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ABSTRACT
HIV infection is associated with elevated expression of
IL-10 and PD-L1, contributing to impairment of T cell ef-
fector functions. In autoimmunity, tumor immunology,
and some viral infections, Bregs modulate T cell func-
tion via IL-10 production. In this study, we tested the hy-
pothesis that during HIV infection, Bregs attenuate
CD8� T cell effector function, contributing to immune
dysfunction. We determined that in vitro, TLR2-, TLR9-,
and CD40L-costimulated Bregs from HIV� individuals
exhibited a high frequency of cells expressing IL-10 and
PD-L1. Compared with Bregs from HIV� individuals, a
significantly higher percentage of Bregs from HIV� indi-
viduals spontaneously expressed IL-10 (P�0.0218). Af-
ter in vitro stimulation with HIV peptides, Breg-depleted
PBMCs from HIV� individuals exhibited a heightened
frequency of cytotoxic (CD107a�; P�0.0171) and HIV-
specific CD8� T cells compared with total PBMCs. Fur-
thermore, Breg depletion led to enhanced proliferation
of total CD8� and CD107a�CD8� T cells (P�0.0280, and
P�0.0102, respectively). In addition, augmented CD8� T
cell effector function in vitro was reflected in a 67% in-
creased clearance of infected CD4� T cells. The ob-
served Breg suppression of CD8� T cell proliferation
was IL-10-dependent. In HIV� individuals, Breg fre-
quency correlated positively with viral load (r�0.4324;
P�0.0095), immune activation (r�0.5978; P�0.0005),
and CD8� T cell exhaustion (CD8�PD-1�; r�0.5893;
P�0.0101). Finally, the frequency of PD-L1-expressing
Bregs correlated positively with CD8�PD-1� T cells
(r�0.4791; P�0.0443). Our data indicate that Bregs
contribute to HIV-infection associated immune dysfunc-

tion by T cell impairment, via IL-10 and possibly PD-L1
expression. J. Leukoc. Biol. 93: 811–818; 2013.

Introduction
Robust T cell effector functions are crucial for effective clear-
ance of viral infections. Nonetheless, during some chronic vi-
ral infections, including HIV infection, T cells lose the ability
to mount effective antiviral responses, resulting in a reversible
state described as “immune exhaustion” [1], culminating in
viral persistence. During HIV infection, these exhausted T
cells are characterized by the elevated expression of the coin-
hibitory protein PD-1 [2, 3], which correlates with viral persis-
tence and disease progression. Furthermore, IL-10, secreted by
monocytes, has been shown to contribute to viral persistence
[4], and antibody blockade of IL-10 and PD-1 have been
shown to reverse T cell exhaustion and reduce viral replication
[4, 5]. IL-10 expression is up-regulated in multiple cell types
during HIV infection [6], but animal model studies indicate
that B cells are a key source of IL-10 [7], and these IL-10-ex-
pressing B cells are enriched in the Breg (CD19�CD24hi

CD38hi) subset [8, 9]. Data from multiple studies indicate that
Bregs, in an IL-10-dependent manner, suppress T cell effector
functions in autoimmune, malignant diseases and recently dur-
ing chronic viral infections [10–15]. HIV infection is associ-
ated with microbial translocation and the systemic prevalence
of multiple TLR ligands [16] and CD40L [17], stimuli re-
quired for Breg activation in vitro. We therefore hypothesize
that during HIV infection, Bregs attenuate anti-HIV CD8� T
cell effector functions, contributing to immune dysfunction.
To test our hypothesis, we characterized Bregs in HIV�

healthy controls and HIV� individuals. In HIV� individuals,
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we evaluated if Bregs suppressed proliferation of anti-HIV ef-
fector CD8� T cell subsets. We further assessed Breg fre-
quency in viremic (HIVvir

�) and aviremic (HIVavir
�) HIV-in-

fected individuals and investigated associations with markers of
disease progression, including viral load, chronic immune acti-
vation, and T cell exhaustion. Our data indicate a novel role
for Bregs in immune dysfunction during HIV pathogenesis.

MATERIALS AND METHODS

Study participants
All studies were performed after signed, informed written research con-
sent by each study subject. The study was reviewed and approved by the
Institutional Review Board of Rush University Medical Center, Cook
County Health and Hospitals System, and the University of Iowa City
Veterans Affairs Medical Center and University of Iowa. Healthy con-
trols had a mean age of 40 years (range, 22–70), and HIV� individuals
had a mean age of 45 years (22– 65 years). HIVavir individuals had an
undetectable viral load (�48 copies/ml) and mean CD4 count of 597
cells/�l (range, 223–1236); HIVvir-untreated individuals had a mean vi-
ral load of 38,984 copies/ml (range, 330 –214,000) and mean CD4
count of 414 cells/�l (range, 130 –515).

Analysis of IL-10 production by Bregs and
immunophenotyping of PBMCs
PBMCs were isolated from whole blood using a Ficoll gradient (Lym-
phocyte Cell Separation Medium, Mediatech, Manassas, VA, USA). To
characterize TLR-activated Bregs, MACS-purified (Miltenyi Biotec, Au-
burn, CA, USA; according to the manufacturer’s instructions) B cells
from healthy controls were stained with antibodies against CD19-PE-
CF594 (Beckman Coulter, Brea, CA, USA), CD24-PerCP-Cy5.5 (BD Bio-
sciences, San Jose, CA, USA), and CD38-FITC (BD Biosciences).
CD19�CD24hiCD38hi (Bregs) and CD19�CD24loCD38lo cells (“non-
Bregs”; mature B cells) were sorted (FACSAria; BD Biosciences) and
cultured for 48 h in the presence of 10 �g/ml CpG-B oligodeoxynucle-
otide-2006, 2 �g/ml palmitoyl-3-cysteine-serine-lysine-4 (InvivoGen, San
Diego, CA, USA), and 2 �g/ml CD40L (InvivoGen). During the final 5
h of incubation, the cultures were supplemented with PIB (PMA,
(50ng/ml) Ionomycin (1�g/ml) and Brefeldin A (1:1000); InvivoGen
and BD Biosciences). After incubation, the cells were washed, stained
for viable cells (LIVE/DEAD fixable aqua dead cell stain kit; Invitrogen,
Life Technologies, Carlsbad, CA, USA), surface-stained, fixed/perme-
abilized (Fix/Perm kit; BD Biosciences), and stained for intracellular
IL-10 (IL-10-AF-647; eBioscience, San Diego, CA, USA). To determine
spontaneous expression of IL-10 by Bregs from HIV� individuals and
healthy controls, PBMCs were incubated overnight, stimulated for the
final 5 h, and stained as described for healthy controls. The following
antibodies were used for immunophenotyping of PBMCs: CD38-AF-700,
HLA-DR-PE-Cy7, CD4-Pacific Blue, CD8-APC-H7, and PD-L1-PE-Cy7
(eBioscience). All samples were acquired on an LSR II (BD Biosciences)
flow cytometer and the data analyzed using FlowJo software (Tree Star,
Ashland, OR, USA).

Proliferation assay
Proliferation dye VPD450 (BD Biosciences)-labeled total or Breg-de-
pleted PBMCs from HIV� individuals were stimulated with an HIV pep-
tide (NIH AIDS Repository) pool, spanning nef, env, gag, and pol (2
�g/ml each). After 96 h, the frequencies of CD8�CD107a� (cytotoxic
CD8� T cells) and infected CD4� T cells (using KC57-Rd1; Beckman
Coulter; antibody that binds HIV-1 core proteins 55, 39, 33, and 24
KDa) were determined by flow cytometry. Proliferation of
CD8�CD107a� T cells was determined after 96 h, and proliferation of
total CD8� T cells was assessed after 7 days in culture. Bregs and CD8�

T cells from HIV� individuals were cocultured and supplemented with
blocking IL-10R antibody (BioLegend, San Diego, CA, USA), and prolif-
eration of CD8� T cells was assessed after 7 days.

Staining of HIV-specific CD8� T cells with the
HLA-A*0201-restricted peptide complex
The frequency of antigen-specific CD8� T cells was determined by binding to
APC-labeled, HLA-A2-restricted SL9 (SLYNTVATL) HIV-Gag epitope MHC-I-Dex-
tramer (Immudex, Copenhagen, Denmark). Cells of HLA-A2-typed HIV� individ-
uals were washed twice with PBS and incubated with 10 �l Dextramer for 10 min
at room temperature, stained with antibodies, and analyzed by flow cytometry.

Statistical analysis
Results are expressed as mean � sem or as indicated. GraphPad Prism soft-
ware, version 5.03, was used for all statistical analysis. The statistical signifi-
cance P value between group parameters was determined using unpaired
or paired Student’s t-test (with a confidence level of 95%). The statistical
dependence between variables was calculated using the Spearman rank cor-
relation analysis. P values of �0.05 were considered statistically significant.

RESULTS

TLR and CD40L costimulation of Bregs from healthy
controls leads to a high frequency of cells expressing
PD-L1 and IL-10
Antibody blockade of PD-L1 and IL-10 has been shown to
reverse impaired T cell effector functions during HIV infec-
tion. The cellular sources of PD-L1 and IL-10 have not been
fully identified, yet data from a recent study [10] indicate
that during hepatitis B viral infection, IL-10-competent
Bregs (CD19�CD24hiCD38hi) suppress CD8� effector func-
tions . Therefore, we sought to determine a potential con-
tribution of Bregs to T cell impairment during HIV infec-
tion, possibly involving the synergistic expression of IL-10
and PD-L1. We evaluated the association between IL-10 ex-
pression and levels of PD-L1 on activated Bregs of HIV�

individuals. After TLR2, TLR9, and CD40L costimulation,
we found that a higher frequency of Breg cells
(CD19�CD24hiCD38hi; Fig. 1A) was positive for IL-10 (15-
fold; Fig. 1B, left) and PD-L1 (Fig. 1B, right) compared
with non-Bregs cells (CD19�CD24loCD38lo; mature B cells).
This indicates that TLR/CD40L-costimulated Bregs might
contribute to suppression of T cell effector functions via
IL-10 and PD-L1 pathways.

Ex vivo compared with Bregs from HIV� individuals,
Bregs from HIV� individuals exhibit a high
frequency of IL-10-positive cells
To determine if during HIV infection, Bregs express high
levels of IL-10 and PD-L1, we evaluated the frequency of
IL-10 and PD-L1-positive Bregs from HIV� and HIV� indi-
viduals ex vivo. We determined that compared with Bregs
from HIV� individuals, Bregs from HIV� individuals exhibit
a significantly higher frequency of IL-10-positive cells
(P�0.0072; Fig. 2A and B). We determined no statistically signifi-
cant difference in Breg PD-L1 expression between HIV� and HIV�

individuals (Fig. 2A and B).
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In vitro Bregs attenuate proliferation of anti-HIV
CD8� T cell effector subsets
In disease settings, Bregs have been reported to negatively reg-
ulate T cell proliferation and effector functions [8, 10]; there-
fore, we next assessed if Bregs suppress T cell functions during
HIV infection. To test this, Bregs were depleted from PBMCs
of HIV� individuals by FACS sorting, and VPD450-labeled total
or Breg-depleted PBMCs were stimulated with HIV peptides
(spanning gag, nef, env, and pol, as described in ref. [18]). Af-
ter 96 h in culture, we determined via flow cytometric analysis
that Breg depletion led to a significant increase in frequency and
proliferation of cytotoxic (CD107a�) CD8� T cells (Fig. 3A,
P�0.0171; and B, P�0.0102, respectively). Similarly, a significant
increase in proliferation of total CD8� T cells was observed after
7 days in culture (Fig. 3C; P�0.0280).

In vitro Bregs attenuation of anti-HIV CD8� T cell
proliferation is IL-10-dependent
Breg suppressor function has been shown to be largely IL-10-me-
diated (reviewed in refs. [8, 9]). After determining that depletion
of Bregs leads to enhanced proliferation of anti-HIV CD8� T cell
effector subsets, we investigated if this Breg-mediated suppression
was IL-10-dependent. We cocultured purified Bregs and VPD450-
labeled CD8� T cells (ratio of 1:5 was used as described) [13]
from HIV� individuals. The cells were stimulated as described
above and supplemented with 10 �g/ml- or 20 �g/ml-blocking
anti-IL10R antibody (BioLegend) and proliferation of CD8� T
cells investigated after 7 days. We determined that compared with
the control, without IL-10R blocking antibody, Breg-mediated
proliferation inhibition was reversed in an IL-10 concentration-
dependent manner; supplementation with 10 �g/ml- or 20 �g/

Figure 1. TLR and CD40 costimulation
of Bregs lead to a higher frequency of
IL-10� cells and up-regulation of PD-L1
expression. CD19�CD24hiCD38hi

(Bregs)- and CD19�CD24loCD38lo (non-
Bregs; mature B cell subset; A)-purified
cells from healthy controls were costimu-
lated with TLR2, TLR9, and CD40L for
48 h; for the final 5 h, the cultures were
supplemented with PIB, and expression
of intracellular IL-10 (B, left) and surface
PD-L1 (B, right) was determined by flow
cytometry. Representative diagrams from
at least two independent experiments are
shown. Numbers in quadrants indicate
percentages. SSC-A, Side-scatter-area; FSC-A, forward-scatter-area; MFI, mean fluorescence intensity; PIB � PMA, (50ng/ml) Ionomycin (1�g/ml) and
Brefeldin A (1:100).

Figure 2. Compared with Bregs from HIV� individuals, Bregs from HIV� individuals exhibit a higher percentage of IL-10-positive cells. (A)
Bregs—intracellular IL-10 (left) and surface PD-L1 (right)—expression was determined by flow cytometry after 48 h in culture with PIB. (Repre-
sentative plots are shown.) (B) IL-10 (left) and PD-L1 (right) summary of results from HIV� (n�15) and HIV� (n�12) individuals. P values (un-
paired two-tailed t-test; confidence interval of 95%) are indicated.
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ml-blocking anti-IL10R antibody led to a 7% and 78% prolifera-
tion increase, respectively (Fig. 3D).

In vitro Breg depletion leads to enhanced HIV-specific,
CD8� T cell CTL activity
The observed proliferation of CD8� T cell subsets in Breg-
depleted cultures prompted us to investigate if this was associ-
ated with augmented HIV-specific CTL responses. After 4 days
in culture, the cells described above were stained with APC-
labeled MHC-I Dextramer (Immudex), specific for the HIVgag

CTL-associated SL9 epitope [19–21] and analyzed by flow cy-
tometry. We determined that Breg depletion led to a 129%
increase in SL9�CD8� T cells (Fig. 4A). This increase in HIV-
specific, CTL-competent CD8� T cells was reflected in a 67%
decrease in frequency of infected CD4� T cells in Breg-de-
pleted cultures (Fig. 4B) compared with total PBMCs. Effective
CTL responses have been shown to be required to clear in-
fected CD4� T cells in vitro after stimulation with HIV pep-
tides [22, 23].

Breg frequency correlates positively with viral load
and chronic T cell immune activation
Impairment of antiviral T cell effector functions leads to viral
persistence associated with chronic immune activation [1–3,
24]. Chronic immune activation, as defined by the frequency
of HLA-DR�CD38� T cells, is a predictor of disease progres-
sion, independent of viral load [25]. After determining that in
vitro, Bregs contribute to attenuation of anti-HIV effector CD8�

T cell functions, we investigated the potential in vivo relevance by
evaluating the relationship between Breg frequency and markers
of disease progression—viral load and immune activation. In

HIV� individuals, we found a significant, positive correlation be-
tween Breg frequency and viral load (Fig. 5A; r�0.4324;
P�0.0095). We similarly determined a positive correlation be-
tween Breg frequency and immune activation (Fig. 5B,
CD4�HLA-DR-CD38�: r�0.6202, P�0.0060; Fig. 5C, CD8�HLA-
DR-CD38�: r�0.5878, P�0.0005), thereby indicating an associa-
tion between Bregs and disease progression.

Breg frequency correlates positively CD8� T cell
exhaustion
During HIV infection, T cell exhaustion, characterized by
heightened PD-1 expression, is a hallmark of T cell effector
impairment, leading to viral persistence [3]. After determining
that activated Bregs also express high levels of PD-L1 (Fig. 2B,
right), we investigated a relationship between Breg frequency
and CD8� T cell exhaustion. We found a positive correlation
between Breg frequency and exhausted CD8�PD-1� cells
(Fig. 6A; r�0.5893; P�0.0101), as well as between PD-L1�

Breg frequency and CD8�PD-1� exhausted T cells (Fig. 6B;
r�0.4791; P�0.0447).

Bregs from HIVavir
� individuals exhibit a high

percentage of IL-10-positive cells despite reduced
Breg frequency
To determine the effects of ART on the Breg population, we
characterized Bregs in viremic (HIVvir, n�18) and aviremic
(HIVavir, n�16) HIV-infected individuals. Compared with HIV�

subjects, Breg frequency was significantly lower in HIVvir (Fig. 7A;
P�0.0235) and dramatically depleted in HIVavir (Fig. 7A;
P�0.0001). We also observed a significant difference in Breg fre-
quency between HIVavir and HIVvir individuals (Fig. 7A;

Figure 3. Depletion of Bregs leads to
increased proliferation of effector
CD8� T cells in an IL-10-dependent
manner. (A–C) VPD450-labeled total or
Breg-depleted (Bregs-dep.) PBMCs of
HIV� individuals (n�4) were stimulated
with HIV-pooled peptides (gag, pol, env,
and nef; 2 �g/ml each), the frequency
and proliferation of CD107a�CD8� T
cells were evaluated by flow cytometry
after 4 days, whereas total CD8� T cell
proliferation was evaluated after 7 days
in culture. P values (paired two-tailed
t-test; confidence interval of 95%) are
indicated. (D) Autologous Bregs and
VPD450-labeled CD8� T cells from an
HIV� donor were stimulated with HIV-
pooled peptides as described above;
supplemented with blocking IL-10R an-
tibody (�IL-10R), as indicated; and af-
ter 7 days in culture proliferation of
CD8� T cells, determined by flow cy-
tometry. Representative histograms of
two independent experiments are
shown.
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P�0.0067). Interestingly, there was no difference in total B cell
frequency between HIVavir and HIVvir individuals (Fig. 7B), indi-
cating a selective loss of Bregs in HIVavir individuals. In Fig. 4, we
show that Breg-mediated suppression of CD8� T cell function is
partially IL-10-dependent. We therefore investigated the levels of
Breg-constitutive IL-10 expression in HIVavir, HIVvir, and HIV�

individuals. We determined that despite the reduced Breg fre-
quency in HIVavir individuals, their Bregs have a significantly
higher frequency of IL-10-positive cells compared with Bregs
from HIV� individuals (P�0.0147). Bregs from HIVvir individuals
also had a twofold-higher frequency of IL-10-positive cells than

Bregs of HIVavir individuals. Furthermore, Bregs of HIVvir individ-
uals also exhibited a significantly higher frequency of IL-10-posi-
tive cells (P�0.0044) compared with Bregs from healthy controls
(Fig. 7C).

DISCUSSION

During chronic viral infections, including HIV, effective antivi-
ral responses are mediated by highly proliferating, virus-spe-
cific T cells. An ineffective antiviral T cell effector response is

Figure 4. Depletion of Bregs leads to enhanced
HIV-specific CTL responses. Breg-depleted or
total PBMCs from HLA-2A� HIVavir

� individuals
were stimulated with HIV-pooled peptides, as
described above, and after 4 days in culture, the
frequencies of (A) HIVgag-SLP9�CD8� T cells
(using MHC-I-Dextramers) and (B) KC57� (anti-
HIV core proteins) CD4� T cells were deter-
mined by flow cytometry. Representative plots of
two independent experiments are shown.
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the main driver of viral persistence [1] and HIV disease pro-
gression [2]. Studies have demonstrated that during HIV infec-
tion, impairment of the T cell effector response is mediated by
IL-10 and PD-L1 [5, 6]. Multiple groups have reported that B
cells and specifically, Bregs are key sources of IL-10 [8, 9], and
using a polyoma virus animal model Velupillai et al. [26] dem-
onstrated that expression of IL-10 by TLR-stimulated B cells
contributes significantly to impaired T cell effector function.

Bregs have been ascribed various phenotypic markers, includ-
ing CD19�CD24hiCD38hi immature translational [13] or
CD19�CD27hiCD24hiB10 memory B cells [27]. It is likely that
this discrepancy arises from diverse methods of in vitro stimu-
lation used to achieve IL-10 expression. As a result of these
factors, IL-10 expression remains the sole important criterion
to identify Bregs. Nonetheless, by investigating endogenous
IL-10 expression, thus circumventing in vitro stimulation-in-
duced artifacts, Blair et al. [13] convincingly showed that
CD19�CD24hiCD38hi B cells are highly IL-10-competent with
regulatory properties. Data from a recent study corroborate
the regulatory properties of CD19�CD24hiCD38hi B cells dur-
ing hepatitis B viral infection [10]. Our findings extend these
Breg-suppressive properties to HIV infection, which is associ-
ated with a systemic prevalence of TLR ligands and CD40L. In
vitro, we demonstrate that TLR2-, TLR9-, and CD40L-costimu-
lated Bregs from healthy controls lead to high PD-L1 expres-
sion and an increased frequency of IL-10-positive cells. This
indicates that stimuli required for Breg activation and IL-10
expression prevail during HIV infection. We demonstrated
that in HIV� individuals, even after successful ART therapy, a
high frequency of Bregs was constitutively IL-10-positive. Inter-
estingly there was no statistically significant difference in Breg
PD-L1 expression between HIV� and HIV� individuals. In
vitro, we show that depletion of Bregs from PBMCs of HIV�

individuals and subsequent stimulation with HIV-pooled pep-
tides result in enhanced proliferation of HIV-specific CD8� T
cell effector subsets. In addition, Breg-mediated suppression of
CD8� T cell function was partially IL-10-dependent, corrobo-
rating published results [10, 13]. During HIV infection, effec-
tive CTL responses are pivotal in controlling viral replication
[28–30], thus our finding that Breg frequency correlates posi-
tively with viral load indicates that during HIV infection, acti-
vated Bregs potentially contribute to attenuation of CTL func-
tions, likely leading to viral persistence. Further evidence for
this potential Breg role during HIV infection was provided by
the significant, positive correlation between Breg frequency
and chronic immune activation, as well as with T cell ex-
haustion—markers of disease progression that have been
reported to correlate with residual viral replication [2, 31].
In published reports, Breg-suppressive activities are associ-
ated with an increase in Breg frequency [10, 13], Surpris-
ingly, we found a reduction of Breg frequency in HIV� indi-
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Figure 7. Breg frequency is reduced
dramatically in HIVavir

� individuals. (A)
HIVvir

� (n�17) and HIVavir
� (n�17)

individuals exhibit significant differ-
ences in Breg frequency compared with
HIV� individuals (n�19) (B) yet com-
parable B cell frequencies. (C) Despite
low frequency, the Bregs of HIVavir

�

individuals (n�9) exhibited a higher
frequency of IL-10-positive cells than
Bregs from healthy controls (n�10). P
values (two-tailed t-test; confidence in-
terval of 95%) are indicated.
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viduals. This reduction was not related to HIV-associated
lymphopenia, as we determined an inverse correlation be-
tween Breg frequency and CD4� T cell count (data not
shown). Despite this depletion, ex vivo-unstimulated Bregs
of HIVvir

� individuals exhibited elevated frequencies of IL-
10-positive cells compared with HIVavir

� individuals and
healthy controls. Furthermore, the observed elevated, en-
dogenous, IL-10-positive Breg population was reduced in
HIVavir

� individuals and not normalized compared with
Bregs from healthy controls. It is thus likely that despite the
reduced Breg frequency in aviremic individuals, spontane-
ous IL-10 expression contributes to exhausted T cells ob-
served, even in ART-treated subjects. Along similar lines,
data from a recent study using a tumor animal model indi-
cated that few Breg cells effectively suppress anti-tumor T
cell effector function [12]. In vitro, we similarly determined
that depletion of Bregs in ART-treated individuals resulted
in enhanced, anti-HIV-specific CTL responses, as deter-
mined by clearance of infected CD4� T cells.

Taken together, our data present the first report on B
cell-mediated regulation of T cell function during HIV in-
fection. Additionally, results from our study could lead to
defining treatment strategies, enhancing antiviral T cell ef-
fector functions in ART-treated, HIV� individuals. In these
individuals, sustained, impaired CTL responses remain a
major hurdle toward viral eradication. In an elegant in vivo
model, therapeutic Breg depletion led to effective CTL-me-
diated tumor eradication [12]. Further studies are needed
to delineate the impact of Breg loss in HIV� individuals and
to define further the mechanisms of Breg-mediated dysfunc-
tion of the T cell compartment in ART-treated patients.
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