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Human immunodeficiency virus type 1 (HIV-1) group M viruses have achieved a global distribution, while
HIV-1 group O viruses are endemic only in particular regions of Africa. Here, we evaluated biological
characteristics of group O and group M viruses in ex vivo models of HIV-1 infection. The replicative capacity
and ability to induce CD4 T-cell depletion of eight group O and seven group M primary isolates were monitored
in cultures of human peripheral blood mononuclear cells and tonsil explants. Comparative and longitudinal
infection studies revealed HIV-1 group-specific activity patterns: CCR5-using (R5) viruses from group M
varied considerably in their replicative capacity but showed similar levels of cytopathicity. In contrast, R5
isolates from group O were relatively uniform in their replicative fitness but displayed a high and unprece-
dented variability in their potential to deplete CD4 T cells. Two R5 group O isolates were identified that cause
massive depletion of CD4 T cells, to an extent comparable to CXCR4-using viruses and not documented for any
R5 isolate from group M. Intergroup comparisons found a five- to eightfold lower replicative fitness of isolates
from group O than for isolates from group M yet a similar overall intrinsic pathogenicity in tonsil cultures.
This study establishes biological ex vivo characteristics of HIV-1 group O primary isolates. The current
findings challenge the belief that a grossly reduced replicative fitness or inherently impaired cytopathicity of
viruses from this group underlies their low global prevalence.

Independent cross-species transmission events from simian
immunodeficiency virus-infected apes have led to four distinct
phylogenetic lineages of human immunodeficiency virus (HIV)
in humans (45). The main (M) group of HIV type 1 (HIV-1) is
responsible for the HIV pandemic, while HIV-1 group O (out-
lier) and HIV-2 are endemic only in west and central Africa,
and HIV-1 group N (non-M/non-O) infection has been docu-
mented only in a small number of Cameroonians (56). These
cross-species transmissions are believed to have occurred in
western Africa around the same time, but only HIV-1 group M
founded the pandemic (33, 37).

The global distribution of HIV-1 group O is remarkably
restricted. The relative seroprevalence of group O is reported
to be highest in the Republic of Cameroon, Equatorial Guinea,
and Gabon (7, 42, 57), implicating this area as the possible
starting point of this HIV-1 lineage’s epidemic. Rare group O
infections have been documented in industrialized countries,
the majority comprising patients of Cameroonian descent (8,
25, 30, 40, 46). Notably, the prevalence of group O among
HIV-1-positive blood samples in Cameroon showed a marked
decline from the period 1986 to 1988 (20.6% of all HIV-1
infections) to the period 1997 to 1998 (1.4%) (7) with evidence
of a low, but stabilized, prevalence in the subsequent period up
to 2004 (10, 55). Primary isolates from group O and group M
display pronounced genetic differences (24, 54), yet the reasons

for the decreasing prevalence of HIV-1 group O relative to
group M in west Africa and the almost exclusive contribution
of group M to the AIDS pandemic are unclear. Many factors
could, in principle, have contributed to this variable spread
through the human population, including host genetic effects,
transmission bottlenecks, behavioral and environmental re-
strictions, founder effects, and other factors (33, 53).

Clinical observations do not suggest major differences in
disease progression in patients infected with HIV-1 groups O
and M (23, 24, 35, 39). This notion is based on limited data on
the immune status and virological parameters for group O-
infected individuals. Few experimental in vitro studies have
compared the replicative fitness of HIV types or groups (1, 2,
50, 52, 54). In head-to-head replication competition experi-
ments of pairs of primary isolates from group M and group O
in peripheral blood mononuclear cell (PBMC) cultures, Arien
et al. reported a greater than 100-fold reduced replicative
fitness of group O viruses (2). They suggested that grossly
reduced “ex vivo pathogenic fitness” and impaired transmis-
sion from dendritic cells to cocultured T cells (“ex vivo trans-
mission fitness”) are intrinsic properties of group O viruses
that may contribute to their low prevalence and limited geo-
graphical spread (2, 3).

Here, we evaluated characteristics of a panel of primary
isolates from HIV-1 group O compared to a panel from group
M in three primary cell models of HIV infection. In addition to
replication studies in single-donor PBMCs used in a previous
fitness study (2), we employed multidonor pools of PBMCs and
an ex vivo human tonsil lymphoid aggregate culture (HLAC)
model. HIV readily replicates to high titers in tonsil cultures
that maintain the cell composition and cytokine milieu of a
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lymphoid target organ in vivo (17). Previously, studies in this
model have shed light on key pathogenic properties of HIV,
including cell tropism and cytopathic effects in relation to co-
receptor usage, productive infection of resting CD4 T cells,
early host responses to infection, and viral coinfections (5, 6,
14, 18–20, 27, 38, 43, 48–50). A unique characteristic of this ex
vivo model is that it allows parallel assessment of an isolate’s

replicative fitness and cytopathicity, the latter determined by
its ability to deplete CD4 T cells. The current investigation may
enhance our understanding of parameters critical for HIV-1
spread in the human population and could thus potentially also
provide clues to prevention and therapy.

MATERIALS AND METHODS

Viral stocks. The molecular HIV-1 group M clones pNL4-3, p49.5, pYU-2, and
pJR-FL were obtained from the NIH AIDS Research and Reference Reagent
Program, and virus stocks were generated by calcium-phosphate transfection of
293T cells. HIV-1 Ba-L stocks were from ABI (Columbia, MD). The origin and
epidemiological information of HIV-1 group O isolates from Cameroonian patients
have been reported previously (41). HIV-1 group infection was confirmed by an
HIV-1/HIV-2 plus O enzyme-linked immunosorbent assay (ELISA), competitive
HIV-1 ELISA, HIV-1 group O virus immunoblotting (24), and genotyping (Lutz
Gürtler, personal communication). The following group O isolates were provided by
Gürtler (brackets indicate isolates’ abbreviated nomenclature used in figures and
text): MVP 2901-94 (2901), MVP 1639-96 (1639), MVP 2549-95 (2549), MVP
6778-94 (6778), MVP 8913-95 (8913), MVP 9435-96 (9435), MVP 13127-96 (13127),
and MVP 13740-96 (13740). Group M primary isolates from different subtypes were
provided by Valerie Bosch via the NIH AIDS Research and Reference Reagent
Program: RW9 (subtype A); 2005, 2044, and D117 (subtype B); IN22 (subtype C);
ELI (subtype D); and RU570 (subtype G) (Table 1). All primary isolates were
expanded on the same four-donor pool of phytohemagglutinin P/interleukin-2
blasted PBMCs. Close to peak replication, supernatants were harvested, concen-
trated, and stored in aliquots at �80°C. The p24 concentration and 50% tissue
culture infective dose (TCID50) (32) were determined for each stock.

PBMCs. PBMCs from healthy blood donors were purified by Ficoll-Hypaque
gradient centrifugation and typically stimulated with phytohemagglutinin P/in-
terleukin-2 (IL-2) (32).

Ex vivo HLACs from tonsil. Tonsil tissue was removed during therapeutic
tonsillectomy from HIV-, hepatitis B virus-, and hepatitis C virus-negative pa-
tients with informed consent. Use of anonymous surgical waste for experimental
HIV infections was approved by the ethics committee of Heidelberg University
(077/2005). To prepare HLACs, tonsil tissue was mechanically dispersed and
passed through 40-�m-pore-size cell strainers (BD Falcon). Cells were washed in
phosphate-buffered saline and plated in culture medium in 96-well V-bottom
plates (Corning, Inc.) (14, 28). One day after tonsil preparation, HLACs were
inoculated with HIV-1 (5 ng of p24 per 2 � 106 cells per well in 200 �l). After
overnight infection, cells were washed, and the medium was subsequently
changed on days 4, 7, and 11 postinfection (p.i.) without dispersing the pellet. At
the same intervals, supernatant samples were harvested and stored at �20°C for

FIG. 1. Coreceptor usage of HIV-1 group M and group O isolates. The ability of the expanded virus stocks to utilize the major coreceptors
CXCR4 and/or CCR5 for infection was examined on TZM-bl reporter cells in the presence or absence of the indicated coreceptor antagonists (see
Materials and Methods for details). For each isolate, luciferase counts determined for lysates from untreated, infected cells were set to 100%.
Shown are the arithmetic means � SDs (n � 4).

TABLE 1. Classification and characterization of virus stocks of
HIV-1 group M and group O isolates used in this study

Virus
isolate Group Subtype Coreceptor

usagea

p24 CA
level

(ng/ml)b

TCID50
(IU/ml)c

Infectivity
(IU/ng of
p24 CA)d

NL4-3 M B X4 35,144 68,080 1.94
2005 M B X4 3,827 1,540 0.40
2044 M B X4 1,743 1,778 1.02
ELI M D X4 4,570 178 0.04
JR-FL M B R5 4,315 41,248 9.56
Ba-L M B R5 9,400 316,228 33.64
IN22 M C R5 1,448 2,610 1.80
RU570 M G R5 442 562 1.27
RW9 M A R5 440 1,000 2.27
D117 M B R5 2,870 1,778 0.62
2901 O X4 55 1,540 28.00
1639 O R5 56 562 10.04
2549 O R5 117 562 4.80
6778 O R5 405 178 0.44
8913 O R5 58 178 3.07
13127 O R5 193 3,162 16.38
13740 O R5 124 562 4.53
9435 O R5 500 ND ND

a Coreceptor usage was determined as described in Materials and Methods,
and representative data are shown in Fig. 1.

b CA, capsid protein.
c The infectious titer was determined on a pool of phytohemagglutinin/IL-2-

activated PBMCs from six donors by end-point limiting dilution 5 days after
inoculation as reported previously (32). ND, not determined; IU, infectious
units.

d The arithmetic mean � standard error of the mean of relative infectivity
(IU/ng of p24 CA) was 5.26 � 3.27 for group M isolates and 9.6 � 3.65 for group
O isolates. ND, not determined; IU, infectious units.
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subsequent analysis by p24 ELISA (31). Of note, the coating anti-p24 monoclo-
nal antibody 183 recognizes the 9-amino-acid sequence RAEQASQEV, which is
highly conserved among HIV-1 group M and group O isolates.

Assessment of HIV-1 replication. As a measure of overall virus production
over the course of infection, values for the integral area under the curve (AUC)
of p24 concentrations in culture supernatants were determined as reported
previously (6, 26).

Assessment of CD4 T-cell depletion. CD4 T-cell depletion was determined as
reported previously (29, 50). Briefly, on day 11 p.i., HLACs were fixed and
stained with anti-human CD3-phycoerythrin (clone HIT3a; BD Pharmingen)
and anti-human CD8-allophycocyanin (clone RPA-T8; BD Pharmingen). Flow
cytometry was performed with a FACSCalibur with BD CellQuest Pro, version
4.0.2, software (BD Pharmingen).

Determination of coreceptor usage. Expanded virus stocks were analyzed for
utilization of the major coreceptors on TZM-bl reporter cells (16). Briefly, cells
were treated for 30 min with either the CXCR4-antagonist AMD3100 or the
CCR5-antagonist SCH-D (both, 5 �M) (gifts from Matthias Dittmar, London,
United Kingdom) or left untreated. After overnight challenge with HIV-1 (15 ng
of p24/well), cells were washed with medium, and 36 to 48 h p.i. a luciferase
reporter assay system (Promega) was used to monitor the reporter activity in
infected cells. In addition, for group O viruses 2901, 2549, and 13740, the ability
to replicate was monitored on CCR5-negative A3.01 T cells (see Fig. 4A).

Statistical analysis. Statistical analysis of depletion and replication data was
done in the statistical environment R, version 2.8.0 (44). Triplicate measure-
ments of viral replication for each time point were summarized using the arith-
metic mean, cumulative replication (AUC) computed by linear interpolation

FIG. 2. Replication of HIV-1 group M and group O viruses in single-donor PBMCs, a PBMC donor pool, and a culture of human tonsil tissue
ex vivo. PBMCs from a single donor (A), a pool of PBMCs from four different donors (B), and an HLAC from a routine therapeutic tonsillectomy
(C) were infected in triplicates with identical amounts of prototypic HIV-1 M strains (X4: NL4-3; R5: 49.5), HIV-1 group O primary isolates (X4:
2901; R5: 1639, 2549, 6778, 8913, 9435, 13127, and 13740), or HIV-1 group M primary isolates (X4: 2005, 2044, 2044, and ELI; R5: IN22, RU570,
RW9, and D117) (each with 5 ng of p24 per well). Viral replication was monitored by assessing the concentration of p24 in the culture medium
between successive medium changes on days 1, 4, 7, and 11 p.i. and is depicted for six selected viruses (left panels). Given are the arithmetic
means � SDs from one of three to four different donors analyzed for each primary cell system. The corresponding cumulative p24 production over
the culture period was determined for each virus as the AUC of the mean replication kinetic (left panels), in principle as reported previously (6,
26), and is shown in the panels on the right.
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between time points, and integration of replication over time. Triplicate mea-
surements for CD4 T-cell depletion were summarized using the arithmetic mean,
normalized to the CD4/CD8 T-cell ratio of uninfected cells, and expressed as
percentages. In ensuing analyses over subgroups (viral strain, group, coreceptor
usage, and sample type), biological replicates for replication and depletion were
summarized using the median. Box plots were produced in R to visualize results.
Since some of the distributions of replication and depletion were highly non-
Gaussian, we used a Wilcoxon rank sum test to assess the significance of differ-
ences in replication and depletion between different subgroups. Relative changes
in replication or depletion were calculated as ratios on the medians.

RESULTS

Replication of HIV-1 group O and group M isolates in
primary cell culture systems of infection. All primary HIV-1
isolates were expanded on multidonor PBMCs to preserve
their biological characteristics, and virus stocks were subse-
quently analyzed for p24 concentration, TCID50, and corecep-
tor usage (Table 1 and Fig. 1). We first tested the ability of a
panel of HIV-1 group O primary isolates (one CXCR4-using
[X4] and seven CCR5-using [R5] viruses) and a panel of HIV-1
group M primary isolates (three X4 and four R5 viruses) from
subtypes A, B, C, D, or G, to replicate in various primary cell
culture models of infection. Prototypic HIV-1 M strains served
as additional references. We analyzed in parallel infections of
single-donor PBMCs, three- to four-donor pools of PBMCs,
and HLACs. In contrast to PBMCs, HLACs are permissive for
HIV-1 infection independent of exogenous stimuli such as
mitogens or IL-2 (14, 28).

HLACs and activated PBMCs were challenged with HIV-1
stocks, and 24 h later, cells were washed and cultivated for 10
more days. As a means of standardizing the inocula of the
different isolates, we decided to use identical amounts of p24
(5 ng per well) rather than identical numbers of infectious
units. This avoids an artificial masking of the isolates’ potential
infectivity and replication phenotypes by normalization based
on end-point limiting dilution analyses performed in the very
same culture model. Of note, the relative infectivity of the
panel of HIV-1 group O isolates compared to the panel of
group M isolates used in the current study differed by less than
twofold (Table 1). At the indicated days p.i. (Fig. 2), superna-
tants were harvested from the triplicate parallel infections and
analyzed to quantify HIV-1 production. Quantification of p24
antigen over the time course of infection showed considerable
differences between the different HIV-1 strains and primary
isolates, both in terms of replication kinetics and peak concen-
trations of p24. As an example, replication curves for six vi-
ruses in these three primary cell models are depicted in Fig. 2
(left panels). As a measure of overall virus production, AUC
values were calculated based on the plots of these p24 repli-
cation kinetics, in principle as reported previously (6, 26). This
longitudinal and cumulative p24 evaluation provides a marker
for an isolate’s replicative ex vivo fitness. Interestingly, the
pattern of AUC values found for the panel of viruses in one
culture model largely matched that seen in the other two mod-
els (Fig. 2, right panels). Group O isolates 1639 and 6778 were
notably different, showing higher or lower relative replicative
fitness than in HLACs and PBMC cultures, respectively. The
variability in AUC values was considerably more pronounced
among R5 viruses than X4 viruses, and individual, but not all,
group M R5 viruses replicated to higher levels than group O
R5 viruses in these culture models.

Cytopathic phenotype of HIV-1 group O and group M pri-
mary isolates in lymphoid tissue ex vivo. To assess virus-in-
duced cytopathicity and CD4 T-cell depletion for these HIV-1
isolates and prototypic reference strains, HLACs from tonsil
were harvested on day 11 after infection and immunostained
with anti-CD3 and anti-CD8 antibodies. CD4 T cells in in-
fected cultures were identified as CD3� CD8� (17) since CD4
levels on productively infected cells can be downregulated by
the viral Nef, Vpu, and Env proteins. Fluorescence-activated
cell sorting (FACS) analysis was used to measure the ratio of
CD4 T cells to CD8 T cells in infected and uninfected cultures,

FIG. 3. Depletion of CD4 T cells in HLACs from tonsil by HIV-1
group M and O viruses. CD4 T-cell depletion in infected HLACs
(HLAC donor 4) was assessed on day 11 p.i. by measuring the relative
percentage of CD4 T cells and CD8 T cells by flow cytometry.
(A) FACS dot plots of dispersed HLACs costained for CD3-phyco-
erythrin and CD8-allophycocyanin. Viable lymphocytes were identified
by forward scatter (FSC) and side scatter (SSC) characteristics (gate
R1) and then classified as CD4 T cells (CD3� CD8�) or CD8 T cells
(CD3� CD8�). The relative percentage of these T-cell subsets of all
lymphocytes is indicated next to the FACS gates. CD3� CD8� cells to
large extent represent B cells and NK cells (data not shown). (B) The
CD4/CD8 ratios of HLACs infected with the different HIV-1 strains
and primary isolates were calculated and plotted as percent CD4 T-cell
depletion relative to the ratios observed in mock-infected cultures.
Shown are the arithmetic means � SDs from one of four different
donors analyzed for each virus, performed in triplicate.
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and CD4 T-cell depletion was detected as a decrease in the
CD4/CD8 ratio in infected HLACs, as reported previously (14,
26, 28).

Figure 3A depicts representative FACS plots of these anal-
yses. While mock-infected HLACs harbored higher relative
levels of CD4 T cells (49.6%) than CD8 T cells (4.8%) at the
time of harvest, infection with all X4 viruses, including primary
isolates 2005 (group M; X4) and 2901 (group O; X4), severely
depressed the CD4/CD8 ratio (Fig. 3). In contrast, the majority
of R5 viruses (Fig. 3B), including 49.5 (NL4-3 recombinant
with V3 loop sequence from Ba-L env; prototypic group M, R5
[11]) and isolate RU570 (group M; R5) (Fig. 3) exerted mark-
edly less effect or virtually none on the relative levels of CD4
T cells. Of particular interest, in this cross-sectional analysis,
two R5 primary isolates of group O, isolates 2549 and 13740,
displayed a high degree of CD4 T-cell depletion that was
indistinguishable from X4 viruses in HLACs from donor 4
(Fig. 3). Notably, the infection of TZM-bl reporter cells by
these two O-type viruses was completely blocked by the CCR5-
antagonist SCH-D and unaffected by the CXCR4-antagonist
AMD3100 (Fig. 1), and they did not spread on CCR5-negative
A3.01 T-cells (Fig. 4A), confirming the absence of a relevant
X4 or dual-tropic quasi-species (data not shown). Collectively,
group O viruses replicate in lymphoid tissue ex vivo, and cer-
tain isolates massively deplete CD4 T cells. Thus, we found no
systematic difference in cytopathicity for viruses from groups O
and M.

Cross-donor and HIV-1 group stratification of HIV-1 repli-
cation in PBMCs and HLACs. To corroborate the results for
replicative ex vivo fitness (Fig. 2) and account for donor vari-
ability, the replicative capacities of all 20 viruses were analyzed
in three single-donor PBMC cultures, three multidonor pools
of PBMCs, and tonsil-derived HLACs from four patients by
measuring the cumulative p24 production (AUC values).

The relative replicative fitness of individual viruses was quite
similar in blasted PBMCs (combined analysis of single- and
multidonor pools) and in HLACs (Fig. 5A and C). The group
M primary X4 isolate ELI and the group O R5 isolates 6778
and 8913 were notable exceptions, displaying a lower relative

fitness in HLACs than PBMCs. Stratification of these data by
HIV-1 groups demonstrated a 7.9-fold (PBMCs; P � 7.8 �
10�8) and 5.2-fold (HLACs; P � 2.9 � 10�5) lower replicative
ex vivo fitness of primary isolates from group O than from
group M (Fig. 5B and D). No significant difference was seen
between the only X4 HIV-1 O isolate available and the three
HIV-1 M isolates tested, while the cumulative p24 production
of the R5 virus-only panels was threefold (PBMCs; P � 5.5 �
10�6) and ninefold (HLACs; P � 0.00055) lower for group O
than group M.

CD4 T-cell depletion in lymphoid tissue depends on core-
ceptor usage but not group classification. Cross-donor evalu-
ation of virus-induced CD4 T-cell depletion in HLACs showed
that, overall, R5 viruses only mildly affected their levels while
X4 viruses strongly depleted CD4 T cells (Fig. 6C). In partic-
ular, all prototypic and primary R5 viruses from group M had
little (up to 20% depletion) or no effect (Fig. 6A), whereas X4
viruses consistently led to a reduction in CD4 T-cell counts by
�60% (Fig. 6B). This strong coreceptor dependence of cyto-
pathicity in ex vivo tonsil cultures confirms previous observa-
tions for isolates from this predominant HIV-1 group (19, 20,
34, 43, 50, 51). Surprisingly, a quite heterogeneous picture
emerged for the R5 viruses from group O, with depletion rates
ranging from 5% (isolate 8913) to 60% (isolate 2549) (Fig.
6A). Importantly, HIV-1 group stratification independent of
coreceptor usage demonstrated that cumulative CD4 T-cell
depletion was similar for groups M and O (Fig. 6D), indicating
that a lower cytopathicity is not an integral feature of group O
viruses.

Correlation of ex vivo replicative fitness and ex vivo cyto-
pathicity for R5 HIV-1 primary isolates reveals a group-spe-
cific signature. Finally, we examined the relationship of repli-
cative capacity and pathogenic potential of isolates from the
two HIV-1 groups in HLACs. In Fig. 7, each elliptical symbol
depicts the cumulative information derived from four indepen-
dent HLACs for individual HIV-1 isolates, with standard de-
viations (SD) for both parameters indicated by the horizontal
and vertical lines. The intragroup comparison of R5 primary
isolates from group M showed marked differences in their

FIG. 4. HIV-1 group O isolates 2549 and 13740 do not replicate on CCR5-negative A3.01 T cells. (A) Human A3.01 T cells (CD4� CXCR4�

CCR5�) or (B) a blasted PBMC donor pool were challenged with either the HIV-1 group O isolates 2901, 2549, or 13740 or with the group M
reference viruses NL4-3 (X4) or 49.5 (R5) (5 ng of p24 per well). After overnight infection, washed cells were cultivated for 11 to 12 more days,
and replication was monitored at the indicated time points by quantification of the p24 concentration in culture supernatants. Shown are the
arithmetic means � SDs (n � 3).
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replicative capacity but little variability in their ability to de-
plete CD4 T cells (Fig. 7A). In stark contrast, intragroup com-
parison of R5 primary isolates from group O highlighted
strong differences in their ex vivo cytopathicity yet a relatively
low variance in their replicative ability (Fig. 7A). Based on all
the elliptical symbols for each HIV-1 group, an almost hori-
zontal vector for the relationship of replicative ex vivo fitness
and cytopathicity for R5 viruses of group M was contrasted by
a nearly vertical vector for group O viruses. This evaluation of
primary R5 HIV-1 isolates revealed that replicative fitness and
the ability to deplete CD4 T cells in lymphoid cultures ex vivo
do not show a linear correlation. On the contrary, markedly
divergent patterns of this relationship appear to be specific for
groups M and O and may thus constitute biological signature
characteristics.

DISCUSSION

Few studies have investigated the biological properties of
the HIV-1 group O viruses (1, 2, 54). Here, we establish viro-

logical characteristics of group O primary isolates in ex vivo
models of HIV-1 infection. Compared to pandemic group M
viruses, group O viruses show a similar ability to deplete CD4
T cells and display a modestly reduced replicative fitness. This
challenges the belief that a severe inherent impairment of
replicative fitness or pathogenicity in this HIV-1 group under-
lies its low prevalence in the human population.

Our HLAC studies demonstrate that the relationship of
these two properties, replication and cytopathicity, is highly
variable and that they are poor predictors of each other. This
finding does not support the conclusion from earlier studies
that an HIV-1 isolates’s ex vivo pathogenic fitness can be
deduced from its replicative fitness in PBMCs (1–3). Our re-
sults suggest that a more refined and discriminatory assessment
of these characteristics is feasible and warranted. Interestingly,
their relationship revealed a group-specific signature pattern:
R5 viruses from group M varied considerably in their replica-
tive capacity but showed a low and relatively stable cytopath-
icity (0 to 20% CD4 T-cell depletion), consistent with previous
reports (19, 20, 28, 29, 43, 50). In stark contrast, R5 isolates

FIG. 5. Cross-donor and HIV-1 group-stratified analyses of HIV-1 replication. The analysis of HIV-1 replication kinetics based on p24
concentrations in culture supernatants and corresponding AUC determinations were performed on primary cells from multiple donors as described
in the legend to Fig. 2. Box plots were used as a descriptive statistical representation of the AUC values obtained for each virus (A) in a combined
analysis of results for single-donor PBMCs (n � 3) and multidonor pools of PBMCs (n � 3) and in a combined analysis of results for HLACs
established from four different donors (C). A stratification of results in panels A and C was performed according to the viruses’ HIV-1 group
classification and is represented as box plots for PBMCs (B) and HLACs (D). Box plots depict the median (horizontal line) and upper and lower
quartiles. Whiskers define the border for the 1.5� interquartile distance. Circles represent outliers. Values given within panels B and D represent
the relative differences between all group M and group O viruses analyzed: M � O, 7.9-fold (PBMCs; P � 7.8 � 10�8) (B) and 5.2-fold (HLACs;
P � 2.9 � 10�5) (D).
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from group O displayed a high variability in their potential to
deplete CD4 T cells, with lower variance in their replicative
fitness in human lymphoid tissue ex vivo.

The relationship between the replicative fitness and cyto-
pathicity of groups O and M and their global distribution
appears to be more complex than a simple correlation between
these ex vivo characteristics and disease progression and/or
transmission efficiency in humans (4). Several mechanistic sce-
narios can be envisioned that may underlie the limited contri-
bution of HIV-1 group O viruses to the pandemic. Important
for a first scenario, clinical studies indicate that a patient’s viral
load is a good predictor of vertical and horizontal HIV-1 trans-
mission (36, 47). An earlier study reported that the replicative
fitness of isolates from group O is over 100-fold less than that
of group M (2) and suggested that such a severe replicative
defect in tissue culture could translate into lower viral loads in
infected individuals and, consequently, lower transmission ef-
ficiencies. However, we found only a five- to eightfold reduced
ex vivo replicative fitness of group O isolates in PBMC cultures
or HLACs. Notably, for most primary isolates, replicative fit-
ness turned out to be an intrinsic, largely donor-independent
characteristic in all three experimental infection models. The
reason for these striking quantitative differences in the inter-

group comparison in our and the previous study (2) is not
known but may relate to different panels of primary isolates or
to specific features of the assays. It is not apparent why head-
to-head replication competitions of viruses (1, 2) should pro-
vide a more faithful predictor for their replicative in vivo fit-
ness than the side-by-side replication studies in our study. The
former model emphasizes the first few rounds of replication
with possible target-cell competition and superinfection inter-
ference. However, the vast majority of infections in humans are
the result of the transmission of individual HIV-1 viruses. This
may be better reflected in a parallel, yet separate, infection
setup for two different viruses in a lymphoid organ culture
model. It is difficult to predict whether the modest replicative
differences seen for group O isolates in our study could trans-
late into a relevant effect in vivo and thus account for the
drastic prevalence phenotype. It should also be noted that the
expansion and ex vivo experiments for all isolates were con-
ducted on primary cells from Caucasian donors; this could be
a confounding problem since group O viruses may be adapted
to individuals of African descent.

Relevant for a second scenario, the diagnosis of AIDS and
thus overt HIV pathogenesis goes along with a higher risk for
the sexual partner of acquiring infection (9, 13, 47). Our tonsil

FIG. 6. Cross-donor, HIV-1 group-, and coreceptor-stratified analyses of HIV-1-mediated CD4 T-cell depletion. CD4 T-cell depletion in
HIV-infected tonsil HLACs from four patients was quantified as described in the legend to Fig. 3. Combined depletion analysis of results for
individual R5 viruses (n � 14) (A) or X4 viruses (n � 5) (B) from prototypic group M strains, group O primary isolates, or group M primary isolates
are represented as box plots. (C) Stratification of results in panels A and B according to the viruses’ coreceptor usage (C) or HIV-1 group
classification (D). ***, P � 0.0001; n.s., not significant.
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explant infections show that low cytopathicity is not an intrinsic
property of group O viruses. In fact, two R5 isolates from
group O induced massive CD4 T-cell depletion, comparable to
X4 viruses and not seen in the current study or previously with
R5 viruses from group M (19, 20, 28, 29, 43, 50). Previous
reports have estimated that approximately 15 to 20% of CD4 T
cells express CCR5 (14, 22) and suggested that R5 viruses
almost exclusively kill this subset of productively infected cells.
The unprecedented CD4 T-cell depletion (up to 70%) induced
by the two R5 O types 2549 and 13740 could be explained by
either a marked bystander killing, specific to infections with
these isolates, or by their efficient utilization of surface CCR5
for entry, levels of which on CD4 T cells are below the limit of
detection. The comparable and, for some isolates, even higher
cytopathicity of group O isolates argues against this character-
istic as responsible for their limited contribution to the HIV
pandemic. However, host immune responses, which are not
apparent in short-term ex vivo tonsil cultures and may target
HIV-1 group-specific epitopes, could operate to control group
O replication in patients. Detailed clinical analyses of the im-
mune status and virus load in plasma and genital fluids of a
larger number of group O-infected individuals are needed to
probe this hypothesis. The required technology is available
including an in-house HIV-1 RNA load protocol (23) or the
recently approved Cobas TaqScreen MPX test, both of which
have been validated to detect genetically divergent group O
isolates.

In a third scenario, the efficiency of sexual transmission,
independent of the virus load, could be the bottleneck and
underlie group O’s low prevalence. However, it is still contro-
versial which experimental in vitro and ex vivo models incor-
porate the relevant primary target cells and recapitulate the
key events of horizontal transmission of HIV-1 (12, 15, 21).
Quantifying HIV-1 transfer from dendritic cells to CD4 T cells,
Arien and colleagues reported a 10- to 100-fold impaired
transmission of group O isolates compared to that observed
with group M isolates (2). Further studies in different experi-

mental transmission models should follow up on this interest-
ing observation.

Collectively, this report establishes virological ex vivo char-
acteristics of HIV-1 group O primary isolates which challenge
the assumption that an inherently reduced replicative fitness or
pathogenicity of viruses from this HIV-1 group underlies their
limited spread in the human population.
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