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Abstract

A number of potent broadly neutralizing antibodies against HIV-1 have recently been identified that target epitopes
on the viral envelope that contain N-linked glycans. It remains unknown how frequently glycan-dependent neu-
tralizing antibodies generally arise during the course of natural infection or whether particular glycosylation sites are
preferentially targeted. We tested sera with a broad range of neutralization activity from individuals infected with
HIV-1 clades B or C against panels of HIV-1 Env pseudoviruses that lacked specific glycans in the outer domain
glycan cluster (ODGC) or inner domain glycan cluster (IDGC) to determine the presence of glycan-dependent
neutralizing antibodies. Overall, 54% of individuals were observed to have neutralizing antibodies targeting these
glycan regions. Glycan-specific neutralizing antibodies were readily detected in sera that were selected for having
broad, moderate, or weak neutralization potency and breadth. Our results demonstrate that glycan-specific neu-
tralizing antibodies arise with appreciable frequency in individuals chronically infected with HIV-1 clades B and C.
Antibody responses that commonly occur during natural infection may be more feasible to induce by vaccination;
thus glycan-specific neutralizing antibodies may be desirable responses to elicit with candidate HIV-1 vaccines.

Introduction

THE HIV-1 ENVELOPE SPIKE is a heterotrimeric glyco-
protein composed of gp120 and gp41 subunits that me-
diates fusion with host cells and serves as the sole target for
neutralizing antibodies.'> The gp120 surface subunit exhibits
an extraordinary degree of glycosylation, the majority of which
is N-linked.** These N-linked glycans can act to shield un-
derlying epitopes on the envelope protein backbone from
neutralizing antibodies, and can further change conformation
in response to antibody-mediated immune pressure to facilitate
viral escape.” Over the past several years numerous mono-
clonal antibodies (mAb) have been isolated from HIV-1-in-
fected individuals that demonstrate broad and potent activity
against HIV-1, and a substantial portion of these broadly neu-
tralizing antibodies (bNADbs) targets epitopes that contain N-
linked glycans.®*'* It has therefore become increasingly ap-
parent that aside from shielding underlying epitopes, HIV-1
envelope glycans can themselves serve as targets of neutralizing
antibodies.

In-depth characterization of recently isolated bNAbs has
identified several major epitope targets on HIV-1 Env, some
of which include the CD4-binding site (CD4bs), the gp41

membrane proximal external region (MPER), the gpl120—
gp4l ECTO interface, and glycan-containing epitopes on
either the V3 or V1/V2 regions of gp120."°~**> bNAbs tar-
geting the V3 region recognize a high-mannose patch that is
centered around the highly conserved N332 glycan. It has
recently been demonstrated that these bNAbs can evolve
promiscuous glycan recognition that allows binding to
proximal glycans in the absence of N332, thus effectively
extending their breadth of viral coverage.**

A second class of glycan-dependent bNAbs has been de-
scribed that targets a conformation-dependent region in V1/V2
that contains the N160 glycan.®~'® Additional glycans have also
been found to play a role in epitope formation for bNAbs that
target N332 or N160. These include N295, N339, N386, and
N392 for mAb 2G12'*; N156 for mAbs PG9 and PG16 '*; and
N301 for mAb PGT128.% Other antibodies have been recently
characterized that target glycans unrelated to the dominant
N332-V3 or N160-V1/V2 epitopes. The bNAbs 8BANC195 and
35022 target novel epitopes spanning both the gp120 and gp41
subunits, and require the glycans at positions N234 and N276, or
N88,N241, and N625 for neutralization, respectively. 18.61J 16,
which recognizes an epitope in the CD4bs region, requires the
N276 glycan.?’
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The recently discovered bNAb PGT151 targets a glycan-
dependent epitope that spans both gp120 and gp41.">'” While
the extensive characterization of recently isolated bNAbs has
increased our understanding of the key role that glycans can
play in forming highly targeted epitopes, these bNAbs were
isolated from elite neutralizers, whose sera demonstrated
extremely broad and potent neutralizing activity. It remains
unclear how frequent glycan-dependent neutralizing anti-
bodies develop in individuals whose sera demonstrate only
weak or moderate neutralizing activity. This information may
have implications for HIV vaccine design, as neutralizing
antibodies that commonly develop in infected individuals may
be more readily elicited by vaccination.

A prior study by Lavine et al. characterized the glycan-
dependent neutralizing antibodies of nine individuals with
chronic HIV-1 infection.?® Those subjects were chosen for
investigation as they were elite neutralizers with known
broad and potent serum neutralizing antibody activity.>
These individuals were infected with HIV-1 subtypes A or C,
and serum samples were tested against glycan-specific de-
letion mutant viruses derived from the clade B virus YU2. In
that cohort, glycans were found to be frequent targets of
neutralizing antibodies, with sera from eight of nine subjects
containing antibodies with glycan-dependent epitopes. In-
terestingly, only a few glycosylation sites appeared to be
targeted: N332 and N386 in the outer domain glycan cluster
(ODGC) of gp120, and N234, N241, and N362 located in the
newly described inner domain glycan cluster (IDGC).

Here we sought to expand upon those findings by examining
the frequency of neutralizing antibodies targeting ODGC,
IDGC, or N160 glycans in a larger cohort of individuals
chronically infected with HIV-1 subtypes B or C, with a focus
on individuals whose sera demonstrated weak or moderate
neutralization potency and breadth. This new cohort displayed
a broad range of serum neutralizing activity that may better
represent the cross-section of antibody responses found in
HIV-1-infected populations.’*? In addition, we have utilized
glycan-deletion mutant viruses generated using both a clade B
(YU2) and clade C (ZM135M.PL10a) reference strain to as-
sess whether the clade of virus envelope used in screening
assays influenced glycan recognition.

Materials and Methods
Ethics statement

This study utilized deidentified serum samples and was
conducted under the approval of the local Institutional Review
Boards (IRBs). The following IRBs conducted oversight for
their respective sites: Beth Israel Deaconess Medical Center
(Boston, MA), Brigham and Women’s Hospital (Boston, MA),
Duke University Medical Center (Durham, NC), Queen Mary’s
School of Medicine and Dentistry (United Kingdom), and
University of Witwatersrand—Human Research Ethics Com-
mittee (Johannesburg, South Africa). The data were analyzed
anonymously. Written informed consent was obtained from all
subjects.

Serum samples and monoclonal antibodies (mAbs)

The serum samples utilized for this study have been pre-
viously described’®? and were obtained from chronically
infected individuals who were antiretroviral drug naive and
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infected with HIV-1 subtypes B or C. These samples dis-
played a broad range of neutralization activity when tested
against panels of Tier 2 HIV-1 Env pseudoviruses (Supple-
mentary Figs S1 and S2; Supplementary Data are available
online at www .liebertpub.com/aid). HIV-1 genetic subtypes
were determined by sequencing of a single plasma gp160
gene as described.”® mAbs 2F5 and PG9 were obtained
commercially (Polymun Scientific, Vienna, Austria), as was
soluble human CD4 protein (sCD4, Progenics, Tarrytown,
NY). mAbs 3BNC117, 10-1074, and 8ANC195 were kindly
provided by Michel Nussenzweig (Rockefeller University,
New York, NY). PGT121 and PGT145 were generously
provided by Dennis Burton (The Scripps Research Institute,
La Jolla, CA). VRCO1 was kindly provided by John Mascola
(NIH Vaccine Research Center, Bethesda, MD). HIVIG-B
and HIVIG-C were generously provided by David Montefiori
(Duke University Medical Center, Durham, NC). mAb 10ES8
was produced in the laboratory of Bing Chen (Children’s
Hospital, Boston, MA).34

Generation of core panel of HIV-1 Envgp160
glycan-deletion mutant viruses

Wild-type (WT) and glycan-deletion mutant YU?2 (clade B)
and ZM135M.PL10a (clade C) Env gpl60 constructs were
generated as previously described.?® The YU2 glycan-deletion
mutants N234S, N241S, N362K, and N160K were those gen-
erated previously, whereas the YU2 N332K and N386T mu-
tants and the panel of ZM135M.PL10a glycan mutants were
newly created for this study. Glycan-deletion mutants were
created by following the PCR-based QuikChange protocol
(Stratagene) using the parental YU2 or ZM135M.PL10a Env,
expressed in pcDNA3.1, as the template. WT YU2 gp160
plasmid was a kind gift of Dana Gabuzda (Dana Farber Cancer
Institute, Boston, MA), and WT ZM135M.PL10a gp160 plas-
mid was obtained from the NIH AIDS Research and Reference
Reagent Program as donated by C.A. Derdeyn and E. Hunter.
Glycan-deletion mutations were designed to replace the as-
paragine residue in the NXS/T glycosylation motif with either a
serine, lysine, or threonine residue as are found in some strains
of HIV-1. The integrity of each of the constructs was confirmed
by DNA sequencing of the entire env reading frame. The mu-
tants were named via the following formula: the wild-type
amino acid residue in single-letter code, the residue number,
and the substituted amino acid. Residue numbering is based on
that of HXBc2 gp160, according to current conventions.>

Production and titration of glycan-deletion
mutant pseudoviruses

To prepare pseudovirus stocks, 293T/17 cells were co-
transfected with optimized concentrations of the WT or
glycan-deletion mutant env plasmid and SG3AEnv backbone
plasmid using FuGENE 6 transfection reagent (Promega,
Madison, WI) via the manufacturer’s instructions. 293T/17
cells were seeded into T75 flasks and allowed to reach 50—
80% confluency overnight. The following day, backbone and
Env plasmid DNA were combined with the transfection re-
agent and incubated at room temperature for 30 min to allow
for the formation of complexes. The transfection mixture was
then added to the flasks and incubated for 6-8 h at 37°C, 5%
CO,. After incubation, the medium containing transfection
mixture was removed and the cells overlaid with fresh growth
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media. Twenty-four hours later, cell culture supernatants
containing the pseudoviruses were harvested, aliquoted, and
stored at —80°C until use.

Titration of pseudovirus stocks to determine the 50% tissue
culture infectious dose per ml (TCIDsy/ml) and dilution for
use in neutralization assays were performed using TZM.bl
cells as previously described.* Briefly, a 5-fold serial dilu-
tion of virus stock was performed in quadruplicate wells and
incubated with TZM.bl cells in growth media containing
DEAE-dextran (11 ug/ml final concentration). After 48 h, the
cells were measured for luciferase reporter gene expression,
indicating the ability of the WT and glycan-deletion mutant
pseudoviruses to infect cells. TCIDso/ml was calculated us-
ing an Excel macro made available on the Las Alamos Na-
tional Laboratories website (www.hiv.lanl.gov). The dilution
of virus stock for use in neutralization assays was based on a
read-out of approximately 150,000 relative luminescence
unit (RLU) equivalents in TZM.bl cells.

Neutralization assay for phenotyping and detection
of glycan-dependent neutralizing antibodies

Neutralizing antibody titers against WT and glycan-deletion
mutant pseudoviruses were determined using a luciferase-
based TZM.bl cell assay as previously described.***” This as-
say measures a decrease in luciferase reporter gene expression
following single-round viral infection of TZM.bl cells. Briefly,
3-fold serial dilutions of mADb reagents or heat-inactivated pa-
tient serum samples (56° C, 1 h) were performed in duplicate
and incubated with either the WT or glycan-deletion mutant
pseudoviruses for 1 h at 37°C. TZM.bl cells were then added in
growth media containing DEAE-dextran at a final concentra-
tion of 11 ug/ml, and assay plates incubated for 48 h at 37°C,
5% CO,. Luciferase reporter gene expression was measured
using Bright-Glo luciferase reagent (Promega) and a Victor 3
luminometer (Perkin Elmer). Neutralization titers (50% in-
hibitory dose, IDso) were calculated as the serum dilution at
which RLU were reduced by 50% compared to RLU in virus
control wells after subtraction of background RLU in cell con-
trol wells. All assays were performed in a laboratory meeting
GCLP standards. For the detection of glycan-dependent neu-
tralizing antibodies against the YU2 and ZMI135M.PL10a
glycan-deletion mutant panel, a sample was considered to have
glycan-dependent neutralizing antibodies if the IDsy titer was at
least 2.5-fold lower than that against WT virus.
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Results

Generation and phenotyping of YU2
and ZM135M.PL10a glycan-deletion mutant viruses

The clade B isolate YU2 was utilized to generate N332K,
N386T, N234S, N2418S, N362K, and N160K glycan-deletion
mutant envelope plasmids. All YU2 glycan-deletion mutant
Env plasmids yielded infectious pseudovirus stocks that
exhibited equivalent TCIDso/ml compared to WT YU2
(Fig. 1A). To study the effect of virus envelope clade on the
identification of glycan-dependent NAb, we also created
comparable mutants using the clade C virus envelope clone
ZM135M.PL10a. This virus belongs to the standard refer-
ence panel of clade C Tier 2 isolate:s,38 and was found to have
a similar number of N-linked glycosylation sites as YU2.
Using N-GlycoSite (www.hiv.lanl.gov/content/sequence/
GLYCOSITE/glycosite.html)** we determined the N-linked
glycosylation motifs that were analogous to the ODGC,
IDGC, and N160 glycans identified for YU2. Site-directed
mutations were introduced at these sites to remove the gly-
cosylation motif. Pseudoviruses produced with these mutant
Envs were found to have infectious titers that were at least
equivalent to that of WT ZM135M.PL10a (Fig. 1B).

To ensure that removal of glycans at these positions within
the viral envelope did not significantly alter the neutralization
phenotype of the virus as compared to WT, viruses were tested
in TZM.bl neutralization assays using a panel of neutralizing
antibodies against HIV-1 (Table 1). bNAbs were chosen that
target known neutralization epitopes on the HIV-1 envelope,
including the CD4bs (3BNC117, VRCO1, and sCD4), MPER
(2F5 and 10ES8), glycan-containing epitopes on the V3 loop
(PGT121 and 10-1074), the V1/V2 region (PG9 and PGT145),
and the glycan at N234 (8ANC195). In addition, we tested the
WT and glycan-deletion mutant viruses against a heterologous
pool of polyclonal HIV immunoglobulins of patients infected
with either clade B (HIVIG-B) or clade C (HIVIG-C) sub-
types. Overall, glycan-deletion mutant viruses exhibited sim-
ilar neutralization sensitivities as WT viruses to mAbs directed
against CD4bs and MPER epitopes, with the exception of the
ZM-N234S mutant that exhibited a decrease in sensitivity to
the CD4bs mAbs 3BNC117 and VRCO1, but not sCD4.

As previously reported, the removal of the glycan at N332
in the YU2 envelope abolished recognition by mAb 10-1074,
and significantly increased the ICsy titer of PGT121 to >25-
fold that of WT.”'* The fact that PGT121 still exhibited a

FIG. 1. Infectivity of YU2
(clade B) and ZM135M.PL10a
(clade C) glycan-deletion
pseudoviruses. A panel of
glycan-deletion mutant viruses
was created in either YU2 (A)
or ZM135M.PL10a (B) gp160.
Pseudovirus stocks were gen-
erated by transfection of 293T
cells, and tested for infectivity
in a TZM.bl cell-based assay.
TZM.bl cells were infected
with serial dilutions of each
glycan mutant or parental wild-
type (WT) virus, and TCIDsy/
ml was calculated.
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TABLE 1. GLYCAN-DELETION MUTANT VIRUS PHENOTYPING

ICsy (ng/ml) in TZM.bI cells

YU2-WT YU2-N332K YU2-N386T YU2-N234S YU2-N241S YU2-N362K YU2-160K

sCD4 0.117 0.047 0.148 0.203 0.117 0.180 0.075
3BNC117 0.009 0.011 0.006 0.010 0.007 0.011 0.009
VRCO1 0.125 0.087 0.042 0.080 0.192 0.192 0.177
PGTI121 0.011 0.311 0.012 0.012 0.008 0.012 0.007
10-1074 0.138 >25 0.201 0.141 0.134 0.096 0.079
PGT145 0.027 <0.023 <0.023 0.041 0.029 0.033 >50

PG9 20.102 15.780 16.721 22.154 6.580 9.363 >25

8ANCI195 0.284 0.321 0.287 >25 0.426 0.488 0.240
2F5 13.632 8.716 14.385 23.579 19.275 11.430 9.728
10E8 0.731 0.571 0.750 0.817 1.003 0.986 0.724
HIVIG-B 350.960 210.589 306.248 332.909 586.594 518.778 356.832
HIVIG-C 69.004 43.379 58.346 95.874 101.952 97.471 55.038

ZM135M.
PL10a-WT ZM-N332K ZM-N386T ZM-N234S ZM-N241S  ZM-N362K  ZM-N160K

sCD4 12.370 8.830 21.660 >25 >25 13.900 15.470
3BNC117 0.034 0.062 0.045 0.097 0.059 0.023 0.053
VRCO1 2.855 3.992 1.984 19.551 1.638 0.787 2.510
PGTI121 0.186 >25 0.221 0.222 0.288 0.221 0.165
10-1074 0.127 >25 0.210 0.151 0.146 0.112 0.122
PGT145 >50 >50 >50 >50 >50 >50 >50

PG9 >25 >25 12.770 >25 >25 >25 >25

8ANCI195 >25 >25 >25 >25 >25 >25 >25

2F5 >25 >25 >25 >25 >25 >25 >25

10E8 0.580 1.270 1.340 0.960 0.730 1.160 1.070
HIVIG-B 936.439 662.977 1468.623 719.841 1157.868 1060.778 1096.948
HIVIG-C 304.207 391.521 355.891 237.719 514.155 308.350 288.143

YU2 and ZM135M.PL10a glycan-deletion mutant viruses were tested against a panel of bNAbs, HIV immunoglobulin from individuals
infected with clades B or C (HIVIG-B and HIVIG-C), and soluble CD4 (sCD4) to determine if neutralization sensitivity was altered
compared to parental WT virus. ICs titers demonstrating resistance have been bolded.

degree of neutralizing activity against the YU2-N332K mu-
tant may be due to promiscuous binding to alternative gly-
cans as previously described.?* Similarly, removal of the
N332 glycan in the ZM135M.PL10a envelope eliminated
neutralizing activity for mAbs PGT121 and 10-1074. While
mAb 8ANCI195 did not demonstrate neutralizing activity
against WT ZM135M.PL10a, removal of the glycan at N234
in the YU2 envelope eliminated recognition as previously
reported.***! Removal of the glycan at position 160 in YU2
completely abrogated recognition by mAb PGT145 as would
be predicted,” whereas ZM135M.PL10a WT and glycan-
deletion mutant viruses were naturally resistant to this mAb.
From these data, we conclude that removal of N-linked gly-
cosylation sites at the indicated amino acids did not change
the global neutralization sensitivity of mutant viruses com-
pared to the WT parental virus, but did eliminate recognition
by certain glycan-dependent bNAbs as would be predicted
based on epitope specificities.

Mapping of glycan-specific antibodies
using glycan-deletion mutant viruses

In the previous study by Lavine et al., sera from a cohort of
elite neutralizers chronically infected with clade A or C viruses
were found to target glycans located in the ODGC (N332,
N386) and/or IDGC (N234, N241, N362) of clade B virus

YU2.2® We sought to further investigate whether separate
cohorts of clade C-infected or clade B-infected individuals
with a broader range of neutralizing activity would similarly
target ODGC, IDGC, and/or the frequent bNAD target N160
glycans.®* ' We selected serum samples from previous studies
that had been extensively screened for neutralizing activity
against multiclade panels of Tier 2 HIV-1 Env pseudoviruses.
As the potency and breadth of neutralizing activity were found
to be highly correlated, we categorized samples based on those
that neutralized >80% (broad), 40-80% (moderate), or <40%
(weak) of viruses in their respective panels (Supplementary
Figs S1 and S2).

Sera from 35 patients chronically infected with HIV-1
clade C were tested against YU2 and ZM135M.PL10a WT
Env pseudoviruses. Of these samples, 14 were able to neu-
tralize either YU2 and/or ZM135M.PL10a WT and were thus
subsequently tested against the glycan-deletion mutant pan-
els (Fig. 2). Ten of the clade C serum samples had measurable
neutralizing activity against YU2 WT, and the majority of
these neutralized the panel of YU2 glycan-deletion mutant
viruses with similar IDs, titers. However, samples C44 and
C10 exhibited decreased neutralization against the glycan-
deletion mutant virus N332K. These data suggest that these
individuals had NAbs that targeted epitopes requiring the
N332 glycan. When the clade C serum samples were tested
against the clade-matched ZM135M.PL10a glycan-deletion
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Clade C Cohort vs. YU2 and ZM135M.PL10a
ODGC IDGC
Sample Virus WT N332K N386T N234S N2418 N362K N160K
e YU2 131 196 150 117 132 122 325
ZM135M.PL10a] 602 386 538 263 388 307 909
e YU2 234 350 234 172 114 212 298
ZM135M.PL10a 199 208 289 310 73 233 182
o YU2 391 342 301 267 340 273 575
ZM135M.PL10a 166 74 89 §9 4} 1 123 87
c8 YU2 <20 no neutralizing activity _ t WT
ZM135M.PL10a 57 32 31 48 <20 53 29
— YU2 137 272 149 108 133 118 176
ZM135M.PL10a 150 104 74 101 60 104 64
e YU2 2381 7143 2000 1515 1852 1471 4545
ZM135M.PL10a 92 88 40 107 74 45 08
62 YU2 <20 no neutralizing activity against WT
ZMI135M.PL10a 68 36 44 83 <20 38 33
o YU2 51 <20 47 63 41 65 59
ZMI135M.PL10a] <20 no neutralizing activity against WT
i YU2 53 526 116 60 68 9] 127
ZM135M.PL10a 56 56 38 50 23 36 25
e YU2 53 117 98 69 59 101 79 |
ZM135M.PL10a 51 41 36 49 <20 49 <20
= YU2 185 203 191 113 192 233 234
ZM135M.PL10a 120 54 63 54 29 £ 38
=0 YU2 74 28 88 58 52 87 92
ZMI35M.PL10a| 227 54 | R 95 46
ool YU2 <20 no neutralizing activity against WT
ZMI135M.PL10a] 224 255 | 294 | 267 |8 226 | 122
ca8 YU2 <20 no neutralizing am:mty inst WT
ZM135M.PL10a 110 98 | 88 | 93 [ag 48 | 37

FIG. 2. Screening of clade C serum samples against YU2 and ZM135M.PL10a WT and panel of glycan-deletion mutant viruses.
IDs, titers were calculated as the reciprocal dilution that neutralized 50% of input virus. Samples are ordered based on neutrali-
zation breadth, with samples demonstrating >80% neutralization breadth highlighted in red, 40-80% neutralization breadth
highlighted in blue, and <40% neutralization breadth highlighted in brown. Glycan-dependent neutralizing antibodies were
deemed present if the calculated IDs, titer against a particular glycan-deletion mutant was > 2.5-fold lower than the titer calculated
for that same sample against WT virus. Samples containing glycan-dependent neutralizing antibodies against a particular glycan-
deletion mutant are highlighted in green. ODGC, outer domain glycan cluster; IDGC, inner domain glycan cluster.

mutants, 10 samples in the cohort were determined to have
glycan-dependent NAb. Of these, nine were found to have
NADbs that targeted glycans located within the IDGC, with the
glycan at N241 being the predominant target. Sample C3
recognized the glycan at position N160, but no glycans within
the ODGC or IDGC. Within this group of patients, only
sample C10 was found to recognize glycans in both the YU2
panel and ZM135M.PL10a panel.

To determine whether sera from individuals infected with
HIV-1 clade B viruses would recognize the glycans in the
ODGC and IDGC, we tested samples from 39 patients
chronically infected with HIV-1 clade B against YU2 and
ZM135M.PL10a WT. Of these samples, 32 were able to
neutralize either or both WT isolates and were thus subse-
quently tested against the panels of glycan-deletion mutant
viruses (Fig. 3). When screened against the clade-matched
YU2 glycan-deletion mutant panel, eight patient samples
were found to have glycan-dependent neutralizing anti-
bodies. Five patients exhibited decreased neutralization
against both IDGC and ODGC glycans, and three of eight
were found to target glycans located in the IDGC only.
Sample BWHO030 exhibited decreased neutralization against

all glycan mutant viruses tested, suggesting a broad glycan-
dependent NAb response targeting multiple ODGC, IDGC,
and N160 glycan epitopes.

When screened against the clade C virus ZM135M.PL10a
mutant panel, 11 clade B samples were found to have glycan-
dependent NADs: five of the samples recognized glycans
located in both the ODGC and the IDGC, two of the samples
recognized glycans in the IDGC only, and four samples
recognized glycans located within the ODGC only. Four
samples were found to also contain glycan-dependent NAbs
that targeted the glycan located at position N160. Of the 32
samples in the clade B patient group, five were found to cross-
recognize glycans in both the YU2 and ZM135M.PL10a
glycan-deletion mutant panels (samples 1702, 1648, 1642,
BWHO08, BWHO030).

For samples in the clade B and clade C cohorts capable
of neutralizing WT virus, the percentage that targeted
each glycan in the YU2 and ZM135M.PL10a glycan-de-
letion mutant panels was calculated. For clade B serum
samples screened using the clade-matched YU2 glycan-
deletion mutant panel (Fig. 4A), every mutant screened
was targeted by at least one serum sample, with the IDGC
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Clade B Cohort vs. YU2 and ZM135M.PL10a

ODGC IDGC
Virus WT
YU2 146
ZMI35M.PL10a| 165
YU2 169
ZMI35M.PL10a] 475
YU2 1327 2039 2135 1796 1501 1576 2221
ZMI35M.PL10a| 190 114 169 134 113 176 147
YU2 137
ZM135M.PL10a 128
YU2 <20
ZMI35M.PL10a| 552
YU2 87
ZMI135M.PL10a 322 248
YU2 332 154
ZM135M.PL10a 125 131 57 144 63 165 97
FIG. 3. Screening of clade B YU2 308 256
serum samples against YU2 ZMI135M.PL10a| 195
and ZM135M.PL10a WT and Yu2 286 135
panel of glycan-deletion mutant ZMI1ISMPLI0R] 164
viruses. IDs, titers were calcu- T 3:';}{21)[_ — ;gg
lated as the reciprocal dilution — - o
that neutralized 50% of input ZMI3SMPLIOR| 208
virus. Samples are ordered YU2 105
based on neutralization ZM135M.PL10a 192
breadth, with samples demon- YU2 147
strating >80% neutralization ZMI35M.PL10a| 243
breadth highlighted in red, 40— YU2 196
80% neutralization breadth |ZMI3SM.PL10a) 127
highlighted in blue, and <40% YU2 498
neutralization breadth high- ZMB‘TS':L]O“ ?;]
lighted in brown. Glycan-de- L MT3sMPLIoa| <20
pendent neutralizing antibodies o ) T2
were deemed present if the e [ZM13sMPLI0s| 62
calculated IDs titer against a ' YU2 76
particular glycan-deletion mu- ZMI135M.PL10a| <20
tant was >2.5-fold lower than : YU2 126
the titer calculated for that same |ZMI35M.PL10a| 63
sample against WT virus. ol Yu2 162
Samples containing glycan-de- - ZM”?J'ZPLIO“ f]zg
pendent neutralizing antibodies N Zisvriios <0
against a particular glycan-de- - 00 =0
letion mutant are highlighted in ZMI3SMPLIOA| 100
green. ODGC, outer domain Y02 78
glycan cluster; IDGC, inner ZMI3SM.PL10al 137
domain glycan cluster. YU2 124
ZM135M.PL10a <20
YU2 57
| ZM135M.PL10a <20
) YU2 150
ZM135M.PL10a <20
] YU2 78
ZM135M.PL10a <20
YU2 154
ZMI35M.PL10a| <20
YU2 64
ZMI135M.PL10a <20
| vuz 299
ZMI35M.PL10a| 105
YU2 g1
|ZMI135M.PL10a] <20
=il YU2 66
|ZMI35M.PL10a| <20

glycan N362 being the most frequent target of glycan- clade C-infected individuals against the clade-matched
dependent NAbs (27%). Sera from clade C-infected indi- ZMI135M.PL10a glycan-deletion mutant virus panel (Fig.
viduals were found to recognize only the ODGC glycan 4B), the glycan located at position N241 within the IDGC
N332 when screened with this same panel of non-clade- was the most frequently targeted (69%). Importantly, ev-
matched viruses. In contrast, when screening the cohort of ery glycan-deletion mutant virus in the ZM135M.PL10a



1198

A YUu2
70+
[ Clade B Serum
L Il Clade C Serum
50~
S 40-
2
o 304
m o
20+ _
10+ |-I
c | nl I nI
& & & & &
& & FFEE
> ™ <> < > <
OoDGC IDGC
B ZM135M.PL10a
70~
[ Clade B Serum
60 Il Clade C Serum
50+
G 40+
o
o 30+
o
20+

ODGC

IDGC

FIG. 4. Percentage of clade B and clade C serum samples
demonstrating decreased neutralizing activity against glycan-
deletion mutant viruses. Clade B and clade C serum samples
able toneutralize WT viruses were tested against each of the six
matched glycan-deletion mutants for both YU2 (A) and
ZM135M.PL10a (B). Data are presented as the percentage of
samples from each cohort that exhibited a decrease in IDsy, titer
against each glycan-deletion mutant virus compared to parental
WT virus. ODGC, outer domain glycan cluster; IDGC, inner
domain glycan cluster.

panel was targeted by at least one serum sample within
the clade C patient cohort.

The most frequent targets of glycan-dependent NAbs found
in the clade B cohort were the glycans located at positions
N386 (ODGC) and N241 (IDGC). In addition, when screening
with ZM135M.PL10a, both clade-matched and non-clade-
matched sera were found to target the glycan at position N160
(38% for clade C sera, 21% for clade B sera). This is in contrast
to the observation that only a single clade-matched HIV-1
clade B-infected individual contained NAbs to N160 on the
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YU2 envelope. For both YU2 and ZM135M.PL10a, more
glycans were targeted when clade-matched sera were tested.
However, greater numbers of glycans were targeted overall in
ZM135M.PL10a, independent of sera clade.

When patient samples were categorized based on overall
potency and breadth (Supplementary Figs S1 and S2), we
observed that the frequency of detecting glycan-dependent
antibodies was 75%, 63%, and 41% for patients exhibiting
>80%, 40-80%, or <40% neutralization breadth, respec-
tively. Furthermore, no significant difference was observed
when comparing the total number of glycans targeted by
neutralizing antibodies in these patient populations (p=0.46,
Fig. 5). From these data we conclude that glycan-dependent
neutralizing antibodies are readily detected in clade B and C
chronically infected subjects that exhibit a wide spectrum of
serum neutralizing antibody activity.

Discussion

In this study we have assessed the frequency of neutralizing
antibody responses targeting specific glycans in the ODGC
and IDGC of HIV-1gp120 in a cohort of individuals chroni-
cally infected with HIV-1 subtypes B and C. This study was
initiated based on a prior report that identified the glycans
N332 and N386 (located within the ODGC) and/or N234,
N241, and N362 (located within the newly identified IDGC) as
frequent targets of neutralizing antibodies in a cohort of nine
individuals selected for having broad and potent serum neu-
tralizing activity.”® Here, we have expanded upon those find-
ings by demonstrating that neutralizing antibodies against
ODGC and IDGC glycans, as well as the frequently targeted
N160 glycan, are also detected in a larger cohort of HIV-1-
infected individuals who exhibit a broad spectrum of serum
neutralizing activity. Overall, the frequency of patients in this
cohort targeting one or more of these specific glycans in either
YU2 or ZM135M.PL10a was 54% (44% in clade B-infected
individuals and 79% in clade C-infected individuals).

From these data, we conclude that glycan-specific neu-
tralizing antibodies appear to be readily generated even in
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FIG. 5. Glycan targeting by clade B and C serum samples
based on sample neutralization breadth. Patient samples are
categorized based on neutralization breadth as indicated,
and the total number of glycans targeted on both YU2 and
ZM135M.PL10a viruses is indicated. Bars indicate the
mean number of glycans targeted for each group+ SEM.
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chronically infected individuals whose sera demonstrate only
low or moderate neutralizing activity, and are not rare re-
sponses found in only a subpopulation of individuals ex-
hibiting elite serum neutralizing activity.

We have further investigated the impact of using viral iso-
lates either matched or nonmatched in clade with the patient
serum sample to screen for glycan-dependent neutralizing
antibodies. HIV-1 clades are known to differ in their glyco-
sylation patterns*?; therefore, neutralizing antibodies that de-
velop in vivo against glycan-dependent epitopes on the
infecting virus may be more likely to cross-react against similar
glycans on a clade-matched virus. Our results demonstrate that
clade-matched sera and virus pairings did result in a greater
frequency of detecting glycan-specific neutralizing antibodies
than clade nonmatched pairings. However, the results were
somewhat conflicting, as both clade B and C serum samples
targeted more glycans overall when screened against the
clade C ZM135M.PL10a virus. It remains unclear why glycan-
deletion mutations made in the ZM135M.PL10a envelope
were targeted more frequently by the samples in our cohort, as
this virus has not previously been studied in a similar setting.

One finding that particularly stood out in this study was that
glycans identified as targets of neutralizing antibodies for par-
ticular samples often varied depending on the viral envelope that
was used for screening. A similar finding was observed in an
epitope mapping study examining reactivity>” against the N332
glycan-epitope in the cohort of elite neutralizers. In that report,
which employed a multiclade panel of four N332A mutant
pseudoviruses, detection of glycan-dependent neutralizing ac-
tivity from individual serum samples varied depending on the
mutant strain tested. Unfortunately due to limited serum sample
availability, in the current study we were able to assess glycan-
specific neutralizing antibodies only against a single isolate
from either clade B or clade C. The specific features of viral
envelopes that influence the targeting of N-linked glycan epi-
topes by neutralizing antibodies have yet to be determined; thus
future studies would benefit from utilizing a larger number of
cloned virus glycan-mutant panels representing multiple clades.

The recent discovery and characterization of bNAbs iso-
lated from elite neutralizers have defined epitopes on HIV-
1 Env that are considered optimal targets for antibodies that
may be elicited by vaccination. Multiple bNAbs have been
isolated from various individuals that target epitopes con-
taining glycans at position N160 or N332.8°10-12.14.25.43.44
These may be of particular importance, as some studies have
suggested that antibodies targeting these epitopes may arise
more frequently than bNAbs targeting other major neutrali-
zation epitopes on HIV-1Env, such as the CD4bs or
MPER.?****¢ In our cohort, the number of samples with
<80% neutralization breadth that targeted the N160 glycan on
YU2 or ZM135MPL10a was 9/38 (24%), and the number of
samples targeting the N332 glycan was 4/38 (11%). These
data suggest that antibodies against these glycans arise with
some frequency even in individuals whose sera demonstrate
moderate or low neutralizing activity. How these responses
may compare to the frequency of neutralizing antibodies
targeting other epitopes, however, is not currently known.

The recently isolated bNAb 35022 has been found to bind
to a novel epitope spanning gp120 and gp41 that includes the
N241 glycan.'® Sixty-nine percent of individuals in our cohort
infected with clade C viruses that were found to neutralize WT
virus harbored antibodies that targeted the N241 glycan on
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ZM135M.PL10a, which may indicate that this is a prevalent
epitope of neutralizing antibodies in clade C chronically in-
fected individuals. Interestingly, of the glycans found to be
targets for neutralizing antibodies in the original report by
Lavine et al., only ODGC glycans at positions N332 and N386
had been identified at that time to be epitopes for bNAbs.”'*
More recently, glycans at positions N234 and N241 of the
IDGC have also been found to be included in the epitopes of
newly identified bNAbs.'#2**! Importantly, of the five specific
ODGC and IDGC glycans studied here, all except N362 appear
to be highly conserved and are predicted to be glycosylated in
greater than 75% of sequences for multiple major subtypes and
CRFs.*? These data further support the rationale that glycan
epitopes in both the ODGC and IDGC may be desirable targets
for vaccine-elicited antibodies.

Our infectivity and phenotypic neutralization data suggest
that the YU2 and ZM53M.PL10a glycan-deletion mutant
viruses we constructed are similar to the parental WT viruses.
However, it remains possible that removal of a particular
glycan could induce secondary structural changes in Env that
could affect global sensitivity to neutralizing antibodies, and
thus influence our estimated frequencies of glycan-dependent
neutralization. The glycan deletion mutant ZM-N234S did
demonstrate increased resistance to CD4bs antibodies, and it
is therefore possible that sera with increased resistance to this
particular mutant may have harbored antibodies directed
against the CD4bs rather than the N234 glycan. A recent
study has demonstrated that bNAbs targeting the N332 gly-
can can alternately bind other proximal N-linked glycans to
neutralize virus in the absence of a glycan at the N332 po-
sition.”* The implications of this finding are not clear for
polyclonal sera, but considering that the glycan-deletion
mutant viruses used in our study only had single deletions, it
is possible that our results underestimate the frequency at
which the N332 glycan and possibly other glycans are tar-
geted. It should also be noted that the glycan-deletion mutant
pseudoviruses utilized in our screening assays were produced
via transfection of 293T cells, and thus may express different
N-glycan patterns than viruses replicating in vivo.*’*® Fur-
ther investigation into the contribution of host cell variability
on the sensitivity of viruses to glycan-specific neutralizing
antibodies is warranted.

The results presented here have implications for future
studies that may employ glycan-deletion mutant viruses to
evaluate glycan-dependent neutralization epitopes from poly-
clonal sera. Because different viral envelopes may yield dis-
parate results, the use of at least two viruses, preferably from
different clades, is advised. This study also has implica-
tions for HIV-1 vaccine design. The induction of bNAbs
through traditional vaccination strategies may be extremely
difficult, and neutralizing antibodies that arise more fre-
quently during the course of natural infection may be easier to
induce with vaccines.*” Our results suggest that candidate
vaccine immunogens capable of eliciting neutralizing anti-
bodies targeting ODGC, IDGC, and N160 glycan epitopes
may be desirable.
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