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Abstract

HIV-1 and its surface envelope glycoproteins (Env), gp120 and gp41, have evolved immune
evasion strategies that render the elicitation of effective antibody responses to the functional Env
entry unit extremely difficult. HIV-1 establishes chronic infection and stimulates vigorous immune
responses in the human host; forcing selection of viral variants that escape cellular and antibody
(Ab)-mediated immune pressure, yet possess contemporary fitness. Successful survival of fit
variants through the gauntlet of the human immune system make this virus and these glycoproteins
a formidable challenge to target by vaccination, requiring a systematic approach to Env mimetic
immunogen design and evaluation of elicited responses. Here, we review key aspects of HIV-1
Env immunogenicity and immunogen re-design, based on experimental data generated by us and
others over the past decade or more. We further provide rationale and details regarding the use of
newly evolving tools to analyze B cell responses, including approaches to use Next Generation
Sequencing for antibody lineage tracing and B cell fate mapping. Together, these developments
offer opportunities to address long-standing questions about the establishment of effective B cell
immunity elicited by vaccination, not just against HIV-1.

Introduction

HIV-1 Env properties, natural responses and consequences for vaccine design

Relatively few viruses exhibit continual active replication in immunocompetent mammalian
hosts, as does HIV-1, the focus of this review. We addressed previously the challenge HIV-1
presents as a vaccine target (1) our appreciation of which has even increased over the
ensuing years. In part, the challenge arises as a consequence of chronic replication in
literally millions of human hosts, during which HIV-1 acquires features that allow it to
successfully evade both innate and adaptive B cell and T cell immune responses. At a high-
level perspective, HIV-1 is a member of the enveloped virus class, incorporating a host lipid
bilayer and accompanying self-proteins upon budding to become “a wolf in sheep's
cloaking” to the immune system. The HIV-1-encoded envelope glycoproteins function to
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mediate viral entry, which due to their exposed location on the surface of the virus, are under
intense antibody selection pressure. To protect the functionally vital Env complex, HIV-1
evolves in a Darwinian manner by masking the vast majority of its molecular surface in N-
linked glycans (see FIG 1, potential N-glycosylation sites), with significant clusters selected
for on the external and apical major variable (V) regions V1 and V2, and individual sites at
the base of V3. The remainder of the Env surface is comprised of the external subunit gp120
variable regions V4 and V5, resulting in a surface that is composed of either carbohydrate or
variable amino acids (2), but yet adopts a meta-stable state as one requirement to maintain
function. This metastability involves the gp120 “cap”, constraining the gp41 “springs” that
have evolved to facilitate receptor-triggered entry. The quaternary-dependent, tightly packed
trimer possesses hydrophilic V regions that tolerate amino acid or glycan heterogeneity that
aid in escape of antibody-mediated neutralization without interfering with essential
functions that mediate viral entry.

In large part, the ability to evolve in response to selection derives from the error-prone HIV-1
reverse transcriptase (RT) that allows the generation of many simultaneous variants from
each infected CD4+CCRS5+ host target cell. Due to widespread dissemination and relatively
rapid rate of replication, multiple variants coexist within each infected individual, archived
in resting or cycling memory T cells. This panoply of variants can mediate escape from the
immune response regardless of selection pressure at any given moment during the chronic
infection process, which in turn stimulates B and T cell responses to the new epitopes. This
co-evolution of the virus and the immune response creates a steady-state continuum derived
from overlapping waves of viral emergence, dominance and elimination by host immunity to
only be replaced by the next most fit and temporally neutralization-resistant member of the
evolving quasi-species within a given infected individual. The intense B cell selection
pressure against every functional variant in the quasi-species consequently shapes the
evolution of antibody (Ab) responses against the exposed determinants of Env, resulting in a
close to ideal spacing of the N-linked glycans on the trimer spike, occluding antibody access
to the underlying polypeptide surface. In addition to this evolving glycan shield, key amino
acid point mutant variants and V region duplications or (3) deletions generate increasing
surface variations that help evade Ab recognition. In general, protein surfaces are much more
immunogenic than are the essentially self, host-generated N-linked glycans, resulting in
effective shielding of conserved, functionally constrained (4, 5) determinants of Env (see
FIG 1). Env N-glycans are separated at their base by 4-5 Angstréms (6) since they cannot be
appended too closely by the host glycosyl-transferases. These enzymes need access to the
asparagine (N) residue of the glycosylation motif to attach the proximal N-acetyl
glucosamine glycan residues and for further processing in the ER and Golgi reviewed in (3).
This tight glycan spacing effectively blocks access by most membrane-bound B cell
receptors (BCRs), limiting B cell activation, and to antibodies, limiting recognition of
underlying protein epitopes. In some chronically HIV-1-infected individuals, antibodies
eventually evolve that can penetrate the armor of this effective glycan shield, demonstrating
that the human immune system can generate HIV-1 broadly neutralizing antibodies (bNAbs)
to several distinct regions of Env. Often the bNAbs contain very high levels of somatic
hypermutation (SHM) and, relatively rare, activation-induced cytidine deaminase (AID)-
mediated insertions and deletions (indels) in either or both the immunoglobulin heavy and
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light chain sequences, or other unusual features such as long HCDR3s, N-glycan reactivity
or self-reactivity ((5, 7-11) and see FIG 1). These relatively rare qualities probably come
into play more frequently during chronic infection due to the immune system-disruptive
effects of the chronic HIV-1 infection, including prolonged antigenic exposure. Such
remarkable, but infrequent, antibodies may be less likely to be elicited by active vaccination
in healthy subjects using relatively short immunization regimens. Reports of bNADbs isolated
from chronically infected subjects that display lower levels of SHM are therefore
encouraging for ongoing efforts to develop a vaccine (12, 13).

For purposes of vaccine design and development, a beneficial application of the bNAbs is
for “antigenic profiling. That is, to confirm that as many broadly neutralizing determinants
as possible are present on a given Env immunogen that is designed to present such epitopes
to the immune system. This, together with lack of recognition by most non-neutralizing
antibodies to a given immunogen, is indicative of faithful mimicry of the functional spike. A
general rationale for many Env immunogen design efforts is that by presenting the broadly
neutralizing determinants and minimizing the exposure of unwanted non-neutralizing
determinants, immunization will preferentially activate B cells specific for broadly
neutralizing, cross-conserved determinants. High-resolution evaluation of Ab responses
elicited by Env mimetics designed based on these criteria have recently begun in several
laboratories. Another application of bNAbs is to design immunogens that bind putative
germline-reverted (gL) version of such MAbs, and to evaluate the ability of such
immunogens to activate B cell responses in mice engineered to express the corresponding
gL-reverted Ab as a BCR in vivo. These topics are covered elsewhere in this edition (see
Stamatatos and Alt papers).

The extensive evolution and N-glycan shrouding of HIV-1 Env limits antibody access to
conserved Env surfaces, such as at the primary receptor CD4 binding site (CD4bs). That
said, the molecular surface of the CDA4bs itself is devoid of N-glycans, facilitating direct
protein:protein interaction between the gp120 CD4bs and CD4 (14). However, although the
CDd4bs is glycan-free, this surface is ringed by N-glycans on the outer domain “side” and
from “above” by the V cap spike apex. These N-glycans restrict accessibility to two-domain-
wide antibodies that display a larger foot print than does the one-domain-wide, Ig
superfamily member, CD4. In addition, due to Env spike quaternary packing, occlusion by
elements of the adjacent protomer increases difficulty of access by cell surface-expressed
BCRs as well as by soluble Ab. BNAbs, such as VRCO01, PGV04 and 3BCN17, are
examples of successful, but relatively rare, solutions to accessing the conserved CD4bs, as
illustrated in several studies (9, 15-18). Other antigenically conserved sites of Env do exist,
as defined by bNADbs, for example, in the trimer apex (4, 19-21), the base of V3 (19, 22) and
at the gp120-gp41 junctions (23-26). However, these regions are heavily glycan-protected
and bNADbs to these regions often engage N-glycan as well as polypeptide, requiring
infrequent structural Ab characteristics mediated by high levels of SHM for binding (see Fig
1, lower left panel for a structural example).

To put current efforts to design an HIV-1 vaccine into perspective, it is worth noting that no
currently licensed human vaccine elicits cross-reactive breadth to protect against variable
pathogens. Even the extremely effective and durable human papilloma virus (HPV) vaccine
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elicits limited “breadth” only by including multiple clinically relevant subtypes in the
vaccine to directly match the immune response with a given human papilloma virus subtype
(27). And, unlike HIV, the surface-exposed hydrophilic loops of this non-enveloped virus are
immunogenic, non-glycosylated and are “in play” to achieve highly effective strain-
restricted neutralizing antibodies. Similarly, the seasonal influenza vaccine provides
protection against the circulating variants included in the vaccine and not through cross-
reactive Ab neutralization breadth, as we have discussed previously (1). Hence, to create an
effective HIV vaccine, new approaches must be explored, analyzed and honed to perfection
to establish new paradigms not remotely approached by other current and successful anti-
viral vaccines.

Section 1 — Properties of Env and first generation trimer mimetics

The elements of the HIV-1 Env trimer metastability involve, in part, packing of the spring-
loaded gp41 helices to store free energy for the process of viral-to-cell fusion (see Fig 1, top
and lower right panels). The gp41 helices, confined by the associated gp120 cap, are hair-
trigged to harpoon the fusion peptide into target cells following engagement by the primary
receptor, CD4, and the co-receptor, CCR5. This spring-loaded mechanism presents
challenges when attempting to generate native-like soluble versions of the HIV-1 functional
Env spike. For the past several decades, many trimer designs attempted to create faithful
mimetics of the native spike, with limited success, until the relatively recent emergence of
the so-called well-ordered trimers, addressed later in this review. Early iterations to generate
soluble Env spike mimetics began with the simple approach of introducing a stop codon at
the C-terminus of the gp41 ectodomain, upstream of the hydrophobic transmembrane
domain, to generate soluble oligomers. However, due to the non-covalent association of the
external envelope glycoprotein, gp120, with the transmembrane glycoprotein, gp41, these
“gp140” molecules, comprised of gp120 and the gp41 ectodomain, were unstable,
dissociating into two distinct subunits (reviewed in www.ncbi.nlm.nih.gov/pubmed/
20048701). As we now know, this occurred in large part due to the spring-loaded nature of
gp41l and releasing the natural transmembrane anchor point by genetic truncation. Since
gp120 and gp41 derive from cellular furin cleavage of the gp160 precursor in the Golgi, the
furin cleavage site, REKR, was either genetically deleted or mutated (i.e. to SEKS) to create
an unnatural covalent association of gp120 to gp41. However, this approach generated gp140
oligomers that consisted of mixtures of molecules in different conformational states,
primarily because the metastable Env proceeds down multiple off-target conformational
paths following translation and folding in the ER and Golgi. Next, we and others attempted
to generate more stable and relevant trimers by adding heterologous trimerization motifs
such as modified GCN4 or foldon (28-30), or other trimerization motifs such as aspartate
transcarbamoylase (31).

In the last few years, it has become increasingly apparent that many of these trimers are not
faithful mimetics of the functional Env spike, although there is some disagreement regarding
what are the most relevant biophysical assays to determine native-like properties of a given
trimer mimetic (32, 33). In our more recent work, we rely on the analytical value of
antigenic profiling where bNADbs recognize the native trimer and non-neutralizing antibodies
do not. These data, coupled with differential scanning calorimetry (DSC) electron
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microscopy (EM) are used to analyze candidate trimer mimetics. Trimers that generate
single homogeneous melting transitions by DSC and 2D classifications and 3D
reconstructions of three-fold symmetry by EM, confirm well-ordered trimer integrity
(34-36) as discussed below. By antigenic profiling and EM, foldon trimers derived from the
Y U2 and JRFL strains do not appear to faithfully mimic the native spike as they are well-
recognized by non-neutralizing antibodies and do not display an ordered appearance or
trimeric symmetry by negative stain EM (37). However, despite the inability of these earlier
trimer designs to fully mimic properties of the native spike, we learned a great deal by
studying the B cell and antibody responses they elicit in the context of immunization,
establishing analytical tools that are broadly used in the field today. In non-human primates
(NHPs), using the foldon trimers as immunogens, we defined a number of fundamental
features of immune responses to Env vaccination, establishing a system amenable for high-
resolution analysis of B cell responses following HIV trimer immunization (37-46). We
discuss the specifics of our high-resolution B cell studies in more detail below (Section 3).

Section 2 — Env immunogenicity at the polyclonal Ab level

One approach to defining the polyclonal response to Env following vaccination involves
mapping such responses at the polyclonal Ab level. As described more than two decades
ago, the most immunodominant element on Env is the third variable region, V3, of gp120.
Over the past several years, by converging mapping tools, it has become increasingly clear
that much of the tier 1 neutralizing activity detected in polyclonal antisera elicited by
monomeric or trimeric Env immunogens is directed to the V3 region. This is especially true
for the so-called tier 1B viruses, which tend to be less sensitive to the CD4-binding-site-
directed “F105-like” or the co-receptor binding site-directed “17b-like” non-broadly
neutralizing monoclonal antibodies (MADbs) that often neutralize tier 1A viruses. As
previously described, tier 1 isolates are not representative of most circulating clinical
isolates, which are termed tier 2 or tier 3 viruses (47). The distinction is that tier 1 viruses
display a more open Env trimer conformation, often as a result of /n vitro replication of the
virus in the absence of antibody selective pressure prior to cloning the corresponding Env
sequence. Viruses with this more open Env conformation display improved /n vitro fitness,
likely by more efficient receptor and/or co-receptor binding. In contrast, /n7 vivo, selection
against such viruses occurs as continuous antibody pressure forces concealment of the
conserved receptor-interacting Env elements as mentioned above. In a series of
immunogenicity studies, we and others demonstrated that V3 peptides can deplete most
neutralizing activity against tier 1 viruses such as SF162 and MW965 present in the sera of
foldon trimer-immunized small animals and NHPs (48-50)). The major variable loops V1
and V2 are also relatively immunogenic (50, 51), which is not surprising as they are
hydrophilic, flexible surface elements. In fact, as far back as 2006, when we immunized
guinea pigs with YU2 foldon trimers in selected adjuvants, we detected the consistent
elicitation of homologous YU?2 tier 2 neutralizing activity. Some of the neutralizing
specificity mapped to the V1 region, which we demonstrated by peptide inhibition analysis
(50). Autologous tier 2 neutralization of YU2 was also observed in our previous NHP
experiment where we used a long immunization interval between the second and the third
boost with the YU2 foldon trimers (41).
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Over the past decade, we and others have developed additional mapping tools to discern B
cell and antibody responses to Env at the cellular and serological level, which are now
applied to anti-sera elicited by the more recently developed well-ordered trimers (see
below). These methods preceded the higher resolution approaches to study B cell responses
that are now available as described in Section 3. For example, we developed a novel B cell
ELISpot assay which, when combined with a series of domain-deleted Env probes (i.e.,
deleted of gp41, V1V2 and then V3), can be used to enumerate Ab-secreting cells specific
for distinct determinants of Env (51). We demonstrated that following a single trimer
inoculation in mice, most of the initial immune response focuses on determinants in gp41,
but following additional Env immunizations the response shifted towards the variable
regions, in particular V3. From these data, we interpret that Env immunization initially
activates gp41-reactive clones that dominate the response. However, B cells recognizing V3
increase in frequency following boosting, shifting the overall reactivity towards this
hydrophilic surface-exposed V3 determinant. The early gp41-directed response may be
related to reports showing that gp41 reactivity is associated with cross-reactivity to
microbiota, and hence may arise from recall responses by existing memory B cells (52, 53),
potentially explaining their early appearance after exposure to the post-fusion gp41
conformation contained in the Env immunogen used in the human clinical trial.

To study sub-specificities contained within polyclonal samples, we asked, nearly 10 years
ago, whether we could map Ab specificities in sera from HIV-infected individuals displaying
broadly neutralizing activity. This work established the basis for approaches to map vaccine-
elicited antibodies, a more challenging task due to lower neutralization titers elicited by
protein subunit immunization. The first method we developed to map neutralizing Ab
responses to the CD4bs was solid-phase differential adsorption. In this assay, we used both
unmodified gp120 and gp120 possessing a mutation in the CD4bs central “CD4 loop”
known to abrogate gp120 interaction with CD4, namely D368R. This mutation and the
proximal E370A suffice to eliminate gp120 to CD4 binding, as can other mutations in this
region including D474A. By coupling wt gp120 and the gp120 D368R variant to solid-phase
Dynal paramagnetic beads, we demonstrated that two broadly neutralizing sera contained
CD4bs-directed neutralizing activity to multiple tier 2 viruses (54). To strengthen our
mapping process, we coupled differential gp120 absorption with V1/VV2/VV3 peptide “dump
in” assays to increase serologic mapping capacity. For the V region peptides, these reagents
can be added directly to the standardized TZM-bl neutralization assay (47, 55) to diminish
or deplete virus neutralization mediated by hyperimmune serum or control MAbs (54, 56).

Since then, we developed modified gp120 cores, i.e. gp120 deleted of V1, V2 and V3 and
the N- and C-termini, with and without mutations in the CD4bs to map neutralizing antibody
responses directed toward this region by attachment to a solid phase. In addition, we
generated the TriMut cores, which contain 3 substitutions in the bridging sheet that eliminate
CD4 binding but maintain recognition by most CD4bs-directed mAbs, whether they are
broadly neutralizing or not (39). An isogenic TriMut contains mutations (D368R/E370A)
(57), and more recently, residue D474A (58) in the CD4bs that eliminate binding by most
CD4bs-directed antibodies. The advantage of the TriMut proteins for mapping neutralizing
activity is that they can be pre-incubated with mAbs or antisera for differential adsorption.
Following this step, the mixtures can be added directly into the TZM-bl neutralization assay

Immunol Rev. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karlsson Hedestam et al. Page 7

without interfering with viral entry because they no longer bind CD4 due to the substitutions
in the bridging sheet. If the TriMut depletes neutralization, but the isogenic CD4bs-modified
mutant TriMut protein does not, this outcome indicates that neutralization is directed to the
CD4bs. Using these and other mapping tools, it is possible to determine the major
neutralizing specificities present in Env-elicited hyperimmune antisera.

In addition, all but the CD4bs-directed antibodies present in polyclonal sera can be adsorbed
out using the D368R Env mutant in excess, allowing CD4bs-directed antibodies to flow
through a solid-phase column conjugated with this protein variant. The antibodies present in
the flow through can then be bound to gp120 for purification of the CD4bs-specific antibody
fraction. Of late, we and others use the CD4bs-modified Envs to analyze neutralizing serum
antibody activity specific for a given autologous tier 2 virus (49, 59). The data indicate that
most of the vaccine-elicited autologous tier 2 neutralization in these experiments is not
trimer-specific, and may not be CD4bs-directed, as both the D368R monomer and trimer
adsorb out autologous neutralization for JRFL, 16055 and BG505(49). However, the
polyclonal mapping data are only indicative until more definitive results are obtained by
isolating monoclonal Abs (MADbs) that recapitulate the serum neutralizing Ab specificity, as
described below. Iterations on the approach of using modified Env subunits for polyclonal
serum mapping were recently described using engineered gp120 outer domains (eOD),
which represent approximately half the mass of core gp120. These subunits were modified
with the D368R CD4bs modification, along with other point mutations for mapping
purposes. In addition, the point mutants were combined with chimeric eODs generated by
genetic swapping of elements derived from different strains to map tier 2 autologous
neutralizing activity to specific OD subdomains such as V4 or V5 (60). Going forward, these
tools will be valuable to map neutralizing Ab activity to specific elements of Env in ongoing
and future pre-clinical and clinical HIV-1 vaccine studies.

Additionally, point-mutated viruses provide additional tools to map Env-directed
neutralizing activity. For example, we originally designed an N-glycan deletion at residue
301, located at the base of the V3 loop. Elimination of this N-glycan renders some viruses
more sensitive to hon-broadly neutralizing Abs (61, 62) and can be used for mapping
antisera or mAbs. In another study from the Binley group, a glycan knock-in in the JRFL
Env, which normally lacks an N-linked glycan at residue N197, renders the virus resistant to
serum neutralization from high-titer rabbit possessing JRFL tier 2 autologous neutralizing
activity. Conversely, other viruses that are resistant to neutralization by this anti-serum, and
contain an N-glycan at residue 197, become sensitive to this serum if they are genetically
deleted of their respective N-glycans at residue N197 (63). These data suggest that gaps in
the N-glycan shield might contribute to tier 2 autologous neutralizing activity. In a recent
study, McCoy and colleagues isolated tier 2 BG505 autologous neutralizing mAbs, elicited
by BG505 SOSIP trimers, which are directed to a “hole” in the N-glycan shield at residue
241. The MADb specificity was confirmed by assessing neutralizing capacity of viruses with
or without N-glycan or non-BG505 residues at this site. These results are consistent with the
model that some autologous neutralizing Ab activity is directed at such N-glycan gaps in the
shield (64). However, since most viruses possess an N-glycan at this position, it is not yet
clear if this type of tier 2 autologous neutralizing specificity can evolve into greater breadth
of neutralization.
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Section 3 - Env immunogenicity assessed by isolation of monoclonal Abs

More detailed and definitive information about the quality of vaccine-induced B cell
responses is obtainable by analyzing antibody responses at the single B cell and MAb level.
During the past years, we have established methods to isolate MAbs from non-human
primates (NHPs), providing a higher resolution view of B cell responses induced by Env
immunization (38, 42, 62). An overview of the B cell and Ab analysis platforms we employ
to characterize vaccine-induced responses is shown in FIG 2. So far, we have focused this
work on rhesus macaques, which are used to model human immunology in the evaluation of
infection- and vaccine-induced immune responses. The high level of genetic homology
between humans and macaques makes iterative testing and analyses of vaccine candidates in
macaques highly relevant for the development of human vaccines. In addition to macaque
genetic homology to humans, which is about 93% at the nucleotide level (65), work by us
and others demonstrates that there is considerable similarity between macaque and human
immune cell subsets (66-70), (71, 72). This greatly facilitates the translation of protocols
developed for human studies to the NHP model as many antibody-based reagents are cross-
reactive between the two species. Conveniently, the NIH Nonhuman Primate Reagent
Resource summarizes the properties of an increasing number of cross-reactive MAbs to
facilitate work in the NHP model. In the cases where Ab cross-reactivity to macaque
markers is insufficient or lacking, we have evaluated alternative markers, such as in our
recent study of rhesus macaque bone marrow plasma cells (46).

A number of years ago, we developed strategies to clone antigen-specific MAbs from
immunized rhesus macaques, adapted from B cell analysis of HIV-infected humans (73). To
achieve this objective, we developed antibody staining panels for flow cytometry-based cell
sorting of macaque B cells and optimized primers for efficient isolation of macaque Ab
transcripts from single cells (68). This work resulted in the publication of a series of papers
describing the properties of vaccine-induced MAbs directed against different epitope regions
of Env (37, 40, 42, 62). In our experimental approach, we first assess the Env specificity of
the cloned MADbs by ELISA and, depending on the availability of probes, we perform initial
mapping of their sub-specificities. For example, the capacity of a given MAb to bind both
trimeric (gp140) and monomeric Env (gp120) indicates that the specificity is not trimer-
dependent, nor directed against gp41. Binding to additional probes, such as those lacking
various structural determinants or modified in specific regions by alanine (Ala) point
mutations or by N-glycan knock in mutations, provides additional information about the
MADb sub-specificities. If the MAbs possess neutralizing capacity, the specificity can be
further mapped by Ala scans on pseudo-virus Env (40, 62). In this instance, Ala scanning
mutations in the context of virus-encoded Env and measurement of neutralizing Ab activity
is a much more sensitive assay to evaluate the impact of specific point mutations than are the
same mutations introduced in soluble gp120 and evaluated by ELISA binding. The isolation
of MADbs is now a standard analytical tool for our immunization experiments performed in
NHPs and this approach is generally gaining momentum in the field, accelerating our
understanding of Env vaccine-induced B cell responses in primates and other species.

The availability of MAbs provides opportunities to examine the genetic composition of
individual antibodies and to investigate functional and structural properties of Env-specific
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Abs. In brief, cloning of MADbs involves the isolation of recombined, variable (V), diversity
(D), and joining (J) gene segments from matching Ab heavy (V(D)J) and light (VJ) chains
and cloning the sequences into expression vectors using procedures initially developed for
the isolation of human MADbs (74). The D gene and the V-D-J junction of the heavy chain
encode the complementary determining region 3 (HCDR3), while the V-J junction of the
light chain corresponds to the LCDR3. The CDR3s, together with the V-gene encoded
CDR1 and 2 regions of both the heavy and light chains, usually comprise most Ab contacts
with antigen. V(D)J sequences are subsequently joined in frame to a sequence encoding the
heavy chain constant (C) region in the cloning vector (usually IgG1) to encode full-length
IgG upon co-transfection with the matching light chain. Following co-transfection of the
heavy and light chain expression plasmids, recombinant MAbs are produced in 293F cells
resulting in large quantities of MAD that can be purified by protein G affinity
chromatography as described (44, 62).

In our standard approach, we sort antigen-specific, single memory B cells from peripheral
blood 14 days after immunization using fluorescein-conjugated Env probes, which allow us
to derive Env-specific Abs from more than 90% of the sorted cells (42, 45, 75). An
alternative approach is to isolate single B cells in the absence of antigen-specific sorting
from peak plasmablast responses which, in primates, occur approximately 7 days after
boosting (76). However, the latter approach usually results in lower frequency of specific
MADbs obtained after cloning, perhaps due to bystander B cell activation during boosting.
From our own studies using antigen-specific sorting of memory B cells, we demonstrate that
Env immunization elicits a highly polyclonal Ab response with a highly diverse repertoire of
rearrangements in the pool of antibodies targeting Env. In one study, we sequenced heavy
chain V(D)J transcripts from over 600 individual Env-specific B cells and found that 502
unique clonotypes from 606 functional sequences. This indicates that Env immunization
elicits a high diversity of genetically unrelated Ab specificities (75). Each of these
clonotypes may differ in the fine specificity of Env binding, either by recognizing different
regions of Env or by recognizing the same epitope region in different ways. These results
demonstrate that the primate immune system responds with a broad B cell repertoire to
protein immunization, employing its full potential to generate antibodies that bind the
vaccine antigen using as many V(D)J configurations as possible.

In the same study, we show that heavy chain V gene segments of all families, except VH6 (a
small gene family), were found in the Env-specific populations, although at variable
frequencies. Quite likely, Abs using VH6 gene segments would be identified if a greater
number of cells and/or more individuals were analyzed, in combination with higher-
throughput approaches to clone MADs. Interestingly, the relative VH gene usage of the Env-
specific IgG+ memory B cells is very similar to the distribution observed in the total 1gG+
memory B cell repertoire from the same NHP, which represents all B cell responses to
foreign antigens that this animal has generated and archived during its lifetime up to the time
of analysis (75). The only difference we observed when comparing V gene usage in the total
IgG+ memory B cell repertoire with that in the Env-specific IgG+ memory B cell repertoire
was an overrepresentation of the VH5.46 segment in the Env-specific group. By cloning the
heavy chains from a number of these VH5.46-using Env-specific B cells, along with their
corresponding light chains, we produced MAbs and analyzed their epitope specificity. Many
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of these MADs recognized the V3 region of gp120, suggesting a preferential use of this V
segment for VV3-specific responses. However, other VH genes were also used to generate
V3-directed MADbs, suggesting a great diversity of clonotypes even within the pool of V3-
specific MADbs (42). When analyzing other subsets of Env-specific MADbs, including those
against gp41, the CD4bs or other regions of the trimer, similar results emerge. Each of these
subsets consists of many different clonotypes and only rarely do we isolate MAbs that are
somatic variants of each other. This suggests that each clonal Ab family is quite small (42),
even though some expansions are observed at late compared to earlier time points (45).
Highly polyclonal B cell responses are also detected in humans vaccinated with tetanus
toxoid, another protein subunit-based vaccine (77, 78). One might conjecture that this may
be typical of vaccination regimens using multiple boosts with invariant subunit antigens.
Such vaccination results in efficient activation of many B cells that, after some affinity
maturation, reach an affinity ceiling that is no longer driven by selective competition for
antigen (79).

The degree to which different immunization protocols promote Ab SHM is of central
interest to the HIV-1 vaccine field. As mentioned earlier, many bNADs isolated from
chronically infected individuals are highly modified by SHM and that this level of affinity
maturation is required for their neutralizing activity (5, 80). One report describing the
cloning of approximately 500 MAbs from chronic HIV-1 infection demonstrates that high
levels of SHM are not only observed in bNAbs, but also in non-neutralizing Abs, suggesting
that it is a consequence of the chronic infection (73). This is especially true in HIV-1
infection where the selecting antigen is highly variable, and new viral variants present
modified epitopes, lowering affinity at these sites, until new Ab variants with increased
affinity are again selected. This arms race between the virus and the host B cell response is
well documented and is a hallmark of HIV-1 infection (25, 81, 82). High levels of SHM are
also seen in other chronic infections and some settings of autoimmunity (83), consistent with
ongoing antigen exposure and selection of the highest affinity B cells. This is consistent with
the oligoclonal nature of the Ab response in chronic HIV-infection where a repertoire size of
approximately 50 clonotypes, with a bias towards the use of the heavy chain variable (VH) 1
family gene segment is observed (73).

Investigators do not generally observe a similar level of SHM for vaccine-induced B cell
responses, at least not when presenting invariant and non-replicating antigens to the immune
system (78, 84). In our studies we find that most of the cloned MAbs display relatively low
SHM levels, around 5%, based on assignment to germline V genes available in current
public databases (42, 62), a topic that will be addressed in more detail below. This level of
SHM is similar to other studies of vaccinations (78). In our studies, we demonstrate that
several vaccine-induced CD4bs-directed MADbs isolated from memory B cells after only two
trimer immunizations, bind Env with relatively high affinities, in the nanomolar range, even
in their germline-reverted state. Gene assignment indicates that quite low levels of SHM are
sufficient to convert a non-neutralizing germline-reverted Ab to a neutralizing Ab (44). The
level of SHM required for positive selection of a given B cell in the GC reaction will differ
depending on the starting affinity of the BCR to its cognate antigen. Overall, our studies of
individual B cells from vaccinated NHPs demonstrate that the Env-specific B cell response
induced by immunization is distinctly different from that observed in chronically HIV-
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infected individuals, both in terms of SHM and extent of clonal expansions. Additional and
higher through-put studies are required to obtain an even more detailed understanding of the
diversity of Env-directed B cell responses induced by immunization to contribute to the
circulating Ab or B cell memory pool.

In addition to the genetic analysis, the availability of cloned recombinant MAbs allow
studies of Ab function and structure. Our studies of vaccine-induced B cell responses
provide the first definitive information that vaccine-induced Abs that target the highly
conserved primary receptor binding site of HIV-1 gp120, the CD4bs, bind with an angle of
approach that differs from that of bNAbs isolated from chronically infected individuals, such
as VRCO1 or PGV04 (37, 40). Specifically, we found that in this study, the vaccine-elicited
MADbs attempts to access the CD4bs from a top angle approach, unlike the side approach
used by VRCO01. We deduced the angle of approach by high resolution crystal structure of
the MADb Fab, modeling and docking of negative stain EM of Fab:gp120 complexes into the
known BG505 SOSIP high-resolution structures. The angle of approach by the vaccine-
induced CD4bs-directed MADbs likely explains their limited neutralization efficacy on
primary viruses as the variable regions at the apex of the functional spike present a physical
barrier that obstructs Ab access to the CD4bs. Our results also demonstrate that unlike the
VRCO01-class of Abs, the vaccine-induced CD4bs-specific MAbs depend on their HCDR3s
for binding their epitopes. Thus, in this regard, they are more similar to the infection-
induced broadly neutralizing MAbs CH103 or VRC13 that depend on their HCDR3 region
for cognate antigen binding (12, 15). This information has motivated us to develop and
design more well-ordered mimics of the functional spike, to restrict access from the top of
the spike and to use other strategies to target the CD4bs as described in Section 6 below.

The availability of MADbs also allows assessment of their neutralizing capacities using panels
of pseudotyped viruses in the TZM-bl assay. In one recent study describing the properties of
over 50 MAbs induced by immunization with the YU2 foldon trimers, we demonstrate that
only the V3 and CD4bs-directed MADbs exhibited neutralizing activity (42). Collectively,
MADbs of these two specificities fully recapitulated the neutralizing activity observed in the
unfractionated plasma samples, suggesting that they are the two major specificities.
Interestingly, for some viruses, the unfractionated plasma does not display measurable
neutralizing activity, while some of the MAbs isolated from the same vaccine recipient do.
This demonstrates the value of MADb isolation where higher concentrations of individual Abs
can be used to reveal novel activities. An additional value of studying HIV-1 neutralization
by isolation of MADbs is that this analysis directly reveals which viruses are sensitive to
which Ab specificities. For example, tier 1 viruses, which are often created as they evolve
rapidly /n vitro when antibody-mediated selection pressure is removed from the replicative
environment. This permits the viral Env to expose itheir V3 and CD4bs regions to become
sensitive to Abs that recognize this “unshielded” or more open conformation of the trimeric
HIV spike. In contrast, the globally circulating tier 2 viruses are much more resistant,
displaying little exposure of the V3 region. The CD4bs is somewhat exposed on tier 2
viruses; however, access by most Abs is restricted by conformational constraints and
flanking glycosylation, allowing limited angles of approach as discussed above. Thus, by
isolating vaccine-induced MADbs, we have learned a considerable amount about the limits
and limitations of inducing neutralizing antibodies by active vaccination. We anticipate that
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in the near future, this type of analysis will likely generate even more informative results that
point the direction toward an effective HIV vaccine.

Section 4 — Use of next generation sequencing in studies of vaccine-induced Ab

responses

Recent years have witnessed a revolution in the use of Next Generation Sequencing (NGS)
technologies, opening new doors for genomics and expression profiling. NGS is also
increasingly used to study immune receptor repertoires, providing novel and highly detailed
information about expressed Ab repertoires and the development of antigen-specific
responses (85). After an initial few years focused on 454 pyrosequencing, subsequent long
read platforms such as lllumina's MiSeq system have emerged as the main technologies
currently applied to the deep sequencing of V(D)J transcripts generated from IgM or 1gG
libraries. Use of the Illumina MiSeq 2 x 300 bp Kits provides sufficient read lengths to cover
the entire VV(D)J segment of rearranged antibody sequences, allowing V gene usage encoded
by bulk B cells or by selected B cell populations to be determined from several hundred
thousand to millions of sequences. One application of considerable interest in the vaccine
field is to trace specific Ab lineages in NGS datasets to study the evolution of antigen-
specific Ab responses to a given immunogen. This requires prior isolation and
characterization of MADbs to ensure that functional, antigen-specific lineages are studied.
Because each Ab possesses a unique HCDR3, this region acts as a molecular tag for the
heavy chain of an Ab, permitting bioinformatic identification of the lineage from large NGS
data sets. Studies of clonal families in defined B cell populations, such as peripheral memory
B cells and bone marrow-resident plasma cells, provide information about clonal
expansions, levels of SHM, persistence over time and the biological fate of each studied
lineage (86), (87). Optimized protocols for Ab library preparation and well-validated
computational pipelines are required for such analysis and have been developed in several
laboratories including ours.

NGS analysis of Ab sequences following immunization of animal has highlighted a number
of specific technological hurdles that needed to be overcome to enable full use of this
approach. Sequence analysis of Abs requires the accurate determination of both the allelic
usage and the degree of SHM involved. This entails three main requirements: the ability to
encompass the entire V(D)J sequence and part of the constant region; the ability to sequence
to an accuracy that enables SHM to be distinguished from technical sequence errors; and the
ability to accurately assign an individual sequence to the appropriate germline reference
allele. As mentioned previously, the development of long read technologies such as
Illumina’s MiSeq 2 x 300 bp system and the PacBio system have largely overcome the issue
of sequence distance, the two remaining issues are still a subject of intense research.
Technical sequence error is an implicit factor in current NGS systems. Even the most error
free systems, such as the lllumina MiSeq, have error frequencies of approximately 1%, and
other systems have even higher errors (88). The current most popular method to deal with
this issue is the use of unique molecular identifiers (UMI) — which are random or semi-
random strings of sequences that are unique to each cDNA molecule. These UMIs can be
attached at the 5° end of cDNA generated during RACE cDNA synthesis (89), or at the 3’
end of the cDNA during gene-specific cDNA synthesis (90). Subsequent analysis of the
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NGS data using these UMI's enables the identification of multiple copies of antibody
sequences that derive from the same initial cONA molecule. This enables the generation of
consensus sequences in which the random technical errors are removed (FIG 3, left panel).

The final major issue; that of the accurate assignment to the germline reference allele; is of
great concern to the NGS Ab sequencing community. Correct assignment of NGS generated
Ab sequences requires the availability of comprehensive and accurate reference databases.
With the arguable exceptions of those for humans and mouse, reference databases of
sufficient accuracy and completeness are currently unavailable for most species used in
immunological research. The reason underlying the lack of such databases is partly
contingent on how species-specific genomic reference sequences have been commonly
created. Assembling short read NGS sequences into long interlinked genomic “contigs”, the
major methodology used in current reference genomes, is often inadequate for genomic
regions containing high degrees of segmental duplication or highly similar gene segments.
Complete sequencing of the Ig loci requires both longer reads and higher levels of coverage
than is necessary for most other genomic segments. In addition, allelic genetic diversity at
the Ig loci means that a single reference genome, even if complete for that individual, may
only provide the resources to map a fraction of Ig allelic diversity in that species (91). For
example, our own work has revealed an unexpected heterogeneity of germline V genes
between rhesus macaques and the presence of more than two different alleles in a given
animal (40, 44). In addition, genomic mapping of Ig gene segments suffers from issues
relating to functionality of candidate sequences. Pseudogenic variable sequences are
common throughout the Ig loci and are frequently difficult to distinguish from genuine
functional alleles at the genomic level (92). Several groups have begun to address this issue
by making use of expressed sequences rather than genomic sequences (93). Functionality of
alleles can be tested by the identification of identical sequences expressed within
independently rearranged antibody sequences (94). Importantly new techniques have been
applied towards the use of expressed Ab sequences in identification of novel germline alleles
that are missing from current reference databases (95) and in the use of NGS Ab libraries in
the generation of entire species-specific databases and personalized/individualized
repertoires using our recently developed IgDiscover.

We developed the IgDiscover tool out of necessity for improving the available rhesus
macaque germline database, resulting in the development of a broadly applicable germline
allele identification tool that can be used for any species. The IgDiscover program enables
the de novo construction of species-specific V gene databases, and is currently being utilized
in our laboratory to produce NGS suitable reference databases for several important
immunological model organisms. The approach is based on IgM antibody libraries, which
contain mixtures of germline V sequences and those subjected to SHM, with both groups
exhibiting additional low rate sequence variation introduced by PCR or lllumina-based
sequencing errors. IgDiscover works through the identification of clusters of expressed
sequences within the NGS data, and applies a series of algorithms to identify those
sequences that are germline-specific while simultaneously excluding false positives. The
resulting output for each library is an individualized germline repertoire of that subject,
enabling the correct assignment of Ab sequences and, in conjunction with UMI-based error
correction procedures, a highly accurate estimation of SHM. The production of
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individualized repertoires has revealed high degrees of genetic diversity at the Ig loci in
macaques, suggesting that a comprehensive macaque reference database, and probably other
species, will require V gene sequences from many individuals rather than the current
prevailing technique of using sequences from just a single or small number of individuals.
An example of how the use of three different VH gene databases impacts gene assignment of
NGS data obtained from one rhesus macaque illustrates the limitations of the current IMGT
database (52 VH segments from the reference Indian origin rhesus macaque (65), or even the
VH database published in Sundling et al. 2012 (62) (65 VH segments from the reference
Indian origin rhesus macaque), compared to when assignment was performed using an
individualized database created with IgDiscover from the specific rhesus macaque from
which the NGS data was obtained (69 VH segments) (FIG 3, right panel).

Since the human population is also genetically diverse, it is important to address this
diversity at the immuno-genetic level. Currently, use of IgDiscover is creating individualized
immunological databases from cohorts of individuals from around the world, including those
of European, African and Asian ethnicities, with an aim to extend this into a large-scale
screen involving thousands of individuals. The resulting database will be a unique resource
to identify previously unidentified associations between immunological profiles, disease
susceptibility and/or immunization efficiency. The field of immune receptor sequencing is
evolving extremely rapidly and, if used with the appropriate controls and correction filters,
will offer opportunities to address basic immunological questions and obtain statistically
robust results in a manner not previously possible.

A further application of NGS is Ab lineage tracing. In order to identify the series of specific
mutations that enables affinity-matured Abs to bind to their target epitopes at high affinities
we need to be able to determine which sequence alterations are specific to a given Ab
lineage. In NGS Ab studies this has been performed by creating phylogenetic trees that show
the evolution of related sequences. Due to the previously mentioned issues of technical
sequence error and incorrect germline assignment the ability to trace Ab lineage
development was previously limited. However, with the application of UMI-based error
correction and the use of individualized V gene databases our ability to trace specific
lineages can be expected to be significantly improved.

Section 5 — Considerations of epitope-specific vaccine responses

One concern in the field is that the elicitation of antibodies to immunodominant regions of
Env, such as V3, may distract responses away from bNAb epitopes, and that VV3-directed
antibodies might decrease effective boosting by sequestration of antigen. Emanating from
this, is the thought that by reducing V3 exposure and thereby B cell recognition of this
structure, Ab responses might preferentially shift to conserved neutralizing determinants. To
explore the influences of V3 immunodominance, we performed an experiment where we
genetically engineered three unnatural potential N-linked glycan sites (PNGS) to the V3
region of the foldon trimers and immunized the recombinant trimers into mice. Compared to
wt trimer-immunized mice, we see a complete elimination of anti-V3 antibody responses but
no changes in the magnitude of the antibody responses to other regions of Env and no
detectable increases in tier 1 or tier 2 neutralizing antibodies. Similarly, we performed full
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genetic deletion of the major V1V2 and V3 regions of gp120 to generate gp120 cores. The
rationale behind the core design was to both eliminate the immunodominant elements and to
direct potentially B cell responses to the conserved, and now better exposed, CD4 binding
region displayed on the engineered gp120 core. However, simply deleting the variable
regions and the potentially immune-distracting N- and C-termini, did not result in the
elicitation of neutralizing antibodies. As we now know, in part this is because the
monomeric core, and its high-resolution structure, does not fully recapitulate the complete
epitope for most CD4bs-directed bNAbs. The more recent high-resolution trimer structures
reveal that some CD4bs-directed bNADbs possess cross-protomer contacts as part of their
complete epitope (96, 97). Another potential issue with this core immunogen is potential
competition for the CD4bs by the more common non-neutralizing BCRs that can access this
site in the less-restricted context of the core. Such competition is associated with non-
desired germline engagement of the more common non-neutralizing BCRs, perhaps to the
detriment of the less frequent bNAb precursors. Besides suboptimal activation by the core,
and its non-oligomeric state, the extensive SHM and indels often needed for the cross-
neutralization displayed by bNAbs may be unlikely to be driven by repetitive core
immunization alone.

Several recent studies suggest that elicitation of non-broadly neutralizing V3 responses,
although not desirable in terms of neutralizing clinical isolates, may not interfere with the
elicitation of tier 2 autologous neutralizing antibodies. For example, in one study performed
in guinea pigs, the investigators tested the immunogenicity of a complex consisting of the
trimer apex-specific bNAb, PGT145, bound to Env in complex, compared to Env alone (60).
These investigators demonstrate that the elicitation of VV3-directed antibodies is reduced for
the PGT145-Env complex resulting in a corresponding loss of tier 1 neutralizing activity, but
there is no increase in autologous tier 2 neutralization. In rabbits, a separate study performed
by different investigators where they engineered Env by site-directed substitutions to prevent
exposure of the V3 determinant yields similar results (98). These data are consistent with the
notion that there is no substantial competition between V3-specific and other, more desirable
anti-Env specificities capable of neutralizing tier 2 viruses during polyclonal B cell
activation and affinity maturation elicited by vaccination.

In addition to V1V2V3 deletion, we stabilized the cores by structure-based design using a
combination of internal cysteine pairs and pocket filling mutations in collaboration with the
Kwong group. The stabilized cores, when increasingly locked into the CD4-bound
conformation, become better recognized /n vitro by the co-receptor binding-site-directed
(CD4-induced (CD4i)) MAb, 17b. /n vivo, in outbred rabbits, cores progressively stabilized
in the CD4-bound conformation dramatically enhance the elicitation of co-receptor binding
site-directed antibodies compared to strain-matched, non-stabilized core protein (99). These
Abs are detected by their ability to cross-neutralize CD4-sensitized HIV-2, because the co-
receptor binding site is the only cross-conserved neutralization determinant between HIV-1
and HIV-2 (100). This is a clear proof-of-principle that we can impact the Env-specific
immune response by altering the biophysical properties of this conformationally flexible
immunogen, an important principle also used in RSV F pre-fusion conformation redesign
that enhanced stabilization and immunogenicity (101). Co-receptor antibodies require either
the described core structural stabilization or the presence of primate CD4 in the
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immunologic host. In fact, in NHPs, where the affinity between cell-surface CD4 and Env is
high, co-receptor binding site-specific antibodies are elicited (102), suggesting that, /n vivo,
some fraction of Env binds CD4-expressing cells. To investigate this possibility, we
evaluated side-by-side otherwise isogenic trimers that could or could not engage primate
CDA4. We used trimers possessing mutations in the gp120 bridging sheet that no longer bind
CD4 in a high-affinity manner versus unmodified Env trimers that do efficiently bind CD4
(39). As predicted, the mutant trimers are unable to induce responses against the CD4i site,
while neutralizing Ab responses to other regions of Env, including the CD4bs, are
unaffected. In another experimental setting, performed in rabbits transgenic for human CD4
compared to wt controls, we demonstrate that CD4i antibodies are induced only in the
human CD4-expressing transgenic rabbits (103). In addition, at the serological level of
analysis, we did not detect a loss of HIV tier 1 neutralizing capacity in the animals that
generated the CD4i antibodies, consistent with a lack of cross-competition for divergent
specificities on this polyvalent antigen. From these latter studies, we conclude that the
efficient elicitation of the co-receptor binding site antibodies requires the presence of
primate CD4 /n vivo, but that the elicitation of antibodies to this non-neutralizing HIV
region does not diminish neutralizing responses to other elements of the HIV Env.

In our more recent experiments, layered upon structure-based gp120 core stabilization by
internal cysteines and pocket-filling substitutions, we performed glycan masking of
structurally stabilized cores to dampen responses to non-neutralizing determinants. In
principle, this should preferentially present the molecular surface of the conserved CD4bs to
the immune system. However, even by this elegant, structure-based redesign of the CD4-
confirmationally stabilized core, we do not detect any gain in the elicitation of neutralizing
antibodies to the CD4bs (6). In fact, in this study and in previous work (48), we have
explored the concept of priming with the conformationally stabilized core, derived from the
HXBc2 strain, and then boosting with YU2 strain-derived trimers. The experimental
rationale was to potentially focus the immune response on cross-conserved determinants
between the two forms of Env and reduce priming of responses to the variable regions
present only on the intact trimer. While this did not translate into measurably improved
neutralizing Ab responses in those studies, similar experiments in the context of the new
generation well-ordered trimers are warranted, especially when applied to higher resolution
studies of individual B cells activated in the induced immune response.

Besides epitope-specific stabilization or glycan-masking, another vaccine approach is to
target portions of gp41 better exposed following receptor engagement, such as the gp41
membrane proximal external region (MPER) or other occluded regions of gp41. Following
our crystal structure of the mAb, 2F5, in complex with its MPER peptide epitope, we
attempted to scaffold the 2F5-bound epitope on non-HIV acceptor protein scaffolds (104).
Once we had generated a 2F5 well-recognized series, we tested three such 2F5 epitope
scaffolds in prime:boost immunogenicity experiments in small animals. This approach does
elicit anti-MPER peptides antibodies in two separate published studies. In the first, we
isolated a monoclonal antibody from one of the immunized mice that recognized the MPER
peptide in a manner similar to that of 2F5, indicating that scaffolding works in principle but
does not induce HIV neutralizing responses (105). In the second study, we demonstrated that
the elicitation of MPER-directed antibodies in the serum is more efficient if cross-conserved
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T cell help is included in each immunogen in this multi-step prime:boost process. However,
again, the elicited MPER-specific anti-sera does not neutralize HIV, even tier 1 viruses
(104). Other investigators, targeting the same or other regions of gp41 by HR1 and HR2
peptide assemblies or expressed gp41 trimers containing the MPER region have
demonstrated some success, reporting the elicitation of tier 1 neutralizing antibodies to not-
yet-defined determinants within gp41 (106, 107).

Section 6 - Next generation well-ordered Env trimer immunogens

The advent of the so-called well-ordered, native-like trimers began with the introduction of
unnatural cysteine residues in each of the gp120 and gp41 subunits to covalently link gp120
to gp41 that, following cleavage, allow a more native and stable configuration (SOS = 501C
to 604C disulfide bond). That this linkage was accomplished, using some insight and
relatively limited screening was, in retrospect, a brilliant although somewhat fortuitous
discovery of this important SOS linkage by James Binley (108). However, although this
cysteine pair, described in 2002, did covalently link gp120 to gp41, these substitutions alone
generated few soluble, stable trimers. As we now understand, this is because of the spring-
loaded nature of gp41; once the transmembrane region anchor points are released by genetic
truncation to form soluble Env, the “spring is sprung”. To solve this issue, reduction in the
tendency of Env to “flip” to the end-stage 6-helix bundle conformation of gp41 was needed.
This was initially accomplished by the 1559P substitution in gp41, in the SOS context, to
form SOSIPs conceived by Rogier Sanders (109). This key substitution, along with
additional modifications, resulted in soluble, cleaved, well-ordered clade A trimers (33).
More recently, using alternative cleavage-independent designs consisting of gp120-to-
gp41peptide-linked trimers, result in well-ordered clade B and C trimers ((35) and see FIG
4). The uncleaved trimers, in particular our own native flexibly linked (NFL) design (35), are
the best currently available. We continue to improve the NFLs by structure-guided
modifications as described below. Other investigators have reported reasonable uncleaved
covalently linked facsimiles (32, 110) just prior to our more comprehensive analysis,
performed in parallel (35). Because the SOSIP trimers, led by the BG505-derived designs,
will be described elsewhere in this volume by Sanders and Moore as immunogens and
structurally by Ward and Wilson, here, we will focus here on a description of the NFL trimer
platform that we generally use in most our own immunogenicity and structural studies.

The NFLs, in their first iteration, consist of gp120, deleted of its REKR furin cleavage site, a
genetic insertion of a 10 residue flexible linker (G4S), from the C-terminus of gp120
appended to the N-terminus of gp41 (the fusion peptide; see FIG 4, top left). This effectively
results in a 6 net residue insert between these two subunits to allow native-like association
normally found in the natural non-covalent context. Truncation before the transmembrane
region of gp41, as for SOSIP, allows soluble trimer expression. Following expression and
purification, we (and others) analyze new native-like candidates, including the initial NFL
design, by negative stain EM, antigenic profiling by trimer-specific and other bNAbs, as well
as by differential scanning calorimetry (DSC) to confirm both stability and homogeneity
(see FIG 4, middle).
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One important issue is that neither the NFL nor the SOSIP designs efficiently generate high
levels of native-like trimers from most Env sequences by transfection of 293T cells with
DNA expression plasmids followed by transient expression, purification and analysis. This is
perhaps not surprising, as the engineered mutations described above were not evolved to be
tolerated in the context of natural viral Env. The subtype A Env, BG505, is the one
outstanding exception to this issue as this Env forms a high percentage of native-like trimers
in either the SOSIP or NFL context. For many other Envs, however, the oligomeric
population is a mixture of well-ordered trimers, but also non-well-ordered trimers,
aggregates, dimers and monomers. One solution to isolate well-ordered trimers from this
complex mixture is to select the relatively low percentage of native-like trimers with a
trimer-specific bNAb such as PGT145 or VRC26. This allows the generation of a more
diverse array of ordered trimers (111), but does limit native-like spike yields. Another
solution to this problem is to use a non-neutralizing antibody such the CD4bs-directed mAb,
F105, to perform solid-phase negative-selection to remove disordered trimers and allow the
native-like trimers to remain in the solution in supernatant derived from transiently
expressing cells (34). In our system, initially focusing on subtype B JRFL and subtype C,
16055, we isolated the NFL trimers from the supernatant by lectin-affinity chromatography,
followed by size-exclusion chromatography (SEC) and, when necessary, by negative
selection. To overcome the low efficiency to form well-ordered trimers derived from most
Envs in the NFL or SOSIP context, we modified the initial NFL design by structure-guided
enhancements. Our goal was to increase greatly the propensity of the NFL (or SOSIP) initial
designs to form well-ordered trimers with at a higher frequency, thereby maintaining higher
yields. Accordingly, using the available BG505 SOSIP structure, we back-reverted trimer-
derived (TD) residues that differed between 16055 and JRFL compared to the BG505
sequence (see FIG 4, top right). For 16055, substitution of 8 residues near the trimer axis of
gp120 and gp41, permitted the generation of almost exclusively well-ordered NFL trimers in
the major size-exclusion peak. These modifications generated native-like trimers
approaching the levels of homogeneity displayed by BG505 NFL as determined by EM (see
FIG 4, middle). For 16055, the Ty, increases by 9°C as determined by DSC. We then added a
cysteine-pair linkage in the bridging sheet region (CC = 201-433) that permits the trimer to
resist CD4-induced conformational changes following interaction with gp120. This disulfide
further increased the Ty, improving trimer homogeneneity, and trimer thermostability, while
maintaining reasonable yields ((36) and FIG 4, middle).

Since we and others invest a considerable effort to stabilize HIV-1 Env trimers, one might
ask, what is the immunological impact of improved Env spike mimic stability? It is currently
too soon to answer to this question comprehensively since detailed evaluations of Ab
responses elicited by different forms of new generation well-folded, stable trimers have been
only recently initiated. However, in one recent study (49), we demonstrate that trimers with
inherent higher thermostability, as determined by DSC, display more stable integrity in
adjuvant at physiological temperature. We also show that glutaraldehyde cross-linking
increases trimer thermostability 7 vitro, in buffer or adjuvant, without causing trimer
aggregation. Finally, we determine that trimer thermostability correlates with the elicitation
of tier 2 autologous neutralizing antibodies /77 vivo, an encouraging result for the
immunologic outcome of structure-guided, stabilized trimers.
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The availability of more stable NFL trimers allows single-variable changes, without altering
other aspects of these well-ordered trimers, to better perform new immunogenicity
experiments not possible previously. For example, one rationale to overcome the immune-
dampening properties of the N-glycan shield, is to genetically delete targeted N-linked
glycans (PNGS) shrouding known broadly neutralizing determinants to allow an array of B
cells to gain a foothold against the now exposed polypeptide surface as a form of germline
or “naive repertoire” activation. Perhaps the best site to address the question whether gaps in
the N-glycan shield can be exploited to elicit some degree of neutralizing breadth by
immunogen modification followed by vaccination is the CD4bs. The conserved CD4bs
molecular surface, a known bNAD target, although glycan-shrouded, is devoid of N-glycans
to allow protein:protein interaction with the primary receptor, CD4. Therefore, this region
might be the best target to test whether deletion of selected N-glycans may better expose an
already glycan-free protein surface (see FIG 4, lower right) to enhance immunogenicity.
Using the stabilized NFL trimer foundation, one can test whether targeted N-glycan
proximal to the CD4bs might potentially give naive B cells sufficient affinity to initiate
responses that would not be activated by the fully glycosylated trimer, while maintaining full
trimer integrity to not expose non-neutralizing determinants. In principle, subsequent
boosting with ordered trimers possessing the restored N-glycans may then allow B cell to
mature and account for the full glycan pattern, permitting shield penetration by a subset of
novel CD4bs-directed B cells. In a general sense, selective N-glycan deletion of Env
immunogens has been attempted previously (112), but this approach may fare better in the
modern era of well-ordered trimers, as was recently reported at residue N197 (113). Targeted
N-glycan deletion, in combination with better tools to assess initial B cell activation and
subsequent affinity maturation processes, will aid in analyzing the initial B cell response.
This information should help in guiding different trimer prime or boost strategies toward the
elicitation of more effective neutralizing antibodies penetrating the N-glycan shield.

Section 7 - Particulate array of well-ordered trimers and other alternative vaccine

approaches

Two highly effective licensed human anti-viral vaccines, presented to the immune system in
the form of particles, are the hepatitis B vaccine (HBV) and the HPV vaccine, mentioned
earlier in this review. The irony regarding both these subunit, particulate vaccines is the
biology of these two viruses, which allow the production of proteinaceous particles through
their natural assembly processes. Both the outer coats of the non-enveloped HBV (preS1)
and HPV (L1) form particles in the absence of capsid, presumably for immune evasion
during natural infection, and it is these non-replicating particle subunits that provide the
basis for these human vaccines. The field has attempted to generate HIV-1 VLPs with
limited success, with incorporation of functional Env spikes a common bottleneck. In fact,
HIV-1 tends to dampen immune responses by limiting the levels of surface Env spikes
incorporated into individual virions. Further, the incorporation of non-native trimers into
VLPs, or spike degradation into non-functional and non-native states once incorporated add
additional complexity in regards to HIV-based VLP generation. The Binley group has solved
the latter aspect by exploiting protease-mediated degradation of non-native trimers on VLPs,
while leaving the native, well-ordered trimers intact (114). As immunogens, these VLPs
elicit infrequent tier 2 neutralizing antibodies (63), but are relatively laborious to generate.
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Previously, we generated proteoliposomes that arrayed detergent-extracted Env oligomers
isolated from transiently expressing 293T cells (115). However, these trimers, solubilized
from multiple membrane compartments (ER, Golgi, trans-Golgi and the plasma membrane),
are heterogeneous in conformation and a significant fraction exist in an immature, uncleaved
state. More recently, the Zwick group extracted chemically stabilized Env trimers in
detergent as immunogens, resulting in the elicitation of detectable but low titer neutralizing
responses in rabbits (116). In light of recent developments with our well-ordered trimers,
which display a desirable antigenic profile and improved homogeneity, we sought to exploit
particulate array to present these relatively high-yield, native-like trimers to the immune
system. Accordingly, using either well-ordered NFL or SOSIP trimers, we developed
protocols for high-density conjugation of the soluble stable trimers on fully synthetic
liposomes ((117) and see FIG 4, lower left). The prototype trimer-conjugated liposomes are
arrayed with trimers that contain C-terminal His-tags on each protomer of the soluble Env
trimer mimetic. The trimers are efficiently conjugated to liposomes containing 4% NTA-
nickel lipids, allowing chelation of the nickel adducts by the His-tag tails, resulting in high-
affinity, non-covalent repetitive arrays. We analyzed these high-density arrays by cryo- and
negative-staining EM (FIG 4) and demonstrate that the trimers maintain a favorable
antigenic profile and enhanced B cell activation /n vitro and in vivo compared to the same
concentration of the soluble trimers (117). In the presence of exogenous adjuvant, the trimer-
conjugated liposomes elicit increased levels of tier 2 autologous neutralizing antibodies
compared to the same quantity of soluble trimers in adjuvant. Optimization of trimer-
conjugated liposomes with the now expanded array of well-ordered trimers from multiple
Envs and clades will be a focus of future immunogenicity efforts in our laboratories. Future
developments include covalent linkage of trimers containing C-terminal free cysteines to
maleimide-containing liposomes, and potentially the derivatization of VVLPs or other protein
particles by similar chemistries. Env trimer array on other nanoparticles has been achieved
by genetic fusion using ferritin or other particulate substrates (118, 119).

The classical “text book” explanation of why high-density particulate immunogens might
better activate B cells is by enhancing BCR cross-linking through avidity gain, increasing
signaling through BCR capping and co-clustering of the associated signaling partner, CD19.
However, in the alternative model proposed by Michael Reth (120) there are distinct clusters
of IgD and IgM on naive B cells. Both IgD and IgM from the same B cell possess variable
regions encoded for by the same distinct VV(D)J heavy and light chain rearrangements that
occur in the bone marrow. The signaling molecule CD19 is associated with IgD and helps
maintain a non-responsive B cell state until encounter with antigen. Antigen binding, in this
case by high-density array, disrupts IgD and IgD-CD19 association, allowing translocation
of CD19 with IgM and signal transduction of the signaling to activate antigen-specific B
cells. Whatever the precise mechanism, as we recently demonstrate, high-density particulate
array of HIV-1 Env trimers certainly enhances B cell activation (117) and should be
exploited in the future for HIV-1 or other viral surface subunit proteins.

Section 8 — Initial B cell activation and establishment of durable responses

As discussed above, the difficulty to elicit Abs capable of broadly neutralizing tier 2 viruses
by vaccination is a testimony to the extreme Ab neutralization resistance evolved by
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circulating HIV-1 strains. Studies of bNAbs isolated from chronically HIV-infected
individuals demonstrate that such Abs display self-reactivity more frequently than do Abs
elicited in healthy subjects (121, 122). Fortunately, auto-reactive Abs are not easily induced
by vaccination as this would be detrimental to the organism. In fact, our immune systems
have evolved multiple mechanisms to limit selection of self-reactive B cells, including
deletion of auto-reactive clones during B cell development in the bone marrow and, during
the transitional B cell stages in the periphery. Evolved as well is the deletion of auto-reactive
CDA4+ T cells during thymic selection and negative selection of auto-reactive B cell clones
that may be generated during the germinal center reaction. During chronic infections, some
of these checkpoints are disrupted (reviewed in (123)), which may explain why self- or poly-
reactive Abs are more frequent in HIV-infected individuals compared to healthy subjects
(121). Loss of checkpoints and/or disrupted feedback regulation may also explain the altered
or abnormal B cell populations in HIV-infected persons including higher frequencies of
transitional B cells, plasmablasts and exhausted memory B cells (124-127).

A few years ago, motivated by the difficulty to elicit bNAbs by Env vaccination, the tight
control of auto-reactive B cells, coupled with the aforementioned bNAD auto-reactivity, we
investigated whether transient alteration of the naive B cell repertoire prior to vaccination
would impact the B cell response to Env immunization. The rationale was to model in part
what might occur during chronic HIV-1 infection regarding expansion of the B cell
repertoire. To perform this experiment, we treated mice with exogenous recombinant B
Lymphocyte Stimulator (BLyS, also called BAFF) for 10 days prior to vaccination with the
aim to expand the naive repertoire and rescue self-reactive B cells that otherwise would be
deleted due to limiting BAFF levels at this peripheral selection check-point (128). Upon
analysis of the B cell compartments of BAFF-treated and PBS control-treated mice, we
detected increased frequencies of splenic transitional B cells as well as an altered ratio of
marginal zone to follicular B cells in the BAFF-pretreated mice, consistent with the expected
biological activity of the treatment. Immunizing the mice with the YU2 foldon trimers, we
detected increased neutralizing capacity against several tier 1 viruses in these BAFF pre-
treated mice compared to the controls. This initial study suggests that transient manipulation
of the naive repertoire in the context of immunization may alter the quality of the elicited
neutralizing Ab response. To fully define the effect of exogenous BAFF treatment on the
naive B cell repertoire, more detailed studies including deep sequencing of B cells under the
different conditions is required. Accordingly, we are currently pursuing this concept in
through a series of experiments in mice and NHPs in collaboration with Michael Cancro's
laboratory at the University of Pennsylvania.

Activation of B cells encoding Ab specificities with the potential to evolve into effective
neutralizing Ab responses is an area of intense investigation. In addition to studies of
different immunogens, this involves evaluation of different vaccine delivery platforms and
adjuvants to improve upon previous results in the field. These efforts also include
reductionist approaches, such as using mice engineered to express germline-reverted
versions of bNADbs to attempt to demonstrate principles of B cell activation and then to
determine the best boost to mature these B cells along a “successful” path toward
neutralizing breadth (111, 129-131). These approaches and the elicited B cell responses are
reviewed elsewhere in this volume (Alt) and will therefore not be covered here. Some other
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twists on Env immunogens currently under investigation include epitope scaffolding, Env
mini-subunits or trimers are to increase B cell germline engagement guided by bNAbs using
Env mini-proteins, prime:boosting, recapitulation of Env lineages associated with infection-
mediated neutralization breadth and other approaches. The most promising case for the so-
called germline engagement approach involve the VRCO1-like bNAbs that are directed
against the highly conserved CD4 binding site on the surface of gp120. This class of bNAbs
is genetically restricted, using limited and related VH gene segments that encode much of
the HCDR2-mediated reactive surface that broadly recognizes the conserved CD4bs.
Immunization with engineered outer domains that bind germline-reverted VRCO01 with high
affinity activates B cells encoding the VRCO01 germline-reverted heavy chain mice when
administered as oligomeric arrays on the surface of proteinaceous particles. As mentioned,
there are as well non-genetically restricted CD4bs-directed bNADs that successfully target
the CD4bs in a HCDR3-dependent manner, such as CH103 or VRC13 (15, 17). These are
the types of Abs we generally aim to elicit in our efforts to target the CD4bs through Env
trimer vaccination as it has the potential to exploit the full diversity of the B cell repertoire to
target this known broadly neutralizing determinant.

While the capacity to elicit cross-neutralizing tier 2 responses is a primary objective for an
effective HIV-1 vaccine, the durability of the response is also important. Long-lasting
responses are the goal of all prophylactic vaccines, but how well different vaccines achieve
this objective is not yet well understood. Current knowledge supports the view that plasma
cells residing in the bone marrow are responsible for the maintenance long-lasting serum Ab
responses induced by infection or vaccination (reviewed in (132). For an effective HIV
vaccine, due to its relatively rapid dissemination into available target cells, constitutive
production to generate circulating Ab by long-lived plasma cells is likely needed to provide
first-line defense against incoming virus for protection. Passive transfer studies with
recombinant bNAbs in NHPs indicate what titers of circulating Ab are required to achieve
protection against SHIV challenge (133-137). For some vaccines, such as that to HBV, it
may be sufficient to maintain durable circulating memory B cell responses to provide
effective recall responses upon pathogen re-exposure, but this is likely not a rapid enough
response for HIV.

In practice, very long study cycles (decades) are required to formally demonstrate if a given
vaccine induces durable B cell responses. Thus, alternative approaches are required to more
rapidly evaluate durability of responses, such as characterization of Env-specific plasma cell
in long-lived immune compartments. To establish baseline information about the kinetics of
vaccine-induced Ab responses in blood as determined by ELISA, as well as to determine
antigen-specific B cells in blood and bone marrow by B cell ELISpot analysis we performed
experiments to allow enumeration of Env-specific memory B cells and Ab-secreting plasma
cells (62). By these methods, we determined the half-life of the plasma Ab response after
boosting to be approximately 21 days, consistent with that the majority of the Abs measured
after boost arise from short-lived plasma cells. Our B cell ELISpot results are consistent
with the interpretation that what we detect derives from Env-specific 1gG-producing cells
that peak seven days after each boost. This B cell expansion is followed by a sharp decline,
suggesting that they arise from the antigen-specific memory B cells, which expand and
differentiate into short-lived plasmablasts. This is similar to the kinetics reported for other
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vaccines where boosting is assessed (76, 138, 139) and is consistent with early studies from
human trials showing that the Ab response to gp120 immunization is poorly sustained
following clearance of antigen (140, 141). We therefore investigated if HIV-1 Env is an
unusual viral antigen in terms of the magnitude, kinetics or durability of the elicited B cell
response. Macaques were inoculated with soluble HIV-1 Env and influenza virus HA
proteins in adjuvant and the response was monitored over an eight-month period (142). After
simultaneous immunization of an NHP with Env in one leg and HA in the other, we
determined circulating Ab binding titers and frequencies of antigen-specific memory B cells
and bone marrow plasma cells. We found that the two protein antigens behaved similarly in
regards to all these parameters, suggesting that induction of short-lived Ab responses is not a
unique property of HIV-1 Env, but is a general feature of soluble protein antigens. Finally, in
regards to Env-specific plasma cells in the bone marrow, such cells are detected by B cell
ELISpot analysis at frequencies of 1-10% of total Ab-secreting cells with some variation
depending on the nature of the immunization protocol. Ongoing studies to trace Env-specific
Ab lineages in the bone marrow will shed new light on the quality and the persistence of the
Env-specific Ab repertoire present in this reclusive B cell compartment.

Summary

The chronicity of HIV-1 has generated “survival-fit” (battle-tested) variants of Env that have
been molded by Darwinian selection so that the virus achieves successful persistence in the
human population. Even though there are transmission bottlenecks during transmission of
HIV-1, which may lower the range of transmitting/founder isolates, the number of HIV-1
variants that need to be neutralized by vaccine-induced antibody responses is orders of
magnitude above the coverage afforded by other currently effective human vaccines. Even
the effective tetra-valent HPV human vaccine, with a nine-valent product under
development, does not generate breadth, but simply includes matches to the most clinically
problematic papilloma virus strains. Therefore, the need to elicit broadly effective antibody
responses against HIV-1, presumably against conserved neutralization targets, remains a
critical objective for the design of immunogens and immunization regimens. The early
soluble Env spike mimetics, although not structurally similar enough to mimic native Env,
elicited tier 1 and, in some cases, tier 2 autologous neutralizing responses. These model
immunogens provided an opportunity to obtain an initial understanding of host responses to
different epitope regions of Env and promoted the development of new methodology for
detailed B cell response studies. Methods for Ab specificity mapping, isolation of MAbs and
germline Ab V gene discovery are invaluable in ongoing studies of new generation
immunogens and are generally applicable to the evaluation of all human vaccines. This,
together with developments of new well-ordered NFL, SOSIP and other soluble HIV-1 Env
trimers, mark a new era in HIV-1 structure-directed vaccine design and B cell evaluation. In
cases where new vaccine approaches are shown to activate effective B cell responses in
relevant animal models, such protocols need to be rapidly translated into human clinical
assessment (see FIG 4, lower right) to advance the development of a vaccine against this
amazingly antibody- and neutralization-resistant global pathogen.
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Fig 1. N-glycan shielding, trimer packing and variability

Top box, left; Potential N- glycosylation sites (PNGS; motif is NXT/S) are shown (red balls)
on the structure of the HIV trimer spike (BG505 SOSIP.664). Each of the three protomers,
composed of gp120 and gp41 associated subunits are shown with matching colors for each
monomer (hot pink, blue and green, left, back and right, respectively). Note the “spring-
loaded” helices of gp41 can be seen in the center of the lower region of the trimer (and in the
lower box, lower right inset). Right, the N-glycans are shown in a space-filling, ball
rendition, “shielding” the underlying protein polypeptide surface; asparagine residues at the
N-glycan base are indicated (red balls). Lower box, lower left, the bNAb PGT121 (red,
surface and alpha carbon backbone) penetrates the N-glycan shield (green) with the gp120
alpha carbon trace in blue (ribbon). Somatic hypermutation and indels are indicated (cyan),
achieving a relatively high level of 23% in this bNAb, many of which are needed to allow
mADb penetration of the evolved dense N-glycan shield that accounts for half the molecular
mass of the HIV Env trimer. Lower right, smaller image is one gp120-gp41 protomer with
gp120 (gray) associated with the spring-loaded gp41 (gold); expanded box depicts the
variable regions V1/V2 and V4 of gp120 from three strains derived from different subtypes
as indicated. These V regions, along with N-glycan shielding, contribute to immune evasion
from neutralizing antibodies by presenting variable surfaces that can accommodate
additional mutation.
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Peripheral blood is the primary immune compartment analyzed for Env-specific B cell and

Ab responses following immunization. In a typical sampling, the blood is separated into

plasma and PBMCs and both components are frozen into several aliquots. From the plasma,
the titer of circulating Env-binding Abs is determined by ELISA while neutralizing Ab
activity is determined by a standardized HIV-1 neutralization assays, usually the TZM-bl
assay. In addition to Env-binding Ab titers, the duration of the response and the magnitude
of recall responses following boosting are assessed. In addition, Ab isotype and avidity may
be measured. From the PBMCs, Env-specific memory B cell and plasma cell responses are
measured by B cell ELISpot analysis (not shown) and antigen-specific B cells are isolated
by FACS-based sorting of single cells for subsequent cloning of MAbs. Plasmids encoding
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matching Ab heavy and light chains are transfected into 293F cells and expressed Abs are
purified and evaluated for Env binding by ELISA and for their capacity to neutralize diverse
strains of HIV-1. In the cases, interesting Ab specificities are identified such MADs are
analyzed for their fine epitope specificities and structural properties. Draining lymph nodes
may be analyzed for germinal center and Tfh responses to provide additional qualitative
information about the vaccine-induced response. Finally, B cells from any immune
compartment from which cells can be isolated, exemplified here by blood, bone marrow and
draining lymph nodes, may be analyzed in a comprehensive manner by NGS of Ab V(D)J
transcripts. This may be done from V/(D)J libraries generated from sorted Env-specific B
cells for repertoire and expression analysis, or from bulk cells for tracing of specific Ab
lineages identified through prior MAb cloning.
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Error correction using unique
molecular identifiers (UMIs)
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Fig 3. Next generation sequencing of Ab repertoires
Left box: Unique molecular identifiers (UMIs), either 5 or 3’, are attached during the

cDNA synthesis step using RACE or multiplex PCR amplification, respectively. Ab
sequences derived from the same starting cDNA molecule are identified using the UMI
sequence, enabling the generation of a consensus sequence that has random technical
sequence errors removed. The lower panel demonstrates the combination of UMI consensus
generation and identification of novel alleles expressed in an individual. Ab sequences
originally assigned to VH4.34 are now assigned to three related novel germline sequences.
Consensus generation and correct assignment results in a lower average SHM frequency.
Right box, top panel: The advantage of comprehensive germline databases is shown in these
three assignments from a single NGS sequence library. The upper panel shows the result
when using a restricted and incomplete rhesus database, such as the current (August 2016,
52 alleles) IMGT rhesus VH database. Middle panel: The Sundling et al. 2012 database (65
VH sequences) shows improved levels of assignment. Lower panel: An individualized
database containing all the expressed VH germline gene segments identified from that
specific animal using IgDiscover, shows a much-improved degree of coverage.
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Fig 4. Immunogen design, re-design and applications process flow diagram
Top box; the basic elements of the native flexibly linked (NFL) trimer design are shown: the

G4So linker insertion between gp120 and gp41 (red dashed line), deletion of the natural
REKR cleavage-site at the C-terminus of gp120 and the 1559P substitution in gp41 (red
ball). Right, the trimer-derived (TD) mutations (green balls), in this case 16055 NFL,
engineered to increase trimer stability along with the internal engineered disulfide bond (CC,
orange). Middle box; characterization process of new trimers is shown, left; EM negative
stain 2D classifications before and after the TD substitutions and a 3D reconstruction
(Andrew Ward laboratory), center; DSC thermal transitions before (blue) and after (red) the
TD substitutions, right; Octet binding kinetics of PGT145 to 16055 NFL TD trimers. Lower
box, left; NFL trimers arrayed on liposomes at high-density, potential enhanced avidity and
increased B cell activation are depicted (117); right box, genetic deletion of CD4bs(yellow)-
proximal N-glycans (orange) are shown on the BG505 SOSIP.664 structure, left versus right
(deleted). Arrows between the boxes indicate flow and if a trimer fails at characterization or
does not demonstrate improved immunogenicity, the re-cycling back to re-design occurs.
Lower right arrow indicates if improved immunogenicity is detected (ie, increased tier 2
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neutralization breadth) in a relevant animal model, then this trimer will be considered as a
candidate for human testing.
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