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Abstract

Most HIV-1 replication occurs in secondary lymphoid tissues in T cells within B cell follicles. Mechanisms
underlying the accumulation of HIV-1-producing cells at these sites are not understood. Antiapoptotic proteins
such as Bcl-2 could promote follicular CD4 + T cell survival, contributing to sustained virus production. Tonsils
obtained from subjects without known HIV infection were disaggregated and analyzed for Bcl-2 expression in
follicular (CXCR5 + ) and extrafollicular (CXCR5 - ) CD3 + CD4 + cells by flow cytometry. Additional tonsil
cells were cultured with phytohemagglutinin (PHA) and interleukin-2 (IL-2) for 2 days, infected with either
CCR5(R5) or CXCR4-tropic (X4) GFP reporter viruses, and analyzed for Bcl-2 expression. In freshly dis-
aggregated CD3 + CD4 + tonsil cells, mean florescence intensity (MFI) for Bcl-2 was higher in CXCR5 +

(median, 292) compared to CXCR5 - cells (median, 194; p = 0.001). Following in vitro stimulation with PHA
and IL-2, Bcl-2 MFI was higher in both CXCR5 + cells (median, 757; p = 0.03) and CXCR5 - cells (median,
884; p = 0.002) in uninfected cultures compared to freshly isolated tonsil cells. Bcl-2 MFI was higher in
GFP + CD3 + CD8 - R5-producing cells (median, 554) than in X4-producing cells (median, 393; p = 0.02). Bcl-2
MFI was higher in R5-producing CXCR5 + cells (median, 840) compared to all other subsets including R5-
producing CXCR5 - cells (median, 524; p = 0.04), X4-producing CXCR5 + cells (median, 401; p = 0.02), and
X4-producing CXCR5 - cells (median, 332; p = 0.008). Bcl-2 expression is elevated in R5 HIV-1-producing
CXCR5 + T cells in vitro, which may contribute to propagation of R5 virus in B cell follicles in vivo.

Introduction

In the absence of antiretroviral therapy, HIV-1
replication persists and is largely concentrated in T cells

located in secondary lymphoid tissues.1–4 While the majority
of CD4 + T cells are found within the T cell zones (extra-
follicular areas) of lymphoid tissues, most HIV-1-producing
cells are CD4 + T cells located within B cell follicles in early
and intermediate stages of HIV disease.5–9 In untreated HIV-
1-infected individuals without AIDS, follicular CD4 + cells
are 40 times more likely to be productively infected than
extrafollicular CD4 + cells.9 Mechanisms underlying the
concentration of HIV-1 replication in follicular CD4 + T cells
are not well understood.

CD4 + T cells found in B cell follicles are a distinct subset
of antigen-experienced CD4 + T cells that express the fol-
licular homing molecule CXCR5.10,11 CXCL13 is produced
within B cell follicles by stromal cells and follicular dendritic

cells (FDC)12,13 and promotes chemotaxis of CXCR5 + CD4 +

cells into follicles.11,14 Subsets of CXCR5 + cells include
T follicular helper cells, which express high levels of PD-1,
interact with both FDC and B cells within germinal centers, and
provide signals that facilitate B cell affinity maturation and dif-
ferentiation.14–16 Follicular CD4+ T cells receive costimulatory
signals from FDC and B cells, which potentiate their activa-
tion and HIV-1 replication.14,15,17–19 Replication of HIV-1 by
follicular CD4+ T cells may be further promoted by a relative
paucity of antiretroviral proteins and virus-specific CD8+

T cells within B cell follicles.9,20 Whether CXCR5 + cells or
follicular CD4 + T cells have intrinsic characteristics that en-
hance their ability to survive and propagate HIV-1 is unknown.

Bcl-2 is an antiapoptotic factor that plays a prominent role
in interleukin (IL)-7 and IL-2-mediated lymphocyte survival
in HIV-1-infected and -uninfected cells.21–25 Low levels of
Bcl-2 are found in peripheral blood lymphocytes of untreated
HIV-1-infected individuals and correlate with higher levels
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of apoptosis in these cells compared to cells from uninfected
individuals.26 HIV-1 proteins have been reported to modulate
Bcl-2 with both higher27 and lower Bcl-2 levels reported.28–31

Recently, transduction of Bcl-2 into primary CD4 + T cells
has been utilized to establish an effective model of latent
infection through increasing cell survival in vitro and restoring
T cell homeostasis.32 Whether Bcl-2 expression is upregulated
within CXCR5 + CD4 + T cells, thereby promoting survival
through reduction in apoptosis and accumulation of virus-
producing cells in follicular areas, is unknown. The present
study was designed to evaluate two hypotheses: (1) CXCR5 +

CD4 + lymphoid tissue cells express more Bcl-2 than CXCR5 -

cells and (2) HIV-1-producing follicular cells express more
Bcl-2 than HIV-1-producing CXCR5 - cells.

Materials and Methods

Clinical specimens

Tonsils were obtained from discarded pathologic speci-
mens of children without known HIV-1 infection undergoing
elective tonsillectomies at Children’s Hospital Denver in
accordance with local IRB regulations. Tonsils were first
visually inspected, necrotic material was removed, and
specimens were mechanically disaggregated in sterile
phosphate-buffered saline (PBS, Mediatech, Manassas, VA).
The cell suspension was filtered through a 70-lm filter (Fisher
Scientific, Denver, CO) and washed with PBS.

In vitro infection with HIV-1 green fluorescent protein
(GFP) reporter viruses

The HIV-1 NL4-3-based CXCR4-tropic (X4) GFP reporter
virus NLENG1-IRES and CCR5-tropic (R5) GFP reporter
virus NLYUV3-GFP have been described elsewhere.19,33

Virus stocks were generated by transfection of 293T cells
using Effectene (Qiagen, Valencia, CA), and p24 concen-
trations were determined by ELISA (PerkinElmer, Shelton,
CT). Freshly isolated tonsil cells were cultured with 5 lg/ml
of phytohemagglutinin (PHA; Sigma-Aldrich, St. Louis, MO)
at a concentration of 2 million cells/ml for 48 to 72 h in R10
medium consisting of RPMI (Mediatech), 1% l-glutamine,
10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), 1%
penicillin, 1% streptomycin, and 10 units of IL-2/ml (Roche,
Nutley, NJ). Cells were pelleted and resuspended in fresh
medium at a concentration of 1 · 107 cells/ml. Then 0.5 ml to
1.5 ml of either R5-tropic reporter virus stock (ranging from
400 to 1,050 ng of p24 antigen/ml) or X4-tropic reporter virus
stock (ranging from 380 to 1,050 ng p24 antigen/ml) was
added for 2 h at 37�C. Samples were diluted to 2 · 106 cells/ml
in R10 medium and cultured for an additional 48 h.

Flow cytometric analyses

Cells were stained with antibodies including CD3-Pacific
Orange (Invitrogen, Camarillo, CA), CD4-APC-Cy7, CD8-
Pacific Blue, and CXCR5-AF647 [all from Becton Dickinson
(BD) Biosciences, San Diego, CA] for 30 min, then washed
and fixed with 2% paraformaldehyde (Sigma) solution. To
characterize Bcl-2 expression, cells were stained with the
above antibodies, fixed for 15 min in 100 ll of solution A (Fix
& Perm, Invitrogen), washed, and resuspended in 100 ll of
solution B (Invitrogen). Following this, cells were incubated
for 30 min with unconjugated Bcl-2 antibody (Epitomics,

Burlingame, CA), washed, treated with goat anti-rabbit-PE
(Invitrogen) for 30 min, then washed and fixed prior to flow
cytometry. Data were acquired on a FACS Aria (BD, San Jose,
CA) and analyzed using FlowJo (Tree Star, Ashland, OR).
GFP + cells were detected in the FITC channel. This antibody
panel was optimized by methods described previously.34

Spectral overlap was determined to be no greater than 45%. A
fluorescence minus one or FMO was used to identify gating for
CXCR5 and Bcl-2 using uninfected cells. Percentages of
antibody-staining cells were determined with the exception of
Bcl-2, which was evaluated by using the geometric mean
fluorescence intensity (MFI). In all populations analyzed, the
MFI of Bcl-2 in the FMO was subtracted from the measured
MFI of Bcl-2. Both the percentage and MFI (geometric mean)
of GFP were determined for GFP + cells.

Statistical analysis

Nonparametric statistical tests were used due to small
sample sizes. Wilcoxon-signed rank two tailed t-tests were
used to evaluate paired observations and the Mann–Whitney
U test was used for unpaired observations. For determining
correlations, Spearman’s correlation was used. A p value
< 0.05 was considered statistically significant. Data were
analyzed using Graphpad Prism (La Jolla, CA).

Results

Bcl-2 expression was elevated in CXCR5 + CD4 +

T cells in human tonsils

Tonsils were obtained from 20 children with a median age
of 10 years (range, 2 to 16 years). Figure 1 illustrates the
gating strategy for identifying CXCR5 + cells and charac-
terizing Bcl-2 expression. Flow cytometry analyses of dis-
aggregated tonsil cells revealed that a median of 26% (range,
8% to 58%) of CD3 + CD4 + cells expressed CXCR5. In
freshly isolated tonsil cells, MFI of Bcl-2 was 50% higher
in CXCR5 + (median, 292) compared to CXCR5 - CD4 +

T cells (median, 194) (Fig. 2).

Bcl-2 expression increased in CD4 + T cells
from tonsils following in vitro stimulation

PHA + IL-2 stimulation for 48 h resulted in a 4-fold in-
crease in Bcl-2 expression on tonsil CD4 + T cells compared
with freshly isolated cells (Fig. 2). Similarly, Bcl-2 expres-
sion in both CXCR5 + and CXCR5 - subsets of PHA and IL-
2-stimulated cells was higher than in freshly isolated tonsil
cell subsets (median MFI, 757 versus 292 and 884 versus 194,
respectively). In contrast to freshly isolated tonsil cells,
CXCR5 + cells harbored significantly less Bcl-2 compared to
CXCR5-CD3 + CD4 + cells following in vitro stimulation with
PHA and IL-2. The percentage of CXCR5 + cells did not sig-
nificantly differ between stimulated and unstimulated CD3 +

CD4 + cells (medians, 26% vs. 32%, respectively; p = 0.9).

Infection of tonsil cells with GFP reporter viruses
resulted in a time-related decrease in cell surface CD4
expression, accumulation of GFP + cells,
and accumulation of GFPbright cells

Disaggregated tonsil cells were stimulated with PHA and
IL-2 for 2 days, then infected with HIV-1 GFP reporter viruses
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and monitored for GFP expression. HIV-1 Nef, Env, and Vpu
downregulate CD4 expression on the surface of productively
infected cells35,36 and we have previously demonstrated that
CD4 is downregulated on PHA-stimulated peripheral blood
mononuclear cells (PBMCs) productively infected with HIV-1
R5 and X4 reporter viruses.19 Infection of PHA-stimulated tonsil
cells similarly resulted in downregulation of CD4 on the majority
of GFP+ cells, as shown in a representative flow cytometry plot
in Fig. 3A. Percentages of CD4+ GFP+ cells decreased between
24 and 48 h after infection with R5 and X4-tropic reporter viruses
(Fig. 3B), whereas percentages of CD3+CD8-GFP+ cells (Fig.
3C) increased between 24 and 48 h of culture. We then divided
cells into GFPbright and GFPdim populations to evaluate the
accumulation of viral proteins (i.e., GFPbright cells) at 24 and
48 h of culture. As shown in Fig. 3D, the proportion of GFPbright
cells increased between 24 and 48 h. Collectively, these find-
ings of decreased CD4 expression and increased proportions
of GFPbright cells over time are consistent with time-related
accumulation of virally expressed proteins. Because of the
downregulation of CD4 on GFP+ cells, the CD3+CD8- cell
population was gated in subsequent flow cytometry analyses
when evaluating GFP+ cells, as we previously described.19

PHA and IL-2-stimulated CXCR5 + cells
did not demonstrate preferential replication
of either R5 or X4 HIV-1 reporter viruses

As seen in Fig. 3C, percentages of GFP + cells in the
CD3 + CD8 - population after 48 h were consistently higher in

wells infected with X4 (median, 0.59%; range 0.11 to 0.89%)
compared to those infected with R5 HIV-1 reporter virus
(median 0.026%, range 0.006 to 0.077%; p = 0.01), as re-
ported previously in PBMCs.19 MFI of GFP did not differ
significantly between R5 (median, 12,655; range 8,943–
15,199) and X4 HIV-1 infections (median, 13,258; range
10,412–16,567; p = 0.4). There was no significant difference
in percentages of CXCR5 + cells in the GFP + CD3 + CD8 -

compared to the GFP - CD3 + CD8 - populations in either R5
(median, 14% versus 34%, respectively; p = 0.3) or X4
(median, 36% versus 37%, respectively; p = 0.3) infections.
MFI of GFP did not differ significantly between CXCR5 +

and CXCR5 - GFP + cells in either R5 (median, 8,589 and
11,951, respectively; p = 0.4) or X4 HIV-1 infections (me-
dian, 12,489 and 13,775, respectively; p = 0.2).

Bcl-2 expression was elevated in R5 compared
to X4 HIV-1-producing cells

The gating strategy utilized to determine Bcl-2 expres-
sion is shown in Fig. 4A. Bcl-2 expression in GFP + and
GFP - cells from R5 and X4 infections and uninfected control
cells is shown in Fig. 4B. We compared Bcl-2 expres-
sion in GFP + CD3 + CD8 - cells with GFP - CD3 + CD4 + cells
(termed ‘‘bystander’’ cells) based on the rationale that
all GFP + cells were originally CD4 + . In R5 infections, the
differences in Bcl-2 expression between GFP + CD3 + CD8 -

cells and bystander cells was not statistically significant, nor
were the differences between either of these subsets and
uninfected control CD3 + CD4 + cells. In X4 infections, MFI
for Bcl-2 was lower in GFP + CD3 + CD8 - cells (median, 363)
compared to bystander cells (median, 721) and controls
(median, 877). No significant correlation was seen between
percentages of GFP + cells or MFI of GFP and MFI of Bcl-2
in GFP + CD3 + CD8 - cells in either R5 or X4 infections (data
not shown). MFI for Bcl-2 was significantly higher in
GFP + CD3 + CD8 - cells producing R5 virus (median, 554)
compared to those producing X4 virus (median, 363). There
was no statistically significant difference in MFI of Bcl-2
between bystander cells in R5 compared to X4 infections
(702 vs. 721; p = 1.0).

Bcl-2 expression was distinctly elevated
in R5-producing follicular cells compared
to X4-producing follicular cells

To investigate Bcl-2 expression in virus-producing follic-
ular cells, we compared Bcl-2 expression among CXCR5 + and
CXCR5 - subsets of R5 and X4 GFP + cells (Fig. 5). Bcl-2
MFI was significantly higher in R5-producing CXCR5 + cells

FIG. 1. Representative flow cytometry plot demonstrating the gating strategy for CXCR5 and Bcl-2.

FIG. 2. Bcl-2 expression in CD3 + CD4 + , follicular
(CXCR5 + ), and extrafollicular (CXCR5) CD4 + T cells
isolated from tonsils of subjects at low risk for HIV-1 in-
fection before and after stimulation with phytohemaggluti-
nin (PHA) and interleukin-2 (IL-2).

300 HAAS ET AL.



(median, 840) compared to R5-producing CXCR5 - cells
(median, 524), X4-producing CXCR5 + cells (median, 401),
and X4-producing CXCR5 - cells (median, 332). In X4 in-
fections, MFI of Bcl-2 in CXCR5 + GFP + cells did not differ
significantly from that in CXCR5 - GFP + cells. Bcl-2 MFI in
uninfected control CXCR5 + cells (median, 757; Fig.2) was
similar to that in R5-infected CXCR5 + GFP + cells (median,
840; p = 0.3) and higher than that in X4-infected CXCR5 +

GFP + cells (median, 401), although differences were not
statistically significant ( p = 0.2). Bcl-2 MFI in uninfected
control CXCR5 - cells (median, 884; Fig. 2) was significantly
higher than that in CXCR5 - GFP + cells in both R5
( p = 0.008) and X4 infections ( p = 0.02).

Discussion

This is the first study to evaluate the relationship between
Bcl-2 expression and HIV-1 replication in lymphoid tissue
cells, as well as the first to compare Bcl-2 levels between
R5 and X4 HIV-1-producing T cells. We found that freshly
isolated CXCR5 + CD4 + T lymphocytes from human tonsils
express higher levels of Bcl-2 compared to CXCR5 - CD4 +

T cells. Conversely, after stimulation with PHA and IL-2,
Bcl-2 levels were higher in CD4 + CXCR5 - cells compared
to CD4 + CXCR5 + cells. After infection with HIV-1 reporter
viruses ex vivo, preserved levels of Bcl-2 were demonstrated
within R5-producing T cells, whereas levels were reduced in
X4-producing cells. Bcl-2 levels were higher in the CXCR5 +

R5-producing subset compared to CXCR5 - R5-producing
cells and both X4-producing subsets. This is the first report of
differences in Bcl-2 expression in HIV-1-producing cells
related to virus tropism. In light of the well-established

relationship between elevated levels of Bcl-2 expression and
promotion of cell survival,23,25,26 these findings suggest that
R5-producing CXCR5 + cells, which include the follicular
subset, may be more resistant to apoptotic stimuli than R5-
producing CXCR5 - cells or X4-producing cells, thereby
promoting R5 propagation in B cell follicles in vivo.

Previous studies have established that Bcl-2 is upregulated
in T cells upon immune activation.25,37,38 Our findings that
Bcl-2 expression was elevated in CXCR5 + CD4 + T cells are
consistent with this as lymphoid tissue CXCR5 + cells con-
stitute a subset of recently antigen-stimulated cells.14,16 Also
consistent with prior observations,39–41 stimulation with
PHA and IL-2 resulted in higher levels of Bcl-2 in tonsil cells
compared to unstimulated cells (Fig. 2). In PHA and IL-2-
stimulated tonsil cells, Bcl-2 expression was significantly
higher in CXCR5 - cells than in CXCR5 + cells. We did not
observe a change in the percentage of CXCR5 + cells, sug-
gesting that elevated Bcl-2 in CXCR5 - cells was not due to
downregulation of CXCR5. While both PHA and IL-239–41

promote Bcl-2 expression within T lymphocytes, IL-2 may
be a more potent inducer of Bcl-2.42 It is possible that
CXCR5 - cells express more IL-2R and are more sensitive to
IL-2-mediated changes in Bcl-2.43 Importantly, the finding
that Bcl-2 expression was higher in CXCR5 - compared to
CXCR5 + cells after treatment with PHA and IL-2 indicates
that CXCR5 expression and Bcl-2 expression are not directly
linked.

Bcl-2 was expressed at significantly higher levels in R5-
compared to X4-infected GFP + cells primarily due to pre-
served levels of Bcl-2 in R5-producing CXCR5 + cells. It
cannot be determined from this study whether HIV-1 caused
the reductions in levels of Bcl-2 in R5-infected CXCR5 -

FIG. 3. Flow cytometry analysis of tonsil cells
from two subjects infected ex vivo with R5 and
X4 green fluorescent protein (GFP) reporter
viruses. (A) Representative flow cytometry plot
demonstrating downregulation of CD4 on GFP +

cells 48 h after infection with X4 virus. Dotted
line indicates the separation between GFPbright
and GFPdim cells. (B) Percentages of CD4 +

T cells, (C) GFP expression in CD3 + CD8 -, and
(D) GFPbright cells within the CD3 +CD8 - GFP +

population at 24 and 48 h after infection. The
solid shapes represent X4 infection and the open
shapes represent R5 infections.
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cells or X4-producing subsets or whether cells with low
levels of Bcl-2 preferentially replicated HIV. The failure of
MFI of GFP to correlate with Bcl-2, however, weighs
somewhat against the latter explanation. Crosslinking of the
CD4 receptor by gp120 results in decreased Bcl-2 expression
in vitro.44 HIV-1 tat has also been associated with decreased
Bcl-2 expression in one in vitro model.28 Engagement of

CXCR4 by X4 gp120 results in upregulation of the Bcl-2
interacting mediator of death extralong isoform (BimEL),
which reduces Bcl-2 levels.32,45 Thus, multiple mechanisms
could account for the decrease in Bcl-2 expression observed
in R5-producing CXCR5 - T cells and both subsets of
X4-producing cells. Mechanisms to account for relatively
preserved levels of Bcl-2 in R5-producing CXCR5 + T cells,
however, are unexplained. Triggering of the CCR5 receptor
could promote Bcl-2 expression and associated enhanced cell
survival, a finding that has been demonstrated in lung tumor
cells where lack of CCR5 expression was associated with a
reduction in Bcl-2.46 Engagement and coreceptor signaling
could also lead to increased IL-2 production as reductions in
IL-2 are seen in T lymphocytes from CCR5–/– knockout
mice47 and healthy donors with the CCR5 D32 allele.47 The
density and percentage of CCR5 expression on CXCR5 +

compared to CXCR5 - cells are unknown and this is clearly
an area of future study. While the causal factors remain un-
certain, it appears that CXCR5 + cells, many of which are
follicular cells, are uniquely primed to maintain Bcl-2 levels
in the context of R5 HIV-1 infection, which could foster cell
survival and subsequent viral persistence.

The distinct patterns in Bcl-2 expression in HIV-1-
producing lymphoid tissue cells related to virus tropism ob-
served in this study could potentially explain the enigmatic
preference for R5 virus replication in early and mid-stages of
HIV-1 infection.48 We have previously reported that follic-
ular CD4 + T cells are 40 times more likely to be productively

FIG. 4. (A) Representative flow cytometry plot demonstrating the gating strategy utilized to identify Bcl-2 expression in
GFP + cells. (B) Bcl-2 expression in GFP + and GFP - cells infected with R5 and X4 HIV-1 reporter viruses and control
cells. Only statistically significant comparisons are shown. All other p values were > 0.05.

FIG. 5. Bcl-2 expression in CXCR5 + and CXCR5 -

subsets of GFP + cells in R5 and X4 infection. Only statis-
tically significant comparisons are shown. All other p values
were > 0.05.
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infected than extrafollicular CD4 + T cells in lymph nodes of
individuals without AIDS during chronic HIV-1 infection.9

In all instances in which virus tropism has been determined in
these subjects they were infected with R5 tropic virus.8 It is
unknown whether a similar follicular concentration of virus
exists in X4 infections. Intriguingly, studies of SIV-infected
rhesus macaques acutely coinfected with R5 and X4 viruses
demonstrated that the preference for R5 replication does not
exist during acute infection, but only emerges several weeks
after infection coincident with the development of virus-
specific cytotoxic T cells (CTL),49 providing support for the
hypothesis that it is the adaptive immune response that favors
R5 infection over X4 infection. It is possible that preserved
Bcl-2 expression in R5-producing CXCR5 + cells confers
some resistance to apoptotic stimuli from CTL, which are not
present during acute disease either in vitro or in vivo.

Our findings of distinct patterns in Bcl-2 expression re-
lating to virus tropism, particularly in CXCR5 + T cells,
provide additional support for an idea originally proposed by
our group that B cell follicles are a sanctuary site for HIV-1
replication.9,20 Several avenues for future investigations are
suggested by these results. First, these data are based on re-
sults from a single R5 and X4 reporter virus. It would be
important to verify that similar findings occur in the presence
of clinical isolates of R5 and X4 viruses. Second, these ex-
periments were performed in the context of cells stimulated
with PHA and IL-2, which may have altered results, as dis-
cussed above, and the numbers of events were limited. New
techniques to infect lymphoid tissue cells without exogenous
stimulation have been developed,50 and it would be important
to determine whether similar differences in Bcl-2 expression
related to virus tropism are seen in the context of infection of
unstimulated cells. Third, in our in vitro experiments, we
were not able to evaluate whether elevated Bcl-2 conferred
a survival advantage. Additional experiments employing
proapoptotic stimuli would be important to demonstrate
whether differences in Bcl-2 expression between R5- and X4-
producing cells truly confer a differential survival advantage.
Finally, investigation of the mechanisms underlying differ-
ential expression of Bcl-2 in lymphoid tissue cells related to
virus tropism merits further study. A better understanding of
the ways in which virus tropism is related to cell survival
could provide important insight into the immunopathogen-
esis of HIV-1 infection and suggest new targets for antiviral
therapies that could be used to eliminate the follicular res-
ervoir of HIV-1 replication.
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