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Summary

The dense patch of high-mannose-type glycans surrounding the N332 glycan on the HIV envelope
glycoprotein (Env) is targeted by multiple broadly neutralizing antibodies (bnAbs). This region is
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relatively conserved, implying functional importance, the origins of which are not well
understood. Here we describe the isolation of new bnAbs targeting this region. Examination of
these and previously described antibodies to Env revealed that four different bnAb families
targeted the 324GDIR327 peptide stretch at the base of the gp120 V3 loop and its nearby glycans.
We found that this peptide stretch constitutes part of the CCR5 co-receptor binding site, with the
high-mannose patch glycans serving to camouflage it from most antibodies. GDIR-glycan bnAbs,
in contrast, bound both 324GDIR327 peptide residues and high-mannose patch glycans, which
enabled broad reactivity against diverse HIV isolates. Thus, as for the CD4 binding site, bnAb
effectiveness relies on circumventing the defenses of a critical functional region on Env.

In Brief

Burton and colleagues compare HIV broadly neutralizing antibodies of the same class and identify
a stretch of residues at the base of gp120 V3 as commonly targeted. These residues comprise part
of the CCR5 coreceptor binding site, and are camouflaged by conserved glycans. Antibody
recognition of both glycan and protein elements enables broad HIV neutralization.
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INTRODUCTION

Highly antigenically variable viruses such as HIV continue to confound vaccine design. A
major roadblock is the generation of immunogens able to elicit broadly neutralizing
antibodies (bnAbs) to protect against diverse circulating isolates (Burton and Hangartner,
2016; Haynes et al., 2012; Kwong et al., 2011). In order to design such immunogens, a
comprehensive understanding of the epitopes that they target is crucial. As expected, many
of the known bnAbs against rapidly mutating viruses target regions that are functionally
important to virus propagation and are therefore conserved (Corti and Lanzavecchia, 2013;
Sok et al., 2013b). Indeed, a number of HIV bnAbs have been discovered that target the CD4
receptor binding site (CD4bs) of HIV (Burton et al., 1994; Liao et al., 2013; Scheid et al.,
2011; Wu et al., 2010; 2011). Similarly, bnAbs have been found to target the CD81 receptor
binding site for HCV and the sialic acid receptor binding site for influenza virus (Dreyfus et
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al., 2012; Edwards et al., 2012; Ekiert et al., 2012; Forns et al., 2000; Giang et al., 2012;
Kong et al., 2013a; Law et al., 2008; Lee and Wilson, 2015; Xu et al., 2013). As another
example of targeting a functionally important region, bnAbs have also been isolated against
the conserved fusion machinery for HIV (Blattner et al., 2014; Falkowska et al., 2014;
Huang et al., 2012; Kong et al., 2016; Lee et al., 2016) and influenza virus (Corti et al.,
2011; Dreyfus et al., 2012; Ekiert et al., 2009).

The HIV envelope glycoprotein (Env) is made up of a trimer of gp160 monomers, which
itself is a dimer of gp120 and gp41 subunits (Do Kwon et al., 2015; Julien et al., 2013a;
Lyumkis et al., 2013; Pancera et al., 2014; Scharf et al., 2015). Based on the bnAbs that have
been isolated, 5 major epitope regions have been mapped on Env and the reason for
conservation of some of these epitopes have been elucidated. Starting from the viral
membrane, these sites include the membrane proximal external region (MPER) (Buchacher
et al., 1994; Huang et al., 2012; Zwick et al., 2001), which plays a role in cell fusion.
Adjacent to this site is the gp120-gp41 cleavage interface epitope, which is critical for
proper cleavage of pre-fusion Env (Blattner et al., 2014; Falkowska et al., 2014; Huang et
al., 2014; Scharf et al., 2014). Finally, the CD4bs, as mentioned previously, is important for
receptor binding and entry (Burton et al., 1994; Liao et al., 2013; Scheid et al., 2011; Wu et
al., 2010). The reasons for epitope conservation of the two major remaining epitopes, the
N332/high-mannose patch epitope region (Buchacher et al., 1994; Mouquet et al., 2012;
Walker et al., 2011), and the V2 apex glycan epitope region (Bonsignori et al., 2011; Doria-
Rose et al., 2014; Sok et al., 2014b; Walker et al., 2011; 2009) are not fully understood.

Here, we present the isolation of new bnAbs that target the high-mannose patch epitope
region. We used these antibodies, together with existing bnAbs directed to this epitope
cluster, to identify components associated with CCR5 coreceptor binding as an important
conserved functional element targeted by high-mannose patch bnAbs. Further, we provided
evidence that the high-mannose patch is conserved, at least in part, to camouflage the CCR5
coreceptor site as a mechanism of antibody evasion by the virus. However, antibodies that
penetrate the glycan shield to access elements associated with the CCR5 site, as well as
incorporate high-mannose patch glycans into their binding footprint, overcome this shielding
and therefore broadly neutralize HIV.

Isolation of new bnAbs against the high-mannose patch highlights diversity of antibodies
able to recognize this region

Three donors from the Protocol G cohort were identified whose serum neutralization breadth
and potency are dependent on the N332 glycan to some extent (Figure 1A). This specificity
was confirmed by comparative adsorption of neutralizing sera with monomeric gp120 and
the corresponding gp120 lacking the N332 glycan site (Figure 1B). The gp120 isolates that
showed the greatest depletion of neutralizing activity were advanced to production and
purification as biotinylated baits for antigen sorting of memory B cells.

Antibody sequences from the selected Protocol G donors were extracted from antigen-sorted
memory B cells using previously described methods (Sok et al., 2014b; Tiller et al., 2008;
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Wau et al., 2010). The memory B cells were selected for site-specific binding to biotinylated
gp120-streptavidin tetramers and little to no binding to the corresponding N332A mutant
(Figure 1C). Overall, three antibody lineages were isolated from three different donors
(Figure 1D); 4 somatic variants from one lineage (named PGDM11 through PGDM14 from
donor 14) and single mAbs from each of the other two lineages (PGDM21 from donor 82
and PGDM31 from donor 26). The three lineages are all distinct from those previously
described for antibodies that target the N332 epitope region (Kong et al., 2013b; Pejchal et
al., 2011; Walker et al., 2011) and derive from different germline genes, further highlighting
the genetic diversity of antibodies targeting this epitope region (Figure 1D).

bnAbs isolated from different donors show distinct patterns of neutralization breadth and
potency

The isolated antibodies were first evaluated for neutralization breadth and potency on a
representative 6-virus panel with (Figure 2A) and without (Figure 2B) the N332 glycan site.
These results show dependency of all of the antibodies on the N332 glycan site for
neutralization breadth and potency. We next evaluated the antibodies that produced in
sufficient yield (PGDM11, 12, 21, and 31) on a larger 106 cross-clade pseudovirus panel
(Seaman et al., 2010). Overall, as for differences in neutralization breadth and potency seen
in donor sera, the new bnAbs show intermediate neutralizing activities, being less broad and
potent than PGT121, but more broad and potent than PGT135 (Figure 2C, 2D).

Differences in bnAb recognition of glycans

We next evaluated if the N332 glycan site alone is targeted by the newly isolated antibodies
or if other conserved surrounding glycans also contribute to the overall epitope. First, we
evaluated the sequences of the 106-virus panel described above and found that the glycan
site at the N332 position is absolutely required for neutralization by these antibodies (Table
S1). This finding was further investigated on a 36 N332A isolate mutant panel and
neutralization activity was lost completely for all of the antibodies (Table S2).

We next determined if the antibodies interact with other glycans in proximity to the N332
glycan. To this end, we first tested for neutralization against single glycan site knock-out
mutations for isolates 92BR020 and BG505 (Table S3) and for pairwise glycan-site knock-
out mutations on BG505 (Figure 3A). The largest effect on neutralization for these
antibodies was seen with removal of the N332 glycan site alone followed by a modest loss of
neutralization with removal of the N301 glycan site alone. Testing for neutralization against
pairwise glycan mutants, however, revealed loss of neutralization upon removal of N156 and
N301 sites together (the N332 glycan site was retained) for both PGDM12 and PGDM21.

We next determined the different glycoforms that these antibodies can target by measuring
binding to glycan arrays. We found that the PGDM11-14 antibody lineage bound
exclusively to MangGIlcNAc, glycans, while PGDM21 bound to both high-mannose
(MangGIcNACy) as well as hybrid and complex glycans (Figure 3B). These findings were
further corroborated by testing for neutralization against viruses produced in the presence of
different glycosidase inhibitors (Doores and Burton, 2010) (Table S4). For PGDM21, loss of
neutralization was only observed with viruses produced in the presence of NB-DNJ,
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suggesting the importance of a terminal mannose on the D1 arm of an N-linked glycan for
epitope recognition, which was also observed for PGT128 (Pejchal et al., 2011).

Differences in bnAb recognition of the C-terminal end of the V3 loop

Having identified common recognition patterns of glycan sites by these antibodies, we next
evaluated whether protein components are also similarly targeted. We first evaluated whether
PGDM11-14 and PGDM21 also target the 324GDIRQAH330 peptide region, which is
recognized by 2 out of 4 known bnAb lineages. We did not perform further analysis with
PGDM31 due to its relatively limited breadth and potency.

Single residues in the V3 region from G324 to H330 were substituted by alanine and the
corresponding viral variants tested for neutralization sensitivity to PGDM11-14 and to
PGDMZ21 (Figure 3C). Variants were generated in the context of two different viruses,
92BR020 and JR-CSF. The results show marked neutralization dependence of the
PGDM11-14 family of antibodies on R327A and H330A substitutions and marked
dependence of the PGDM21 antibody on D325A and H330A substitutions. Notably, slight
loss of neutralization potency was also observed for the G324A mutant for both antibody
families on isolate JR-CSF. In comparison, 2G12 and PGT135 did not show any dependence
on residues in the 324GDIR327 region for neutralization activity, although PGT135 did show
dependence on H330 (Figure 3C). We refer subsequently to the subset of high-mannose
patch antibodies that specifically recognize the 324GDIR327 region of V3 as GDIR-glycan
bnAbs.

Mapping overlapping antibody footprints

In an effort to identify the most critical commonly targeted features of this epitope, we next
mutated combinations of glycan sites and residues at the base of the V3 loop and tested for
effects on neutralization. The results of this analysis are summarized in Figure 4. For
neutralization of bnAb PGT121 against isolate 92BR020, we observed a loss of
neutralization potency with the pairwise mutations N156A + G324A and N301A + G324A
for 92BR020 (Figure S1A) and mutations N301A + D325A and N301A + R327 for isolate
JR-CSF (Table S5). Additionally, while removal of the N332 glycan site alone is insufficient
to abrogate neutralization of PGT121 against 92BR020, removal of the N332 glycan site
with substitutions of D325A, 1326A or R327A resulted in complete loss of neutralization
(Figure S1A). As discussed previously, the related somatic variant PGT124 is dependent
exclusively on the N332 glycan site and pairwise contacts to D325 + R327 for neutralization
(Garces et al., 2014; Sok et al., 2013a) (Figures 3C, S1B).

Meanwhile, for neutralization of PGT128 against isolates 92BR020 and JR-CSF, we now
show that pairwise mutation of the N301 glycan site with G324A, D325A, or H330A
substitutions results in complete loss of neutralization (Figure S1C, Table S5). Additionally,
for isolate JR-CSF, removal of the N332 glycan site alone is insufficient to abrogate
neutralization potency, but removal of this glycan site together with G324A, D325A or
I1326A substitutions results in complete loss of neutralization (Table S5). Similar results
were observed for PGT130, which is a somatic variant of PGT128 (Figure S1D, Table S5).
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For PGDM12, we observed strong neutralization dependence on single residues R327,
H330, and N332 (Figure S1E, Table S5). Similar to the other antibody lineages, we did not
see loss of neutralization with single substitutions N301A, G324A, 1326A, or Q328A, but
loss of neutralization was observed with combinations of these substitutions. By a similar
token, neutralization by PGDM21 was strongly dependent on single residue substitutions
D325A, H330A or N332A with pairwise dependency on N301A + G324A (Figure S1F,
Table S5).

Importantly as a control, the VRCO01-class CD4 binding site antibody 12A12 (Scheid et al.,
2011) was also evaluated for neutralization against the described variants and no effects of

the substitutions, either singly or in combination, were observed for both 92BR020 and JR-
CSF (Figure S1G, Table S5).

CXCR4-tropic viruses are generally more resistant than CCR5-tropic viruses to
neutralization by GDIR-glycan antibodies

Given the shared epitope features that are recognized by 4 out of 6 antibody families in this
class, we next explored why these features are being targeted. Previous studies have
determined the residues at 306 and 322 in the V3 loop as critical for determining CCR5 (R5)
or CXCR4 (X4) coreceptor usage (Huang et al., 2005; Kuiken et al., 1992; Nelson et al.,
2000; Pollakis et al., 2004; Wang et al., 1998). Although these residues are not a part of

the 323GDIRQAH330 stretch of residues, a previous study did identify the base of the V3
loop as important for CCR5 binding (Cormier and Dragic, 2002; Suphaphiphat et al., 2007).
Based on these data, we first compared the sequences of replicating X4-tropic and R5-tropic
viruses (Figure 5A). Of note, X4-tropic viruses have substantially more mutations in

the 324GDIRQAH330 peptide region than the R5-tropic viruses, and the X4-tropic viruses
also typically lack the N301 glycan site that is present on nearly all R5-tropic viruses.

We subsequently evaluated the neutralization activity of high-mannose patch antibodies
against a panel of cross-clade replicating X4-tropic viruses compared to R5-tropic viruses.
Figure 5A shows that GDIR-glycan bnAbs are much less capable of neutralizing X4-tropic
viruses. In comparison, the other high-mannose patch bnAbs, PGT135 and 2G12, do not
show a demonstrable difference in neutralization breadth between X4 and R5-tropic viruses.
BnAbs targeting the trimer apex or the CD4 binding site similarly do not discriminate
between X4 and R5-tropic viruses in terms of neutralization.

Unfortunately, we do not have longitudinal sampling of viruses and antibodies for the donors
used as source material for the bnAbs to evaluate selection pressure on coreceptor usage. A
previous set of longitudinal data, however, did reveal either loss of the N301 glycan and/or
introduction of mutations in the 322GDIRQAH330 peptide region following coreceptor usage
switching from CCR5 to CXCR4 (van Rij RP et al., 2000).

CCR5 amino terminal peptide targets the 324GDIR327 peptide region

The findings above, as well as previously published results on CCR5 epitope mapping
(Cormier et al., 2001), suggest that the 324GDIR327 peptide region targeted by bnAbs
comprises at least part of the CCR5 coreceptor epitope. To investigate targeting of CCR5 to
the 324GDIR327 peptide region for JR-CSF, we performed ELISA binding experiments using
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gp120 captured from lysed virions and a CCR5 N-terminal peptide mimic-Fc construct
(Chiang et al., 2012; Dorfman et al., 2006) as well as CD4i antibody 17b (Thali et al., 1993).
Binding measurements were normalized to the V3-specific antibody F425/B4e8 (Cavacini et
al., 2003).

In the absence of soluble CD4 (sCD4), the ELISA end-point measurements show a greater
than 50% decrease in overall binding of the CCR5 N-terminal peptide mimic-Fc to variant
gp120s in which the N301 glycan sequon had been eliminated or substitutions made in

the 325DIR327 peptide region. No effect or enhanced binding was observed for other
substitutions in the V1/V3 loops (Figure 5B). In comparison, 17b did not show any effect on
binding for substitutions introduced in the 325DIR327 peptide region. With the addition of
sCD4, a greater than 50% decrease in overall binding of the CCR5 N-terminal peptide
mimic-Fc was observed for R327A, whereas no effect on binding was observed for 17b
binding for any of the mutants tested (Figure 5B).

The N332 and N301 glycans help mask the CCR5 coreceptor site

Given that CCR5 and GDIR-glycan bnAbs target an overlapping region and the relative
rarity of the emergence of potent bnAbs in chronic infection, we hypothesized that the
glycans surrounding the GDIR region might be shielding this site. We first tested this
hypothesis by measuring neutralization of sera from chronically infected donors in the
Protocol G cohort against a panel of viruses with and without the N332 glycan, which is the
glycan in closest proximity to the GDIR peptide region. The results show enhanced
neutralization for a number of viruses across many donors, suggesting that this epitope
region is immunogenic and that the exposure of the region on the functional Env trimer is
increased in the absence of the N332 glycan site (Figure 6A). An interesting point to note in
relation to the N332 glycan site is that a founder virus lacking the site acquired it to provide
escape from autologous neutralization (Gray et al., 2011).

To further support the camouflaging hypothesis, we reasoned that if the N332 glycan is
restricting access to the 324GDIRQAH330 peptide region, then there would be more
mutations in this peptide region in the absence of the N332 glycan site among naturally
occurring isolates as a means to escape antibody responses. Based on this rationale, we
evaluated 42,715 HIV Env sequences in the Los Alamos database (http://www.hiv.lanl.gov/)
and found that 23,158 (54%) have the “GDIRQAH” sequence, while 19,557 (46%) deviate
from this sequence either at D325, R327, or H330 residues (DRH residues). Using 46% as a
baseline measure of mutation at these residues by chance, we then evaluated whether there
were higher or lower frequencies of mutations in the DRH residues in the presence or
absence of each glycan site on Env. Based on this approach, calculated values above zero
indicate higher frequencies of mutation of DRH residues in the absence of the glycan site,
while values below zero indicate higher frequencies of conservation of DRH residues in the
absence of the glycan site.

We find very clearly the highest frequencies of mutation of DRH residues occurs in the
absence of N301 and N332 glycan sites consistent with the notion that the corresponding
glycans are “protecting” the residues from immune pressure (Figure 6B). Somewhat
surprisingly, we note the lowest frequencies of mutation of DRH residues in the absence of
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the N334 glycan site. However, the overlapping glycan sequon positioning at the N332/N334
glycan site indicates that only the N332 or N334 glycan site can be present, but not both
(Moore et al., 2012; Sok et al., 2014a). Thus, the high conservation of DRH residues in the
absence of the N334 glycan site is correlated with presence of the N332 glycan site. These
glycan sites and/or epitopes on Env are likely modulated in the presence of immune pressure
at the DRH residues, but these details of antibody pressure and HIV Env evolution would be
better mapped out via longitudinal cohorts.

GDIR-glycan bnAbs allosterically modulate soluble CD4 binding

While CD4-induced antibodies such as 17h, X5, and 412d also make contacts to the base of
the V3 loop like GDIR-glycan bnAbs (Figure 6C), they also rely on residues in the bridging
sheet of gp120 for binding or neutralization following CD4 engagement. Indeed, we
confirmed that GDIR-glycan bnAbs and CD4i antibodies do not compete strongly with each
other for binding to monomeric gp120 by ELISA (Figure S2). Previous work, in fact,
suggested that instead of relying on CD4 for binding as for CD4i antibodies, the PGT121
antibody family allosterically inhibits CD4 binding on HIV Env (Julien et al., 2013b). We
next sought to determine if this mechanism of allostery is commonly shared by GDIR-
glycan bnAbs.

Binding experiments by fluorescence-activated cell sorting (FACS) indeed confirmed
competition of VV3-glycan bnAbs with sCD4 on isolate JR-FL (Figure 6D). As a positive
control, we also observed competition with the VRCO1-class antibody 12A12 and as a
negative control, we did not observe competition with the V3-specific antibody F425
(B4e8). Other high-mannose patch antibodies, such as PGT135 and 2G12, did not show
competition with CD4 (Figure 6D). These results suggest a common mechanism of
inhibition by antibodies targeting the 324GDIR327 peptide region likely via contacts to the
V1/V2 region. We note that these binding measurements were performed on trimers
expressed on the surface of cells and similar measurements using monomeric gp120 may
yield a different result, as described previously for PGT124 (Garces et al., 2014).

DISCUSSION

A group of HIV bnAbs, often referred to as “high-mannose patch” antibodies, target a
specific region of the HIV envelope “glycan shield” that is uniquely defined by a patch of
oligo- and high-mannose type glycans surrounding the N332 glycan (Buchacher et al., 1994;
Kong et al., 2013b; Mouquet et al., 2012; Pejchal et al., 2011; Trkola et al., 1996; Walker et
al., 2011). This patch of oligo- and high-mannose type glycans was originally described as
the “silent face” as it was considered that the dense glycan coating would resist antibody
recognition (Wyatt et al., 1998). Notwithstanding the original name, we offer an explanation
for why bnAbs commonly target this epitope region.

We present the isolation of two new antibody families (PGDM11-14 and PGDM21) that
map to the high-mannose patch region (Figure 7A, S3) and compare these to the epitope
footprints of previously isolated bnAbs, 2G12, PGT121, PGT128, and PGT135 (Trkola et
al., 1996; Walker et al., 2011) to identify common binding signatures. Despite differences in
antigenic footprint between the antibody families, the common residues that are targeted by
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the GDIR-glycan class of bnAbs involve specifically the D325, R327, and H330 residues.
All these antibodies also depend on the N332 and N301 glycans to some degree
(summarized in Figure 7B). Given this common recognition between antibody families, we
hypothesize that this epitope region might be functionally conserved.

Previous work identified the V3 loop as important for CCR5 or CXCR4 coreceptor usage
(Cormier et al., 2001; Cormier and Dragic, 2002; Huang et al., 2005; Kuiken et al., 1992;
Nelson et al., 2000; Pollakis et al., 2004; Suphaphiphat et al., 2007; Wang et al., 1998). We
built on this work by linking the residues D325 and R327 that are important for bnAb
recognition as also important for CCR5 binding. Moreover, we show that among a data set
of 42,715 cross-clade Env sequences, there are higher frequencies of mutations at residues
D325, R327 or H330 in the absence of glycan sites at N301 and N332, indicating selection
pressure at this region in the absence of camouflaging glycans. We also show that, in the
absence of the N332 glycan site, sera from chronically-infected donors show enhanced
neutralization potency relative to the corresponding isolate with the glycan present. Finally,
we show that GDIR-glycan bnAbs are less effective at neutralizing CXCR4-tropic viruses,
which show much greater sequence variation in the GDIR region, compared to CCR5-tropic
viruses. The observation that CXCR4 viruses are generally resistant to GDIR-glycan bnAbs
has important implications for the use of bnAbs as prophylactics and therapeutics for the
treatment of chronic infection or even as a part of curative strategies (Klein et al., 2013).

The finding that GDIR-glycan bnAbs target residues that are important for CCRS5 binding
brings into question why CD4-induced antibodies, which also target elements of this site
(Figure S2), are so limited in neutralization breadth and potency. CD4i antibodies bind most
avidly following CD4 engagement and formation of the bridging sheet and, therefore, favor
open conformations of the trimer (Huang et al., 2005; 2007; Kwong et al., 1998) (Figure
7C). GDIR-glycan bnAbs, however, can bind native Env in the absence of sCD4 and, once
bound, appear to allosterically inhibit sSCD4 binding. We speculate that the

immunogenic 324GDIR327 residues are accessible to some extent on a native trimer, but only
those antibodies with a long CDR H3 that can penetrate through the camouflaging glycans
surrounding this peptide region are capable of broadly neutralizing HIV isolates. In fact, in
addition to accommaodating these glycans, the antibodies have undergone affinity maturation
to bind some of the camouflaging glycans directly (Kong et al., 2013b; Pejchal et al., 2011;
Walker et al., 2011).

Our understanding of the HIV envelope trimer, the sole target for neutralizing antibodies,
has grown tremendously since the discovery of the virus. This understanding has been
guided by investigating humoral responses to Env in natural infection with sera and
antibodies serving as tools to map antigenic footprints on the trimer. To date, five main bnAb
regions have been mapped on Env: the CD4bs, the high-mannose patch region, the trimer
apex region, the MPER, and the gp120-gp41 interface. The high conservation of these sites
can be largely attributed to virus function and propagation in host target cells, but
conservation of the high-mannose patch region recognized by bnAbs has been more difficult
to interpret functionally. Here, we show that the conserved V3 region targeted by a large
proportion of these bnAbs contributes to CCR5 coreceptor binding and that the high-
mannose glycans are likely conserved, at least in part, to restrict access to this conserved
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region. Overall, this study demonstrates the utility of isolating new broadly neutralizing
antibodies to HIV, which continue to provide more information on the envelope trimer for
both vaccine design and therapeutic purposes.

Experimental Procedures

Accession Codes

The EM reconstructions of BG505 SOSIP.664 in complex with PGDM14 or PGDM21 are
deposited under accession codes EMD-8181 and EMD-8182, respectively. Novel antibody
sequences are accessible by GenBank (KX236198 - KX236209).

Human Specimen

Human PBMC and serum samples were acquired from HIV-1 infected donors of the
Protocol G cohort (Simek et al., 2009) under written consent. A complete list of approving
review boards is given in the Extended Experimental Procedures.

Pseudovirus Neutralization Assays

Replication incompetent HIV pseudovirus was produced by transfecting an Env containing
plasmid with an Env deficient backbone (pSG3AEnv) in HEK 293T cells in a 1:2 ratio.
Pseudoviruses produced in the presence of glycosylation inhibitors were generated by
treating 293T cells with either 25 uM kifunensine, 20 pM swainsonine or 2 mM N-
butyldeoxynojirimycin (NB-DNJ) (Cayman Chemical Co.) on the day of transfection
(Doores and Burton, 2010). Pseudovirus was harvested after 48—72h and neutralization was
tested by incubating pseudovirus and mAbs or sera for 1 h at 37 °C before transferring them
onto TZM-bl cells as previously described (Walker et al., 2011).

Protein Production

Gp120 constructs were truncated in the C5 region (dC5) and fused to N-terminal Avi-tags.
Plasmids were transfected into HEK 293F cells (Invitrogen) and purified as previously
described (Sok et al., 2013a). Gp120s used in flow cytometry were in vitro biotinylated
using the BirA enzyme according to the manufacturer instructions (Avidity).

Antibody plasmids containing heavy and light chain genes were co-transfected in equimolar
ratios into either HEK 293T or 293F cells and purified as previously described (Sok et al.,
2013a). Additional details are provided in the Extended Experimental Procedures.

Serum NAb depletion assay

1 mg of gp120-Avi dC5 protein or BSA was conjugated to 250 pl of Tosyl-activated MyOne
DynaBeads (Invitrogen) according to the manufacturers protocol. We tested WT and N332A
mutated gp120 variants of the 92BR020, IAVI C22 and JR-CSF HIV isolates and BSA as a
control in combination with N332 reactive donor sera. In brief, donor sera were incubated
with protein coated beads for 30 min at 37 °C before removing the beads by magnetic force
and eluting bound Abs with 100mM Glycine HCI pH2.2. Beads were then regenerated and
the protocol was repeated twice before testing the sera in pseudovirus neutralization assays.
An extensive protocol is given in the Extended Experimental Procedures.
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Monoclonal Antibody Isolation from Donor PBMCs

Single-cell sorting of donor PBMCs by flow cytometry was performed as described
previously (Sok et al., 2014b; Tiller et al., 2008; Wu et al., 2010). In brief, sorted single cells
were reverse transcribed into cDNA, antibody heavy and light chain variable genes were
PCR amplified, sequenced and analyzed using the IMGT V-Quest webserver
(Wwww.IMGT.org) (Lefranc et al., 2009). Productively rearranged heavy and light chain
variable gene pairs were cloned into respective Igy1, Igx, and IgA expression vectors. A
detailed description is given in the Extended Experimental Procedures.

Glycan Array

Antibodies were tested for glycan reactivity on amine functional glycans spotted onto NHS-
activated cover slides as previously described (Andrabi et al., 2015; Falkowska et al., 2014).
A detailed protocol is given in the Extended Experimental Procedures.

Cell Surface-Binding Assays

Titrating amounts of mAbs were added to HIV-1 Env-transfected 293T cells and were
incubated for 1 h at 4 °C in 1x PBS. After washing, cells were fixed with 2% para-
formaldehyde (PolySciences) for 20 min at room temperature. The cells then were washed
and stained with a 1:200 dilution of PE-conjugated goat anti-human 1gG F(ab”)2 (Jackson)
for 1 h at room temperature. Binding competitions were performed by titrating amounts of
competitor mAbs before adding biotinylated antibody at the concentration required to
achieve 1Cyq and then measuring binding with PE-labeled streptavidin (Invitrogen). FlowJo
software was used for data interpretation.

CCR5-Fc mimic peptide ELISA

ELISA plates were first coated with an anti-C5 gp120 antibody at 4 °C in 1x PBS overnight.
Plates were then washed and blocked with 3% BSA in 1x PBS at room temperature for 1
hour. Mutant pseudovirus supernatants, were lysed with 1% NP40 and then captured at

37 °C for 2 hours. Following t his, biotinylated CCR5-Fc mimic peptide was preconjugated
with streptavidin-alkaline phosphatase in a 1:1 molar ratio and added at a final concentration
of 10 pg/ml. Following washing, plates were measured at OD405.

Electron microscopy (EM) data collection and processing

Negative-stain EM with 2% w/v uranyl formate was carried out as described previously
(Scharf et al., 2014). The resolutions of the models were determined at a Fourier shell
correlation (FSC) cut-off of 0.5 and were ~21 A for both PGDM14- (EMD-8181) and
PGDM21-BG505 SOSIP.664 complexes (EMD-8182). More details are provided in the
Extended Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Paper Highlights

Conserved GDIR sequence at base of gp120 V3 is commonly targeted
by HIV bnAbs

GDIR residues comprise part of the CCR5 coreceptor binding site

These residues are camouflaged by conserved glycans from recognition
by most Abs

bnAbs uniquely bind GDIR and glycans to facilitate broad recognition
of HIV
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Isolated antibodies DonorseralD| IAVIC22 92RW020 94UG103 92BR020 JR-CSF  92TH021 JAVI C22
PGT125-128,130-131 36 900 900
PGT121-124,133-134,10-1074 17 300 900 <100 c
PGDM11-14 14 300 300 300 <100 2
PGDM21 82 <100 300 300 300 8
PGDM31 26 300 300 300 <100 g
(o)
Neutralization ICsq _ 900 300 §
Donor seraID| IAVIC22 92RW020 94UG103 92BR020 JR-CSF  92TH021
65 -
- 67 ND ND ug/mL-
67 75 ND = 92BR020 WT
) izati X == 92BR020 N332A
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<
CD14 CD27 IgM IAVI C22 gp120 WT
CDR3 VJ % INSERTION &
ANTIBODY DONOR V GENE JGENE LENGTH CDR3 SEQUENCE MUT (nt) DELETIONS
PGDM11 14 IGHV3-11 IGHJ3*02 21 CARVAVGPMDSYYHDTTSAFDIW 20% -2 (CDR1)
PGDM14 14 IGHV3-11 IGHJ3*02 21 CARVASGPNEDFYHDTEAAFDIW 12% +1(CDR1)/-5 (FR1)
= PGDM21 82 IGHV4-34 IGHJ6*03 20 CARRTFWKSDYTGYYHFHMDVW 22% +4 (CDR2)
<
T
3]
z
w
* PGT128 36 IGHV4-39 IGHJ5%02 21 CARFGGEVLRYTDWPKPAWVDLW 21% +6 (CDR2)
PGT130 36 IGHV4-39 IGHJ5*02 21 CVRSGGDILYYYEWQKPHWFSPW 22%
PGT135 39 IGHV4-39 IGHJ5%02 20 CARHRHHDVFMLVPIAGWFDVW 20% +5 (CDR1)
PGDM11 14 IGKV2-24 I1GKJ1*01 9 CFQGTHYPWTF 14%
PGDM14 14 IGKV2-24 IGKJ1*01 9 CMQGSHWAWAF 12%
- PGDM21 82 IGKV3-20 IGKJ5*01 CQQYSVSLITF 15%
<
T
3]
=
H
]
-
PGT128 36 IGLV2-8 1GLJ2*01 10 CGSLVGNWDVIF % -5 (CDR1)
PGT130 36 IGLV2-8 IGLJ2*01 10 CSSLFGRWDVVF 12%
PGT135 39 IGKV3-15 IGKJ1*01 9 CQQYEEWPRTF 17%

Figure 1. Diversity of antibodies targeting the high-mannose patch epitope
(A) IAVI Protocol G donors (14, 82, 26) were screened for neutralization breadth and

potency on an 6-virus indicator panel and compared to previously identified donors (36 and
17). Serum neutralization ICgq values are listed for each donor (above). Donor sera were
screened on both wild-type (WT) and N332A pseudotype virus and the percent loss of
neutralization values for each isolate are listed for the new donors (below). Percent loss of
neutralization was calculated using the formula 100*((WTcs9 — N332A,c50)/WT)cs0)- (B)
WT and N332A 92BR020 gp120 were conjugated onto magnetic beads and used to adsorb
neutralizing antibodies in donor sera before testing in heterologous neutralization assays
with isolate IAVI C22. Isolates that demonstrated the largest differential in neutralization
between WT and N332A constructs were advanced as baits for antigen-specific cell sorting.
(C) Single 1gG+ memory B cells were antigen-selected by flow cytometry into lysis buffer.
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B cells were selected for phenotype CD3-/CD8-/C14-/IgM-/CD19+/CD20+/CD27+/1gG+.
Sorted cells were then reverse transcribed into cDNA followed by PCR with gene-specific
primers. (D) Variable heavy and light chain gene information, percent mutation from
germline, and CDRH3 sequence, and insertions/deletions are tabulated for isolated
antibodies (PGDM11, PGDM14, PGDM21, and PGDM31) and compared to previously
isolated antibodies (2G12, PGT121, PGT128, PGT130, and PGT135). Antibody families are
differentiated by color.
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WT | 94UG103 92RW020 92BR020 JR-CSF  92THO21 IAVIC22 N332A | 84UG103 92RW020 92BR020 JR-CSF  92TH021  IAVI C22
|PGDM11| >50 PGDM11 | >50 >50 >50 >50 >50 >50
PGDM12 221 >50 PGDM12 >50 >50 >50 >50 >50 >50
PGDM13 >50 0.151 >50 PGDM13 >50 >50 >50 >50 >50 > 50
PGDM14 >50 PGDM14 >50 >50 >50 >50 >50 >50
PGDM21 >50 >50 PGDM21 >50 >50 >50 >50 >50 >50
PGDM31 >50 >50 PGDM31 >50 > 50 >50 >50 >50 >50
[ Neutralization ICs (ug/mt) [ >50 [ 1 o1 oot [jooon]
C
CLADE n PGDM11 PGl PGDM21 PGDM31 PGT121  PGT128  PGT130  PGT13§
B 1 73% B
B (T/F) 9 67%
c 14 36% 36% 29%
C(TF) 13 46% 46% 46% 8% 54% 23%
BC 8 e3% sk 75% 13% 50% 63%
A 8 38% 38% 50% 25% 63% 38%
CRF02_AG 9 44% 67% 33% 0% 33% 1%
CRFO1_AE 10 0% 0% 0% 0% 70% 0%
CRFO1_AE (TfF) 3 0% 0% 0% 0% 67% 0%
G 7 57% 71% 1% 20%  [EsRIN 2% | ee% | 20%
D, CD,AC,ACD 14 43% 50% 43% % 57% 50% 57% 43%
Total 106 45% 54% 49% 1% 66% 60% 61% 33%
[ % Neutralization Breadth 60% 40% 20% 0%
D CLADE n PGDM11 PGDM12 PGDM21 PGDM31 PGT121  PGT128  PGT130  PGT135
B8 1 0669 0.348 268
B(T/F) 9 0.308 0.140 0372 NA
¢ 14 0.359 0.549 0722 2.09 127
C(TF) 13 0.836 109
BC 8 0518 0214 0.178 256
A 8 5.08 0.406 0133 50
CRF02_AG 9 0536 0239 0.180 NA 3.58
CRFO1_AE 10 NA NA NA NA 286 NA
CRFO1_AE (T/F) 3 NA NA
G 7
D, CD, AC, ACD 14 0247
Total 106 0.41

| Median IC., (pg/mL)

10.0
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Figure 2. High-mannose patch bnAbs isolated from different donors show differences in
neutralization breadth and potency

Antibodies isolated from donor 14 (PGDM11, 12, 13, 14), donor 82 (PGDM21) and donor
26 (PGDM31) were evaluated for breadth and potency on a 6-virus panel with the N332
glycan site intact (A) and on the corresponding panel of viruses with the glycan site removed
by alanine mutagenesis (B). Antibodies that produced in sufficient yield (PGDM11,
PGDM12, PGDM21, and PGDM31) were evaluated for neutralization breadth (C) and
potency (D) on a 106-virus panel.
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JR-CSF_|PGT121 PGT124|PGT128 PGT130|PGDM11 PGDM12|PGDM21]PGT135 2G12]12A12
1322 16 11 | 28 16 | 22 19 11 | 02 ND| ND
1323A 18 18 | 17 o5 | 21 14 20 | o6 o7 | 11
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Figure 3. Differences in epitope recognition of glycans and the C-terminal end of V3 loop
(A) Antibodies PGDM12 (donor 14) and PGDM21 (donor 82) were evaluated for

Page 21

neutralization activity against double glycan site mutants at or near the high-mannose patch
epitope. Listed values show fold difference in neutralization 1Csq. LT indicates low viral
titers and ‘enhance’ denotes enhancement of neutralization 1Cgq values compared to WT. (B)

PGDM12 and PGDM21 were evaluated for binding to a glycan array. PGDM21 shows

binding to MangGIcNACc, and various complex-type glycans. PGDM12 shows binding only
to MangGIcNAC,. (C) Single alanine mutants of the 3221IGDIRQAH330 residues at the C-
terminal base of the V3 loop were produced for isolates 92BR020 and JR-CSF and tested for

neutralization by the listed antibodies. ND denotes not determined.
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Figure 4. Mapping overlapping antibody epitope footprints

Pairwise alanine mutants were created for N137, N156, N301, and N332 glycans and

the 324GDIRQAH330 residues of the V3 loop. Virus mutants were then tested for
neutralization by PGT121, PGT124, PGT128, PGT130, PGDM12, PGDMZ21 and, as a
control, the CD4 binding site antibody 12A12. Epitope summaries for all of the tested high-
mannose patch antibodies are shown and are derived from neutralization data shown in
Figure S1 and Table S5. Dependence on residues are highlighted by color and degree of
dependence is shown by relative letter sizes for residues and glycan sites.
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Figure 5. Functional conservation of the 334GDIRQAH3:"'0 peptide site
(A) CXCR4-tropic viruses are more resistant than CCR5-tropic viruses to neutralization by

high-mannose patch antibodies. All viruses were grown in HIV-naive PBMCs and tested for
neutralization in a TZM-bl luciferase assay. For each virus, missing glycan sites at N301 or
N332 and mutations from the canonical GDIRQAH sequence are shown. V2-apex
antibodies PGT145, PG9, and PG16 as well as the CD4 binding site antibody VRCO01 were
included for comparison. ND = not determined. ICsq values are reported in ug/ml (B) A
CCRS5 N-terminal peptide-Fc construct was tested for binding to gp120 alanine mutants and
showed dependence on the N301 glycan sequon and the 325DIR327 residues of gp120.
Gp120 mutants were prepared from pseudovirions and captured via an anti-C5 antibody on
ELISA plates. Due to low affinity, the CCR5 peptide-Fc was biotinylated and tetramerized
with streptavidin before binding to captured gp120 mutants. The CD4i antibody 17b was
included for comparison. All values are normalized to the V3-specific antibody F425
(B4e8). Soluble CD4 (sCD4) was added to a final concentration of 5 ug/mL where indicated.
End-point OD405 values that showed less than 50% binding relative to wild-type (WT) are
highlighted in red.
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Figure 6. VV3-glycan antibodies allosterically inhibit CD4 binding
(A) Sera from 21 donors of the 1AV protocol G cohort were tested for neutralization on a 6-

virus cross-clade panel of pseudoviruses with and without the glycan at the N332 position.
Listed values are serum neutralization I1Csg. Neutralization titers that showed higher potency
in the absence of the N332 glycan compared to the wild-type virus are highlighted with a
bold box, and the percentages of viruses that resulted in enhanced neutralization potency in
the absence of the N332 glycan site are listed. Serum from the PGT121 donor (N332 glycan
dependent) was included as a control. (B) Among 42,715 HIV Env sequences in the Los
Alamos database, 23,158 (54%) have the “GDIRQAH” sequence, while 19,557 (46%)
deviate at D325, R327, or H330 residues. Using 46% as a baseline measurement of mutation
at these residues by chance, every glycan site on Env was then evaluated for greater mutation
(> 0) or greater conservation (< 0) of these residues in the absence of individual glycan sites.
(C) Key contacts to residues 324GDIRQAH330 on gp120 by GDIR-bnAbs and CD4i
antibodies. Overlaid liganded structures of PGT122, PGT124 and PGT128 (shades of blue)
with key contacts to the 324GDIRQAH33 residues on gp120 highlighted in red. These
structures are overlaid with liganded structures of CD4i antibodies 17b, X5, and 412d
(shades of yellow) with key contacts to the 324GDIRQAH330 residues on gp120 highlighted
in green. Arg327 on gp120 for all structures is shown as sticks. All structures are aligned on
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gp120. (D) High-mannose patch antibodies were tested for competition with sSCD4 on isolate
JR-FL E168K/N192A Env displayed on the surface of 293T cells. The CD4 binding site
antibody 12A12 was included as a positive control and the V3-specific antibody F425 was
included as a negative control.
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Figure 7. Epitope recognition on native Env by VV3-glycan antibodies

(A) Negative-stain EM of antibody Fabs on BG505 SOSIP.664. X-ray structures of gp120
liganded with PGT124 (PDB 4R2G), PGT122 (PDB 4TVP) and PGT128 (PDB 4TYG) were
superimposed onto gp120 in the unliganded trimer volume using the “MatchMaker’ function
in Chimera. All glycans shown are part of the 4TVP X-ray structure. For PGDM14 and
PGDMZ21, the relative orientations of both Fabs were mapped onto a low resolution surface
volume generated from the BG505 SOSIP.664 X-ray structure (PDB 4TVP). The
reconstructions of PGDM14 (EMD-8181) and PGDM21 (EMD-8182) were superimposed
onto this trimer volume using the ‘Fit in Map’ function in Chimera (https://
www.cgl.ucsf.edu/chimera/). (B) Summary table of all GDIR-glycan bnAb families. Donor
ID refers to the IAVI Protocol G donor ID (Simek et al., 2009), ND indicates not
determined. (C) Proposed recognition of overlapping epitopes between V3-glycan
antibodies and CD4i antibodies. In addition to making contacts to the 324GDIRQAH330
peptide region, CD4i antibodies require formation of the bridging sheet on gp120 following
CD4 engagement in order to bind and therefore can only bind open conformations of the
Env trimer. VV3-glycan antibodies are capable of binding the immunogenic 324GDIRQAH330
peptide region on native Env in the absence of CD4 by penetrating the glycan shield and also
directly binding the surrounding glycans.
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