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Human immunodeficiency virus type 1 (HIV-1) subtype C viruses have been found to almost exclusively use
the chemokine receptor CCRS as a coreceptor for entry, even in patients with advanced AIDS. We have
characterized subtype C virus isolates from 28 patients from Harare, Zimbabwe, 20 of whom were receiving
antiretroviral treatment. Virus from 10 of the treated patients induced syncytium formation (SI virus) when
cultured with MT2 cells. Only non-syncytium-inducing (NSI) virus was cultured from the peripheral blood
mononuclear cells of the eight patients who had not received treatment. The majority of these subtype C SI
viruses were capable of using both CCRS and CXCR4 as coreceptors for viral entry, and the consensus V3 loop
sequences from the SI viruses displayed a high net charge compared to those of NSI viruses. While those on
treatment had reverse transcriptase (RT) and protease mutations, there was no clear association between RT
and protease drug resistance mutations and coreceptor tropism. These results suggest that CXCR4-tropic
viruses are present within the quasispecies of patients infected with subtype C virus and that antiretroviral
treatment may create an environment for the emergence of CXCR4 tropism.

Human immunodeficiency virus type 1 (HIV-1) infects tar-
get cells through binding of its envelope protein, gp120, to both
CD4 and a second cellular coreceptor, leading to fusion of the
viral envelope with the plasma membrane of the target cell.
While several chemokine receptors including CCR1 and CCR3
(43) may mediate HIV-1 entry, CCRS5 (R5) and CXCR4 (X4)
are the predominant coreceptors (reviewed in reference 6). In
general, X4-tropic viruses are recognized through syncytium
induction (SI phenotype) in laboratory T-cell lines such as
MT?2 cells, while R5-tropic viruses do not induce syncytia (NSI
phenotype) and are associated with macrophage infection.

Most studies of HIV-1 transmission have shown that RS
tropism is the commonly transmitted phenotype, irrespective
of the transmission route (41, 42, 44). Early studies of subtype
B viruses demonstrated that predominant coreceptor use by
HIV-1 may switch during the course of infection from R5 to
X4 (21, 32, 34). This change in coreceptor use, initially iden-
tified as a change from NSI to SI phenotype, occurs in up to
50% of patients infected with HIV-1 subtype B and correlates
with a higher rate of disease progression (18, 20). Although
this switch was initially identified in untreated patients, X4-
tropic virus has been identified from patients receiving highly
active antiretroviral (ARV) therapy as well (15, 27, 40). A
change from RS5 tropism to X4 tropism associated with disease
progression has also been shown previously for HIV-1 subtypes
A, D, and CRF_01AE (1, 8, 19, 37).
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HIV-1 subtype C virus predominates in southern Africa as
well as India (9, 25, 36, 38) and is the most prevalent HIV-1
subtype globally (26). In contrast to subtype B, most studies of
subtype C viruses have demonstrated an overwhelming pre-
dominance of R5-tropic viruses at various stages of disease,
including advanced AIDS (2, 4, 30, 37). Although a few X4-
tropic viruses have been reported elsewhere (5, 36, 37, 39), X4
tropism and SI phenotype among subtype C viruses are rarer
than among subtype B viruses in the later stages of disease.
These observations have been made among untreated patients
since drug therapy is unusually rare in the areas where subtype
C predominates. In the present study, we analyzed virus iso-
lates from a consecutive cohort of subjects, who had enrolled
in an ARV treatment access program in Harare, Zimbabwe. A
high frequency of SI phenotype and X4 tropism was seen in
these HIV-1 subtype C isolates, exclusively among patients
with prolonged ARV drug exposure.

(This work was presented in part at the Ninth Conference on
Retroviruses and Opportunistic Infections, Seattle, Wash., 24
to 28 February 2002, and the First IAS Conference on HIV
Pathogenesis and Treatment, Buenos Aires, Argentina, 8 to 11
July 2001.)

Isolation of SI viruses among individuals receiving HIV
drug therapy. Low-passage-number viral isolates were ob-
tained from 28 blood samples collected from patients at The
Centre in Harare, Zimbabwe. Between 1 X 10° and 10 X 10°
isolated peripheral blood mononuclear cells (PBMCs) were
cocultured with 5 X 10° phytohemagglutinin-stimulated donor
PBMC:s for 7 to 14 days. Virus supernatant was harvested when
the culture contained more than 300 pg of p24%“¢ (p24 enzyme-
linked immunosorbent assay; Perkin-Elmer Life Science, Bos-
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TABLE 1. Characteristics of individuals with SI and NSI viruses in Harare, Zimbabwe

NSI virus with NSI virus without

Characteristic and type of value o 121128) (il Xirlu Os) ARV treatment® ARV treatment
(n = 10) (n =8)

Age (yr)

Median 40 41.5 39.5 35

Range 30-61 31-61 33-65 30-51
Time on treatment (mo), mean 14.4 13.2 18.2 NA?
RNA viral load (log,, copies/ml)

Median 4.51 3.84 4.00 4.64

Interquartile range 3.26-5.02 3.00-4.65 3.01-4.78 4.44-5.00
No. of CD4* cells

Median 74.5 56.5 41 186

Interquartile range 20-179 11-101 13-158 84-372
No. of CD8* cells

Median 457 442 393 738

Interquartile range 342-949 352-751 256-949 573-1,208

“Includes one patient who had received treatment for 2 weeks.

ton, Mass.)/ml. HIV-1 plasma virus was quantified with the
Roche Amplicor monitor, version 1.5 (Roche Diagnostics Cor-
poration, Indianapolis, Ind.). The median virus load for these
28 samples was 4.51 log,, copies/ml. CD4" and CD8" cells
were enumerated with a three-color flow cytometer (Becton
Dickinson, Mountain View, Calif.) in the Public Health He-
matology Laboratory, University of Zimbabwe Medical
School. The median numbers of CD4" and CD8" cells were
74.5 (range, 20 to 179) and 457 (range, 342 to 949), respectively
(Table 1). Twenty of these 28 infected individuals had received
ARV treatment with at least two drugs, usually two reverse
transcriptase (RT) inhibitors, for an average of 14.4 months.
The eight individuals who had not received treatment had
similar viral loads as those of individuals on treatment (P =
0.9, Mann-Whitney test) but had higher numbers of CD4"
cells (P = 0.014, Mann-Whitney test) and CD8" cells (P =
0.053, Mann-Whitney test). Virus supernatant was cultured
with MT2 cells for up to 14 days, and from 2 and 8 days in
culture, 10 of the 28 samples induced syncytium formation.
There was no difference in median virus load or CD4" cell
counts (P = 0.97, Mann-Whitney test) between patients with
SIviruses and those with NSI viruses. However, SI viruses were
observed only among 10 of 20 isolates from patients who had
received ARV therapy compared to none of eight untreated
subjects (P = 0.01, Fisher’s exact test). Since the patients
receiving therapy had lower numbers of CD4 cells, we exam-
ined the relationship between treatment and SI virus for 24
patients with fewer than 300 CD4 " cells. The association re-
mained significant (P = 0.047, Fisher’s exact test). Further
studies of larger numbers of treated and untreated patients will
be necessary to determine whether treatment may select SI
virus in subtype C-infected individuals.

Envelope sequences correspond to subtype C. The C2-V5
region of the env gene (650 nucleotides [nt]) was amplified and
sequenced from viral RNA extracted from the low-passage-
number virus stock by using primers ED5-ED12 and ES7-ES8
(7). env PCR products were sequenced by cycle sequencing and

dye terminator methods on an ABI Prism 377 DNA sequencer
(Applied Biosystems, Foster City, Calif.). Sequences were
aligned with CLUSTAL W (35), adjusted manually with Bi-
oEdit (13) to ensure a correct reading frame, and then stripped
of gaps so that 529 nt were compared for all sequences. Dis-
tances between sequences were generated by the Kimura two-
parameter and maximum-likelihood methods by using DNA-
DIST within PHYLIP, version 3.752 (10). Phylogenetic trees
were constructed by neighbor joining with NEIGHBOR. Boot-
strap analysis was done with SEQBOOT (100 data sets), DNA-
DIST, NEIGHBOR, and CONSENSE within PHYLIP. All 28
env sequences cluster with subtype C reference sequences (Los
Alamos HIV sequence database) with a bootstrap value of
98% (Fig. 1a). Percent pairwise distances were calculated with
the SynScan program (12), a program found within the Re-
sources section of the Stanford HIV RT and Protease Se-
quence database (http://hivdb.stanford.edu). RT and protease
sequences corresponded to subtype C virus as well (data not
shown), and no evidence of recombination with other HIV-1
subtypes within env or pol was found after analysis with the Los
Alamos Recombination Identification Program (http://hiv-web
Janl.gov). In comparison with 82 other subtype C env se-
quences from GenBank, there was no significant clustering of
Zimbabwean samples with high bootstrap values. The se-
quences were dispersed among the southern African sequences
and were distinct from the Indian subtype C cluster (data not
shown). The env genes from two pairs of viruses, TC-15-TC-16
and TC-24-TC-39 (pairwise distances of 8.37 and 9.34%), re-
spectively) were more closely related, compared to an average
distance of 13.4% between each of the other pairs, and were
obtained from sexual partners.

We were unable to clearly determine a consensus env se-
quence by direct sequencing of PCR product for 10 viruses,
and therefore consensus sequences for these 10 viruses were
determined from four to eight clones each. Within each group
of clones, the pairwise distance ranges from 1.67 to 6.71%.
Among these cloned env sequences, TC-03 and TC-28 each
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FIG. 1. SI and NSI virus envelope sequences cluster with subtype C HIV. (a) env (C2-V5) RT-PCR product derived from low-passage-number
virus stock was sequenced and aligned with CLUSTAL W. The phylogenetic tree was made from gap-stripped sequences of 529 nt each. Bootstrap
values from 100 data sets that have a greater than 90% frequency are indicated on the tree. Boxed samples indicate patients who were not receiving

treatment. Filled triangles indicate samples with R5-X4 coreceptor usage,

while the open triangle indicates X4 usage only. GenBank accession

numbers for subtype C reference sequences are as follows: C.BR.92, U52953; C.BW.96, AF110967; C.IN.95, AF067155; C.ET.86, U46016. The
accession numbers for the other reference sequences are given in the figure. (b) TC-03 sequence 1 and sequence 2 and TC-28 sequence 1 and
sequence 2 correspond to two distinct yet closely related groups of viruses. env V3 loop sequences from PBMC virus stock and MT2 or SupT1 virus

stock were compared to consensus C sequence (Con C).

exhibited two distinct virus populations. The consensus se-
quences for these distinct groups are indicated on the phylo-
genetic tree (Fig. 1la). TC-03 consensus sequences 1 and 2
differed by 4.71%, while TC-28 consensus sequences 1 and 2
differed by 7.88%. Figure 1b shows the V3 loop sequences for
the consensus sequence of each group from low-passage-num-
ber virus isolate and virus grown from MT2 or SupT1 cells.
Only TC-03 consensus sequence 1 corresponds to virus that
grew in SupT1 cells, indicating that this virus population uses
X4 while population 2 likely uses RS for virus entry. Likewise,
TC-28 from PBMC culture also contains two distinct but

closely related virus populations, with TC-28 consensus se-
quence 1 aligning closely with virus cultured from MT2 cells.
eny from virus grown in MT2 cells was sequenced for all other
SI viruses, and these sequences aligned closely with sequences
from PBMC-cultured virus. Envelope sequence obtained di-
rectly from plasma RNA for six cases closely corresponded
with the PBMC virus sequences (data not shown).

In HIV-1 subtype B, the SI phenotype is associated with
basic amino acids at positions 11, 25, and 29 within the 35-
amino-acid V3 loop region (14), while CRFO1_AE SI viruses
are characterized by basic amino acids at positions 8, 11, and 18
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FIG. 2. Subtype C SI viruses have an increase in the number of basic amino acids compared to that in the env V3 loop consensus sequence (Con
C) as well as a higher average net charge. The net charge of the sequence is derived from the summation of charges from positive and negative
amino acids. A potential glycosylation site is underlined. Sequences for TC-03 and TC-28 correspond to virus that grew from MT?2 cells; the

remaining sequences are from low-passage-number PBMC stock.

within the same region (19). Therefore, we were interested in
characterizing the V3 loop region of the SI subtype C viruses
in our study. Half (5 of 10) of the SI viruses in our cohort had
a basic amino acid residue at position 18, and 7 of the 10 SI
viruses had an increase of two or more basic amino acids in
addition to those found in the consensus sequence within the
V3 region. One of the 10 subtype C SI viruses had a basic
residue at position 8 but none at position 11 or 29. Three of the
10 had a positive charge at position 25, and one virus had a
positive charge at position 32 (Fig. 2). Among the NSI viruses,
3 of 18 had a basic amino acid at position 25 and two had a
basic amino acid at position 32. The increase in basic amino
acid residues also affects the net charge of the V3 region; the
consensus V3 loops of the SI viruses had a higher average net
charge (+6.2) than did those of the NSI viruses (+4.3; P <
0.01, Student’s ¢ test) (Fig. 2). Among subtype B viruses, loss of
a potential glycosylation site within the V3 loop is associated
with SI viruses (22, 31). In our cohort, only one SI virus, TC-28,
did not have the potential glycosylation site sequence (NXS/T)

within the V3 loop. Overall, these subtype C viruses were
characterized by basic amino acids within the crown region
(amino acids 15 to 18) and/or between amino acids 21 and 25.
Other regions may contribute to X4 tropism independently of
the V3 loop. In studies of dualtropic viruses, residues within
the V4 and VS5 loops of gp120, as well as residues within gp41,
contributed to X4 tropism (16, 33). One NSI virus, TC-32,
displayed V3 loop characteristics similar to those of the SI
viruses, such as a high positive net charge of +8, another
indication that other regions of env contribute to tropism se-
lection.

Coreceptor usage of SI viruses. We determined coreceptor
usage for each of the SI viruses by using GHOST-X4 and
GHOST-RS cells infected with virus derived from MT2 culture
or PBMC virus stock (3). A day prior to infection, cells from
each GHOST cell line were seeded in 24-well plates at 2 X 10*
cells/well in 0.5 ml. On the following morning, the cells were
infected with diluted virus isolates. Plates were centrifuged at
930 X g for 30 min (29), and cells harvested after 48 h postin-
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TABLE 2. Coreceptor tropism for SI viruses

% Positive cells

Sample Tropism
RS X4

TC-03 30 22 X4/R5
TC-04 63 19 X4/R5
TC-08 28 43 X4/R5
TC-13 52 37 X4/R5
TC-22 10 34 X4/R5
TC-23 39 46 X4/R5
TC-25 49 15 X4/R5
TC-28 4 53 X4

TC-29 14 11 X4/R5
TC-30 23 13 X4/R5

fection were analyzed with a FACScan flow cytometer (Becton
Dickinson, San Jose, Calif.) for green fluorescent protein ex-
pression in the presence of 2% (wt/vol) formaldehyde. Because
GHOST cell derivatives express a low but detectable level of
X4, 5% fluorescent cells was considered the cutoff value for
positive coreceptor-dependent infectivity. Of the 10 SI viruses
from MT2 culture, 9 appeared to use both R5 and X4 as
coreceptors (Table 2). The SI virus that did not have a V3 loop
glycosylation site, TC-28, exclusively utilized X4. Similar re-
sults for coreceptor tropism were obtained with PBMC culture
virus stock with the exception of TC-28, which used both R5
and X4, indicating that the X4 virus was preferentially selected
by the MT2 cells.

RT and protease drug resistance mutations from patients
with SI and NSI viruses. RT and protease sequencing was
available for the 19 patients who had received drug therapy for
at least 3 months; these sequences have been previously de-
scribed (17). One treated patient had received drug therapy for

J. VIROL.

only 2 weeks and was not included in this analysis. Tables 3 and
4 show the ARV treatment histories and RT and protease drug
resistance mutations according to the SI and NSI phenotypes.
All 19 patients had received two drugs or more, including one
nucleoside RT inhibitor; all but two had also received a pro-
tease inhibitor. No significant differences between the SI and
NSI groups were seen in the number of drugs used, in the
number of RT and protease mutations per patient, and in the
specific mutation prevalences. A trend toward a higher muta-
tion rate at position 219 in the SI group was seen (4 of 10
versus 0 of 9; P = 0.054, Fisher exact test). All occurrences of
the major protease mutation L90M were seen in the SI group
(three of nine patients).

Based on isolates from patients with advanced disease, pro-
gression to AIDS in subtype C HIV-1 infection does not char-
acteristically include the switch in coreceptor usage that has
been observed with high frequency among patients infected
with subtype B virus. However, in the Zimbabwean isolates
examined here, there is evidence that treatment with ARV
drugs may produce the conditions necessary for a change in
phenotype. The 20 patients receiving drug therapy had lower
numbers of CD4™" cells than did those who had not received
ARV therapy, and most had developed resistance to one or
more of their prescribed drugs, suggesting inconsistent drug
access or use.

It is possible that X4-using SI viruses emerge among treated
individuals with low numbers of CD4 cells due to increased
patient survival associated with ARV therapy (23). Addition-
ally, recent studies of subtype B-infected patients show that
up-regulation of RS expression on CD4 cells is associated with
HIV infection and may be reversed by drug treatment (11, 28).
Among patients receiving highly active ARV therapy, reduced
expression of RS on PBMC has been documented early in the

TABLE 3. RT resistance mutations from viruses with SI and NSI phenotypes

RT inhibitor drug(s)”

RT mutation”

vires Present Past 41M 4E 67D 69T 70K 74L 77F 98A 103K 118V 151Q 179V 181Y 184 M 2I15T 219K
SI viruses
TC-03 HYD + DDI + AZT DDI + HYD N N R L M I ENQ
TC-04 ABC + EFV D4T + NVP
TC-08 3TC + D4T AZT 1 \%
TC-13 3TC + AZT DDI + HYD
TC-22 NVP HYD + DDI + AZT L N \'% Y
TC-23 AZT + DDC G R Q
TC-25 EFV DAT + NVP
TC-28 3TC + AZT N R v I Q
TC-29 3TC + AZT P V. N R 1 I \% Q
TC-30 3TC + AZT \'%
NSI viruses
TC-02 3TC + AZT
TC-12 DDI + HYD
TC-19 3TC + AZT L N R \%
TC-26 3TC + AZT 3TC + AZT, 3TC
TC-27 DDI + AZT AZT L N R G \'% Y
TC-31 DAT + 3TC L N \% I Y
TC-32 3TC + AZT DDI + AZT + EFV A%
TC-33 3TC + AZT D4T + DDI
TC-35 3TC + AZT DDC + AZT L R \% Y

“ Abbreviations: HYD, hydroxyurea; DDI, didanosine; AZT, zidovudine; ABC, abacavir; EFV, efavirenz; D4T, stavudine; NVP, nevirapine; 3TC, lamivudine; DDC,

zalcitabine.

> Amino acids and their positions correspond to consensus wild-type subtype B sequence.
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TABLE 4. Protease resistance mutations from viruses with SI and NSI phenotypes
Vi Protease inhibitor drug(s)” Protease mutation”
rus
Present Past 10L 20K 36 M 541 63 L 71 A 73 G 74T 82V 90 L 931
SI viruses
TC-04 APV NFV I P L
TC-08 SQv I T S L
TC-13 SQvV I P I L
TC-22 IDV + SQV I P L
TC-23 SQv I P I M L
TC-25 RTV + SQV IDV I P L
TC-28 SQvV I P v S M L
TC-29 SQv R I P A\ M L
TC-30 NFV I I L
NSI viruses
TC-02 NFV I L
TC-26 SQvV I P I L
TC-27 SQv I L
TC-32 RTV I \% S L
TC-33 IDV R I L
TC-35 NFV IDV or NFV I P S L
TC-31 APV I I F P L

“ Abbreviations: APV, amprenavir; NFV, nelfinavir; SQV, saquinavir; IDV, indinavir; RTV, ritonavir.
> Amino acids and their positions correspond to consensus wild-type subtype B sequence.

course of ARV therapy (24). This may provide one explanation
for the unexpected frequency of SI X4-tropic viruses in these
drug-treated patients. Whether ARV drug treatment can elicit
a similar response in patients with subtype C virus where X4-
tropic virus variants are likely to be present at low levels in the
pretreatment quasispecies will require longitudinal studies.

Alternatively, we may be witnessing a gradual emergence of
X4-tropic viruses within the subtype C population of viruses
that is unrelated to drug treatment. Two recent studies of
subtype C isolates in South Africa have indicated a higher
proportion of X4-tropic viruses than had previously been ob-
served among drug-naive patients with advanced disease (5,
39). Continued study of subtype C cohorts, both drug treated
and drug naive, may indicate whether X4-tropic subtype C
viruses are becoming more common overall or because of
specific factors such as drug treatment or specific opportunistic
infections.

The transition from R5-tropic to X4-tropic virus is not well
understood for any of the HIV-1 subtypes. Although many of
these virus isolates appear to use both coreceptors, these may
represent a mixture of virus populations, each using a single
coreceptor. In two cases, sequencing of multiple clones did
demonstrate two distinct populations of env sequences with
characteristics suggesting different coreceptor usage. Among
the SI isolates which appear to use both types of receptors in
the GHOST assay, extensive biological cloning will be needed
to clarify the frequency of X4-, R5-, and potentially dualtropic
viruses among patients with subtype C virus infection.

Nucleotide sequence accession number. Envelope nucleo-
tide and amino acid sequences from the 28 study group pa-
tients were submitted to GenBank and can be found under the
accession numbers AY265929 to AY265958. RT and protease
sequences for the treated patients can be found under the
accession numbers AY090839 to AY090859.

We thank Lynde Francis, Director of The Centre, Harare, Zimba-
bwe, for allowing us access to the patients’ unlinked specimens.
This work was supported by the Doris Duke Charitable Foundation.
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