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Abstract:

1.

Monoclonal antibody (mAb) technology has reached a state of maturity
making it possible to rapidly discover and produce fully human mAbs which
neutralize any given virus in vitro. Several antibodies have also shown good
prophylactic and therapeutic efficacy in relevant animal models of viral
disease. Surprisingly, only one antiviral mAb has been licensed to date; it is
used to prevent infection with respiratory syncytial virus in at-risk infants.
Certain paradigms of mAbs prevailing in industry and academia are obstacles
to the development of further antiviral antibodies for clinical use. There is a
perception that mAbs are much more effective in prophylactic than therapeutic
use, offer limited breadth of protection against different viral strains, are prone
to select neutralization escape variants and need to be given in high doses,
which are still comparatively costly to manufacture. Based on a review of the
literature and our own data, we propose that by combining two or more non-
competing neutralizing antibodies, viral escape can effectively be controlled
and in case of synergistic action of the mAbs it may be possible to
significantly reduce the total antibody concentration required for protection.
The combination of mAbs with specific antiviral drugs has the potential to
expand their use from pre- and post-exposure prophylaxis to therapy of acute
and chronic viral infections.

INTRODUCTION

Before the advent of specific vaccines and antiviral drugs, passive
prophylaxis with pooled normal donor serum (“immune globulin) or pooled
pathogen-specific (“immune”) serum from recovered patients or immunized
volunteers was used very successfully to prevent infections with a variety of
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viruses, such as cytomegalovirus, enteroviruses, hepatitis A, hepatitis B,
measles, parvovirus B19, rabies, respiratory syncytial virus, varicella and
variola (reviewed by Casadevall et al. 2004 and Sawyer 2000). Despite high
production costs and the inherent risks of transmitting known and unknown
blood borne pathogens, many of these sera are still in clinical use. Important
indications are the protection of individuals at high risk of infection or at
high risk of developing complications after infection. The immune globulin
or pathogen-specific immune serum is given either as prophylaxis before or
immediately after exposure (post-exposure prophylaxis, PEP) to immuno-
compromised or normal persons. It is used less frequently for therapy of
acute or chronic infections in immunocompromised patients.

Typical prophylactic indications include RSV-specific antibodies for at-
risk infants, hepatitis B or CMV immune serum for transplant patients,
varicella zoster and measles virus antiserum for exposed immuno-
compromised patients and immunoglobulins for patients with X-linked
agammaglobulinemia. However, in the case of highly lethal diseases,
immunocompetent persons also benefit from passive immunization. Rabies
virus kills 30,000 to 40,000 people annually in Asia and the shortage of
affordable high quality rabies immunoglobulin for PEP given in combination
with the vaccine is considered a serious global health problem.

CMV-immunoglobulin plus ganciclovir is the treatment of choice for
established pneumonia in bone marrow and stem cell transplant patients.
Other acute viral infections showing some, mostly only anecdotally
documented response to immunotherapy include the complications of
smallpox vaccination (eccema vaccinatum, generalized vaccina), Lassa
fever, West Nile virus infection, SARS and Ebola virus infection.

Of the chronic viral infections, enteroviral encephalitis and parvovirus
B19 anemia in immunosuppressed patients are amenable to immunoglobulin
therapy. In contrast, HIV and hepatitis B and C, which affect hundreds of
millions of people worldwide, have shown little responsiveness to serum
therapy. Possible reasons include low-titered or virus strain-specific
neutralizing antibodies in donor sera, generation of neutralization escape
variants and requirement of a strong T-cell response for clearance of infected
cells.

From the above it can be concluded and has been shown experimentally
in animal models, that for pre- and post-exposure prophylaxis of viral
infections human immune sera can effectively be replaced by monoclonal
antibodies (mADb), provided the mAb offers sufficient breadth of protection
against all clinically relevant strains of a virus. It also follows that late PEP
or early therapy of an acute infection will be possible in certain
circumstances, provided that the main mechanism of viral clearance is
antibody mediated and that the mAb reaches sufficient concentrations in the
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target organs of viral replication (e.g. the brain). Chronic infections,
however, are very unlikely to respond to therapy with mAbs unless immune
escape is prevented by reducing viral replication independently of antibody
action (e.g. by an antiviral drug) and the immune response is modulated such
that additional effector mechanisms for viral clearance are stimulated.

Murine mAbs against transplant rejection and blood clotting were the first
monoclonal antibodies to enter the clinic in the late 1980s, but the induction
of immunological side effects was an obstacle to the development of further
products. The advent of recombinant antibody technology in the 1990s then
allowed the generation of less immunogenic chimeric mouse-human and
later “humanized” mouse mAbs, which has set off an annual 20% growth of
the mAb market to currently 30 billion US$/a (Baker 2005). At present 152
novel mAbs are undergoing clinical trials, mostly for cancer or immunological
disorders and approximately 10% for infectious diseases. Despite these
successes, only a handful of antiviral antibodies are currently in clinical
trials, mainly against HBV and HCV. Only one mAb is licensed and
marketed for prevention of a viral disease (Palivizumab), which is given to
at-risk infants for the prevention of infection with respiratory syncytial virus.
While economic considerations with respect to the smaller market size of
anti-infectives and comparatively high production costs of mAbs may partly
explain this discrepancy, we think that certain scientific paradigms
prevailing in industry and academia are important obstacles to the
development of further antiviral antibodies for clinical use. The following
chapter will therefore try to shed light on the generation and preclinical
evaluation of antiviral mAbs and discuss possibilities to improve their
properties based on our own data and a review of the literature.

2. GENERATION OF HUMAN MONOCLONAL
ANTIBODIES AND EVALUATION OF THEIR
ANTIVIRAL PROPERTIES

2.1 Technical approaches

Immunoglobulins are composed of heavy and light chains, the light chain
being either k or A. The antigen-binding site of an antibody is composed of
six hypervariable or complementarity determining regions (CDRs), of which
three are located within the variable domains of the light-chain (V) and
heavy chain (Vy), respectively. In the immune system a large repertoire of
different variable domains determining the antibody specificity is generated
through combinatorial assembly of germline gene segments (V, D and J),
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with each B-cell expressing a different antibody specificity. Antigen
exposure leads to clonal expansion of those B-cells producing antigen-
binding antibodies and induces somatic mutations in the V genes, which
results in further selection of clones with improved affinities of the
antibodies (affinity maturation).

Of the 18 therapeutic mAbs in clinical use today, three are murine, five
are chimeric (murine V region, human F¢ region) and the remainder are
humanized (mouse CDRs grafted onto a human antibody). Because fully
human mAbs will theoretically not induce any immune response in the
patient, several in vivo and in vitro technologies were developed for their
generation (reviewed by Hoogenboom 2005). Historically, in vitro
immortalization of peripheral human B-cells isolated from infected or
immunized donors was performed with Epstein Barr virus to subsequently
isolate and identify antibody secreting clones (Steinitz et al. 1977). This
technique has recently been modified to increase the number of transformed
IgG+ B-memory cells by in vitro stimulation with CpG-oligonucleotides and
sorting of memory cells using the surface marker CD22, which has resulted
in recovery of a high number of specific antibody clones, which have
undergone in-vivo affinity maturation (Traggiai et al. 2004). Transgenic
mice with human immunoglobulin genes have been generated to study the
maturation of antibody genes. They are immunized with the antigen of
interest and monoclonal antibodies are rescued by fusing mouse B-cells with
mouse myeloma cells (Lonberg 2005). The resulting antibodies are in-vivo
affinity-matured.

Ribosome display of antibodies is a PCR-based in vitro display
technology, in which the individual nascent proteins are coupled to their
corresponding mRNA through formation of stable protein-ribosome-mRNA
complexes. Thus it is possible to isolate the functional protein (antibody)
together with its encoding mRNA, which is reverse transcribed and PCR-
amplified for further rounds of selection (Lipovsek et al. 2004). Due to the
error-prone process of reverse transcription and amplification, the system’s
most successful application is the affinity maturation of antibodies.

Surface display on yeast (S. cerevisiae) allows for selection of antibody
repertoires by cell flow cytometry. The Vy and V| genes are diversified with
random mutagenesis to yield high affinity antibodies (Boder et al. 2000).
Other formats including surface display on E. coli and Bacillus strains,
retroviral display, display based on protein-DNA linkeage and others have
either specific technical disadvantages or are not yet mature enough for
commercial use.
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Phage display is currently the most popular molecular technology used to
tap into the human antibody repertoire (Hoogenboom 2005). As table 1
shows, in vitro and in vivo neutralizing human monoclonal antibodies have
been generated against a variety of virus from diverse families by phage
display.

All variable, antigen binding regions of the heavy and light chains,
termed Vy and Vi, are cloned from the lymphocytes of a donor and
expressed as single-chain antibodies (Vy-Vp) fused to the plll surface
protein of a bacteriophage. The resulting vast repertoire (“library”) of
different antibody carrying phages ideally mirrors the antibody repertoire of
the donor. Cloning of all different antigen binding regions is possible
because the hypervariable regions which are responsible for antigen
specificity (CDRs) are flanked by constant regions (framework regions, FR)
which correspond to families of germline antibody genes for which the
genetic sequences are available. Because the heavy and light chains are
amplified and cloned by two separate PCR reactions, the library also
contains pairings not present in the donor lymphocytes, which further
increases its size. The antibody phages are incubated with the antigen of
interest and specifically binding phages are rescued together with the genetic
information coding for the specific antibody gene. Both the cloning and the
selection procedure are very powerful, allowing essentially to generate a
repertoire of 10° — 10° different molecules and extracting the desired
antibody specificity from a single test tube.

For further characterization, antibody genes are recovered from the
phages, recloned in appropriate vectors and transiently expressed in
eukaryotic cell lines as fully functional monoclonal antibodies of a desired
class and subclass. Starting from high-quality donor material, a typical
antiviral mAb discovery program may yield 1000-2000 virus binding
antibody phages, of which 100-200 are converted to IgGl-molecules for
further in vitro and in vivo screening. Finally, three to four antibodies are
selected as product leads and stable production clones of a suitable cell line
(e.g. PER.C6") are generated (figure 1). Excellent laboratory manuals are
available describing the technical procedures in detail (Kontermann and
Diibel 2001).
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Table 1. In-vitro neutralizing human monoclonal antibodies generated by

phage display or other methods

Virus

CMV
Denguel,2
Ebola
Hantaan
HAV

HBV
HCV
HEV
HIV-1

HIV-2
Measles
Parvo
Puumala
Rabies

Rotavirus
RSV
SARS

Vaccinia
VZV
Yellow
fever

Target

gB, gH

E

GP

G1,G2

148, 708,
subviral particles
Pre-S, S

El, E2

ORF 2
egpl20(V2, V3),

gp4l
CD4/co-receptor

complex
gpl120
H

VP2

G2

G

VP4, VP7
S1,S2
P95, p34

¢E
E

In-vivo
neutral.

nd
nd
Guineapig
nd
nd

Chimpanzee
nd

Rhesus
Chimpanzee,
rhesus
SCID- mice

nd
nd
nd
nd
Hamsters

nd
nd
Mice, ferrets

nd
nd
nd

Reference

Nejatollahi 2002
Goncalvez 2004

Parren 2002

Koch 2003, Liang 2003
Kim 2004

Hong 2004°, Eren 2000°

Keck 2004”, Habersetzer 1998"
Schofield 2003

He 2002°, Moulard 2002,
Wang 1999, Purtscher 1994°

Bjorling 1999

De Carvalho Nicacio 2002
Arakelov 1993*

De Carvalho Nicacio 2000

Bakker 2005, Hanlon 2001%, Enssle
1991*

Higo-Moriguchi 2004

Johnson 1997¢

Greenough 2005, ter Meulen 2004,
Sui 2004, Traggiai 2004°
Schmaljohn 1999

Kausmally 2004

Daffis 2005

a Immortalized human B-cells

b Transgenic mice

¢ Humanized murine mAb
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Figure 1. Generation of human monoclonal IgG antibodies from phage display libraries.
mRNA is isolated from immunized or infected lymphocytes donors, reverse transcribed into
cDNA and all Vy and Vi genes are amplified using a set of approx. 40 consensus primers
directed against the conserved framework regions of the variable antibody genes. The
antibody genes are cloned in a phagemid vector and infectious phages each expressing a
different single-chain antibody molecule (the Vy and V| chains being linked by an artificial
polypeptide spacer) are rescued from bacteria using a defective helper phage (Kramer et al.
2003). The resulting “antibody phage library” is screened with viral antigen in different
formats for specific binders during 2-3 rounds of selection. The rescued antibody genes are
then recloned in appropriate vectors and transiently expressed as fully human IgG1 molecules.
These are used to determine the potency, affinity and epitopes of the antibodies. A stably
transfected production cell line is generated for each lead antibody. The whole process can be
performed in approx. 9 months.

2.2. Libraries and antigens

The quality of the library and the quality of the antigens used for
screening are the two major critical factors for a successful discovery of
highly potent antibodies. Libraries generated from non-immune donors have
been enlarged by introducing mutations in the CDRs of the Vi and V| chains
resulting in a size of up to 10" different specificities, and are readily
available for screening (de Kruif et al. 1995). Interestingly, these libraries
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can yield potent neutralizing mAbs reactive with viruses against which the
donors have no measurable serum antibody titer, such as SARS coronavirus
(van den Brink ef al. 2005).

Libraries from immunized or infected donors are smaller in size
(typically 10®), but with good timing concerning the sampling of the
lymphocytes in relation to the time point of infection they contain a large
number of affinity matured and therefore highly potent antibody specificities
(Kramer et al. 2005).

Neutralizing viral epitopes are located on the glycoproteins in case of
enveloped viruses or on the capsid proteins in case of non-enveloped viruses.
Often these epitopes are discontinuous and sensitive to denaturation, so that
they may not be preserved if purified virions are chemically or physically
inactivated for safety reasons before selection. Similarily, recombinant viral
envelope proteins may not adopt the native conformation under the
expression and purification conditions used. Furthermore, surface proteins of
viruses tend to adopt oligomeric configurations in which aminoacids from
two molecules may contribute to one epitope (Daffis et al. 2005). It is
therefore very useful to employ different antigen formats for screening of the
libraries, including whole purified virions, virus like particles, recombinant
proteins and eukaryotic cells expressing viral surface proteins. By
performing the second round of selections on a different antigen format than
the first, unspecific reactivity can be reduced. Certain combinations of
antigen formats, e.g. selection on cells expressing viral surface proteins
followed by selection on whole virions, may yield the majority of
neutralizing antibodies recovered from a library (Marissen et al. 2005).

2.3. Invitro and in vivo characterization of antiviral mAbs

Potent neutralizing antibodies need to be selected as quickly and
efficiently as possible from the large number of antigen binding phage
antibodies, which can be in the order of many thousand. In principle, this is
possible by characterizing the molecules biochemically by measuring e.g.
their affinities to the virus, or functionally by determining their neutralizing
potency. While the term “neutralization” in its broadest sense denotes the
inhibitory effect of an antibody on viral infectivity or replication, it is more
often specifically used when referring to the inhibition of viral attachment
and early entry functions (endocytosis, fusion, uncoating). There has been
some debate as to whether neutralization of viruses is due to binding of an
antibody to one critical site on the virion (leading to a single-hit kinetic of
neutralization) or to epitopes present in multiple copies on the virus surface
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(multiple-hit kinetic). In the latter case neutralization can be regarded as a
function of antibody affinity and concentration, which determine whether a
critical number of antigens have reacted with the antibody (so called relative
occupancy model of neutralization). Many experimental data point to the
multiple-hit kinetic and occupancy model, with 4-7 IgG molecules required
to neutralize picornaviruses, 70 to neutralize influenza and 225 to neutralize
rabies virus. Interestingly, for several viruses a linear relationship between
the number of antibodies required for neutralization and the particle surface
area was found, supporting the idea that coating of the virion surface by any
antibody is sufficient for neutralization (high occupancy or coating theory).
Exhaustive reviews of the subject have been published by Parren & Burton
2001 and Klasse & Sattentau 2002. However, other molecular mechanisms
of neutralization have also been proposed which may or may not follow the
occupancy model, including induction of conformational changes in the
capsid or envelope proteins, aggregation of viral particles, complement
fixation and signalling to the interior of the virion or the infected cell.

Neutralization of HIV has been studied in great detail and revealed some
unique features of the rare mAbs which are broadly cross-clade neutralizing
(reviewed by Ferrantelli and Ruprecht 2002). Long, finger-like CDR3 loops
have been found inserting into the narrow CD4 binding pocket of gp120 or
displaying a hydrophobic patch which reacts with the membrane-proximal
region of gp4l and the viral membrane (mAbs bl2 and 2F5/4E10,
respectively. Zwick et al. 2003, Zwick et al. 2005). The latter mAbs, which
were recovered by phage display from HIV infected patients, were found to
be autoreactive with cardiolipin, which possibly explains that their
specificities are rarely detected in humans (Haynes et al. 2005). The broadly
neutralizing mAb 2G12 was found to bind to the heavily glycosylated,
functionally “silent” face of gpl120 with an affinity similar to that of a
protein-protein interaction. Crystal structure determination revealed that by
interdigitation of the Fab-domains (Vy-domain swapping) an increased
antigen-binding surface is generated allowing for multivalent interaction
with conserved mannose structures (Calarese et al. 2005).

Affinity measurement using plasmon surface resonance is widely used to
characterize the binding ability of antibodies to their targets and in many
cases a correlation can be observed with their biological activity. For virus
neutralization, however, it has repeatedly been reported that no such
correlation was found (Wu et al. 2005, Bakker et al. 2005). A possible
explanation could be that a low affinity to a functionally important
neutralizing epitope results in a higher potency of the mAb compared with a
higher affinity to a less important epitope. This may be illustrated with the
SARS coronavirus neutralizing mAbs CR3014 and CR3022, which we
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isolated from a naive and an immune library, respectively (van den Brink
et al. 2005, ter Meulen, unpublished). Both block binding of SARS-CoV to
its cellular receptor ACE2 on Vero cells, as shown in FACS-experiments
using the recombinant expressed S1 subunit of the spike glycoprotein, which
contains the receptor binding domain (RBD). Both antibodies bind to the
RBD in a non-competing fashion, as shown in competitive ELISA.
However, CR3014 has a rather low affinity to recombinant S1 (Kp =27 nM)
but a reasonable potency (7.6 pg/ml for 100% neutralization), whereas
CR3022 has a high affinity (300 pM) but lower potency (50 pg/ml).
Obviously the mAbs recognize either two different neutralizing epitopes on
the RBD, or one binds to another epitope in the S1 subunit thereby inducing
a conformational change in the RBD (allosteric effect) or possibly blocks
interaction with a putative co-receptor of SARS-CoV.

Therefore we find it preferable to characterize all antibodies first in a rapid
screening assay for in vitro neutralization, and thereafter define the
biochemical characteristics of the most potent ones. However, the
neutralizing activity of an antibody may involve factors not present in
standard neutralization, i.e. cell culture protection assay, such as complement
fixation. Furthermore, if the in vivo neutralizing activity involves antibody
dependent cellular cytotoxicity (ADCC) or perhaps signalling to infected
cells, mAbs with these properties will also be missed. It has been observed
that in vitro potency may not be predictive of in vivo potency, and even non-
neutralizing antibodies may confer in vivo protection (Iacono-Conors et al.
1996, Griffin et al. 1997, Mozdzanowska et al. 1997). Since high-throughput
screening of antibodies in animals is not feasible, there is a need for the
development of additional in vitro assays for measuring antiviral antibody
functions other than blocking of attachment and entry.

Potent neutralizing mAbs will then be further characterized with respect
to their target, normally a viral attachment protein on the surface of the
virion, which can be identified by Western blot or immunoprecipitation.
Binding to known antigenic domains can conveniently be tested in a
competition ELISA by blocking binding sites with antibodies whose binding
sites are known. If the epitopes recognized are linear, they can be mapped by
pepscan analysis with overlapping peptides corresponding to the amino acid
(aa) sequence of the protein and by subsequent alanine scan to identify the aa
critical for binding. Conformational domains are mapped by sequencing
escape variants of the virus generated with subneutralizing antibody
concentrations. If the crystal structure of the target protein is known, the 3D
localisation of the amino acids critical for neutralization can be determined
and the molecular mechanism of neutralisation may be speculated upon
(Daffis et al. 2005). These neutralization variants are also important to
understand the likelihood and mechanism of immune escape induced by a
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mAb, and how to prevent it by combining two neutralizing mAbs targeting
different neutralizing epitopes.

Preclinical development of a mAb requires demonstration of efficacy and
safety in animal models. While infected animals replicate many viruses to
some titer, they often do not develop a clinical state comparable to the
human disease and show a different pathology. In order to limit the number
of animals used and unequivocally demonstrate efficacy of an antibody or
vaccine, 100% lethal animal test systems have been developed, often based
on suckling mice. These systems are convenient to test pre- or post-exposure
prophylaxis with a mAb, especially if there is a clear dose-response of virus
challenge and mortality as well as mAb concentration and protection.
Unfortunately, for many viral infections no small animal models are
available which would generate a clinical and pathological state more
closely resembling human disease. In case of chronic viral infections such as
HIV, hepatitis B and hepatitis C, non-human primates (NHP) or chimpanzees
are the most meaningful animal models, which makes evaluation of antivirals
extremely costly and time consuming.

The most extensive studies in NHP were performed with anti-HIV mAbs,
reviewed by Ferrantelli and Ruprecht 2002. Passive immunization with
neutralizing human mAbs — used alone or in combination with other
monoclonal or polyclonal neutralizing antibodies — completely prevented
infection in some adult animals challenged intravenously or intravaginally,
and in neonatal monkeys challenged orally. Most animals that did become
infected had low viral RNA loads and were protected from challenge virus-
induced acute disease. In a recent study, a cocktail of three human mAbs
with potent cross-clade and cross-group HIV-neutralizing activity was given
to neonatal rhesus macaques one hour and again eight days after oral HIV
challenge; all animals remained virus negative for > 1 year (Ferrantelli et al.
2004).

3. CLINICAL TRIALS WITH ANTIVIRAL
MONOCLONAL ANTIBODIES

Current clinical trials with mAbs are targeting well defined groups of
patients, in which the medical and economic consequences of unchecked
viral replication justify the comparatively high costs of a mAb prophylaxis.

Endogenous reinfection of an orthotopic liver transplant with hepatitis B
or C presents a major medical problem, since the virus remains in several
other body compartments following removal of the infected liver. Without



490 J. ter Meulen and J. Goudsmit

treatment, reinfection of the transplanted liver occurs rapidly resulting in
progressive disease, graft failure, and death. Life-long prophylactic treatment
is therefore necessary. A mixture of two fully human monoclonal antibodies,
directed against different epitopes of hepatitis B surface antigen (HBsAg)
and binding to all major HBV subtypes, is presently being studied in a Phase
IIb clinical trial in liver transplant patients (XTL Biopharmaceuticals, Israel).
In an earlier phase I clinical study, a total of 27 chronic HBV patients were
enrolled. In part A of the study 15 patients in 5 cohorts received a single
intravenous infusion of antibodies with doses ranging from 0.26 mg (260 IU)
to 40 mg (40,000 IU). All patients completed 16 weeks of follow-up. In the
second part of the study (part B), 12 patients in 4 cohorts received 4 weekly
infusions of 10, 20, 40, or 80 mg each of the mAb cocktail and were
followed for 4 additional weeks. Patients administered doses at an Ab:Ag
molar ratio of 1:2 to 1:20 showed a rapid and significant decrease in HBsAg
to undetectable levels, with a corresponding reduction of HBV-DNA levels.
In part B, the mAbs induced a significant reduction in both HBsAg and
HBV-DNA levels repeatedly after administration (Galun et al. 2002).

The same company is conducting a phase la/b clinical trial with a
combination of two anti-HCV-E2 mAbs to prevent hepatitis C re-infection
following a liver transplant and for the treatment of chronic HCV. mAb68
and mAb65 immunoprecipitate viral particles from patients' sera infected
with different HCV genotypes and incubation of an infectious human serum
with Ab68 or Ab65 prevented the serum's ability to infect human liver cells
and human liver tissue. A Phase Ila Clinical Trial was performed with Ab68
following liver transplant, which demonstrated the safety and tolerability of
the mADb up to 240mg dosed for 12 weeks. The 120mg and 240mg dose
groups had a significantly greater reduction in viral load than the placebo
group during the first week when dosed daily. This effect was less evident
when dosed less frequently than daily. It is thought that a combination of
two antibodies that bind to different epitopes is essential to provide broad
coverage of virus quasispecies, and to minimize the probability of escape
from therapy.

To prevent CMV infection after allogeneic hematopoietic stem cell
transplantation, a mAb (MSL-109) specific to the cytomegalovirus (CMV)
glycoprotein H with high neutralizing capacity was evaluated in a
prospective, randomized, double-blind study (Boeckh er al. 2001).
Allogeneic hematopoietic stem cell transplantation (HSCT) recipients with
positive donor and/or recipient serology for CMV before transplantation
received either 60 or 15 mg/kg MSL-109, or placebo intravenously every 2
weeks from day -1 until day 84 after transplantation. CMV pp65
antigenemia, CMV-DNA load in plasma, and viremia by culture were tested
weekly. Primary end points were development of pp65 antigenemia at any
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level and/or viremia for which ganciclovir was given. There was no
statistically significant difference in CMV pp65 antigenemia or viremia
among patients in the mAb and the placebo group.

In two small phase I studies, two human mAbs and one humanized anti-
HIV mAb directed against gp120 and gp41 were reported to transiently
lower the viral load in five of seven and three of four patients, respectively
(Stiegler et al. 2002, Dezube et al. 2004). These initially encouraging results
led to a recent proof-of-concept study designed to mimick therapeutic
vaccination by administering a cocktail of three neutralizing human mAbs
(2G12, 2F5, 4E10), interrupting antiretroviral therapy (ART) and measuring
the level of viral rebound (Trkola et al. 2005). Eight chronically and six
acutely HIV-1 infected patients, all with undetectable levels of viremia while
on ART, received multiple infusions of the mAbs over an 11-week period.
ART was discontinued one day after commencing the antibody treatment.
The HIV strains harboured by all patients were shown to be highly sensitive
to neutralization with at least two mAbs. No side effects of the mAb therapy
were observed, despite 2F5 and 4E10 having been shown to be cross-
reactive with cardiolipin (Haynes et al. 2005). Viral rebound to pre-ART
plasma levels occurred without apparent delay in six chronic and two acute
patients. Rebound was delayed in the remaining six patients, but then rose to
pre-ART levels in one acute and one chronic subject in the presence of high
plasma concentrations of the mAbs. In two acute patients, rebound peaked 2-
4 logs below pre-ART levels and remained low after the mAbs were cleared
from the circulation. One subject had no detectable viral rebound.
Surprisingly, most of the effect of the treatment could be attributed to mAb
2G12 only. Patients with a delay in rebound had very high plasma levels of
this mAb with on average 400 times its ICyy and more than double the
highest effective dose for 2F5 and 4E10 in any patient, probably due to the
longer plasma half-life of 2G12. Furthermore, 2G12 was the only antibody
that rebound viruses escaped, while remaining sensitive to 2F5 and 4E10. It
was therefore speculated that the plasma concentrations achieved for 2F5
and 4E10 were below a crucial threshold needed to control the virus. In
conclusion, this study showed that control of HIV by neutralizing mAbs may
be possible but will require high concentrations of combinations of
antibodies capable of preventing immune escape or combinations with other
antiviral drugs reducing replication of the virus.

The combination of mAbs with antiviral drugs in clinical trials is
discussed below.
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4. STRATEGIES TO IMPROVE ANTIVIRAL
MONOCLONAL ANTIBODIES

Based on experimental data and results from clinical trials, prophylaxis and
therapy of viral infections with mAbs is feasible if the breadth of protection
against viral strains is sufficient, generation of immune escape variants is
prevented and the mAbs are of such high potency that they can be
administered at low, economically feasible doses.

4.1 Increasing potency through affinity maturation or
altering the avidity

It has been shown that increased binding ability to a critical viral epitope
results in greater neutralizing potency of antiviral monoclonal antibodies
(Johnson et al. 1999). Increased binding may result from increased affinity,
as determined by the association (k,,) and dissociation (ko) rates in plasmon
surface resonance (BIAcore) measurements, or from increased avidity, due
to multivalent binding (Alfthan 1998).

The affinities of antibody fragments derived from naive repertoires of
~10® immunoglobulin genes appear to be in the micromolar range,
characteristic for primary immune responses (Griffiths et al. 1993). In vivo,
the primary immune response is further improved via a process of mutations
and selections called affinity maturation. This process can be mimicked in
vitro to optimize the antibodies selected by phage display (Chowdhury et al.
1999). To improve the affinity, the six CDRs of the heavy and light chains
fragments can be subjected to mutagenesis or chain shuffling (recombining a
Vy or Vi chain with a library of partner chains), followed by phage based
selection (Boder et al. 2000, Yang et al. 1995, Wu et al. 2005, Thompson
et al. 1996). The affinities achieved in vitro have been in the nanomolar or
picomolar range, which is comparable to affinities of antibodies isolated
from immune libraries.

Although antibody affinity is mediated by both k., and k¢, the greatest
affinity improvements through in vitro maturation have been achieved by
reducing k.g Selected or combinatorial point mutations in the CDRs have
been reported to reduce kor up to 10-fold and 100-fold respectively, and
were reported to improve their in vitro HIV neutralization potency (Yang
et al. 1995, Thompson et al. 1996). However, as was recently shown for
antibody variants derived from the anti-RSV antibody Palivizumab, k., and
ko may have differential effects on the neutralizing potency of F-
fragments and full IgGs, respectively. A modest four to five-fold increased
association rate resulted in a dramatic 20-fold increase in potency, whereas
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even a 100-fold decrease in dissociation rate did not significantly increase

potency (Wu 2005).
Prophylaxis Effective polyclonal
antibody response
RNA virus ® Neutralisation
quasispecies

288

escape variant

:>Oo

Effective polyclonal
antibody response

Therapy of chronic infection

Ineffective polyclonal
antibody response mAb

Figure 2. Immune escape induced by antiviral mAbs is less likely to occur in pre- and
postexposure prophylaxis and therapy of acute viral infections, because of the effective
polyclonal immune and T-cell response. In contrast, in chronic infections the virus reservoir is
not eradicated by the mAb and the ineffective polyclonal antibody response will not control

escape variants.
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The authors suggest that a fast association rate may enable the mAb to
neutralize the virus before it infects susceptible cells.

Expressing mAbs as IgM molecules has also been shown to increase the
in vitro neutralizing potency of anti-HIV mAbs, possibly mediated both by
increased avidity and by increased complement fixation (Wolbank et al.
2003). However, the IgM-format of recombinant antibodies is currently
more difficult to produce and pharmacologically less well evaluated than the
standard IgG1l format. To this end, novel antibody formats based on
expressing antigen-binding fragments as multivalent molecules (triabodies,
tetrabodies) are very interesting recent developments (Hollinger 2005).

4.2 Increasing potency, breadth of protection and
preventing immune escape through mixing of non-
competing mAbs

Due to their exquisite epitope specificity mAbs may not cover all
clinically relevant strains of a virus or rapidly select neutralization escape
variants from the quasispecies which RNAs viruses tend to form. However,
both in prophylaxis and early therapy of acute infections immune escape is
unlikey to occur because the mAb is the first line of defence after which an
effective polyclonal immune response should eliminate any escape variants
(figure 2). In chronic infections, immune escape variants will be selected by
the mAD unless the virus reservoir eradicated.

For acute infections, the immune escape problem can be solved by
combining two neutralizing, non-competing mAbs as we have shown for
rabies virus. Rabies virus infection in man is 100% fatal, unless the vaccine
and human rabies immune globulin (HRIG) are administered immediately
after exposure. The disease is most frequently caused by transmission of one
of several serotypes of Lyssa virus, genotype 1 through the bite of an
infected, rabid canine. Several additional animal species, notably bats,
harbour other of the 12 currently known genotypes of Lyssa virus (rabies
and rabies-like viruses), some of which have caused disease in man.
Therefore, any mAb used for replacement of HRIG must provide the same
breadth of protection, most importantly against rabies viruses transmitted by
rabid animals (“street viruses”). In addition, there is a hypothetical risk of
selecting a viral neutralization escape variant under selective pressure of the
mAb, despite only limited replication of rabies virus at the site of
inoculation.

To address these problems, we identified and characterized two non-
competing human mAbs, binding to antigenic sites | and III of the rabies
virus glycoprotein. Their epitopes were mapped by generating neutralization
escape variants, which could be neutralized by the respective other mAb.
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Furthermore, the mAb combo was shown to have the same breadth of
protection as HRIG and high in vitro and in vivo potency (additive effect).
Analysis of the linear epitopes of these antibodies revealed that the majority
of natural rabies virus isolates contain both intact epitopes and the few
remaining strains contain at least one of the two (Bakker et al. 2005). These
mAb offer for the first time the possibility to replace HRIG with a safe,
potent and cheap recombinant product available in unlimited quantity.

In chronic infections, escape from neutralizing antibodies has readily been
observed in humans. Neutralizing antibodies can protect against challenge
with HIV-1 in vivo if present at appropriate concentrations at the time of
virus challenge, but their role in the control of established infection is
unclear. Autologous neutralizing antibodies (Nab) can be detected as early as
52 days after detection of HIV-specific antibodies. The viral inhibitory
activity of Nab results in complete replacement of neutralization-sensitive
virus by successive populations of resistant virus, involving primarily
changes in N-linked glycosylation (Wei et al. 2003). In a phase I study with
a cocktail of two neutralizing mAbs (2F5, 4E10, 2G12), immune escape was
observed with one of the mAbs (Trkola et al. 2005). Experimentally, even
high serum concentrations of neutralizing monoclonal antibodies, either
singly or as a cocktail, have little sustained effect on viral load in established
HIV-1 infection in hu-PBL-SCID mice. In some instances, virus replication
of neutralization-sensitive virus continues even in the presence of high levels
of neutralizing antibody. In most instances, neutralization escape occurs in a
few days, even from a cocktail of three antibodies that recognize distinct
epitopes (Poignard 1999). The authors concluded that humoral immunity is
unlikely to play a significant role in the control of established HIV-1
infection in humans. Similar observations have been made in hepatitis B and
C (Rehermann and Nascimbeni 2005). It is therefore questionable whether
the action of neutralizing mAbs can be improved such that the immune
escape problem in chronic infection can be controlled by antibody alone.

In certain instances, combining mAbs may not only increase the breadth
of protection, but also lead to an increase of the in vitro and in vivo potency
of the mixture disproportionately to the individual potencies of the
antibodies (synergistic action), as has been shown for combinations of two,
three or four mAbs directed against different epitopes on the HIV-1 envelope
glycoprotein (Li et al. 1998, Zwick et al. 2001, Xu et al. 2001). We have
observed synergistic neutralization of SARS-CoV. Human mAb CR3014
isolated from a naive antibody phage library and non-competing mAb
CRO022 isolated from an immune library were combined in equimolar ratios
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and the concentration required for 100% and 50% neutralization of SARS-
CoV was determined. Applying a mathematical model based on the mass-
action law principle (Chou and Talalay 1984) revealed that CR3014 and
CR3022 neutralize SARS-CoV synergistically in vitro, with dose reduction
indices of 3 and 20, respectively. Mechanistically, cooperative binding of
mAbs may induce conformational changes in the antigen thereby altering
affinities (allosteric effect), lead to intermolecular interaction of bivalent
antibodies or result in interaction of the Fc regions of antibodies brought into
close contact (Klonisch et al. 1996). As determined by ELISA, CR3014 and
CR3022 bind simultaneously to the RBD of the S1 subunit of the
glycoprotein spike of SARS-CoV. However, measuring separate, sequential
and simultaneous binding of the mAbs in Biacore did not reveal enhanced
affinity of the antibody mixture over the individual affinities, especially for
C3022. Neutralization escape variants generated with one anti-SARS-CoV
mAb were effectively neutralized by the other. When administered
prophylactically to ferrets before intratracheal challenge with SARS-CoV,
mAb CR3014 prevented lung pathology due to viral replication and
abolished shedding of the virus in pharyngeal secretions at a dose of
10mg/kg (ter Meulen et al. 2004). The synergistic action of the mAbs may
allow for a lower total combined antibody dose to reach the same potency,
which increases the economic attractiveness of a potential product for
immunoprophylaxis of SARS.

4.3. Synergy of antibodies and antiviral drugs

Few experimental studies have addressed the potential synergy of
neutralizing antibodies and antiviral drugs, however, data from clinical
studies combining immune serum and antivirals may allow some
conclusions.

Orthotopic liver transplantation for hepatitis B virus (HBV) infection was
limited until recently by poor graft and patient outcomes caused by recurrent
HBV. Long-term immunoprophylaxis with hepatitis B immune globulin
(HBIG) dramatically improved post-transplantation survival, but recurrent
HBV still occurred in up to 36% of the recipients due to the occurrence of
immune escape mutants. More recently, combination HBIG and lamivudine
has been shown to effectively prevent HBV recurrence in patients post-
transplantation. However, optimum doses and duration for these drugs are
not yet clear. The combination of lamivudine 300 mg/day and low-dose
HBIG was reported to prevent post-transplantation recurrence of hepatitis B,
even in the presence of viral replication in the pre-transplant period (Karasu
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et al. 2004). Furthermore, combination therapy resulted in a cost-effective
strategy with an average cost-effectiveness ratio of $252,111/recurrence
prevented compared with $362,570/recurrence prevented in the monotherapy
strategy. It was concluded that combination prophylaxis with HBIG and
lamivudine is highly effective in preventing recurrent HBV, may protect
against the emergence of resistant mutants, and is significantly more cost-
effective than HBIG monotherapy with its associated rate of recurrent HBV
(Han et al. 2000). However, in low-risk liver transplant patients who were
HBsAg-positive/lHBV DNA-negative before transplantation and had
received HBIg for at least 6 months without HBV recurrence, lamivudine
alone was effective for prevention of HBV recurrence (Naoumov et al.
2001). Another study also concluded that lamivudine monotherapy after a
short course of lamivudine and HBIg was equally as efficacious in
preventing HBV recurrence as HBIg plus lamivudine during the first 18
months after liver transplantation (Buti et al. 2003).

In seronegative heart transplant recipients receiving an allograft from
seropositive donors, double CMV prophylaxis consisting of CMV
hyperimmune globulin and ganciclovir was shown to abolish CMV death
and to prevent CMV disease (Bonaros et al. 2004). In contrast to these
findings, a human monoclonal antibody directed against CMV gH for the
treatment of newly diagnosed CMV retinitis in AIDS patients did not
consistently produce clinical improvement (Borucki et al. 2004).

A synergistic effect of combining immune serum and the guanosine
analogue ribavirin has been shown clinically for therapy of measles
pneumonia (Barnard 2004, Stogner et al. 1993). In a mouse model of
lymphocytic choriomeningits (LCMYV) infection, monoclonal antibody
expression in transgenic mice alone was unable to prevent the establishment
of persistent infection due to generation of neutralization escape variants.
Daily administration of ribavirin resulted in elimination of the virus after two
weeks and virus isolated at earlier time points was shown to remain sensitive
to mAb neutralization (Seiler et al. 2000). It was concluded that the main
effect of ribavirin was reduction of viral replication efficiency, which
rendered the appearance of antibody escape variants less frequent and
lowered viral titers sufficiently so that CTLs were able to control the virus.
In agreement with this study, virus-specific immune plasma was shown to
enhance the beneficial effect of ribavirin on primate survival and virus
replication after infection with another member of the arenavirus family, the
Lassa virus (Jahrling et al. 1984).
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5. CONCLUSION AND OUTLOOK

Many viral infections are currently prevented by passive prophylaxis
with human immune serum, with only some being amenable to serum
therapy. The state of monoclonal antibody technology now makes is possible
to replace human sera by custom-tailored human monoclonal antibodies,
thereby solving the safety, cost and supply problems inherent in blood
products derived from human donors. However, only a few biotech
companies have currently taken mAbs for HIV, hepatitis B, C, CMV and
RSV infection in preclinical or clinical development. Economically,
monoclonal antibodies are seen as less attractive antivirals than small
molecule drugs due to the approximately two-fold increase in cost and time
required to produce clinical-grade material. Scientifically, the possibly
limited breadth of protection, generation of immune escape variants and
uncertain clinical efficacy in case of established acute or chronic infection
are perceived as major obstacles to the development of mAb products for
control of viral infections.

We speculate that several of the antiviral mAbs which have produced
unsatisfactory results in preclinical or clinical studies were not optimally
selected. Based on our own data and published evidence we therefore
propose a paradigm shift, predicting that a broad-scale screening for
synergistic action of antibody cocktails as stand-alone or in combination
with antivirals may solve many of the above outlined problems. Crucial to
the discovery process of highly potent antiviral mAbs is a high-throughput
screening based on in vitro or ideally in vivo neutralization, which should
systematically investigate the possible neutralizing synergy of non-
competing antibodies. Synergy of the mAbs with antivirals could also be
included in an early screening step. If the potency of an individual antibody
needs to be increased, selection for an improved k,, should be performed.
Novel antibody formats based on multimerization of antigen-binding
fragments may lead to molecules with high avidity and increased
neutralizing potency.

Importantly, the state of recombinant antibody technology offers a unique
opportunity to rapidly counteract epidemic threats of newly emerging
diseases. It took less than a year to discover human mAbs which protect
against SARS-coronavirus in different animal models and could be used for
human ring vaccination in case of an outbreak or a bioterror attack. Avian
influenza may represent another attractive target for passive immunization, if
mADbs cross-reactive with the current Asian H5 strains can be found.
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Economically, the increased production costs of mAbs and the longer
production time compared to conventional small-molecules are set-off by a
faster and more predictable clinical trajectory. The approval success rate for
chimeric/humanized antibodies is currently 18-29% compared to 11% for
new chemical entities (NEC) as a whole (Reichert 2005). Both academia and
industry should therefore revisit the opportunity of using monoclonal
antibodies for prophylaxis and therapy of viral infections.
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