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ABSTRACT Broadly neutralizing antibodies (bNAbs) for HIV-1 prevention or cure
strategies must inhibit transmitted/founder and reservoir viruses. Establishing sensi-
tivity of circulating viruses to bNAbs and genetic patterns affecting neutralization
variability may guide rational bNAbs selection for clinical development. We analyzed
326 single env genomes from nine individuals followed longitudinally following
acute HIV-1 infection, with samples collected at ;1 week after the first detection of
plasma viremia; 300 to 1,709 days postinfection but prior to initiating antiretroviral
therapy (ART) (median = 724 days); and ;1 year post ART initiation. Sequences were
assessed for phylogenetic relatedness, potential N- and O-linked glycosylation, and
variable loop lengths (V1 to V5). A total of 43 env amplicons (median = 3 per patient
per time point) were cloned into an expression vector and the TZM-bl assay was
used to assess the neutralization profiles of 15 bNAbs targeting the CD4 binding
site, V1/V2 region, V3 supersite, MPER, gp120/gp41 interface, and fusion peptide. At
1 mg/mL, the neutralization breadths were as follows: VRC07-LS and N6.LS (100%),
VRC01 (86%), PGT151 (81%), 10-1074 and PGT121 (80%), and less than 70% for 10E8,
3BNC117, CAP256.VRC26, 4E10, PGDM1400, and N123-VRC34.01. Features associated
with low sensitivity to V1/V2 and V3 bNAbs were higher potential glycosylation sites
and/or relatively longer V1 and V4 domains, including known “signature” mutations.
The study shows significant variability in the breadth and potency of bNAbs against
circulating HIV-1 subtype C envelopes. VRC07-LS, N6.LS, VRC01, PGT151, 10-1074,
and PGT121 display broad activity against subtype C variants, and major determi-
nants of sensitivity to most bNAbs were within the V1/V4 domains.

IMPORTANCE Broadly neutralizing antibodies (bNAbs) have potential clinical utility in
HIV-1 prevention and cure strategies. However, bNAbs target diverse epitopes on the
HIV-1 envelope and the virus may evolve to evade immune responses. It is therefore im-
portant to identify antibodies with broad activity in high prevalence settings, as well as
the genetic patterns that may lead to neutralization escape. We investigated 15 bNAbs
with diverse biophysical properties that target six epitopes of the HIV-1 Env glycoprotein
for their ability to inhibit viruses that initiated infection, viruses circulating in plasma at
chronic infection before antiretroviral treatment (ART), or viruses that were archived in
the reservoir during ART in subtype C infected individuals in South Africa, a high burden
country. We identify the antibodies most likely to be effective for clinical use in this set-
ting and describe mutational patterns associated with neutralization escape from these
antibodies.
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Human immunodeficiency virus type 1 (HIV-1)-specific broadly neutralizing antibod-
ies (bNAbs) may facilitate new approaches for HIV-1 prevention, treatment, or

even cure (1, 2). bNAbs can neutralize a variety of circulating HIV-1 strains and are nat-
urally produced in a small set of infected individuals (3). Innovative research has led to
the development of bNAbs with improved features such as longer half-lives, favorable
safety profiles (2, 4, 5), and potential to engage other components of the host immune
response (6, 7). These bNAbs primarily target the trimeric HIV-1 envelope (Env) glyco-
protein heterodimers (8, 9). Six bNAb categories based on recognition of the following
distinct and largely conserved epitopes on the Env glycoprotein have been character-
ized: the V1/V2 loop at the trimer apex, the V3 region, the CD4 binding site (CD4bs),
the membrane-proximal external region (MPER), the gp120/gp41 interface, and the
fusion peptide (3, 10–13). Diverse antibodies provide insights for rational vaccine and
immunogen design because they have different biophysical properties that may trans-
late into variable potency or breadth, even when they target the same epitope (14, 15).
Recent studies of passive administration of bNAbs in animal models and in a human
clinical trial have provided proof of concept that they can protect against HIV-1 infec-
tion (16–19). Moreover, in HIV-1-infected individuals, passively administered bNAbs
can suppress virus replication (20, 21).

Although bNAbs offer hope for new immune-based HIV prevention and treatment
approaches, the Env as an immune target presents unprecedented challenges due its
enormous diversity, partly driven by immune and other selection pressures (22–25).
HIV is characterized by rapid evolution within and among infected individuals (26);
which increases during chronic infection (27–29). This diversity presents a challenge
for passive immunization strategies, as bNAbs targeting common Env epitopes would
need to neutralize the transmitted/founder (TF) viruses for prophylaxis (5, 30), as well
as the variants that emerge in the face of immune pressure and antiretroviral therapy
(ART) for therapeutic or cure applications (31, 32). Considering the diverse bNAb bio-
physical properties and virus diversity, identification and characterization of the most
suitable bNAbs for potential clinical use is a critical scientific goal. It should be noted
that the forces that drive viral evolution have not been fully understood and character-
ized. Understanding these forces could have implications for the choice of bNAbs for
prevention versus treatment/cure. Since the Env protein is exposed on the outer sur-
face of HIV-1, it is the main target for neutralizing antibodies (33). Moreover, changes
in particular regions of Env, including the five variable (V1 to V5) loops, may impact on
sensitivity to bNAbs (34, 35). Therefore, it is important to characterize these changes
not only to understand processes that lead to neutralization escape, but also to de-
velop immunogens that can prevent escape. Escape mechanisms and pathways remain
incompletely understood and they could open strategies for novel interventions to
prevent escape or increase antibody potency and breadth. In addition, longitudinal
studies that aim to assess env variant genetic diversity and neutralization sensitivity, as
well as analyze key Env features in viruses derived from circulation and reservoirs
before and after ART initiation during acute or chronic HIV-1 infection are lacking. We
hypothesized that bNAbs targeting different epitopes will display heterogeneity in
breadth and potency against circulating and reservoir-derived pseudotyped subtype C
Envs. Specifically, we hypothesized that patterns of neutralization will differ among (i)
TF viruses; (ii) viruses circulating in plasma (before treatment [BT]) and proviruses
derived from peripheral blood and lymph node (LN) cells before ART initiation at
chronic infection; and (iii) viruses archived in the peripheral blood (after treatment
[AT]) or LN reservoirs following suppressive ART. In addition, we postulated that
reduced neutralization sensitivity will be associated with distinct signature Env amino
acid patterns such as differences in loop lengths, numbers of potential N-linked glyco-
sylation sites and serine/threonine counts.
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To test these hypotheses, we characterized the genetic plasticity of subtype C Envs
among (i) TF viruses, (ii) viruses circulating in plasma, peripheral blood, and lymph
nodes before ART initiation at chronic infection stage, and (iii) viruses archived in pe-
ripheral blood and lymph node reservoirs following ;1 year of suppressive ART in
patients followed longitudinally following acute HIV infection. Furthermore, we investi-
gated the impact of infection phase and compartment and genetic variability on the
breadth/potency of bNAbs targeting CD4bs (VRC01, VRC07-LS, 3BNC117, and N6.LS);
V1/V2 region (PGDM1400 and CAP256.VRC26.25); V3 supersite (PGT121, 10-1074,
PGT128, PGT135, and 2G12); MPER (10E8 and 4E10); gp120/gp41 interface (PGT151);
and fusion peptide (N123-VRC34.01).

RESULTS
Longitudinal analysis of intra- and interparticipant phylogenetic relatedness

of clade C envelopes.We examined the inter- and intraparticipant phylogenetic relat-
edness of env sequences from the nine participants. Each participant was sampled at 3
time points (TF virus; ;1 week post detection of plasma viremia; time point just prior
to ART initiation [median = 724 days] and ;1 year post ART initiation). In addition,
three participants 079, 093 and 651, were also sampled from the lymph node and the
PBMC compartments at matching time points. In total, we generated a total of 326
full-length gp160 sequences by single-genome amplification (SGA) (median = 9
sequences per time point). Following exclusion of sequences with multiple stop
codons the analysis involved a total of 317 gp160 amino acid sequences, which were
analyzed for phylogenetic relatedness (Fig. 1). Individual trees for each participant are
also shown in Fig. S1 in the supplemental material.

As expected, all sequences clustered with South African (Ref. C.ZA accession num-
ber AAV41353.1) and Indian (Ref. C.IN accession number AAD12085.1) clade C refer-
ence sequences and clustered distinctly away from nonclade C reference sequences.
All the studied participants appeared to be single variant transmissions (identical or
near-identical clusters of the TF sequences). For two participants (451 and 651) who ini-
tiated ART within 1 week of positive HIV-1 RNA plasma detection, the variants isolated
in the reservoir compartments (PBMCs and lymph node) clustered closely with their
corresponding TF variants. Among the six participants (036, 093, 102, 186, 208, and
318) who initiated ART at the chronic stage of infection, variants that were circulating
in plasma before ART initiation clustered independently of the TF variants. Moreover,
the variants that were circulating in the PBMC reservoir after ;1 year of suppressive
ART clustered independently of the TF variants. In addition, for participant 093 who
was also sampled from the LN under suppressive ART, the LN variants clustered inde-
pendently of the TF variants. Overall, there was intermixing of the variants isolated
from plasma at chronic stage of infection before ART initiation and the variants in the
PBMC/LN following ;1 year of suppressive ART. Participant 079, who was ART-naive
throughout the duration of the study, also exhibited viral diversification over time,
with the TF variants clustering independently of the variants in the plasma, PBMC, and
LN at chronic stage of infection. Interestingly, among participants 036, 093, 208, and
318, there were some variants resembling the TF that were still identifiable in the
PBMC compartment following ;1 year of suppressive ART. Taken together, this analy-
sis is consistent with the consensus in the field that there is a stringent genetic bottle-
neck governing transmission and early ART curtails intrahost viral diversification. In
contrast, when ART initiation is delayed until the chronic stage of infection, this creates
an opportunity for intrahost viral diversification and the variants in the reservoir gener-
ally resemble those that were circulating prior to ART initiation.

Intra- and interparticipant longitudinal assessment of variable domains (V1 to
V5). To further characterize the env sequence diversity among the nine studied partici-
pants, we next investigated the evolution of sequences within variable domains (V1 to
V5). We analyzed the HIV-1 env variants immediately following infection (within 1 week)
in all nine participants approximately 300 to 1,709 days postinfection, but prior to initiat-
ing ART (median = 724 days postinfection) in 7/9 participants, and approximately 1 year

HIV Env Sequence Variation and Sensitivity to bNAbs Journal of Virology

Month YYYY Volume XX Issue XX 10.1128/jvi.01270-22 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
12

 D
ec

em
be

r 
20

22
 b

y 
19

3.
60

.2
38

.9
9.

https://www.ncbi.nlm.nih.gov/protein/AAV41353.1
https://www.ncbi.nlm.nih.gov/protein/AAD12085.1
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01270-22


after initiating ART in 8/9 participants. HIV-1 variants were sampled from plasma prior to
initiating ART (before treatment [BT]); however, in some participants who later com-
menced therapy during the chronic stage, as well as those who initiated ART at the acute
stage, the variants were sampled from PBMCs approximately 1 year after initiating ART

FIG 1 Maximum likelihood phylogenetic tree of 317 full-length subtype C HIV Env amino acid sequences. Transmitter/founder (TF) sequences are shown
with black labels, chronic sequences (BT, before treatment) are denoted by red labels, while PBMC reservoir sequences (AT, ;1 year after treatment) are
denoted by green labels. Lymph node (LN)-derived sequences for participants 079, 093, and 651 are denoted by orange labels, whereas their matching
time point PBMC-derived sequences are denoted by blue labels. The branch length is drawn to scale to assess the relatedness between different
sequences, with branch lengths measured in the number of substitutions per site. Model/method, Jones-Taylor-Thornton (JTT) model; Test of phylogeny,
bootstrap method; No. of bootstrap replications, 200 (86–88). Reference sequences (denoted in pink) included: (Ref. A1.RW accession number BAF31340.1);
(Ref. A1.UG accession number BAF31412.1); (Ref. A2.CM accession number ADA83368.1); (Ref. A2.CY accession number AAK65976.1); (Ref. D.TZ accession
number AAQ98188.1); (Ref. D.UG accession number AAC97570.1); and (Ref. B.FR accession number NP057856.1); (Ref. C.ZA accession number AAV41353.1)
and (Ref. C.IN accession number AAD12085.1).
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(after treatment [AT]). Lymph node variants from participants 651 and 093 were also ana-
lyzed while on suppressive ART at 468 days and 1,044 days post detection of plasma vire-
mia, respectively. We also analyzed LN variants from the ART-naive participant 079 at
1,296 days post detection of plasma viremia. In addition, we also analyzed the variants in
PBMC and the LN at matched time points for 093 and 079, except for 651. The sequence
analysis concentrated on three characteristics: domain lengths, potential N-linked glycosy-
lation sites (PNGSs), and total serine/threonine (S/T) residue counts (Fig. 2).

Intra- and interparticipant longitudinal assessment of clade C envelopes’ vari-
able domain length. Previous studies have noted alterations in the lengths of variable
loops within gp120 to be among some of the mechanisms that HIV-1 uses to escape
neutralizing antibody mediated humoral responses (36, 37). Therefore, we assessed the
intraparticipant lengths of variable regions between TF sequences and those derived
from subsequent time points (before and after ART initiation). As shown in Fig. 2A (i),
the V1 loop lengths for all studied participants ranged between 15 and 37 amino acids
(AAs). For participants 079 and 318, the V1 lengths increased from (25 to 35) and (20 to
24) AAs over 1,536 and 1,417 days post onset of plasma viremia (DPOPV), respectively.
The V1 lengths for participants 102 and 208 decreased from (20 to 15) and (37 to 29)
AAs over 1,095 and 867 DPOPV, respectively. Noteworthy is that participants 036, 093,
186, 451, and 651 had constant V1 lengths at 22, 24, 26, 22, and 30 AAs over 1,102,
1,044, 745, 318 and 468 DPOPV, respectively. As shown in Fig. 2A (ii), the V2 loop
lengths for all studied participants ranged between 34 and 48 AAs. Whereas the major-
ity of intraparticipant V2 domain lengths were constant over time, participant 036 reg-
istered an increase of AAs (43 to 46), while participant 208 showed a decrease from 46
to 43 AAs. Interestingly the V3 domain length was conserved at 28 AAs for all partici-
pants (Fig. 2A [iii]). As shown in Fig. 2A (iv), the V4 loop lengths for most studied partic-
ipants was dynamic, ranging between 10 and 25 AAs. For participants 079 and 318, the
V4 lengths increased from 15 to 25 and decreased from 21 to 18 AAs over 1,536 and
1,417 DPOPV, respectively. The V4 lengths for participants 036 and 093 fluctuated
between 18 and 10 and 13 and 23 AAs over 1,102 and 1,044 DPOPV, respectively.
Noteworthy is that the V4 length for participant 102 decreased from (18 to 13) AAs
over 1,095 DPOPV. Participants 186, 208, 451, and 651 had constant V4 lengths at 10,
19, 14, and 15 AAs over 745, 867, 318 and 468 DPOPV, respectively (Fig. 2A [iv]).
Interestingly, the intraparticipant V5 domain lengths were largely constant with an
overall range between 10 and 13 AAs. However, a subtle increase and fluctuation
(within 1 AA) was observed over time for participants 079 and 186, respectively (Fig.
2A [v]). Taken together, these results reveal the high genetic plasticity of the V1 and V4
domain lengths (increase, decrease, or constant) over time following acute and chronic
HIV-1 infection. In contrast, the intraparticipant V2, V3, and V5 domain lengths are pre-
dominantly conserved over time during acute and chronic HIV-1 infection.

Intra- and interparticipant longitudinal assessment of clade C envelopes’ vari-
able domain potential N-linked glycosylation sites. The HIV-1 gp120 is highly glyco-
sylated, with an estimated 50% of its total mass comprising host-derived N-linked gly-
cans. Earlier reports have noted alterations in the PNGSs of variable loops within gp120
to be among drivers of neutralizing antibody escape in HIV-1 (37, 38). To assess the
longitudinal alterations in PNGSs, we computed the intra participant PNGSs of variable
regions between TF sequences and subsequent chronic time points (before and after
ART initiation). As shown in Fig. 2B (i), the V1 loop for all studied participants ranged
between 1 and 4 PNGSs. For participants 079, 186, and 318, the V1 PNGSs increased
from 3 to 4, 2 to 4, and 1 to 2 over 1,536, 745, and 1,417 DPOPV, respectively. In partici-
pants 036, and 208, the V1 PNGSs decreased from 3 to 2, and 4 to 3 over 1,102, and
867 DPOPV, respectively. Participants 093, 102, 451, and 651 had constant V1 PNGSs of
3, 1, 2, and 2 over 1,044, 1,095, 318, and 468 DPOPV, respectively. Interestingly, the
intraparticipant V2 domain PNGSs were largely constant with an overall range between
1 and 3 PNGSs, except for participant 208, which showed a decrease in PNGSs from 2
to 1 over 867 DPOPV (Fig. 2B [ii]). Moreover, the intraparticipant V3 domain PNGSs
were all constant with 1 PNGS over time (Fig. 2B [iii]). As shown in Fig. 2B (iv), the V4
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FIG 2 Line graphs showing distribution of the V1 to V5 loop characteristics over time. (A) V1 to V5 length; (B) V1 to V5 PNGSs;
and (C) V1 to V5 S/T counts. Each color-coded line represents a different participant. The geometric mean distribution of each

(Continued on next page)

HIV Env Sequence Variation and Sensitivity to bNAbs Journal of Virology

Month YYYY Volume XX Issue XX 10.1128/jvi.01270-22 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
12

 D
ec

em
be

r 
20

22
 b

y 
19

3.
60

.2
38

.9
9.

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01270-22


loop PNGSs for most studied participants was dynamic, ranging between 1 and 4
PNGSs. For participant 079, the V4 PNGSs increased from 2 to 4 over 1,536 DPOPV;
while for participant 318, the V4 PNGSs decreased from 4 to 3 over 1,417 DPOPV.
Fluctuations in PNGSs were registered between 1 and 2 PNGSs in participant 093 over
1,044 DPOPV. Overall, the V5 domain for all studied participants ranged between 1 and
2 PNGSs. For participants 036 and 079, the V5 PNGSs increased from 1 to 2 over 1,102
and 1,536 DPOPV, respectively (Fig. 2B [v]). In summary, these results show a variable
pattern (increase, decrease, and constant) for V1 and V4 domain PNGSs over time fol-
lowing acute and chronic HIV-1 infection. However, the intraparticipant V2, V3, and V5
domain PNGSs are predominantly conserved over time during acute and chronic HIV-1
infection.

Longitudinal variation in intra- and interparticipant clade C Env variable do-
main total S/T counts. The S/T residues are potential hot spots for O-linked glycosyla-
tion (39); therefore, the computation of total S/T count is a crude estimation of poten-
tial for O-linked glycosylation. Until recently (40), several studies have reported no
evidence for O-linked glycosylation of HIV-1 Env proteins (41). To assess the longitudi-
nal alterations in S/T counts, we computed the intraparticipant total S/T counts of vari-
able regions between TF sequences and subsequent time points (before and after ART
initiation). As shown in Fig. 2C (i), the V1 loop for all studied participants had S/T
counts ranging between 3 and 14. For participants 079, 186, and 318, the V1 increased
its S/T counts from 9 to 14, 6 to 8, and 3 to 4 over 1,536, 745, and 1,417 DPOPV, respec-
tively. In participants 102 and 208, the V1 S/T counts decreased from 4 to 3 and 9 to 8
over 1,095 and 867 DPOPV, respectively. Participants 036, 093, 451, and 651 had con-
stant V1 S/T counts of 5, 7, 5, and 8 over 1,102, 1,044, 318, and 468 DPOPV, respec-
tively. As shown in Fig. 2C (ii), the V2 loop S/T counts for all studied participants ranged
between 3 and 12. Interestingly, the intraparticipant V2 domain S/T counts were
largely constant, except for participant 208, which had its V2 domain S/T counts
decreasing from 11 to 9 over 867 DPOPV, while participant 186 had V2 domain S/T
counts increasing from 5 to 7 over 867 DPOPV. Notably, the V2 domain S/T counts of
318 fluctuated between 5 and 4 over 1,417 DPOPV. Moreover, the intraparticipant V3
domain S/T counts were all constant ranging between 2 and 4 over time (Fig. 2C [iii]).
As shown in Fig. 2C (iv), the V4 loop S/T counts for most studied participants were
dynamic, ranging between 2 and 9. For participants 079 and 186 the V4 S/T counts
increased from 4 to 9 and 2 to 3 over 1,536 and 745 DPOPV, respectively. The V4 S/T
counts for participants 093, 102, and 318 decreased from 4 to 3, 7 to 6, and 9 to 8 over
1,044, 1,095, and 1,417 DPOPV, respectively. Participants 451, and 651 had constant V4
S/T counts at 4 and 6 over 318 and 468 DPOPV, respectively. Interestingly, the intrapar-
ticipant V5 domain S/T counts were largely constant with an overall range between 2
and 5 S/T counts (Fig. 2C [v]). The data reveal that the V1 and V4 domain S/T counts
can rise, decrease, or remain constant over time during acute and chronic HIV-1 infec-
tion. However, the intraparticipant V2, V3, and V5 domain S/T counts are mostly
conserved.

Investigation of epitope-targeted neutralization susceptibility of longitudinal
intra- and interparticipant clade C HIV-1 pseudotyped envelopes. To assess longi-
tudinal alterations in sensitivity to key broadly neutralizing antibodies, we cloned rep-
resentative and phylogenetically distinct single genome sequences (n = 67; median = 3
per time point per participant) per time point for TZM-bl HIV neutralization antibody
assays. The selection criteria of sequences for cloning were based on similarity to con-
sensus of the sampled time point per participant. For more diverse time points, clones

FIG 2 Legend (Continued)
parameter is represented as a dot for each time point. y axis, subregion variable loop parameter; x axis, sampled compartment
and the relative days post observed plasma viremia increase from left to right (TF, transmitted/founder; BT, before treatment; AT,
after treatment; LN, lymph node; and PBMC, sequences from PMBC at time point matching lymph node excision). The asterisk (*)
denotes sequences obtained from participant 079 only, who remained ART naive throughout the study. Time points TF, BT, AT,
LN, and PBMC differ from participant to participant, please see the exact time points in Table 2. Logo plots showing longitudinal
intraparticipant V1 and V4 sequence variation are shown in Fig.S3 and S4.
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were also selected based on furthest distance from the consensus to ensure represen-
tative sampling. However, based on the 50% tissue culture infective dose (TCID50)
assessed through titration of the pseudovirus stocks produced through transfections in
293T cells, only 43 out of the 62 nontransmitted founder clones (69%) were functional
(Table 1).

We then proceeded to examine the sensitivity of the 43 functional clones against a
panel of 15 bNAbs targeting CD4bs (VRC01, VRC07-LS, 3BNC117, and N6.LS), the V1/V2
region (PGDM1400 and CAP256.VRC26.25) and V3 supersite (10-1074, PGT121, PGT128,
2G12, and PGT135), MPER (10E8 and 4E10), gp120/gp41 interface (PGT151), and fusion
peptide (FP) (N123-VRC34.01). As shown in Fig. 3A, the maximum concentration of
each tested antibody was 25 mg/mL. For neutralization breadth, we used an IC50

threshold of #1 mg/mL, which was the lower limit of range of bNAb serum concentra-
tions in HIV-1 infected individuals who were administered a single dose of 1 to 30 mg/
kg of 3BNC117 (42). Among the tested V3 glycan-targeting antibodies, 10-1074 and
PGT121 had 80% breadth at 1 mg/mL against the tested pseudoviruses, while PGT128,
2G12, and PGT135 had breadths of 54%, 23%, and 38%, respectively. The profiles of
the CD4bs-targeting antibodies indicated that at 1 mg/mL, VRC01, VRC07-LS, 3BNC117,
and N6.LS had breadths of 86%, 100%, 59%, and 100%, respectively. At 1 mg/mL, the
MPER-targeting antibodies 10E8 and 4E10 had breadths of 68% and 54%, respectively,
while the V1/V2-targeting antibodies CAP256.VRC26 and PGDM1400 had breadths of
57% and 52%, respectively. Lastly, PGT151 and N123-VRC34.01, which target the
gp120/gp41 interface and the fusion peptide, respectively, had a breadth of 81% and
38%, respectively. Taken together, these data (summarized in Fig. 3B) indicate that the
best performing antibodies targeting HIV-1 subtype C were as follows: VRC07-LS and
N6.LS (both with 100% breadth) for CD4bs-targeting antibodies; 10-1074 and PGT121
(both with 80% breadth) for V3-targeting antibodies; 10E8 (68% breadth) for an MPER-
targeting antibody; PGT151 (81% breadth) for the gp12/gp41 interface. Moreover, it
appeared that the V1/V2-targeting CAP256.VRC26 and PGDM1400 (57% and 52%
breadth, respectively), alongside the FP-targeting N123-VRC34.01 (38% breadth) were
moderately to weakly neutralizing. These data suggest that future studies may need to
identify more broadly neutralizing antibodies targeting V1/V2 and FP epitopes within
subtype C Envs.

Evidence of heterogeneity in neutralization sensitivity among TF viruses, circu-
lating plasma, and reservoir-derived variants against some bNAb classes. After
establishing the overall breadth of each antibody against the panel of 43 viruses, we
next wanted to assess whether there is heterogeneity in neutralization sensitivity
between the following groups of variants: (i) TF viruses; (ii) viruses circulating in plasma
prior to ART initiation during chronic stage; (iii) viruses archived in PBMC following
;1 year of ART; (iv) viruses derived from the lymph nodes; and (v) viruses derived from
the PBMC at a time point that matches lymph nodes. As shown Fig. 4A to E, there was
no statistically significant evidence of neutralization sensitivity distinction between TF
viruses, plasma-derived viruses circulating during chronic infection, and reservoir-
derived variants among V3-specific antibodies. A closer-examination of CD4bs-specific
antibodies showed that there was statistically significant evidence of transmitted var-
iants being more resistant to VRC01 than matching lymph node and PBMC variants.
Moreover, VRC07-LS and N6.LS showed 100% breadth at 1 mg/mL against variants
tested from each group (Fig. 4F–I). Investigation of MPER-specific bNAbs (Fig. 4J and
K), showed statistically significant evidence of transmitted variants being more sensi-
tive to 10E8 than the variants from matched PBMC and lymph node time points.
Moreover, there was evidence that lymph node-derived variants were more sensitive
to neutralization by 10E8 compared to PBMC variants at matched time points.
However, for 4E10, there was no evidence of significant neutralization sensitivity dis-
tinction between variants circulating in plasma at chronic and variants in the PBMC res-
ervoir after ;1 year of ART. Upon investigating V1/V2-specific bNAbs (Fig. 4L and M),
there was statistically significant evidence of transmitted variants being more sensitive
to PGDM1400 than the variants circulating at chronic before ART initiation as well as
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TABLE 1 Summary of the HIV-1 env clones generated and assessment of their ability to yield functional pseudotyped envelopesa

PID SGA clone ID Compartment DPOPV Treatment status Days PTI Functional clone
036 036 TF Plasma 1 No ART 2724 Yes

036 BT SGA1 Plasma 665 No ART 259 No
036 BT SGA4 Plasma 665 No ART 259 Yes
036 BT SGA11 Plasma 665 No ART 259 No
036 AT SGA3 PBMC 1,102 On ART 366 No
036 AT SGA4 PBMC 1,102 On ART 366 No
036 AT SGA6 PBMC 1,102 On ART 366 No

079 079 TF Plasma 1 No ART 21,709 Yes
079 LN SGA3 Lymph node 1,296 No ART 2413 Yes
079 LN SGA6 Lymph node 1,296 No ART 2413 No
079 LN SGA9 Lymph node 1,296 No ART 2413 Yes
079 PBMC SGA7 PBMC 1,295 No ART 2413 Yes
079 PBMC SGA9 PBMC 1,296 No ART 2413 Yes
079 PBMC SGA10 PBMC 1,296 No ART 2413 No
079 PBMC SGA12 PBMC 1,296 No ART 2413 Yes
079 PBMC SGA17 PBMC 1,296 No ART 2413 Yes
079 BT SGA3 Plasma 1,536 No ART 2173 Yes
079 BT SGA4 Plasma 1,536 No ART 2173 Yes
079 BT SGA7 Plasma 1,536 No ART 2173 No

093 093_TF Plasma 1 No ART 2310 Yes
093 BT SGA3 Plasma 252 No ART 258 Yes
093 BT SGA4 Plasma 252 No ART 258 No
093 BT SGA13 Plasma 252 No ART 258 Yes
093 AT SGA1 PBMC 693 On ART 372 Yes
093 AT SGA4 PBMC 693 On ART 372 No
093 LN SGA6 Lymph node 1,044 On ART 660 Yes
093 LN SGA8 Lymph node 1,044 On ART 660 Yes
093 LN SGA9 Lymph node 1,044 On ART 660 Yes
093 PBMC SGA1 PBMC 1,044 On ART 660 No
093 PBMC SGA4 PBMC 1,044 On ART 660 Yes
093 PBMC SGA14 PBMC 1,044 On ART 660 Yes

102 102 BT SGA2 Plasma 771 No ART 238 No
102 BT SGA3 Plasma 771 No ART 238 Yes
102 BT SGA6 Plasma 771 No ART 238 Yes
102 AT SGA1 PBMC 1,095 On ART 276 Yes
102 AT SGA5 PBMC 1,095 On ART 276 Yes
102 AT SGA6 PBMC 1,095 On ART 276 No

186 186 TF Plasma 1 No ART 2347 Yes
186 BT SGA1 Plasma 333 No ART 214 Yes
186 BT SGA2 Plasma 333 No ART 214 No
186 AT SGA1 PBMC 745 On ART 387 Yes
186 AT SGA5 PBMC 745 On ART 387 Yes
186 AT SGA9 PBMC 745 On ART 387 No

208 208 TF Plasma 1 No ART 2427 Yes
208 BT SGA1 Plasma 413 No ART 214 No
208 BT SGA3 Plasma 413 No ART 214 No
208 BT SGA10 Plasma 413 No ART 214 Yes
208 AT SGA4 PBMC 867 On ART 426 No
208 AT SGA7 PBMC 867 On ART 426 Yes

318 318TF Plasma 1 No ART 21,059 Yes
318 BT SGA1 Plasma 990 No ART 269 No
318 BT SGA4 Plasma 990 No ART 269 Yes
318 BT SGA5 Plasma 990 No ART 269 Yes
318 AT SGA1 PBMC 1,417 On ART 348 Yes
318 AT SGA6 PBMC 1,417 On ART 348 No
318 AT SGA8 PBMC 1,417 On ART 348 Yes

451 451 TF Plasma 1 No ART 0 Yes
451 AT SGA4 PBMC 318 On ART 318 No

(Continued on next page)
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those archived in PBMC at ;1 year post ART initiation. Also noteworthy was the dis-
tinct pattern of sensitivity to neutralization by CAP256.VRC26.25, with variants display-
ing either high sensitivity or resistance, with no partial phenotype of sensitivity to this
bNAb. For the gp120/gp41-specific bNAb PGT151, there was no statistically significant
evidence of neutralization sensitivity distinction between transmitted, plasma-circulat-
ing at chronic, and PBMC-reservoir variants after ;1 year of ART. Nonetheless, there
was evidence that lymph node-derived variants were more sensitive to neutralization
by PGT151 compared to PBMC-derived variants at matched time points. However, for
the fusion peptide-targeting antibody, N123-VRC34.01, there was no statistically signifi-
cant evidence of neutralization sensitivity distinction between variants circulating in
plasma at chronic and variants in the PBMC reservoir after ;1 year of ART. Taken to-
gether, VRC07-LS and N6.LS demonstrated the greatest potential for prevention and
therapeutic application, considering that they exhibited 100% breadth and potency in
cross-neutralizing TF, viruses circulating before treatment (BT), PBMC-derived viruses
after treatment (AT), and variants from matched LN/PBMC time points. Additionally,
these data imply that for some antibodies, distinct neutralization sensitivity patterns
may arise between transmitted, plasma-circulating, and reservoir variants.

Intraparticipant heterogeneity in neutralization sensitivity among transmitted,
plasma-circulating, and reservoir variants against some bNAb classes. Based on
the categorized overall analysis of the TF, BT, AT, LN and PBMC variants, there was
some evidence of neutralization sensitivity distinction among transmitted, plasma-cir-
culating, and reservoir variants. Therefore, to mitigate intraindividual quasispecies bias
in the interpretation of the data, we next longitudinally analyzed the nine participants
individually (Fig. S2).

V3 bNAbs. As shown in Fig. S2A and B, among the tested V3-targeting antibodies
10-1074 and PGT121, similar IC50 profiles were observed longitudinally for participants
079, 093 and 651. Interestingly, the highest resistance to neutralization was consis-
tently seen for variants from participant 079, which also had the highest V1 domain S/
T counts for all its variants compared to any other participant (Fig. 2C [i]). For partici-
pants 036, 318, and 451, the TF had lower IC50 values for 10-1074 compared to corre-
sponding variants sampled at later time points. A similar trend was observed against
PGT121, except for participant 036 variants, which had consistent IC50 values over time.
In contrast, the TF from participants 102 and 208 were less sensitive to both 10-1074
and PGT121 compared to the variants sampled from the same participants at later
time points. In addition, as shown in Fig. 5A, we observed that the glycans that interact
directly with V3 bNAbs at positions N332, N301, and N295 (43) that are associated with
neutralization sensitivity to V3 bNAbs were longitudinally conserved in all participants.
These data suggest that the intraparticipant neutralization sensitivity against V3 anti-
bodies can vary over the course of infection.

TABLE 1 (Continued)

PID SGA clone ID Compartment DPOPV Treatment status Days PTI Functional clone
451 AT SGA5 PBMC 318 On ART 318 Yes
451 AT SGA15 PBMC 318 On ART 318 No

651 651 AT SGA2 PBMC 327 On ART 327 Yes
651 AT SGA5 PBMC 327 On ART 327 Yes
651 AT SGA6 PBMC 327 On ART 327 No
651 AT SGA8 PBMC 327 On ART 327 Yes
651 c39 Lymph node 468 On ART 468 No
651 c40 Lymph node 468 On ART 468 Yes
651 c43 Lymph node 468 On ART 468 Yes

Total clones (non-TF) 62
Total functional clones 43
Functionality (%) 69%
aTF, transmitted/founder; BT, plasma before ART at chronic; AT, PBMC post;1 year on ART; LN, lymph node derived; PBMC, derived from PBMC at time point matching
lymph node; DPOPV, days post first detection of plasma viremia; Days PTI, days post treatment initiation.
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FIG 3 Epitope-targeted neutralizing antibody-phenotyping of acute and chronic phase HIV-1 subtype C envelopes. (A) Neutralization data are presented as
scatterplots of IC50 titers (mg/mL) in which each virus is represented by an individual circle. Antibodies targeting each epitope are color-coded. The highest
concentration tested for each bNAb, and the percentage of viruses (n = 43) neutralized are indicated. Solid black bars represent median titers and their

(Continued on next page)
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V1/V2 bNAbs. As shown in Fig. S2C and D, the TF variants from 079, 208, 318, and
451 were more sensitive to CAP256.VRC26.25 compared to the variants sampled at
later time points. Similarly, for PGDM1400, the TF variants from 036, 079, 186, 208, and
451, were more sensitive compared to the variants sampled at later time points. In con-
trast, the TF from participant 102 was more resistant to CAP256.VRC26.25 and
PGDM1400 than corresponding variants sampled at later time points. Participant 093
had fluctuating IC50 values for the tested V1/V2 antibodies between transmission and
later sampled time points. In addition, the heatmap illustration (Fig. 5B) suggests that
the V1/V2 bNAbs contacting glycans at positions N156 and N160 did not guarantee
sensitivity to CAP256.VRC26 and PGDM1400. Seven viruses had very similar distribu-
tions of IC50 titers to viruses that had the PNGS site for all V2 bNAbs tested.
Nevertheless, the heatmap in Fig. 5B shows that when cross-sectionally and longitudi-
nally examined, all the studied participants had largely conserved V1/V2 signature
mutation profiles, despite varied IC50 titers in some instances (318_AT_SGA8 versus
318_AT_SGA1). The K169E/T mutation observed for participant 093 appeared to confer
resistance to both CAP256.VRC26 and PGDM1400. Interestingly, the unusual V1 and V4
characteristics of select variants that were markedly of low sensitivity to the V3 bNAbs
(in participants 079, 093, 102, 186, and 318) were high ST counts and/or relatively
higher PNGSs and/or relatively longer lengths. Taken together, these data suggest that
the intraparticipant neutralization sensitivity against the tested V1/V2 antibodies can
follow a decreasing, increasing, fluctuating, or constant pattern.

CD4bs bNAbs. Fig. S2E and F shows that CD4bs-targeting antibodies VRC01 and
VRC07-LS, had the most consistently potent intraparticipant neutralization profiles lon-
gitudinally. For VRC07-LS in all participants, all longitudinal IC50 values were less than
1 mg/mL. Interestingly, for participants 208 and 079, variants appeared to be evolving
to become more sensitive to VRC01. Also, noteworthy was the subtle increase in resist-
ance to VRC01 and VRC07-LS observed for participants 036, 186 and 318. For 3BNC117
(Fig. S1G), variants from 079 and 093 were all resistant; however, a relative loss of re-
sistance to 3BNC117 was registered for later time point sampled variants from 079.
Moreover, variants from 036, 186, and 318, appeared to be acquiring resistance to
3BNC117 over time. In another analysis, the heatmap in Fig. 5C shows that all partici-
pants studied, cross-sectionally or longitudinally, had largely conserved CD4bs signa-
ture mutation profiles. However, surprisingly, the intraparticipant neutralization pro-
files against the CD4bs antibodies were variable. For instance, within participant 186,
the virus (186_AT_SGA5) isolated approximately 1 year post ART initiation is notably
resistant to 3BNC117 but has the same signature mutation profile compared to the
transmitted founder virus (186_TF_SGA9) as well as the virus that was circulating in
plasma at chronic infection before treatment (186_BT_SGA1). The D99Y mutation in
318_AT_SGA1 appeared to lead to reduced sensitivity against the studied CD4bs anti-
bodies. The S282P mutation in 102_BT_SGA6 was associated with resistance to VRC01
but had no effect on other tested CD4bs antibodies. Moreover, for participant 079, the
T371K mutation was associated with increased sensitivity to 3BNC117. Surprisingly,
participant 036 had similar signature mutations but the TF was more sensitive to neu-
tralization sensitivity by CD4bs antibodies than the virus that was isolated from plasma
prior to ART initiation at chronic infection phase. Unexpectedly, all the studied variants
from participant 451 had the same signature mutations but varied in neutralization
sensitivity against CD4bs antibodies. Interestingly, despite signature mutation profiles
being associated with reduced sensitivity to CD4bs antibodies, there was simultaneous
association of reduced sensitivity to CD4bs antibodies with elevated S/T counts and

FIG 3 Legend (Continued)
interquartile ranges. The asterisks (*) adjacent to each bNAb indicate the corresponding number of viruses (n = 13) tested against that antibody; The rest
of the bNAbs were tested against 43 viruses, apart from PGT151, which was tested against 30 viruses. (B) Neutralization breadth (% of viruses with IC50

#1 mg/mL) and potency of each tested bNAb (median IC50 of the subtype C virus panel [n = 13 to 43] against each bNAb). The neutralization was
assessed by a TZM-bl pseudovirus assay. Each circle represents the neutralization breadth at a given median IC50 (mg/mL) of the virus panel. Each color-
coded circle represents neutralization by a respective bNAb.
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FIG 4 Longitudinal epitope-targeted neutralization IC50 titers for each tested bNAb. (A to E) V3-targeting antibodies: 10-1074, PGT121,
PGT128, 2G12, and PGT135. (F to I) CD4bs-targeting antibodies: VRC01, VRC07-LS, 3BNC117, and N6.LS. (J and K) MPER-targeting

(Continued on next page)
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PNGSs, as well as domain lengths of both V1 and V4, especially for participants186 and
318. Overall, these data suggest that the intraparticipant neutralization sensitivity
against CD4bs antibodies can fluctuate over time.

MPER bNAb. Fig. S2H shows that MPER-targeting antibody 10E8, had varied intrapartici-
pant longitudinal neutralization profiles. Notably, the TF variants from participants 036, 318,
and 451 were more resistant to 10E8 than their corresponding later-sampled variants. In
contrast, for participant 186, the TF was more sensitive to 10E8 than later-sampled variants.
In addition, Fig. 5D shows that there was no significant intraparticipant longitudinal varia-
tion among the studied participants. Moreover, we did not observe rare mutations associ-
ated with complete 10E8 resistance: N671T, W672L, F673L, and W680G (44). Furthermore,
although the K683R signature is also associated with resistance to MPER-targeting antibod-
ies (45, 46), it did not appear to cause resistance in this study (PID 079). Interestingly, we
noted unusual V1 and V4 characteristics of variants that displayed markedly low sensitivity
to 10E8 in PIDs: 036, 079, 093, 102, 186, 318, and 451 — all of whom had high ST counts
and/or relatively higher PNGSs and/or relatively longer lengths.

gp120/gp41 bNAb. Fig. S2I shows that gp120/gp41-targeting antibody PGT151,
had varied intraparticipant longitudinal neutralization profiles. Particularly, the TF var-
iants from participants 036, 102, 186, and 318 were more sensitive to PGT151 than
their variant counterparts from later time points. In contrast, the TF variant from partic-
ipant 451 was more resistant to PGT151 than corresponding variants sampled later.
The rest of the participants appeared to have a relatively conserved intraparticipant
neutralization sensitivity over time. Moreover, as shown in the heatmap (Fig. 5E), we
observed that the glycans N262, N448, N611, N616, and N637 were largely conserved
longitudinally among all participants. However, we observed that in participants 186
and 651, the N448S mutation did not compromise sensitivity to PGT151. Nonetheless,
in participant 318 and 186, both the N637S/K and N300G/S mutations were associated
with resistance to PGT151. Contrary to the trends observed for bNAbs targeting earlier
described epitopes, the unusual V1 and V4 characteristics (high ST counts and/or rela-
tively higher PNGSs and/or relatively longer lengths) of select variants did not associate
with low sensitivity to the gp120/gp41 bNAb (PGT151).

DISCUSSION

Our phylogenetic analysis yielded results consistent with the consensus in the field
that there is a stringent genetic bottleneck governing transmission (47) and that early
ART reduces intrahost viral diversification over time (48). Delaying ART initiation until
the chronic stage of infection allows for intrahost viral diversification (49). The current
study is also consistent with an earlier study (50) suggesting that, generally, archived
peripheral blood reservoir variants following suppressive ART resemble variants circu-
lating in the peripheral blood prior to ART initiation. We also found that Env features
that may impact neutralization bNAb sensitivity, including length, PNGSs and total S/T
counts can be dynamic for V1 and V4 domains but relatively conserved longitudinally
for V2, V3, and V5 domains. Furthermore, in some instances, the intraparticipant viral
neutralization profiles were associated with changes in domain length, PNGSs, and
total S/T counts, particularly for V1 and V4. These findings imply that V1 and V4
domains may be useful in viral immune evasion.

Overall, consistent with what other studies have reported (12, 51–54), the phenotypic
neutralization data showed that bNAbs have heterogeneity toward neutralization of circu-
lating HIV-1 subtype C viruses. The most effective bNAbs against the Env clones tested,

FIG 4 Legend (Continued)
antibodies: 10E8 and 4E10. (L and M) V1/V2-targeting antibodies: CAP256.VRC26.25 and PGDM1400. (N) gp120/gp41 interface-targeting
antibody: PGT151. (O) Fusion peptide-targeting antibody: N123-VRC34.01. Each dot represents each tested pseudovirus and each group
represents the sampled time point/compartment. TF, transmitted founder viruses within 1 week of positive plasma viremia detection
(black dots). BT, viruses circulating in plasma at chronic prior ART initiation (red dots). AT, viruses circulating in PBMC after ;1 year of
ART (green dots). LN, viruses sampled from the lymph node (orange dots). PBMC, viruses sampled from the PBMC at a time point
matching the lymph node (blue dots). Significant differences among groups of variants using the Mann-Whitney unpaired t test are
indicated by asterisks. Nonsignificant, P . 0.05; *, P = 0.05 to 0.01; **, P = 0.01 to 0.001.
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FIG 5 Signature mutations, V1/V4 sequence characteristics, and neutralization activity of antibodies against each epitope. (A) V3
antibodies; (B) V1/V2 antibodies; (C) CD4bs antibodies; (D) MPER antibody; and (E) gp120/gp41 interface antibody. In each panel,

(Continued on next page)
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with more than 80% breadth at 1 mg/mL concentration were VRC07-LS and N6.LS (both
with 100% breadth) for CD4bs-targeting antibodies; PGT121 and 10-1074 (both with 80%
breadth) for V3-targeting antibodies; and PGT151 (81% breadth) for the gp12/gp41 inter-
face. The V1/V2-targeting CAP256.VRC26 and PGDM1400 had 57% and 52% breadth,
respectively; while the MPER-targeting antibody 10E8 (68% breadth) and the FP-targeting
N123-VRC34.01 (38% breadth) were moderately to weakly neutralizing. Whereas the use of
the IC50 threshold of #1 mg/mL can guide in vitro neutralization breadth assessments,
other studies have suggested that a combination of 3BNC117 and 10-1074 is sufficient to
maintain viral suppression in sensitive individuals when the concentration of both antibod-
ies remains$10mg/mL in serum (21, 55). Other studies with a more stringent threshold to-
ward prevention efficacy (PE) of VRC01, such as the HVTN 703/HPTN 081 (703/081), which
enrolled heterosexual women in Botswana, Kenya, Malawi, Mozambique, South Africa,
Tanzania, and Zimbabwe, suggested a PE of 78.6% (95% CI 17.3 to 94.4%) against viruses
with IC80 ,1 mg/mL, but offering a near zero PE for viruses with IC80 .1 mg/mL (56).
Furthermore, based on the VRC01 AMP study data, as well as steady-state serum concen-
tration simulations of PGT121.414.LS, PGDM1400LS, and VRC07-523LS, a recent study sug-
gested an average PT80 of 200 (implying a bNAb concentration 200-fold greater than that
required to prevent infection by 80% in vitro) as required for 90% preventative efficacy
against virus acquisition (56). Although the majority of the bNAbs on the current study’s
panel have not been studied in humans, our study further highlights the need to identify
or engineer more bNAbs with high breadth and potency for potential clinical use.

Additionally, we found differences in neutralization sensitivity across transmitted, plasma-
circulating, and reservoir variants against some bNAb classes. These data suggest that bNAbs
may not be uniformly effective when applied in prevention versus treatment strategies. For
example, VRC01 and PGDM1400 appear to have different patterns, whereby TF variants may
be more resistant to VRC01, but more sensitive to PGDM1400 and vice-versa for variants
derived for later time points. Moreover, evolution of antibody neutralization sensitivity can
occur within an individual over time (57, 58) and can be compartment specific (59). In our
study, instances of neutralization compartmentalization for bNAbs such as 10E8 and PGT151
were observed (such as in Fig. 4J and N, respectively). Compartmentalization was more com-
mon in individuals who commenced ART in chronic HIV-1 infection. For instance, LN compart-
ment-derived variants were generally more sensitive than variants derived from the PBMC
compartment at matching time points, notably, variants from PID 079 versus VRC01 or 10E8,
and variants from PID 093 versus PGT151. However, these observations will require further
confirmation in larger studies.

Moreover, we identified genetic characteristics within the Env that might predict
sensitivity to bNAb (mainly within V1 and V4), suggesting that the function of these
variable domains in concealing HIV-1-neutralizing epitopes is currently being underes-
timated (60, 61). Notably, a recent study reported an HIV-1 isolate (from an elite con-
troller) that displayed an unusually long V1 domain in Env gp120. Upon careful analysis
of this V1 domain, its stretches of S and T had positive O-glycosylation prediction (62).
A follow-up cross-sectional study also suggested that the O-glycans within the V1 do-
main, shields HIV-1 against V3-glycan bNAbs (40). Consistent with these prior studies,
our current study revealed that; among variants in PID 079, a combination of longer
V1/V4 and higher S/T counts within V1/V4 were associated with reduced sensitivity to
V3 or V1/V2-targeting antibodies. In addition, among variants in PID 318, longer V1

FIG 5 Legend (Continued)
the first column shows the name of each tested representative clones, the second column shows their respective escape
mutations from literature, denoted in vertical labels above the heatmap of each bNAb category (89) and in magenta, is the
corresponding HXB2 AA numbering. The red and orange heatmaps (drawn per participant) show the neutralization activity (IC50 in
mg/mL) of each antibody, where red is the most neutralizing and white least neutralizing. The blue heatmaps (drawn per
participant) show the V1 loop characteristics (V1 length, total PNGs in V1 and total S/T counts in V1), where dark shade represents
higher values and lighter shade represents the least values. The green heatmaps (drawn per participant) show the V4 loop
characteristics (V4 length, total PNGs in V4 and total S/T counts in V4), where dark shade represents higher values and lighter
shade represents the (lower values). TF, transmitted founder viruses within 1 week of positive plasma viremia detection. BT, viruses
circulating in plasma at chronic prior ART initiation. AT, viruses circulating in PBMC after ;1 year of ART. LN, viruses sampled from
the lymph node. PBMC, viruses sampled from the PBMC at a time point matching the lymph node.

HIV Env Sequence Variation and Sensitivity to bNAbs Journal of Virology

Month YYYY Volume XX Issue XX 10.1128/jvi.01270-22 16

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
12

 D
ec

em
be

r 
20

22
 b

y 
19

3.
60

.2
38

.9
9.

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01270-22


domains and higher PNGSs or S/T counts within V1 were associated with reduced sen-
sitivity to V3-, V1/V2-, and CD4bs-targeting antibodies. Variants from PID 186 also dem-
onstrated that V1 domains that have higher PNGSs or higher S/T counts and V4
domains that have higher S/T counts are associated with reduced sensitivity to the
MPER targeting antibody 10E8. These examples, suggest that bNAb sensitivity and re-
sistance can be mediated by very subtle Env genetic changes that are not easily identi-
fiable, particularly when using a small sample size such as ours.

There are some limitations to our study that call for caution in the interpretation of the
data. First, it would have benefited from structural biology studies. For example, to compre-
hensively investigate the role of structural features of Env variable domains in mediating differ-
ential shielding effects against bNAbs, future studies should employ X-ray crystallography or
cryo-EM (63–66) on a representative series of gp160s generated in wild-type HEK293T cells. A
comparison of these crystal structures alone and in complex with individual antibodies will
help us define the adhesion pivots for these antibodies in the context of variable domain fea-
tures (67). Second, because of the small sample size, this study only provided subtle hints on
molecular events that could be leading to neutralization sensitivity heterogeneity; Therefore,
future studies should employ a higher degree of sampling, artificial intelligence, and/or
machine learning (68–70) on longitudinal sequencing data to monitor both the conserved (C1
to C5) and variable domains (V1 to V5) of the gp120 subunits. These future studies might
reveal conformational dynamics of the neutralizing epitopes and help model future vaccines
by exposing energetically stable or possible conformations that interact with some of the key
bNAbs, including changes in glycan hole (71, 72) over time. Moreover, future studies should
also seek to evaluate how V1 and/or V4 variations correlate with autologous nAb response
specificity. Finally, this study only evaluated the dynamics within HIV-1 subtype C Envs; there-
fore, future studies should also evaluate these dynamics within individuals infected with other
HIV-1 subtypes. Proof-of-concept studies have demonstrated that passive administration of
bNAb(s) can prevent HIV-1 acquisition or suppress viremia in humans when the targeted
viruses are susceptible to the bNAbs (19, 73–75). Moreover, promising studies with various
bNAbs are ongoing (NCT05281510, NCT04983030, NCT04871113, NCT05079451). Given the
additional neutralization sensitivity determinants and ongoing evolution of Env within an indi-
vidual suggested by this study, multispecific antibodies or bNAb combinations will most likely
be required to produce the necessary breadth for effective protection.

In conclusion, our results suggest that VRC07-LS, N6.LS, VRC01, PGT151, 10-1074, and
PGT121 are potent antibodies that should be recommended for future randomized AMP
and treatment studies targeting high-prevalence HIV-1 subtype C regions like South Africa.
This study also provides evidence of unique neutralization phenotypes between TF and
chronic or latent reservoir Env variants against current bNAbs. Taken together, these find-
ings support the need for continuous intrahost surveillance of evolving viruses during sub-
type C infections, to identify bNAb combinations that will optimally traverse and overcome
the evolving viral genetic diversity.

MATERIALS ANDMETHODS
Study participants. Biological specimens were collected from nine individuals under the Females

Rising through Education, Support, and Health (FRESH) hyperacute HIV-1 subtype C infection study
cohort based in Durban, South Africa. Participants in the FRESH cohort were HIV uninfected 18 to 23-
year-old women who attended a twice-weekly socioeconomic empowerment program (76, 77). Each
appointment (twice per week) included a finger-prick blood draw sample for HIV RNA testing, with
women identified as HIV-1 RNA positive entering into an acute phase with more intensive sampling.
Biological sampling of HIV-positive individuals was maintained throughout the acute and chronic stages
(77). Six of the participants (PID 036; 093; 102; 186, 208; and 318) began ART at the chronic stage of
infection. Two participants (PID 451 and 651) initiated ART within 1 week of first detection of HIV-1 posi-
tive plasma viremia following changes in the South African national treatment study guidelines. The
remaining participant (PID 079) was ART-naive throughout the duration of the study. HIV-1 variants
were sampled from plasma prior to ART initiation. For those participants who initiated treatment at the
chronic stage, as well as those who initiated ART following HIV-1 detection, variants were sampled in
PBMCs at approximately 1-year post ART initiation (AT). In addition, variants from the LN tissue samples
collected from three participants (PID 079 at 1,296 days postinfection; PID 093 at 1,044 days postinfec-
tion; and PID 651 at 484 days postinfection) were analyzed. This allowed us to longitudinally assess HIV-
1 env variants immediately (within 1 week) postinfection (termed TF virus for all nine participants); at
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approximately 300 to 1,709 days postinfection but prior to initiating ART (median = 724 days) for seven
participants; and approximately 1 year post ART initiation for eight participants. The study was approved
by the Biomedical Research Ethics Committee (BREC) of the University of KwaZulu-Natal (reference no:
BE278/18) and participants provided written informed consent. The virological and immunological char-
acteristics of study participants are shown in Table 2.

Nucleic acid extraction and cDNA synthesis. Integrated proviral HIV-1 DNA was extracted using
the Qiagen DNeasy blood and tissue kit (Qiagen, Hilden, Germany) from peripheral blood mononuclear
cells of clinical samples. The DNA was eluted from the spin column membrane using 200 mL of AE buffer
and stored at 220°C for use in the next step. The MasterPure complete DNA and RNA purification kit
(Lucigen, Middleton, WI, USA) was used to extract total DNA from the lymph node samples. HIV-1 mRNA
was also extracted from plasma using the QIAamp Viral RNA minikit (Qiagen, Hilden, Germany), and
cDNA was prepared by reverse transcription-PCR (RT-PCR) using a Superscript IV First-Strand synthesis
kit according to the manufacturer’s protocol (Thermo Fisher Scientific, Waltham, MA, USA) and the
gene-specific primer OFM19 (59-GCA CTC AAG GCA AGC TTT ATT GAG GCT TA-39). Reverse transcription
was carried out for 1.5 h at 50°C, and cDNA products were stored at 220°C. The resultant DNA or cDNA
was serially diluted to generate single genomes of the HIV-1 env gene through nested PCR.

Single genome amplification and cloning of HIV-1 env. We performed a nested single-genome
amplification (SGA) of the HIV-1 env gene using an endpoint dilution series whereby by Poisson distribu-
tion, the dilution resulting in no more than 30% of positive PCRs was considered to contain only a single
genome of HIV-1 (78). The diluted template was used in the first-round of the nested single-genome
amplification using the following primers: OFM19, 59-GCA CTC AAG GCA AGC TTT ATT GAG GCT TA-39
and VIF1, 59- GGG TTT ATT ACA GGG ACA GCA GA-39 (79). Sample DNA was used as the template in a
20 mL reaction volume containing 10� buffer, 2 mM MgSO4, 10 mM dNTPs, 10 pmol/mL of each primer,
5 U/mL Platinum HF DNA polymerase (Thermo Fisher, Waltham MA, USA), and nuclease-free H2O. PCR
was carried out using the following program: 1 cycle of 94°C for 4 min; 35 cycles of 94°C for 15 s, 55°C
for 30 s, and 68°C for 4 min; a final extension of 68°C for 20 min; then held at 4°C.

The second-round of the nested SGA was done using the in-house modified primers: Env1A(3rd)GA,
59-CTC CGA TCC AGT ACC CTT CAC CGG CTT AGG CAT CTC CTA T-39 and Env1M(3rd)GA, 59-GCA GAA
TTG TCT TGA CCC TTT AGC CCT TCC AGT CCC CCC-39. The primers were designed to incorporate a 15-bp
overlap (shown in in the underlined segments) which were complementary to the ends of the linearized

TABLE 2 Virological and immunological characteristics of study participants alongside sequences and clones generated

PID
Treatment
start daya DPOPV

Plasma viral load
(copies/mL) CD4 count (cells/mL)

Sampled
compartment

Total SGA
sequences

Representative
env clonesb

036 724 3
665
1,102

2,400,000
22,000
,20

204
213
352

Plasma
Plasma
PBMC

18
6
9

1
3
3

079 1,709 1
1,318
1,318
1,586

240,000
22,000
22,000
37,000

637
355
355
198

Plasma
Lymph Node
PBMC
Plasma

16
15
14
11

1
3
5
3

093 310 1
252
693
1,375
1,375

31,000
41,000
,20
,20
,20

493
216
492
464
464

Plasma
Plasma
PBMC
Lymph Node
PBMC

34
12
4
13
5

1
3
2
3
3

102 809 3
711
1,095

6,800,000
100,000
,20

814
589
598

Plasma
Plasma
PBMC

17
9
4

-
3
3

186 347 4
333
745

6,300,000
210,000
110,000

306
287
208

Plasma
Plasma
PBMC

21
10
9

1
2
3

208 427 1
413
868

46,000
82,000
,20

390
327
471

Plasma
Plasma
PBMC

19
7
7

1
3
2

318 1,059 3
990
1,417

160,000
7,900
,20

911
700
663

Plasma
Plasma
PBMC

25
5
5

1
3
3

451 1 1
328

62,000
,20

434
738

Plasma
PBMC

2
14

1
3

651 1 1
338
484

3,900
,20
,20

851
545
623

Plasma
PBMC
Lymph nodec

4
8
3

4
3

aDay of ART initiation measured from post detection of plasma viremia.
bBased on phylogenetic clustering, a median of three representative clones for subsequent neutralization testing were generated per time point.
cLimited sample; bulk PCR product cloned. DPOPV, days post first detection of plasma viremia; SGA, single genome amplicon.
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pcDNA 3.1/V5-His-TOPO sequence using the Gibson-Assembly approach (80). The first-round PCR prod-
uct was used as the template in a 25-mL reaction volume containing 5X Phusion buffer, 2 mM MgSO4,
10 mM dNTPs, 20 pmol/mL of each primer, 5 U/mL Phusion HF Taq polymerase (Thermo Fisher, Waltham
MA, USA), and nuclease-free H2O. PCR was carried out using: 1 cycle of 98°C for 30 s; 35 cycles of 98°C
for 10 s, 65°C for 30 s, and 72°C for 4 min; a final extension of 72°C for 10 min; then held at 4°C. The
amplimers were visualized on a 2% agarose gel (Invitrogen, Carlsbad, CA, USA) in 1� Tris-borate-EDTA
(TBE) buffer (Invitrogen, Grand Island, NY, USA) containing 0.5� GelRed (Biotium, Fremont, CA, USA) and
run at 120 V for 1 h. The resulting PCR amplicons were excised and purified using the Qiagen QIAquick
gel extraction kit (Thermo Fisher Scientific, Inc., USA) and ligated into the pcDNA 3.1/V5-His-TOPO using
the NEBuilder HiFi DNA assembly master mix (New England BioLabs, Ipswich, MA, USA).

Sequence and phylogenetic analysis. DNA sequences were edited using Sequencher version 5.4.6
(Gene Codes Corporation, Ann Arbor, MI, USA) and further analyzed using Geneious Prime software
(Biomatters, Auckland, New Zealand). Variable loop lengths and the total serine/threonine (S/T) counts
were determined within each individual variable region (V1 to V5). The variable region coordinates were
determined using the following HXB2 amino acid (AA) positions (GenBank accession number K03455):
V1, AA 127 to 156; V2, AA 160 to 195; V3, AA 300 to 328; V4, AA 393 to 414; and V5, AA 460 to 470 (81).
The number of potential N-linked glycosylation sites (PNGSs) were ascertained using the N-Glycosite
tool from the Los Alamos HIV database website (http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/
glycosite.html; accessed 10 April 2020). The variable loop length and the total count of S/T residues
within the V1, V2, V3, V4, and V5 loops were compared between different clusters and time points for
each sequence. Sequence logo plots were drawn in WebLogo (http://weblogo.berkeley.edu/logo.cgi;
accessed 2 May 2021). The intra- and interparticipant evolutionary analyses were conducted in MEGA X
(82) using the maximum likelihood method and Jones-Taylor-Thornton (JTT) matrix-based model (83).

Envelope-pseudotyped virus production. Pseudotyped viruses were prepared by the cotransfec-
tion of an envelope-expressing plasmid with an env-deleted HIV-1 backbone plasmid (pSG3DEnv) into
293T cells in T75 culture flasks using a FuGENE6 transfection kit (Promega Inc., Madison, WI, USA). Cell
supernatants containing pseudotyped viruses were harvested 24 h posttransfection and then stored at
80°C until further use. TCID50 was assessed through titration of the pseudovirus stocks in quadruplicate
5-fold serial dilutions in a 96-well plate. TZM-bl cells containing dextran-hydrochloride (DEAE) were
added to the virus, and TZM-bl cells not treated with the virus were used as a negative control. The plate
was incubated at 37°C, 95% relative humidity, and 5% CO2 for 48 h. After incubation, growth media
were removed and replaced with the Bright-Glo luciferase assay substrate (Promega Inc., Madison, WI,
USA) and viral transfectivity was measured as relative light units (RLU) using a GloMax Navigator lumi-
nometer (Promega Inc., Madison, WI, USA). The neutralization assays employed an infectious dosage
that produced between 50,000 and 150,000 RLU. We chose a dosage that provided at least 10 times the
baseline RLU for pseudoviruses that did not exceed 50,000 to 150,000 RLU (84).

TZM-bl HIV neutralization antibody assay. Neutralization was measured as a reduction in luciferase
gene expression after a single-round infection of TZM-bl cells (NIH AIDS Reagent Program) with Env-pseudo-
typed viruses (85). A 5-fold dilution series was used for each antibody and the maximum antibody concentra-
tion tested for each antibody was 25 mg/mL. Luciferase activity was measured after incubation at 37°C, 95%
relative humidity, and 5% CO2 for 48 h. Titers were calculated as the inhibitory concentration (IC50) causing
50% reduction of RLU with respect to the virus control wells (untreated virus). Reported neutralization titers
are the average of two or more titers for any given virus-antibody combination.

Statistical analysis. Statistical analysis was performed using GraphPad Prism version 9 software
(San Diego, CA, USA). Statistical comparisons between sequence characteristics and neutralization sensi-
tivities were performed using the Mann-Whitney U test and unpaired t test, where P , 0.05 was consid-
ered significant.

Data availability. All sequences analyzed in this study have been deposited in GenBank under
accession numbers OP121239 to OP121555.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
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