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ABSTRACT Adequate information on the precise molecular and biological composi-
tion of the viral strains that establish HIV infection in the human host will provide
effective means of immunization against HIV infection. In an attempt to identify the
transmitted founder (TF) virus and differentiate the biological properties and infec-
tious potential of the TF virus from those of the population of the early transmitted
viruses, 250 patient-derived gp120 envelope glycoproteins were cloned in pMN-K7-
Luc-IRESs-NefΔgp120 to obtain chimeric viruses. Samples were obtained from eight
infants who had recently become infected with HIV through mother-to-child trans-
mission (MTCT) and two adults who acquired infection through the heterosexual
route and were in the chronic stage of infection. Among the 250 clones tested, 65
chimeric viruses were infectious, and all belonged to HIV-1 subtype C. The 65 clones
were analyzed for molecular features of the envelope, per-infectious-particle infectiv-
ity, coreceptor tropism, drug sensitivity, and sensitivity to broadly neutralizing anti-
bodies. Based on genotypic and phenotypic analysis of the viral clones, we identi-
fied 10 TF viruses from the eight infants. The TF viruses were characterized by
shorter V1V2 regions, a reduced number of potential N-linked glycosylation sites,
and a higher infectivity titer compared to the virus variants from the adults in the
chronic stage of infection. CXCR6 coreceptor usage, in addition to that of the CCR5
coreceptor, which was used by all 65 chimeric viruses, was identified in 13 viruses.
The sensitivity of the TF variants to maraviroc and a standard panel of neutralizing
monoclonal antibodies (VRC01, PG09, PG16, and PGT121) was found to be much
lower than that of the virus variants from the adults in the chronic stage of infec-
tion.

IMPORTANCE Tremendous progress has been made during the last three and half
decades of HIV research, but some significant gaps continue to exist. One of the
frontier areas of HIV research which has not seen a breakthrough yet is vaccine re-
search, which is because of the enormous genetic diversity of HIV-1 and the unique
infectious fitness of the virus. Among the repertoire of viral variants, the virus that
establishes successful infection (transmitted founder [TF] virus) has not been well
characterized yet. An insight into the salient features of the TF virus would go a
long way toward helping with the design of an effective vaccine against HIV. Here
we studied the biological properties of recently transmitted viruses isolated from in-
fants who acquired infection from the mother and have come up with unique char-
acterizations for the TF virus that establishes infection in the human host.
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Since the discovery of HIV, understanding the mechanism of HIV transmission and
preventing the spread of infection have been the focus of intense research. The

ultimate aim is to develop a potential vaccine (1) that can act in a subtype-independent
manner (2) or at least have the potential to control viral replication and prevent CD4�

T-cell loss and disease progression (3). A useful broadly neutralizing antibody (bNAb)
response is required to overcome the genetic variability, structural complexity, and
escape mechanisms of the virus. Unfortunately, attempts to develop an immunogen
capable of eliciting such antibodies have not met with success to date (4, 5), and HIV
has proved such a formidable foe to vaccine designers and the immune system alike.

Nearly half of the global HIV infections are caused by the subtype C strain (HIV-1C),
which is the most predominant among the nine pure HIV-1 subtypes and numerous
unique and circulating recombinant forms (6). In India, approximately 2.1 million
people were reported to be living with HIV in the middle of 2017 (UNAIDS global AIDS
update, 2017), with more than 99% of infections being caused by HIV-1 subtype C
(HIV-1C) strains alone (7–11). Despite the unique characteristics of HIV-1C, there are
considerable differences in the features of viruses within the quasispecies, especially in
the transmission efficiency of the virus in vivo.

Among the repertoire of transmitted viral variants, it is well-known that only a small
proportion of the viruses (commonly referred to as transmitted founder [TF] viruses) are
successful in establishing infection. However, we are still limited in our understanding
of the properties of these viruses. It is widely believed that the early immune response
to HIV infection is likely to be an essential factor in determining the clinical course of
the disease. Thus, a better understanding of the characteristics of TF viruses and their
role in early infection will throw light on the features that bestow these variants with
the unique advantage of successfully establishing infection and contribute significantly
to the design and development of a protective HIV vaccine. The conformational
changes in the viral envelope induced by the interaction between the HIV-1 gp120 and
the CD4 receptor and coreceptor enable viral entry into the host cell (12, 13).

Therefore, this study aimed to construct recombinant gp120 clones from infants
recently infected with HIV and to identify and characterize the TF variants for their
unique biological properties, including coreceptor usage, infectivity potential, drug
sensitivity, and sensitivity to neutralizing antibodies.

RESULTS
General features of the recombinant viruses. Two hundred fifty representative

clones (25 from each subject) were selected from the 10 individuals and subjected to
plasmid DNA isolation, restriction digestion with the enzymes NgoMIV and MluI, and
sequence analysis. A total of 150 clones were confirmed by both sequence analysis and
digestion with a restriction endonuclease. Recombinant viruses were generated by
transfection of 293T cells with the plasmids, and the viruses were tested for infectivity
using TZM-bl reporter cells. Based on luciferase expression (number of relative light
units [RLU]), 43% (65/150) of the recombinant viruses, belonging to nine individuals,
were found to be infectious and were employed for further downstream analysis.
Unfortunately, none of the clones obtained from one individual, IN_01, were found to
be infectious. Table 1 provides the clinical and demographic profiles of the study
participants.

A maximum likelihood (ML) phylogenetic tree based on the amino acid sequence of
the V1 to V3 region of Env was constructed using MEGA software (v7) (see Fig. S1 in the
supplemental material). As expected, the V1 to V3 region of Env from an individual
study subject formed a monophyletic cluster. On the basis of the amino acid sequence
diversity, the number of potential N-linked glycosylation sites (PNGs) in the V1V2
region, and per-infectious-particle infectivity, we identified a total of 10 TF viruses from
the eight infant samples (Table 1). No TF viruses were identified from the adult samples.
The length of the V1 to V3 region and the PNG positions were defined on the basis
of the strain HXB2 reference sequence. A vast variation in the length of the V1 region
was identified. While the V1 region comprised 30 to 46 amino acids (average, 42 amino
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acids) and three to five PNGs in the amplicons derived from the adult samples, the
recently transmitted virus isolates had short (25-amino-acid long) and very short
(12-amino-acid long) V1 regions with a reduced number of PNGs (1 to 3) (Table 2). The
length of variable regions V1 to V3, the number of PNGs, and the sequences in the
different clones are provided in Table S1.

Identification of transmitted/founder virus variants and relative infectivity
analysis. Since blood samples were collected from infants during the acute phase of
infection, we hypothesize that the viral variants obtained from the plasma RNA would
very closely resemble that of the virus variants that were responsible for establishing
infection in these individuals. The amino acid diversity in the variable region (V1 to V3)
of the 65 infectious clones is provided in Fig. S2. It can be seen from the highlighter plot
that the clones exhibited a substantial amount of sequence diversity and variation in
the number of PNGs. Phylogenetic analysis using amino acid sequences identified a few
high-diversity lineages among the intraindividual clones that differed by only a few amino
acids. We measured the infectivity of each of the envelope clones to examine the impact
of amino acid diversity in the V1 to V3 regions on infectivity of the virus. Interestingly, we
found that clones having the highest diversity showed a high infectious potential (Fig. S3).

We performed a single-round-infection assay to determine the infectious potential
of the recently transmitted viruses, TF viruses, and control viruses derived from chron-
ically infected individuals (referred to here as chronic viruses) on a per-infectious-
particle basis in TZM-bl cell lines. The number of RLU expressed was measured and
used to calculate the infectious potential of a single viral particle. The results showed
that the viral variants derived from four recently infected individuals had statistically

TABLE 1 Clinical and demographic profiles of study subjects and viral characteristics of the chimeric viral variantsa

Sample Age/sex
Mode of
transmission

Yr of
sampling

Diagnostic
method

Viral load
(no. of
copies/ml)

CD4 T-cell
count (no.
of cells/�l)

No. of
clones

No. of
infectious
clones

No. of
TF
viruses Subtypeb

Predicted
coreceptor
determined byc:

PhenoSeq G2P

IN_01 34 yr/M HET 2013 ELISA 84,356 207 21 0 0 C CCR5 CCR5
IN_02 25 yr/F HET 2016 ELISA 148,000 352 21 05 0 C CCR5 CCR5
IN_03 45 days/F MTCT 2014 DNA PCR NA 623 15 02 1 C CCR5 CCR5
IN_04 04 mo/M MTCT 2014 DNA PCR 459,494 NA 04 02 1 C CCR5 CCR5
IN_05 14 mo/M MTCT 2015 DNA PCR 4,723,382 224 07 05 1 C CCR5 CCR5
IN_06 04 mo/F MTCT 2014 DNA PCR 2,354,238 328 22 08 1 C CCR5 CCR5
IN_07 02 mo/M MTCT 2015 DNA PCR NA 655 22 18 1 C CCR5 CCR5
IN_08 04 mo/M MTCT 2015 DNA PCR 2,991,258 925 16 14 2 C CCR5 CCR5
IN_09 06 mo/F MTCT 2014 DNA PCR 127,706 432 07 05 1 C CXCR4 CCR5
IN_10 13 mo/F MTCT 2014 DNA PCR 1,485,978 NA 15 06 2 C CCR5 CCR5
aF, female; M, male; HET, heterosexual route; MTCT, mother-to-child-transmission; NA, not available; G2P, Geno2Pheno algorithm.
bBased on the ML phylogenetic tree and three online automated tools, RIP, jpHMM, and REGA.
cPredicted coreceptor based on the V3 amino acid population sequence.

TABLE 2 Characteristics of V1 to V3 region of infectious molecular clonesa

Sample

Length of variable region (no. of
amino acids) No. of PNGs

V1 V2 V3 V1 V2 V3

IN_02 41 (30–45) 41 35 5 (3–5) 2 1
IN_03 21 44 35 2 (1–2) 2 1
IN_04 18 39 45 2 (1–2) 2 1
IN_05 13 41 35 2 (1–2) 2 1
IN_06 24 41 35 3 (1–3) 2 1
IN_07 25 (23–25) 46 35 (34–35) 3 (1–3) 2 1
IN_08 12 45 35 2 (1–2) 3 (1–3) 1
IN_09 28 47 34 (34–35) 2 (1–2) 2 1
IN_10 24 40 35 3 2 (1–2) 1
aValues given are for the average length of the variable region or number of PNGs; numbers in parentheses
indicate ranges.
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significantly (P � 0.05) enhanced infectivity compared to the variants derived from
chronically infected individuals (Fig. 1a). The median magnitude of per-infectious-
particle infectivity of recently transmitted viral variants was found to be 1.2- to 3.7-fold
higher than that of chronic viruses. In particular, the infectivity of viral variants from two
individuals, IN_08 and IN_09, was found to be very high (average, 3.5-fold). Further, we
checked the infectious potential of recently transmitted viruses, TF viruses, and chronic
control viruses (Fig. 1b). Both TF viruses and recently transmitted viruses had statisti-
cally significantly higher infectious titers than chronic control viruses (P � 0.02 and P �

0.01, respectively). Interestingly, the TF viruses were found to have statistically signif-
icantly higher infectious titers than recently transmitted viruses (P � 0.02)

Coreceptor usage and tropism. To determine the coreceptor usage profile of the
viral clones generated, we used luciferase expression as well as green fluorescent
protein (GFP) expression in GHOST(3) cells expressing CCR5 (R5), CXCR4 (X4), both CCR5
and CXCR4 (R5X4), and CXCR6 (X6) chemokine receptors (Fig. 2). Among the 65
infectious viruses tested, 80% (52/65) were found to use the CCR5 coreceptor for entry
exclusively (R5-tropic). Interestingly, 3% of the clones (2/65) were dual tropic (R5X4) and
also used the CXCR6 coreceptor. Twenty percent of the clones (13/65) used both the
CCR5 and CXCR6 coreceptors (R5X6) (Fig. 2a). Among the eight recently infected
individuals, six had at least one clone that exhibited CXCR6 tropism. Among the ten TF
viruses, four were found to use both CCR5 and CXCR6. Interestingly, viruses that used
CXCR4 or CXCR6 exclusively were not identified. The representative infection with virus

FIG 1 Relative infectious potential of chimeric viruses on a per-infectious-particle basis. Infectivity values
for chronic and recently transmitted viruses are expressed in terms of the number of relative light units
(RLU) as log10 values. Particle infectivity is defined by the infectious titer determined on TZM-bl cells. (a)
Particle infectivity based on the number of RLU for each individual is presented. The box plot represents
the infectivity of a single viral particle of multiple variants from each infected individual. Infections were
performed in TZM-bl cells with virus at an MOI of 0.005 in the presence of DEAE-dextran. Pairwise
comparisons were performed using the Mann-Whitney test, and a P value of �0.05 was considered
statistically significant. (b) Particle infectivity of the chronic control, recently transmitted, and TF viruses.
Pairwise comparisons were performed using the Mann-Whitney test, and a P value of �0.05 was
considered statistically significant.
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that used CCR5, CXCR4, and CXCR6 (R5X4X6) in Bonzo-positive cells (R5, R5X4, X4, and
X6) is presented as Fig. 2b. We next sought to determine whether the R5X4X6-tropic
viruses can infect the CD8-depleted peripheral blood mononuclear cells (PBMCsCD8�)
after blocking both the CCR5 and CXCR4 coreceptors with maraviroc (MVC) and
AMD3100, respectively, by quantifying the p24 within the cells using the cell lysate.
After the CCR5 and CXCR4 coreceptors were blocked, PBMCsCD8� showed evidence of
infection with the two R5X4X6-tropic viruses (Fig. 2c). However, the data should be
interpreted with caution. The ability of the viruses to infect the cells when the CCR5 and
CXCR4 coreceptors were blocked could be due not only to the CXCR6 coreceptor, as
coreceptors other than CXCR6 can be used in the absence of CCR5 and CXCR4.

Sensitivity to CCR5 antagonist. Next, we determined the sensitivity of the recom-
binant viruses to maraviroc (MVC), a CCR5 antagonist, in a single-round-infection assay
at various concentrations starting from 1 � 104 nM and going to 1 � 10�3 nM in
10-fold serial dilutions. The median 50% effective concentrations (EC50) for the indi-
vidual patients are presented in Fig. 3a. The EC50 were found to be greater for the
recently transmitted viral variants than the chronic viral variants; the median EC50 for
the chronic and recently transmitted variants was found to be 0.49 nM and 1.97 nM,
respectively (P � 0.016) (Fig. 3b). The median half-maximal response to MVC for
R5-tropic and R5X6-tropic viruses varied marginally (1.65 nM and 2.72 nM, respectively).
It was interesting to note that when the R5- and R5X6-tropic viruses obtained from any
given individual (IN_08, IN_09, and IN_10) were compared, the R5-tropic viruses had
significantly higher (1.8-fold) median EC50 than the R5X6-tropic viruses in patient IN_08,
while in the other two patients, the difference was 1.3-fold higher without any
statistical significance (Fig. 3c).

Sensitivity to neutralizing antibodies. We used a panel of well-characterized
broadly neutralizing antibodies (bNAbs), VRC01, PG09, PG16, and PGT121, to determine
the neutralization sensitivity of the viral clones. Based on the percent neutralization,

FIG 2 Coreceptor tropism and viral entry. The expression of luciferase upon infection with GHOST(3) cells (CXCR4�, CCR5�, CXCR4-CCR5�,
and CXCR6�) by the recombinant viruses was measured and used for the identification of coreceptor usage. (a) The bar diagram
represents the number of viral isolates that were identified as R5-, R5X4-, and R5X4X6-tropic based on the coreceptors used for viral entry.
(b) Confocal microscopy images of green fluorescent protein expression by IN_09.09 viral isolates that use the R5, X4, and X6 coreceptors
for viral entry. NC, no-drug control. (c) Quantification of p24 for detection of cellular entry by the two R5X4X6 chimeric viruses in
CD8-depleted PBMCs. The experiments were performed in duplicate. The mean (SD) is presented.
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chimeric viruses were categorized into three groups (�30%, 30 to 60%, and �60%
neutralization), and the neutralization sensitivity results are represented in Fig. S4. PG16
showed the broadest activity, neutralizing �60% of the viral variants at concentrations
below 1 �g/ml. This was followed by the Quad monoclonal antibody (MAb), PGT121,
and PG09, which neutralized 57%, 34%, and 32% of the viruses, respectively. VRC01,
which targets the CD4 binding site by binding to the V1 loop of Env, neutralized merely
9% of the viruses, even when tested at a concentration of 5 �g/ml. We also determined
the potency of the neutralization response by calculating 50% inhibitory concentrations
(IC50) using a dose-response curve fit with a nonlinear function using GraphPad Prism
(v5.0) software (Fig. 4a). We observed that the potency of neutralization of the viral
variants was significantly lower for VRC01 than for PG09, PG16, and PGT121
(P � 0.001 in all cases). The results of the cluster analysis of neutralization sensitivity are
shown in Fig. 4b. In general, the potency of neutralization of all the four MAbs for TF
viruses was found to be lower than for chronic viruses (Fig. 4c). The neutralization
potency of VRC01, PG16, and PGT121 for the TF viruses was 708 ng/ml, 68 ng/ml, and
106 ng/ml., respectively, while it was 582 ng/ml, 49 ng/ml, and 95 ng/ml, respectively,
for the chronic viruses. On the other hand, the potency of neutralization of the PG09
MAb was similar for both TF and chronic viruses (mean IC50, 46 ng/ml and 48 ng/ml,
respectively). It was interesting to observe that there was a difference in the neutral-
ization sensitivity of TF and chronic viruses obtained from the same individual. The
neutralization sensitivity of the viruses for the entire panel of monoclonal antibodies is
shown in Fig. S5.

FIG 3 Half-maximal effective concentration (EC50) of a CCR5 antagonist for suppression of infection by
chimeric viral variants. TZM-bl cells were infected with the chimeric virus at an MOI of 0.005 and cultured
in the presence of the CCR5 antagonist maraviroc at concentrations ranging from 1 � 104 nM to 1 �
10�3 nM with 10-fold serial dilutions. The box plots represent the EC50 of maraviroc for each viral variant
from the individuals (a), the susceptibilities of viral isolates derived from later and early stages of infection
to maraviroc (b), and the susceptibility difference between R5- and R5X6-capable early-transmitted
viruses (c). Inhibition data from replicates were plotted using GraphPad Prism software, and EC50 were
determined using variable-slope nonlinear regression analysis. Experiments were carried out in triplicate
in two biological replicates. The statistical comparisons were performed using the Kruskal-Wallis test
(among the individual patients) and the Mann-Whitney test (between groups), and a P value of �0.05
was considered statistically significant. ns, not significant.
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Correlation between tropism and neutralization response. Though there was no
significant difference in the neutralization profile of the chronic viruses and the R5- and
R5X6-tropic TF viral clones with the VRC01, PG09, and Quad MAbs, we did find a unique
pattern (Fig. 5). At all concentrations tested, the percent inhibition of R5-tropic chronic
viruses, R5-tropic TF viruses, and R5X6-tropic TF viruses with VRC01 was more or less
similar. On the other hand, there was a considerable difference in the neutralization
sensitivity of the three groups of viruses with PG16 and PGT121 MAbs. The percent
neutralization of the viruses at 1 ng/�l (the maximum concentration tested) was found
to be 86% and 78% for the two groups of R5-tropic viruses but was much less (68%) for
the R5X6-tropic viruses with PG16 MAb. Similarly, with the PGT121 MAb, the percent
neutralization of the two groups of R5-tropic viruses was 86% and 78%, while that of
R5X6-tropic viruses was 61%.

DISCUSSION

In the present study, we developed replication-competent chimera viruses compris-
ing the gp120 gene amplified from ten HIV-1C-infected individuals, two adults with
chronic infection who acquired HIV-1 through sexual contact and eight infants who
recently acquired the infection from the mother during pregnancy. The data obtained
from the 65 infectious clones demonstrate that the viral variants from early transmis-
sion have a higher infectivity and reduced neutralization sensitivity. Interestingly, we
also found that several recently transmitted viruses were capable of CXCR6-dependent

FIG 4 Neutralizing potential of a panel of 4 monoclonal antibodies against the chimeric viruses. The figure represents the potency of
neutralization of viral isolates by the VRC01, PG09, PG16, and PGT121 monoclonal antibodies. Twofold dilutions of all MAbs, except VRC01, starting
from 1 �g/ml and going up to 8 serial dilutions, were tested for their potency against the 65 infectious viral variants; VRC01 was tested at a higher
concentration of 5 �g/ml. Data from replicates were plotted using GraphPad Prism software, and IC50 were determined using variable-slope
nonlinear regression analysis. Experiments were carried out in duplicate. (a) The IC50 of each dot represents the amount of MAbs required to
neutralize half of the virus in each patient. (b) The difference in color intensity in the heatmap indicates the potency of neutralization. The darker
and lighter colors indicate a stronger and a weaker neutralization potency of the virus, respectively. (c) The box plot represents the neutralization
potency of MAbs against the TF and chronic viruses. The statistical comparisons were performed using the Mann-Whitney test (between groups),
and a P value of �0.05 was considered statistically significant.
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cell entry, in addition to CCR5-dependent cell entry, indicating that coreceptor usage
during the early event of transmission may differ.

There are no clear data on the number of viruses required for establishing an
efficient clinical infection. It is well-known that all the viruses derived from an HIV-
infected individual are not necessarily infectious or capable of establishing a productive
infection (14) and that just a few viruses or even a single virus particle with enormous
transmission fitness is sufficient for transmitting infection. On this account, it may be
surprising that the infection caused by the single viral particle proceeds to a low
multiplicity and limited evolution of the viral population in the early stages of infection
(15). In an attempt to identify unique characteristics that distinguish the TF viruses from
the chronic viruses, we examined the length of the variable regions of HIV-1 gp120, the
number of PNGs present in the variable regions (V1 to V3), and the infectivity fitness of
the chimeric viruses. We found a difference in the length of the V1V2 region, with TF
viruses having a shorter V1V2 region than the viral variants obtained from the later
stages of disease. A previous study also reported that the numbers of amino acids and
PNGs in the gp120 variable regions are unique determinants that contribute to the
successful establishment of early infection among recently transmitted viral isolates
(16). In the present study, we noticed that envelopes from the same individual showed
a significant variation in the number of amino acids and PNGs in the V1V2 region. It was
interesting to note that envelope clones with a shorter V1V2 region and a reduced
number of PNGs exhibited more infectious fitness than those with a longer V1V2 region
and a higher number of PNGs. It has previously been reported that changes in the
length of the variable regions might alter antibody recognition of both the V3 loop and
the CD4 binding site under host selection pressure (16, 17). In contrast to the findings
of an earlier study where TF viruses did not demonstrate increased viral fitness
regarding particle infectivity in heterosexual transmission (18), our study showed an
increased particle infectivity of the TF viruses as well as recently transmitted viruses (19,

FIG 5 Representation of neutralization profile in association with coreceptor tropism. The graph depicts the percent inhibition of chronic control R5-capable
and recently transmitted (R5 and R5X6) viruses against neutralizing monoclonal antibodies.
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20). It is thought that the TF viruses carry an excess of functional envelope spikes and
that such an excess seems to provide an advantage to the virus during the very early
stages of infection (20). The presence of viral variants with a higher infectious titer at
or near the moment of infection ensures stable binding to the CD4 receptor and
establishment of infection during the transmission event (21). It is to be noted that TF
viruses can also establish de novo infection and resist the host antiviral activity of IFITMs
(interferon-induced transmembrane protein 1) (22).

Earlier studies have indicated that TF viruses from heterosexual transmission also
possibly have enhanced virus entry (23), which could be due to the broader coreceptor
usage, as relative fitness differs significantly among TF viruses (24). We also analyzed
the coreceptor usage pattern of the viral variants using a phenotypic assay with
reporter cell lines. Most of the infectious clones (52/65; 78%) generated in this study
were found to exclusively use the CCR5 coreceptor, which is in line with the findings of
previous studies (15, 20). Only 20% of the clones used both the CCR5 and CXCR6
coreceptors; two clones could use all three coreceptors, CCR5, CXCR4, and CXCR6.
Further virus entry was observed in the CD8-depleted PBMCs. It has been reported
earlier that TF viruses choose CCR5-dependent cell entry for establishing productive
and persistent infection, as their genetic units are more conserved toward the R5
coreceptor (25). Although CXCR6 is considered a major coreceptor for HIV-2 and simian
immunodeficiency virus but a minor coreceptor for HIV-1 (26), we found that some of
our HIV-1 clones could use CXCR6 as a coreceptor (27). To the best of our knowledge,
no study has reported on CXCR6 usage in TF viruses, and this is the first report on the
presence of viral variants capable of using the CXCR6 coreceptor in recently infected
infants. More importantly, four of the ten TF viruses identified in this study were
capable of using both CCR5 and CXCR6 coreceptors. Various subsets of leukocytes
express the chemokine receptor CXCR6 (28). RNA sequencing data show higher num-
bers of transcripts of CXCR6 per million (TPM) transcripts both in lymphoid tissue and
in the placenta (29). Genome-wide association studies have identified polymorphisms
within the CXCR6 gene (rs2234358) that correlate with HIV-1 control in long-term
nonprogressors (30). A recent transcriptomics study reported that CXCR6 gene expres-
sion was significantly downregulated in elite controllers compared to viremic progres-
sors (31). This could potentially point to a mechanism of increased HIV-1 replication
control in HIV-1-positive elite controllers caused by a decreased susceptibility of T
lymphocytes for HIV-1 entry. Our data thus indicate that coreceptor usage during the
early event of transmission could be different and that the role of CXCR6 as a
coreceptor in the initial stage of infection, transmission, and the establishment of the
disease needs to be looked at in greater detail.

The effective inhibitory concentration of maraviroc, a CCR5 antagonist, was found to
vary for viruses isolated from the same individual as well as viruses from different
individuals. In general, the amount of drug required to inhibit half of the virus among
the chronic virus population was found to be much less than that required to inhibit
the TF virus. A unique property of HIV-1C strains is that a proportion of HIV-1C strains
has broad coreceptor usage (32–34). An earlier study and our unpublished data showed
that maraviroc could inhibit dual-tropic viruses (35). However, given the broader
coreceptor usage, this could be expected as the viruses from recently infected individ-
uals can also use the other coreceptor, besides CCR5, for entry. It was observed that
within a given individual, the amount of drug needed to reduce half of the R5X6-tropic
viruses was higher than that required to reduce half of the solely CCR5-dependent
viruses. We therefore posit that, given the current guideline of test and treat, where the
treatment is initiated at a very early phase of infection, maraviroc may not be a good
option with which to start therapy. It has already been reported that viral escape from
CCR5 antagonists can evolve by adopting CXCR4 or CXCR6 for entry (36). Our recent
study also indicated that HIV-1C strains are less susceptible than non-subtype C strains
to maraviroc (37).

We also analyzed the sensitivity of the viruses to neutralization by the well-
characterized bNAbs, such as PG09, PG16, PGT121, and VRC01 (38). Overall, the
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recombinant viruses exhibited reduced sensitivity to neutralization by the CD4 binding
site-directed MAb VRC01 compared to that by the N160 glycan binding site (V1V2
glycan) MAbs, PG09 and PG16, and the N332 glycan binding site (V3 glycan) MAb
PGT121. Our findings are in agreement with previous reports that HIV-1 strains are
evolving to become resistant to CD4 binding site-directed neutralizing activity (38) and
suggest different neutralization mechanisms (39, 40). The neutralization sensitivity of
chronic viruses to all the four MAbs was found to be higher than that of the TF viral
variants. This increased resistance to neutralization by the TF virus could be due to the
shorter length of the V1V2 region of their Env proteins and the smaller number of PNGs.
Evidence from the literature also suggests that the epitopes in this region are confor-
mationally masked (15). These factors might be responsible for the difference in
neutralization sensitivity between the TF and chronic viruses. However, there is one
contradictory report which says that a longer V1V2 region is associated with resistance
to neutralization (41). Of note, site-specific glycosylation can also influence neutralizing
antibody elicitation in a subtype-specific manner (42, 43). Although the HIV isolates had
increased resistance to bNAbs at the population level, the newly identified bNAb PG16
displayed an extraordinary breadth and potency of neutralization with the chimeric
viruses. In contrast, another glycan-dependent bNAb, PG09, exhibited a very limited
breadth and potency of neutralization with the same viruses. This discrepancy in
neutralization might be advantageous for TF virus in establishing successful infection
early after transmission. Further, we observed that the potency of neutralization varied
with respect to the number and type of coreceptors used by the viral variants. The level
of inhibition by the neutralizing antibodies PG16 and PGT121 of the viral variants that
could use the CXCR6 coreceptor for establishing infection was found to be minimal
compared to that of the variants that could use CCR5 alone.

Our study has a few limitations that merit mention. First, we included viral clones
from only one chronically infected control subject in our analyses. Second, we cloned
only the gp120 portion of the HIV-1 Env and not the entire Env gp160, and the
backbone used was of HIV-1 subtype B. Although the use of full-length infectious
molecular clones (IMC) containing the complete HIV-1 genome has several advantages
(20), the methodology for generating full-length infectious clones is difficult and makes
it extremely hard to produce a large number of clones for such analysis. Third, after
blocking the CCR5 and CXCR4 coreceptors, we found that R5X4X6 viruses could infect
PBMCs. However, our study could not confirm that infection in these cases was
exclusively through the CXCR6 coreceptor, as earlier studies have shown that HIV-1C
strains can use a broad range of coreceptors to infect primary cells (32–34). Finally, as
the vertical transmission from mother to child mostly involves transfer of a homoge-
neous population of viruses, the characteristics of the viruses transmitted through the
sexual route or drug use may differ significantly. This aspect is under investigation in
our laboratory at Karolinska Institute with primary HIV infections.

However, our study has revealed several interesting characteristics of viral variants
found at the time of transmission, such as higher infectivity, reduced neutralization
sensitivity, and broader coreceptor tropism compared to those for viruses present in
the chronic stage of the disease. Further, discrepancies in the breadth and neutraliza-
tion potency of different bNAbs for the viruses might be advantageous to TF virus for
establishing successful infection early after transmission. The use of other coreceptors,
like CXCR6, along with CCR5, at the early stage of infection points to a different cellular
entry mechanism employed by TF viruses.

MATERIALS AND METHODS
Cell lines. TZM-bl, GHOST(3) CXCR4�, GHOST(3) CCR5� (Hi-5), and GHOST(3) CXCR6 cells were

obtained from the NIH AIDS Reagent Program, NIH, USA. 293T cells were purchased from ATCC, USA.
TZM-bl and 293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) supple-
mented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine. The GHOST cell lines were maintained
in high-glucose DMEM supplemented with 10% FBS.

Clinical specimens. The study population comprised eight infants who acquired HIV infection from
the mother during pregnancy and two adults (chronic controls [CC]) who got the infection through
heterosexual transmission. Their HIV infection status was confirmed using an HIV-1 DNA PCR and
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enzyme-linked immunosorbent assay (ELISA), respectively. The detailed demographic profiles of the
subjects, including their CD4 cell counts and viral loads, are shown in Table 1. Ethical clearance for the
study was obtained from the Institutional Ethics Committee of the National Institute for Research in
Tuberculosis (formerly known as Tuberculosis Research Centre ICMR; TRC-IEC 2009009).

Construction of gp120 molecular clones. HIV RNA was extracted, using a QIAamp viral RNA minikit
(Qiagen, USA), from 140 �l of the patients’ plasma. cDNA was synthesized using the SuperScript III
reverse transcriptase enzyme (Invitrogen, Life Technologies, MA, USA) and an oligo(dT)18 primer (Thermo
Scientific). The first round of PCR was performed using high-fidelity Kapa HiFi HotStart Ready mix (2�;
Kapa Biosystems, MA, USA) with primers 5550F (5=-AGARGAYAGATGGAACAAGCCCCAG-3=; HXB2 coor-
dinates 5550 ¡ 5574) and 9555R (5=-TCTACCTAGAGAGACCCAGTACA-3=; HXB2 coordinates 9555 ¡
9533), followed by a second round with primers 6433F (5=-CYACCAACGCGTGTGTACCCACAGA-3=; HXB2
coordinates 6433 ¡ 6457) and 8329R (5=-CCCTGCCGGCCTCTATTYAYTATAGAAA-3=; HXB2 coordinates
8356 ¡ 8329). The primers contained the NgoMIV and MluI restriction sites, respectively, for cloning. The
resultant fragments were gel purified using the QIAquick gel extraction kit (Qiagen, USA) and cloned into
the pMN-K7-Luc-IRESs-NefΔgp120 plasmid (44) (kindly gifted by Thomas Klimkait, University of Basel,
Basel, Switzerland).

Generation of virus stocks and determination of infectivity. Virus stocks were produced from the
infectious molecular clones (IMC) by transfection of 293T cells as described previously (45). In brief, 1 �
105 293T cells were seeded in each well of 12-well plates on the day before transfection. Cells were
transfected with 2.5 �g of DNA from the pMN-gp120 molecular clone using the FuGENE HD (Promega,
USA) reagent following the manufacturer’s protocol. The supernatant was harvested after 48 h and
clarified by centrifugation, aliquoted, and stored at �80°C until use.

The 50% tissue culture infective dose (TCID50) of the generated virus stocks was determined as
previously described (45). In brief, 1 � 105 TZM-bl cells per well in 96-well plates were infected with a
serial dilution of the virus stock in sextuplicate, starting with a 1/10 dilution in the presence of 10 �g/ml
DEAE-dextran (Sigma). The luciferase expressed by the TZM-bl cells was measured, using a Bright-Glo
luciferase assay system (Promega, USA), at 48 h postinfection on an Infinite M200Pro plate reader (Tecan,
Switzerland) and expressed as relative light units (RLU).

Sequence alignment and analysis. Genotyping was performed using the method described
previously (10). In brief, the gp120 sequence data were aligned using SeqScape software (v2.5) with the
prescribed default parameters. The V1, V2, and V3 regions of the envelope were defined on the basis of
the corresponding sequences in the HXB2 envelope as nucleotides 391 to 471, 472 to 585, and 886 to
993, respectively. The phylogenetic tree was constructed from amino acid sequence alignments on the
basis of the maximum likelihood method with the Poisson correction model using MEGA (v7) software.
HIV-1 subtyping was performed using the online subtyping and recombinant detection tools RIP
(www.hiv.lanl.gov/content/sequence/RIP/RIP.html, accessed in December 2017), jpHMM (http://jphmm
.gobics.de/submission_hiv.html, accessed in December 2017), and REGA (v3.0; http://dbpartners.stanford
.edu:8080/RegaSubtyping/stanford-hiv/typingtool/, accessed in December 2017). Coreceptor usage was
predicted on the basis of the V3 loop sequence using the online tools geno2pheno (http://coreceptor
.bioinf.mpi-inf.mpg.de/index.php, accessed in December 2017) and phenoseq (http://tools.burnet.edu
.au/phenoseq/, accessed in December 2017) and also on the basis of the net charge of the V3 region. The
amino acid sequence deviation and PNG positions were analyzed using the highlighter tool provided in
the Los Alamos National Laboratory database (https://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/
highlighter_top.html/, accessed in December 2017). The consensus sequence of the amplicons from an
individual was generated before performing highlighter analysis.

Determination of viral coreceptor tropism. GHOST(3) CXCR4�, X4R5�, Hi5 (CCR5�), and Bonzo
(CXCR6)-positive cells were seeded in 96-well plates (10,000 cells per well) 24 h before infection. The cells
were inoculated with a fixed dose of harvested virus at a multiplicity of infection (MOI) of 1 and a
10-�g/ml final concentration of DEAE in DMEM. Coreceptor tropism was determined by measuring the
luciferase expression as described above. In addition to luciferase expression, green fluorescent protein
(GFP) expression was also captured using confocal microscopy (Olympus FluoView, v2.0b). For this
purpose, GHOST(3) cells were seeded onto glass coverslips placed in each well of a 24-well tissue culture
plate, as described above. The monolayers were then inoculated with chimeric virus at a multiplicity of
infection (MOI) of 1. At 48 h postinfection, the cells in the coverslips were fixed with 4% paraformalde-
hyde (PFA) for 1 h and examined using a Nikon Optiphot microscope attached to a Bio-Rad MRC 500
confocal system (LaserSharp). Images were acquired with a 60� oil-immersion objective and processed
in an Olympus FluoView (v2.0b) microscope.

Determination of infection through the CXCR6 coreceptor in PBMCsCD8� after blocking CCR5
and CXCR4 coreceptors. Peripheral blood mononuclear cells (PBMCs) were isolated from healthy
individuals. To avoid CD8-mediated killing, CD8� T cells were depleted from the healthy PBMCs using a
RosetteSep human CD8 depletion cocktail (Stem Cell Technologies UK Ltd., UK), and the purity was
checked by flow cytometry. The infection of PBMCsCD8� was carried out using a modified protocol as
described previously (46). PBMCsCD8� were activated with phytohemagglutinin (20 �g/ml) in the
presence of interleukin-2 (20 U/ml) in complete RPMI 1640 medium supplemented with 10% FBS. At 3
days poststimulation, cells were incubated with a CCR5 antagonist (maraviroc, 15 �M) and a CXCR4
antagonist (AMD3100; 15 �M; Sigma) in combination (1:1) for 2 h, followed by spinoculation (1,200 � g
for 90 min) with R5X4X6 chimeric viruses in the presence of DEAE-dextran (10 �g/ml). The plates were
incubated at 37°C with 5% CO2 for 24 h. On the following day, the cells were washed thrice with 1�
phosphate-buffered saline, replenished with fresh complete RPMI 1640, and incubated further for 3 days.
After 72 h, cells were lysed with radioimmunoprecipitation assay buffer without Triton X-100 and p24
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levels were quantified using an electrochemiluminescence immunoassay (ECLIA) with a Cobas 8000
analyzer (Roche Diagnostics, USA).

Determination of infectious potential of chimeric viruses by per infectious viral particle. TZM-bl
cells seeded in 96-well plates were infected with 50 particles of each virus. Luciferase expression was
measured after 48 h of culture and expressed as a measure of the infectious potential per 50 viral
particles. The infectivity of the single viral particle was determined by dividing the number of RLU by 50
and calculating the logarithmic values.

Determination of neutralization sensitivity. A panel of four bNAbs targeting different epitopes on
HIV-1 gp120 were tested for their ability to neutralize the viral variants and prevent infection of target
cells. Antibodies were tested in 2-fold serial dilutions (up to eight dilutions) in duplicate, starting at the
highest concentration indicated, unless otherwise stated: CD4bs MAb VRC01 (5 �g/ml), anti-V1V2 apex
MAbs PG9 and PG16 (1 �g/ml each), and anti-V3 MAb PGT121 (1 �g/ml). Pooled MAbs consisting of the
Quad MAb (VRC01, PG9, PG16, and PGT121 in a 1:1:1:1 [wt/vol] ratio) were also tested for neutralization
efficiency. For the neutralization assay, the viral supernatant was normalized to TCID50 values, and 200
TCID50 of the virus was used to infect 1.25 � 105 TZM-bl cells seeded in flat-bottom 96-well plates. The
viral supernatant was preincubated with an equal volume of medium containing the MAb at 37°C for 2
h before infection of the TZM-bl cells. At 40 to 48 h postinfection, cells were lysed with 1� passive lysis
buffer, and luciferase expression was measured as the number of relative light units using a Bright-Glo
luciferase assay system. The IC50 of each MAb was calculated using GraphPad Prism software. In cases
where the 50% inhibitory concentration was higher or lower than the concentrations tested, the amount
was reported as the maximum or minimum concentration/dilution, respectively.

Determination of sensitivity to maraviroc. TZM-bl cells were plated in a 96-well format (1 � 104

cells/well) for 24 h before infection. Cells were preincubated with different dilutions of maraviroc (MVC;
10-fold dilutions starting from 1 � 104 nM and going to 1 � 10�3 nM) for 2 h at 37°C before inoculation
with chimeric env luciferase reporter virus (50 viral particles/well, based on the TCID50 value). All assays
were performed in triplicate. The level of inhibition by MVC with respect to the EC50 was measured as
described above.
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