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1 | INTRODUCTION

Despite the proven ability of the human immune system to generate

broadly neutralizing antibodies in response to HIV infection,3 to date

1,2,5

Summary

Numerous antibodies have been identified from HIV-1-infected donors that neutralize
diverse strains of HIV-1. These antibodies may provide the basis for a B cell-mediated
HIV-1 vaccine. However, it has been unclear how to elicit similar antibodies by vacci-
nation. To address this issue, we have undertaken an informatics-based approach to
understand the genetic and immunologic processes controlling the development of
HIV-1-neutralizing antibodies. As DNA sequencing comprises the fastest growing
database of biological information, we focused on incorporating next-generation
sequencing of B-cell transcripts to determine the origin, maturation pathway, and
prevalence of broadly neutralizing antibody lineages (Antibodyomics1, 2, 4, and 6). We
also incorporated large-scale robotic analyses of serum neutralization to identify and
quantify neutralizing antibodies in donor cohorts (Antibodyomics3). Statistical analy-
ses furnish another layer of insight (Antibodyomics5), with physical characteristics of
antibodies and their targets through molecular dynamics simulations (Antibodyomics7)
and free energy perturbation analyses (Antibodyomics8) providing information-rich
output. Functional interrogation of individual antibodies (Antibodyomics9) and syn-
thetic antibody libraries (Antibodyomics10) also yields multi-dimensional data by
which to understand and improve antibodies. Antibodyomics, described here, thus
comprise resolution-enhancing tools, which collectively embody an information-driven

discovery engine aimed toward the development of effective B cell-based vaccines.
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no broadly neutralizing antibody against HIV-1 has beeninduced by vac-
cination. Vaccine induction of effective HIV-1-neutralizing antibodies
thus represents a major unfulfilled goal in modern immunology.

Many approaches are being used to achieve this goal, several

of which are described in this volume on antibodies and immunity

to HIV-1. One approach based on decision, information, and game

This article is part of a series of reviews covering B cells and Immunity to HIV appearing in

Volume 275 of Immunological Reviews.

theory, proposes resolution-enhancing multi-dimensional analyses
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as a search strategy.4 Here, we describe a collection of technologies
(Antibodyomics1-10) that provide information-rich analyses of the
genetic and immunological processes controlling the development
of effective HIV-1-neutralizing antibodies (Fig. 1). Our description
is not intended to represent a comprehensive summary of the field;
rather, we have been asked by the editors of this volume to syn-
thesize key aspects and to focus on our specific contributions and
ideas. The majority of the Antibodyomics technologies incorporate
data generated by massively parallel next-generation sequenc-
ing (NGS) of B-cell transcripts to enhance the resolution of the
genetic information underlying antibody development.s'9 We have
also focused on technologies that allowed increased resolution of
function relative to physical characteristics of antibodies and their
targets. Together, these multi-dimensional technologies may afford
sufficient resolution of antibodies and relevant immunological pro-
cesses so they can be optimized for passive delivery or recapitulated
by vaccination.

2 | ANTIBODYOMICS1

NGS of B-cell transcripts provides a means to interrogate the human
antibody repertoire and to understand the B cell-based response to
infection. We developed a software suite, Antibodyomics1, which
can be used to organize cross-sectional NGS data containing millions
of B-cell transcripts into distinct lineages and to map their develop-
ment (Fig. 2). At its core, Antibodyomics1 assigns immunoglobulin
germline genes to each NGS transcript, parses framework and CDR
regions from each transcript, and uses sequence metrics to identify
related antibodies in unrelated donors. Antibodyomics1 was originally
developed to analyze 454 pyrosequencing data from HIV-1 infected

10 and can now accept sequencing data from the lllumina

donors
platform.5’11 Here, we highlight applications of the Antibodyomics1
pipeline.

The earliest application of Antibodyomics1 involved the discovery
and characterization of antibodies from HIV-1-infected individuals.”
Specifically, heavy chain sequences from antibodies of the VRCO1
class [a multidonor class of antibodies directed at the CD4-binding site
(12)] were used to analyze B-cell transcripts from an HIV-1 infected
donor (donor 74). This analysis yielded hundreds of new VRCO1-class
antibody sequences, with lineage analysis allowing the tracing back to
earlier developmental intermediates. This initial application was aided
by the sequence of VRC-PG04, a VRCO1-class antibody identified by
probe sorting of donor 74 B cells.’ The results appeared promising
enough that we undertook the de novo identification of VRCO1-class
antibodies in a new donor, C38, from which no VRCO1-class anti-
bodies were known. By using only template VRCO1-class antibodies
from non-C38 donors, we were able to identify VRCO1-class heavy
and light chains in donor C38. Reconstitution of identified heavy and
light chain from donor C38 yielded antibodies capable of neutralizing
diverse strains of HIV-1.13

One of the pitfalls of NGS involving antibody repertoires is the
loss of heavy and light chain pairing information. A solution to this

pitfall implemented in Antibodyomics1 involves the phylogeny-based
pairing of heavy and light chain transcripts.14 Notably, we observed
somatic variants positioned similarly in heavy and light chain phyloge-
netic trees, when paired and reconstituted, had reduced autoreactivity
when compared to mismatched pairings [see Fig. 3C in (14)]. These
results indicate that the phylogenetically determined pairings approxi-
mate those in vivo, providing a partial solution to the heavy/light chain
pairing pitfall.

We also used the Antibodyomics1 pipeline to define the devel-
opmental pathway of the 10E8 antibody from donor N152.1° Heavy
and light chain NGS data were processed bioinformatically to obtain
somatic variants, and a combination of sequence sieving and CDR3-
sequence filters were used to construct maximum-likelihood phy-
logenetic (ML) trees [see Figs 3 and 4 in (15)]. Alternative ML trees
were ranked by parsimony of mutation, and pairing of the inferred
sequences was accomplished using the topologies of the heavy and
light chain trees. The inferred 10E8 developmental pathway revealed
unfavorable interactions with antigen by the unmutated common
ancestor (UCA) to be resolved early in development [see Fig. 2C in
(15)]. Moreover, we found that early intermediates could bind to
MPER peptide, but could not recognize peptide in the context of
membrane [see Fig. 6B and C in (15)], a critical attribute for 10E8
neutralization only acquired by latter intermediates. These findings
are now being investigated in vaccine studies aimed at eliciting
antibodies similar to 10E8—and demonstrate the vaccine impact of
Antibodyomics1.

The applicability of the Antibodyomics1 technology continues to
expand, and the current Antibodyomics1.1 pipeline is available upon
request (PDK, CS, LS). We recently used Antibodyomics1 to identify
the sequences of vaccine-induced antibodies capable of neutralizing
diverse group 1 and 2 influenza A viruses.*® In addition to antibodies
against other pathogens, Antibodyomics1 can in principle be applied
to investigate diverse areas such as autoimmunity, inflammation, and
B-cell disorders including lymphomas or IgA nephropathy. In principle,
the B-cell record may contain information on the exposure to patho-
gens throughout the lifetime of an organism. How comprehensively
one can sequence the B-cell compartment and how diverse B-cell tran-

scripts are across donor populations remain areas of active research.

3 | ANTIBODYOMICS2

To add a temporal dimension to the analysis of B-cell repertoires,
we reimagined the Antibodyomicsl pipeline.13 Currently, the
Software for Ontogenic aNalysis of Antibody Repertoires (SONAR;
Antibodyomics2.1) provides a basis of Antibodyomics2. SONAR com-
prises a suite of tools for processing NGS data from B-cell receptor
libraries, including germline V(D)J gene annotation, lineage identifica-
tion, phylogenetic analysis, ancestor sequence inference, and longi-
tudinal maturation rate calculation [(17) manuscript submitted]. The
SONAR Antibodyomics2.1 software is available at https://github.
com/scharch/SONAR and a Docker image can be obtained from
https://hub.docker.com/r/scharch/sonar/.
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FIGURE 1 Antibodyomics comprise resolution-enhancing tools to understand and to manipulate broadly neutralizing immunity to HIV-1.

(A) Applications and data for Antibodyomics1-10. (B) Schematic depiction of antibody lineage development in natural infection (top panel) and
active or passive immunization (bottom panel). Areas of resolution-enhancing data generation by the Antibodyomics technologies delineated in
this review are highlighted in red. (Adapted from Kwong and Mascola, Immunity 2012)
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Longitudinal sampling of the antibodyome provides temporal res-
olution of antibody repertoire dynamics and of B-cell ontogeniesw’18
(Fig. 3A-C). The temporal dimension can also be leveraged to better
understand key interactions with virus that helped drive antibody evo-
lution®~7? (Fig. 3D), as well as intrinsic properties of antibody matu-

ration82° (

Fig. 3E). Altogether, these analyses provide developmental
insights with implications for vaccine design (Fig. 3F) and to enhance
the functionality of natural antibodies for clinical use (Fig. 3G).

The first antibody lineage to be studied with Antibodyomics2 was
the CH103 lineage, a CD4-binding site-targeting ant‘ibody,7 which
was also analyzed in detail with software developed by Kepler and
coIIeagues.21 Transcripts of this lineage were isolated from four time
points spanning 130 weeks, and used to infer the UCA and other
intermediates. Analysis of antibody-virus co-evolution revealed that
viral diversification around the CH103 epitope was important for the
development of breadth and potency of neutralization by the CH103
lineage. A second antibody lineage, CH235, was later identified from
the same donor®?%; longitudinal studies of this lineage revealed sim-
ilarities to other CD4-binding site-directed lineages, which may help
guide efforts to elicit this class of antibodies via vaccination.” Together,
the longitudinal information from these three studies provided an in-
depth look at the antibody response to HIV in a single donor, including
how multiple antibody lineages target similar epitopes and can interact
to drive the emergence of neutralization breadth.

We have also used Antibodyomics2 to investigate the origins of
the CAP256-VRC26 lineage, a V1V2-targeting broadly neutralizing
antibody.é'” We were able to identify autologous viruses that likely
helped trigger lineage development and showed that toleration of
early autologous escape mutants correlates strongly with the acqui-
sition of breadth.}” We also showed that the CAP256-VRC26 lineage
shared developmental features with other V1V2-targeting antibodies,
including the creation of a protruding loop by recombination and a pro-
pensity for early intermediates to interact with a specific subset of viral
strains.!? In this case, the addition of longitudinal information allowed
for the developmental tracking of multiple branches of a broadly neu-
tralizing lineage and for an understanding of why select evolutionary
pathways lead to the development of neutralization breadth.”

A recent study reported similar longitudinal analyses of the
development of a V3-targeting antibody Iineage,8 providing insights
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into the diversification and selection of B cells responding to HIV as
the virus escapes from immune pressure. Antibodyomics2 has been
used to investigate the antibodyome in animal models,?® comparing
B-cell responses to vaccination and infection. We have also con-
ducted Antibodyomics2 analyses of antibody lineages for which the
available data start only long after initial infection.18%4 Although we
were unable to infer the UCA for these lineages, the longitudinal data
provided important insights into the continued evolution of a lineage
even after many years and showed how an antibody lineage can split
into multiple independently evolving clades. 1824

The Antibodyomics2 technology can be utilized for monitoring
B-cell responses to vaccination. In non-human primates, for instance,
we showed that while the choice of adjuvant could impact the ELISA
titer of the vaccine response, it did not increase the levels of somatic
hypermutation (SHM) in vaccine-elicited lineages, which remained
far below those seen in models of infection.?® Antibodyomics2 was
used to monitor the elicitation and expansion of influenza broadly
neutralizing antibodies in response to immunization with an H5N1
strain [(16) and manuscript in preparation]. We have also used longi-
tudinal information to analyze the rate of antibody evolution. HIV-1
evolves at an extraordinarily rapid rate; analysis of three broadly neu-
tralizing antibody lineages showed that antibodies can match this rate
of evolution even after years of maturation, while new lineages can
evolve at rates up to 15-fold faster.?® The decrease in evolutionary
rate over time appears to be partly due to Darwinian selection effects
and the depletion of AID hotspot motifs in the antibody sequence.
Thus, Antibodyomics2 can provide insights into basic immunological
functions.

Antibodyomics2 has revealed important commonalities in the
development of HIV-1 broadly neutralizing antibody classes that
target the CD4-binding site, the V1V2 region, and glycan-V3 epi-
topes. The ontogenic pathways for each of these classes are dis-

t.25 Ongoing work aims to use the Antibodyomics2 technology

tinc
to elucidate the pathways taken by broadly neutralizing antibodies
targeting other sites of viral vulnerability. We are continuing to use
Antibodyomics2 to assess novel vaccine designs and investigate the
mechanisms underlying evolutionary rate changes. We also plan to
further develop the capability of Antibodyomics2 to mine the rich

data contained in longitudinal samples.
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FIGURE 3 Antibodyomics2: Translating longitudinal samples into developmental pathways and maturation rates. Antibodyomics2 focuses on
the longitudinal development of neutralizing antibody lineages, using (A) multiple deep-sequencing experiments across time (B) to reconstruct
detailed ontogenies. These ontogenies can be used (C) to infer UCA and early intermediates, providing details on the emergence of desired
features, such as heterologous neutralization; (D) to study co-evolution between an antibody lineage or lineages and the eliciting pathogen,
revealing critical interactions that elicited the desired features; and (E) to observe intrinsic properties of antibody maturation, such as the
evolutionary rate and how it changes over time. All of these analyses provide insights into antibody development which can be leveraged (F) to
design better vaccines and (G) to improve naturally occurring antibodies for use as therapeutics. Panels A, D, and F are adapted from Bhiman

et al., Nature Med 2015. Panels B and C are adapted from Doria-Rose et al. Nature 2014. Panel E is adapted from Sheng et al. PLoS Comput Biol
2016. Panel G is adapted from Doria-Rose et al. J. Virol 2016



KWONG ET AL.

Unknown antibod

y

Immunological Reviews TRVVAE R SR AR M

Fingerprints of defined epitopes

Neutralization fingerprint

specificities in donor N in donor N from donor cohorts
° ° g" L] e ° 2 8 %° 0
% o3 ® 0“9 %
. ' o % °
° o °:° 0 00B & gc o %o
Do %8s “ode 2 2
%°%°° ) 00 ° nod o% ~y % %
EICA T I ~/ B 5
@ °°° 0 0 0° > >
FIGURE 4 Antibodyomics3: ®% oge Wo o
(-] o
Delineation of neutralization specificities S:';" &at:? 8 :§°o:. e
by deconvolution of neutralization * e e ©
fingerprint into structurally defined Polyclonal Serum Epitope-specific Env
epitopes (tOp Ieft) PoncIonaI serum serum neutralization antibody fingerprints epitopes
analyzed by neutralization (top middle, +
heatmap for a diverse set of HIV-1 strains ~ .
B . . r/. . " e - N
shown :':lS V.Vhlte to dark gray for increasing iy = o A e CD4-binding site-directed
neutralization potency), compared to . -j.. e % ]
epitope-specific monoclonal antibody L R e Glycan V3-directed
. . . i 3 LS
neutralization fingerprints over the same "ise Pl s
. L
set of strains (top right, with reference set i ._‘ ‘.. ':". * BANC195-like
of known fingerprints and corresponding '_' ae? ® Ghite

epitopes indicated on a model of the
HIV-1 trimer spike). (bottom right)
Deconvolution to reference set of known
antibody specificities, defines the antibody
specificities in donor N (bottom left)

4 ANTIBODYOMICS3

|
Antibody responses to HIV-1 infection are typically complex and
polyclonal, targeting a variety of epitopes on the Env glycoprotein.26
However, there is limited evidence that a large number of diverse
antibody lineages can develop neutralization breadth within a given
individual.®*®272% Current studies indicate that each individual
typically develops one or a small number of broadly neutralizing
antibody lineages targeting a limited set of Env epitopes. Indeed,
while the general HIV-specific antibody diversity is extremely high,
only a small set of sites of vulnerability on Env have been discov-
ered to date.®??7-38 Antibodies against these sites have been
found in multiple donors, indicating that such broadly neutralizing
epitopes represent a general mode of effective Env recognition by
antibodies.%’

Therefore, for a large fraction of HIV-infected individuals with
broadly neutralizing polyclonal sera, the primary contributor to
serum neutralization is a combination of known antibody specifici-
ties. Most experimental techniques for characterizing the epitope
specificities targeted by polyclonal sera involve knowledge about
previously identified antibodies and epitopes: some of the standard
techniques include binding competition with monoclonal antibodies,
differential binding to wildtype vs epitope-knockout antigen, and
binding to epitope—pept'ides.“o’48 These techniques are typically
time-consuming and may not always possess a sufficient level of
specificity to correctly identify the component antibodies in a poly-

clonal response.49

Structurally defined antibody
specificity of donor N

V1V2-directed
35022-like

Reference set of known
specificities in donor cohorts

As an alternative to purely experimental techniques, we developed
a data analysis-based computational method for serologic analysis of
HIV-infected individuals.*’ The method works as follows: we define
an antibody neutralization fingerprint as the potency-dependent pat-
tern with which a set of diverse HIV-1 strains is neutralized by a given
monoclonal antibody. As we have shown that neutralization finger-
prints are epitope—speciﬁc49 (i.e. two antibodies targeting the same
epitope have similar fingerprints, whereas two antibodies targeting dif-
ferent epitopes have different fingerprints), we can use mathematical
techniques to deconvolute the neutralization of a polyclonal serum as
a combination of the fingerprints for the known broadly neutralizing
monoclonal antibodies (Fig. 4). Using this approach, we can predict the
relative contribution to polyclonal neutralization by each of the known
major broadly neutralizing monoclonal antibody specificities. As serum
neutralization data are obtained as one of the first steps in the char-
acterization of any given serum, the neutralization fingerprinting
approach does not place an additional experimental burden, and can
therefore be extremely efficient compared to standard experimental
serum mapping techniques.

To date, the neutralization fingerprinting approach has shown
utility in a number of areas. (i) First, it can be used to efficiently
screen donor sera for target antibody specificities. For example, in
(49) we analyzed a large set of sera for VRCO1-like antibodies, pre-
dicted a strong VRCO1-like signal for a previously uncharacterized
donor, 127/C, and confirmed the predictions through antibody iso-
lation and characterization studies; (ii) Furthermore, the fingerprint-
ing approach can be used to determine the relative contribution
to overall serum neutralization by a particular antibody lineage. For
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example, for donor CAP256, we observed that the CAP256-VRC26
lineage was the primary contributor to serum neutralization, likely
indicating the lack of other major broadly neutralizing speciﬁci‘ties.6
Alternatively, an identified antibody lineage may not contribute
substantially to serum neutralization, which may be dominated by
other, yet to be discovered, specificities. The fingerprinting analy-
sis can therefore lead to a better understanding of the complexity
of polyclonal sera and the effects different component antibodies
can have on polyclonal neutralization; (iii) While the sera from many
donors appear to contain antibodies that are similar to already
known specificities, new epitopes continue to be discovered.?”:30:33
When an antibody targeting a new epitope is discovered, the neu-
tralization fingerprinting approach can be used to screen HIV-
infected sera for neutralization signals matching the new epitope,
therefore both guiding efforts for identifying additional antibodies
targeting this epitope, as well as providing an estimate of the over-
all prevalence of such antibodies in infected donors. The latter can
be an important factor when evaluating targets for epitope-specific
vaccine design, with the idea that epitopes that are more prevalent
in the population may be better vaccine candidates;?” and (iv) In
addition to the analysis of polyclonal sera, the neutralization fin-
gerprinting approach has been useful for the characterization of
the epitope specificities of monoclonal antibodies. For example,
such analysis can reveal connections between antibody genotype,
structural mode of recognition, and neutralization fingerprint simi-
Iarity.39 Furthermore, the fingerprinting analysis can help trace the
neutralization evolution of different members of the same antibody
Iineage.s"18

Overall, the neutralization fingerprinting method for serologic
analysis of antibody responses to HIV-1 infection has proven to be a
useful tool in the armamentarium of techniques available to research-
ers.>¢1827,303239.49-51 The source code for Antibodyomics3 is pro-
vided as a supplement to Georgiev et al*®, and updated versions
can be requested from the authors. Additional improvements in the
computational methodology should further enhance the usefulness
of the fingerprinting approach by improving the accuracy and reliabil-
ity of the predictions. As neutralization data for large HIV-infected
cohorts become available, the fingerprinting technology can play an
important role in deciphering the elicitation of broadly neutralizing
antibody specificities at the population level, and can therefore help
guide efforts for epitope-specific vaccine design. More generally, as
indicated by initial analysis of influenza antibody ﬁngerprints,l(’ the
fingerprinting technology should be extendable to other viruses with
high levels of antigen sequence diversity, such as influenza A and

hepatitis C viruses.

5 | ANTIBODYOMICS4

Antibodyomics4 applies NGS to the analysis of paired antibody heavy
and light chain variable regions (V|, and V|, respectively). We utilize a
technology that links V|, and V| sequences prior to high-throughput
sequencing.52 The ability to analyze in high throughput both heavy

and light chain sequences permits deconvolution of the ontogeny
of HIV broadly neutralizing antibodies and rapid discovery of new
antibody variants, both in the context of HIV/SHIV infections and in
response to vaccination.

Conventional short-read NGS technologies fail to pair V|, and V.
because antibody heavy and light chain genes are on separate chro-
mosomes and expressed on distinct mRNA strands.>® In the early
years of high-throughput antibody sequencing, this pairing problem
remained fully unresolved and researchers relied on single-cell RT-PCR
and Sanger sequencing for antibody discovery. To address this issue,
a new technology was developed that used poly(dT) magnetic beads
to capture and purify mRNA from a single B cell (Fig. 5A). This method
links V|, and V| sequences by using overlap extension RT-PCR prior to
NGS, providing the capability to analyze up to 10 million B cells in a
single analysis.52’54'55

The first use of high-throughput paired V;:V| sequencing with
HIV-1-directed broadly neutralizing antibodies helped elucidate the
early ontogeny of the CAP256-VRC26 antibody, which targets the
V1/V2 region of the fully assembled HIV trimer.® In this study, lon-
gitudinal V:V, data were used to align the distinct V|, and V| phylo-
genetic trees and identify the earliest known paired CAP256-VRC26
ViV, sequence (48 weeks postinfection, Fig. 5D). V|;:V| sequencing
was later expanded for the analysis of other donors that expressed
V1/V2-targeting broadly neutralizing antibodies, and in particular it
provided additional information on the diversity and ontogeny of two
different bNAb lineages in Donor 0219 from a single sample analy-
sis.128 This work helped reveal the structural similarities between
different antibody solutions to broad V1/V2-based HIV neutraliza-
tion and outlined new strategies for V1/V2-targeting vaccine designs.
Paired V,;:V| sequencing has also been applied to address several
problems beyond HIV.3657

Recent applications of paired V;:V, sequencing have included
an analysis of the elicitation of VRCO1-class antibody lineages in
transgenic mouse models.®? VRCO1-class antibodies have strict
requirements of both heavy and light chain genes and V-only
or V -only sequencing is insufficient for high-confidence VRCO1-
class antibody identification.'? This work revealed that particular
immunization regimens with the eOD-GT8 germline-targeting

59,60 \were able to increase the fraction of VRCO1-

minimal antigen
like antibodies in class-switched splenic B cells by approximately
200-fold.6t Interestingly, the finding that only the class-switched
sequences among B-cell splenocytes were enriched for VRCO1-like
characteristics (which has also been reported in low-throughput
analyses of a different mouse model®0) suggested that class-
switched B cells may be the optimal biological compartment to
analyze for HIV bNAb precursor enrichment in transgenic murine
vaccine models.

Other ongoing efforts have focused on targeted gene priming
based on heavy and light chain genes to enrich sequence data for vari-
ants of a known antibody lineage. This new technology has resulted
in the isolation of over 2000 complete V;:V| sequences of the VRC34
antibody class, which targets the fusion peptide as a new vulnera-
ble epitope on the HIV trimer.%0 ViV, genetic lineage targeting is
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FIGURE 5 Antibodyomics4: Paired sequencing of antibody heavy and light chains for discovery of new antibodies, quantitative analysis

of vaccine responses, and elucidation of B-cell ontogenies. (A) B cells are is

olated using a flow-focusing nozzle (left) to encapsulate single B

cell inside emulsion droplets along with lysis buffer and poly(dT) magnetic beads to capture paired heavy and light chain mRNA (center). After
linkage overlap extension RT-PCR, an approximately 850 bp linked VH:VL construct is sequenced using any of several NGS technologies,
including lllumina MiSeq 2 x 250 or 2 x 300 and the Pacific Biosciences long-read platforms. (B) Antibodyomics4 has been applied to discover

new antibody families, including the CHO4 and VRC26 broadly neutralizing
used to quantify the enrichment of VRCO1-class antibody precursors using
model of vaccine development. Importantly, the VRCO1-class antibodies in

families shown here. (C) Paired VH:VL sequencing has been
various immunization protocols in transgenic mice, as a testable
particular has known requirements of both heavy and light chains,

and therefore high-throughput analyses must incorporate paired heavy:light information for robust VRCO1-precursor identification. (D)
Antibodyomics4 is being used to elucidate the ontogeny of HIV-directed broadly neutralizing antibodies and to help in the design of vaccine
antigens. Panel A adapted from DeKosky et al., Nat Medicine 2015; panel B adapted from Goramn et al., NSMB 2016; panel C adapted from

Doria-Rose et al., Nature 2014; panel D adapted from Tian et al., Cell 2016

particularly promising for the identification of early antibody variants
from longitudinal samples (both human and primate), because early
antibodies may not bind to B-cell probes with sufficient affinity for
single-cell sorting, and also may be weakly or narrowly neutralizing
and therefore refractory to identification via single-cell microneu-
tralization. Sequencing of a comprehensive set of antibody variants
without the biases introduced by B-cell probe binding or microneu-
tralization is helping generate a more complete genetic understanding
of early antibody development to accelerate the rational design of
HIV vaccines.®?

The ability to glean new insights regarding HIV-directed broadly
neutralizing antibody development using high-throughput paired

heavy and light chain analysis has opened up several exciting pos-
sibilities. High-throughput paired heavy:light sequences have per-
mitted massive computational structure analysis to interrogate
antibodies in the sequenced repertoire with genetic characteristics
of known broadly neutralizing antibodies.®® Paired heavy and light
chain sequences permit antibody discovery via sequence-based
identification and testing of new variants based on known genetic
characteristics. These ongoing efforts in the high-throughput inter-
rogation of paired heavy and light chain antibody sequences are
broadening our understanding of antibody diversity and develop-
ment, both in natural infection and in response to experimental
vaccination.
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6 | ANTIBODYOMICSS

Multidonor class antibodies (sometimes called stereotypic or pub-
lic clonotypes) arise in multiple donors and share common features
of antigen recognition and B-cell ontogeny.12 Such antibodies may
be more amenable targets for immunogen design because they are,
by definition, reproducible.12 A growing number of multidonor class
broadly neutralizing antibodies have been identified for HIv-1,>11:12

16,64,65 66] In

and for other diseases [e.g. influenza and dengue virus
addition to providing vaccine templates, quantification of the preva-
lence of these multidonor class broadly neutralizing antibodies in sera
could potentially allow their use as biomarkers in vaccine develop-
ment (Fig. 6).

In Antibodyomics5, we delineate the frequency of multidonor class
antibodies in target populat‘ions,12 derive sequence signatures for the

12,39

multidonor class, and use these signatures to quantify the preva-

lence of the multidonor antibody class in the B-cell compartment.12'39
This information can then be used to design or to select immunogens
that maximize the elicitation frequency of target antibodies.>? 6167

In the first application of Antibodyomics5, we used both fre-
quentist and Bayesian approaches to estimate the frequency of
recombination events suitable for the development of VRCO1-class
antibodies.’? These estimates indicated several recombinations to
occur each day, with the roadblock to broad neutralization being the
extraordinary SHM required for function.*® Additional multidonor
classes have now been identified including CD4-binding-site anti-
bodies from the VH1-46 germlineS’39 and V1V2-directed antibodies
characterized by a protruding anionic loop formed by recombina-
tion.>*! More recently, mouse models incorporating knock-in germ-
line genes has demonstrated the priming of multidonor VRCO1 class
antibodies in response to germline-targeting immunogens.s&éo’67
We have also applied Antibodyomics5 to the quantification of mul-
tidonor class antibodies that neutralize both group 1 and group 2
influenza A viruses.'® We delineated antibody sequence signatures
and quantified antibodies that satisfy these sequence signatures in
NGS datasets from multiple donors with different vaccination his-
tories.52%8 Notably, one vaccination regimen from the VRC 310 trial
involving immunization with a diverse H5 hemagglutinin increased
the frequency of two multidonor classes by over 100-fold,*¢ despite
titers too low to detect in sera. This demonstrates the exquisite sen-
sitivity of B-cell quantification, where one transcript in about one mil-
lion can be detected—a more sensitive quantification than allowed by
assessment of serum neutralization.

Overall, the quantification afforded by Antibodyomics5 of multi-
donor antibodies and their elicitation by vaccination enables a quan-
titative approach to B-cell ontogeny-based vaccine design. Currently,
these quantifications are made on an ad hoc basis, generally using fre-
quentist approaches and incorporating other antibodyomics engines,
such as Antibodyomics1 or Antibodyomics2 to select transcripts or
to refine sequence signatures. Such quantifications can also be made
with animal models incorporating knock-ins of human immunoglobu-

lin genes and their developmental intermediates, providing a powerful

tool to monitor and optimize the development of ontogeny-based

vaccines.

7 | ANTIBODYOMICSé

Mature antibodies in the human antibody repertoire usually
contain approximately 5-10% SHM at the nucleotide level and
approximately 10-20% SHM at the amino acid level; in contrast,
anti-HIV-1 broadly neutralizing antibodies can have up to approxi-
mately 20-35% nucleotide SHMs.%71822 To date, the maturation
pathways of several broadly neutralizing antibody lineages have
been characterized.®"®1822 Extensive efforts are being invested in
the development of vaccines to mimic the natural antibody-virus
co-evolution process, with the goal of eliciting similar broadly
neutralizing antibodies.®’ To quantify expectations, we developed
Antibodyomicsé to investigate factors that modulate the probabili-
ties of antibody SHM and to provide models by which to evalu-
ate the likelihood of a particular pattern of antibody mutation. This
information can then be used to predict the likelihood of specific
mutations in response to vaccination and infection, allowing for
quantitative evaluation of vaccine strategies through comparison
with simulations (Fig. 7).

Antibody SHM is mainly initiated by activation-induced cytosine
deaminase (AID),”%’! which mutates the antibody variable region
with a rate of approximately 1072 mutations per site per B-cell gener-
ation.”? Studies have shown that AID preferentially mutates a position

at or around hotspot mo‘tifs,73‘75

which are more frequently observed
in the CDR regions than the framework regions‘74'76’77 Moreover, tar-
geted nucleotide positions have increased chances to generate tran-
sition mutations (A¢<>G, CT), which are generated more frequently
than transversion mutations, such as A& C, AT, CoG, or GoT./4
Thus, antibody-gene mutability (the non-uniform mutation frequency
and nucleotide substitution bias within the antibody variable region)
leads to a distribution of substitution probabilities at the nucleotide
level. As a consequence, patterns of amino acid substitutions are also
affected.”® The use of NGS to sample antibody repertoires provides
a sufficiently large basis set of antibody transcripts from which a
mutation spectrum for each position of each germline V gene can be
compiled (Fig. 7, left and middle). By applying this method, we found
that antibodies originating from the same germline V gene share a
substantial percentage of amino acid mutations in the V region, irre-
spective of antigen speciﬁcity.5 This suggests that intrinsic mutability
modulates the positions and identities of substitutions in the anti-
body variable region. This also suggests that functional selection is
not the sole (or even the dominant) factor regulating antibody matu-
ration process. These conclusions are supported by our recent obser-
vations in an HIV Env vaccination study that high-frequency somatic
mutations observed in elicited antibodies were also high-frequency
mutations in non-HIV neutralizing antibodies.®* One implication of
these findings is that mutations with very low occurrence frequency,
but are functionally critical, may constitute dominant roadblocks to

elicitation.”®
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FIGURE 6 Antibodyomics5: Quantification of multidonor antibody responses and class-guided design. Broadly neutralizing antibodies that
arise in multiple donors and share common features of antigen recognition and B-cell ontogeny may have utility as vaccine templates due to the
potential for similar antibodies to be elicited by a common immunogen in the general population. In Antibodyomics5, we delineate the frequency
of multidonor class antibodies, derive sequence signatures, and quantify the prevalence of a given multidonor antibody class in the B-cell
compartment. This information can be used to guide the design or the selection of vaccine candidate aimed at “re”-eliciting the target broadly
neutralizing antibody classes. Panels adapted from Kwong and Mascola, Immunity 2012 and Gorman et al., NSMB 2016

Ongoing developments include construction of new in silico
models of the mutation space to achieve improved simulation of the
antibody maturation process. Currently, the construction of muta-
tional profiles for Antibodyomicsé is implemented as an extension of
Antibodyomics2.1, through scripts selecting appropriate antibody rep-
ertoires to build gene-specific mutational proﬁles.5 Antibodyomicsé
may shed light on mechanisms modulating antibody maturation, and
future versions would be expected to provide quantitative estimates
of the likelihood of eliciting by vaccination mutational patterns similar
to those observed in broadly neutralizing antibody lineages developed
in response to natural infection.

8 | ANTIBODYOMICS7?

Molecular dynamics (MD) simulations provide a means to extend
atomic-level structural information, which can be helpful in multiple
cases including (i) the docking of an antibody to an antigen when the
high-resolution complex structure is unavailable; (ii) the conformation
of the antigen, especially for mobile regions where crystallographic
information provides only a snapshot; and (iii) the accessibility of
antibody to protein surface, especially with glycopeptide antigens. In
Antibodyomics7, we apply MD to the analyses of antigen conforma-

tion and of antibody-antigen interactions (Fig. 8).
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FIGURE 7 Antibodyomicsé: Impact of gene mutability and substitution bias on the development of broadly neutralizing antibodies. In
Antibodyomicé, we focused on the investigation of position-specific mutation probability and substitution bias of the antibody variable region
(Top row), the knowledge derived from which will be used to address a series of immunological questions. Briefly, we sequence antibody
repertoires from multiple donors with NGS and process transcripts to identify antibody clones (Top row left and middle). We choose a
representative transcript from each clone and construct a mutation profile for each germline V gene using all clones identified (Top row right).
We then use the mutation profiles and in silico models to understand the mutation patterns observed in bnAbs and to evaluate the likelihood of

re-eliciting similar mutations by vaccination (Bottom row)

Experimentally determined atomic-level structures can be used
to guide the design of candidate vaccine antigens. However, obtain-
ing high-resolution structures of antibody-antigen complexes may
in some cases be challenging, and computational techniques can
be used to integrate data from different experimental methods to
derive atomic-level biologically relevant models. In particular, molec-
ular dynamics flexible fitting (MDFF)® has proven to be an effec-
tive method for fitting atomic models into low-resolution cryo-EM
density maps.81 To create an atomistic model of the glycosylated
HIV-1 Env trimer in complex with antibody CAP256-VRC269, we
used an X-ray crystal structure of the BG505 SOSIP.664 Env trimer

(PDB ID: 4TVP) and of the broadly neutralizing antibody CAP256-
VRC263 (PDB ID: 40D1) with a negative stain 3D reconstruction
of the complex82 along with a combination of homology modeling
and MDFF to obtain an atomic-level model of the complex. This
model revealed specific interactions between the trimer and anti-
body, which we validated experimentally using mutagenesis and
hydrogen-deuterium exchange mass spectrometry [see Fig. 4 and
Fig. S3 of (11)].

In terms of antigen conformation, dynamic properties may have
significant effects, which may not be apparent in static X-ray struc-

tures. In particular, highly mobile regions and molecules exposed to
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solvent are rarely defined structurally, and classical MD has proven to
be a valuable tool to probe dynamics of such molecules®183-85 For
example, the eight amino acids at the N-terminal of the fusion peptide
of HIV-1 Env in its closed prefusion state are not visualized in most
crystal structures.328587 However, we observed antibody VRC34 to
recognize these eight residues as the primary determinant of bind-
ing.30 MD of the prefusion closed Env trimer revealed this eight amino
acid region to be highly mobile with average solvent accessibilities
in the MD simulations that correlated with VRC34 recognition [see
Fig. 4B and C (30)].

MD has been particularly useful in assessing the impact of
the HIV-1 glycan shield.®” N-linked glycosylation is important in

post-translational modifications of the HIV Env trimer and account for
nearly 50% of its mass.28%1 We used MD to characterize the proper-
ties of the glycan shield and to identify specific glycans that obstruct
antibody access to known sites of vulnerability.ﬁl7

Altogether, Antibodyomics7 utilizes molecular modeling, molec-
ular simulations, and their interplay with available experimental data
to advance our understanding of antibody interactions with antigen
in active and passive immunity. What is the relationship between the
accessibility of an exposed antigen surface and its immunogenicity?
To what extent do glycan clashes alter antibody elicitation? What is
the relative immunogenicity of exposed protein surface and exposed
N-linked glycan? These and related questions may be addressed with
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Antibodyomics7 as (i) site-specific immunogenicity is determined, (ii)
additional crystal structures are determined, and (iii) additional MD sim-

ulations are analyzed.

9 | ANTIBODYOMICSS

One of the fastest growing areas of biotherapeutics is the use of mon-
oclonal antibodies, especially in the treatment of cancer, autoimmune
disorders, and infectious diseases.’? One roadblock to achieving effec-
tive therapies is the long and costly process of antibody optimization,
which may require years of effort. Computational approaches may aid
in this process, but their effective implementation has been difficult
because current tools fail to yield predictions of sufficient accuracy.
Antibodiomics8 aims to develop and apply computational methods
that provide accurate biophysical characterization and improved func-
tional efficacy of antibodies directed against HIV-1.

As discussed in the prior section, MD simulations are widely
used to define the conformational space of macromolecules,83 and
free energy perturbation (FEP) methodology constitutes one of the
most rigorous MD-based approaches to determine the binding free
energy for complex biological systems."\'3 FEP exploits the fact that
free energy is a state function, so that the difference in free energy
between two states does not depend on the path between the two
states. As such, FEP uses alchemical transformations to mutate one
ligand into another in the presence and absence of binding partners,
and then uses the thermodynamic cycle to compute the free energy
difference between the physical states of the system (Fig. 9). With
improvements in force fields and sampling algorithms,94'% FEP meth-
ods have been shown to produce robust, accurate predictions of
changes in binding affinities for modifications of small molecule ligands
binding to protein receptors.97’100 The goal of Antibodyomics8 is to
achieve similar accuracy for predicting changes in binding affinity for
antibody-antigen complexes upon mutation of one or more antibody
residues—a considerable challenge given the complexity of antibody-
antigen interfaces.

Initial method benchmarking and optimization studies performed
using retrospective alanine scanning data of antibody-paratope res-
idues yielded encouraging results (A. Clark, unpublished data). The
effects of antibody interface mutants for three VRCO1-class antibod-
ies [VRCO1, VRCO3 (40), and VRC-PG04 (9)] on HIV-1 gp120 binding
were quantified by surface-plasmon resonance (SPR) measurements.
By using FEP simulations, we were able to reproduce the experimen-
tal changes in binding affinities for alanine mutants to gp120 (average
error less than 1 kcal/mole)—the level of accuracy sufficient to provide
meaningful prospective predictions of binding free energies for anti-
body improvement.

Currently, we are extending the FEP approach to characterize
other classes of broadly neutralizing antibodies directed against differ-
ent epitopes on the HIV-1 viral spike. Antibodyomics8 is expected to
provide detailed information on the per-residue level of ‘hot spots'101
responsible for HIV-1 gp120 glycoprotein binding and characteris-
tics of broadly neutralizing antibodies and, thus, guide the design of

improved antibodies for clinical use. Antibodyomics8 is also expected
to expand our current understanding of antibody diversity and accel-
erate rational vaccine design through the use of quantitative compu-

tational tools.

10 | ANTIBODYOMICS9

As an effective HIV-1 vaccine may be elusive, passive immunization
with broadly neutralizing antibodies might be an alternative strategy
for generating protective immunity to HIV-1. Advancement of a can-
didate antibody into manufacturing and clinical trials often requires
improvement of multiple molecular properties. Example of such prop-
erties include potency, optimization of which can lead to reduce dos-
age, thus reducing the cost of the therapy; solubility, improvement of
which prevents antibody aggregation and leads to better manufactur-
ability; and autoreactivity, reduction of which can increase antibody
half-life and prevent interaction with self-antigens.

Previously we showed that arginine scanning of antibody sur-
faces could be used to identify paratope residues that interact with
ant—igen.“’102 In Antibodyomics9, we extend this methodology to a
surface-matrix approach in which a collection of individual surface
mutations are generated and their properties are assessed (Fig. 10).
Selected mutations include hydrophobic changes (e.g. phenylalanine/
tryptophan), hydrophilic protrusions (e.g. arginine), large steric protru-
sions (N-linked glycan), and side chain removal (e.g. poly-glycine). As
hydrophobic interactions are often a major contributor to binding affin-
ity, hydrophobic mutations at different surface locations can identify
variants with enhanced potency.log"104 Similarly, hydrophilic muta-
tions and N-linked glycan can identify variants with enhanced solubil-
ity.los’106 Moreover, N-linked glycan can modulate autoreactivity and
also inform antibody proximity to ant'igen.107 Additionally, mutation
of stretches of surface residues to glycine can remove clashes with
the antigen, thereby improving potency.108 In the specific case where
the antibody epitope is proximal to or partially comprised of mem-
brane, hydrophobic and/or arginine mutations may enhance potency
through interaction with lipid membrane. Mutants are evaluated with
various functional assays, including binding, neutralization, solubil-
ity, and autoreactivity. Mutations that yield improved properties can
be further interrogated, including the assessment of mutations with
all 20 amino acid types, or at proximal residue positions. Mutations
can be combined, and the surface-matrix screening approach can be
applied iteratively to the leading antibody candidate. Of note, individ-
ual mutations may provide optimal assessment of structure/activity
relationships.

We are currently in the process of applying Antibodyomics9
to antibody 10E8, which targets the membrane-proximal external
region (MPER) and is capable of neutralizing approximately 98% of
HIV-1 isolates.'®? By using a surface-matrix scan of phenylalanine/
tryptophan, arginine, N-linked glycan, and poly-glycine mutations,
we were able to identify mutations that improved the neutralization
potency of 10E8. Incorporation of these mutations to 10E8v4, a sol-
uble version of 1OE8,110 yielded variants with acceptable solubility,
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low poly-reactivity, and improved ICq, potencies of >10-fold better
than the parent 10E8. We plan to apply Antibodyomics? to improve
other naturally broadly neutralizing HIV-1 antibodies, including those
that target the CD4-binding site and the V1V2 apex of HIV.3?82 The
improvement of manufacturing characteristics and therapeutic prop-
erties for promising anti-HIV-1 antibodies may accelerate their clinical
development and lead to their use in the prevention and treatment
of HIV-1.

11 | ANTIBODYOMICS10

As random searching for functional antibodies to counter the near-

infinite diversity of potential immunogens may be problematic,

neutralization profile

well-configured antibody repertoires may be key to protective
humoral immunity.111 The human immune system, for example, typi-
cally responds to a novel antigen by generating antigen-specific anti-
bodies within just a few weeks. 112

Unfortunately, our understanding of the principles underlying
well-configured antibody repertoires has been hindered by two
technical barriers: first, the antibody repertoire (approximately 10
in humans and approximately 107 in mice) is sufficiently large as to
impede characterization of all component antibodies; and second,
experimental systems to test antibody repertoires may encounter
difficulties in synthesizing large numbers of component antibodies.
Continued technical advances in NGS and in antibody library synthe-
sis have, however, begun to make headway in addressing these tech-

nical barriers [reviewed in (53, 113)], and a number of fundamental
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solubility, and autoreactivity). Mutations with improved properties can then be combined and the surface-matrix screening can be repeated

insights into antibody-antigen affinity and specificity are now appar-
ent: (i) functional antibodies recognize protein-antigen surfaces
mainly through aromatic side chains in their complementarity-
determining regions (CDRs); (ii) the major portion of the antibody-
protein binding energy is contributed by interactions of aromatic
side chains from antibody with backbone atoms and side chain-
carbon atoms on protein antigens, which comprise three-quarters of
protein surfaces on average“4; (iii) direct hydrogen bonds across the
antibody-antigen interface involve mostly polar backbone groups
and small hydrophilic residues on the ant'ibody.114 One implication
of these insights is that a synthetic antibody library bearing para-
topes with diverse structural contours—enriched with aromatic res-
idues among short chain hydrophilic residues—should be capable of
recognizing the surfaces of most protein antigens through binding
to common physicochemical features: carbon atoms and polar back-
bone groups.114

We have analyzed the antigen recognition capabilities of mouse
antibody repertoires by examining the functionality of correspond-

ing synthetic phage-displayed antibody libraries—including libraries

specifically enriched with aromatic residues among short chain
hydrophilic residues (Fig. 11).1147117 NGS was employed to sample
the antibody repertoire, and we used the extracellular domain (ECD)
of human epidermal growth factor receptor 2 (HER2) as a model
ant‘igen.111 Computational analysis of the NGS data indicated that
the antibody repertoires from naive mice and from vaccinated mice
immunized with various immunization protocols were largely skewed
toward a CDR-canonical structure. A synthetic antibody library was
constructed based on the structural and sequence characteristics of
the mouse antibody repertoires and tested for HER2-specific recog-
nition. The synthetic antibody library was indeed able to generate
antibodies with equal affinity and specificity as the affinity-matured
antibodies from the immunized mice. Moreover, the synthetic anti-
body library was also able to generate antibodies that recognized
diverse protein surfaces in addition to the extracellular domain of
HER2. These results suggest that the predominant CDR-canonical
structure in mouse antibody repertoires is a robust framework capa-
ble of encoding highly functional antibodies against diverse protein

antigens. The results confirm the utility of phage-displayed synthetic
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FIGURE 11 Antibodyomics10: Synthetic antibody libraries in vaccine development. Comparison of synthetic antibody libraries, such as
those derived from phage display, with natural antibody repertoires, allows for insight into antibody features required for recognition without
confounding factors such as autoreactivity, T-cell help, and restrictions arising from surface display of B-cell receptors

antibody libraries in testing hypotheses concerning natural antibody
repertoires and in developing artificial antibody repertoires to dis-
cover functional antibodies targeting diverse epitopes.llml“’117

In addition to providing insight into natural antibody reper-
toires, we have explored synthetic antibody libraries skewed to
include unusual features observed in broadly neutralizing antibodies
that target HIV-1, such as long protruding loops and tyrosine sulfa-
tion.11102118.119 \we ohserved antibodies from libraries enriched in
long anionic loops, similar to those observed in antibodies PG9, CHO1,
and CAP256—VRC26,6’11’28'37’102 to have poor solubility. Moreover,
we are beginning to understand the features that allow for recognition
of highly glycosylated antigens. Synthetic libraries encoding unusual
features may thus provide tools to validate or to challenge sequence
signatures thought to be important in recognizing the heavily glyco-
sylated HIV-1 viral spike.

12 | CONCLUSION

The resolution-enhancing multi-dimensional technologies described
here yield information-rich datasets that can synergize with one
another to provide in-depth understanding of the development of
broadly neutralizing immunity to HIV-1, both in the context of natural
infection (Fig. 1B, upper panels) and in active or passive immunization
(Fig. 1B, lower panels). In particular, Fig. 1B delineates the initiation
of B-cell lineages that develop through cycles of affinity maturation
into populations of neutralizing antibodies, shows the use of select
antibodies for passive delivery, and depicts the incorporation of lin-
eage information into the design of ontogeny-based immunogens.
Overlaid are the resolution-enhancing Antibodyomics technologies,
highlighting appropriate points of application and the immunological

processes that they inform.
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TABLE 1 Antibodyomics embodiments, software, and applications

References
Antibodyomics  Application Embodiment Software Applications

1 Antibody identification and Perl-scripted pipeline 1.0: (13) (9-16, 39, 108, 110, 120)
lineage analysis 1.1: (16)

2 Longitudinal lineage development  Integrated suite including 2.0: (6) (5, 6,11, 17-20, 23, 24, 82)

modules in Python, Perl,and R 2.1:(17)

3 Delineation of neutralization into Mathematica scripts 3.0: (49) (5, 6, 16, 27, 30, 32, 39,
structurally defined epitopes 49-51,110,121-123)

4 Heavy/light chain paired NGS for ~ Bash-scripted pipeline and Bash 2.0: (52) (6,11, 56,57, 61, 63)
antibody identification and Python-scripted pipeline Python 2.0: (55)
lineage analysis

5 Antibody class quantification and Ad hoc frequentist, Bayesian, None (11, 12, 16, 124)
class-guided design and other statistical analyses

6 Likelihood of gene SHM Perl- and Python-scripted 6.0 (Z. Sheng, (5, 61, Z. Sheng,

pipeline unpublished data) unpublished data)

7 Antibody and antigen dynamics Tcl/Tk analysis scripts 7.0:(87) (11, 30, 87)

8 Prediction of antibody binding C++ utilizing CUDA with FEP Desmond molecular (97,126-128)
energies module in C++ and python dynamics program (125)

9 Antibody improvement by Perl-scripted pipeline None (107, 109)
surface-matrix screening

10 Comparison of synthetic and Manual comparison None (111)

natural antibody libraries for
vaccine development

In addition to ontogeny-based strategies of vaccine design, the
Antibodyomics technologies described here can be applied to other
vaccine strategies. For example, Antibodyomics1, 2, and 4 can be
applied to any vaccine strategy for which lineage information is
crucial. Similarly, Antibodyomics5 and 6 generate statistical infor-
mation on elicited lineages and their SHM requirements, and these
technologies should inform lineage-based strategies. Meanwhile,
Antibodyomics3 provides information on the specificity of serum,
with general applicability to many vaccine-related problems. Other
Antibodyomics technologies may have more specific applications,
such as Antibodyomics8 and 9, which involve antibody recogni-
tion and improvement, and Antibodyomis10, which is designed to
provide specific insight into confounding factors such as autore-
activity, T-cell help, and commonality of protruding loops. Table 1
summarizes the Antibodyomics technologies and their software
embodiments.

We note that applications of Antibodyomics technologies are not
unique to the investigations of immunity to HIV-1. Indeed, we recently
applied Antibodyomics1 to understand the induction of antibodies
capable of neutralizing diverse group 1 and group 2 subtypes of influ-
enza A virus, and also used Antibodyomics3 to classify reconstituted
neutralizing functionalities. ™

More generally, the purpose of the Antibodyomics technologies
is to afford a data-rich view of the genetic and immunological pro-
cesses controlling B cell-lineage development. The information-rich

output may also provide insights into the evolution and specific

immunological events allowing for lineage development. When com-
bined with atomic-level structural information on antibodies, antigens,
and their complexes, a similarly data-rich view of the chemistry of anti-
body/antigen interaction can be obtained. Overall, the Antibodyomics
technologies described here comprise an information-rich discovery
platform, which has been developed specifically for HIV-1, but should
be broadly applicable to other systems that require an understanding

of antibody lineages.
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