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Emergence of gp120 V3 Variants Confers Neutralization Resistance in
an R5 Simian-Human Immunodeficiency Virus-Infected Macaque Elite
Neutralizer That Targets the N332 Glycan of the Human
Immunodeficiency Virus Type 1 Envelope Glycoprotein
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Neutralization-resistant simian-human immunodeficiency virus AD8 (SHIV ,,5) variants that emerged in an infected macaque
elite neutralizer targeting the human immunodeficiency virus type 1 (HIV-1) gp120 N332 glycan acquired substitutions of criti-
cal amino acids in the V3 region rather than losing the N332 glycosylation site. One of these resistant variants, carrying the full
complement of gp120 V3 changes, was also resistant to the potent anti-HIV-1 monoclonal neutralizing antibodies PGT121 and
10-1074, both of which are also dependent on the presence of the gp120 N332 glycan.

major challenge for developing an effective human immuno-

deficiency virus type 1 (HIV-1) vaccine has been the identifi-
cation of immunogens capable of eliciting broadly reacting
neutralizing antibodies (NAbs). Although most HIV-1-infected
individuals produce NAbs within several months or a year of ex-
posure, this neutralizing activity is directed primarily against au-
tologous virus (1-3). Levels of anti-HIV-1 antibodies able to neu-
tralize viral strains from other infected individuals are generally
much lower and delayed in their appearance (4-6). More-recent
studies, employing pseudovirions in conjunction with high-
throughput assays, have shown that approximately 20% of HIV-
1-infected persons generate NAb responses against genetically di-
verse virus strains 2 to 4 years following HIV acquisition (7-10).
Furthermore, so-called elite neutralizers, comprising approxi-
mately 1% of seropositive individuals, develop extremely potent
cross-clade antiviral NAbs (11, 12). Analyses of HIV-1 envelope
epitopes targeted by elite neutralizers have shown that a limited
number of specificities are responsible for the broad and potent
activities observed. These targets include the gp120 CD4 binding
site, a gp120 V1/V2 glycan-dependent site (N160), the N332 gly-
can located in the C3 region of gp120, and the membrane-proxi-
mal external region (MPER) in gp41 (13-18).

We previously reported that one rhesus monkey (CES8J),
inoculated with an uncloned preparation of the R5 simian-
human immunodeficiency virus AD8-LN (SHIV g 1) (19),
developed potent cross-clade anti-HIV-1 NAbs similar to those
observed for HIV-1-infected elite neutralizers (20). In that
study and in the present one, we used pseudotyped (PS) viruses
carrying the SHIV ,,5 envelope protein (designated CK15), de-
rived from the recently described pathogenic SHIV , ,g molecular
clone SHIV pg_go (21), to monitor anti-SHIV g neutralizing ac-
tivity in the TZM-bl cell neutralization assay. CK15 PS virus prep-
arations have been used to detect and quantitate anti-virus NAbs
in plasma samples collected from macaques infected with un-
cloned or cloned SHIV , g inocula (20-22).

Plasma mapping studies revealed that NAbs in the elite neu-
tralizer CE8] macaque exclusively targeted the HIV-1 gp120 N332
glycan, located immediately downstream of the V3 loop; removal
of this glycosylation site from the Env of several HIV-1 isolates

8798 jvi.asm.org

Journal of Virology p. 8798-8804

eliminated cross-reactive neutralization sensitivity (20). We also
reported that this broadly reacting neutralizing activity persisted
throughout the 2-year infection of monkey CE8]J. Consistent with
several studies reporting a positive correlation between the pres-
ence of anti-HIV-1 cross-reacting NAbs and plasma virus load (9,
10, 23), macaque CE8]J, like HIV-1 elite neutralizers, who rarely
derive any clinical benefit from the potent cross-reacting NAbs
they generate (24, 25), ultimately succumbed to immunodefi-
ciency and had to be euthanized at week 117 postinfection (p.i.)
(Fig. 1) because of chronic Campylobacter coli enteritis. Notably,
the virus recovered from this animal at the time of death was
resistant to neutralization when tested with plasma specimens col-
lected at weeks 50 and 87 p.i. (20).

We have examined the env genes present in virus circulating in
macaque CE8]J at early and late times after its SHIV 1,4 infection.
As can be seen from the phylogenetic analysis shown in Fig. 2A,
the virus population present at week 16 p.i. was closely related to
the original uncloned SHIV 4,5 1 inoculum (the LN series in the
phylogenetic tree) used to infect monkey CE8]. At the time of
euthanasia (week 117 p.i.), this analysis revealed that three classes
of virus were present in the plasma. Each class had retained the
N332 glycan but carried distinctive gpl120 variable regions
(Fig. 2B). It also should be noted that the CK15 env gene segment,
present in the PS SHIV ¢ preparation used in neutralization as-
says, tracks with week 117 class 1 viruses in the phylogenetic tree
(Fig. 2A). The alignments of the week 117 viruses revealed that the
gp120 variable regions in the class 1 viruses were very similar to
those present in the CK15 Env component of the PS SHIV 5. In
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FIG 1 Neutralization variants emerge in elite neutralizer macaque CE8] inoculated with SHIV ,,5. (A) Macaque CE8] was inoculated intravenously with 3.2 X
10° 50% tissue culture infective doses (TCIDs,) of SHIV pgsr 1n (19), and levels of plasma viral RNA and CD4* T lymphocytes were determined. The arrows
indicate plasma collection time points for determinations of neutralization sensitivities of circulating virus populations. (B) Sensitivities of the reference PS
SHIV ;g (CK15) and derivatives carrying gp120 V3 regions, amplified at various times during the infection of macaque CE8J, were determined using limiting
dilutions of week 117 plasma in the TZM-bl cell assay. The V3 signature motifs shown are described in Fig. 3.

contrast, the week 117 class 3 viruses carried defining mutations
and/or insertions located in all of the gp120 variable regions and
were clearly different from the CK15 reference sequence (Fig. 2B).
Class 2 viruses possessed an intermediate env gene sequence sig-
nature, containing a V1 region partially related to that present in
class 1 viral RNAs and V2 to V5 segments with features found in
the class 3 SHIV RNAs. No consistent amino acid changes were
identified in gp41 coding regions of the week 117 SHIVs.

We initially determined the neutralization sensitivity of the
week 117 SHIV , 4 classes by preparing PS viruses using cytomeg-
alovirus (CMV) plasmids expressing representative reverse tran-
scription-PCR (RT-PCR)-amplified env genes. PS viruses were
successfully obtained from 293T cells transfected with two class 1
(w117-16 and w117-19) and two class 3 (wl117-2 and w117-17)
amplicons (Fig. 2B). Neutralization assays utilized TZM-bl cells in
combination with week 117 plasma diluted 1:20 as previously de-
scribed (26). A >95% reduction of the input PS virus-induced
luciferase activity was scored as neutralization sensitive, and a
<30% reduction was rated as neutralization resistant. These as-
says revealed that the week 117 class 1 PS viruses and the CK15 PS
virus control were sensitive to neutralization by week 117 plasma,
whereas the two class 3 PS SHIVs were resistant (Table 1). PS
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viruses containing class 2 amplicons (w117-8 and w117-20) of
sufficient titer to be evaluated for the neutralization phenotype
were not able to be generated from transfected 293T cells. Further
analyses revealed that similar amounts of envelope glycoproteins
were (i) synthesized intracellularly and (ii) released as particle-
associated proteins from the transfected cells by all three classes of
week 117 PS viruses (see Fig. S1 in the supplemental material).
However, the class 2 SHIVs were functionally defective in gener-
ating luciferase signals following infections of TZM-bl cells, and
their neutralization sensitivities were not able to be determined.
Because the only consistent differences between the class 1 and
class 3 SHIV 4 derivatives mapped to the variable regions of
gp120, our initial strategy was to identify variable-region determi-
nants responsible for the neutralization resistance of the class 3
SHIVs. Individual or combinations of gp120 variable regions, de-
rived from the neutralization-sensitive molecularly cloned CK15
env gene associated with the PS SHIV 4, were inserted into the
genetic background of the neutralization-resistant class 3w117-17
env gene, and the persistence of neutralization resistance was eval-
uated. As shown in Table 1, the transfer of the V1/V2 segments,
the V1/V2 plus V4 segments, or the V5 segment from the neutral-
ization-sensitive CK15 env gene into the w117-17 env gene back-
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FIG 2 Genetic analyses of SHIV 4 env genes in macaque CE8] at weeks 16 and 117 postinfection. Viral RNA was amplified by RT-PCR from plasma collected
at weeks 16 (blue) and 117 (red, class 1; brown, class 2; green, class 3) postinfection or from the SHIV y,5,, 1 inoculum (purple) (LN) and sequenced.
Phylogenetic trees were generated by neighbor joining (A), and env gene sequences were aligned using ClustalW (B). The blue arrows and vertical lines demarcate
the terminus of a gp120 variable region. The CK15 env gene is a component of both the recently described pathogenic SHIV ,,5 molecular clone (21) and the

reference SHIV ,,4 PS virus used in TZM-bl neutralization assays.

ground, generating wll7-17 (V1/V2 CK15), wll7-17 (V1/
V2+V4 CK15), and wl17-17 (V5 CK15) pseudotyped viruses,
respectively, had no effect on neutralization resistance. In con-
trast, the insertion of CK15 V3 sequences alone into the w117-17
env gene background, thereby generating w117-17 (V3 CK15),
abrogated neutralization resistance. More importantly, as shown
in Fig. 1B and indicated in Table 1, the reciprocal transfer of the
w117-17 V3 region into the CK15 env gene, generating CK15 (V3
w117-17), conferred full neutralization resistance to the previ-
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ously sensitive PS SHIV 4,5, which was neutralized with a 50%
effective concentration (ECs,) titer of 1:316 using the week 117
plasma. Taken together, these results indicated that the gp120 V3
loop of the class 3 viruses was the principal determinant of resis-
tance.

Because it seemed likely that the “resistant” V3 amino acid
signature motif 5,; A-T-T-R/Q-Y35, present in the week 117 class
3 SHIVs (Fig. 2), may have emerged in a stepwise fashion, virus
populations, circulating at various times during the two-plus
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TABLE 1 Neutralization phenotypes for different SHIV , 4 PS viruses”

Neutralization

PS virus group and strain phenotype
CK15 Sensitive
Class 1 viruses

wll7-16 Sensitive

wl17-19 Sensitive
Class 3 viruses

wl17-2 Resistant

wll17-17 Resistant
Variable-region substitutions

wl117-17 (V1/V2 CK15) Resistant

wl117-17 (V1/V2+V4 CK15) Resistant

wl117-17 (V5 CK15) Resistant

wl17-17 (V3 CK15) Sensitive

CK15 (V3 wl17-17) Resistant

@ Pseudovirions carrying the entire gp120 coding region from week 117 class 1 or class 3
viruses were assayed for neutralization sensitivity using a 1:20 dilution of plasma
collected from macaque CE8]J at week 117 p.i. The neutralization phenotype of week
117 PS viruses with the indicated CK15 variable-region substitutions or the CK15 env
gene with the class 3 w117-17 V3 variable-region insert was also determined with the
same plasma sample.

years of infection of macaque CE8], were evaluated by RT-PCR
amplification of plasma viral RNA. The neutralization sensitivity
and, in several instances, the EC5, neutralization titers of individ-
ual SHIVs from each time point were determined with CK15 PS
viruses carrying specific gp120 V3 substitutions. As shown in
Fig. 3A, the gp120 V3 region in circulating SHIVs at week 24 p.i.
was essentially unchanged from that present in the neutralization-
sensitive PS SHIV ,,4 bearing theCK15 env gene, indicating that
neutralization resistance had not arisen during this period.

At week 40, the initial signs of V3 sequence evolution became
evident (Fig. 3A). Six of nine env gene segments amplified at this
time point contained V3 sequences with an I-to-T/M substitution
at class 3 signature V3 residue 323. Nonetheless, when tested for
neutralization sensitivity in the TZM-bl cell assay, SHIV ,,5 pseu-
dovirions carrying these changes remained neutralization sensi-
tive. Three of the week 40 amplicons carried the S334N substitu-
tion, a change that eliminates the potential N-linked glycosylation
site at N332 of gp120. Our previous study demonstrated that
HIV-1 isolates lacking this glycan were not neutralized with
plasma collected at multiple time points from macaque CE8]J (20).
When tested, a PS SHIV ,,4 bearing the S334N change was, in fact,
neutralization resistant.

At week 62 p.i., all 10 V3 gp120 segments amplified from cir-
culating SHIVs carried amino acid substitutions associated with
neutralization resistance to week 117 plasma, yet every segment
had retained the N332 glycan required for neutralization sensitiv-
ity. The acquisition of the D321A change, plus at least two other
signature V3 substitutions in six of these week 62 amplicons, con-
ferred neutralization resistance (Fig. 3A). In contrast, pseudoviri-
ons bearing V3 regions with the V3 DTTQY signature motif re-
mained neutralization sensitive, exhibiting an EC,, neutralization
titer (1:228) slightly lower than that observed (1:316) for PS viri-
ons bearing the CK15 env gene (Fig. 1B). Thus, at week 62 p.i., 6 of
10 amplified env gene segments carried critical changes in gp120
V3 regions and exhibited a neutralization-resistant phenotype to
week 117 plasma.
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By week 82 p.i., 21 of the 28 plasma-derived env gene ampli-
cons carried gp120 V3 regions with the D321A change in combi-
nation with at least two other signature V3 substitutions. All were
neutralization resistant. A single amplicon carried the S334N sub-
stitution, eliminating the N332 glycosylation site. Interestingly,
between weeks 60 and 86, the levels of circulating CD4™ T lym-
phocytes declined from 614 to 169 cells/pnl and continued to fall
between weeks 86 and 100 p.i. (Fig. 1). This decrease was associ-
ated with a striking decline in the titers of neutralizing antibody
directed against the CK15 PS virus (from 1:5,193 [week 77] to
1:397 [week 101]) (20), with both parameters ostensibly reflecting
a deteriorating and increasingly dysfunctional immune system.
Consistent with these findings, several of the env gene amplicons
recovered at week 117 carried gp120 V3 regions lacking signature
neutralization-resistant motifs and resembled the neutralization-
sensitive class 1 viruses (compare Fig. 3A with Fig. 2B). The latter
finding may be indicative of the reemergence of a more fit archival
virus in an immunocompromised animal.

To further investigate critical amino acid substitutions confer-
ring resistance against the polyclonal NAbs present in macaque
CE8J at week 117, env genes with V3 changes not observed in vivo
were constructed, introduced into SHIV 4 pseudovirions, and
assayed for neutralization sensitivity. As shown in Fig. 3B, V3
regions with multiple signature amino acid substitutions, but not
the D321A change, were all neutralization sensitive. A PS virus
with a V3 region containing only the D321A change (AIIQH) was
also neutralization sensitive (Fig. 1B), exhibiting an EC;, neutral-
ization titer of 1:180 with week 117 plasma. The minimal gp120
V3 changes conferring resistance to week 117 plasma possessed
the ATIQH signature motif (Fig. 3B).

A group of potent, cross-reactive monoclonal NAbs targeting
gp120 carbohydrate epitopes has recently been described (16, 27,
28). The sensitivity of several of these MADs is dependent on the
presence of the gp120 N332 glycan, and some have also been re-
ported to interact with residues mapping to the V3 loop. Because
the broad polyclonal NAbs generated in macaque CE8] are also
dependent on the presence of the N332 glycan, we wondered
whether the resistant SHIV variants emerging in this animal had
lost their sensitivity to these potent neutralizing MAbs. As shown
in Table 2, a SHIV , 54 bearing a V3 region with the ATTQY motif
was resistant to the week 117 CE8] plasma, PGT 121, and 10-1074
but not to the PGT126, PGT128, and PGT130 neutralizing MAbs.
In contrast, the closely related SHIV 1,4 variant, which carried a
V3 region with the ATTQH motif, was resistant to the week 117
monkey plasma but not to any of the N332 glycan-dependent
neutralizing MAbs. One might conclude from these results that a
V3 region with only the H330Y substitution (DIIQY motif) might
confer neutralization resistance to PGT 121 and 10-1074. How-
ever, when such a DIIQY-pseudotyped SHIV , ¢ was tested, it was
found to be sensitive to both PGT121 and 10-1074. The latter
result is consistent with a previous report showing that an alanine
substitution at residue 330 has no effect on PGT 121 sensitivity
(16).

Taken together, our findings show that stepwise substitutions
of critical amino acids in the C-terminal one-third of the SHIV 1,4
gp120 V3 region are sufficient to confer resistance to polyclonal
plasma NAbs present in an infected macaque elite neutralizer as
well as against two potent monoclonal NAbs, PGT121 and 10-
1074, both of which target the N332 glycan. The resistance to these
different antiviral neutralizing activities, measured in the context
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NEUTRALIZATION
NUMBER v3 PHENOTYPE
TIME OF SIGNATURE (Macaque CE8J
POINT CLONES MOTIF V3 Week 117 Plasma) NAb titer (EC50)
N . .

CK1l5 env DIIQH ., ,FYTTGDIIGDIRQAHCNISRT,,, Sensitive 1:316
Week 24 11 DITQH - === s o i sesin Sensitive 1:316
Week 24 1 DIIQH T---------1 -———- Not tested
Week 40 3 DTIQH R -——— Sensitive ND
Week 40 1 DTIRH --=--T----R---4---- Not tested
Week 40 2 DMIQH -—--M--------1 -——- Sensitive ND
Week 40 3 DIIQH --------- N------4 -N-- Resistant <1:20
Week 62 4 DTTQY ----T--T---Y-{---- Sensitive 1:228
Week 62 2 ATTQH A-T--T-----1 -———— Resistant <1:20
Week 62 4 AMTQH A-M--T----- -———- Resistant <1:20
Week 82 6 DTTQY ----T--T---Y-{---- Sensitive 1:228
Week 82 13 AMTQH A-M--T-----4 -———— Resistant «1:20
Week 82 2 ATTQY A-T--T---Y-4---- Resistant <1:20
Week 82 2 ATTRY A-T--T-R-Y-q9---- Resistant <1:20
Week 82 4 ATIQY A-T--=-==- Y-4---- Resistant <1:20
Week 82 1 GIIQH -----G----------1 -N-- Resistant <1:20
Week 117 6 DIIQH --------=--—-—----+ -———- Sensitive ND
Week 117 3 ATTQY A-T--T---Y-q9---- Resistant <1:20
Week 117 1 ATTRY A-T--T-R-Y-4---- Resistant <1:20

B s
DIIQY  —=-=mmmmmmm e Y-4---- Sensitive ND
DMTQH ----M--T-----1 -———- Sensitive ND
DTTRY ----T--T-R-Y-{---- Sensitive ND
AIIQH -----A----------1 ---- Sensitive 1:180
ATIQH A-T------=- ———— Resistant <1:20
AIIQY -----A------=-- Y-4---- Sensitive ND

FIG 3 V3 neutralization-resistant SHIV ,, variants emerge in a stepwise fashion beginning at week 40 p.i. (A) RT-PCR clones were prepared from plasma
samples collected from macaque CE8J at various times postinfection, and the indicated gp120 V3 region substitutions were introduced into the CK15 env gene
and expressed by a CMV vector. The resultant PS viruses were tested for neutralization sensitivity using week 117 plasma in a TZM-bl cell-based assay. Signature
V3 amino acids present in the reference PS SHIV , 4 are indicated in violet, and those present in emerging variants are indicated in red. The latter changes have
been incorporated into the V3 motifs listed. The arrow and blue vertical line demarcate the C terminus of the gp120 V3 region. ND, not done. (B) PS viruses
carrying gp120 V3 substitutions not observed in vivo were also constructed, and their neutralization phenotypes were determined.

of a gp120 retaining the N332 glycan, was dependent on the loca-
tion and number of gp120 V3 amino acid substitutions: resistance
to the PGT121 and 10-1074 MAbs required 4 amino acid changes,
whereas 2 critical amino acid substitutions were sufficient for re-

TABLE 2 Neutralization sensitivity of SHIV ,,4 V3 variants to potent neutralizing monoclonal antibodies

sistance to week 117 plasma. It is worth noting that the V3 neu-
tralization-resistant SHIV ,,q variants that arose in macaque CE8]
were clinically significant. Unlike the resistant viruses emerging in
an HIV-1-infected elite neutralizer, which lost replication fitness

Neutralization
phenotype for B
MA 1

V3 signature wk 117 CE8]J b conen (pg/ml)
motif V3 sequence plasma (1:20) PGT121 10-1074 PGT128 PGT130
DIIQH (CK15) 11sFYTTGDIIGDIRQAHCNIS, Sensitive 0.081 0.132 0.037 0.206
ATTQH ,,sEYTTGAITGDTRQAHCNIS, , Resistant 0.185 0.435 0.042 0.174
ATTQY 11sFYTTGAITGDTRQAYCNIS, Resistant >1,000 >1,000 0.019 0.066

“Values are the monoclonal antibody concentrations in pg/ml at which relative luminescence units were reduced 50% compared to virus control wells (no antibody).
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(29), they possessed robust in vivo replication properties and in-
duced CD4™" T cell depletion and death from immunodeficiency
(Fig. 1).

It was somewhat unexpected that the vast majority of neutral-
ization escape variants that emerged in macaque CES8] had re-
tained the N332 glycan and evolved by inducing amino acid sub-
stitutions in the C-terminal portion of the V3 loop. Although 3 of
9 amplicons recovered at week 40 p.i. had lost the N332 glycan and
were found to be neutralization resistant, this SHIV ¢ variant
remained a minor component of circulating virus and was not
detected again until week 82 p.i., and then as only 1 of 28 ampli-
cons recovered at that time point.

Crystal structures of PGT121 and PGT128 antigen binding do-
mains interacting with HIV-1 JR-FL and HIV-1 YU-2 gp120 mol-
ecules, respectively, have revealed that both neutralizing MAbs
bind to epitopes associated with the N332 glycan and amino acids
located at the base of the V3 loop (27, 28). The resistance observed
toPGT121 and 10-1074 but not to PGT126, PGT128, and PGT130
very likely reflects the derivation of the PGT121/10-1074 MAbs
from the same HIV-1-infected African donor and the isolation of
PGT126, PGT128, and PGT130 from other infected individuals
(27). Differences in the orientations of respective heavy chain
complementarity-determining regions of these N332-dependent
neutralizing MAbs may affect their interactions with their gp120
targets and explain the variable neutralization sensitivities ob-
served.
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