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he potential for antibodies to act

as “magic bullets” for treatment of
human disease was recognized a century
ago, but its full realization has began to
occur only during the last decade. A key
to their current success is the ability to
make libraries of antibodies/B cells, iso-
late a single species, and engineer it to
be safe, efficacious and of high quality.
Despite this progress, major challenges
to the effective prevention, diagnosis and
treatment of a vast majority of diseases
remain. Limited success in the develop-
ment of effective vaccines against dis-
eases such as AIDS and cancer reflects
our incomplete understanding of how
antibodies are generated and function.
Only a miniscule number of antibodies
are characterized out of the universe of
antibodies generated by the immune sys-
tem. Knowledge of antibodyomes—the
complete sets of antibodies—could help
solve these and other challenges.

Introduction

It has been observed since ancient times
that humans who recovered from some
diseases were resistant (immune) to sub-
sequent infection; a fundamental concept
emerged from these observations that one
could acquire protection from such dis-
eases by contracting a variant that was
already attenuate."? The first well docu-
mented successful vaccine, which was
against smallpox, was based on such a
variant, and had several essential features,
including (1) attenuation of the immuno-
gen pathogenicity; (2) virus replication
that resulted in persistency of immunogen
exposure; (3) conservation of structures
shared by the immunogen and the infect-
ing virus; (4) antigenicity, e.g., binding to
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B cell receptors; and (5) endogenous adju-
vants that contributed to its overall immu-
nogenicity, i.e., ability to elicit immune
responses. During the last two centuries,
these properties were optimized for a
number of vaccines that are now success-
fully used for prevention of 27 diseases, all
caused by microbes.

Vaccination has been used successfully
for protection from some diseases, but not
therapy of an already established disease.
It took a century after the invention of the
first well documented vaccine, and a para-
digm change in science, for a new concept
to emerge that immunized animals con-
tain active substances (anti-body) that
could be isolated and used for treatment or
prevention of disease. This serum therapy
was successfully used against diphtheria
and other infectious diseases, and garnered
the first Nobel prize in physiology or med-
icine to von Behring. Another century of
work and a second paradigm change was
required to isolate the active component
(antibody) and improve its efficacy.’

The invention of hybridoma technol-
ogy for immortalization of repertoires
(“libraries”) of murine B cells* and phage
display’ for generation of combinato-
rial antibody libraries from mice®” and
humans,®® from which specific monoclo-
nal antibodies (mAbs) can be isolated by
panning or screening with an antigen,
and the discovery of molecular biology
techniques to improve antibody properties
have resolved a number of challenges in
the development of clinically useful anti-
body therapeutics.

mAbs are currently used successfully
for treatment of a number of diseases,
although these are mostly cancer and
immune disorders.>'*'® Only one anti-
infective mAb, palivizumab, is currently
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approved for marketing. Development
of vaccine immunogens against some
diseases such as AIDS has been a chal-

lenge, '8

although vaccines against some
viruses such as papilomavirus have been
highly successful.”” The reason for why the
vast majority of diseases, notably AIDS
and most cancers, cannot be prevented
by vaccination, why some individuals are
protected and others are not, and how the
antigen/host interactions determine its
immunogenicity is not well understood.
What are the key features that deter-
mine success or failure? How can current
obstacles be overcome? How can recent
advances in technology, including high-
throughput sequencing, be used to design
better therapeutics and vaccines? How can
individualized treatment be made more
effective? Will be there a new paradigm
change that could lead to conceptually
new treatments? To help explore these and
other questions, I present an overview of
selected recent advances in the develop-
ment of antibody-based therapeutics and
vaccines, and discuss current studies of
large sets of antibodies, ideally the com-
plete set, i.e., the antibodyome.

Antibody-Based Therapeutics—
Successes and Challenges

Twenty-four mAbs are currently approved
by the USA Food and Drug Administration
(FDA) for clinical use; most are for therapy
of cancer and immune disorders and only
one (palivizumab) is indicated for pro-
phylaxis of an infectious disease. Several
other antibodies are approved for use in
the European Union (catumaxomab)
and other countries (nimotuzumab). The
number of mAbs entering clinical studies
per year has increased significantly from
a few in the late 1980s to 34 in 2006."°
The success of antibody-based therapeu-
tics is mostly due to the use of concepts
and methodologies developed during the
second paradigm change decades ago that
resulted in dramatic improvement of three
key features in candidate therapeutic anti-
bodies required for FDA approval, i.e.,
safety, efficacy and quality.

Safety. Therapeutic antibodies are
relatively safe due primarily to their high
specificity. Toxicities can result from the
antibody effector function, including
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antibody dependent cell-mediated cytotox-
icity (ADCC) and complement dependent
cytotoxicity (CDC) after binding to anti-
gen on tissues other than those intended.
An example of this is the trastuzumab-
associated cardiotoxicity that s potentiated
when the antibody is used concurrently
or sequentially with an anthracycline.?’
Binding to an intended target can also
lead to undesirable side effects, especially
by immunomodulatory antibodies that
could be either suppressory or stimulatory.
In a notable case, induction of a systemic
inflammatory response characterized by
a rapid induction of pro-inflammatory
cytokines within 90 minutes of adminis-
tration of a single dose of the stimulatory
anti-CD28 mAb TGNI1412 occurred in
all six volunteers, leading to critical illness
in 12 to 16 hours.”! In another example,
administration of suppressory anti-TNFo
drugs, including infliximab, certolizumab
pegol and adalimumab, can lead to infec-
tious complications.*?

Importantly, safety concerns can lead
to the withdrawal of the mAb from the
market. The psoriasis drug efalizumab
was recently withdrawn because of a
potential risk of patients developing pro-
gressive multifocal leukoencephalopathy
(PML), which is a rare, serious, progres-
sive neurologic disease caused by the JC
virus (JCV). More than 80% of the gen-
eral population is infected with JCV. Why
the virus becomes activated and causes
disease only in minority of the treated
patients is unknown, although typically
PML occurs in people whose immune sys-
tems have been severely weakened. Thus,
choosing the most appropriate animal
model for toxicity testing is very impor-
tant and species cross-reactivity should be
included when identifying new candidate
mADb therapeutics. If such a model doesn’t
exist transgenic animals expressing the
human antigen and surrogate antibody
that is cross-reactive with the human
homologous antigen in relevant animals
can be used.”

The administration of mAbs can result
in adverse acute infusion reactions where
cytokine release plays a pivotal role, but
other not fully explained mechanisms
such as complement activation could be
involved; such reactions were reported
for many mAbs including infliximab,
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rituximab, cetuximab, alemtuzumab, tras-
tuzumab and panitumumab.?® Infusional
side effects for rituximab can result from
release of cellular contents from lysed
malignant B cells.”” Administration of
mAbs can also lead to hypersensitivity
reactions, including anaphylactic shock
and serum sickness.”? Pre-existing IgEs
that cross-react with therapeutic mAbs
can increase the number and severity of
such reactions, which can occur even with
the first infusion of mAb. A notable exam-
ple of this occurred with administration
of cetuximab.?® Hypersensitivity is often
associated with immunogenicity.

Immunogenicity. Immunogenicity of
antibodies and other biologics can be a
significant safety and efficacy issue.?>%¢!
Murine mAbs were used initially as can-
didate therapeutics in the 1980s, but their
high immunogenicity resulted in high
titers of human anti-mouse antibodies
(HAMAs), and related toxicities and low
potency. Development of the less immu-
nogenic chimeric mAbs, which contain
human Fc fragments, and humanized
mAbs, which contain mouse comple-
mentarity determining regions (CDRs)
grafted into human antibody framework,
was critical for the clinical success of the
products. Fully human antibodies exhibit
low immunogenicity on average, and are
currently the favored type of antibody in
development, although most of the thera-
peutic antibodies approved for clinical use
are still chimeric and humanized mAbs.

Immunogenicity can be influenced by
factors related to antibody structure, com-
position, posttranslational modifications,
impurities, heterogeneity, aggregate for-
mation, degradation, formulation, storage
conditions, as well as antigen properties,
the patient’s immune system and disease
status, concomitant medications, dose,
route, time and frequency of administra-
tion especially when administered as mul-
tiple doses over prolonged periods.*® Even
fully human antibodies can elicit human
anti-human antibodies (HAHAs). In one
of the most studied cases of anti-TNFo
mAbs, treatment with the fully human
adalimumab resulted in HAHAs that var-
ied from <1% to up to 87% for different
cohorts of patients, protocols, disease and
methods of measurement.*
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A likely mechanism for the immuno-
genicity of fully human mAbs involves
the unique antibody sequences that con-
fer antigen binding and specificity, but
may appear foreign. Human therapeutic
proteins can also break immune tolerance
and aggregation can be a major determi-
nant of antibody elicitation.’® Aggregation
can result in repetitive structures that may
not require T cell help.?* Another possible,
but underappreciated, cause of immu-
nogenicity is the antibody allotropy, i.e.,
the presence of T-cell epitopes within the
amino-acid sequence of the antibody.**
Although it was recently found that the
IGHGI polymorphism does not appear to
play a major role in the elicitation of anti-
bodies against infliximab, further analysis
is required to determine whether G, allo-
types play a role for the immunogenicity
of humanized or fully human mAbs.®
Antibody immunogenicity may also affect
efficacy through either the pharmacoki-
netic or neutralizing effects of the anti-
body responses that are dependent on a
number of factors, including the affin-
ity, specificity and concentration of the
induced antibodies.?" Because immunoge-
nicity is an important factor in both safety
and efficacy, significant efforts to predict
and reduce immunogenicity of therapeu-
tic mAbs are ongoing. 2%

Individual immune responses to anti-
body therapeutics vary widely. A key,
and largely unanswered, question is what
determines  these Despite
extensive laboratory and clinical stud-
ies that were instrumental in delineating
general concepts about critical factors
involved in immunogenicity, it is impos-
sible to predict the extent to which a novel
therapeutic protein will be immunogenic
in human patients. Little is known about
the individual antibodies composing the
polyclonal response to therapeutic anti-
bodies. The germline antibody repertoire
at any given time could be a major deter-
minant of individual differences, and so
knowledge of large portions of antibodies
generated by the human immune system,
preferably the complete set, i.e., the anti-
bodyome, could ultimately help to predict
individual immune responses to antibody
therapeutics and other biologics.

Efficacy. Some mAbs have revolution-
ized treatment of several diseases, e.g.,

variations.
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rituximab for non-Hodgkin lymphoma,
particularly in combination with che-
motherapy.” Gemtuzumab ozogamicin
and alemtuzumab also play an impor-
tant role in the therapy of hematological
malignancies.*® Another example is tras-
tuzumab as adjuvant systemic therapy for
human epidermal growth factor receptor
type 2 (HER2)-positive breast cancer.”’
Results from six trials randomizing more
than 14,000 women with HER2-positive
early breast cancer to trastuzumab versus
non-trastuzumab-based adjuvant chemo-
therapy demonstrate that the addition
of trastuzumab reduces recurrence by
approximately 50% and improves overall
survival by 30%.%®

On average, the efficacy of mAb
therapeutics is not high and there is sub-
stantial individual variability. Although
trastuzumab has clearly revolutionized the
treatment of HER?2 positive patients, half
of the patients still have non-responding
tumors, and disease progression occurs
within a year in the majority of cases.* For
patients with disease progression, combi-
nation with small molecules could be use-
ful, e.g., the addition of the dual tyrosine
kinase inhibitor of epidermal growth fac-
tor receptor (EGFR) and HER?2 lapatinib
to capecitabine was shown to provide
superior efficacy for women with HER2-
positive, advanced breast cancer progress-
ing after treatment with anthracycline-,
taxane- and trastuzumab-based therapy.1
Current data do not support the use of
trastuzumab for more than one year; the
appropriate length of treatment, optimum
timing and administration schedule are
not known.” Like other mAbs, trastu-
zumab does not appear to efficiently cross
the blood brain barrier, and it is unclear
if the current practice of local therapy of
the central nervous system and continued
trastuzumab is optimal.’

Anti-angiogenic therapies that tar-
get the vascular endothelial growth fac-
tor (VEGF), e.g., bevacizumab, and the
VEGF receptor (VEGFR) are effective
adjuncts for treatment of solid tumors,
and are commonly administered in com-
bination with cytotoxic chemotherapy.
However, at least half of patients fail to
respond to anti-angiogenic treatment of
gliomas, and the response duration is mod-
est and variable.*! The use of bevacizumab
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plus paclitaxel as a first-line treatment of
patients with metastatic breast cancer
doubled median progression-free survival
(PES; 11.8 months vs. 5.9 months; hazard
ratio = 0.60; p < 0.001) compared with
paclitaxel alone; however, a statistically
significant improvement in overall sur-
vival was not provided by the addition of
bevacizumab, although a post hoc analy-
sis demonstrated a significant increase
in one-year survival for the combination
arm.”? The anti-EGFR mAbs cetuximab
and panitumumab, either as single agents
or in combination with chemotherapy,
have demonstrated clinical activity against
metastatic colorectal cancer, but appear to
benefit only select patients with predic-
tive markers of efficacy, including EGFR
overexpression, development of skin rash,
and the absence of a K-ras mutation.”’ In
general, as single agents or in combina-
tion, therapeutic mAbs have produced
only modest clinical responses in solid
tumors.*" There are no mAbs approved
for treatment of a number of tumors, e.g.,
prostate cancer.®

Mechanisms of low efficacy. The
mechanisms underlying the relatively
low efficacy of some mAbs and the high
variability of responses to treatment are
not well known, but are likely to involve
multiple factors. Pre-existing resistance or
development of resistance is a fundamen-
tal problem. Various mechanisms includ-
ing mutations, activation of multidrug
transporters, and overexpression or acti-
vation of signaling proteins are operating
as exemplified for EGFR-targeted thera-
pies.”® Another major problem is poor
penetration into tissues, e.g., solid tumors.
A related issue for full-size mAbs is poor
or absent binding to regions on the surface
of some molecules, i.e., existence of “steric
barriers,” e.g., on the HIV envelope glyco-
protein (Env).?

Efficacy increase—current approaches.
New approaches are being developed

to increase mAb efficacy, including
enhanced effector functions, improved
halflife; increased tumor and tissue

accessibility, and greater stability; the
methods used involve both protein- and
glyco-engineering, and results to date are
4 m Abs that do not engage
the innate immune system’s effector func-

encouraging.

tions are being developed when binding

349



CDR antibodyome

Grafting/synthesis

Library of engineered antibody domains

Selection

— Binders

human CDRs from antibodyome explorations.

Figure 1. Generation of libraries of engineered antibody domains for selection of small-size high-
affinity binders of minimal immunogenicity by grafting or by gene synthesis using information for

is sufficient.”® Multi-targeted antibodies
are being developed and tested in clinical
trials, e.g., an antibody targeting HER2/
neu and CD3 with preferential binding to
activating Fcy type I/11]-receptors, result-
ing in the formation of tri-cell complexes
between tumor cells, T cells and accessory
cells.’" Bispecific and multispecific mAbs
are currently being developed to a number
of targets.

A promising direction is the modula-
tion of immune responses by mAbs target-
ing regulators of T cell immune responses.
The cytotoxic T lymphocyte antigen 4
(CTLA-4) present on activated T cells is
an inhibitory regulator of such responses.
Human antibodies that abrogate the
function of CTLA-4 have been tested
in the clinic and found to have clinical
activity against melanoma.»* It appears
that CTLA-4 blockade also enhanced
NY-ESO-1 antigen-specific B cell and T
cell immune responses in patients with
durable objective clinical responses and
stable disease suggesting immunothera-
peutic designs that combine NY-ESO-1
vaccination with CTLA-4 blockade.
Therapeutic mAbs that mimic the natural
ligand, e.g., the tumor necrosis factor-re-
lated apoptosis inducing ligand (TRAIL),

have also been developed.*
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Currently second and third genera-
tion mAbs against already validated tar-
gets, e.g., HER2, CD20 and TNFa, are
in clinical studies or already approved.
Various approaches have been used to
discover novel, relevant targets, but prog-
ress has been slow. Modifications of the
standard panning procedures have been
reported, including enhanced selection
of cross-reactive antibodies by sequen-
tial antigen panning” and competitive
antigen panning for focused selection
of antibodies targeting a specific protein
domain or subunit’®’ To ensure bet-
ter tissue penetration and hidden epitope
access, a variety of small engineered anti-
body domains (about 10-fold smaller than
IgG) are being developed.**® Knowledge
of antibodyomes could be used for genera-
tion of semisynthetic libraries for selection
of high-affinity binders of small size and
minimal immunogenicity (Fig. 1).

Efficacy increase—fundamental chal-
lenges and antibodyomes. A major lesson
from the current state of antibody-based
therapeutics is that gradual improvement
in the properties of existing antibodies
and identification of novel antibodies and
novel targets is likely to continue in the
foreseeable future.> A fundamental chal-
lenge has been to increase dramatically
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the efficacy of therapeutic antibodies and
to apply them to many more diseases.
Other major challenges are the develop-
ment of effective personalized antibody-
based therapeutics, and prediction of
toxicity or potentially low efficacy in
vivo. Knowledge of human antibodyomes
undoubtedly could contribute to find-
ing possible solutions to such challenges.
New approaches based on high through-
put screening and novel knowledge about
antibodies already generated by the
immune system against potential targets,
e.g., in cancer patients, are also needed to
significantly expand the number of poten-
tially useful targets.

Quality. A specific fundamental feature
that distinguishes mAb and other biolog-
ics from small molecule drugs is their
heterogeneity. Heterogeneity of mAbs is
due to modifications such as incomplete
disulfide bond formation, glycosylation,
N-terminal pyroglutamine cyclization,
C-terminal lysine processing, deamida-
tion, isomerization, oxidation, amidation
of the C-terminal amino acid and modi-
fication of the N-terminal amino acids
by maleuric acid, as well as noncovalent
associations with other molecules, confor-
mational diversity and aggregation.” Tens
of thousands of variants with the same
sequence may co-exist (Kathleen Clouse,
personal communication).

Development of high quality mAb ther-
apeutics with minimal heterogeneity and
contamination is essential for their safety
and approval by FDA. Process develop-
ment for production of a therapeutic anti-
body is a very complex operation involving
recombinant DNA technologies, verifica-
tion of a strong expression system, gene
amplification, characterization of a stable
host cell expression system, optimization
and design of the mammalian cell culture
fermentation system and development of
an efficient recovery process resulting in
high yields and product quality.®® Titers in
the range of 5-10 g/L or even higher, cell
densities of more than 20 million cells/ml,
and specific productivity of over 20 pg/
cell/day (even up to 100 pg/cell per day)
have been achieved.”!

Geneticdelivery of therapeutic mAbs by
in vivo production offers a new direction
to increase antibody quality and reduce
cost; three approaches can be used for the
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stable long-term expression and secretion
of therapeutic antibodies in vivo: (1) direct
in vivo administration of integrating vec-
tors carrying a mAb gene, (2) grafting of
ex vivo genetically modified autologous
cells, and (3) implantation of an encapsu-
lated antibody producing heterologous or
autologous cells.®* Knowledge of individ-
ual antibody repertoires could help predict
potential problems and increase safety and
efficacy of such long-term in vivo produc-
tion of antibodies.

What is next? Do we expect another
series of breakthroughs in the near future
to enable development of antibody-based
therapeutics with dramatically improved
efficacy against diseases? Are the cur-
rently used methodologies, and antibodies
developed based on these methodologies,
reaching their limit? Is it possible to pro-
duce conceptually new antibodies able
to resolve other long-standing problems,
including efficient oral delivery, penetra-
tion into solid tumors and low cost of
production, that are major drawbacks of
antibodies compared to small molecules?
Is there value in increasing complexity by
making multifunctional antibody based
drugs, including nanoparticle conjugates
with antibodies in various formats, that
could result in novel therapeutics with
unique and useful properties? An “omic”
approach to antibodies, i.e., exploration of
the antibodyome, could help answer some
of these questions.

Antibodies Elicited by Vaccination

Vaccine safety and efficacy. Preventive
vaccines are typically administered to
healthy children and adults both on small
and large scales, which poses somewhat
more stringent and specific safety chal-
lenges compared with antibody therapeu-
tics. In addition, vaccine side effects could
be more difficult to neutralize because of
continuing immune responses compared
with those due to administration of a
therapeutic that could be stopped. In con-
trast to therapeutic antibodies, the recent
history of vaccinology is not marked with
significant successes, especially against
challenging infectious agents, although
hints of modest efficacy were recently
reported for an investigational HIV vac-
cine regimen.®
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A notable exception is vaccines against
HPV.” Gardasil and Cervarix were
approved by FDA in 2006 and 2009,
respectively, and both vaccines are also
approved in numerous other countries.
Cervarix provides a significant degree of
cross-protection against HPV types 31, 33
and 45, as well as the two most common
types 16 and 18, which raises the potential
overall effectiveness of HPV vaccination
from about 70% to 81-86%. It was spe-
cifically designed with a novel adjuvant,
AS04, to deliver high and sustained levels
of antibodies. It is generally well-tolerated,
with pain, redness and swelling at the
injection site, fatigue, fever, aching, head-
ache, itching and rash or gastrointestinal
disturbances being the most common
symptoms after vaccination.

Influenza vaccines have been success-
fully used for more than half a century,
but the products must be matched to the
virus every year because of the high influ-
enza variability. Progress in the develop-
ment of an influenza vaccine that elicits
antibodies against highly conserved struc-
tures has been slow, although there are

64-67 Tnfluenza

promising recent findings.
vaccines are generally safe, but large scale
administration, e.g., with the HIN1 vac-
cine, still raises safety concerns. The swine
flu vaccine administered in 1976 induced
against host gangliosides,
likely through molecular mimicry,*® that
could potentially lead to Guillain-Barre
Syndrome. Whether the vaccine caused
the disease, and how to protect against
this possibility in the future, is debated.
Knowledge of human antibodyomes could
help in the design of novel vaccines elicit-
ing potent broadly neutralizing antibodies
(bnAbs) and prediction of possible side
effects.

Therapeutic vaccines. Attempts to
develop therapeutic vaccines, especially
against chronic diseases such as can-
cer, hold promise but have not yet been
greatly successful. For example, thera-
peutic vaccines for lymphomas delivered
disappointing results from Phase 3 clini-
cal trials, although there are some indica-
tions of clinical efficacy. Several strategies
are being developed to improve results,
including optimization of antigen delivery
and presentation, as well as enhancement
of anti-tumor T cell function.®” Another

antibodies
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example is therapeutic vaccination against
hypertension, which shows some efficacy
but is much less effective compared with
existing drugs; better immunogens or
adjuvants are required so that potent anti-
bodies with high titers are elicited.”

Various approaches are being taken
to develop effective therapeutic vaccines,
including optimized antigen design, tar-
geting dendritic cells in vivo, various com-
binations with therapeutics, adoptive T cell
transfer and stem cell transplantation.”"”?
Advancement in understanding of the
structural basis for immunogenicity and
immunodominance is needed to enable
design of better immunogens.”> Most cur-
rent vaccine antigens are essentially the
native macromolecules of pathogens that
are adapted to evade, not induce, immu-
nity. Armed with detailed structural infor-
mation, one could engineer optimized
antigens with immunodominant epitopes
by design. To be efficacious, cancer vac-
cines must break immune tolerance to self
antigens, which is a difficult task. A recent
example of a vaccine immunogen designed
to overcome this problem is the site-specific
substitution of a single tyrosine residue
of mouse TNFo. by an unnatural amino
acid (p-nitrophenilalanine), resulting in
high-titer antibodies against multiple
epitopes that were cross-reactive with wild
type TNFo and protected mice against
lipopolysaccharide-induced death.”*” Tt
was suggested that this approach could
also be used for elicitation of antibodies
targeting predefined specific epitopes,”
but this remains a challenge. Knowledge
of antibodyomes, especially germline ones,
and how antibodies are elicited following
B cell receptor (BCR) interactions with
immunogens could help in the design of
epitope-specific vaccines.

Guiding the immune system for
enhanced elicitation of antibodies with
known properties. Currently approved
vaccines were designed without knowl-
edge of the specific sequences and epitopes
of the antibodies to be elicited, but,
in some cases, the sequences of potent
bnAbs are known. For example, several
relatively potent bnAbs against HIV-I,
including b12, 2G12, 2F5 and 4E10, have
been extensively characterized; however,
numerous attempts to elicit these antibod-
ies or similar antibodies targeting their
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B cell expressing ‘ ;
germline BCR « il:r:lr:?:r?égen
(antibody) Binding
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antibody
S J— Secondary
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Mature antibody

w

Secondary
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Figure 2. Enhanced elicitation of known antibodies by using primary and secondary immunogens. B cells expressing germline BCRs are activated by
binding to a primary immunogen. The maturation pathway through intermediate antibody(ies) to the mature antibody is denoted by black lines. The
intermediate BCR(s) cross-reacts with a secondary immunogen(s) leading to further diversification until the mature antibody is elicited. An example
with eight mutations is shown where (1) denotes the space of all possible mutants for one mutation (about 200 positions x 20 residues = 4 x 10° pos-
sible mutants); (2) (denoted by --) corresponds to x i.e., about 16 x 10° etc., schematically showing the exponentially increasing number of possible
mutants and complexity of possible maturation pathways.

epitopes have failed. I have hypothesized
that HIV-1 and possibly other microbes
have evolved a strategy to reduce or elimi-
nate the immunogenicity of highly con-
served functionally important structures
containing the epitopes of bnAbs by using
“holes,” i.e., absence of germline antibod-
ies that can bind or maintain an efficient
immune response to such epitopes, in the
human germline BCR repertoire, which is
tens of orders of magnitude smaller than
all possible antibodies.

In support of this hypothesis, my col-
leagues and I have found that germline-
like putative predecessors of bl12, 2G12
and 2F5, including their bivalent formats,
did not bind to any of the Envs tested,
although the corresponding mature anti-
bodies did.”* Therefore, naive B cells
expressing germline predecessors of bnAbs
may not bind structures containing their
epitopes and initiate immune responses
leading to their elicitation. I have hypoth-
esized that such cells could be activated by
using immunogens that may be different
than the Env but capable of binding to the
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germline antibodies, i.e., to serve as pri-
mary immunogens. Combining of such
primary immunogens with Env-based
immunogens could lead to elicitation of
bnAbs. This conceptually novel approach
could be used not only for elicitation of
bnAbs against HIV-1 but also against
other diseases including cancer.

All known bnAbs against HIV-1 are
highly divergent from the closest corre-
sponding germline antibodies in contrast
to bnAbs against SARS CoV,”” Nipah and
Hendra viruses (henipaviruses),”® which
cause acute infections. Thus, the matu-
ration pathways of HIV-1-specific bnAbs
could be much more complex than those
of bnAbs against SARS CoV, henipaviruss
and likely those for other microbes caus-
ing acute infections. Therefore, I have also
hypothesized that identifying antibodies
that are intermediates in the pathways
to maturation could help design concep-
tually novel vaccine immunogens.”®”%#
Such primary immunogens and one or
more additional immunogens could help
guide the immune system through the
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long complex pathways to maturation
(Fig. 2). We identified several possible b12
intermediate antibodies® and an antigen
not related to the Env that binds to some
of these antibodies and a germline-like
bl12 (Xiao, et al. unpublished data). This
antigen could serve as primary immuno-
gen and together with Envs could be used
in novel candidate vaccines based on two
or more immunogens; this approach is
general and could be used in other cases
with known mAbs (Fig. 2). Knowledge of
antibodyomes undoubtedly can help elu-
cidate complex maturation pathways and
identify intermediate antibodies needed
for the development of such vaccines.

Antibodyomes

Why antibodyomes? About a decade
ago the concept of the “immunome” was
introduced as “...the totality of rearranged
antibodyand antigen receptor genes present
in all living humans...”,®
tical purposes, e.g., collection of known

mostly for prac-

antibody sequences scattered at various
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laboratories. Later, the term immunome
was generalized to denote all immune
system related molecules, especially those
involved in an immune response. As noted
above, knowledge of the complete set of
antibodies in an individual (antibody-
ome) and the antibody binding partners
could help in the response to challenges
in the development of therapeutics and
vaccines. Sequencing of human genomes
and the use of other-omic approaches have
already demonstrated their utility. Recent
advances in large scale sequencing now
make exploration of the challenging anti-
bodyome feasible.

Size and dynamics of antibody-
omes—challenges. The theoretical limit
of the antibodyome size is the total num-
ber of B cells, which is about 10'°—10"" for
an adult human, although its diversity,
i.e., the number of B cells expressing dif-
ferent antibodies could be significantly
smaller. There are two additional major
challenges—time dependence and tissue
distribution. In contrast to the genome,
which is relatively constant, the composi-
tion of the antibodyome changes relatively
quickly with time; every day about 2% of
the mature B cells and 30% of the imma-
ture ones are replaced by newly produced
B cells that can express antibodies with
different sequences. The tissue distribu-
tion poses an additional problem—only
about 2% of the B cells are in the blood,
and they traffic between various com-
partments. The size and turnover rate
of the antibodyome varies with B cells
subsets, age and health status. The exis-
tence of thousands of antibody variants
with the same sequence further increases
complexity.

Vast number of unknown antibod-
ies. The human antibodyome is large, but
the immune system can generate only an
extremely small portion of all antibod-
ies. The theoretical upper limit for all
possible antibodies could be as large as
20%°~10%°. This number is unimaginably
large, larger than the number of different
antibody molecules that can fill the whole
known universe. Even if we assume that
only CDRs are involved in the diversifi-
cation, i.e., amino acid residues at about
30 positions could be mutated to any of
the 20 residues, then the number is still
very large (~10%); if we further assume
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that the mutations lead to only four of the
most frequently used residues, then the
number of possible different antibodies,
10'8, is still 10" times larger than the total
number of antibody sequences (~10°) in
the publicly available databases. We have
limited knowledge of the possible number
of different human antibodies still pre-
serving the Ig fold at normal physiologi-
cal conditions, and cannot even estimate
what proportion is used for generation of
functional antibodies. It is clear that our
knowledge of the antibody sequence space
and properties is miniscule compared to
the unknown human antibodies.

Feasibility of exploring antibodyomes.
The task to sequence and characterize, at
least in terms of binding, a number of anti-
bodies that is many orders of magnitude
higher than currently known is daunting,
but may not be as impossible. If the speed
of sequencing continues to increase with
the same rate as in the past decade, one
could speculate that in the near future we
could explore personal antibodyomes as
we are now beginning to study personal
genomes. Importantly, antibody sequences
are relatively short—about 400-450 bp
for one variable domain. This nicely coin-
cides with the read length for one of the
most advanced high throughput sequenc-
ing methods (454 sequencing technology).
We have recently used 454 sequencing and
obtained about half a million sequences
of V domains in a week after beginning
the preparation of the DNA, although
the analysis is still ongoing (Chen, et al.
unpublished). In addition, all antibodies
originate from germline antibodies, thus
allowing evaluation of sequence quality
(the sequences of all germline V, D and ]
genes are known) to a certain extent. For
many purposes, knowledge of the com-
plete sets of antibodies expressed by vari-
ous subsets of B cells and those elicited in
response to an antigen will be sufficient.
The number of antibodies in such cases,
even if measured in dynamics, could
be significantly smaller than the entire
antibodyome.

Antibodyomes of zebrafish
humans. Recently, major efforts based on
single cell sortingand PCR amplification of
the antibody genes, followed by their clon-
ing and sequencing, resulted in accumula-
tion of new potentially useful information

and

mAbs

for a relatively large number of IgGs.5%

(Haynes B, et al. unpublished). The heavy
chain antibodyome of zebrafish, which has
~3 x 10° antibody-producing B cells, was
sequenced by using the 454 sequencing
technology.®* It was found quite unexpect-
edly that some fish were highly correlated
(correlation coefficients up to 0.75) in
their VD] repertoires. Another unexpected
finding was that many unique sequences
were shared between individual fish (254
sequences between two fish and two—
between five fish), suggesting converging
evolution and the possibility of estimat-
ing evolutionary dynamics. Very recently,
large scale (454) sequencing was used to
explore human IgM diversity.® The total
diversity of an antibody library was found
to be at least 3.5 x 10"°. We have sequenced
a human IgG antibody library made from
about 10° B cells and found that about
70% of the total number of V domain
sequences are different (~2 x 10> VHs and
~6 x 10° VLs). (Chen, et al. unpublished
data). The number of possible different
antibodies assuming stochastic pairing is
~10° which exceeds the number of B cells
used. Therefore the diversity is good and
additional improvement of selected anti-
bodies by chain shuffling can be useful as
it turned out to be the case. (Zhu, et al.
unpublished data). These and other results
illustrate the wealth of information, some
quite unexpected but potentially useful,
that could be obtained by exploring anti-
bodyomes. We and other researchers are
currently sequencing millions of human
antibodies.

Several years ago, we initiated a proj-
ect to sequence and characterize large
number of antibodies in healthy and
HIV-1-infected individuals (the HIV-1
antibodyome). We have used standard
and 454 sequencing to analyze a large
number of antibody heavy and light
chains from HIV-1-infected and unin-
fected adults, and cord blood from new-
born infants. (Chen, et al. unpublished).
The results suggested new possibilities
for identification of putative neutral-
izing antibodies and characterization of
maturation pathways. We believe that
knowledge of antibodyomes could help
to better understand responses to infec-
tion and immunization, and contribute
to the development of efficacious AIDS
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Figure 3. Possible implications of antibodyome exploration.

vaccine as well as to the development of
therapeutic antibodies.

Possible implications. Antibodyomics
is in its infancy. Implications for research,
diagnosis, prevention and treatment of
diseases are enormous, and include deeper
understanding of B cell biology and immune
diseases, new diagnostic methods based on
individual antibodyomes, prediction of
individual immune responses to immuniza-
tion, infection, and therapeutics, and design
of novel protein therapeutics (Fig. 3). Most
implications cannot be predicted due to the
very nature of an “omic” science.

Conclusions and Perspectives

The recent successes of mAbs for prophy-
laxis and therapy of some diseases raised
hopes for their more effective and much
wider use in the future. The history of
vaccinology and recent successes against
agents
grounds for optimism, but there are still

infectious also provide some
many diseases for which there are no effec-
tive therapeutics and vaccines. New fun-
damental insights in the workings of the
immune system are needed. Sequencing
and characterization of antibodyomes
could provide a wealth of knowledge that
in combination with advances in other
fields of science and technology could help
in the development of better therapeu-
tics and vaccines. Hopefully, it would be
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possible to accomplish the formidable task
of exploring personal human antibody-
omes during the next decade or two, and a
new era of individualized “magic bullets”
could be opened.
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Glossary

Antibodyome—the complete set of anti-
bodies existing in an organism at any
given time.

Antibodyomics—studies of antibodies
in aggregate, as a whole.

mAbs
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