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ABSTRACT In clinical trials, HIV-1 broadly neutralizing antibodies (bnAbs) effectively
lower plasma viremia and delay virus reemergence. The presence of less neutralization-
susceptible strains prior to treatment decreases the efficacy of these antibody-based
treatments, but neutralization sensitivity often cannot be predicted by sequence analysis
alone. We found that phenotypically confirmed CXCR4-utilizing strains are less neutral-
ization sensitive, especially to variable loop 3 (V3 loop)-directed bnAbs, than exclusively
CCR5-utilizing strains in some, but not all, cases. Homology modeling suggested that the
primary V3 loop bnAb epitope is equally accessible among CCR5- and CXCR4-using
strains, although variants that exclusively use CXCR4 have V3 loop protrusions that inter-
fere with CCR5 receptor interactions. Homology modeling also showed that among
some, but not all, envelopes with decreased neutralization sensitivity, V1 loop orienta-
tion interfered with V3 loop-directed bnAb binding. Thus, there are likely different struc-
tural reasons for the coreceptor usage restriction and the different bnAb susceptibilities.
Importantly, we show that individuals harboring envelopes with higher likelihood of us-
ing CXCR4 or greater predicted V1 loop interference have faster virus rebound and a
lower maximum decrease in plasma viremia, respectively, after treatment with a V3 loop
bnAb. Knowledge of receptor usage and homology models may be useful in developing
future algorithms that predict treatment efficacy with V3 loop bnAbs.

IMPORTANCE The efficacy of HIV-1 broadly neutralizing antibody (bnAb) therapies
may be compromised by the preexistence of less susceptible variants. Sequence-
based methods are needed to predict pretreatment variants’ neutralization sensitivi-
ties. HIV-1 strains that exclusively use the CXCR4 receptor rather than the CCR5 re-
ceptor are less neutralization susceptible, especially to variable loop 3 (V3 loop)
bnAbs in some, but not all, instances. While the inability to utilize the CCR5 receptor
maps to a predicted protrusion in the envelope V3 loop, this viral determinant does
not directly influence V3 loop bnAb sensitivity. Homology modeling predicts that
contact between the envelope V1 loop and the antibody impacts V3 loop bnAb sus-
ceptibility in some cases. Among pretreatment envelopes, increased probability of
using CXCR4 and greater predicted V1 interference are associated with faster virus
rebound and a smaller decrease in the plasma virus level, respectively, after V3 loop
bnAb treatment. Receptor usage information and homology models may be useful
for predicting V3 loop bnAb therapy efficacy.
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Multiple broadly neutralizing antibodies (bnAbs) are being examined as novel
therapeutics against human immunodeficiency virus type 1 (HIV-1) infection

(1–6). In contrast to the current highly effective antiretroviral drugs (ARVs), antibody-
based therapies require less frequent dosing, can be effective against drug-resistant
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variants, and may potentiate host humoral responses (7). Prior to initiating ARVs,
HIV-1-infected patients are routinely evaluated for the presence of drug-resistant
strains, primarily using sequence-based methods (8). BnAb sensitivity has also been
associated with specific HIV-1 envelope (Env) sequences. For V3 loop-directed bnAbs,
modifications to the epitope, the asparagine (N)-linked glycan at Env position 332
(N332), impacts susceptibility (9–13). A recent study demonstrated that V1-V2 loop
characteristics, such as net charge and length, are also associated with sensitivity (13).
To date, however, clinical trials have used phenotype-based methods to identify
pretreatment variants with reduced bnAb susceptibility, although the assays are cum-
bersome and lack sensitivity (2). Greater insight into Env characteristics that are
associated with bnAb susceptibility may be helpful in developing better tests.

In addition to being antibody targets, the Env V1-V2 and V3 loops also influence
binding to either the CCR5 or CXCR4 coreceptor, and this attachment is necessary for
host cell entry (14–16). We and others have shown that variants that use the CXCR4
receptor (termed X4 or R5X4) are less sensitive to V1-V2 and V3 loop bnAbs than those
that use only CCR5 (classified as R5) (17–19). This association potentially exists because
the glycan domain that contains V1-V2 and V3 loop bnAb epitopes shields the CCR5
coreceptor binding site from antibodies (19, 20). As opposed to sequence features,
structure-based models have been used to predict CCR5 and CXCR4 usage with greater
accuracy (21). Similar methods could potentially be used to speculate about bnAb
sensitivity and its association with coreceptor usage. Furthermore, envelope-antibody
homology models may also provide novel insights, which could be helpful in predicting
bnAb susceptibility in the future.

(This article was submitted to an online preprint archive [22].)

RESULTS
X4 variants are less susceptible to neutralization by plasma- and glycan-

directed bnAbs. We have shown that HIV-1 subtype C (HIV-1C) X4 variants are more
neutralization resistant to autologous contemporaneous plasma than cocirculating
R5X4 and R5 strains (17). Some earlier studies, however, implied that HIV-1B CXCR4-
using Envs are more neutralization sensitive than CCR5-using Envs (23–27). We com-
pared the neutralization sensitivities of HIV-1B variants to examine this question in
further detail. We isolated a total of 929 individual Envs (median, 16 Envs per subject;
range, 1 to 239) using single-genome amplification (SGA) from 33 antiretroviral-naive
patient samples previously classified as dual mixed (DM), i.e., having either X4 or R5X4
strains (28, 29). A Web-based prediction tool, either WebPSSM or Geno2Pheno, was
used to predict the coreceptor usage of the isolated Envs based on the V3 loop
sequence (30, 31). Some of the SGA Envs from 22 individuals were genotypically
predicted to use CXCR4, and the predicted CXCR4-utilizing Envs were likely not isolated
from the other 11 previously characterized DM samples because of relatively limited
SGA sampling compared to the bulk PCR analysis. Some of the isolated Envs from 17
of the 22 samples were examined for coreceptor usage by incorporating them into an
HIV-1 backbone with the isogenic envelope deleted (Table 1). In three (4102, 1239, and
1924) samples, we were able to isolate cocirculating R5 and X4 strains, while two others
(3248 and 3576) yielded X4 Envs only. The isolated SGA Envs examined from the
remaining 12 samples were either all R5, even though some of them were predicted by
sequencing to use the CXCR4 receptor, or a mixture of R5X4 and R5 (Table 1).

Neutralization sensitivity was estimated using the area under the curve (AUC) rather
than the concentration required to achieve 50% inhibition (IC50), because the two
estimates are highly correlated and the AUC can be used when 50% inhibition is not
observed at the highest tested concentration (32, 33). Neutralization sensitivities to
autologous contemporaneous plasma were compared for up to a maximum of five
unique cocirculating 4102, 1239, and 1924 R5, R5X4, and X4 strains. A statistically
significant difference was observed only between 4102 X4 and R5 variants (P � 0.01)
and not for R5X4, 1239, or 1924 strains because of limited numbers of isolates (Fig. 1A).
The small number of individuals with cocirculating R5 and X4 variants limited the ability
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to draw firm conclusions. To overcome this issue, we combined the data from our
previous examination of 4 individuals infected with cocirculating HIV-1C R5 and X4
strains (17). In an aggregate HIV-1B and HIV-1C assessment, X4 strains were significantly
more resistant to contemporaneous autologous plasma than cocirculating R5 strains
(P � 0.02; n � 7 individuals) (Fig. 1A). The plasma neutralization sensitivities of a group
of primary X4 and R5 Envs composed of one randomly selected HIV-1B X4 (n � 5) and
R5 (n � 11) variant from different individuals were also compared (see Materials and
Methods). Susceptibility to a standard comparator generated by pooling plasma from
10 HIV-1B-infected individuals, different from the 17 subjects mentioned above, was
assessed. The HIV-1B X4 group was around 2-fold less sensitive to heterologous plasma
than the R5 group (P � 0.03) (Fig. 1A).

A previous study examined differences of neutralization sensitivities to first-
generation, but not second-generation, bnAbs among cocirculating HIV-1B variants
(26). First-generation bnAbs do not target the V3 loop. We were interested in examining
susceptibility to second-generation bnAbs because our previous investigation sug-
gested that in some cases emergence of CXCR4-using strains might be due V3-directed
antibodies (17). In two cases (4102 and 1924), but not in another case (1239), X4
variants were more sensitive to N332 glycan-directed bnAbs (PGT121 and 10-1074)
than cocirculating R5 variants, although the differences were not statistically significant
(Fig. 1B and C). Thus, similar to HIV-1C, in some but not all cases, X4 strains were more
resistant to V3 loop-directed bnAbs than cocirculating R5 strains (17). In contrast to
cocirculating variants, the X4 variants were around 4- to 8-fold less sensitive to the
V3-directed antibodies PGT121 and 10-1074 than R5 variants from different subjects,
although the differences only showed a statistical trend, likely due to the small sample
size (P � 0.09 for both) (Fig. 1B and C).

Both cocirculating and X4 and R5 Envs from different subjects showed similar suscep-
tibilities to V1-V2 (PG9 and PG16)-directed, CD4 binding site (bs) (VRC01)-directed, and
membrane-proximal external-region (MPER)-directed (10E8) bnAbs (Fig. 1D to G). These
observations were confirmed by comparing the neutralization sensitivities of phenotypi-
cally confirmed CXCR4-using variants (either X4 or R5X4) to those of R5 strains in the Los
Alamos CATNAP database (34). A larger proportion of the CXCR4-using variants than of R5
variants had IC50s above the highest tested bnAb concentration for the V3-directed glycan
bnAb, PGT121 (P � 0.0001) and the V1-V2 glycan-dependent bnAbs, PG9 (P � 0.02) and
PG16 (P � 0.03), but not for the CD4 bs bnAb, VRC01 (P � 0.95). The tested but undetect-
able IC50s were given a value of 100 �g/ml for the subsequent statistical comparisons. The
CXCR4-utilizing variants (median, 100 �g/ml; range, 0.009 to 100 �g/ml; n � 20) had sig-

TABLE 1 Subject envelope characteristics

Subject
No. of SGA Envs
isolated

No. of SGA Envs with
predicted genotype

No. of Envs
phenotyped

No. of recombinant viruses with
confirmed phenotype

R5 CXCR4 R5 X4 R5/X4

4102 61 52 9 19 13 5 1
1239 239 234 5 12 9 1 2
3248 16 0 16 9 0 9 0
1924 27 24 3 2 1 1 0
3576 30 0 30 6 0 6 0
3131 17 6 11 7 7 0 0
1069 10 0 10 9 9 0 0
2327 6 0 6 4 1 0 3
0229 40 5 35 7 3 0 4
1045 15 5 10 5 5 0 0
SC 11 7 4 6 5 0 1
1389 14 0 14 7 1 0 5
1486 15 7 8 5 5 0 0
3026 110 109 1 4 4 0 0
1233 98 72 26 10 7 0 0
9265 14 0 14 14 0 0 14
1874 11 2 9 5 5 0 0
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nificantly higher IC50s to PGT121 than the R5 strains (median, 0.10 �g/ml; range, 0.001 to
100 �g/ml; n � 134; P � 0.0002). The R5 variants (median PG9 IC50, 0.26 �g/ml; range, 0.002
to 100 �g/ml; n � 135; median PG16 IC50 0.25 �g/ml; range, 0.009 to 100 �g/ml; n � 131)
also had significantly lower IC50s to PG9 and PG16 than the CXCR4-using strains (median,
PG9 IC50, 1.96 �g/ml; range, 0.006 to 100 �g/ml; n � 21; P � 0.03; median PG16 IC50,
34.35 �g/ml; range, 0.001 to 100 �g/ml; n � 21; P � 0.04). On the other hand, CXCR4-using
variants (median, 0.55 �g/ml; range, 0.04 to 100 �g/ml; n � 22) and R5 (median, 0.50 �g/ml;
range, 0.01 to 100 �g/ml; n � 149) had similar neutralization susceptibilities to VRC01
(P � 0.26). A small number of R5X4 variants, both in the CATNAP database and in our
primary Env analysis, precluded their examination as an independent group. Similar to
previous studies, in general, X4 Envs are less neutralization susceptible than R5 Envs,
especially to V3 loop-directed bnAbs, but this is not always true among cocirculating X4
and R5 strains (18, 19, 34).

Plasmas that have CXCR4-using strains do not have greater neutralization
capacity than those with only CCR5-using strains. HIV-1-infected individuals generate
new antibodies to neutralize the viruses, which evolve over time during chronic infection
(35, 36). We hypothesized that individuals with X4 or R5X4 strains may have greater plasma
neutralization capacity than those with R5-only variants because more potent antibodies
would evolve over time in response to the presence of relatively neutralization-insensitive
CXCR4-using Envs. We tested this prediction by comparing neutralization breadths and
potencies among plasmas previously classified as R5 only (n � 11) or as DM (n � 7). This
classification was primarily based on previously described bulk Env genotype and pheno-
type characterization (29), which is standard in the field, even though it is not perfect. In
some cases, isolated SGA Envs were used to confirm the classification. Although the
duration of infection was unknown, as expected, the individuals with R5-only populations
had significantly higher absolute CD4 counts (P � 0.04) than those with DM populations,
but no significant difference in plasma virus levels (P � 0.19) (37, 38). The ability of a plasma
sample to neutralize a global reference panel of 11 R5 Envs of various subtypes was used
to estimate a neutralization breadth and potency (BP) score. This method has been
previously validated as a measure of neutralization capacity (33). Heat maps depicting the

FIG 1 X4 strains are less susceptible than R5 strains to plasma- and V3-directed bnAbs. Shown are neutralization AUCs (y axes) among primary R5 (red), X4 (blue),
and R5X4 (green) Envs against autologous contemporaneous and heterologous plasma (A), PGT121 (B), 10-1074 (C), PG9 (D), PG16 (E), VRC01 (F), and 10E8 (G).
Each point denotes a unique Env, and the values represent means from duplicate independent experiments. In all the dot plots, the lines indicate medians.
The subject IDs identify cocirculating strains. In panel A, the dot plot labeled B&C shows the median AUCs of cocirculating variants from 3 HIV-1B (red and blue)
and 4 HIV-1C (black) strains against autologous plasma. Different symbols represent different subjects. In each panel, the rightmost dot plot is a comparison
between unrelated variants. Comparisons were done using nonparametric Wilcoxon rank sum tests. *, P � 0.05.
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neutralization responses against the 11 Envs revealed that plasmas from individuals from
the two groups were not qualitatively different (Fig. 2A). The DM and R5 plasmas had
similar BP scores (P � 0.37) (Fig. 2B) and neutralized similar percentages of the 11-Env
reference panel at greater than 50% (P � 0.88) (Fig. 2C). Although the sample size is
relatively small, there was 80% power, at a type 1 error level of 0.05, to detect around
1.5-fold or greater differences in the median BP scores based on the observed distributions.

The global reference panel contains only R5 Envs, and therefore, neutralization
capacity was also examined against another Env collection consisting of a relatively
small number (n � 5) of CXCR4-using variants (14, 39, 40). DM and R5-only plasmas had
similar neutralization fingerprints against this CXCR4-using Env collection (Fig. 2D), and
there was no significant difference in BP scores (P � 0.22) (Fig. 2E) or breadth (P � 0.83)
(Fig. 2F). The DM and R5-only plasmas (n � 18), however, had around 1.5-fold lower BP
scores against the CXCR4-using plasmas than against the global reference Env panel
(P � 0.01) (Fig. 2G). Furthermore, a significantly lower percentage of the CXCR4-using
panel than of the global reference Envs were neutralized by greater than 50% (P � 0.02)
(Fig. 2H). This further confirms that CXCR4-using Envs have decreased susceptibility to
plasma neutralization compared to R5 Envs. The presence of these less neutralization-
susceptible CXCR4-using strains, however, does not necessarily lead to the emergence
of different, more potent antibodies.

V3 loop protrusions impact CCR5 receptor interactions, but not access to the
V3 loop bnAb epitope. All the R5 and X4 variants whose neutralization susceptibilities
to PGT121 and 10-1074 were compared (Fig. 1B and C) had a predicted glycan at Env

FIG 2 Samples containing CXCR4-using viruses and those with CCR5-only viruses have similar neutralization potencies and breadths, but plasmas have decreased
ability to neutralize CXCR4-using compared to R5 strains. (A and D) Heat maps showing plasma neutralization against the R5 global reference Env panel (A) and a
CXCR4-using Env collection (D). Each square in the heat map represents the average percent neutralization for the Env-plasma combination tested: yellow, �50%; light
orange, 50 to 70%; dark orange, 70 to 90%; red, �90%. On the left, blue and red denote DM and R5-only plasmas, respectively, and individual plasma IDs are listed
on the right. Env subtypes are indicated by color above the heat maps: A, khaki; B, gray; C, teal; G, green; AC, pink; CRF01_AE, dark green; and CRF07_BC, purple. The
branches show the hierarchical clustering, with bootstrap probability for 100 iterations. (B and E) BP scores for DM (blue) and CCR5-only (red) plasmas against the global
Env panel (B) and a CXCR-using Env collection (E). (C and F) Breadths (percentage of Envs neutralized at greater than 50% at the highest tested plasma dilution)
observed for the DM (blue) and CCR5-only (red) plasmas against the global Env panel (C) and a CXCR4-using Env collection (F). Comparisons were done using the
Wilcoxon rank sum test. (G and H) Plasma BP scores (G) and breadths (H) against the global Env panel compared to the CXCR4-using Env panel. Each unique plasma
sample is denoted by a different color/symbol. Comparisons were done using a matched-pairs Wilcoxon rank sum test. In all the box plots, the values are means from
a minimum of 2 independent assays; the lines denote medians and interquartile ranges. *, P � 0.05.
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position 332. A sequence alignment of 22 X4, 31 R5X4, and 77 R5 primary Envs with
phenotypically confirmed receptor usage revealed that all the X4 variants except 1924
contained a 2- or 3-amino-acid V3 loop insertion either directly before the glycine
(G)-proline (P)-G crown or toward the base of the V3 loop (Fig. 3). These specific V3
modifications were not found in any of the phenotypically confirmed R5 Envs. In
contrast, the X4 variant in subject 1924 contained a positively charged amino acid
substitution at Env position 321 (V3 loop position 25), which has previously been
associated with CXCR4 receptor usage (14, 30).

We hypothesized that these observed V3 loop sequence motifs associated with X4
strains restricted coreceptor usage and possibly access to the primary V3 loop bnAb
epitope. Structural-homology models were used to assess this premise. The predicted
V3 loop structure of X4 Envs (1239, 1924, 4102, 3248, and 3576) was compared to that
of either a cocirculating R5 variant (1239, 1924, and 4102) or a heterologous R5 strain
(1233). Superimposed Env structures revealed a secondary protrusion in all the phe-
notypically confirmed X4 V3 loops compared to the R5 V3 loop Envs (Fig. 4A to E). As
expected, this protuberance coincided with the location of the insertion at either the
tip or the base of the V3 loop. Interestingly, the 1924 X4 V3 loop also contained a
protrusion in the V3 loop in the absence of an insertion, which directly corresponded
to the observed aspartic acid (D)-to-lysine (K) substitution (Fig. 4E).

Until recently, there was no solved CCR5 structure in conjunction with the HIV-1 Env
(20). We initially used a previous structural model of CCR5 created on a CXCR4 template
to examine the impact of the V3 loop protrusion (41). Receptor-ligand interactions for
CCR5 and a 4102 R5 V3 loop Env were predicted using ClusPro (42). In these simula-
tions, R5 V3 loops interacted with CCR5 in an expected manner (data not shown) (41).
In contrast, X4 interactions with CCR5 could not be examined because all docking
simulations put the X4 V3 loop in orientations that did not interact with the CCR5
receptor. Therefore, the X4 V3 loop homology model was superimposed onto the
predicted CCR5-4102 R5 V3 loop model complex (Fig. 4F to H). The R5-utilizing V3 loop
was then removed for visual clarity. The 4102 X4 Env V3 loop crown insertions clashed
with methionine 279 (M279) and glutamic acid 280 (E280) in CCR5 extracellular loop 2
(ECL2) (Fig. 4F). On the other hand, subject 3248 X4 Env with the insertion at the base
of the V3 loop eliminated two hydrogen bonds known to be important for CCR5
binding, namely, V3 arginine 3 (R3) to CCR5 aspartic acid 11 (D11) and V3 R23 to CCR5
E18 (Fig. 4G) (41). These two important hydrogen bonds were also not observed for the
1924 X4 V3 loop with the predicted protrusion (Fig. 4H). Similar steric clashes and
absence of important hydrogen bonds were also observed using the recently solved
HIV-1 Env-CCR5 structure (data not shown). This further confirms the previous conclu-
sion that the V3 loop binding pockets on the CCR5 and CXCR4 receptors are very similar
(20).

Next, homology models were used to examine how the X4 Env V3 loop insertion-
related protrusions impacted V3 loop bnAb access. First, Env structures were predicted
using SWISS-MODEL with Env BG505-SOSIP-gp140 as the template (43). Next, within
PyMOL (Schrödinger LLC; version 2.2.2), the predicted models were superimposed on
the crystal structure of a BG505-SOSIP in complex with either 3H�109L (Protein Data
Bank identifier [PDB ID] 5CEZ) or 10-1074 (PDB ID 5T3Z) (44, 45). The PGT121 precursor
3H�109L structure was chosen in the homology modeling because the PGT121
structure has not been solved in conjunction with the Env gp120 subunit. In addition,
the epitope binding regions for 3H�109L and PGT121 (PDB ID 4FQ1) have relatively
small root mean square deviations (RMSD � 1.37 Å) and similar angles of approach to
the Env. Homology models revealed that the targeted V3 loop epitope was equally
accessible to the PGT121 precursor and 10-1074 in the relatively resistant insertion
containing X4 (4102-3_6 and 4102-3_5) and the relatively sensitive insertion-deficient
R5 Envs (4102-61 and 4102-2_17) (Fig. 5A to D). Thus, the homology modeling implied
that V3 loop protrusions associated with X4 strains restrict CCR5 receptor, but not V3
loop, bnAb interactions.
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FIG 3 A majority of primary X4 Envs contain V3 loop insertions. Shown are alignments of the predicted
amino acid sequences of phenotypically confirmed X4, R5, and R5/X4 Env V3 loops from 17 subjects. The

(Continued on next page)

V3 Loop bnAb Sensitivity, Coreceptor, and V1 Loop Journal of Virology

January 2020 Volume 94 Issue 2 e01604-19 jvi.asm.org 7

https://jvi.asm.org


Contact between the V1 loop and the bnAb impacts susceptibility. The homol-
ogy models also revealed that the V1 loop of the highly sensitive Envs, pointed away
from the PGT121 precursor and the 10-1074 bnAb (Fig. 5). On the other hand, the V1
loops of the relatively resistant Envs clashed with the antibodies. We used chimeric Envs
to confirm the predicted impact of V1-V2 loops on susceptibility to V3 loop-directed
bnAbs. V1-V2 loops were swapped from 4102 R5 viruses highly sensitive to PGT121
(4102-61 and 4102-2_17) and X4 variants relatively resistant to the bnAb (4102-3_6 and
4102-3_5). The chimeras contained exchanged domains from the start of the Env gene
to the end of V1-V2 (labeled “head” [H]) and from the V1-V2 terminus to the Env end
(termed “tail” [T]). Highly susceptible R5 Env PGT121 and 10-1074 sensitivities signifi-
cantly decreased after the introduction of the X4 head domains in three of four cases
(Fig. 6). In contrast, bnAb susceptibility of the relatively resistant Env V3 loop signifi-
cantly increased after the introduction of the heads from the highly sensitive Envs in
two of the four cases. These swaps yielded Envs that were not as highly susceptible or
as relatively resistant as the original nonchimeric strains. Furthermore, the exchanges
did not switch receptor usage. Chimeras between cocirculating R5 and X4 Envs from
other individuals (1239 and 1924) were not produced because of relatively small

FIG 3 Legend (Continued)
columns on the left indicate the subject ID, the number of Envs with the same predicted V3 loop
sequence, and the confirmed coreceptor phenotype. The red letters denote insertions. The K and D
amino acid difference at V3 loop position 25 in the 1924 X4 and R5 Envs is boxed. The HXB2 (an X4 strain)
V3 loop amino acid sequence is at the bottom in blue. The arrows indicate the sequences used for the
V3 homology models.

FIG 4 X4 V3 loops contain a protrusion that impairs CCR5 binding. (A to E) Superimposed predicted X4 (blue) and R5 (red) V3 loop
structures. The locations of the observed insertions and amino acid substitutions are depicted in green. The ID(s) below each predicted
structure indicates the identity of the subject for the X4 V3 loop and either a cocirculating or heterologous R5 V3 loop. (F) Interaction
of a predicted 4102-X4 V3 loop structure (purple) on the predicted 4102-R5 V3 loop-CCR5 (light blue) model. Predicted steric clashes
at positions 279 and 280 are highlighted in cyan. The stick configuration at the tip of the V3 loop shows the 3-amino-acid insertion
(green) observed in the 4102 X4 Env. (G and H) Interaction of 3248 (G) and 1924 (H) X4 V3 loops (purple) with the CCR5 receptor (light
blue). The stick configurations show the amino acid insertions (green) observed in the X4 Envs and amino acids Glu18 and Asp11 of
the CCR5 receptor. The black dashes represent hydrogen bonds that were absent in the model compared to the 4102-R5 V3 loop and
CCR5 structures.
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differences in susceptibility to PGT121 and 10-1074 (Fig. 1B and C). It should be noted
that, compared to the original Envs, the chimeric Envs contained exchanged V1-V2
loops, along with some amino acid differences present prior to the start of the variable
loops. Thus, it is possible that changes prior to the V1-V2 loop also impact neutraliza-
tion sensitivity.

The influence of Env V1 loop orientation was further examined by estimating the
contact surface area (CSA) between a predicted Env V1 loop structure and an antibody.
In this context, a larger CSA implied greater proximity of the V1 loop to the antibody,
and vice versa. Within PyMOL, the CSA was estimated as the sum of the solvent-
accessible area for the antibody and V1 loop structure individually minus the solvent-

FIG 5 The orientation of the V1 loop influences neutralization sensitivity to anti-V3 loop antibodies. Shown
are homology models of 3H�109L, a precursor to PGT121 (magenta) (A and B), and 10-1074 bnAb
(magenta) (C and D) interaction with relatively sensitive R5 (4102_61 [A and C] and 4102-2_17 [B and D])
(red) and less susceptible X4 (4102-3_6 [A and C] and 4102-3_5 [B and D]) (blue) Envs. The black spheres
in each structure represent the predicted N332 sites. The blue spheres show the V3 loop insertions in the
X4 strains compared to the R5 strains. The V1 loop is indicated with arrows.

FIG 6 Env V1-V2 loops impact susceptibility to V3 loop-directed antibodies. The graphs show neutral-
ization AUCs for PGT121 (A) and 10-1074 (B) for the original R5 (red bars), original X4 (blue bars), Env with
an X4 V1-V2 loop in an R5 background (red crosshatched bars), and Env with an R5 V1-V2 loop in an X4
background (blue crosshatched bars). Below the x axis, the Env clone followed by the observed
coreceptor usage in parentheses are shown. The bars show means, and the error bars show standard
errors from three independent replicates. *, P � 0.05; **, P � 0.01; ***, P � 0.001; t test with Welch’s
correction.
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accessible area for the V1 loop in complex with the antibody (46). As expected from the
predicted structures (Fig. 5), the relatively resistant X4 (4102-3_6 and 4102-3_5) Envs
had greater CSAs than the highly sensitive R5 (4102-61 and 4102-2_17) Envs (Fig. 7A
and B). Among the original and chimeric Envs, the estimated CSA increased as the
neutralization PGT121 and 10-1074 AUCs decreased (Fig. 7A and B). To further confirm
this association, 3H�109L and 10-1074 CSAs were estimated for all the Envs in the
CATNAP database with a predicted N332 site and detectable IC50. As the CSA increased,
sensitivity to PGT121 and 10-1074 decreased, and the association was statistically
significant (Fig. 7C and D). There were a large number of outliers, suggesting that the
variable loop has an impact on V3 loop bnAb susceptibility for some, but not all, Envs.
In aggregate, the chimeric Env and CATNAP database analyses suggest that the V1 loop
impacts susceptibility to V3 loop bnAbs.

Sequence-derived coreceptor usage, but not CSA, can be used to predict V3
loop bnAb sensitivity. Next, we tested whether coreceptor usage prediction and the
estimated CSA between V1 loop and V3 loop bnAbs could help distinguish less
susceptible strains that have an N332 site. The CRUSH (coreceptor usage prediction for
HIV-1) Web tool was used to predict receptor utilization among all CATNAP database
N332-containing Envs with neutralization data against either PGT121 or 10-1074 (21).
This algorithm more accurately predicts CXCR4 usage based on V3 loop sequence than
WebPSSM or Geno2Pheno (30, 31). Previous clinical trials have used an IC50 below
2 �g/ml as an inclusion criterion for V3 loop bnAb-based therapy, and thus, Envs were
classified as sensitive or resistant based on this criterion (2, 3). CRUSH and V1 CSA
yielded median areas under the receiver operating curve (ROC) of 0.68 (95% confidence
interval [CI], 0.61 to 0.75; P � 0.0001) and 0.55 (95% CI, 0.48 to 0.61; P � 0.14), respec-
tively, for PGT121 (n � 338) (Fig. 7E). For 10-1074, there was also a statistically signifi-

FIG 7 Sequence-dependent coreceptor utilization and contact between the V1 loop and antibody predict neutralization sensitivity. (A and B) Correlation
between estimated V1 loop and 3H�109L (A) and 10-1074 (B) CSA (x axes) and PGT121 (A) and 10-1074 (B) neutralization AUCs (y axes) for subject 4102 original
R5 (red circles) and X4 (blue circles) Envs and chimeric R5 (red squares) and X4 (blue squares) Envs. (C and D) Correlation between V1 loop and 3H�109L (C)
and 10-1074 (D) CSA (x axes) and IC50 (y axes) among all CATNAP Envs with detectable neutralization. The graphs in panels A to D show Spearman rank
correlations. (E and F) ROCs showing CRUSH (red) and CSA (blue) in predicting Envs with PGT121 (E) and 10-1074 (F) IC50s of �2 �g/ml versus �2 �g/ml. The
black lines are the lines of identity. (G and H) Numbers of Envs (y axes) with the defined characteristics (x axes) that had IC50s of �2 �g/ml (blue) or �2 �g/ml
(red) for PGT121 (G) and 10-1074 (H). The percentages of Envs with documented IC50s above 2 �g/ml relative to the total numbers with the characteristics
indicated on the x axes are shown above the bars.
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cant area under the ROC for CRUSH (median, 0.66; 95% CI, 0.57 to 0.75; P � 0.0006), but
not for the V1 CSA (median, 0.55; 95% CI, 0.46 to 0.65; P � 0.25) (n � 289) (Fig. 7F).

For both PGT121 and 10-1074, 175 CATNAP N332-positive Envs were randomly
selected as a training set to determine a CRUSH cutoff that would achieve a minimum
90% specificity for predicting an IC50 greater than 2 �g/ml. The remaining 163 and 114
N332-containing Envs were used as a test set for PGT121 and 10-1074, respectively. A
CRUSH cutoff of 0.16 had 93.0% (95% CI, 89% to 96%) and 91% (95% CI, 87% to 94%)
specificity for PGT121 and 10-1074, respectively, against the entire CATNAP data set.
The positive predictive value (PPV) (percentage of Envs with IC50 values of �2 �g/ml
relative to the total number of strains with the characteristics of interest) was 65% for
PGT121 but only 33% for 10-1074 (Fig. 7G and H). The smaller number of CATNAP
N332-positive Envs with a CRUSH value greater than 0.16 with available IC50 data
against 10-1074 (n � 33) than against PGT121 (n � 48) potentially accounts for this
difference. The portion of N332-positive Env variants with a CRUSH score greater than
0.16 had between 2- and 3-fold greater likelihood of having PGT121 (P � 0.00001) and
10-1074 (P � 0.007) IC50s of more than 2 �g/ml than strains with predicted glycosyla-
tion at amino acid position 332 but a CRUSH score of less than 0.16 (Fig. 7G and H).
Thus, N332-containing Envs with a CRUSH score above 0.16 are much more likely to be
resistant to V3 loop-directed bnAbs than either all N332-positive strains or those with
a score below 0.16. Variants with a CRUSH score below 0.16, however, do not always
have an IC50 of less than 2 �g/ml.

The CRUSH score and predicted 10-1074 CSA may have clinical significance. In
a 10-1074 monotherapy clinical trial, three individuals (1HB1, 1HD10K, and 1HD11K)
with pretreatment Envs with predicted CRUSH scores greater than 0.16 had drops in
plasma viremia similar to those of the other subjects (Fig. 8A) (1). There was a statistical
trend for the maximum CRUSH score to be higher among the rebound than among the
pretreatment sampled Envs (P � 0.06) (Fig. 8B). The CRUSH scores of the preinfection
strains were significantly associated with the number of days to viral rebound (P � 0.03)
(Fig. 8C). In contrast to the CRUSH scores, there was no significant change in predicted
10-1074 CSAs among pre- and posttreatment Envs (data not shown). The median
10-1074 CSA among the preinfection strains, however, was significantly associated with
the maximum decrease in HIV-1 RNA after treatment (P � 0.01) (Fig. 8D). This suggests
that individuals with higher CRUSH scores and greater predicted 10-1074 CSAs have
faster virus rebounds and smaller plasma virus decreases, respectively, after treatment
with 10-1074 monotherapy.

In contrast to monotherapy, the CRUSH score was not associated with clinical
outcomes when individuals received combination treatment with 10-1074 and a CD4
bs bnAb (3BNC117) (2, 3). Three viremic (9342, 9343, and 91C35) and 1 aviremic (9241)
individuals had pretreatment variants with CRUSH scores greater than 0.9. Subject
91C35 demonstrated early virus rebound, but the others did not have treatment
responses markedly different from those of individuals whose sampled Envs had
relatively low CRUSH scores. The maximum CRUSH scores were not higher among the
rebound than the pretreatment sampled Envs among the individuals treated with
combination bnAbs. The CRUSH scores increased among the rebound compared to
pretreatment sampled variants in a significantly higher number of individuals after
10-1074 monotherapy (9 of 13) than after combination treatment (4 of 25) (P � 0.003).
Similar to nonhuman primate data, this suggests that V3 loop bnAb monotherapy, but
not combination antibody treatment, may promote sequence changes associated with
CXCR4 usage (18). While higher CRUSH scores imply that Envs have a greater proba-
bility of using the CXCR4 receptor, the pretreatment and rebound strains have not been
assessed for coreceptor usage using phenotypic assays.

DISCUSSION

Passive administration of a V3 loop bnAb (10-1074) decreased plasma viremia and
delayed virus reemergence in some, but not all, treated individuals (1–3). Presumably,
preinfusion virus characteristics impact subsequent treatment efficacy, and it is impor-
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tant to develop methods that predict treatment outcome based on Env properties. In
this study, we observed that phenotypically confirmed CXCR4-using variants are less
neutralization susceptible to heterologous plasma and to V3 loop N332-dependent
bnAbs than R5 variants in some, but not all, cases. As an application of these results, we
showed that an algorithm that predicts receptor usage can identify N332-containing
variants that are more likely to have decreased susceptibility to V3 loop bnAbs. This
coreceptor-based prediction tool, however, cannot reliably identify susceptible strains.
We also developed sequence input homology models of envelope-antibody interac-
tions to show that in some cases less neutralization-susceptible variants have relatively
large estimated contact surfaces between the Env V1 loop and the antibody. Similar to
a previous study of one individual, this suggests that variable-loop interference may
impact bnAb potency (47). Sequence-dependent homology modeling provides a po-
tential framework for developing sequence-based tests for estimating bnAb sensitivity,
which may be important for future planned bnAb clinical trials (48).

Most bnAb clinical trials have not prescreened patients for antibody susceptibility
(1–6). Phenotypic screening using culture outgrowth techniques or Env amplification,
cloning, and pseudovirus production is both time- and labor-intensive. Importantly,
phenotypic screening has low sensitivity because the methods sample a relatively small
proportion of the circulating Envs, and they may miss minor strains that are less
susceptible to the bnAb under consideration (49). Although sequence signatures
associated with bnAb sensitivity have been defined, it remains uncertain if they can be

FIG 8 CRUSH score and predicted CSA are associated with clinical outcomes after 10-1074 monotherapy. (A) Predicted
CRUSH scores among pretreatment (red circles) and rebound (blue squares) strains among viremic patients treated with
10-1074 alone. The symbols represent the medians, and the whiskers show the ranges. Individual patients’ IDs are shown
below the x axis. (B) Changes in maximum CRUSH scores among pretreatment (red circles) and rebound (blue squares)
Envs sampled at different times. (C) Association between preinfection maximum CRUSH scores and the number of days to
virus rebound posttreatment. (D) Association between preinfection median 10-1074 CSA and maximum drop in HIV-1
plasma RNA. (C and D) The graphs show Spearman rank correlations. The squares represent the 3 individuals treated with
a lower dose of 10-1074.
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used in screening tests (13). It is generally agreed that patients with variants lacking a
predicted glycan at the Env 332 site would be excluded from V3 loop bnAb therapy. In
the CATNAP database, however, a significant proportion of the variants with the N332
site have IC50s above 2 �g/ml. Thus, the presence of the N332 glycan has sensitivities
of only around 64% and 78% for PGT121 and 10-1074, respectively. We show that
N332-positive variants with estimated CRUSH scores of �0.16 have statistically signif-
icant 2- to 3-fold higher likelihood of having IC50s greater than 2 �g/ml than the
remaining N332-positive Envs. This CRUSH test, however, had relatively low PPV,
because only a small proportion of N332-positive strains in the CATNAP database had
CRUSH scores greater than 0.16. The CATNAP database may not be representative of
the variants present in patients, because less than 10% of the variants were either
phenotypically confirmed or predicted by sequence analysis to use the CXCR4 receptor.
Natural history studies, however, estimate that often up to 50% of chronically infected
individuals harbor CXCR4-using viruses (50, 51).

A small number of patients have been treated with V3 loop bnAbs, especially
monotherapy, and thus, it is difficult to know if a CRUSH cutoff such as 0.16 is clinically
meaningful (1–3). Furthermore, our ROC analyses aimed to differentiate Envs with IC50s
above and below 2 �g/ml, and it remains uncertain if this IC50 cutoff predicts thera-
peutic efficacy. Interestingly, the posttreatment variants in patients treated with10-
1074 monotherapy had a statistical trend toward higher CRUSH scores. This suggests
that V3 loop bnAb infusion selects for either preexisting CXCR4-using strains or
mutations that eventually lead to CXCR4 usage. Furthermore, preinfection variants’
CRUSH scores and 10-1074 CSAs were significantly associated with the number of days
to virus rebound and the maximum decrease in plasma viremia, respectively. In
contrast, in vitro 10-1074 susceptibility of pretreatment culture-derived virus failed to
predict outcomes (1). This implies that the Env sequence-based characteristics, both the
CRUSH score and the predicted 10-1074 CSA, are superior for predicting treatment
efficacy than culture-derived virus sensitivity.

Among CXCR4-using Envs, we showed that predicted V3 loop protrusions either
clashed with the CCR5 receptor or eliminated important interactions with amino acids
in the CCR5 N-terminal region. Compared to prior studies, this provides a novel
mechanistic understanding of the loss of CCR5 receptor usage among some exclusively
CXCR4-using Envs (41, 52–54). Env antibody homology models predict that these V3
loop protrusions, however, do not directly limit access to the epitopes important for V3
loop-directed bnAb activity. In contrast, we found that the V1 loop potentially sterically
hinders bnAb binding. Thus, the structural basis for the inability to use the CCR5
receptor does not account for decreased sensitivity to V3 loop bnAbs. The impact of V1
loop orientation is another potential reason the algorithm based on V3 loop sequence
coreceptor prediction had limited accuracy for identifying N332-containing strains
resistant to V3 loop-directed bnAbs.

The HIV-1B V3 loop sequence changes that led to the predicted protrusions are
similar to those observed among HIV-1C, HIV-1D, and simian-human immunodeficiency
virus (SHIV) X4 strains (14, 15, 55). The forces promoting V3 insertions remain unclear.
Neutralizing antibody (nAb) selective pressure has been associated with insertions
observed in V1 through V4 Env domains (56–58). Strain-specific V3 loop-directed
antibodies that bind at the crown or the base of the V3 loop are common in
HIV-1-infected individuals (59, 60). BnAbs, such as PGT121 and 10-1074, also interact
with residues in and around the tip of the V3 loop, including the GPG crown and amino
acids toward the base of the V3 loop, respectively (44). In aggregate, the similarity in
the V3 loop insertions among HIV-1B, HIV-1C, and HIV-1D X4 variants suggest that these
divergent viruses are independently converging to a similar solution in response to a
common selection pressure, likely nAbs. Isolating antibodies from individuals who
harbor X4 strains with V3 loop insertions will provide more definitive proof for this
notion.

In general, plasma samples displayed a decreased ability to neutralize Envs in the
CXCR4-using strains compared to the global reference panel. The global reference Env
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collection has been proposed as a standardized panel to evaluate neutralization
capacity (39). This panel, however, contains no CXCR4-utilizing viruses. Our results
argue that CXCR4-using, especially X4, strains should be included in a standardized Env
collection for a more accurate assessment of plasma or antibody neutralization breadth
and potency. This may not be important for judging the breadth and potency of
potential vaccine-generated antibodies, because nearly all infections are initiated by R5
strains (16, 50, 51). This will be important for potential future antibody-based thera-
peutics, however, because chronically infected individuals often harbor CXCR4-using
strains (50, 51).

Homology modeling was also used to gain a structural understanding of the linkage
between differential neutralization susceptibilities and coreceptor usage. The modeling
suggested that the orientation of the V1 loop plays a role in influencing susceptibility
to V3 loop-directed bnAbs. Notably, these findings further confirm that Env V1-V2 loops
have a major impact on sensitivity to autologous, heterologous, and bnAbs (13, 47, 56,
61). As nAbs are introduced in the clinical arena, screening tests can use Env sequences
to both predict a phenotype of interest, such as receptor usage, and develop homology
structures that incorporate CSA and also electrostatic interactions between different
amino acid pairs. This may yield even better sequence-based tests for predicting
susceptibility to V3 loop and other bnAbs.

MATERIALS AND METHODS
Study design and samples. Plasma samples were obtained from the AIDS Clinical Trials Group

(ACTG) Study A5095, which was a randomized, double-blind trial assessing different ARV regimens that
did not include CCR5 inhibitors (28). All the samples evaluated in this study were obtained before ARV
therapy. One sample (SC) from a treatment-experienced individual was also available in the laboratory
(40). The ACTG samples were previously characterized for coreceptor usage using both bulk V3 loop
sequencing and bulk Env phenotypic analysis (29). Neutralization breadths and potencies were com-
pared among some A5095 samples previously classified as R5 or DM based on these two tests. On the
other hand, individual Envs were isolated from samples that were predicted to use CXCR4 based on
either bulk V3 loop sequencing or phenotypic analysis.

Envelope isolation, virus stock production, cell lines, and antibodies. Full-length Envs were
amplified from each plasma sample using SGA, as described previously (49). Chimeric Envs were
produced using an overlapping-PCR strategy. The specific primer sequences and PCR conditions are
available upon request. Amplified Envs were incorporated into an HIV-1 NL4-3 backbone using Saccha-
romyces cerevisiae gap repair homologous recombination, and virus stocks were generated by human
epithelial kidney (HEK) 293T cell transfections as described previously (62). Virus stocks were passaged in
peripheral blood mononuclear cells (PBMCs) obtained from HIV-1-seronegative donors for a maximum of
7 days. Viral titers were determined using TZM-bl cells, as described previously (49). All the cell lines and
antibodies were obtained from the NIH AIDS Reagent Program.

Genotype prediction, coreceptor usage, and sequence analysis. Each SGA Env coreceptor
phenotype was predicted from the V3 loop sequence using either WebPSSM (30) or Geno2Pheno at a
false-predication rate of 5% (31). Phenotypic coreceptor usage was determined by infecting TZM-bl cells
in the presence or absence of TAK779 and/or AMD3100, as described previously (49). No Env showed
replication in the presence of both inhibitors, and this confirmed that the viruses entered cells only by
using one or both of the receptors. Env amplified products were cleaned using ExoSap IT (Affymetrix),
and sequences were determined using Sanger sequencing (GenBank accession numbers MK094174 to
MK095098).

Env CRUSH scores were evaluated for all CATNAP database variants with a detectable IC50 against
PGT121 or 10-1074 and a predicted glycan at amino acid 332. CRUSH scores were also estimated for all
available pre- and posttreatment Envs from the 10-1074 clinical trials (1–3).

Neutralization assay. Neutralization sensitivity was tested by assessing infection of TZM-bl cells in
the presence or absence of serial dilution of heat-inactivated plasma or bnAb, as described previously
(49). The area under the curve was calculated as described previously (32). None of the plasmas or
antibodies demonstrated neutralization against pseudovirions with HIV-1 Env deleted and with vesicular
stomatitis virus G envelope protein, suggesting there was no nonspecific inhibition.

The primary X4 variants included in the heterologous panel were 1924-H5 (GenBank accession
number MK094773), 3248-37 (MK094963), 3576-31 (MK094990), 4102-80 (MK095018), and 1239-8
(MK094449). The primary R5 variants examined as part of the heterologous Envs included 1486-42
(GenBank accession number MK094498), 3026-B7 (MK094843), SC-3 (MK095092), 0229-69 (MK094217),
3131-34 (MK094945), 1874-4 (MK094743), 1045-57 (MK094307), 2327-3 (MK094786), 1069-29 (MK094325),
1233-B11 (MK094354), and 1389-90 (MK094466).

Neutralization against the global reference and the CXCR4-using Env panels was assessed at only one
plasma dilution (1:50), and BP scores were calculated as described previously (33). Heat maps were
generated using the Los Alamos HIV sequence database heat map tool (https://www.hiv.lanl.gov/). All
the heat maps used hierarchical clustering with the Euclidean distance method. The CXCR4-using Env
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panel comprised SC4 (GenBank accession number MG940939), DM268Y (KF770429), NL4-3 (AF324493),
X1924H5 (MK094773), and X210bB7 (MG940933).

Structural modeling and docking. Models of X4- and R5-utilizing V3 loops were produced using
Rosetta software, made available by the Robetta Structural Prediction Server online. Model 1, the best
model based on ProQ2 rank, was selected for each V3 loop. Docking of the CCR5 chemokine receptor
with R5 and X4 V3 loops was done using ClusPro (42). All superimpositions were done using PyMOL
software. The following HIV-1 structures were chosen by the server to predict the indicated V3 loops (PDB
ID 5FYK for 4102 R5 and X4, 1239 R5 and X4, and 1233 R5; PDB ID 3J70 for 3576 X4 and 1924 R5 and X4;
and PDB ID 5FUU for 3248 X4).

Env homology models were generated using SWISS MODEL, with BG505 SOSIP.664 as the user input
template (43). Env homology models were superimposed on the solved crystal structure of BG505 SOSIP
with the PGT121 precursor, 3H�109L (PDB ID 5CEZ), or 10-1074 (PDB ID 5T3X) using PyMOL software
(Schrodinger LLC; version 2.2.2). The contact surface area was generated using an open source code
available at https://pymolwiki.org/index.php/Contact_Surface. The Env V1 loop was designated amino
acids 126 to 157 (HXB2 numbering), and the contact surface between this segment and the antibody of
interest was estimated. The CSAs were estimated for all Los Alamos database Envs with detectable IC50s
against PGT121 or 10-1074 and a predicted glycan at the Env 332 site. The predicted 10-1074 CSA was
also estimated for all preinfection and week 4 posttreatment Envs from the 10-1074 monotherapy trial
(1). All the trial patient Env sequences were obtained from GenBank. Individuals with preexisting Envs
lacking a predicted glycan at amino acid 332 were not included in the analysis.

Statistical analysis. Comparisons were done among all Los Alamos CATNAP database Envs with
previous neutralization data against specific bnAbs. Envs with phenotypically defined CXCR4 usage were
compared to those with exclusive CCR5 usage. Detectable versus undetectable neutralization sensitivity
was defined based on the presence of an estimated IC50 less than or greater than the highest tested
antibody concentration, respectively. Envs with undetectable IC50s were assigned a value of 100 �g/ml
for statistical comparisons.

Comparisons between groups containing independent data points or matched samples were done
using the Mann-Whitney test and the Wilcoxon matched-pairs test, respectively. Combined HIV-1B and
HIV-1C analyses were done by estimating a proportional difference among cocirculating R5 and X4
variants. This proportional difference was assessed for a significant change from a theoretical median of
1 using the one-sample Wilcoxon signed rank test. Frequency differences were examined using a
two-sample test of proportions or the Fisher exact test. Associations were estimated using Spearman
rank correlations. ROCs were estimated by separating Envs into groups with IC50s greater and less than
2 �g/ml. Statistical analyses were done using GraphPad Prism 5 (version 5). All P values are based on
two-sided tests.

Data availability. The newly determined sequences were submitted to GenBank under accession
numbers MK094174 to MK095098.
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