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Virus Type 1 Isolates Have a Lower Level of Pathogenic
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Human immunodeficiency virus type 1 (HIV-1) subtype C is the dominant subtype globally, due largely to
the incidence of subtype C infections in sub-Saharan Africa and east Asia. We compared the relative replicative
fitness (ex vivo) of the major (M) group of HIV-1 subtypes A, B, C, D, and CRF01_AE and group O isolates.
To estimate pathogenic fitness, pairwise competitions were performed between CCRS5-tropic (R5) or CXCR4-
tropic (X4) virus isolates in peripheral blood mononuclear cells (PBMC). A general fitness order was observed
among 33 HIV-1 isolates; subtype B and D HIV-1 isolates were slightly more fit than the subtype A and
dramatically more fit than the 12 subtype C isolates. All group M isolates were more fit (ex vivo) than the group
O isolates. To estimate ex vivo transmission fitness, a subset of primary HIV-1 isolates were examined in
primary human explants from penile, cervical, and rectal tissues. Only RS isolates and no X4 HIV-1 isolates
could replicate in these tissues, whereas the spread to PM1 cells was dependent on active replication and
passive virus transfer. In tissue competition experiments, subtype C isolates could compete with and, in some
cases, even win over subtype A and D isolates. However, when the migratory cells from infected tissues were
mixed with a susceptible cell line, the subtype C isolates were outcompeted by other subtypes, as observed in
experiments with PBMC. These findings suggest that subtype C HIV-1 isolates might have equal transmission

fitness but reduced pathogenic fitness relative to other group M HIV-1 isolates.

Human immunodeficiency virus type 1 (HIV-1) subtypes (A
through J) have a common ancestor, one that is most closely
related to SIVcpz from the chimpanzee subspecies Pan troglo-
dytes troglodytes, suggesting a jump across a species barrier into
humans (25, 51). Since their introduction, HIV-1 group M
subtypes have expanded rapidly into humans in west and cen-
tral Africa and established multiple epidemics around the
world. Regional expansion of HIV-1 has come in waves with
the rapid emergence of specific subtypes due in part to specific
modes and routes of transmission. For example, intravenous
drug use in Southeast Asia in the mid-1980s and in Eastern
Europe and Russia during the early 1990s led to the rapid
spread of CRFO1_AE and of subtype A, respectively (3, 27). A
similar expansion of subtype B HIV-1 transmission occurred
among men who have sex with men in North America and
Europe in the early 1980s. However, HIV-1 subtype C appears
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to have slowly emerged throughout the world over the past
10 to 15 years following multiple introductions (3).

To date, more than 20 million humans are infected (over
50%) with “pure” HIV-1 subtype C or HIV-1 recombinant
forms containing at least the envelope gene of subtype C (3,
13). This subtype C dominance has involved its gradual in-
crease among preexisting HIV-1 subtypes following an initial
founder event to introduce subtype C. Subtype C or a recom-
binant form has now appeared to displace subtype B and
CRFO01_AE in south China (40); the plethora of diverse sub-
types in Kinshasa, Democratic Republic of the Congo (60);
and subtype B in southern Brazil (52). Nonetheless, subtype C
does appear to increase over subtypes A and D in Kenya (45).
In all likelihood, expansion of subtype C HIV-1 relates to
transmission of subtype C out pacing transmission of other
subtypes in these populations, resulting in this perceived dis-
placement. However, this increased expansion should not be
interpreted as direct competition between two viruses of dif-
ferent subtypes in a population. Differential spread of subtypes
has been attributed to specific transmission groups, but there is
little supporting evidence to suggest that subtypes A, B, C, D,
and CRF01_AE (also referred to as subtype E) are any more
or less transmissible by a specific route, in a specific ethnic
group, or in specific cell types (5, 10, 12, 42, 48, 63). The
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continued circulation of two distinct subtypes may eventually
converge through the selection of intersubtype HIV-1 recom-
binants. For example, HIV-1 subtype B and CRF01_AE were
segregated to the intravenous drug user and heterosexual
groups in Thailand (respectively) in the late 1980s (24, 62) but
are now more uniformly mixed and have now recombined in
the Thai population (46, 55, 56). Another example is the dom-
inant emergence of CRF07_BC and CRF08_BC across most of
China in the late 1990s and over the past decade (53, 64).

Virulence is defined as the rate of host mortality due to infec-
tion but can be further refined to the reproduction rate and
pathogenic potential of the parasite (6). We have previously com-
pared replicative fitness in ex vivo systems to virulence (44, 57).
However, this comparison is only based on the direct correlation
between the ex vivo replicative fitness with markers of disease
progression. Virulence and replicative fitness are not synony-
mous, but the ability of a virus to reproduce in susceptible primary
human cells may be considered a surrogate for their pathogenicity
or virulence in humans (3). We have utilized dual virus competi-
tions in peripheral blood mononuclear cells (PBMC) as a model
to estimate “pathogenic” fitness (1, 5, 44, 57), whereas competi-
tions performed in vaginal, rectal, or penile explants may provide
a complementary model for “sexual transmission” fitness (3). The
terms “pathogenic” and “transmission” fitness are used to con-
trast the different systems.

There is evidence from clinical cohorts of slower disease
progression, as estimated by CD4 cell decline in individuals
infected with subtype C compared to other group M subtypes
(4a). A critical caveat in generalizing from clinical markers in
natural history cohorts and ex vivo experiments with virus
isolates is the potential for confounding factors such as host
genetics and secondary infections. However, we tested here the
hypothesis that subtype C HIV-1 isolates are less fit (ex vivo)
than any other HIV-1 group M subtype by competing 12 sub-
type C HIV-1 isolates against 17 group M HIV-1 isolates in
over 500 dual infections of PBMC and cell lines, as well as a
subset of competitions in human vaginal, cervical, penile, and
rectal explants.

The virus isolates were obtained from patients with either
early or late disease and, with respect to coreceptor tropism,
were CCRS-tropic (RS), CXCR4-tropic (X4), or dual/mixed
(DM)-tropic. The vast majority of subtype C HIV-1 isolates
were outcompeted by HIV-1 of the dominant group M sub-
types (A, B, D, and CRF01_AE) in PBMC. By utilizing R5 and
X4 viruses, we examined the possibility that X4 viruses were
more pathogenic in the ex vivo model and may have “regained”
fitness relative to X4 viruses of other HIV-1 subtypes but
instead observed the opposite. Although pathogenic fitness of
subtype C is reduced, a small subset of these viruses could
compete with other group M isolates in human vaginal/cervi-
cal, penile, and rectal explants. Since subtype C isolates as a
group are the outlier in “pathogenic” fitness (ex vivo) among
the dominant group M subtypes, we hypothesize that this dra-
matic difference in ex vivo replicative fitness coupled with
evidence of similar transmissibility might be related to the
evolving, global epidemiologic picture.

MATERIALS AND METHODS

Cells. PBMC were isolated from heparin-treated venous blood of HIV-sero-
negative donors by Ficoll-Paque density-grade centrifugation. Prior to infection,
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cells were stimulated with 2 wg of phytohemagglutinin (PHA; Gibco-BRL)/ml
for 3 days in RPMI (Cellgro) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 10 mM HEPES buffer, 1 ng of recombinant interleukin-2 (IL-2;
Gibco-BRL)/ml, 100 U of penicillin/ml, and 100 p.g of streptomycin (Cellgro)/ml.
U87 cell lines (human glioma cell line) expressing CD4 and either CCR5 or
CXCR4 were obtained from D. Littman and the AIDS Research and Reagent
Program. These cells were maintained in Dulbecco modified Eagle medium
supplemented with 15% FBS, 100 U of penicillin/ml, 100 mg of streptomycin, 1
mg of Geneticin (G418; Life Technologies, Inc.)/ml, and 5 pg of puromycin/ml
to maintain receptor and coreceptor expression.

Viruses. In the present study, eight syncytium-inducing subtype C isolates from
Zimbabwean patients were propagated by PBMC cocultivation. Six of these were
X4-tropic, and two were dualtropic (R5X4). These isolates and four HIV-1
group M primary subtype C NSI/R5 obtained from the National Institutes of
Health AIDS Research and Reference Reagent Program were used in pairwise
competition experiments with a panel of SI/X4 and NSI/RS isolates of subtypes
A, B, C, D, and CRF01 (E) and group O (33 in all; see Fig. 1). The tissue culture
dose for 50% infectivity (TCIDs,) of propagated viruses was calculated by uti-
lizing the accumulative Reed and Muench method (30). In brief, 10-fold serial
dilutions of each stock of HIV isolate were added to 10° PHA-stimulated PBMC
in a 96-well plates in triplicates. All TCIDs, calculations and subsequent fitness
assays were determined by using PBMC from one blood draw from one donor
(unless indicated otherwise). The virus infectivity in each well was tested by a
reverse transcriptase (RT) assay which measures the activity of the RT enzyme
present in HIV supernatant. Titers were expressed as infectious units (IU) per
milliliter and are shown in Fig. 1A. The infectious titers ranged from 2.0 to 4.5
log,, IU/ml and were significantly different between subtypes. Virus titers were
also confirmed by measuring the RT activity in triplicate 1:4 serial dilutions and
comparing these “virtual TCIDsy, titers” to the actual infectious titers (30). With
all viruses, the virtual and actual TCIDs, values were not significantly different
and were within a 10% variance.

Sequence analyses. A region of the HIV-1 env gene (C2-V3 [480 nucleotides]),
the HIV-1 gag (MAp17 [350 nucleotides]), and the pol gene (polymerase region
of RT [460 nucleotides]) were PCR amplified (nested) from extracted proviral
DNA of monoinfected PMBC. PCR products were purified by using QIAquick
PCR purification kit (Qiagen) and sequenced with the forward and reverse
primers from the nested reactions as described(5, 49, 57). All of the sequencing
reactions were performed using an ABI 377 sequencer at the University of
California-Davis. The chromatograms were manually edited for alignment by
using BioEdit. Sequence alignments and neighbor-joining phylogenetic trees
were constructed by using CLUSTALX and viewed by using TreeView (37). All
sequences have been submitted to GenBank (accession numbers FJ541288 to
FJ541309).

Competitions in genital tissue. Cervical mucosal tissue was collected from
premenopausal women undergoing therapeutic hysterectomies at the St.
George’s and Kingston Hospitals (London, United Kingdom), and male genital
mucosal tissue (penile glans) was collected from patients undergoing gender
reassignment surgery at Charing Cross Hospital, London, United Kingdom (all
with informed consent). Tissue was cut into explants of approximately 3 by 3 by
2 mm prior to culture as previously described for cervical tissue and more
recently established for male genital tissue (18, 29; L. Fischetti, S. M. Barry, T. J.
Hope, and R. J. Shattock, unpublished data). Colorectal tissue was obtained
from patients undergoing rectocele repair and colectomy from colorectal cancer
at St. George’s Hospital. Only healthy tissue obtained at 10 to 15 cm away from
the tumor was used. On arrival, muscle was stripped from the resected tissue,
which was then cut into 2- to 3-mm?> explants comprising both epithelial and
muscularis mucosae as previously described (15). Ex vivo culture of human
colorectal tissue was performed for the evaluation of candidate microbicides.
Colorectal explants were exposed to 2,500 IU of each HIV-1 pair or a single virus
(per each of five explants) for 2 h. Viral inoculum was removed by four washes
with phosphate-buffered saline, after which explants were transferred onto gel-
foam rafts (Welbeck Pharmaceuticals, United Kingdom). Colorectal explants
were harvested at 72 h or at day 10 postinfection and kept at —80°C before being
digested for DNA extraction. Genital explants used for infection included the
epithelial layer and underlying stromal tissue and were from the penile glans or
the ectocervical or endocervical areas of the cervix. In brief, five explants were
exposed to 2,500 TU of each HIV-1 pair or a single virus (per each of five
explants) for 2 h. After removal of the viral inoculum by extensive washing with
phosphate-buffered saline, explants were incubated overnight at 37°C. Migratory
cells (MCs) present in the overnight cultures were collected and cocultured with
2 X 10* PM-1 cells for 10 days postinfection prior to digestion for DNA extrac-
tion. Genital tissue explants were transferred to different wells in 96-well plates,
followed by incubation at 37°C for 10 days postinfection prior to digestion for
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DNA extraction. Cells and tissue explants were digested with 500 mg of protein-
ase K/ml and 0.1% (vol/vol) IGEPAL CA-630 in PCR buffer II 10X (PE)
overnight at 56°C (200 ml per explant of cell pellet). Proteinase K was inactivated
at 95°C for 5 min. DNA was extracted from the harvested cell and tissue digests
using a DNA extraction kit (Qiagen, Valencia, CA) and then subjected to HIV-1
DNA PCR amplification and heteroduplex tracking assay (HTA) analyses as
described below.

Coreceptor determination. The virus phenotype for each virus was determined
by infecting U87 cell lines expressing either CD4/CCR5 or CD4/CXCR4. Each
HIV-1 isolate in the present study was used to infect 25,000 U87/CD4/CCRS5 and
U87/CD4/CXCR4 cells in duplicate in a 48-well plate as previously described
(54). Virus production was determined by assaying the RT activity in the cell-free
supernatants at different time points after infection, as well as monitoring for
syncytium formation in each of the cell lines.

Ex vivo growth competition assays. Ex vivo pathogenic fitness in the present
study was determined as previously described (1, 5, 44, 57). To determine the
pathogenic fitness of group M NSI/RS HIV-1 isolates, full pairwise dual-infec-
tion/competition was performed with four subtype C, three subtype A, four
subtype B, and two subtype D isolates. For the pathogenic ex vivo fitness of SI/X4
HIV-1 group M, eight HIV-1 group M subtype C isolates (two of which were
dualtropic); eight HIV-1 group M isolates of subtypes A, B, D, and CRF01 (E)
(two of each); and two HIV-1 group O (SI and NSI) were used in a full pairwise
dual-infection/competition experiment. Competitions were performed in 2 X 10°
PHA-stimulated PBMC (except where noted) by adding both viruses at equal
multiplicities of infection (MOIs) of 0.0004. A monoinfection representing each
of the viruses in competition was included at the same MOI. For all of the
competitions performed, virus production was monitored by RT assay on cell-
free supernatants. At peak RT activity (ranging from 9 to 11 days depending on
the cell type used), cells and supernatants were harvested and stored at —80°C.

HTA analysis for estimation of viral fitness. HTA was used to quantify pro-
duction of HIV-1 isolates in dual infections/competitions as previously described
(1, 5, 44, 57). Briefly, DNA was extracted from the harvested cell using a Qiagen
DNA extraction kit. Nested PCR products in env (inter- and intra-HIV-1 group
M competitions) was performed with Env B-ED14 as external primers and
ES80-E125 as nested primers for a 480-bp C2-V3 Env PCR product (1, 5, 44, 57).
For competitions involving group O HIV-1 isolates, a 460-bp HIV-1 RT PCR
product (amplified with RTS1-RTA4 and then RTS2-RTA3) was utilized for the
HTA as described previously (1). As a control, we amplify for HIV-1 Env DNA
in the inoculating virus to ensure the lack of significant HIV-1 DNA in the virus
stocks. The quantity of HIV-1 DNA in virus preparations is 1,000-fold less than
that of the viral RNA, and the HIV-1 DNA found in cells is the result of de novo
reverse transcription (4). Radiolabeled DNA probes were also amplified using
the same set of primers in the env and pol RT regions. The antisense primer for
these amplifications was end labeled with 5'-[y->P]ATP as described elsewhere
(44). Radiolabeled PCR-amplified DNA probes were separated on 1% ethidium
bromide-stained agarose gels and purified with a QIAquick gel extraction kit.
Purified probe (300 cpm) was mixed with 5 wl of PCR products in the presence
of annealing buffer and loading dye. This mixture was denatured at 95°C for 3
min, annealed at 37°C for 5 min, and then kept on ice during loading on a 6%
nondenaturing polyacrylamide gel. Heteroduplexes corresponding to each
HIV-1 isolate in a dual infection and monoinfection were identified by using a
Molecular Imager FX (Bio-Rad) phosphorimager and then quantified by using
QuantityOne software. The relative viral fitness and fitness difference was esti-
mated by HTA analysis as described previously (1, 5, 44, 57). The final ratio of
the two viruses produced from each dual infection was determined by comparing
the virus production in the competition to the virus production in the monoin-
fection. The production of each HIV-1 isolate in a dual infection (f,) was divided
by the initial proportion in the inoculum (iy) to determine the relative fitness
(W = fylip). The fitness difference (W) is the ratio of the relative fitness values
of each HIV-1 isolate in the competition (W, = w,/w;) (1, 5, 44, 57).

RESULTS

Phenotypic and genotypic analyses on a cohort of primary
HIV-1 isolates. HIV-1 sequence data are available from thou-
sands of infected individuals throughout the global epidemic.
In contrast, there are relatively few primary HIV-1 isolates
propagated from patient samples that are readily available for
phenotypic analyses. Many of these have been poorly charac-
terized, lack sequence data for the majority of the genome,
have not been typed for coreceptor usage, and are predomi-
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nantly subtype B. In attempts to measure the relative replica-
tive fitness (ex vivo) among group M isolates, we obtained over
a hundred primary HIV-1 from various sources including the
NIH AIDS Reagent Program and directly from laboratory
sites in Uganda, Zimbabwe, Argentina, and Brazil. A subset of
29 group M and four group O HIV-1 isolates were selected for
detailed fitness analyses (Fig. 1A). The RT coding region of
pol, the MA pl17 coding region of gag, and the C2-C4 region of
HIV-1 env were sequenced, aligned, and then utilized to con-
struct neighbor-joining phylogenetic trees (Fig. 1B). All pri-
mary HIV-1 isolates were propagated on PHA/IL-2-treated
PBMC to obtain sufficient titers for subsequent coreceptor
usage and fitness analyses. The rationale for utilizing the 33
viruses as opposed to the others is simply based on (i) the
ability to propagate the virus on PBMC and obtaining sufficient
stock for the pairwise competitions; (ii) obtaining sequences
from MA, RT, and env and thus eliminating most recombi-
nants, especially those within a gene; and (iii) the ability to
characterize coreceptor usage and MT2 phenotype.

Of the 29 group M viruses, we had an overrepresentation of
subtype C (twelve isolates and one A env/C RT recombinant),
followed by six subtype B isolates, five subtype A isolates (in-
cluding one A env/C RT recombinant), five subtype D isolates,
and one CRF01_AG isolate (Fig. 1A). One of the primary
objectives of the present study was to establish the ex vivo
relative fitness of subtype C in the context of other group M
isolates. Preliminary data suggested that NSI/RS subtype C
isolates were considerably less fit than subtype B (5) and pos-
sibly other group M isolates, which were more fit (ex vivo) than
the rare HIV-1 group O isolates (1).

Coreceptor usage was determined by exposing U87/CD4/
CCRS or U87/CD4/CXCR4 cells to 0.01 IU (as measured by
TCIDs, assays in PBMC) of each virus. Figure 1C represents a
repeat analyses of coreceptor usage on a subset of primary
HIV-1 isolates used in the present study. All coreceptor usage
is reported in Fig. 1A. Virus production as measured by RT
activity is presented in Fig. 1C. In this panel, 15 of the 22
HIV-1 isolates were CXCR4-tropic, four were exclusively
CCRS5-tropic, and three were dual or dual mix (DM). We had
nearly equal representation of R5 and X4 phenotype for sub-
types A, B, and D and group O. Unlike other HIV-1 group M
infections, a switch from a CCRS5-tropic virus to a CXCR4-
tropic or DM phenotype is rare in subtype C infections. How-
ever, we obtained a panel of X4 and DM subtype C isolates
from Zimbabwe for these fitness determinations (20). Core-
ceptor usage on U87 cells was confirmed by the predicted
phenotype by applying the 11/25 rule to the V3 sequences of
each virus. The GENO2PHENO, PSSM, or VSM algorithms
provide weaker predictions of coreceptor usage for non-sub-
type B HIV-1 isolates (data not shown). Finally, the SI versus
the NSI phenotype was determined through the detection of
syncytium formation, following a 7-day incubation of each virus
with MT2 cells. All X4 or DM viruses were SI and all R5 were
NSI as determined by the MT2 assay.

Relative replicative fitness of primary HIV-1 group M iso-
lates. Previous studies indicate that, regardless of subtype, X4
HIV-1 isolates completely outcompete R5 HIV-1 isolates in
PBMC cultures (1, 2, 44). Thus, the 14 primary NSI/R5 and 15
primary SI/X4 HIV-1 isolates were utilized in separate pair-
wise competitions experiments to establish two different fitness
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. . Group
name origin origin

B6
B.FR.83.HXB2

MA RT ENV  (CCR5/CXCR4/DM)  (NSI/SI)
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A1 Rwanda 92RW009 M c c A CCR5 NSI B.US.86.JRFL
B.US.83.RF
A8 Uganda 92UG029 M A A A CXCR4 S| D4
A4 Uganda  A-UG15(v115) M A A A CXCR4 sl D1D-UG~94-94UG1141
A74 Uganda UG primary M A A A CCR5 NSI D107
D76
AT8 Uganda UG primary M A A A CCR5 NSI D.CD.83.ELI
; D.CD.83.NDK
B2 Brazil 92BRO17 M B B B CCR5 NSI D.0D.84 B4ZR085
B4 USA 93US076 M B B B CXCR4 S| F1.FI.93.FIN9363
F2.CM.95.MP257
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) —————— N.CM.95.YBF30
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) H.BE.93.VI991
c24 Zimbabwe TCDD-25 M c c c CXCR4 sl H.BE.93.VI997
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9
D1 Uganda 92UG021 M nd D D CXCR4 sl o7
D4 Uganda 93UG067 M D D D CXCR4 sl C.BW.96.96BW0502
D76 Uganda UG primary M D D D CCR5 NSI
C23
D86 Uganda UG primary M D D D CCR5 NSI Cc25
D107 Uganda UG primary M D D D CCR5 NSI
E6 Cameroon CMU06 M A A E CXCR4 S| 0.1
02 Cameroon BCF02 o o nd o CCR5 NSI
08 Cameroon BCFO1 o o nd o CCRS NSI
012 Cameroon BCF06 o o nd o CXCR4 SI 3
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FIG. 1. Genotypic and phenotypic characteristics of the HIV-1 isolates. All of the HIV-1 isolates were designated with a laboratory reference
name, but the country of origin and other virus names are listed in panel A. Subtype was determined by sequencing the C2-C4 region of the env,
the p27 coding regions of gag, and the RT coding region of pol. (B) Sequences of the 33 HIV-1 isolates were aligned with reference strains
(http://www.hiv.lanl.gov/content/index) using neighbor joining and then mapped onto a tree using TreeView (bootstrapping values are not shown).
Most of the isolates were pure subtypes with the exception of A/C1 (termed Al) and A/D86 (termed D86). Coreceptor usage was determined by
exposing U87/CD4/CCRS and U87/CD4/CXCR4 cells to each HIV-1 isolate. (C) Virus production in the supernatant was monitored on days 5,
7, and 9 using radioactive RT assays. The assay has a background cutoff of 2,000 counts/min/ml. As shown, most of the isolates were CXCR4-tropic,
four were CCRS5-tropic, and three were dualtropic.
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A Fitness difference from pairwise competition with NSI/R5 HIV-1
c5 0.13 | _ P . : P
o5 oo G W, = fitness of “column”virus/fitness of “row” virus
Cco 0.01 0.37 100.00 I competition not performed
A1 4,22 intragroup M OR intrasubtype C competitions
2 A74 5.45 100.00
s A78 0.17 1.27 100.00 0.06
@ B2 100.00  100.00  100.00
2 B5 100.00 0.91 100.00  100.00
> B6 100.00  100.00 _ 100.00 2.35 100.00
B10 100.00 0.02 0.01 0.01 0.01
D76 1.43 0.46 100.00 4.83 0.01 0.01 0.01 11.18
A/D86 1.06 3.06 100.00 6.09 0.01 0.01 0.01 100.00 1.89
D107 3.48 5.77 100.00 0.39 5.28 0.01 0.01 0.01 100.00 0.66 0.70
C3 C5 [ co | A1 | A7a | A78 | B2 | B5 | B6 | B10 | D76 | D86
Virus name
B Fitness difference from pairwise competition with SI/X4 HIV-1 subtype C vs group M subtype competitions
(W, of group M virus/subtype C virus)
c20 314 | . 100
Cc21 100.00 100.00 I 100-10  subtype Cless fit
C22 13.04 100.00 9.16 10-1
c23 100.00  100.00 0.62 0.77
° C24 100.00  20.76 2.81 100.00 22.82 1-0.1
£ Cc25 0.94 0.67 0.01 0.06 0.98 0.01 [ 0.1-0.01 subtype C more fit
g c27 100.00 6.62 0.01 40.99 18.66 0.22 100.00 I <0.01
o A8
S A4 0.37 0.01
B4 1.69 100.00
HXB2 4.80 100.00  100.00
D1 2.57 0.58 0.98 0.89
D4 1.07 1.99 1.49 0.01 0.25
E6 1.81 0.40 8.17 2.65 0.49 0.96 0.12 0.05 0.01 0.01 0.01 0.01
c19 | c20 [ c21 C22 Cc23 C24 c25 | c27 | A8 | A4 | B4 [ HxB2 | D1 | D4
Virus name

FIG. 2. Exvivo replicative fitness matrices derived from pairwise competitions within NSI/R5 and SI/X4 HIV-1 isolates. (A) Each of the R5/NSI
isolates was competed against all of the other R5 isolates. (B) Each SI/X4 isolate was competed against all of the other SI/X4 isolates. For both
sets of experiments, the fitness difference for the pairwise competitions were determined as outlined in Materials and Methods. The magnitudes
of increased fitness difference of the non-subtype C over the subtype C HIV-1 isolates in competitions are indicated by the shade of green: dark

green, a >100 fitness difference (W) or W00 subtype MWsubtype G

medium green, a 100-to-10 fitness difference; and light green, a 10-to-1 fitness

difference. The abilities of subtype C isolates to outcompete non-subtype C, group M isolates are indicated by the shade of red: dark red, a <0.01
fitness difference (W) Or Wyon-subtype /Wsubtype ¢ medium red, a 0.1-to-0.01 fitness difference; and light red, a 1-to-0.1 fitness difference.

matrices. A total of 364 separate pairwise competitions were
performed for the two matrices. Briefly, each NSI/RS HIV-1
isolate was added to PBMC (the same donor and blood draw),
along with each of the other 13 NSI/RS isolates at an MOI of
0.0004. The same pairwise competition strategy was used with
the SI/X4 HIV-1 isolates. Titers of all viruses were determined
on the same PBMC (same donor and blood draw) as those
used for the competitions. Previous studies have indicated that
the infectious titers of the stock virus were unrelated to the ex
vivo replicative fitness, which is not surprising considering
equal quantities of infectious virus were used in all dual-virus
competitions (30). A subset of competitions was repeated in
PBMC from different donors of different ethnicities as de-
scribed below. Cells were harvested at peak virus production
based on RT activity in the supernatant, and dual virus pro-
duction was assessed by using HTAs (1, 2, 5, 44, 57). In our
previous competitions involving time courses and measuring
dual-virus production at various steps in the life cycle (i.e.,
entry, reverse transcription, integration, transcription, and vi-
rus release), we determined that the replicative fitness was best
estimated by viral DNA in infected cells at the stage of peak
virus production (1, 2, 5, 44, 57). Relative fitness values and
fitness differences were calculated based on the relative inten-

sities of heteroduplex bands on a nondenaturing polyacryl-
amide gel (see Materials and Methods).

The fitness differences for the NSI/RS5 and SI/X4 fitness
matrices are shown as the relative fitness of the “column” virus
over the “row” virus (Fig. 2). These matrices revealed that
fitness differences between the subtype A, B, D, and
CRFO01_AE viruses fluctuated between the limits of detections
(0.01 and 100) (gray boxes, Fig. 2) but had a overall mean
relative fitness of ~1 (or equal fitness). In contrast, nearly all
of the NSI/RS subtype C isolates were outcompeted by the
other group M isolates (e.g., subtypes A, B, D, and
CRFO01_AE). Lighter to darker green in Fig. 2A represents the
relative outgrowth of a group M isolate over subtype C. In 20
of the 39 subtype C versus group M competitions, the NSI/RS
subtype C HIV-1 isolate was completely outcompeted by a
group M virus (dark green, Fig. 2A). The subtype C NSI/RS
HIV-1 isolates only won 8 of 39 competitions (pink to red
colors, Fig. 2A). These findings were even more dramatic when
the SI/X4 subtype C viruses competed against the other SI/X4
group M strains. SI/X4 subtype C isolates lost 51 of 56 com-
petitions (green boxes, Fig. 2B), and in 39 of these 51 loses
there was a complete outgrowth of the M over the subtype C
isolate (dark green, Fig. 2B).
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Comparison of the ex vivo fitness of HIV-1 isolates of dif-
ferent phenotypes. Although SI/X4 HIV-1 isolates typically
outcompete NSI/R5 HIV-1 isolates regardless of the subtype
or group, a small subset of SI/X4 subtype C isolates (C20, C21,
and C22) were still competed against three NSI/R5 HIV-1
isolates (C3, B10, and D76) in PHA/IL-2-treated PBMC (see
Fig. S1 in the supplemental material). It is important to note
that the SI/X4 and NSI/R5 HIV-1 isolates do not “compete”
for the same susceptible cells because the CCRS5 and CXCR4
receptors are commonly expressed on different CD4™ T-cell
subsets (CCRS predominantly on memory T cells and CXCR4
on naive T cells) or at different levels on macrophages (higher
CCRS over CXCR4 levels) (28, 65). Despite being less fit than
all tested SI/X4 group M isolates, the subtype C SI/X4 isolates
could still outcompete the group M NSI/R5 HIV-1 isolates.
However, the D76 HIV-1 isolate could compete and replicate
as efficiently as C22, i.e., the least fit of all of the SI/X4 isolates
(see Fig. S1 in the supplemental material). Thus, a subtype C
HIV-1 isolate (when SI/X4) can successfully outcompete and
even win over a group M isolate (when NSI/R5) in PBMC but,
again, these dual-infection experiments do not represent
“true” competition except in cells expressing both CCRS and
CXCRA4.

Effect of donor host cells on ex vivo replicative fitness. A
subset of 23 competitions was repeated in PBMC from three
different donors. Eight of these competitions involved NSI/RS
HIV-1 pairs, and fifteen were with SI/X4 virus pairs. The total
virus replication varied considerably in PBMC cultures derived
from the three HIV-negative donors of different ethnicities
(African American, Chinese, and Bantu African). PHA/IL-2-
treated PBMC of donor 3 supported higher HIV-1 replication
than did the PBMC of donors 1 and 2 (data not shown).
Regardless of this difference in overall virus replication, the
relative replication of the two viruses in each competition (or
the relative fitness values) remained constant. The same “win-
ner” was observed in all three of the 23 competition subsets
performed on the PBMC of each of the three different donors
(see Fig. S2 in the supplemental material). In 11 of the 23
competitions there was, however, some variation in the relative
fitness values between the different donors. Donor 3 supported
the fastest replication kinetics and, as a result, outgrowth of the
winner over the losing virus was beyond the limit of assay
detection (>100-fold) in the majority of the competitions. Do-
nors 1 and 2 supported slightly slower replication kinetics and,
in these few competitions, the more-fit virus had not yet com-
pletely outcompeted the less-fit virus in the dual infection.

Determining whether group O HIV-1 isolates remain low fit
outliers. We have previously shown that HIV-1 group O iso-
lates are less fit (ex vivo) than HIV-1 group M and HIV-2
isolates through pairwise competitions (1). In the present
study, we established that all 13 HIV-1 subtype C isolates were
less fit than any other group M isolate. All of the group M
isolates (even the subtype C viruses) were more fit (ex vivo)
than the two group O HIV-1 isolates, O12 and O13 (see Fig. S3
in the supplemental material). The only exception to this dom-
inance was the ability of the NSI/RS OS8 isolate to outcompete
the least fit NSI/RS subtype C isolate, C9 (see Fig. S3 in the
supplemental material).

Ranking the pathogenic fitness of different HIV-1 group M
subtypes. The most striking observation from the pairwise
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FIG. 3. Comparison of intra- and intersubtype fitness of different
HIV-1 group M isolates. (A, B, C, and D) Mean relative fitness values
were determined for each HIV-1 isolate from pairwise competitions
between isolates of the same subtype (mean intrasubtype relative fit-
ness) and of different subtypes (mean intersubtype relative fitness).
The mean intrasubtype and intersubtype fitness values for each HIV-1
isolate was them plotted as the x and y coordinates. Panel A plots the
intrasubtype and intersubtype fitness values for the subtype C versus
non-subtype C, group M isolates. Panels B, C, and D are plots of the
intrasubtype versus intersubtype fitness values for the subtypes B, A, or
D versus the other group M isolates, respectively. All intra- and inter-
subtype mean relative fitness values were only derived from competi-
tions between isolates of the same phenotype (NSI/RS or SI/X4).
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competitions was the poor replicative fitness of subtype C
isolates when competed against HIV-1 isolates of other group
M subtypes. However, differences in fitness among other sub-
types may be still significant but not as striking as those ob-
served with subtype C. Thus, we compared the relationship
between intra- and intersubtype fitness derived from over 400
competitions (Fig. 3). The mean relative fitness of each HIV
isolate derived from competitions against all others in the same
subtype or group (intrasubtype or intragroup M fitness) are
plotted on the y axis, whereas the x axis represents the mean
relative fitness of each isolate competed against all isolates
from the different subtypes(1, 2).

In Fig. 3A, it is clear that intrasubtype fitness of each subtype
Cisolate (derived from all competitions with the other subtype
Cviruses) dispersed below and above a relative fitness value of
1 or equal fitness (x axis). In other words, some subtype C
isolates such as C19 and C3 were more fit (ex vivo) than other
C isolates (e.g., C21 and C8 had the lowest intrasubtype C
fitness). However, all of the subtype C isolates were substan-
tially less fit (range, 0 to 0.7) than the other group M isolates
(range, 0.8 to 2) in the subtype C versus group M competitions
(v axis). When we stratified the data to compare other subtypes
against group M, HIV-1 subtype B and D isolates were more fit
(exvivo) than the other group M isolates with HIV-1 B10 as an
outlier (Fig. 3B and D, respectively). As discussed below, sub-
types B and D are also more closely related than any other pair of
“pure” subtype lineages. When we compared the mean relative
fitness of HIV-1 subtype A against the other group M isolates,
these subtype A-derived values scattered across the y axis, unlike
what we observed with the more-fit subtype B and D and less-fit
subtype C isolates. These intra- and intersubtype fitness compar-
isons were derived from two separate fitness matrices, and yet the
relative fitness values remained interspersed for both NSI/RS5 and
SI/X4 HIV-1 isolates within a subtype.

We have previously described a possible fitness order for the
groups (M and O) and types (1 and 2) for human lentiviruses
from pairwise competition but were unable to resolve possible
fitness difference between the group M subtypes(1). To deter-
mine whether pathogenic fitness (ex vivo) differed from group
M isolates, we determined for each subtype the mean relative
fitness values and variance of all intrasubtype competitions
(intrasubtype) and of competitions with other group M isolates
(intersubtype) (Fig. 4A). One- and two-tailed # tests were then
used to compare the intersubtype fitness values derived from
each virus within a subtype competed against each virus of a
different subtype. For example, five subtype B isolates were
competed against the non-B group M isolates for a total of 64
competitions. Compared to the 57 competitions involving sub-
type A isolates, subtype B was significantly more fit than sub-
type A (P < 0.000001). As expected, subtype C isolates (n =
87) were less fit (ex vivo) than each of the subtypes A, B, and
D. However, differences between subtype B and D fitness or
between subtype A and D fitness were not significant. More
competitions analyses with other HIV-1 isolates are necessary
to confirm a replicative fitness order (Fig. 4B and C) of B =
D = A > C. This pathogenic fitness order follows a transitive
relationship such that both subtypes B and D are significantly
more fit than subtype A. In Fig. 4B and C, we depict the
most-fit subtype with the largest font, the relative significance

J. VIROL.

of a fitness difference by the width of the line, and more- over
less-fit subtype by an arrow.

Competing HIV-1 isolates in vaginal/cervical, penile, and
rectal explants as a model for “transmission” fitness. To es-
timate “transmission” fitness, we performed dual virus compe-
titions in primary human cervical (group 3 in Fig. 5A), penile
(group 4), and rectal explants (group 5). “Transmission” fitness
(ex vivo) is a term used solely to define competition results in
these genital and rectal explants systems and to contrast and
compare them to “pathogenic” fitness (ex vivo), a term defined
by our group (3, 43) as ex vivo competitive fitness in PBMC,
macrophages, or T cells (5). Ex vivo pathogenic fitness appears
to be related to disease progression (44, 57). Each competition
involved five explants (3 by 2 by 2 mm), each of which was
exposed to 2,500 IU of the two viruses for 2 h. MCs were
harvested from cervical and penile explants at 24 h and then
incubated with the PM1 cell line (e.g., cervix MC+PM1, Fig.
5B to E). HIV-1 DNA was PCR amplified from lysed PM1 and
MCs at day 10 and then used in HTAs to determine dual-virus
production. Rectal explants showing increased susceptibility to
infection were cultured for 10 days (in the absence of PM1
cells) prior to digestion and analysis by HTA (rectal, Fig. 5B to
E). These competitions for “transmission” fitness were com-
pared to that of “pathogenic” fitness performed in PBMC of
different donors (group 1 in Fig. 5A) and in PM1 cells (group
2). The outcome of competitions between C3+A1, C3+D76,
C8+Al, and C8+D76 are shown as percentages in Fig. 5B to
E, respectively. As described earlier, the C3 and C8 HIV-1
isolates were completely outcompeted by Al and D76 in
PBMC. Only C3 could compete with D76 in one of the three
PBMC from different donors. The same dominance over C3
and C8 was observed in the PM1 cells. However, in the cervi-
cal, penile, and rectal tissue experiments, the C3 and C8 viruses
could now compete with the Al and D76 primary HIV-1 iso-
lates. In the C3+A1 competition, C3 replicated in all three
conditions, and in the cervix (where migratory tissue cells were
incubated with PM1 cells) and rectal tissue (without the addi-
tion of PM1 cells) C3 actually outcompeted Al. The ability of
C3 to compete with D76 in genital tissue (penile, cervix) was
less evident, although it completely outcompeted D76 in rectal
tissue. Pairwise competition of C8 with Al or D76 in these
tissue explant experiments was not as evident as that observed
with C3 versus Al. It is important to note that this increase in
C3 and CS fitness, using “transmission” versus “pathogenic”
models, was observed in a limited subset of the competitions
performed in Fig. 2.

As described below, the ability of the virus to establish an
infection in genital tissue, i.e., through Langerhans cells, den-
dritic cells and, to a lesser extent, macrophages or T cells, may
be the consequence of virus trapping prior to direct infection
and/or transfer of the virus to PM1 cells (41, 65). This “trap-
ping” and transfer of the virus may be less dependent on
“pathogenic” fitness (3, 5, 43). Nonetheless, C3 was signifi-
cantly more fit (ex vivo) than C8 in the intrasubtype and in-
tersubtype competition analyses (P < 0.001), i.e., the mean
relative fitness from competitions within subtype C or with the
non-subtype C, group M viruses (Fig. 3A). Due to low number
of susceptible cells in the five genital explants used for each
competition (~5,000 to 10,000), the initial infection of the
tissue was difficult to access, and the addition of PM1 cells was
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in a subtype were plotted as mean intra- and intersubtype relative fitness values. (B) The intersubtype values between subtypes were then compared
for significance by using two-tailed # tests. (C) Estimated rank order of fitness for HIV-1 types, groups, and subtypes based on >2,000 competitions
performed in the present study, by Arien et al. (1), or by Ball et al. (5). The relative proportions of each HIV-1 subtype in the African epidemic,
as well as the general geographical distribution, are schematically illustrated.

necessary to amplify the virus. However, as indicated in the
PM1 competitions, the Al and D76 viruses completely out-
competed the C2 and C8 isolates. Thus, PM1 cells will skew the
results in the genital explant experiments to the virus with
higher “pathogenic” fitness. Furthermore, for rectal tissue ex-

plants replication could be detected within the tissue 10 days
postinfection. Here, C3 completely outcompeted Al or D76.
In 3 of these 12 competitions, we were also able to PCR
amplify HIV-1 DNA from extracted genital tissue explants,
which was incubated for 10 days in the absence of PM1 cells. In
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C3 versus D76, C8 versus Al, and C8 versus D76, respectively.

the cervical tissue, C3 could compete with D76 (34 to 66%, Fig.
6B), but after transfer of the virus from MCs to the PM1 cells
the dominance of D76 fitness was more apparent. In the penile
tissue, C8 was able to replicate to small extent with D76 but
was not observed in the penile MC+PM1 cell competitions.
Again, when only PM1 cells were used, D76 completely out-
competed C3 or C8, which is similar to what was observed in
the PBMC competitions. For rectal explants, we were also able
to amplify DNA from tissue harvested at 72 h; here, low but
detectable replication of C8 was apparent but had been out-
competed by day 10 of culture (Fig. 6B).

During primary acute infection, a donor is often exposed to
virus populations harboring NSI/RS strains mixed with X4
strains. Previous studies suggest that X4 isolates may not rep-
licate as efficiently as R5 HIV-1 isolates in penile gland explant
tissues. To test this hypothesis, we competed NSI/R5 C3 and
C8 HIV-1 isolates against the SI/X4 C21 HIV-1 isolate. Even
though equal infectious titers were added, only C3 or C8 and
not C21 were detected after a 10-day incubation in the tissue or
in the cocultivation of PM1 cells with MCs (from the infected
tissue). The ability of the NSI/R5 C3 isolate to outcompete the
SI/X4 C21 in the penile tissue is in sharp contrast to the
100-fold increase of C21 over C3 replication in PBMC.

Although only HIV-1 DNA is PCR amplified from the tissue
or MC+PM1 cells, there is still the possibility that virus is
trapped by Langerhans or dendritic cells in the tissue and then
transferred to the PM1 cells in the absence of MC infection. To
test this hypothesis (schematically illustrated in Fig. 7A), we
exposed the penile tissue to 1 pM TMCI120 (or the samples

were mock treated) at the time of virus exposure. This non-
nucleoside RT inhibitor was added again after virus was re-
moved from the tissue samples. At 24 h, PM1 cells were cocul-
tivated with MC (either mock treated or treated with 1 uM
TMC120). The MC+PM1 cultures were then left untreated or
treated with 1 pM TMC120 over a 10-day incubation. Virus
infection (as opposed to free virus particles) was monitored by
real-time PCR for the long-terminal-repeat (LTR) DNA (10).
As expected, the SI/X4 C21 virus, unlike the NSI/RS C3 virus,
could not establish a robust infection in the tissue or in
MC+PM1 cells (Fig. 7B and C). TMC120, added only in the
tissue, blocked 80% of the virus transmitted from MC to PM1
cells (Fig. 7B). The addition of 1 pM TMC120 to the MC+PM1
cultures only decreased infection a further 7%. It is important to
note that TMC120 has not been demonstrated to have a virucidal
effect, and incubation of the drug with virus prior to infection does
not result in appreciable inhibition (data not shown). Over the
same 10-day incubation, TMC120 completely blocked the low-
level replication in the penile tissue. As described below, these
findings suggest that infection of the tissue and of the PM1 cells
was dependent on initial infection of the dendritic cells, Langer-
hans cells, or other cell resident in the tissue. Trapping of free
virus, in these competitions and in this tissue, was not a major
route for subsequent PM1 infections.

DISCUSSION

The disproportional expansion of HIV-1 subtype C in the
global epidemic could be the result of random introduction
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FIG. 6. Determining the relative HIV-1 replication and/or transfer during passage through the genital tissue. (A) Schematic of the proposed
model for HIV-1 infection of the genital explant tissue and then transfer to susceptible immune cells in the lamina propria and subsequent systemic
dissemination. (B, C, and D) Dual virus competitions were arrested at different stages of this process by accessing dual-virus production in the
actual explants. Charts in the top row denote tissue DNA (for cervix and penile tissue harvested at 10 days and for rectal tissue at 72 h). Charts
in the second row depict replication in PM1 exposed to the MCs from cervical and penile explants and direct replication (in the absence of PM-1
cells) for rectal tissue, all harvested after 10 days in culture. The bottom row shows PM1 competitions alone (or PBMC competitions in Fig. 5)
and may provide an estimate of the “pathogenic” fitness of the circulating virus, long after transmission. Panels B, C, and D provide the fitness
values as the percent virus production for competitions between C3+D76, C8+D76, and C8+ Al in the explants described above. In the remaining
nine competitions performed in the various genital explant conditions, HIV-1 DNA could not be amplified from the tissue.

into high-risk transmission groups, specific host genetics lead-
ing to greater susceptibility, and/or some intrinsic property of
the virus. The impact of host genetics is dampened considering
the diversity of the human population in southern Africa, In-
dia, China, and Brazil, i.e., regions of dominant or emerging
subtype C (3, 40, 52, 60). It is also possible that subtype C
HIV-1 expanded in these distal geographic regions through a
preferential introduction into a high-risk heterosexual trans-
mission group (61). However, the notion that subtype C is
more apt for heterosexual transmission than other group M
subtypes implies differential phenotypic characteristics specific
to subtype C. Innate or acquired immunity may be more or less
active with respect to infection with subtype C HIV-1 than
other group M subtypes (32, 36, 50), which again implies a
genotypic/phenotypic difference between subtypes having a
consequence on disease. Finally, but not exclusively, HIV-1
subtype C may differ from other subtypes in terms of lower
virulence, which could lead to slower disease and greater op-
portunity for transmission(3, 4a). In the present study, we are
not excluding any of these possible factors contributing to

disproportional expansion of subtype C. Instead, we have
tested whether HIV-1 subtype C and the other group M sub-
types differ in relation to phenotype as opposed to just nucle-
otide sequence similarity. To do so, we competed over 33
HIV-1 isolates in more than 400 pairwise competitions to de-
termine the relative ex vivo replicative fitness in PBMC from
different human donors of different ethnicities. As outlined
above, HIV-1 replicative fitness in PBMC has been termed
“pathogenic” fitness due to correlation between increasing ex
vivo HIV-1 fitness, decreasing CD4 cell counts, and increasing
viral load during disease.

To date, the present study is the first to perform a compre-
hensive fitness analysis of primary HIV-1 isolates utilizing
CCRS or CXCR4 coreceptors for entry. Previous studies have
generally compared different HIV-1 subtypes by extracting
and/or analyzing short genetic elements such as the LTR in a
heterologous HIV-1 backbone (19, 33, 34, 58, 59). These anal-
yses help to tease apart specific phenotypes such as the in-
creased transcription activation from subtype C versus subtype
B LTRs but do provide the relative impact of these effects on
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real-time PCR (11).

the entire virus in the native genetic context. Our findings now
clearly show that regardless of coreceptor usage, the 12 sub-
type C HIV-1 isolates are clearly less fit than the 17 group M
isolates of other dominant HIV-1 subtype and CRFs (A, C, D,
CRFO01_AE, and CRF02_AG). This 100-fold difference in fit-
ness sets subtype C HIV-1 isolates apart from other group M
subtypes or recombinants, for which the fitness differences are
much more subtle. The relative fitness order within group M
(as described by these 33 HIV-1 isolates) can be teased apart,
with subtype B and D being the most fit (ex vivo), followed by
subtype A and then subtype C. However, there is considerable
overlap in subtype fitness aside from that of subtype C. We
could not discern a significant fitness difference when compar-
ing subtype B versus subtype D and subtype D versus subtype
A, whereas subtypes A, B, and D were all significantly more fit
(ex vivo) than subtype C. Thus, subtype C is clearly the outlier
in the pathogenic fitness of group M HIV-1.

It is important to note that our sampling of 12 subtype C and
17 group M isolates is not a thorough representation of all of
the circulating HIV-1 isolates in the epidemic. However, these
types of studies are limited by sample and virus availability, as
well as the complexity of the experimentation. If the fitness
differences had been subtle, as with the non-subtype C group
M isolates, more primary HIV-1 isolates would have been
necessary to suggest that subtype C s less fit in PBMC cultures.
At present, we are using a larger number of non-subtype C
group M HIV-1 isolates to segregate the possible fitness dif-
ferences between subtypes A, B, D, and F, as well as
CRF01_AE, CRF02_AG, CRF12_BF, and CRF33_BC. Pre-

liminary data again suggest minor differences in replicative
fitness between these subtypes, but they all are significantly
more fit (ex vivo) than subtype C. Another confounding factor
for these fitness studies may be the PBMC utilized for these
competitions. To standardize the fitness of the primary HIV-1
isolates, all pairwise competitions were purposely performed
on PBMC from a single donor. However, a subset of 69 com-
petitions was performed on PBMC derived from three HIV-
negative donors of different ethnicities (African American,
Chinese, and Bantu African). The relative fitness values for
each HIV-1 isolate did not significantly vary in these different
PBMC. The lack of PBMC donor effect on replicative fitness in
competition assays has been described in previous studies (1,
5). Although the relative production of the two competing
viruses does not vary (e.g., fitness value), the overall produc-
tion of the two HIV-1 isolates can vary 100-fold in PBMC from
different donors.

Why are subtype C HIV-1 isolates less fit (ex vivo) than
other group M strains? Early genetic analyses of subtype C
suggest that various components of this virus are actually more
efficient than those of subtype B (19, 33, 34, 58, 59). Again, it
is difficult to access individual genetic coding regions or com-
ponents of a virus in phenotypic assays and not account for the
effects of the entire genome. We initially described six NSI/RS
subtype C HIV-1 isolates being significantly less fit than nine
subtype B isolates (5). By monitoring the steps of the retroviral
lifecycle over the course of 12 subtype B versus C dual infec-
tions, it was clear that the outcome of these competitions was
dependent on the efficiency of virus entry into the host cell (5).
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In subsequent studies, the dominance of entry on replicative
fitness over all other retroviral steps was further confirmed by
cloning the env genes into a neutral, NL4-3 laboratory strain
(31, 47). It is important to note that replicative fitness is con-
trolled by all regions of HIV-1 genome and steps in the repli-
cation cycle but, barring a highly deleterious mutation (e.g., nef
deletion in long-term nonprogressors), the env gene and the
efficiency of host entry appear to override minor differences in
efficiency of intracellular replication events (31, 47). We are
now testing for “a single trait” hypothesis (e.g., env) controlling
replicative fitness. Lingo optimization modeling software
(Lindo Systems) has been used to test for a transitive relation-
ship throughout the pairwise fitness matrices (T. Immomen
and E. J. Arts, unpublished data). Preliminary data on the
pairwise competitions indicate that the vast majority of HIV-1
isolates fall into a linear ranking system, suggesting a dominant
gene or trait. The strains that fall out of this transitive rela-
tionship are being tested to identify other genes and/or coding
sequences that impact replicative fitness.

The relevance of this reduced subtype C fitness to HIV-1
virulence or even global spread is debatable. However, infec-
tion with an HIV-1 isolate with poor replicative fitness in
PBMC typically often leads to slower disease progression. This
was best described in the long-term nonprogressing individuals
infected with the replication-defective, nef-mutated virus (8, 9,
26). Preliminary studies now suggest that elite controllers, in-
fected individuals maintaining undetectable viral loads without
treatment, are infected with HIV-1 isolates of poor ex vivo
fitness. The replicative fitness of the infecting virus is not static
but rather continually increases during disease progression as
significant correlate of increasing viral load and decreasing
CD4 cell count (26a). This mounting evidence suggests that ex
vivo replicative fitness of HIV-1 in PBMC may be associated
with pathogenesis or virulence. By analogy, poor replicative
fitness of subtype C HIV-1 isolates could be related to reduced
virulence and slow disease progression. Most clinical studies on
cross-sectional cohorts have, however, suggested higher viral
loads in subtype C-infected individuals compared to subtype B
infections of historical cohorts (17, 35). More recently, confer-
ence reports have suggested slower disease progression in in-
dividuals infected with subtype C than in individuals infected
with other group M subtypes, most notably, subtypes A and D
(4a). It has already been established that subtype A HIV-1
infections are associated with slightly slower progression than
subtype D infections (21, 23). However, the subtype A versus
D difference in CD4 cell count declines was relatively minor
compared to very slow declines in CD4 cell counts of subtype
C-infected individuals. Even though these clinical studies in-
volve natural history cohorts, decisive conclusions describing
differences in subtype virulence must be preceded by rigorous
analyses to discount for any confounding factors such as host
genetics, secondary infections, and social and environmental
factors.

Another difference segregating subtype C from other group
M subtypes is the low frequency of SI/X4 isolates in patients at
late stages of disease (7, 38, 39). The infrequent switch to
subtype C virus from R5 to X4 or a dual tropism may also
reflect slower disease progression. SI/X4 phenotype has been
described as a marker or contributing factor to faster disease
progression. Interestingly, faster progression with subtype D
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infections appears related to higher proportions of the SI/X4
phenotype (22). For the present study, eight rare SI/X4 or
dualtropic subtype C HIV-1 isolates were obtained at late
disease from HIV-infected Zimbabweans (20) and competed
against other SI/X4 group M isolates. We had hypothesized
that the switch from RS to X4 may increase the replicative
fitness of HIV-1 subtype C. However, all eight of the X4
subtype C isolates were at least 100-fold less fit (ex vivo) than
the seven X4 isolates of subtypes A, B, D, and CRF01_AE.
These findings suggest that RS, X4, and dual-subtype C HIV-1
isolates are intrinsically less fit than the other dominant group
M subtypes of the respective coreceptor phenotype.

The dominance of subtype C in the HIV-1 epidemic and
rapid expansion into new geographic regions such as southern
Brazil (3, 52) appears to contradict our findings on the poor
replicative or “pathogenic” fitness of subtype C. However, a
slower disease progression may also result in more opportunity
for transmission from donors in the chronic stages of disease as
opposed to just at acute or early infection (3, 16). In contrast
to its low replicative fitness, several reports suggest that sub-
type C HIV-1 is transmitted at least as efficiently as other
group M subtypes (5, 48, 61). To further test the “transmis-
sion” fitness of subtype C HIV-1 isolates, we competed two
subtype C isolates against a subtype A and D isolate in human
cervical, penile, and rectal tissue. We also performed direct
competitions between R5 and X4 subtype C isolates in penile
tissue compared to PBMC cultures. The subtype A and D
isolates were at least 100-fold more fit (ex vivo) than the
subtype C isolates in PBMC of three different donors and in
PM1 cells. Subtype C HIV-1 replication was evident in the
cervix, penile, and rectal tissue, whereas these subtype C iso-
lates could not be detected in 11 of 12 competitions performed
in PBMC. In this set of experiments, MCs from the tissue were
incubated with PM1 cells to expand the virus for detection and
fitness analyses. The addition of a nonnucleoside RT inhibitor
to the tissue infections blocked the transfer of virus from the
MCs to PM1 cells (in the absence of drug), suggesting that the
majority of infection in this cocultivations was dependent of
the original MC infection in the tissue and not due to
“trapped” virus. The X4 subtype C HIV-1 isolate could not
establish infection in the tissue and could not be sufficiently
amplified in the MC-PM1 cocultivations such that R5 subtype
C HIV-1 isolates completely outcompeted the X4 HIV-1 iso-
late (in contrast to the outgrowth of X4 over R5 HIV-1 isolates
in PBMC [see Fig. S1 in the supplemental material]). Although
highly speculative, these findings suggest that RS HIV-1 strains
may be selected over the X4 strains in a virus population
during transmission. These findings also support our recent
study describing the lack of tissue infections with X4 primary
HIV-1 isolates (14).

Interestingly, direct infection was most efficient in rectal
tissue explants, detectable in all competitions by day 10, most
likely reflecting the higher density of activated CD4 T cells
within this mucosal site. Here, subtype C HIV isolate C3 out-
competed Al and D76 and isolate C8 was able to compete with
D76. Furthermore, while A1 was seen to outcompete C8 at day
10, detectable competition was seen at day 3. Although pre-
liminary, differential fitness for replication in gastrointestinal
tissue may have important implications for pathogenesis given
its acknowledged role in disease progression. In summary,
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these findings suggest that subtype C HIV-1 is transmissible in
genital and rectal tissue models of infection and that poor
replicative fitness is only observed when the virus was trans-
ferred to the PM1, which appears analogous to PBMC in terms
of HIV-1 fitness outcomes. However, it must be stressed that
these competitions in explants are preliminary and were only
performed with 5 of the 29 primary isolates used for fitness
determination in PBMC. As described above, HIV-1 “patho-
genic” fitness appears to be governed by the rate of host cell
entry. In the case of genital explant infections, the virus may be
trapped on the surface of dendritic and/or Langerhans cells
prior to infection or transfer to T cells or macrophages in the
lamina propria. This trapping could reduce or dampen the
rate-limiting step of HIV-1 entry. This mechanism may be
absent in rectal tissue, where virus may have direct access to a
higher abundance of activated CD4 T cells, leading to rapid
amplification of an infectious event. However, once the virus
enters the systemic system, the virulence of the infecting strain
may be more related to “pathogenic” fitness, as well as various
host factors.
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