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Abstract

Broadly neutralizing monoclonal antibodies (bnMADbs) that target the high-mannose patch
centered around the glycan at position 332 on HIV Env are promising vaccine leads and
therapeutic candidates as they effectively protect against mucosal SHIV challenge and strongly
suppress SHIV viraemia in established infection in macaque models. However, these antibodies
demonstrate varying degrees of dependency on the N332 glycan site and the origins of their
neutralization breadth are not always obvious. By measuring neutralization on an extended range
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of glycan site viral variants, we found that some bnMADbs can utilize alternate N-linked glycans in
the absence of the N332 glycan site and therefore neutralize a substantial number of viruses
lacking the site. Furthermore, many of the antibodies can neutralize viruses in which the N332
glycan site is shifted to the 334 position. Finally, we found that a combination of three antibody
families that target the high-mannose patch can lead to 99% neutralization coverage of a large
panel of viruses containing the N332/334 glycan site and up to 66% coverage for viruses that lack
the N332/334 glycan site. The results indicate that a diverse response against the high-mannose
patch may provide near equivalent coverage as a combination of bnMAbs targeting multiple
epitopes. Additionally, the ability of some bnMADbs to utilize other N-linked glycan sites can help
counter neutralization escape mediated by shifting of glycosylation sites. Overall, this work
highlights the importance of promiscuous glycan binding properties in bnMAbs to the high-
mannose patch for optimal anti-viral activity either in protective or therapeutic modalities.

Introduction

Broadly neutralizing HIV antibodies provide important leads for vaccine design and may be
valuable in therapy (1-6). They define sites that are both conserved and accessible to
antibodies and their characteristics, such as germline gene usage and degree of somatic
hypermutation, can help inform the choice of immunogens and immunization strategies
most likely to induce broadly neutralizing antibodies though vaccination. The value of such
antibodies to the HIV vaccine design and therapy efforts has greatly increased with the
isolation, in the last few years, of many potent, broadly neutralizing human monoclonal
antibodies (onMADbs) from infected individuals (7—14). The most potent neutralizers of this
new generation of bnMAbs appear to be a group that targets and penetrates the glycan shield
of HIV Env to recognize both glycans and protein surface of the V3 and V4 regions
underneath (8, 15-17). A number of the glycans involved are of the high-mannose variety
and form a patch (“the high-mannose patch”), (18-21) centered on a glycan at Asn 332
(N332), although some complex glycans appear to be interspersed at the edges of this patch.
The bnMADbs are often described as “N332-dependent”. The prototype antibodies in this
class, each isolated from individual donors, are PGT121, PGT128 and PGT135, but many
somatic variants have also been generated (8, 22). An earlier isolated bnMAb, 2G12, is often
included with this set of antibodies since its binding is N332-dependent but it is less potent
and broad in neutralization, recognizes glycans solely, and has a unique domain-exchanged
structure (23-26).

The outstanding in vitro neutralization potency of at least one of the bnMAbs targeting the
high-mannose patch, PGT121, has been shown to translate into in vivo efficacy (27).
Passively administered PGT121 protects against high-dose vaginal SHIV challenge in
macaques at relatively low serum antibody titers (6, 27). In addition, the antibody given
alone strongly suppresses SHIV replication in chronically infected macaques (5). Similarly,
a close variant of PGT121, 10-1074, has also been shown to suppress viral load in
combination with other bnMAbs in humanized mouse models (4) and macaques (6).

The bnMADbs targeting the high-mannose patch have other features that make them
particularly interesting from a vaccine design standpoint. Of note, these antibodies appear to
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arise with a relatively high frequency in comparison to other broadly neutralizing
specificities in infected individuals and at a relatively early stage (28, 29). The latter point is
emphasized by the development of a broadly neutralizing N332-dependent serum antibody
response in a SHIV-infected macaque in only about 9 months (30). The early development
of Abs targeting the high-mannose patch is also consistent with the somewhat lower level of
somatic hypermutation typically found among bnMADbs of this specificity as compared to,
for example, VRCO1-like antibodies that target the CD4 binding site (14). One factor
favoring the relatively high frequency of broadly neutralizing responses against the high-
mannose patch may be the relatively unrestricted antibody gene requirements for recognition
of this region. Thus, whereas the CD4bs-directed antibodies of the VRCO1 family all use a
single Vi germline gene, V{1-2, the antibodies that target the high-mannose patch derive
from several VDpJy and V J| recombinations and pairings (8, 15-17, 24, 31, 32). The
usage of different antibody germline genes by the N332-dependent MAbs likely reflects the
different modes of binding of these antibodies as determined structurally and hence different
points of contact with gp120 (15-17).

Interestingly, a recent longitudinal study in HIV-infected individuals found that the N-
glycan site at position 332 is somewhat under-represented in founder subtype C viruses
(45/68, 66%) relative to unmatched chronic viruses (52/62, 84%) (33). The study also
monitored two HIV-infected individuals for whom a N-glycan site was identified at position
334 early in infection that shifted to 332 immediately before the emergence of neutralization
breadth, and then shifted back to the position at 334 to permit neutralization escape. The
study has vaccine implications in that the proportion of isolates whose transmission could be
blocked by antibodies targeting the high-mannose patch may be lower than previously
thought. Another recent study showed that a bnMAb recognizing the N332 glycan region
(PGT121) gains some of its breadth by a promiscuous ability to recognize both high-
mannose and complex-type carbohydrates (17, 22). Here we extend the concept of
promiscuity and show that, depending on isolate context, a single MAb to the high-mannose
patch can neutralize viruses using differing proximal glycan sites to differing degrees. Our
results demonstrate a notable complexity in how HIV glycan-dependent antibodies
recognize their epitopes and provide important considerations for their use in therapy and in
the design of immunogens to elicit this class of antibodies that are distinct from approaches
for the elicitation of bnMADbs targeting other sites like the CD4bs.

bnMADbs to the high-mannose patch can neutralize many viruses in which the N332 glycan
site is shifted to the 334 position

Moore et al. recently identified two HIV-infected donors in which a shift of the N332 glycan
site to the 334 position resulted in escape from serum neutralizing antibodies with N332-
dependent specificity (33). We sought to determine the effects of such a shift on a panel of
bnMADbs similarly targeting the high-mannose patch by using a modified 6-virus indicator
panel (34, 35). Notably, one of the viruses in the panel, 92THO021, naturally harbors a N-
glycan site at position N334. We tested neutralization of three families of N332-dependent
bnMADbs isolated from three elite neutralizers in the IAVI Protocol G cohort; PGT121 and
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variants PGT122, PGT123, PGT124 and PGT133 (from donor 17); PGT128 and variants
PGT125, PGT126, PGT127, PGT130 and PGT131 (from donor 36); PGT135 and variants
PGT136 and PGT137 (from donor 39) (8, 34—36). A summary of the donors and a list of the
somatic variants isolated from each donor are tabulated in table S1.

As shown in Fig. 1, a sizable fraction of the bnMAbs were capable of neutralizing this
indicator panel of viruses when the N332 glycan site was shifted to the 334 position (34,

35). These results suggest that for many antibodies targeting the high-mannose patch, escape
does not necessarily follow a shift in the glycan site from N332 to N334. There were,
however, notable differences in the ability of bnMADbs to recognize the N334 glycan site.
First, there were overall differences between antibody families. The PGT128 family of
antibodies was the most effective at neutralizing viruses with the N334 glycan site, while the
PGT135 family was completely unable to neutralize these variants. The PGT121 family of
antibodies was able to neutralize the N334 viruses to an intermediate degree. Second, there
were more subtle differences among the somatic variants of an antibody family. For the
PGT121 family of antibodies, for example, PGT121 was able to neutralize all the N334
glycan site variants in the panel except for the isolates JR-CSF and 92TH021. Conversely,
the PGT124 somatic variant of PGT121 was unable to neutralize any of the viruses in the
panel except for the isolate 94UG103. Differences between somatic variants were also found
among the PGT128 family of antibodies. Within this family, PGT130 was capable of
neutralizing all of the isolates in the panel, while PGT127 was only capable of neutralizing
half of the isolates. Given the notable differences between bnMADbs in recognizing N334
glycan site variants, we were next interested in evaluating the significance of these
differences on a larger virus panel.

The bnMADs display differences in the ability to neutralize viruses naturally expressing the
N332 or N334 glycan site

We wanted to compare differences in neutralization breadth and potency of bnMAb somatic
variants on viruses naturally expressing the N332 glycan site, the N334 site or neither. To
this end, we tested neutralization activity against a cross-clade 120-virus panel, which
contained 85 viruses with a N332 glycan site, 28 viruses with a N334 glycan site, and 7
viruses without either N332 or N334 glycan sites (Fig. 2A-C and table S2). To evaluate
neutralization profiles, we measured neutralization breadth and potency (ICsq cutoffs of 50
pg/mL) for each antibody (Fig. 2A—-C). Given the poor activity of the somatic variants from
the PGT135 family, we only tested bnMAb PGT135 and not PGT136 or PGT137 on this
large panel.

These results revealed differences between antibody families in the neutralization of viruses
with a glycan site naturally present at the N332 position (Fig. 2A-C). The PGT121 family of
antibodies neutralized N332 glycan site viruses more effectively overall than the PGT128
family or PGT135 (Fig. 2A-C). Nevertheless, no somatic variants from either of these
antibody families were able to neutralize all 85 viruses, indicating that the glycan at the
N332 site is often necessary, but not sufficient for neutralization by this class of antibodies.

Interestingly, there were marked differences in breadth and potency among somatic variants
within a clonal lineage in the ability to neutralize viruses with a glycan at the N334 site (fig.
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S1). For the PGT121 antibody family, for example, mostly PGT121 showed (although
limited) activity against the N334 glycan site virus panel (Fig. 2A and fig. S1). On the other
hand, PGT124, which is homologous to the recently described variant 10-1074, containing
only one residue difference in CDRH3, appeared to be especially ineffective against viruses
naturally containing a N334 glycan site, as similarly noted for 10-1074 (22). Similarly, for
the PGT128 antibody family, PGT130 was able to neutralize 68% of the N334 glycan site
viruses compared to 11% for PGT127 (Fig. 2B). Indeed, of all the bnMADbs tested, PGT130
was the most effective at neutralizing viruses with a glycan site at N334, suggesting that
immunogens designed to accommodate a PGT130 mode of Env recognition could provide
additional neutralization coverage against N334 glycan site viruses (Fig. 2B). PGT135,
meanwhile, was only able to neutralize a single virus in this N334 panel (Fig. 2C), which is
consistent with the results from the indicator panel.

Having demonstrated some degree of flexibility in recognizing isolates with a glycan at
either N332 or N334 sites, we surprisingly found somatic variants from both PGT121 and
PGT128 antibody families that were able to neutralize viruses naturally lacking a glycan at
either the 332 or 334 positions. To explore the degrees of dependency of bnMAbs on the
N332/334 glycan sites, we created a panel of virus mutants entirely lacking these sites and
tested neutralization by the PGT121 and PGT128 family of antibodies.

Some of the bnMAbs to the high-mannose patch neutralize viruses despite removal of
N332 and N334 glycan sites by alanine mutagenesis

We took a panel of 80 viruses consisting of 62 N332 and 18 N334 glycan site viruses,
eliminated the glycan sites in each case by alanine substitution (table S3 and S4), measured
neutralization breadth and potency of the PGT121 and PGT128 antibody families and then
tabulated percent viruses neutralized at different ICsq cutoffs (Fig. 3 and fig. S2).

In contrast to previous interpretations (8, 17, 22), somatic variants from both PGT121 and
PGT128 antibody families were capable of neutralizing a number of viruses lacking both
N332 and N334 glycan sites. PGT121 and PGT130 were the most effective antibodies
against those viruses and maintained a remarkable neutralization breadth of 36% and 45%,
respectively (Fig. 3 and fig. S2 and table S5-6). The potency of PGT130 against the N332A
and N334A variants was almost identical to the wild-type viruses while the potency of
PGT121 was about 10 fold lower (fig. S2). The ability to recognize Env despite lacking a
key portion of the epitope as suggested from structural studies, (contact to the N332 glycan
comprises 449 A2 out of 1081 A2 of the epitope in the case of PGT128 bound to an outer
domain construct (15)), is remarkable and may be due to the ability to utilize other glycan
sites in place of the N332 site.

Alternate glycan sites can be utilized by some bnMAbs targeting the high-mannose patch

Given that antibodies targeting the high-mannose patch can neutralize some virus isolates in
the absence of N-glycan sites at either position 332 or 334, we investigated whether alternate
glycan sites may be used in place of N332/334 for neutralization by the antibodies. We thus
chose isolates for which loss of the N332 or N334 glycan site did not have a demonstrable
impact on neutralization and then removed putative alternate glycan sites, either singly or in
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conjunction with N332 or N334 glycan sites, and subsequently tested neutralization. Figure
S3 summarizes the sensitivities of various mAbs targeting the high-mannose patch to the
presence of a number of key glycan sites identified previously (8, 15-17, 24) and below.

We first studied the PGT121 family of antibodies and focused on isolates 92BR020 and
92RW020, which naturally have a glycan site at N332, isolate CAP45, which naturally has a
glycan site at N334, and isolate ZM53, which does not have a glycan at either N332 or N334
sites (Figure 4A). Based on recent crystal and EM structures of recombinant gp140 trimer
suggesting PGT121/PGT122-glycan contacts with V1/V2 (17) and on reduced PGT121
binding to JR-CSF AV1/V2 Env by flow cytometry (fig. S4A), we introduced alanine
substitutions at glycan sequons in the V1/V2 loops in combination with the N332A
substitution. PGT121 neutralization was greatly reduced for isolate 92BR020 by removal of
the N136 and N332 glycan site combination as well as by the N301 and N332 combination,
whereas no large effects were observed for single substitution variants. To demonstrate that
these substitutions do not result in global neutralization sensitivity, we also tested the CD4bs
antibody PGV04 and demonstrated that loss of these glycan sites did not have an effect on
overall antigenicity (Fig. 4A and fig. S5). Similarly, for isolate 92RW020, removal of
glycan sites at both N137 and N332 resulted in complete loss of PGT121 neutralization,
with large reductions in neutralization titers following removal of the N156 and N332 as
well as the N160 and N332 glycan site combinations. For isolate CAP45, for which we
eliminated the N334 site, we also noted a co-dependency on the N137 glycan site for
neutralization by PGT121. The results show that, for the isolates described, PGT121 can
tolerate the loss of the N332 glycan site provided the glycan sites in the V1/VV2 loops are
present. For isolate ZM53, we found that removal of the glycan site at position N136
reduces PGT121-123 neutralization but interestingly has the opposite effect for PGT124 and
PGT133 (Fig. 6A—C and fig. S6). These results indicate a different mode of binding within
the somatic variants of this donor and underline the divergent evolution between antibodies
of the PGT121 family (35).

Considering that glycans in the V1/V2 loops are often complex-type and that PGT121-123
are capable of interacting with complex glycans (17, 22), we wanted to determine the
glycoform of the glycan sites that PGT121 utilizes in V1/V2. To this effect, we produced
viruses in the GnT17/~ deficient 293S cell line (37, 38), which results in Env bearing only
Mans_gGIcNAC, glycoforms. In the presence of a glycan at the N332 site, the 293S-grown
viruses were sensitive to PGT121 neutralization indicating no or little dependence on
complex-type glycans for neutralization and indicating that the critical glycan site(s) in the
V1/V2 loops are likely complex-type (Fig. 4B). Further, the results on PGT121
neutralization taken as a whole imply that the antibody makes critical use of the N332
glycan site when it is present, but if it is absent, then greater use can be made of the V1/V2
complex glycan sites to enhance the neutralization breadth of the antibody. This idea is
further corroborated by removal of the glycan site combinations N136 + N156 and N136 +
N301 (fig. S7), which show little effect on neutralization potency, suggesting that while the
antibody may be making contacts to these alternate glycans, reliance on these glycans only
becomes important in the absence of the N332 glycan.
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We next performed a similar analysis for the PGT128 family of antibodies and focused on
isolates 92RW020 and JR-CSF, which naturally have a glycan site at N332, on 92THO021,
which has a glycan site at N334, and on BG505, which does not have a glycan at either
N332 or N334 sites. To better determine which alternate glycan sites may be involved in the
PGT128 family epitope, we first tested binding to cell surface JR-CSF AV1/V2 and AV3
Env constructs and saw enhanced binding of AV1/V2 relative to wild-type and a large
decrease in binding to the AV3 Env construct (fig. S4B). Accordingly, we decided to focus
our mutagenesis on the glycan sites that comprise the canonical high-mannose glycan patch:
N295, N332, N339, N386, and N392. We also included the N301 glycan, located adjacent to
the high-mannose patch. Looking first at the isolate 92RW020, we only observed loss of
neutralization with the N301A substitution alone as well as for the N295A + N332A
combination (Fig. 5A). These results suggest that there is little or no flexibility in
dependency on the N301 glycan site, but that the glycans at the N295 and N332 sites are
close enough in proximity to substitute for each other when one of the two sites is missing
(15). For 92THO021, which naturally contains a glycan at the N334 site, loss of the N295
glycan site alone was able to abrogate neutralization or reduce potency for the PGT128
antibody family. This result suggests that, in some cases, the PGT128 family antibodies
depend more on the N295 glycan site for neutralization (Fig. 5B). For the isolate JR-CSF,
we see a similar result as for 92RW020. However, we do see some effects following
removal of the N295 and N386 glycan sites in combination as well as for the N332 and
N392 glycan site combination (Fig. 5C) in neutralization of JR-CSF by some PGT128
family antibodies. This result suggests that the N295/N386 glycan sites may also be utilized
by PGT128 family antibodies to some degree and further highlights the complexity of
glycan site promiscuity of some bnMADbs. For BG505, removal of N295A and N301A
glycan sites generally abrogated neutralization for the PGT128 family, but interestingly,
there was variability in the sensitivity of different antibody variants to the removal of other
glycan sites. Neutralization by PGT125 (Fig. 6D-F), for example, was not affected by any
glycan site mutations other than N295A and N301A, while the remaining antibodies within
the clonal lineage demonstrated lower neutralization plateaus for other glycan mutants
within the high-mannose patch (fig. S8). Further, similar to observations for PGT124 and
PGT133 on isolate ZM53, removal of the V1 glycan site at position N137 resulted in
enhanced neutralization ICsq and/or neutralization plateaus for all somatic variants except
PGT125, perhaps by increasing accessibility of the N295 and N301 glycans or protein
contacts (fig. S8).

Glycan modeling demonstrates close proximity of terminal mannose residues of glycans
at N295, N332 and N334

To further understand how the N-glycan sites at positions 332, 334, and 295 appear to have
some degree of interchangeability for binding by PGT128-like antibodies, we performed
ensemble modeling of glycan conformations at the N295 and N334 sites (Fig. 7A-C). We
used two computational methods to sample glycan conformations at N295 and N334 glycan
sites and evaluated root mean square deviation (RMSD) between the crystallized N332
glycan and the computationally generated N295 and N334 glycans.
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From the GlycanRelax ensembles, the lowest RMSDs were 4.9 A at N295 and 4.2 A at
N334, while from the GlycanTransfer simulations, the lowest RMSDs were 1.8 A at 295 and
3.1 A at 334. The lowest RMSD structures from GlycanTransfer are shown in Figure 7B and
7C. These results support the structural plausibility of glycans at position N295 or N334
making productive contacts to PGT128, and suggest that, compared to the glycan at position
N334, the glycan at position N295 might more readily mimic the N332 glycan. Further, the
results also suggest that in order for glycans at N295 or N334 sites to fully recapitulate the
interactions made by the N332 glycan, small protein backbone conformational changes may
be required in gp120, possibly at the base of the V3 loop.

These analyses offer a potential explanation for the reduced potency of bnMAbs against
viruses with a N334 glycan site compared to viruses naturally harboring the N332 glycan
site (Fig. 2A-C). Overall, these analyses support the notion that while moving the glycan
sites from N332 to N334 negatively impacts the binding of antibodies that form critical
contacts with the base of the glycan, antibodies that form contacts to the terminal
carbohydrates of the glycan remain capable of neutralization due to the inherent flexibility
of the glycan arms.

Glycan sites that are important for neutralization are highly conserved among isolates

We were interested in the frequency of the critical glycan sites in global isolates.
Accordingly, we analyzed over 30,000 sequences in the Los Alamos database for the
frequency of not only single glycan sites, but also the frequency of glycan site pairs among
cross-clade Env isolates.

First, given that previous work demonstrated a higher frequency of the N334 glycan site
among clade C founder viruses, which might confer resistance against PGT128-like
antibodies, (33), we wanted to determine the frequency of the N334 glycan site among
cross-clade isolates. The results revealed that a glycan site is present at the N332 position far
more often than at the N334 position, with 73% and 17% frequency among Env isolates,
respectively (Fig. 7D and table S7). Strikingly, only approximately 10% of Env sequences
contain no glycan site at either position N332 or N334, highlighting the high conservation of
the N332/334 glycan site and strongly suggesting a role for the presence of a glycan at this
site for replication fitness.

We were next interested in determining the frequency of glycan sites that are important in
bnMADb neutralization targeting the high-mannose patch. Strikingly, the N301 glycan site is
conserved in 96% of isolates, while the N136/7 glycan site is as highly conserved as the
N332 glycan site, with 72% frequency among isolates (Fig. 7D and table S7). The N295
glycan site is also highly represented, although less than the other glycan sites, with 58%
frequency among global isolates.

Considering that two or more glycan sites are important for forming most bnMADb epitopes
(15, 16), we next analyzed the frequency of combinations of glycan sites (Fig. 7E-7G). The
combination of N332/334 and N301 sites was present in 84% of isolates in the 31,788-virus
dataset (Fig. 7E). Of note, for isolates lacking N332/334, the N136/137 and N301 glycan
site pair is present at a frequency of 63% and the N295 and N301 glycan site pair at 53%
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(Fig. 7F and 7G). Therefore, for over half of those sequences that do not have N332 or N334
glycan sites, bnMAbs that also recognize the N136/137 or N295 glycans may remain
capable of recognizing Env. The high frequency of these alternative glycan sites,
individually and in pairs, suggests that the elicitation or delivery of antibodies with
promiscuous glycan site recognition will greatly improve protection coverage and may limit
virus escape during antibody therapy.

Discussion

The study of a subset of broadly neutralizing HIV antibodies that recognize the high-
mannose patch of gp120 has provided new insights into antibody recognition of a
glycoprotein. These insights include: 1) the ability of antibodies to penetrate between
relatively tightly packed glycans and access the protein surface underneath as described only
recently (15, 16, 39), 2) the potential of antibodies to form extended contacts over many
glycan residues (15, 16, 39), and 3) the very high affinities of the antibodies involved
despite predominant interaction with glycans (24, 40). These antibodies also have very high
potencies of neutralization in vitro and an antiviral activity in vivo that is exceptional (5, 6,
8, 27). Initially, a set of these antibodies were grouped together and were assumed to
recognize a very similar epitope, as they often lost neutralization activity against isolates
that do not contain a glycan at the N332 site (8, 28, 36). Here, we describe a new level of
complexity in antibody recognition of the mixed glycan-protein epitopes of the N332 region
of HIV gp120. We show that the same antibody can target differently positioned clusters of
neighboring glycan sites on different HIV isolates and that closely related antibody variants,
originating from the same HIV-infected individual, can bind to differing glycan
arrangements. It is instructive to consider the quantitative conclusions that can be drawn
from the results presented here that may influence vaccine design and antibody therapy
strategies.

We consider first the implications for vaccine efficacy. The data presented highlights
differing modes of N332-epitope recognition by bnAbs from both within and between
donors. One effect of this complexity and diversity is that polyclonal antibody responses
with promiscuous glycan binding behavior will be notably more effective at neutralizing a
diversity of HIV isolates than single bnMADbs lacking promiscuous behavior. To evaluate
quantitatively, we plotted a cumulative frequency distribution of percent viruses neutralized
at different 1Cgq cutoffs for individual bnMAbs of the PGT121 and PGT128 antibody
families on the cross-clade 120-virus panel (Fig. 8A-E). The elicitation of single PGT121 or
PGT128 specificities with no promiscuous capacity (i.e. N332 recognition only) would lead
to up to 62% and 52% neutralization coverage, respectively (table S8). A theoretical
combination of PGT121 and PGT128, however, would enhance overall neutralization
coverage to 81% (Fig. 8A and table S8). Strikingly, the elicitation or delivery of diverse
variants from both antibody families with promiscuous capacity would lead to neutralization
coverage reaching close to 90% for wild-type viruses (Fig. 8A and 8D). Although we have
noted previously the highly broad neutralization coverage of antibody combinations
targeting non-overlapping epitopes (8), these results indicate that the elicitation or delivery
of antibodies with overlapping or partially overlapping epitopes on just the high-mannose
patch could potentially provide up to 90% cross-clade coverage.
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In terms of implications of this study to potential antibody therapy, though also applicable to
vaccine efficacy, it is of interest to consider the breadth and potency of neutralization against
the panel of 80 viruses with and without the N332/334 glycan site. Against isolates with the
N332/334 glycan site present, PGT121 and PGT128 were able to neutralize 73% and 69% of
the panel, respectively, but this was reduced to 36% and 23% against the same viruses
lacking the N332/334 glycan site (Fig. 3 and Fig. 8B—C). However, a theoretical
combination of PGT121 and PGT128 antibodies would increase neutralization coverage
against those viruses to 46% (Fig. 8B—C). Further, a theoretical combination of all somatic
variants from all donors would extend neutralization coverage even further to 66%, which
presents an astounding recovery in neutralization breadth (Fig. 8B—C, Fig. 8E, and table S5-
6). Thus, antibody therapy with diverse antibodies targeting the high-mannose patch would
be more effective than single monoclonal therapy in limiting virus escape.

Finally, immunogen design strategies targeting the high-mannose patch will undoubtedly
begin with single well-explored specificities such as PGT128, but this design should
probably be extended rapidly to cover other specificities as molecular details emerge. In
particular, the observation that PGT121 and PGT128 are able to utilize alternate glycan sites
to the N332 site, namely N136/137 and N295 respectively, suggests that immunogens
incorporating an extended region of N-glycans beyond the N332 and N301 sites might be
necessary to elicit antibodies with this promiscuity of binding. Additionally, given the
enhanced neutralization potency or binding upon removal of certain glycan sites for PGT128
and PGT124, the need to accommodate potentially obstructive glycans may also be a key
part of the antibody maturation process and should be considered during immunogen design.
Further, immunogens that reflect the natural glycan heterogeneity at individual sites may
also be required to generate bnMADbs that are promiscuous in their recognition of the core-
component of both high-mannose-type and complex-type N-linked glycans (Fig. 4B) (17,
22). The extent of promiscuity that emerges in antibodies induced through immunization
will depend upon the immunogens and immunization protocols used and should be carefully
monitored.

The elicitation of antibodies to the high-mannose patch presents many challenges. A
substantial obstacle is the general lack of immunogenicity of glycans. The frequency of
chronically infected donors who develop antibody responses targeting the high-mannose
patch, however, suggests that this region can be immunogenic. Another obstacle is to avoid
eliciting anti-glycan antibodies that are self-reactive. We note that a number of isolates that
contain a glycan site at the 334 position are in fact highly resistant to all known high-
mannose patch targeting antibodies, but become sensitive upon shifting the glycan site to the
332 position (fig. S9). Thus, while our results suggest that not all viruses with a N334 glycan
site are resistant, there are additional nuances in the recognition of this site that would be
greatly informed by additional structural studies as well as by the isolation of new bnMAbs
that specifically target the glycan at the N334 position. Finally, the data presented here uses
a readily available large cross-clade panel of isolates. Similar studies could be fruitfully
carried out on recently isolated founder viruses for comparative studies.

In summary, broadly neutralizing antibodies targeting the high-mannose patch of HIV
gp120 such as PGT121 and PGT128, exhibit outstanding in vitro and in vivo anti-viral
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activity. Although generally considered as N332 glycan site dependent, these antibodies and
their somatic variants show a marked ability to retain neutralization potency despite the loss
of this glycan site through amino acid substitution. An important factor here appears to be
the propensity of the antibodies to make use of neighboring glycans. The antibodies also
show the ability to neutralize many viruses isolated from natural infection in which the
glycan site is located at the N334 rather than the N332 position. In terms of antibody
therapy, the promiscuous behavior described may impact upon and limit neutralization
escape. In terms of vaccine design, immunogens and immunization strategies will need to be
carefully chosen to maximize the potential of induced antibodies targeting the high-mannose
patch.

Materials and Methods

Study Design

The objective of the study was to better define the high-mannose patch epitope cluster on
HIV Env and to identify key glycan components that would inform immunogen design for
the elicitation of broadly neutralizing antibodies by vaccination. To this end, known broadly
neutralizing antibodies that target the epitope cluster were extensively tested in
neutralization assays to identify the glycan sites that are important for neutralization.
Removal of glycan sites by alanine substitution was performed by site-directed mutagenesis
and variants evaluated in neutralization assays. HIV Env sequences from the Los Alamos
database were analyzed computationally to determine the frequency of single and pairwise
glycan sites that were identified to be important for neutralization. Finally, glycans at
different glycan sites on gp120 were modeled by the programs GlycanRelax and
GlycanTransfer to determine the spatial dynamics between glycan sites. The viruses tested
in the study were selected because they are publically available and are routinely used by
other groups to evaluate neutralization breadth and potency. Antibodies were chosen
because they are also publically available and demonstrate the greatest neutralization
breadth and potency among this class of antibodies. All experiments were performed in
duplicate unless otherwise noted.

Antibodies and antigens

The following antibodies and reagents were procured by the IAVI Neutralizing Antibody
Consortium: antibody 2G12 (Polymun Scientific), PGT121-128, PGT130-131, PGT133,
PGT135-137, and PGV04.

Pseudovirus production and neutralization assays

To produce pseudoviruses, plasmids encoding Env were co-transfected with an Env-
deficient genomic backbone plasmid (pSG3AEnNv) in a 1:2 ratio with the transfection reagent
Fugene 6 (Promega). Pseudoviruses were harvested 72 hours post transfection for use in
neutralization assays. Neutralizing activity was assessed using a single round of replication
pseudovirus assay and TZM-bl target cells, as described previously (8). Briefly, TZM-bl
cells were seeded in a 96-well flat bottom plate at a concentration of 20,000 cells/well. The
serially diluted virus/antibody mixture, which was pre-incubated for 1 hr, was then added to
the cells and luminescence was quantified 48 hrs following infection via lysis and addition
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of Bright-Glo™ Luciferase substrate (Promega). To determine ICsg values, serial dilutions
of mAbs were incubated with virus and the dose-response curves were fitted using nonlinear
regression.

Antibody expression and purification

Antibody plasmids were co-transfected at a 1:1 ratio in 293 FreeStyle cells using 293fectin
(Invitrogen). Transfections were performed according to the manufacturer’s protocol and
antibody supernatants were harvested four days following transfection. Antibody
supernatants were purified over a protein A column, eluted with 0.1M citric acid (pH 3.0),
and dialyzed against phosphate-buffered saline.

Envelope mutations

Mutations were introduced by site-directed mutagenesis using the QuikChange site-directed
mutagenesis kit (Stratagene) and mutants were verified by Sanger DNA sequencing.

ELISA assays

Cell surface

Statistics

Ninety-six-well ELISA plates were coated with 50 uL PBS containing 100 ng of goat anti-
human IgG Fc (Pierce) or 100 ng of gp120 per well. The wells were washed four times with
PBS containing 0.05% Tween 20 and blocked with 3% BSA at room temperature for 1 h.
Serial dilutions or mAb were then added to the wells, and the plates were incubated at room
temperature for 1 hour. After washing four times, goat anti-human 1gG Fab’, conjugated to
alkaline phosphatase (Pierce) was diluted 1:1000 in PBS containing 1% BSA and 0.025%
Tween 20 and added to the wells. The plate was incubated at room temperature for 1 h,
washed four times, and the plate was developed by adding 50 uL of alkaline phosphatase
substrate (Sigma) to 5 mL alkaline phosphatase staining buffer (pH 9.8), according to the
manufacturer’s instructions. The optical density at 405 nm was read on a microplate reader
(Molecular Devices).

binding assays

To produce cell surface Env trimer, plasmids encoding Env were co-transfected with an
Env-deficient genomic backbone plasmid (pSG3AEnv) in a 1:2 ratio with the transfection
reagent Fugene 6 (Promega). The cells were then harvested 48 hrs following transfection
and the supernatant discarded. Titrating amounts of mAbs were added to the transfected
cells and incubated for 1h at 4°C in 1x PBS. The cells were washed three times with 1x PBS
and fixed with 2% PFA (PolySciences) for 20 min at RT. Following three washes with 1x
PBS, the cells were then stained with a 1:200 dilution of goat anti-human IgG F(ab’)2
conjugated to phycoerythrin (Jackson) for 1h at RT. Binding was analyzed using flow
cytometry, and binding curves were generated by plotting the mean fluorescence intensity of
antigen binding as a function of antibody concentration. FlowJo software was used for data
interpretation.

Statistical analyses were done with Prism 6.0 for Mac (GraphPad). Viruses that are not
neutralized at an 1Cgq or ICgg Were given a value of 50 pg/ml for median calculations. For
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combinations of antibodies, a virus was counted as covered if at least one of the monoclonal
antibodies was neutralized depending on individual concentrations (ICsg). This approach
does not take additivity into account and therefore underestimates the neutralization potency
of antibody combinations.

Glycan Modeling

GlycanRelax (41), was employed to generate 1000 different conformations of Mang at
position 295 and 334 of the eODmMV3 in PDB:3TYG but in the absence of PGT128. In
addition, a new biased glycan sampling program, GlycanTransfer, was written in MSL (42)
to explore alternative glycan conformations capable of mimicking the interaction of the
N332 glycan with PGT128. Brief details of the GlycanTransfer program are as follows. The
N-linked Man8 from position 332 in PDB:3TYG was transferred to position 295 and 334 by
aligning the backbone atoms of the asparagine to the backbone atoms of N295/S334. Next,
22 dihedral angles were allowed to rotate within confined angular ranges above and below
the values in PDB:3TYG or the mean values defined by Petrescu et al (43) and Wormald et
al (44). The allowed range was +/- 1.5 standard deviations according to Petrescu et al and
Wormald et al (43, 44). To effectively explore the conformational space, systematic
sampling (angles closest to protein first) and random sampling protocols were utilized
independently and in combination. Throughout the trajectories, models were selected when a
set of dihedral angles produced glycan conformations with a low root-mean-square-
deviation (RMSD) to a specified sugar ring, either the beta-D-mannose (BMA) group or one
of the terminal mannose (MAN) groups of Mang. RMSDs reported in the main text are for
BMA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neutralization of viruses by bnMAbs to the high-mannose patch with the N332 glycan

site shifted to the 334 position

Neutralization potency was measured on a 6-virus indicator panel for which the glycan site
at N332 was shifted to the 334 position. Presented values are neutralization ICsq in pg/ml
and colored according to the listed scale. Values listed as “ND” were not determined.
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Figure 2. BnMADbs to the high-mannose patch neutralize many isolates with the glycan site at the
332 position but also some bnMADbs can neutralize isolates with the site at the 334 position and
some with no glycan site at either position

Percent neutralization breadth and median ICgg were determined at an 1Cgq cutoff of 50
pg/mL for the (A) PGT121 antibody family (B) PGT128 antibody family and (C) PGT135.
Viruses were separated into those naturally containing a glycan site at N332 or N334 or
without a glycan site at either position.
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Figure 3. A substantial fraction of isolates in a large panel are neutralized by high-mannose
patch bnMAbs when the N332 or N334 glycan sites are eliminated by alanine mutagenesis

Antibody families were tested on an 80-virus panel, whose members naturally include a
glycan site at N332/334 (A) and on the same panel with the glycan site at N332/334
removed by alanine mutagenesis (B). Listed are percent viruses neutralized at the indicated
neutralization ICsq cutoffs. Cumulative distribution frequency (CFD) of percent viruses
neutralized in the 80-virus panel with and without the N332/334 glycan site present at
different 1C5q cutoffs for the (C) PGT121 antibody family and the (D) PGT128 antibody
family.
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Figure 4. PGT121 can utilize glycans in the V1/V2 loops to neutralize isolates when the glycan
site at N332 or N334 is removed by alanine mutagenesis

(A) Neutralization potency of PGT121 was measured on 92BR020, 92RW020 and CAP45
glycan mutant viruses for which N-linked glycosylation sites have been removed singly
(solid line) or in combination with N332 (dashed line) by alanine mutagenesis. PGV04 was
included as a control. (B) Neutralization potency of PGT121-123 was measured on virus
isolate 92BR020 N332A mutant virus (red) made in HEK 293T cells (solid line) and a
GNnT17/~ deficient HEK 293S cell line (dotted line) and the potency compared to WT virus

(black).
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Figure 5. PGT128 family antibodies can utilize alternate glycan sites in the high-mannose patch
to neutralize isolates when the N332 or N334 glycan sites are removed by alanine mutagenesis

Neutralization potency of the PGT128 antibody family was measured on a panel of (A)
92RW020, (B) 92THO021 and (C) JR-CSF glycan mutant viruses for which N-linked glycan
sites in the V3 region were removed alone or in combination with other N-linked glycan

sites.
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Figure 6. bnMADs to the high-mannose patch can utilize alternate glycan sites to neutralize
viruses that naturally do not have a glycan site present at the N332/334 position

(A) PGT121, (B) PGT123, and (C) PGT124 were tested for neutralization of ZM53 glycan
site mutants. (D) PGT125, (E) PGT127, and (F) PGT128 were tested for neutralization of
BG505 glycan site mutants. Mutants were generated by site-directed mutagenesis.
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Figure 7. Structural modeling of high-mannose patch glycan sites and calculations of glycan site
frequencies
Glycan models to rationalize PGT128 promiscuity. (A) Close-up view of PGT128 binding to

eODmV3 including the glycans at position N301 and N332, as defined by the crystal
structure of eODmMV3+PGT128. (B) Model for an N-linked MangGIcNAc, glycan at
position N295 on eODmV3. (C) Model for an N-linked MangGIcNAc, glycan at position
N334 on eODmV3. Coloring is as follows: PGT128, magenta; eODmV3, red; N301 glycan,
magenta; N332 glycan, red; N295 glycan, yellow; N334 glycan, white. Cross-clade
frequency of glycans at different positions on Env. (D) Frequency of critical N-linked
glycan sites in 31,788 viruses in the Los Alamos database. A glycan site was determined as
being present accordingly to the Nx(T or S) motif, where x is not a proline. Only clades for
which > 100 sequences were available are included in the graph. The line represents the
mean of the frequency for each glycan site. (E-F) Frequency of combinations of the N-
linked glycan sites shown to be important for bnMAb neutralization in the same set of
31,788 virus sequences.
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Figure 8. Combinations of antibodies targeting the high-mannose patch increase neutralization
coverage compared to single antibodies

(A) Summary of neutralization breadth and potency on the 120-virus panel for individual
antibodies and theoretical antibody combinations. (B) Summary of neutralization breadth
and potency on an 80 wild-type virus subset of the 120-virus panel and (C) on the same 80-
virus panel with the glycan site at N332/334 removed by alanine mutagenesis. The analysis
includes individual antibodies and theoretical antibody combinations. (D) Cumulative
frequency distribution at different ICgq cutoffs for individual antibodies and theoretical
antibody combinations on the 120-virus panel. (E) Cumulative frequency distribution at
different 1Csq cutoffs for individual antibodies and theoretical antibody combinations on the
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80-virus subset of the 120-virus panel with (solid) and without (dotted) the glycan site at
N332/334.
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