against RNA and DNA viruses, including infl uenza. 

 Studies demonstrating reversal of T - 705 ’ s anti - infl uenza activity by 
the addition of purines and purine nucleosides suggest that T - 705 inhib-
its viral polymerase through a competitive mechanism. In addition, a 
specifi c cellular metabolite of T - 705 (T - 705RTP) was shown to inhibit 
isolated infl uenza RNA polymerase in a pattern consistent with GTP 
competition. The inhibition appears to be specifi c because  in vitro
cellular DNA and RNA synthesis was unaffected. 36   It remains to be 
demonstrated whether T - 705 and its metabolites exclusively affect 
polymerase activity or if they also competitively interfere with purine 
uptake and intracellular conversion. 37

 T - 705 has shown selective inhibition of activity of a wide array of 
infl uenza A, B, and C viruses  in vitro . Cell culture - based assays demon-
strate effi cacy against several strains of infl uenza A in the subtypes 
H1N1, H2N2, and H3N2 with EC 50  ranging from 80   nM to 3    μ M (0.013 
to 0.5    μ g/mL).  37,38   In addition, the therapeutic effi cacy of T - 705 was 
evaluated in a survival study of virus - infected mice. Orally adminis-
tered T - 705 (100 or 200   mg/kg/day, four times per day, beginning 1   hr 
post - infection) was shown to increase survival rates and decrease 
viral titer in lungs of virus - infected mice in a dose - dependent manner.  37

In recent studies at Utah State University, T - 705 demonstrated 
effi cacy against four strains of avian H5N1 infl uenza in cell culture with 
EC90  ranging from 1.3 to 7.7    μ M. T - 705 at 300   mg/kg/day administered 
up to 96   hr post - infection also prevented death in mice infected with 
lethal dose of a low pathogenic H5N1 infl uenza strain (A/Duck/
MN/1525/81).39   Studies demonstrated that T - 705 had a better safety 
profi le than amantadine and ribavirin; it displays no cytotoxicity in 
immortal mammalian cell lines at concentrations up to 10 times higher 
than levels where 50% cytotoxicity is observed for amantadine and 
ribavirin.36

 Another nucleic acid analogue in this class of anti - infl uenza medi-
cines that has demonstrated anti - infl uenza activity is LY217896 (1, 3, 
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4 - thiadiazol - 2 - ylcyanamide).  In vitro  this compound provided protec-
tion against a broad range of infl uenza A and infl uenza B viruses with 
EC50  ranging from 2.8 to 11    μ M (0.4 to 1.5    μ g/mL). It also exhibited 
activity in vivo  by preventing death in a lethal mouse model of infl u-
enza infection as well as in the ferret model. 40   Unfortunately, this mol-
ecule later failed to show effi cacy in human clinical trials. 38,41   Since the 
viral RNA polymerase is a critical protein for inhibition of viral replica-
tion and potentially offers a high degree of drug target selectivity, it 
remains an attractive target for anti - infl uenza drug discovery. With 
superior potency and a better safety profi le than LY217896, T - 705 con-
tinues to be a promising new candidate for an infl uenza medicine. 
Toyama Chemical began Phase I clinical studies with T - 705 in January 
2007 under a Japanese IND and has also submitted an IND application 
with the United States FDA. 

  INHIBITING VIRAL REPLICATION AND TRANSCRIPTION: 
ANTISENSE OLIGONUCLEOTIDE AND SMALL 
INTERFERING RNA STRATEGIES 

 Because of their innate specifi city toward the targeted viral RNA 
(vRNA) sequence and the critical role of infl uenza vRNA for replica-
tion and transcription, both antisense oligonucleotides (ASOs) and 
small interfering RNA (siRNA) are attractive technology platforms for 
viral - genome - based drug discovery. ASO and siRNA technologies 
employ either single - stranded or double - stranded short oligonucleotide 
sequences, respectively, that are complementary to mRNA, vRNA, or 
cRNA, to exert their inhibitory or gene silencing activities through dif-
ferent mechanisms. Second -  and third - generation ASOs (2 ′  -  O  - methoxy -
 substituted (MES) oligonucleotides and morpholino oligonucleotides) 
bind to their complementary RNA targets and primarily disrupt trans-
lation by steric hindrance 42   as well as the RNase H - mediated target 
cleavage activity. 42,43   The more pharmacokinetically favored, second -
 generation ASOs with a modifi ed backbone to confer nuclease resis-
tance have tremendously enhanced the therapeutic potency for either 
systemic, aerosol, or topical routes of delivery. Both of these ASOs rely 
on stoichiometric occupation and binding to the intended sequence of 
RNA target. In addition to the target binding, therapeutic siRNA tech-
nology employs the cellular RNA - induced silencing complex (RISC), 
which hones in on the target RNA sequence and mediates the cleavage 
of the target RNA. 44   Unlike inhibition by ASOs, the active RISC 
complex can be recycled for cleavage of additional target strands of 



RNA. In comparison to the single - stranded morpholino or the MES 
ASOs, the RISC mechanism may require less siRNA to achieve the 
same therapeutic effect. Still, the second - generation ASOs are consid-
ered pharmaceutically more stable and pharmacokinetically superior 
to the siRNAs and could prove to be a more effective means for anti -
 infl uenza therapy. 

 Several groups have demonstrated the effectiveness of these poten-
tial anti - infl uenza therapies  in vitro  and  in vivo.  These strategies are 
covered in more detail in two separate contributions within this volume. 
Two promising ASOs targeted against either the AUG translation site 
of PB1 or the 3 ′  - terminal region of the vRNA genome displayed broad -
 spectrum anti - infl uenza activity against H1N1, H3N2, H3N8, H7N7, 
and H5N1 in vitro . These top performing ASOs reduced viral titer by 
2 – 3   log 10  units at 20    μ M.  45   Similarly, siRNAs targeting either the infl u-
enza NP, PA, or PB1 have been shown to be active against H1N1, H5N1, 
and H7N7 in a cell culture model as well as in a mouse model of infl u-
enza infection using an intravenous route of administration. The top -
 performing siRNA candidates reduced viral titer in mouse lungs by 
1 – 2   log 10  units at 3   mg/kg.  46 – 48

 Both ASO and siRNA therapeutics can be designed to bind to the 
highly conserved regions of viral RNA and offer broad - spectrum activ-
ity against all strains and subtypes of infl uenza A and B. However, 
because of sequence divergence, no single siRNA or ASO candidate 
therapeutic has yet been shown to display activity against both infl u-
enza A and B viruses. This issue could be addressed by using combina-
tions of antisense oligonucleotides. Since infl uenza is an infection that 
is limited to the respiratory tract and the lungs, local administration of 
the drug candidates is possible to enhance target organ/tissue delivery 
and to limit the potential systemic side effects and toxicity. Both naked 
oligonucleotides as well as polycationic complexed oligonucleotides 
have been delivered successfully to the lungs of mice in a nebulized 
aerosol as an aqueous solution and can certainly be a viable option for 
human delivery. Both ASO and siRNA technologies utilize a 20 -  to 
22 - mer short nucleotide sequence to precisely target a specifi c viral 
gene. Yet similar anti - infl uenza activity is maintained with as many as 
two nucleotide changes in the infl uenza sequence.  38

 Thus far, AVI Biopharma has advanced one of the third - generation 
ASOs with NeuGene  ®   chemistry into preclinical development (AVI -
 6001). Alnylam Pharmaceuticals has advanced the siRNA lead, ALN -
 RSVO1, for another respiratory virus, RSV, through phase I clinical 
trials and has phase II clinical effi cacy studies planned. Through a 
partnership with Novartis, Alnylam Pharmaceuticals is developing 
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an siRNA for pandemic H5N1 infl uenza virus. Although both compa-
nies have good lead compounds, the effi cacy of the Neugene and 
Alnylam anti - infl uenza therapeutics has yet to be clearly demonstrated 
in clinical development. 

  INHIBITION OF VIRAL RELEASE: MULTIMERIC 
NEURAMINIDASE INHIBITORS 

 For the past several years the neuraminidase inhibitors (NAIs), oselta-
mivir and zanamivir, have been the mainstay of anti - infl uenza therapy. 
They have proven to be safe and effective for treatment of human 
infl uenza A and infl uenza B viruses. Recently, several studies have 
demonstrated their effectiveness against the potentially pandemic 
H5N1 strains in mouse and ferret challenge models 49 – 52   demonstrating 
their potential for use as a pandemic infl uenza drug. 

 The infl uenza viral envelope is covered with spikes that are com-
posed of three types of protein: hemagglutinin (HA), which binds to 
host cell receptors and mediates fusion of viral and cellular membranes; 
neuraminidase (NA), which facilitates release of the new viruses from 
host cells; and a small number of M2 proteins which serve as ion 
channels. Specifi cally, the NA tetramer is thought to prevent self -
aggregation of infl uenza virions during the budding and release stage of 
the virus life cycle as well as facilitate cell spreading through the mucus. 33

NAIs specifi cally inhibit viral neuraminidase, thereby preventing the 
effi cient spreading of new viruses through the respiratory tract. 

 Building upon an already reliable class of infl uenza therapeutics, 
multimeric neuraminidase inhibitors are yet another novel approach to 
treat infl uenza. Because multivalent interactions can dramatically 
increase the affi nity of ligands to receptors, 53,54   multimeric forms of the 
neuraminidase inhibitors are being investigated as a way to increase 
the potency of the NAIs. In both cell - based CPE (cytopathic effect) 
assays and plaque reduction assays, as well as in vivo  mouse studies, 
dimeric forms of zanamivir can be up to 1000 - fold more active than the 
monomeric form with an optimal linker length of 16 – 18  Å .  55   Dimeric 
forms of zanamavir could result in three types of multivalent interac-
tions: binding between two sites on an NA tetramer (intratetramer), 
binding between two sites on different NA tetramers within the same 
virion (intravirion), and binding between two sites on NA tetramers on 
different virions (intervirion). Based on the molecular spacing of the 
NA tetramers on the surface of the virion, it was proposed that most 
of the interactions are either intratetramer or intervirion, and this 
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potentially leads to the formation of large matrices of infl uenza virions 
resulting in further aggregation of virus and better prevention of viral 
spreading. An added benefi t to the use of zanamavir dimers as a thera-
peutic agent is that the clearance rate is greatly diminished and lung 
retention of the therapeutic molecule is increased. This could poten-
tially decrease the number of doses needed for effective prophylaxis 
and treatment. Similar improvements were observed with the use tri-
meric and tetrameric forms of zanamivir in anti - infl uenza assays. These 
compounds reduced viral titer by up to 4   log 10  units when administered 
at a dose of 1   mg/kg/day. In comparison to the monomeric zanamivir, 
they were at least 40 - fold more active. A single dose of the dimeric or 
tetrameric form could be administered 10 days prior to infection 
compared to two days prior to infection for the monomeric form and 
still exert signifi cant anti - infl uenza effects in a mouse model of 
infection.56

 In summary, broad - spectrum novel anti - infl uenza agents with differ-
ent modes of action are urgently needed to address the unmet thera-
peutic needs and imminent pandemics, because the current supply of 
anti - infl uenza drugs is rapidly becoming inadequate. As more novel 
classes of anti - infl uenza therapeutics become available, the potential 
for combination therapy also becomes more feasible. Potential benefi ts 
of combination therapy include reduced drug resistance 57   and superior 
effi cacy and potency. 58 – 62   Despite the overwhelming challenges of devel-
oping the ideal infl uenza medicine, DAS181, a sialidase fusion protein, 
viral polymerase inhibitors such as T - 705, antisense oligonucleotides, 
siRNA, and long - lasting multimeric neuraminidase inhibitors represent 
some of the most promising upcoming anti - infl uenza therapeutics in 
development.
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Fig. 1.1.   The two mechanisms whereby pandemic infl uenza originates. In 1918, the 
 “ Spanish infl uenza ”  H1N1 virus closely related to an avian virus adapted to replicate 
effi ciently in humans. In 1957 and 1968, reassortment events led to, respectively, the 
 “ Asian infl uenza ”  H2N2 virus and the  “ Hong Kong infl uenza ”  H3N2 virus. The  “ Asian 
infl uenza ”  H2N2 virus acquired three genetic segments from an avian species [a hemag-
glutinin, a neuraminidase, and a polymerase (PB1) gene]. The “ Hong Kong infl uenza ”  
H3N2 virus acquired two genetic segments from an avian species (hemagglutinin and 
PB1). Future pandemic strains could arise through either mechanism. 10   (Taken from 
Belshe.10  ) 
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Fig. 1.2.   Inhibition of infl uenza virus replication cycle by antivirals. After binding to 
sialic acid receptors, infl uenza virions are internalized by receptor - mediated endocyto-
sis. The low pH in the endosome triggers the fusion of viral and endosomal membranes, 
and the infl ux of H +  ions through the M2 channel releases the viral RNA genes in the 
cytoplasm. Adamantanamine derivatives block this uncoating step. RNA replication/
transcription occurs in the nucleus. This process can be blocked by inhibitors of IMP 
dehydrogenase (a cellular enzyme) or viral RNA polymerase. The stability of the viral 
mRNA and its translation to viral protein may be prevented by siRNAs. Packaging 
and budding of virions occur at the cytoplasmic membrane. Neuraminidase inhibitors 
block the release of the newly formed virions from the infected cells. (Taken from 
Palese,11   with modifi cations.  1  )    
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Fig. 1.3.   Model of the proposed transmembrane domain of the M2 protein, showing 
top view as seen from the extracellular side and a cross section in the plane of the lipid 
layer. Residues that were identifi ed as facing the ion - conducting aqueous pore are 
indicated. (Taken from Shuck et al. 14  ) 
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the absence of amantadine, the proton channel mediates an infl uex of H +  ions into the 
infecting virion early in the viral replication cycle, which facilitates the dissociation of 
the ribonucleoproteins from the virion interior and allows them to be released into the 
cytoplasm and transported into the cell nucleus. In highly pathogenic avian viruses (H5 
and H7), the M2 - proton channel protects the hemagglutinin from acid - induced inacti-
vation in the trans - Golgi network during transport to the cell surface. In the presence 
of amantadine, the channel is blocked and replication is inhibited. The serine at position 
31 lies partially in the protein – protein interface and partially in the channel (see inset). 
Replacement of serine by a larger asparagine leads to the loss of amantadine binding 
and the restoration of channel function. Depending on the particular amino acid, other 
mutations at position 26, 27, 30, or 34 may inhibit amantadine binding or allow binding 
without the loss of ion - channel function. [Taken from Hayden. 24   Inset courtesy of 
Rupert Russell, Phillip Spearpoint, and Alan Hay (National Institute for Medical 
Research, London).] 
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Fig. 1.6.   Mechanism of action of neuraminidase inhibitors. Neuraminidase inhibitors, 
such as zanamivir and oseltamivir (see Fig. 1. 8 ), interfere with the release of progeny 
infl uenza virions from the surface of infected host cells. In doing so, the neuraminidase 
inhibitors prevent virus infection of new host cells and thereby halt the spread of infec-
tion in the respiratory tract. The neuraminidase cleaves off sialic acid ( N  - acetylneur-
aminic acid) from the cell receptor for infl uenza virus (see Fig. 1. 7 ), so that the newly 
formed virus particles can be released from the cells. Neuraminidase inhibitors prevent 
this process. (Taken from Moscona. 31  )   
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Fig. 1.9.   GS4071 within the active site of the infl uenza A viral neuraminidase. Loca-
tions of oseltamivir - resistance mutations (i.e., H274Y) showing that the tyrosine at 
position 252 is involved in a network of hydrogen bonds in group - 1 (H5N1 and H1N1) 
neuraminidases.44   (Figure 1.9A was taken from Kim et al. 37   and De Clercq, 43   and Fig. 
1.9B was taken from Russell et al. 44  ) 
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Fig. 1.10.   Molecular surfaces of group - 1 (N1) and group - 2 (N9) neuraminidases with 
bound oseltamivir showing the 150 - cavity in the group - 1 (N1) structure that arises 
because of the distinct conformation of the 150 - loop. (Taken from Russell et al. 44  ) 
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Fig. 4.3.   FACS analysis of FLUV A bound cells. MDCK cells were mixed with FLUV 
A at a MOI of 1 and incubated at 37 ° C for 1.5   hr. During the incubation, 8 – 200    μ M of 
compounds were combined with the virus cell mixture. After incubation, binding of 
FLUV to cells was examined by FACS using indirect immunofl uorescence with anti -
 FLUV A mouse serum and FITC conjugated goat anti - mouse IgG antibody. The 
abscissa indicates intensity of populations of infected cells and the ordinate indicates 
the number of cells. The rightmost line is a population of infected cells without com-
pounds, and the leftmost line is that of uninfected cells. 
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Fig. 8.1.   Anti - adhesion principle. Oligosaccharide (OS) of host cell serves as receptor 
for virus. Natural mucin or synthetic bulky conjugate of this OS able to attain high -
 affi nity binding to virus particle and to inhibit virus - to - cell binding, thus blocking 
infectivity.

Fig. 8.2.   High specifi city of modern human H1, H3, and B infl uenza viruses toward 
trisaccharide 6 ′ SLN. Solid - phase assay (FBI) in inhibitory mode, polyacrylamide 
(30   kDa) conjugates of 6 ′ SLN, 6 ′ SL, and 3 ′ SLN as inhibitors. Similar results were 
observed with all other modern isolates propagated in MDCK or Vero cell culture. 
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Fig. 8.3.   Weight dynamics and survival of A/Sn mice from noninfected control group 
treated with placebo (blue); noninfected control group treated with 6 ′  - SLN - PAA 
(cyan); and virus - infected mice treated either with placebo (red, 10 mice) or 6 ′  - SLN -
 PAA (green). On days 2 – 5 after infection (10 3    IU of virus), mice were treated by 10 - min 
exposures with 6 ′  - SLN - PAA in aerosol form every 2   hr with 10 - hr night break. The 
preparation dose (for each administration) was ∼ 1   nmol by sialic acid per mouse.  P  -
 value for WL difference between the two control groups and between the two infected 
groups was 0.528 and < 0.001, respectively. (Adapted from Ref. 14.) 

Fig. 9.2.   The minimized energy geometry of compound ( II ) obtained from Spartan  ’ 06. 
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Fig. 10.2.   Crystal structure of the fusion core of the HIV HR1/HR2 6 - helix bundle. (a) 
Side view of the α  - helix structure. HR1 (green) forms a tightly bound trimer sur-
rounded by three HR2 (cyan). (Source of the structure: PDB code 1AIK.) (b) Top view 
of the fusion core. (c) Fusion structure (HR1 in space - fi lling form to show the surface 
potential and HR2 in stick form) with one HR2 removed to show the cavities (circled), 
which are targets for small - molecule design. 
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Fig. 10.3.   Crystal structure of the HR1/HR2 complex of infl uenza virus HA. (a) Typical 
α  - helix structure of the three long HR1 (yellow) surrounded by three shorter HR2 
(cyan) with some fl exible loops shown in blue. (Source of the structure: PDB code 
2viu.) (b) Space - fi lling presentation of the structure in part a to show the HR1 surface 
potential and the bound HR2 in stick. 
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