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Background: Despite the existence of over 50 subtypes and circulating recombinant
forms of HIV-1, subtype C dominates the heterosexual pandemic causing approximately 56% of all infections.
Objective: To evaluate whether viral genetic factors may contribute to the observed
subtype-C predominance.
Methods: Chimeric viruses were generated using V1–V3 envelope fragments from a
subtype-A/C dually infected woman with preferential genital replication of subtype C.
Viral adaptation, spread and cell fusion ability were evaluated in vitro using peripheral
blood mononuclear cells and HeLa-CD4-CCR5 cell lines, sequencing and cloning.
Structural modeling was performed using a crystal structure of gp120-CD4-X5.
Phylogenetic analysis was done using subtype-A, subtype-B and subtype-C sequences
from blood and cervix of 37 infected women and database sequences.
Results: We identified two envelope motifs, compact V1–V2 loops and V3-316T,
which are found at high frequency throughout subtype-C evolution and affect gp120
interactions with CD4 and CCR5, respectively. When a V1-D5 deletion or V3-A316T
was incorporated into subtype A, each increased viral fusion and spread several fold
in peripheral blood mononuclear cell and cell lines with low CCR5 expression.
Structural modeling suggested the formation of an additional hydrogen bond between
V3 and CCR5. Moreover, we found preferential selection of HIV with 316T and/or
extremely short V1–V2 loops in cervices of three women infected with subtypes A/C,
B or C.
Conclusion: As CD4þ-CCR5þ-T cells are key targets for genital HIV infection and
cervical selection can favor compact V1–V2 loops and 316T, which increase viral
infectivity, we propose that these conserved subtype-C motifs may contribute to
transmission and spread of this subtype.
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Introduction
The current HIV pandemic is dominated by subtype C,
which accounts for approximately 56% of the estimated
33 million infections worldwide, despite the concurrent
existence of over 50 other subtypes and circulating
recombinant forms (CRFs) [1]. First identified in
Ethiopia, subtype C has spread through southern and
eastern Africa during the last two decades, invading areas
formerly dominated by subtypes A and D and is currently
causing devastating epidemics in parts of sub-Saharan
Africa, Brazil, India and China [2–5].
These transmissions are largely through heterosexual
contact or from mother to child. Although founder
effects probably can explain the more recent subtype-C
epidemics in India, Brazil and China, subtyping of early
HIV sequences from southern and eastern Africa strongly
suggest that subtype C was introduced into these areas
subsequent to subtypes A and D (www.hiv.lanl.gov). As
no epidemiological studies have shown any subtyperelated differences between heterosexual transmission
networks, it has been suggested that subtype-C virus
may have a transmission advantage over subtypes A and D
[6–8]. Moreover, epidemiological studies [9,10] have
demonstrated differences between these subtypes with
respect to vaginal shedding and in-utero transmission,
subtype C associating with increased risks of both.
However, no functional mechanism explaining these
differences has so far been identified.
Although many studies have successfully focused on
identifying human genetic factors influencing HIV-1
disease progression, these seem to account for just around
10% of the variability in disease progression rates and only
some have been demonstrated to affect transmission
[11]. Viral genetic variation is also likely to influence
pathogenesis and transmission, and short V1–V4 loops,
and more neutralization-sensitive viruses, have been
suggested to be selected during, or soon after, many
sexual transmissions caused by subtypes A and C, but not
B [12–16].
Here we asked whether conserved, subtype-specific
sequence motifs in subtype C could affect viral replication
and transmission. Our results highlight the functional
importance of two common subtype-C motifs, short
V1–V2 loops and V3-316T, and demonstrate that these
are found at high frequency throughout subtype C
evolution and may be specifically selected in the genital
tract of infected women.

Methods
Study participants
HIV-1-infected women were recruited at Rigshospitalet,
Denmark, between 1995 and 1996. Most were untreated;

however, some had received monotherapy [azidothymidine (AZT) (8/37), didanosine (ddI) (1/37)] or dual
therapy [AZT and ddI (2/37)] for over 6 months [17,18].
The study was approved by the Danish Board of Medical
Ethics and patients gave informed consent [17].

Limiting dilution, nested PCR and sequencing
DNA was extracted from peripheral blood mononuclear
cell (PBMC) and cervical cell pellets using the QIAamp
Blood kit (Qiagen, Valencia, California, USA). V1–V3,
C2–C4 and gp160 envelope fragments were amplified by
limiting-dilution nested PCR using Advantage 2 Polymerase mix (Clontech, Mountain View, California, USA)
and sequenced (sequences are available upon request)
[19].
Construction of recombinant HIV-1 clones
Infectious HIV-A and HIV-C chimeric clones with V1–
V3 env fragments obtained from blood or cervix of a
dually infected patient were generated as described
previously for HIV clones 81A-4 and 49-5 [20–23].
PCR amplification, sequencing and cloning of
PBMC-adapted virus
Virus-containing supernatants were samples throughout
the PBMC infection experiment. Viral RNA was
purified using the QIAamp Viral RNA Mini Kit
(Qiagen, Valencia, California, USA), reverse transcribed
and amplified using the SuperScript One-Step RT-PCR
Kit for Long Templates (Invitrogen, Paisley, UK),
sequenced and cloned. The reconstructed PBMCadapted chimeric subtype-A clones were named A20V1D5, A2-T146I, A1-A316T and A1-N302K, according
to envelope region and type of mutation.
Virus stocks and infection
Proviral HIV constructs were transfected into RC49
HeLa cells and viral stocks were generated for PBMC,
HeLa cell and fusion experiments; titers were expressed as
focus-forming units (FFUs) per ml [24,25]. Different
virus dilutions [multiplicity of infection (MOI) 0.004–
0.1] were used to infect PBMC and cultures were
continued for 16 days; p24 levels were measured using an
antigen capture assay (HIV-1 p24CA) as recommended
(AIDS Vaccine Program, National Cancer Institute
(NCI)-Frederick Cancer Research and Development
Center). Infected HeLa cell monolayers were stained for
p24 and foci counted as described previously [24,25].
Fusion experiments and immunohistochemical
detection
293T cells, which do not express CD4 or CCR5, were
transfected with subtype-A, subtype-C or adapted-A
chimeric HIV constructs and relative envelope expression
levels compared using pooled antisera from HIV-infected
patients and fluorescently labeled antihuman IgG
(Invitrogen). Data were acquired on a FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes,

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

HIV-1 subtype-C function, evolution and transmission Walter et al.

USA). Transfected 293T cells were subsequently overlaid
onto JC37, or RC49 monolayers for 24 h and stained for
p24 antigen.

derived and cervix-derived C sequences were indistinguishable and subtype A appeared to have infected her
prior to subtype C [33].

Sequence analysis
Phylogenetic trees were constructed by maximum likelihood using PAUP 4.0b10 (Sinauer Ltd., Sunderland,
Massachusetts, USA) and phyML software (www.atgc.lirmm.fr/phyml/) [26,27]. Nonparametric bootstrap
support estimates were generated using 1000 replicates
under neighbor-joining tree algorithm using the maximum
likelihood substitution model. Tree figures were produced
using FigTree1.1 (tree.bio.ed.ac.uk/software/figtree/).
Distance analysis was done using MEGA and Kimura-2
parameters; standard errors were estimated using 100
bootstrap runs [28]. The variation analyses were computed
using a counting algorithm (http://bioafrica.mrc.ac.za/
JoeTool/counting.html). Frequencies of 316A and Twere
calculated using 1671 subtype-A and 4165 subtype-C
sequences. To decrease the risk of sampling bias in these
database-derived sequences, we used only one sequence
from each patient or transmission cluster from as many
countries as possible (i.e. multiple sequences from known
transmission clusters such as wife/husband or mother/baby
were excluded). Sequences with translational problems (i.e.
frameshift or stop codons) were furthermore excluded as
these may either represent nonfunctional virus or could
indicate poor sequence quality.

We hypothesized that preferential cervical subtype-C
infection was associated with viral genetic traits favoring
genital infection. To compare the biological characteristics of HIV sequences found in blood and cervix, we
amplified and sequenced single-copy V1–V3 envelope
fragments from these tissues, as this region contains key
determinants of cell tropism, infectivity and chemokine
sensitivity [34–36] (Fig. 1a). Sequences were inserted
into the pNL4-3DV1–V3 vector to generate infectious
molecular clones (subtype C: C57, C64, C66, C68, C69
and C85; subtype A: A1, A2 and A20). Infection studies
using HeLa cells expressing CD4 and CXCR4 plus or
minus CCR5 showed that all virus clones required the
CCR5 coreceptor for infection. Furthermore, all viruses
were able to infect and spread slowly in monocytederived macrophage cultures (data not shown).

Molecular modeling and disorder analysis
The A316Tand N302K single amino acid point mutations
were modeled on the crystal structure of gp120-CD4-X5
[29] (PDB ID 2B4C) by manually substituting the
individual side chains using Coot [30], ensuring by visual
inspection that the resulting model maintained good local
stereochemistry (Supplementary Fig. S1). The increase in
local positive charge at the region of the N302K mutation
was confirmed by mapping the molecular electrostatic
potential onto the solvent-accessible surface of gp120
(PDB ID 2B4C) and the gp120 N302K model (not shown)
using the Adaptive Poisson-Boltzmann Solver (APBS) [31]
plug-in for PyMOL (www.pymol.sourceforge.net/;
DeLano Scientific) with default parameters. The propensity of gp120 residues to be disordered was predicted from
the sequences of primary isolates and adapted strains using
the neural-network pattern recognition program regional
order neural network (RONN) [32] with default
parameters. Molecular graphics were prepared using
PyMOL (DeLano Scientific).

Results
Generation of infectious HIV molecular clones
We previously reported preferential genital replication of
HIV subtype C in an asymptomatic, untreated woman
dually infected by subtypes A and C in blood; her blood-

Bioinformatic analysis demonstrated that these sequences
were common subtype representatives as they clustered
within their respective subtypes on phylogenetic trees,
and the distance and amino acid variation between them
and other subtype-A and subtype-C sequences were
comparable to the medium intrasubtype distance and
variation (supplementary Table S1, data not shown).
Thus, the viral sequences from our patient may provide
information on how subtypes A and C compare
functionally in vivo.

In-vitro PBMC replication and cell fusion
In PBMC cultures, we noted marked subtype-specific
differences in live virus production. Whereas subtype-C
titers peaked at 4–6 days postinfection, subtype-A titers
rose more slowly over the course of 16 days (Fig. 1b).
Throughout the PBMC infection experiment, viral
supernatants were removed and used to infect JC37 cells,
which expressed low levels of CCR5 and high levels of
CD4. Regardless of sampling time, supernatants from the
subtype-C infections produced large foci (10–20 nuclei/
focus; Fig. 1d). In contrast, supernatants from the
subtype-A infections at days 4–8 generated mostly small
foci (1–2 nuclei/focus). However, subtype-A foci
increased markedly in size at days 12–16, coincident
with increased replication in PBMC, suggesting that
adaptation occurred during in-vitro culture of these
viruses.
Fusogenicity studies
We examined the ability of the viral envelope protein to
fuse with cell lines expressing CD4 and CCR5 by
transfecting 293T (CD4, CCR5) cells with plasmid
DNA of subtype-A and subtype-C infectious clones. The
transfected cells expressed similar cell surface viral
envelope levels by flow cytometry analysis at 48 h
posttransfection. When these cells were overlaid for
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Fig. 1. Sequence and functional characteristics of chimeric subtype-A, C and PBMC-adapted viruses. (a) Amino acid alignment of
the V1–V2 and V3 region of subtypes A, C and the peripheral blood mononuclear cell (PBMC)-adapted A1-A316T, A1-N302K,
A2-T144I and A20-V1D5 viruses numbered according to HIV (HXB2). Patient-derived viral sequences had constant V1–V2 loop
lengths (A ¼ 68, C ¼ 58) and the V3-loop charge within and between subtypes was identical (þ4). The D5 deletion in A20, 146I in
A2, 302K in A1 and the 316T residue in A1 and subtype C are boxed. As HXB2 has a unique 2-amino acid insertion at position 309,
the following amino acid is number 312. (b) The influence of patient subtype-A and subtype-C V1–V3 envelope sequences on
PBMC infection and spread. Live viral output was measured as focus-forming units per ml (FFU/ml) over time using chimeric
subtype-A, subtype-C and subtype-B control viruses (49-5 and 81A-4) at a multiplicity of infection (MOI) of 0.02. Results are
representative of six independent infections. (c) Live viral output, measured as FFU/ml, over time after PBMC infection at an MOI of
0.02 using chimeric A, PBMC-adapted A and subtype C66 virus. The PBMC donor differs from the one used in (b). Results are
representative of six independent infections. (d) Virus titration from supernatants of infected PBMC on JC37 cells followed by p24
antibody staining. Arrows signify single foci consisting of 1–2 nuclei. (e) Fusion experiment. 293T cells (CD4, CCR5) were
transfected with either subtype-A or subtype-C chimeric proviral DNA, overlaid with either JC37 or RC49 cells and stained using
p24 antibodies. The HIV foci sizes are representative of general differences between the subtypes. (f) As in (d), but using A1-A316T,
A1-N302K, A2-T146I and A20-V1D5 and JC37 cells.

24 h on RC49 cells (CD4low, CCR5high), both subtypes
A and C induced a high level of fusion (Fig. 1e). By
contrast, when they were overlaid onto JC37 cells
(CD4high, CCR5low), subtype-A viruses generated small
HIV-positive fusion foci ranging in size from 1 to 9 nuclei
(mean 2 nuclei per focus), whereas subtype-C foci
contained from 1 to more than 100 nuclei per focus
(mean 20 nuclei). Thus, HeLa cells with low CCR5
levels were fused more efficiently by subtype-C viruses
than by subtype A viruses, but both subtypes resulted in
extensive fusion on cells expressing high CCR5 levels.

Selection of adapted subtype-A mutants in PBMC
During replication in PBMC (Fig. 1b), subtype-A viruses
attained the high titers seen early in subtype C infection
only slowly, and the early and late supernatants from
subtype A infections differed in their ability to fuse JC37
cells, suggesting that mutant subtype A viruses had been
selectively amplified during in-vitro culture. To search for
evidence of adaptation, we reverse transcribed, amplified
and sequenced viral subtype-A RNA from day 16 and
found four distinct envelope sequence changes targeting
the V1 and V3 loops. Using these sequences, we
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generated new chimeric viruses, A1-A316T, A1-N302K,
A2-T146I and A20-V1D5, which, apart from the
indicated changes, were otherwise identical to their
parental virus (Fig. 1a). These adapted viruses displayed a
distinct functional phenotype, which differed from their
parental subtype-A clones but was similar to the chimeric
subtype-C clones, that is, they spread rapidly in PBMC
and produced large foci in JC37 cells (Fig. 1c,f), cell types
that both express low levels of CCR5.

The influence of CCR5 expression levels on virus
titers
To determine whether CCR5 expression levels influenced viral replication in CD4þ, CCR5þ HeLa cells,
subtype-A, subtype-C and PBMC-adapted subtype-A
clones were used to infect JC37 and RC49 cells. In RC49
(CD4low, CCR5high) cells, all viruses gave high titers
(2.5  105  3.7  106 FFU/ml) at 5 days postinfection
(Table 1). In contrast, in JC37 (CD4high, CCR5low) cells,
all three subtype-A clones produced low-virus titers
(1.9  103  1.7  105 FFU/ml), whereas subtype-C and
all four PBMC-adapted subtype-A clones produced high
titers similar to those seen on RC49 cells.
Structural modeling of envelope variation
Structural modeling was performed to help understand
the molecular consequences of the four subtype-A invitro adaptations (Supplementary Fig. S1). The V1–V2
envelope region lies close to the CD4-binding site,
whereas the V3 region interacts with two parts of CCR5
(Supplementary Fig. S1a). The V3-A316T substitution
may strengthen HIV-CCR5 interactions as the additional
polar group is in an appropriate position to form a new
hydrogen bond to CCR5, most likely independently
of the surrounding genomic context (Supplementary
Fig. S1b). Similarly, the N302K substitution adds another
positive charge to the V3 stem, presumably strengthening
CCR5 binding, as a crystal structure of V3 and the Nterminal negatively charged CCR5 tail has shown it to
interact directly with position 302 [37].
The interactions between the CD4 receptor and the
V1–V2 envelope region are less precisely understood as
Table 1. Comparison of chimeric virus infectivity titers in
supernatant fluid from infected JC37 and RC49 cells.
Clone
A1
A2
A20
C66
A1-V3-A316T
A1-V3-N302K
A2-V1-T146I
A20-V1D5

Titer
(FFU/ml)
JC37 CCR5low RC49 CCR5high Ratio (RC49/JC37)
9.7  104
1.7  105
1.9  103
1.6  106
6.9  106
4.2  106
7.9  106
9.3  106

FFU, focus-forming unit.

1.0  106
1.6  106
2.5  105
3.7  106
6.7  106
5.4  106
6.2  106
9.9  106

10.31
9.41
131.58
2.31
0.97
1.29
0.78
1.06

no high-resolution structures of V1–V2-containing
gp120 envelopes exist. The loss of a V1-glycosylation
site in A2-T146I and the A20-V1D5 deletion might
enhance CD4 receptor contact, perhaps by decreasing
steric hindrance. We used a neural-network technique
to analyze the propensity for disorder of the envelope
proteins, as disordered regions can combine highbinding specificity with modest affinity [32,38] (Supplementary Fig. S1c). We found significant differences in
disorder probability between subtypes A, A20-V1D5
and C in the V1–V2 region, suggesting variation in the
way these sequences might bind to CD4 and/or
conformationally mask the CD4-binding site; however,
both wild-type-A and wild-type-C chimeric viruses
utilized the CD4 receptor efficiently in our functional
assay.

Analysis of in-vivo occurrence of mutations
selected in vitro
We examined the frequency of the four subtype-A invitro adaptations in natural HIV infections. Two
substitutions were found occasionally in natural infections
in some subtypes, however, rarely (146I, 2%) or never
(302K) in subtype A (Table 2). By contrast, V3-316Twas
seen in 68% of all subtype-C sequences, but at much
lower frequencies, if at all, in the other subtypes (25–0%)
(Table 2, Fig. 2). Furthermore, the V1-D5 subtype-A
deletion, which shortens the loop, resembled the short
V1–V2 loops typically found in subtype C but not in
subtypes A, B and D (Table 2). The high frequency of V3316T and short V1–V2 loops in subtype C, which both
increase HIV spread in vitro, suggest these motifs may
affect HIV replication in infected patients.
Phylogenetic analysis of 316T selection
While deletions cannot be incorporated in phylogenetic
analysis at present, we could examine V3-316T selection.
We generated a phylogenetic tree based on subtype-C
sequences from 1985 to 2005 and superimposed the
nature of the amino acid at position 316 (Fig. 2a,
Supplementary Fig. S2). The earliest sequences are from
the Democratic Republic of Congo (DRC) where HIV
is thought to have evolved and diversified. The
phylogenetic tree demonstrates that both 316A and
316T could be found in the DRC sequences at the base of
the tree. However, the deep lineages and branches of the
tree mostly carry 316T, suggesting that this residue has
been generally advantageous to subtype-C spread.
Whereas 316V can be found sporadically, alanine seems
to spread locally, especially in more recent sequences from
South Africa and Botswana. We studied the distribution
of 316A and 316T in larger alignments of shorter
envelope sequences dating from 1990 to 2005 to see if this
observation could be substantiated (Fig. 2b). We found
that the frequency of 316T indeed had decreased from
around 80% in 1990 to approximately 68% in 2005. This
suggests that there may be alternate selective advantages
for 316A in some situations in vivo and/or that other
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Table 2. In-vivo frequencies of subtype-A mutations selected in vitro.
HIV subtype
Residue
a

316T
316Ac
302Ka
302Nc
146Ia,d
146T/Sc,d
V1-D5a
V1-no del

Region
V3
V3
V3
V3
V1
V1
V1–V2
V1–V2

A
0.25
0.68
0
0.98
0.02
0.30

B
b

(13/53)
(36/53)
(0/53)
(52/53)
(1/53)
(16/53)
e
þe

0.05
0.84
0.02
0.98
0.05
0.18

(27/528)
(443/528)
(9/528)
(521/528)
(28/528)
(94/528)

þ

C
0.68
0.25
0.004
0.98
0.01
0.14

(318/469)
(119/469)
(2/469)
(461/469)
(4/469)
(66/469)
þ


D
0.11
0.77
0.08
0.80
0.07
0.28

(7/61)
(47/61)
(5/61)
(49/61)
(4/61)
(17/61)

þ

a

Mutant residue.
Frequency of mutant and wild-type amino acid residues in HIV subtype-A (A1), subtype-B, subtype-C and subtype-D sequences from the Los
Alamos database; number of sequences over number examined in brackets.
c
Wild-type residue.
d
As V1 is very difficult to align, numbers are approximations.
e
V1–V2 length comparison: regions with long loops were common (þ) in subtypes A, B, D and rare () in subtype C. In contrast, regions with
shorter loops were common (þ) in subtype C and rare () in the other subtypes (the consensus subtype-C V1–V2 loop was 13 amino acids shorter
than that of any other subtype) (www.hiv.lanl.gov).
b

changes sometimes are sufficient to favor transmission of
subtype C.

may favor replication of virus with 316Teven in subtypeB-infected women. This is reminiscent of the preferential
cervical replication of subtype-C virus in our dually
infected woman. Furthermore, we demonstrate that in a
woman carrying only HIV-316T, selective forces in the
genital tract may favor shorter V1–V2 loops than
selection in blood.

Analysis of HIV-316T distribution in blood and
cervix
To analyze the prevalence of 316T in blood and cervix,
we obtained samples from 36 additional women infected
by HIV subtypes A (n ¼ 3), B (n ¼ 28) or C (n ¼ 5).
Whereas single-copy envelope sequences could be
amplified from PBMC from all women, no HIV was
found in the cervices of four [19].

Discussion

Most subtype-B infected women carried virus with V3316A, but four had either 316T, 316T/M, 316S or 316V
virus in both samples (Fig. 3a). Moreover, we found V3316 compartmentalization between blood and cervix in
one subtype-B-infected woman (1/28, 4%); all genital
viruses carried 316T (5/5), whereas only 316A could be
found in PBMC (7/7) (Fisher’s exact test, P < 0.001;
Fig. 3b).

Subtype C is responsible for an ever-increasing fraction
of new HIV infections worldwide, especially in areas
where heterosexual transmission predominates, and it
now prevails even in regions where subtype A or D or
both used to be common [1,2,39,40]. This suggests that
there are biological factors favoring transmission of
subtype C, but no plausible mechanism has been
suggested.

Of the five subtype-C-infected women, only one carried
HIV-316A, and no virus could be amplified from her
genital sample; the rest had either 316T or 316T/M in
both PBMC and cervix. In one of these patients with
HIV-316T, we were able to analyze gp160 from vagina
as well as cervix and PBMC (Fig. 3c). Although 28%
of the cervical sequences had very short V1–V2 loops
(55 amino acids), such short loops were not found in
blood; most vaginal sequences had intermediate V1–V2
loops. Overall, V1–V2 loop lengths differed significantly
between genitalia and blood when grouped into either
short (69 amino acids) or long (>69 amino acids) loops
(Fisher’s exact test, P ¼ 0.02).

Our study of infectious, chimeric HIV clones carrying
V1–V3 sequences from a woman dually infected with
subtypes A and C, but with preferential cervical subtypeC replication, combined with the analysis of HIV
sequences from blood and cervix from 36 additional
women, lead to four findings suggesting that subtype C
generally has a relative replication advantage compared
with most subtype-A and subtype-B viruses in the female
genital tract.

While our results demonstrate that subtype-A and
subtype-B virus with 316A can replicate in the cervix,
they also highlight that selective forces in the genital tract

First, we identify a V3-envelope signature sequence
(316T) at high frequency in subtype C, which might
strengthen the interaction between HIV and CCR5, the
main coreceptor in the female genital tract [41–45]. We
find that the effect of 316T may be independent of the
surrounding genomic context and show the effect of an
A316T substitution in subtype A. Second, we find that
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Fig. 2. The presence of V3-316T and V3-316A in subtype A and C over time and frequency in subgroup M. (a) Phylogenetic tree of
a 219 base pair env region (HXB2 7050-7271) from 163 subtype-C sequences (1985–2005), including our patient sequences. The
scale bar shows the branch length equal to five nucleotide changes per 100 bases (0.05). Sequences carrying 316 A, T and V are
blue, red and purple respectively; branches where all sequences have the same amino acid at position 316 are collapsed and
shown as colored triangles (uncollapsed tree with GenBank accession numbers, Supplementary Fig. S2). Ancestral branches
for India and South America are labeled with  and , respectively. (b) Graphs show the prevalence of 316A and T in subtype A
(blue) and C (red), respectively, from 1990 to 2005 (number of sequences, subtype A/C: 1985–1990, n ¼ 82/261; 1991–1995,
n ¼ 147/356; 1996–2000, n ¼ 614/1519; 2001–2005, n ¼ 166/993). (c) Cladogram of 263 V3 env sequences showing the
distribution of 316A (blue) and T (red) in all subgroup M subtypes (M ¼ subgroup M root). AR, Argentina; BR, Brazil; BW,
Botswana; DRC, Democratic Republic of Congo; ET, Ethiopia; IL, Israel; IN, India; KE, Kenya; SE, Sweden; TZ, Tanzania; UG,
Uganda; UY, Uruguay; ZA, South Africa.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

1053

1054

AIDS

2009, Vol 23 No 9

Fig. 3. PBMC and genital tract V3-316 and V1–V2 loop variation in HIV-infected women. (a) The patient’s HIV subtype and the
nature of the amino acid in position 316 in peripheral blood mononuclear cell (PBMC) (PB) and cervix (Cx) is listed (n ¼ 38, as the
dually infected woman is shown as both subtype-A and subtype-C). A, alanine; M, methionine; S, serine; T, threonine; and V,
valine. (b) Phylogenetic tree demonstrating genital selection of 316T (red circle) and blood selection of 316A (blue circle) in a
subtype-B-infected woman. Bootstrap estimates above 60 are shown. Statistically significant values are generally considered to be
at least 70, although no established significance threshold exists. (c) Percentage of different V1–V2 loop lengths in gp160
sequences from vagina (n ¼ 10), cervix (n ¼ 11) and blood (n ¼ 15) from a subtype-C-infected woman with V3-316T.

selection for 316T can occur even in the cervix of a
minority of untreated subtype-B-infected women. Third,
we demonstrate that a subtype-A V1-deletion augments
virus production in cell lines expressing low levels of CD4
or CCR5 and propose that the shortening of the V1 loop
increases viral interactions with the CD4 receptor.
Fourth, we find that genital selection in a subtype-Cinfected woman favors outgrowth of very short V1–V2
loops, despite subtype C already having the most compact
V1–V2 loops of all HIV subtypes.
We found that subtype C had a greater ability to replicate
in PBMC cultures than subtype A and mediated more
extensive virus-induced fusion of cells expressing low
CCR5 levels. However, we observed marked changes in
subtype-A replication patterns over time and identified
adaptations in either the V1 (T114I, V1-D5) or V3
(N302K, A316T) region, which are known to interact
with the CD4 and CCR5 receptors, respectively. These
adaptations enhanced virus replication and fusion
comparable to what we found using the wild-type

subtype-C clones. Whereas two were found rarely, if at
all, in HIV sequences obtained from infected persons, two
others (A316T and V1-D5) resembled sequence motifs in
the subtype C sequences from our patient and in most
subtype C sequences from natural infections. In other
subtypes, and in most CRFs, alanine is preferred at
position 316, with the notable exception of
CRF_02_AG, which carries threonine. Analogous to
subtype-C spread in southern and eastern Africa,
CRF_02_AG has spread throughout western Africa,
primarily via heterosexual contact [1,46].
Both subtype-A and subtype-C chimeric viruses interacted efficiently with the CD4 receptor; however, the
V1-D5 adaptation augmented this interaction and
increased infectivity several-fold in both cell lines and
PBMC. The CD4-binding region is predicted to be
shielded by the V1–V2 loop and shorter loops have been
associated with increased susceptibility to antibody
neutralization [13–15]. As short V1–V4 loops and more
neutralization-sensitive HIV variants have been found in
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early subtype-A and subtype-C infections, it was
suggested that these were either preferentially transmitted
or rapidly selected in the recipient [12–15]. We
demonstrate that genital selection pressures in subtypeC-infected women may sometimes favor virus with more
compact V1–V2 loops than what is commonly found in
blood. Consequently, whether transmission of such
variants is preferential or at times simply occurs by
chance, remains to be elucidated.
Structural modeling suggested that the A316T effect
might be independent of the surrounding genomic
background, as a new hydrogen bond may form between
the polar threonine and CCR5. The importance of
position 316 in gp120-CCR5 interactions is indicated by
the induction of drug-resistance mutations at this site by
two different CCR5 inhibitors (A316T, maraviroc;
A316V, AD101) [47,48]. CCR5-binding studies
[47,48] have demonstrated that these polar and nonpolar
substitutions crucially affect HIV-CCR5 interactions
through different mechanisms.
Our phylogenetic analysis demonstrated that 316T must
have been favorable for subtype-C transmission. However, it also revealed that 316A seems to spread locally,
especially in recent sequences from South Africa and
Botswana. This implies that viruses with 316T incur a
viral fitness cost even in subtype C, as has been directly
demonstrated for maraviroc-resistant subtype-B virus
with 316T in in-vitro replication assays [47]. Additionally,
in some situations in vivo, there could be selective
advantages associated with 316A and/or other changes
resulting in effective transmission. The A316T substitution could also affect virus susceptibility to host
antibodies or cytotoxic T cell (CTL) responses, as the
V3 crown is a prime target for neutralizing antibodies and
encompasses CTL epitopes restricted by at least five
different human leukocyte antigen (HLA) alleles.
Whereas HIV carrying 316A is fully replication
competent and can be found in cervix, virus with
316T may sometimes have a relative replication advantage
as CCR5 expression has been found on cells sampled
from vagina, ectocervix and endocervix [41–45,49], the
proportion of cervicovaginal T cells expressing CCR5 is
markedly expanded as compared with peripheral blood
[41], HIV primarily propagates in vagina by T-cell
infection [50] and cell-to-cell transfer is the predominant
mode of HIV spread [51]. This relative replication
advantage may be greatest in women with low genital
CCR5-expression levels such as premenopausal women
with normal genital mucosa, and less in women with high
expression levels due to, for instance, sexually transmitted
diseases (STD), cellular infiltrates, menopause or oral
contraceptive use [42,52]. Indeed, our patients with
preferential cervical replication of HIV subtype C or B
with 316T had normal genital epithelium and no STD
[17].

We propose that the efficient HIV-316T-CCR5
interaction may increase viral transmissibility. That a
polymorphism at a single amino acid site can have such
profound consequences agrees with the first report of
species-specific selection in primate lentiviruses, which
demonstrates that efficient spread of SIV cpz in human
cells depends on a single amino acid change in Gag [53].
Our proposal is indirectly supported by transmission
studies in discordant couples with known CCR5
genotype; if the uninfected partner was heterozygous
for the D32-CCR5 allele and thus had lower levels of
CCR5 on T cells and monocytes [43], HIV transmission
decreased during both heterosexual [45] and homosexual [43,44] contact, although one study found no effect
[54].
Our results raise the possibility of subtype-specific
differences in the efficacy of topical genital CCR5
inhibitors and highlight the need for clinical trials on
patients infected with different subtypes. Furthermore,
they suggest that the maraviroc-induced drug mutation
A316T could result in viruses that are more easily
transmitted through sexual contact.
In conclusion, our study suggests that subtype C has
evolved in ways compatible with increased sexual
transmissibility. Although other envelope regions,
additional viral genes and long terminal repeat promotor
differences [55] in combination with epidemiological
dynamics, such as founder effects, also must be important
factors, these subtype-C motifs may contribute to its
current dominance in southern and eastern Africa, which
facilitated subsequent worldwide spread.
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Supplementary Fig. 2 Uncollapsed phylogenetic
tree with GenBank accession numbers.

Supplementary Fig. 1 Structural modeling.
Supplementary Table 1 Bioinformatic analysis.
(a) Proposed gp120/CD4/CCR5 complex. The gp120
V3 loop makes two independent contacts with CCR5:
the V3 crown interacts with the extra-cellular surface
loops of CCR5, while the stem and base interact with the
CCR5 tail. Only a monomer of the presumed trimeric
interaction is shown. (b) Structure of HIV gp120 bound
to the C-terminal 2 domains of CD4 and the antigenbinding fragment of the neutralizing antibody X5, which
targets the CCR5 binding site[27] (PDB-ID 2B4C).
Green spheres denote N302 and A316 in the V3 loop
stem and crown, respectively. (c) RONN disorder
predictions of the V1-V3 region of subtype-C (black),
subtype-A (grey) and PBMC-adapted viruses; A2-T144I
and A20-V1D5 sequences are shown in green while A1A316T, A1-N302K were indistinct from their parent
virus. Values above 0.5 are predictive of disorder29.
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