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Summary

The nexus of information concerning the CD4-binding site and its recognition by human
antibodies capable of effective neutralization has expanded remarkably in the last few years.
While barriers are substantial, new insights from donor-serum responses, atomic-level structures
of antibody-Env complexes, and next-generation sequencing of B cell transcripts are invigorating
vaccine-design efforts to elicit effective CD4-binding-site antibodies.
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Introduction

The viral spike (Env) of human immunodeficiency virus type 1 (HIV-1) is a metastable
trimer comprised of three gp120 and three gp41 subunits and the target of known virus-
neutralizing antibodies [1]. Despite sustained global efforts and partially successful results
from the RV144 vaccine trial [2-4], spike mechanisms of immune evasion continue to
frustrated vaccine efforts. One prominent site of Env vulnerability to antibody is the CD4-
binding site, the surface that the HIV-1 gp120 envelope glycoprotein uses to bind the CD4
receptor on the surface of host cells as the first step of virus-cell entry (Fig. 1). A number of
factors make this site attractive as a vaccine target. First, soluble versions of the CD4
receptor — which consists of four unpaired immunoglobulin domains [18] that extend from
the cell surface in tandem head-to-tail fashion with the membrane-distal domain containing
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Purpose of review

The HIV-1 site of binding for the CD4 receptor has long attracted attention as a potential site of vulnerability to antibody-mediated
neutralization. We review recent findings related to effective CD4-binding-site antibodies isolated from HIV-1-infected individuals
and discuss implications for immunogen design targeting the CD4-binding site.

Recent findings

Highly effective CD4-binding-site antibodies such as antibody VRCO01 have the ability to neutralize over 90% of circulating HIV-1
strains. Sequence and structural analysis of these antibodies from over half a dozen HIV-1-infected donors reveal remarkable
similarity in their ontogenies and their modes of recognition, all of which involve mimicry of CD4 receptor by antibody-heavy chain.
Meanwhile, other effective neutralizers such as antibody CH103 have been shown to utilize a different mode of recognition, with
next-generation sequencing of both virus and antibody suggesting co-evolution to drive the development of antibody-neutralization
breadth.
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the site for HIV-1 recognition [17] — neutralize HIV-1 reasonably well: a two domain-
version of CD4 is capable of neutralizing 92% of a panel of 84 diverse HIV-1 isolates [19]e
and, when placed in an immunoglobulin context, CD4-1gG1 neutralizes 93% and other
versions such as a dodecameric IgM context are even more effective [20,21]. Second,
analysis of sera from HIV-1-infected donors indicates that a substantial fraction have potent
broadly neutralizing antibodies that target the CD4-binding site [22]. Third, isolation of
antibodies from select HIV-1-infected donors has allowed for the identification and
characterization of a number of human antibodies that target the CD4-binding site and
effectively neutralize HIV-1 [6,23-25],[19]*¢[26]*e.

Despite these attractive CD4-binding site features, no CD4-binding site-directed monoclonal
antibody has yet been elicited by vaccination that is capable of effective HIV-1
neutralization. Moreover, analysis of seroconverter cohorts indicates that broadly
neutralizing CD4-binding site antibodies are either not commonly elicited or not elicited in
high titers during the first two years of infection [27,28]. Why is it so difficult to elicit
broadly neutralizing antibodies that target the CD4-binding site? And are there redeeming
qualities to the CD4-binding site that compensate for the relative paucity of effective CD4-
binding site antibodies elicited in the first two years by natural infection? In this review, we
attempt to address these questions and their implications for vaccine design. In the first
section of this review, we describe effective CD4-binding site antibodies and their
mechanisms for broad HIV-1 recognition. The second section of this review describes
epitopes recognized by effective CD4-binding site neutralizers and attempts to convert these
epitopes into epitope-based immunogens. Finally, several of the most effective CD4-binding
site antibodies appear to be generated through similar B cell ontogenies in multiple people,
and in the last section of this review we describe the vaccine implications of “reproducible”
B cell ontogenies and class-based immunogen design.

Effective broadly neutralizing CD4-binding-site antibodies

In general, CD4-binding-site antibodies — defined as those antibodies that compete with
CD4 for recognition of gp120 — can be separated into two categories: effective neutralizers,
capable of neutralizing tier Il isolates of HIV-1(Table 1), and non-potent neutralizers, only
capable of neutralizing laboratory-adapted isolates. Non-potent neutralizers such as
antibodies b13 and F105 generally show broad reactivity with diverse strains of monomeric
gp120, but bind to conformations of the gp120 that are incompatible with the functional
viral spike (Fig. 2) [33-35]. These antibodies are readily elicited by natural infection; by
some estimates a quarter of non-potent neutralizers in infected donors target the CD4-
binding site. By contrast, effective neutralizers are rarely found. The first effective CD4-
binding site antibody, named b12 [29], was identified in the early 1990s by phage display
from an HIV-1-infected donor and is able to neutralize 30-40% of circulating HIV-1.
Despite substantial effort, an additional effective CD4-binding site antibody was not
identified for 15 years, the next being antibody HJ16, which was not found until early 2010,
through use of single-cell sorting and immunoglobulin sequencing (Table 1)[23].

The atomic-level structure of the antibody b12-gp120 complex [32] inspired the design of
epitope-specific probes that selectively bind to neutralizing CD4-binding site antibodies.
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One of these, resurfaced stabilized core 3, or RSC3, involved a disulfide stabilized core
gp120 with roughly 30% of its surface residues modified to reduce antigenic recognition at
all regions other than the outer domain-contact site for CD4 [24]. Use of the RSC3 probe
allowed for the identification of broad and potent antibodies from donor NIAID 45,
including antibody VRCO01, capable of neutralizing over 90% of circulating HIV-1 isolates
at an average 50% inhibitory concentration (ICgg) of ~0.3 pg/ml [24]. Over the last three
years, subsequent use of the RSC3 probe or of a 2-disulfide stabilized core gp120, called
Ds12F123 [32] or 2CC [36], has allowed for the identification of dozens of broadly
neutralizing antibodies from over 10 donors (Table 1). About half of the identified
antibodies share VH1-2-gene origin with antibody VRCO01 [6,23-25],[19]*[26]°. TWO
others derive from the closely related VVH1-46 gene [25]. The remainder share diverse VH-
gene origins (Table 1)[23,35],[30]ee.

VH1-2-derived antibodies such as antibody VRCO1 form the majority of highly effective
HIV-1 neutralizing antibodies directed towards the CD4-binding site that have been
identified thus far (Table 1). Structural studies of these antibodies in complex with HIV-1
gp120 [6,31],[26]< reveal a common mode of recognition, focused on the outer domain-
contact site of CD4 (Fig. 2). These antibodies mimic the CD4-receptor in the manner by
which their heavy chains recognize gp120 [31]. Their light chains also share similarity, with
a characteristic 5-residue light chain 3™ complementary determining region (CDR L3)
comprising a hydrophobic-Glu or a hydrophobic-GIn residue pair at its 3" and 4™ position
[6],[37]¢[26]°* , and both heavy and light chains show substantial somatic hypermutation.
Two recent developments may speed the identification of additional VRCO1-class
antibodies: accurate prediction of serum antibodies coupled to RSC3-probe identification of
antibodies from identified donors [19]e and bioinformatics identification of VH1-2-derived
broadly neutralizing antibodies directly from the next-generation sequencing of B cell
transcripts [6],[26]+. Because of their similarity in recognition of HIV-1 and B cell
ontogeny, these VH1-2 derived antibodies appear to form a reproducible “class” — the
“VRCO01-class” of CD4-binding site antibodies [26]ee.

VH1-46-derived antibodies such as 1B2530 and 8ANC131 have been identified from two
HIV-1-infected donors (donors RU1 and RUS8, respectively), through use of the 2CC probe
[25]. Because of the close similarity between VH1-2 and VH1-46 germlines, it seems likely
that the VH1-46-derived antibodies recognize gp120 in a manner similar to that of the
VRCO01-class, but specific differences must exist as conserved VRCO1-class features such as
a 5-residue CDR L3 are not observed with VH1-46-derived antibodies [25],[37]. Sequence
and structural analysis of these antibodies should reveal details of their recognition and B
cell ontogeny, and this is currently being undertaken [38].

Other broadly neutralizing antibodies such as b12, HJ16, and CH103 derive from diverse
VH-genes [23,29],[30]ee. Structural analysis of b12 and CH103 antibodies in complex with
HIV-1 gp120 [31],[30]e indicates that these antibodies utilize classic loop-based
mechanisms of recognition, with the CDR H3 contributing ~50% of the paratope interface
(Fig.2). Since CDR H3s are products of V(D)J gene recombination, this type of recognition
can be considered V(D)J-encoded, as opposed to the VRCO01-class which appears to be
substantially VVy-gene encoded.
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The CD4-binding site of vulnerability

The binding site for the CD4 receptor on gp120 spans the outer domain and bridging sheet
regions of gp120 [13]. On the outer domain, the recognition surface involves a number of
discontinuous segments, which include the CD4-binding loop, the base of the V5 loop, Loop
D, and the outer domain-entry and -exit loops (Fig. 2). Analysis of the epitopes recognized
by CD4-binding antibodies reveals substantial similarity in the recognized region of gp120
(Fig. 2). The non-potent b13 and F105 antibodies induce conformations of the $21-$22
region (b13) or of the bridging sheet (F105), which are only present on monomeric gp120
and are incompatible with the functional viral spike [33]. Antibody b12 is able to bind to
functional viral spikes, inducing only small conformational changes [5]; b12 also binds to a
region on the outer domain that is outside of the site of CD4-binding, and viral escape
occurs by mutations outside of the conserved site of CD4 binding [39]. Antibody CH103
also targets the outer domain of gp120; its epitope however overlaps substantially with the
V5 and D loops, with viral escape occurring by alterations in these regions [30]es. By
contrast, the VRCO1-class of antibodies recognizes a surface on the outer domain which
corresponds precisely to the CD4 attachment site.

Interestingly, increased neutralization breadth is observed with the NIH45-46 somatic
variant of VRCO1, which contains a 4-amino acid insertion in the CDR H3, which extends
beyond the region recognized by CD4 onto the gp120-inner domain (Fig. 2) [25]. A G54W
variant of NIH45-46, meanwhile, shows even greater effectiveness [40], by interaction with
the vestibule of the Phe43 cavity, a hotspot of CD4 interaction [13].

Env immunogens (Fig. 3) have thus far failed to elicit potent broadly neutralizing antibodies
against the CD4-binding site [51]. Analysis of Env immunizations of rhesus macaque shows
that while antibodies which can target the CD4-binding site are readily developed, they do
not neutralize HIV-1 [52-54]. This is thought to be due to a failure to recognize the site of
vulnerability on viruses with bespoke precision, a precision which is required because of
conformational masking of the CD4-binding site [10,21],[55]¢. Immunodominant surfaces
(such as that targeted by the F105 antibody, beneath the bridging sheet) are also thought to
contribute to subdominance of CD4-binding-site-directed antibodies that neutralize HIV-1.
Physical stabilization of the variant gp120 molecule with structure-designed cavity-filling
mutations and disulfide bonds that lock the bridging sheet to the outer domain yields a
substantial increase in elicitation of antibodies against CD4-induced epitopes, but only a
minor increase in neutralization [36]. Because a majority of the CD4-binding-site epitope
spans the outer domain of HIV-1 gp120, substantial interest has focused on the use of outer
domain molecules as immunogens [56]. An immunogenic bonus is that these molecules
inherently encode a reduced amount of off-target regions for the immune system. Initial
trials with a membrane-bound form of the outer domain did not yield increased titers of
neutralizing antibodies over core gp120 [47], and other outer domain formats also did not
lead to improved elicitation [48]. A number of recent studies using various immunization
schemes have led to encouraging neutralizing titres. These include a novel cross-
immunization strategy utilizing HIV-1, SIV and FIV gp140 molecules in a DNA-prime and
protein-boost strategy [57] and a recently described 100-amino acid molecule encompassing
70% of the b12 epitope. The latter was used as a priming immunogen followed by a gp120
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boost, and this led to the elicitation of antibodies capable of Tier 2-virus neutralization after
one year [50]es. When transmitted/founder gp140s were used, immunization studies with
gp140 immunogens from a broad spectrum of viruses led to the elicitation of CD4-binding-
site-directed antibodies with reasonable breadth, though neutralization potency was low
[58]. Further examination of these studies may allow for an understanding of the antibodies
elicited and their mechanisms of neutralization; thus far, however, none of the reported
elicited responses includes a vaccine-elicited broadly neutralizing monoclonal antibody.
Additional immunogens which hold potential to elicit broadly neutralizing antibodies
include a designed b12-epitope scaffold [49] as well as a stabilized trimeric fully cleaved
gp140 (BG505 664.SOSIP) [8]. The ability to produce stable trimers with diminished
affinity for non-neutralizing antibodies while maintaining affinity to potent neutralizing
antibodies may also lead to effective antibody induction [59]. The very precise recognition
required to avoid off-target binding may explain difficulties thus far encountered with
eliciting broadly neutralizing antibodies. Perhaps relevant to this, immunization with soluble
trimeric gp140s — which had failed to elicited broadly neutralizing antibodies in small
mammals and non-human primates — succeeded in eliciting a very broadly neutralizing
single-domain VHH antibody in llamas [60]. Modulation of the immune response through
use of adjuvants [61-63] or immunogen multimerization [64] may facilitate development of
antibodies targeting the CD4-binding site. Highly-tailored immunization protocols utilizing
optimal vaccination schema and diverse immunogens may be critical to eliciting antibodies
capable of broad and potent neutralization at the CD4-binding site.

B cell ontogeny and structure-based immunogen design

Difficulties with eliciting CD4-binding site antibodies have prompted investigation of the B
cell ontogenies of broadly neutralizing antibodies in HIV-1-infected donors. That is, in
addition to understanding the epitopes broadly neutralizing antibodies recognize on HIV-1,
it may be helpful to understand the developmental pathways that generate such antibodies
[6,65-68],[26]e=. Progress in this vein includes longitudinal analysis of the development of
antibody CH103 in donor CH505, who was followed from time of infection to development
of broadly neutralizing serum response [30]ee. Sequencing of both virus and B cell
transcripts indicate co-evolution to drive the maturation of the CH103 antibody. Because
CH103 uses a CDR H3-dominated mode of recognition dependent on specific V/(D)J
recombination, this type of recognition may be difficult to reproduce. Nonetheless, attempts
to use insights from the CH103 lineage to replicate the elicitation of antibodies like CH103
are now being undertaken.

Thus far, however, the only broadly neutralizing responses observed in multiple donors and
derived from related B cell ontogenies are for the VH1-2-derived and VH1-46-derived
antibodies of the VRCO1 and BANC131 classes, respectively [6,25],[26]¢=. Antibodies in
both of these classes are characterized by extraordinary degrees of somatic hypermutation of
25-35% [6,24,25],[26]. Moreover, these levels of somatic hypermutation, both in
complementary-determining regions as well as variable framework regions, have been found
to be generally required for broad and potent neutralization [31],[69]e*. Because of these
increased mutation rates, a single immunogen may not be able to directly elicit antibodies of
the VRCO1 or BANC131 classes. In fact, several studies have shown that circulating HIV-1
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strains generally do not bind, cannot be neutralized by, and do not engage germline-reverted
variants of these antibodies [31],[70]¢[71]e.

Several recent efforts have thus focused on designing immunogens that can explicitly
engage VRCO1-class germline antibodies [72]¢[73]e*. Constructs that successfully engaged
germline variants of a subset of VRCO01-class antibodies were designed in different contexts,
including trimeric gp140 and nanoparticle multimerization of gp120 outer domain, although
the immunogenicity of these constructs is yet to be ascertained. Specifically, a procedure for
immunogen design targeting a particular class of antibodies, such as the VRCO01 class, may
involve the following steps (Fig. 4). By utilizing similarities between serum neutralization
patterns and antibody neutralization fingerprints, donor sera can be interrogated for VRCO01-
like antibody specificities [26]=. Antibody ontogenies for selected sera can then be analyzed
to define germline precursors and maturation intermediates. Knowledge of the ontogeny of
VRCO01-class antibodies from a larger set of donors may assist in the development of more
general immunogens. The process of immunogen design for VRCO1-class antibodies can
thus be divided into three steps: (1) Germline engagement; (2) Guided affinity maturation;
and (3) Clonal expansion. In all steps, in addition to optimizing binding and/or engagement
of the target antibody variants, designs generally should be optimized for immunogenicity
by silencing undesired epitopes. A potential way of such immune-focusing is the addition of
glycans to cover immunogen surfaces other than the target epitope and/or the rearrangement
of native glycans to improve epitope accessibility [62,74-77], for which recent
methodological advances could be of utility [78]e. The question of immunogen presentation
is also of importance and an essential part of immunogenicity optimization. In current
studies, multimerization of the antigen constructs has been used as a way to improve
engagement of germline and mature B cells [73]ee, and gp140 constructs appear to be better
candidates for broadly neutralizing antibody engagement than Env spikes on pseudoviruses
[79]. Testing of candidate immunogens in appropriate animal models must specifically be
considered since the germline genes characteristic of the VRCO1-class antibodies may not
have sufficiently close analogs in traditional animal models, such as mouse, rabbit, or rhesus
macaque [37]*[73]ee.

Conclusion

Overall, the field is embarked on an information-based process of vaccine development,
involving atomic-level structures of antibodies, their HIV-1 epitopes, and structure-based
immunogens informed by B cell ontogeny. Over the last three years, the explosive growth of
newly identified CD4-binding-site antibodies [6,23-25],[19]*¢[26]** — and of their atomic-
level structure with HIV-1 Env [6,31],[26]* —has invigorated vaccine design, by providing
multiple templates for effective HIV-1 neutralization. Meanwhile next-generation
sequencing of B cell transcripts and longitudinal studies are providing unprecedented insight
into the developmental processes by which highly effective CD4-binding site neutralizers
are generated and mature [6],[30]*¢[26]*. Structure-based design is now creating
immunogens capable of specific interactions and of requisite affinity [73]es. New ways to
analyze serum responses allows accurate delineation of antibody specificity in polyclonal
serum, providing clues from natural human responses [26]+. We cannot say with certainty
that the combination of these recent developments will allow for the creation of
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immunogens capable of eliciting broadly neutralizing antibodies against the site of CD4
binding: nevertheless, the next few years promise to be exciting times in HIV-1 vaccine
development.
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Figure 1. Structural details of the HIV-1 viral spike and its interaction with the CD4 receptor
Although substantial effort has been expended to determine the structure of the HIV-1 spike,

unliganded or in complex with CD4, surprisingly few atomic-level details are known. The
overall architecture of the unliganded and CD4-bound forms of the HIV-1 spike were
determined by cryo-electron tomography at ~20 A resolution by Subramanian and
colleagues [5] and are shown here, fitted with known atomic-level structures. On the
unliganded spike (left image), only the outer domain and the VV1/\V2 regions are known
[6-9], as the inner domain and bridging sheet regions likely assume conformations differ
from those determined in currently available crystal structures [10-12]. On the CD4-bound
spike (right), the entire gp120 has been determined in various complexes with 2-domain
CD4 [13-16], and these have been placed in the context of the entire 4-domain extracellular
portion of CD4 [17].
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Figure 2. Antibody recognition at the CD4-binding site of HIV-1 gp120
The structures of gp120 in complex with CD4-binding site antibodies (a-c) or CD4 (d) are

shown in cartoon diagrams with HIV-1 gp120 colored in gray, antibody-heavy chain colored
in green, antibody-light chain colored in blue, and CD4 colored in yellow. The epitopes of
antibodies are highlighted in red on gp120 surface with the outer domain-contact site for
CD4 outlined in yellow (a-c). The site of vulnerability defined as the outer domain contact
of CD4 on HIV-1 gp120 is shown as a yellow surface (d). Effective neutralizers, either
VH1-2-derived VRCO01-class antibodies [6,31] or canonical CDR H3-utilizing antibodies
[30,32], target this vulnerable site with high precision. In contrast, non-neutralizing CD4-
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binding site antibodies, such as b13 and F105 [33], only partially contact the site of
vulnerability and induce significant conformational changes on monomeric gp120.
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Figure 3. Immunogens to elicit CD4-binding site—directed neutralizing antibodies
A number of HIV-1 envelope glycoprotein oligomers have been tested for their ability to

elicit neutralizing antibodies (as reviewed in [41]), and we highlight here a particularly
promising soluble HIV-1 gp140 “SOSIP” variant [8,9,42-44], which is displayed with
electron microscopy-determined density and modeled gp120-outer domain. Other promising
HIV-1 immunogens include core HIV-1 gp120 ([45,46], outer domain gp120 (OD4.2.2)
[47,48], b12-epitope scaffold [49],and b12-epitope peptide [50]ee, which are shown in
cartoon and semi-transparent surface representation (grey), with CD4-, VRC-PG04-, or b12-
sites of binding highlighted in red. While vaccination with HIV-1 Env immunogens
containing the CD4-binding site and capable of binding broadly neutralizing antibodies have
in select cases elicited encouraging titers of HIV-1 neutralizing antibodies (for example,
[50]ee), such neutralization remains to be confirmed at the monoclonal antibody level.
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Figure 4. Schematic of a general procedure for immunogen design for a target antibody class,
and current progress for the VRCOL1 class

(top) Initial definition of target antibody class. By using known antibody templates (based
on both identified antibodies and their structures in complex with antigen), sera can be
interrogated for antibodies from the given class can and selected for next-generation
sequencing analysis of the antibodyome. (middle) Analysis of antibody ontogeny for
delineation of germline, intermediate, and mature antibodies. (bottom) Design of
immunogens for elicitation (germline immunogen), guided affinity maturation (intermediate
immunogen), and clonal expansion (expansion immunogen) of the class antibodies.
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Germline immunogens should possess sufficient affinity to allow antibody elicitation, while
the increased affinity of the intermediate and expansion immunogens for their target
antibodies versus less mutated variants can effect maturation and clonal expansion.
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