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Abstract
During HIV infection, IL-10/IL-10 receptor and programmed death-1 (PD-1)/programmed death-1-ligand (PD-L1) interactions
have been implicated in the impairment of cytotoxic T lymphocyte (CTL) activity. Despite antiretroviral therapy (ART),
attenuated anti-HIV CTL functions present a major hurdle towards curative measures requiring viral eradication. Therefore,
deeper understanding of the mechanisms underlying impaired CTL is crucial before HIV viral eradication is viable. The
generation of robust CTL activity necessitates interactions between antigen-presenting cells (APC), CD4+ and CD8+ T cells.
We have shown that in vitro, IL-10hiPD-L1hi regulatory B cells (Bregs) directly attenuate HIV-specific CD8+-mediated CTL
activity. Bregs also modulate APC and CD4+ T cell function; herein we characterize the Breg compartment in uninfected
(HIVNEG), HIV-infected ‘‘elite controllers’’ (HIVEC), ART-treated (HIVART), and viremic (HIVvir), subjects, and in vitro, assess the
impact of Bregs on anti-HIV CTL generation and activity after reactivation of HIV latent reservoirs using suberoylanilide
hydroxamic acid (SAHA). We find that Bregs from HIVEC and HIVART subjects exhibit comparable IL-10 expression levels
significantly higher than HIVNEG subjects, but significantly lower than HIVVIR subjects. Bregs from HIVEC and HIVART subjects
exhibit comparable PD-L1 expression, significantly higher than in HIVVIR and HIVNEG subjects. SAHA-treated Breg-depleted
PBMC from HIVEC and HIVART subjects, displayed enhanced CD4+ T-cell proliferation, significant upregulation of antigenpresentation molecules, increased frequency of CD107a+ and HIV-specific CD8+ T cells, associated with efficient elimination
of infected CD4+ T cells, and reduction in integrated viral DNA. Finally, IL-10-R and PD-1 antibody blockade partially reversed
Breg-mediated inhibition of CD4+ T-cell proliferation. Our data suggest that, possibly, via an IL-10 and PD-L1 synergistic
mechanism; Bregs likely inhibit APC function and CD4+ T-cell proliferation, leading to anti-HIV CTL attenuation, hindering
viral eradication.
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with financial cost and potential toxicity, thus, therapies leading to
HIV eradication are urgently warranted. Recent studies have
focused on using small molecules that, unlike antibodies, reactivate
the latent reservoirs without inducing unrestrained T cell
activation [7]. However, data from a seminal study by Shan et
al [8] indicate that reactivating the viral reservoir using the FDAapproved histone deacetylase inhibitor (HDACi), suberoylanilide
hydroxamic acid (SAHA) was not associated with the death of
infected CD4+ T cells as was previously hypothesized. In contrast,
Shan et al determined that post reactivation of latent reservoirs an
efficient CTL response was indispensable to clear infected cells.
Since CTL responses are impaired in HIVART subjects, Margolis
and Hazuda [9] suggest that HIV eradication would require a dual
approach: reactivation of the latent reservoir without inducing

Introduction
CD8 cytotoxic T lymphocyte (CTL) activity is critical in
controlling viral replication during HIV infection (reviewed in [1]).
Individuals who naturally control HIV replication in the absence
of therapy (‘‘elite controllers’’, HIVEC) often exhibit robust CTL
activity [2,3]. In contrast, CTL function is severely attenuated in
individuals who do not control HIV, and this impaired CTL
activity is not restored even with successful ART [2].
In ART-treated HIV-infected subjects (HIVART), viral replication is suppressed but the virus persists because early in infection
HIV establishes latent reservoirs and upon ART interruption,
HIV replication is detected [4,5]. The establishment of stable
latent reservoirs [6] dictates lifelong ART treatment associated
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global activation, concomitant with strategies to boost the immune
response, specifically anti-HIV CTL responses. This indicates that
understanding and delineating the mechanisms underlying CTL
impairment in ART-treated HIV-infected subjects is critical
before HIV eradication becomes viable. We have shown that in
HIVART subjects, IL-10 expressing regulatory B cells (Bregs,
CD19+CD24hiCD38hi) attenuate anti-HIV CTL activities in vitro
by directly inhibiting the proliferation of antigen-specific cytotoxic
CD8+ T cells in a partially IL-10 dependent manner [10].
Similarly, Das et al report that CD19+CD24hiCD38hi Bregs
impair CTL activity during chronic Hepatitis B virus infection
[11]. However, interactions between proliferating CD4+ T cells
and antigen presenting cells (APC) are also critical in generating
effective CTL responses [12]. Interestingly, studies show that
activated B cells negatively regulate CD4+ T cell proliferation and
APC function [13–15], indirectly attenuating the generation of
effective CTL, however this has not been investigated in human
viral infections.
In this study, the goal was twofold: a comprehensive characterization of the Breg compartment in HIV-infected subjects
including ‘‘elite controllers’’ and assessing the anti-HIV CTL
inhibitory role for Bregs in the clinically relevant context of latent
reservoir reactivation. We determine phenotypic and functional
similarities between Bregs from HIVEC and HIVART subjects.
Further, in vitro after SAHA treatment, Bregs directly and
indirectly attenuate anti-HIV CTL activity. The mechanism likely
involves modulation of mediators of CTL generation via IL-10
and/or PD-L1. To our knowledge, these data represent the first
report demonstrating possible mechanisms by which Bregs directly
attenuate HIV-specific CTL generation and function in a human
viral infection with potential therapeutic importance in eradication
of HIV.

inhibitor (HDACi), suberoylanilide hydroxamic acid (SAHA) leads
to reactivation of HIV latent reservoirs [16–18]. In SAHA-treated
PBMC from HIVEC, Breg depletion led to enhanced CD107a
expression (averagely, 451% increased expression) on CD8+ T
cells of all subjects investigated (n = 4, Figure 2a, left panel). There
was an increase in CD107+CD8+ T cells (averagely, 251%
increased expression) in 80% of the HIVART subjects (5 of 6,
Figure 2a, right panel). This observed increase in the frequency of
cytotoxic CD8+ T cells was also associated with an increased
frequency of CD8+ T cells expressing HIVgag CTL-associated SL9
epitope [19–21] (averagely 282% increased expression) in the
HIVART (n = 4) subjects studied (Figure 2b).

In Breg-depleted SAHA-Treated PBMC from HIVEC and
HIVART Subjects, Heightened Frequency of CTLCompetent CD8+ T cells is Associated with Efficient
Elimination of HIV Infected CD4+ T Cells and Reduction of
Viral DNA
After determining that Breg depletion resulted in elevated
frequency of CTL-competent CD8+ T cells (identified by CD107a
expression), we investigated if this leads to enhanced clearance of
infected cells. By intracellular cytokine staining (Figure 3a), we
determined that Breg depletion led to a significantly reduced
frequency of infected CD4+ T cells in PBMC from HIVEC
(p = 0.0021) and HIVART, (p = 0.0236) (HIV-1 core protein
positive cells, Figure S1). Finally, by quantitative RT-PCR with
primers hybridizing in the HIV LTR we determined that Breg
depletion was associated with a significant decrease (p = 0.0292) in
viral DNA in SAHA-treated PBMC from HIVART (n = 4)
(Figure 3b).

After SAHA Treatment, Breg Depletion leads to Enhanced
Expression of Antigen Presentation Molecules and
Heightened Proliferation of CD4+ T cells

Results
HIV-infected ‘‘Elite Controllers’’ (HIVEC) and Uninfected
(HIVNEG) Individuals have Comparable Breg-frequency

In these SAHA treated samples, we next investigated the
underlying mechanisms by which Bregs mediate inhibition of CTL
activity. The generation of robust CTL responses requires
interactions between antigen presenting cells (APC) and proliferating CD4+ T cells [12]. We determined that in the HIVEC
subjects, Breg depletion led to enhanced DC expression of MHC-I
(p = 0.0154) and MHC-II (p = 0.0008) as well as B-cell expression
of MHC-II (p = 0.0076) (Figure 4b). Similarly, in HIVART subjects
Breg depletion led to enhanced DC expression of MHC-I
(p = 0.0034), and MHC-II (p = 0.0076) as well as B-cell expression
of MHC-II (p = 0.0331) and proliferation of CD4+ T cells
(Figure 4b,c, p = 0.0313).

We have previously shown in vitro that after stimulation with
HIV peptides, Bregs from HIVART subjects directly attenuate the
proliferation of HIV-specific CD8+ T cells and anti-CTL activities
in a partially IL-10-dependent manner [10]. We characterized
Bregs (gating strategy shown in Figure 1a) from HIVEC (n = 15);
healthy controls HIVNEG (n = 20), HIVART (n = 20), and viremic
HIV-infected subjects (HIVVIR) (n = 17). Breg frequencies were
similar between HIVEC and HIVNEG groups, and were lower in
the HIVVIR group, (Figure 1b, p = 0.04 for HIVVIR versus HIVEC,
p = 0.06 for HIVVIR versus HIVNEG). Surprisingly, Breg frequencies were lowest in the HIVART group (Figure 1b, p = 0.0015 for
HIVART versus HIVEC, p = 0.01 for HIVART versus HIVNEG). By
intracellular cytokine staining (Figure 1c) we determined that a
significantly higher percentage of Bregs in HIVVIR subjects were
IL-10 positive compared to Bregs from HIVEC (p = 0.0006),
HIVART (p,0.0001) and HIVNEG (p,0.0001) subjects. Further,
Bregs from HIVEC and HIVART subjects exhibit comparable
frequencies of IL-10 positive cells, significantly higher than in
HIVNEG subjects (Figure 1c, p = 0.0043 and p = 0.0119 respectively).

Bregs from HIVEC and HIVART Individuals Express Elevated
PD-L1 Levels and Breg Inhibition of CD4+ T-cell
Proliferation is Partially PD-L1 and IL-10 Dependent
We previously demonstrated that TLR activated Bregs
upregulate PD-L1 expression [10]. Further, during HIV infection,
exhausted PD-1hi T cells significantly contribute to viral persistence [22–25] and in vivo PD-1 blockade has been shown to lead
to reduction in viral load [26,27]. We therefore investigated PDL1 expression levels on Bregs from HIVNEG, HIVVIR, HIVAVIR,
and HIVEC (Figure 5a). We determined that Bregs from HIVART,
and HIVEC have comparable levels of PD-L1 expression. In
contrast, Bregs from HIVEC had higher levels of PD-L1 expression
compared to Bregs from HIVNEG (p = 0.0929) and HIVVIR
(p = 0.0421). Bregs from HIVART expressed 34% and 38% more
PD-L1 than Bregs from HIVNEG and HIVVIR respectively.

Breg-Depleted SAHA-Treated PBMC from HIVEC and
HIVART Individuals Exhibit Heightened Frequency of HIVspecific Cytotoxic CD8+ T cells
We next investigated the impact of Bregs on CTL activity in a
clinically relevant setting. Results from in vitro and in vivo studies
have demonstrated that treatment with the histone deacetylase
PLOS ONE | www.plosone.org
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Figure 1. HIVEC and HIVNEG have comparable Bregs frequency. PBMC from HIVEC (n = 15), HIVART (n = 20), HIVNEG, (n = 20) and HIVVIR, (n = 17)
were cultured for 48H and during the final 5H supplemented with PMA (25 ng/ml), Ionomycin (1 ug/ml), Brefeldin A (1:100) and by flow cytometry,
the (a,b) frequency of CD19+CD24hiCD38hi Bregs and (c) IL-10-positive Bregs (intracellular cytokine staining) determined. p values for differences as
calculated by Mann Whitney test two-tailed t test (Graphpad Prism software) are indicated; * = p,0.05, ** = p,0.01, lines indicate mean with SEM.
doi:10.1371/journal.pone.0092934.g001

Interestingly, in HIVEC, HIVART and HIVVIR, compared to other
B cell subsets, Bregs expressed significantly higher levels of PD-L1
(Figure 5b).
To assess the contribution of IL-10 and PD-L1 to Bregimmunoregulation, we employed CD4+ T cell proliferation coculture assays. Purified VPD450-labeled CD4+ T cells were
stimulated with MACSiBeads (Miltenyi, T cell Activation/
Expansion kit) and IL-2, either cultured with medium alone, cocultured with non-Breg B cells, with Bregs, or co-cultured with
Bregs supplemented either with anti-IL-10 receptor (IL-10R)
blocking antibody, a PD-1 blocking antibody or both anti-IL-10R
and anti-PD-1 blocking antibodies combined, as described
elsewhere [22]. We determined that CD4+ T cells co-cultured
with Bregs proliferated significantly less that those co-cultured with
non-Bregs (p = 0.0316, Figure 6a). Further, in the Bregs cocultures, addition of IL-10R, PD-1 antibody and both IL-10R and
PD-1 blocking antibodies led to 14%, 19% and 24% respective
increased CD4+ T-cell proliferation compared to the control
(Figure 6b); comparable results have been reported in similar
antibody blocking assays [28].

infected subjects. Thus understanding the mechanisms underlying
the attenuated CTL activity in ART-treated HIV-infected subjects
is crucial before viral eradication is feasible. We have shown that
in vitro, Bregs inhibit the generation of anti-HIV CTL activity
after antigenic stimulation [29], here we provide compelling data
indicating that in vitro, after SAHA-mediated reactivation of HIV
reservoirs, Bregs exert a similar anti-HIV CTL inhibitory role.
Regulatory B cells (Bregs) have been attributed divergent
phenotypic (reviewed in [30]) markers, thus IL-10 production
remains the de facto Breg marker. However, our group as well as
others have shown that during human viral infections,
CD19+CD24hiCD38hi B cells are highly IL-10 competent and
exert a regulatory function [11,29]. Here we furnish further
evidence supporting this notion. We find that amongst B cell
subsets, Bregs express the highest levels of immunosuppressive
mediators IL-10 and PD-L1. Further, unlike Bregs, a non-Breg
subset (CD19+CD24loCD38lo) did not robustly inhibit CD4+ T cell
proliferation.
To perform an exhaustive assessment of the Breg compartment
during HIV pathogenesis, we used PBMC from HIV-infected
‘‘elite controllers’’, ART-treated and viremic subjects as well as
uninfected subjects as controls. Robust and polyfunctional CTL
activities in HIV-infected ‘‘elite controllers’’ have been associated
with their ability to control HIV replication without ART [3,31].
We find that HIVEC and HIVNEG subjects exhibit comparable
Breg-frequency that was slightly reduced in HIVVIR subjects and

Discussion
In vitro data from a seminal study by Shan et al, [8] indicate
that despite efficient reactivation of the reservoirs using SAHA,
effective clearance of infected cells requires robust anti-HIV CD8+
CTL responses, which remain attenuated in ART-treated HIVPLOS ONE | www.plosone.org
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Figure 2. SAHA treated Breg-depleted PBMC from HIVEC and HIVART exhibit higher frequencies of anti-HIV CTL-competent CD8+ T
cells. (a) 500 nM SAHA-treated total or Breg-depleted PBMC from HIVEC (n = 4) and HIVART (n = 6) were cultured for 4 days and the frequency
CD107a+CD8+ T cells determined by flow cytometry. (b) After 4 days in culture, by flow-cytometry using an HLA-A*0201 MHC-I HIV DextramerH
(Immudex), the frequency of HIVgagSL9+ CD8+ T cells was determined; left panel depicts representative dot-plots demonstrating specific binding and
right panel shows the summary of results (A2pos = HLA-A*2 positive, A2neg = HLA-A*2 negative). p values for differences as calculated by paired onetailed t test (Graphpad Prism software) are indicated.
doi:10.1371/journal.pone.0092934.g002

function likely involves a synergistic effect of IL-10 and PD-L1,
comparable to results from a study by Brooks et al [33]. In
autoimmune settings, murine Bregs exert immunoregulatory
functions via cognate T-cell ligands including CD40, MHCII
and IL-21 [34]. However, we did not find any difference in the
expression of CD40, MHCII and IL-21R on the Bregs in our
subjects (data not shown), indicating key differences between Breg
immunoregulatory pathways in autoimmune diseases and viral
infections. There is growing interest in blocking the PD-1 pathway
as part of an HIV cure strategy [26,35]. Our data suggest that in
the context of long-term effective ART, blocking either PD-1L or
PD-1 may result in the generation of effective generation of antiHIV CTL, and ultimately enhanced clearance of infected cells.
Finally, we assessed the impact of Bregs on anti-HIV CTL
activity after SAHA-treatment. We used degranulation (CD107a
expression) as the measure of CTL-competency and determined
that following reactivation of latent reservoirs using SAHA, Bregdepletion modulated critical mediators of robust CTL generation
including antigen presentation and CD4+ T cell proliferation
[12,36]. Murine Bregs have been shown to modulate APC
function and inhibit CD4+ T cell proliferation [13,14,37] but to

lowest in the HIVART subjects. Some reports indicate that IL-10competent B cells are susceptible to apoptosis [32], and we
observed that compared to other B cell subsets, Bregs from HIVinfected subjects express significantly higher levels of Annexin V
and lower anti-apoptotic Bcl-2 expression (Figure S2), suggesting
that Bregs may be more prone to undergo cell death in HIV
infected individuals. These data collectively suggest that HIV
causes a loss of these cells, and that this loss is not readily reversed
with ART.
Regarding the expression of immunosuppressive mediators IL10 and PD-L1 by Bregs, we determined that Bregs from HIVEC
and HIVART subjects constitutively expressed comparable levels of
IL-10 and PD-L1, higher than in HIVNEG. However, Bregs from
HIVVIR expressed the most IL-10 though lower PD_L1 levels that
were comparable to Bregs from HIVNEG.
We have previously shown in vitro that, Breg inhibition of
CD8+ T cell proliferation is partially IL-10 dependent [10].
However, our finding that Bregs also express high levels of PD-L1
prompted us to investigate if Bregs also exert their immunoregulatory function via PD-L1-PD-1 interactions. Data from our
antibody blockade study, suggest that Bregs-immunoregulatory
PLOS ONE | www.plosone.org
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Figure 3. Association between elevated frequency of CTL–competent T cells, clearance of infected CD4+ T cells and reduced viral
DNA. (a) 500 nm SAHA-treated total or Breg-depleted PBMC from HIVEC (n = 4) and HIVART (n = 5) were cultured for 4 days and the frequency of
infected CD4+ T cells was determined by binding to KC57-antibody. (b) In HIVART subjects (n = 5), relative levels of HIV DNA between SAHA-treated
total or Breg-depleted PBMC were determined by qPCR with LTR hybridizing primers after 4 days in culture. p values as calculated by paired twotailed t test (Graphpad Prism software) are indicated.
doi:10.1371/journal.pone.0092934.g003

viral load of 48 copies/ml (range: 20–1226). HIVEC were
characterized as HIV-infected subjects capable of maintaining
their viral load at ,2000 copies/ml without ART as previously
described [3].

our knowledge this is the first time this has been demonstrated for
IL-10-competent Bregs during a human viral infection. In these
Breg-depleted samples, the robustness of the CTL response was
reflected by the enhanced expression of CTL-competent CD107a+
and HIV-specific CD8+ T cells. Finally, we determined significantly enhanced clearance of infected CD4+ T cells, a significant
reservoir of latent HIV [4,5,38].
Taken together our results suggest that during HIV infection
CD19+CD24hiCD38hi Bregs represent the predominant IL-10
producing B-cell subset, consistent with previous data suggesting a
similar role for Bregs during hepatitis B viral infection [39].
Further, we provide novel evidence indicating that Bregs represent
the B-cell subset with highest levels of PD-L1 expression in HIV
infection, although more studies are warranted to delineate the
patterns of Breg IL-10 and PD-L1 expression. Finally, our results
suggest a role for Bregs in attenuating CTL responses after
reactivation of HIV latent reservoirs. Ineffective CTL responses
present a critical hurdle in the quest for HIV eradication. Thus
further elucidation of Breg phenotype and regulation could
potentially lead to therapies boosting the anti-HIV responses
and HIV eradication during curative measures.

Analysis of IL-10 Production by Bregs and
Immunophenotyping of PBMCs
To determine endogenous intracellular IL-10 production,
PBMC were cultured for 48 hours; during the final 5 hours of
incubation the cultures were supplemented with Brefeldin A
(1:100, BD), PMA (50 ng/ml, Invivogen) and Ionomycin (1 ug/
ml, Invivogen). After incubation the cells were washed, stained for
viable cells (LIVE/DEAD Aqua Fixable Dead Cell Stain Kit,
Invitrogen), surface stained, fixed/permeabilized (Fix/Perm Kit
BD Biosciences) and stained for intracellular IL-10 (IL-10-AF-647,
eBioscience). To determine spontaneous expression of IL-10 by
Bregs from HIV-infected individuals and healthy controls,
PBMCS were incubated overnight, stimulated for the final 5 hours
and stained as described for healthy controls. The following
antibodies were used for immunophenotyping of PBMC: CD19ECD (Beckman Coulter), PD-L1-PE-Cy7 (eBioscience), CD24-PE,
CD38-FITC, HLA-DR-PE-Cy7, CD4-Pacific Blue, CD8-APCH7, Lineage-1-FITC, CD11c- AF-700, HLA-ABC-PE-C7 and
CD107a-PE-C5 (BD, Bioscience). HIV-specific CD8+ T cells were
identified by binding to MHC-1-APC DextramerH (Immudex) and
HIV-infected CD4+ T cells were identified by binding to KC-57PE antibody (Beckman Coulter). All samples were acquired on an
LRSII (BD, Bioscience) flow cytometer and the data was analyzed
using FlowJo software (Tree Star Inc).

Materials and Methods
Ethics Statement and Study Participants
All studies were performed after signed informed written
research consent by each study subject. The study was reviewed
and approved by the Institutional Review Board of the Rush
University Medical Center, University of California—San Francisco (UCSF), and the University of Iowa City VAMC and
University of Iowa. HIV-uninfected (HIVNEG) subjects had a
median CD4 count of 777 cells/ml (range: 380–1487). HIVinfected viremic (HIVVIR) subjects had a median CD4 count of
495 cells/ml (range: 240–1136) and median viral load of 40909
copies/ml (range: 11023–3140000). Antiretroviral-treated HIVinfected (HIVART) subjects had a median CD4 count of 435 cells/
ml (range: 212–1076) and median viral load of 40 copies/ml
(range: 0–800). HIV-infected ‘‘Elite’’ controllers (HIVEC) had a
median CD4 count of 763 cells/ml (range: 454–1595) and median
PLOS ONE | www.plosone.org

Functional Assays
Proliferation dye VPD450 (BD Bioscience)-labeled total or
Breg-depleted PBMCs from HIV+ individuals were stimulated
with HIV-peptide (NIH AIDS repository) pool spanning nef, env,
gag and pol (2 ug/ml each) or 500 mM SAHA (Sigma). After
96 hours the frequencies of either CD8+CD107a+ (cytotoxic CD8+
T cells), infected CD4+ T cells (using KC57-Rd1, BeckmanCoulter, antibody that binds HIV-1 proteins 55, 39 33 and
24 KDa core) and proliferation of CD4+ T cells were determined
5

April 2014 | Volume 9 | Issue 4 | e92934

Regulatory B Cell Functions in HIV Infection

Figure 4. SAHA-treated Breg-depleted PBMC from HIVEC and HIVART exhibit upregulated expression of antigen-presenting
molecules and proliferation of CD4+ T cells. After 4 days in culture, (a) the expression of MHC-II and MHC-I/II on B cells and dendritic cells
(LIN2CD11c+HLA-DR+) respectively was determined by flow cytometry in (b) SAHA-treated total or Breg-depleted PBMC from HIVEC, (n = 4, upper
panel) and HIVART, (n = 4, lower panel). The gating strategy and representative histogram overlays are depicted in Figure 3a. (c) VPD450-proliferation
dye labeled total or Breg-depleted PBMC were stimulated with SAHA (500 nM, Figure 1b right panel, n = 5) and after 4 days in culture proliferation of
CD4+ T cells was determined by flow cytometry. p values for differences in CD4+ T cell proliferation as calculated by paired two-tailed t test (Graphpad
Prism software) are indicated.
doi:10.1371/journal.pone.0092934.g004
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Figure 5. Bregs from HIVEC and HIVART subjects exhibit comparable endogenous levels of PD-L1. In PBMC (n = 15) of HIVEC, HIVART,
HIVNEG, and HIVVIR, endogenous levels of PD-L1 expression on (a) Bregs and (b) Bregs compared to the other B-cell subsets were determined by flow
cytometry. Boxes represent 25th to 75th percentiles, whiskers indicate minimum and maximum values and the lines indicate the median. P values
(Graphpad Prism software) are indicated; * = p,0.05, ** = p,0.005, *** = p,0.0005.
doi:10.1371/journal.pone.0092934.g005

Figure 6. In HIVART subjects Breg-mediated inhibition of CD4+ T cell proliferation is dependent on a synergy between PD-L1 and IL10. Bregs or non-Bregs B cells were co-cultured for 72 hours with VPD450-labeled FACS-purified CD4+ T cells, activated using Anti-Biotin MACSiBead
(Miltenyi, T Cell Activation/Expansion Kit) and IL-2 (2 U/ml) and proliferation of CD4+ T cells determined by flow cytometry. (a) Right panel, shows a
representative overlay and right panel depicts compilation of results, whereby the reduction in proliferation is normalized to CD4+ T cell proliferation
alone (n = 4). (b) In antibody blocking experiments, labeled and activated CD4+ T cells were co-cultured with Bregs and under conditions shown
above the representative histograms (n = 4) (a-IL-10 = IL-10R blocking antibody (20 ug/ml, Biolegend), a-PD-1 = PD-1 blocking antibody (10 ug/ml,
Biolegend).
doi:10.1371/journal.pone.0092934.g006
PLOS ONE | www.plosone.org
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by flow-cytometry. To determine the effect of PD-L1/PD-1 and
IL-10/IL-10R interactions in Breg-mediated inhibition of CD4+
T cell proliferation, VPD450-labeled FACS-purified CD4+ T cells
were activated using Anti-Biotin MACSiBead loaded CD2, CD3,
and CD28 antibodies (Miltenyi, T Cell Activation/Expansion Kit)
and IL-2 (20U, NIH AIDS repository), cultured with medium
alone, with Bregs, with Bregs and IL-10R blocking antibody
(20 ug/ml, BD Pharmingen), with Bregs and PD-1 blocking
antibody (10 ug/ml, BD Pharmingen) or with Bregs with both IL10R and PD-1 blocking antibodies. After 72 hours, proliferation
was determined by flow cytometry.

Statistical Analysis
Results are expressed as mean 6 standard error of the mean
(SEM) or as indicated. GraphPad Prism software, version 5.03 was
used for all statistical analysis. The statistical significance p value
between group parameters was determined using either unpaired
or paired tests (as indicated, with a confidence level of 95%). The
statistical dependence between variables was calculated using the
Spearman rank correlation analysis. p values of ,0.05 were
considered statistically significant.

Supporting Information
Figure S1 Detection of infected CD4+ T cells using the
KC-57 antibody. To determine the specificity of the KC-57
antibody, total or Breg-depleted PBMC from an HIVART subject,
were supplemented with HIV-peptides (2 ug/ml of gag, pol, env
and nef) and as a control PBMC were left unstimulated. After 4
days in culture, intracellular staining for KC-57 was performed
and the frequency of stained infected cells determined by flow
cytometry. Representative dot plots from 3 independent experiments are shown.
(TIF)

Staining of HIV-specific CD8+ T cells with HLA-A*0201Restricted 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-Dextramer (Immudex, Copenhagen, Denmark). Cells of HLA-A2 typed HIV+ individuals were
washed twice with PBS, and incubated with 10 ml Dextramer for
10 minutes at room temperature, stained with antibodies and
analyzed by flow-cytometry.

Figure S2 Breg B-cells from HIV-infected subjects
express high levels of Annexin V and low levels of Bcl2. To determine the cause of Breg loss in HIV-infected subjects by
flow cytometry we assessed the frequency of determined Annexin
V positive and intracellular Bcl-2 positive Bregs and non-Bregs
(mature and memory B cells) in HIV-infected (a,b) and (a)
HIVNEG subjects. P values determined by Graphpad Prism
software are indicated.
(TIF)

LTR Real-Time PCR for HIV-1 DNA Quantification
RNA was isolated using Qiagen RNeasy Kit, according to the
manufacturer’s recommendations. Subsequently, cDNA was
synthesized using the Quantitect Reverse Transcription kit
(Qiagen, Valencia, CA). Real-time RT-PCR was performed using
a Quantitect SYBR Green PCR kit (Qiagen) in a 7900HT Fast
Real-Time PCR system (Applied Biosystems, Foster City, CA).
Melting curve analysis was performed to ensure that the primers
amplified the desired amplicon and that primer-dimers were
absent. Primers used were: Long Terminal Repeats (LTR) mRNA
forward 59-TCAAGTAGTGTGTGCCCGTCTGTT-39 and reverse
59-AGCTCCTCTGGTTTCTCTTTCGCT-39;
and
GAPDH mRNA forward 59-CTTCAACGACCACTTTGT-39
and reverse 59-TGGTCCAGGGGTCTTACT-39. Fold change in
RNA expression was calculated by relative quantification using the
comparative cycle threshold method. GAPDH expression was
used as an endogenous control.

Acknowledgments
We would like to thank Dr. Ganesh Balaji and Jewel Graves of UIC FCS
core.

Author Contributions
Conceived and designed the experiments: BS AL. Performed the
experiments: BS JW SR. Analyzed the data: BS AL JTS SGD. Contributed
reagents/materials/analysis tools: JTS SGD JM. Wrote the paper: BS AL
JTS SGD.

References
10. Siewe B, Stapleton JT, Martinson J, Keshavarzian A, Kazmi N, et al. (2013)
Regulatory B cell frequency correlates with markers of HIV disease progression
and attenuates anti-HIV CD8+ T cell function in vitro. J Leukoc Biol.
11. Das A, Ellis G, Pallant C, Lopes AR, Khanna P, et al. (2012) IL-10-producing
regulatory B cells in the pathogenesis of chronic hepatitis B virus infection.
J Immunol 189: 3925–3935.
12. Ahmed KA, Wang L, Munegowda MA, Mulligan SJ, Gordon JR, et al. (2012)
Direct in vivo evidence of CD4+ T cell requirement for CTL response and
memory via pMHC-I targeting and CD40L signaling. J Leukoc Biol 92: 289–
300.
13. Bouaziz JD, Calbo S, Maho-Vaillant M, Saussine A, Bagot M, et al. IL-10
produced by activated human B cells regulates CD4(+) T-cell activation in vitro.
Eur J Immunol 40: 2686–2691.
14. Morva A, Lemoine S, Achour A, Pers JO, Youinou P, et al. (2012) Maturation
and function of human dendritic cells are regulated by B lymphocytes. Blood
119: 106–114.
15. Matsushita T, Horikawa M, Iwata Y, Tedder TF (2010) Regulatory B cells (B10
cells) and regulatory T cells have independent roles in controlling experimental
autoimmune encephalomyelitis initiation and late-phase immunopathogenesis.
J Immunol 185: 2240–2252.
16. Archin NM, Espeseth A, Parker D, Cheema M, Hazuda D, et al. (2009)
Expression of latent HIV induced by the potent HDAC inhibitor suberoylanilide
hydroxamic acid. AIDS Res Hum Retroviruses 25: 207–212.
17. Contreras X, Schweneker M, Chen CS, McCune JM, Deeks SG, et al. (2009)
Suberoylanilide hydroxamic acid reactivates HIV from latently infected cells.
J Biol Chem 284: 6782–6789.

1. McIlroy D (2013) Do HIV-specific CTL continue to have an antiviral function
during antiretroviral therapy? If not, why not, and what can be done about it?
Front Immunol 4: 52.
2. Hersperger AR, Migueles SA, Betts MR, Connors M (2011) Qualitative features
of the HIV-specific CD8+ T-cell response associated with immunologic control.
Curr Opin HIV AIDS 6: 169–173.
3. Deeks SG, Walker BD (2007) Human immunodeficiency virus controllers:
mechanisms of durable virus control in the absence of antiretroviral therapy.
Immunity 27: 406–416.
4. Chun TW, Stuyver L, Mizell SB, Ehler LA, Mican JA, et al. (1997) Presence of
an inducible HIV-1 latent reservoir during highly active antiretroviral therapy.
Proc Natl Acad Sci U S A 94: 13193–13197.
5. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, et al. (1997)
Identification of a reservoir for HIV-1 in patients on highly active antiretroviral
therapy. Science 278: 1295–1300.
6. Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, et al. (2003) Long-term
follow-up studies confirm the stability of the latent reservoir for HIV-1 in resting
CD4+ T cells. Nat Med 9: 727–728.
7. Migueles SA, Connors M (2012) Small molecules and big killers: the challenge of
eliminating the latent HIV reservoir. Immunity 36: 320–321.
8. Shan L, Deng K, Shroff NS, Durand CM, Rabi SA, et al. (2012) Stimulation of
HIV-1-specific cytolytic T lymphocytes facilitates elimination of latent viral
reservoir after virus reactivation. Immunity 36: 491–501.
9. Margolis DM, Hazuda DJ (2013) Combined approaches for HIV cure. Curr
Opin HIV AIDS 8: 230–235.

PLOS ONE | www.plosone.org

8

April 2014 | Volume 9 | Issue 4 | e92934

Regulatory B Cell Functions in HIV Infection

28. Brockman MA, Kwon DS, Tighe DP, Pavlik DF, Rosato PC, et al. (2009) IL-10
is up-regulated in multiple cell types during viremic HIV infection and reversibly
inhibits virus-specific T cells. Blood 114: 346–356.
29. Siewe B, Stapleton JT, Martinson J, Keshavarzian A, Kazmi N, et al. (2013)
Regulatory B cell frequency correlates with markers of HIV disease progression
and attenuates anti-HIV CD8(+) T cell function in vitro. J Leukoc Biol 93: 811–
818.
30. Mauri C, Bosma A (2012) Immune regulatory function of B cells. Annu Rev
Immunol 30: 221–241.
31. Hersperger AR, Martin JN, Shin LY, Sheth PM, Kovacs CM, et al. (2011)
Increased HIV-specific CD8+ T-cell cytotoxic potential in HIV elite controllers
is associated with T-bet expression. Blood 117: 3799–3808.
32. van de Veen W, Stanic B, Yaman G, Wawrzyniak M, Sollner S, et al. (2013)
IgG4 production is confined to human IL-10-producing regulatory B cells that
suppress antigen-specific immune responses. J Allergy Clin Immunol 131: 1204–
1212.
33. Brooks DG, Ha SJ, Elsaesser H, Sharpe AH, Freeman GJ, et al. (2008) IL-10
and PD-L1 operate through distinct pathways to suppress T-cell activity during
persistent viral infection. Proc Natl Acad Sci U S A 105: 20428–20433.
34. Yoshizaki A, Miyagaki T, DiLillo DJ, Matsushita T, Horikawa M, et al. (2012)
Regulatory B cells control T-cell autoimmunity through IL-21-dependent
cognate interactions. Nature 491: 264–268.
35. Porichis F, Kaufmann DE Role of PD-1 in HIV Pathogenesis and as Target for
Therapy. Curr HIV/AIDS Rep.
36. Ahmed KA, Wang L, Xiang J (2012) A new dynamic model of three cell
interactions for CTL responses. Oncoimmunology 1: 1430–1432.
37. Iwata Y, Matsushita T, Horikawa M, Dilillo DJ, Yanaba K, et al. (2011)
Characterization of a rare IL-10-competent B-cell subset in humans that
parallels mouse regulatory B10 cells. Blood 117: 530–541.
38. Wong JK, Hezareh M, Gunthard HF, Havlir DV, Ignacio CC, et al. (1997)
Recovery of replication-competent HIV despite prolonged suppression of
plasma viremia. Science 278: 1291–1295.
39. Das A, Ellis G, Pallant C, Lopes AR, Khanna P, et al. (2012) IL-10-producing
regulatory B cells in the pathogenesis of chronic hepatitis B virus infection.
J Immunol 189: 3925–3935.

18. Archin NM, Liberty AL, Kashuba AD, Choudhary SK, Kuruc JD, et al. (2012)
Administration of vorinostat disrupts HIV-1 latency in patients on antiretroviral
therapy. Nature 487: 482–485.
19. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, et al. (1994) Temporal
association of cellular immune responses with the initial control of viremia in
primary human immunodeficiency virus type 1 syndrome. J Virol 68: 4650–
4655.
20. Klein MR, van Baalen CA, Holwerda AM, Kerkhof Garde SR, Bende RJ, et al.
(1995) Kinetics of Gag-specific cytotoxic T lymphocyte responses during the
clinical course of HIV-1 infection: a longitudinal analysis of rapid progressors
and long-term asymptomatics. J Exp Med 181: 1365–1372.
21. Yang OO, Kalams SA, Trocha A, Cao H, Luster A, et al. (1997) Suppression of
human immunodeficiency virus type 1 replication by CD8+ cells: evidence for
HLA class I-restricted triggering of cytolytic and noncytolytic mechanisms.
J Virol 71: 3120–3128.
22. Said EA, Dupuy FP, Trautmann L, Zhang Y, Shi Y, et al. Programmed death-1induced interleukin-10 production by monocytes impairs CD4+ T cell activation
during HIV infection. Nat Med 16: 452–459.
23. Trautmann L, Janbazian L, Chomont N, Said EA, Gimmig S, et al. (2006)
Upregulation of PD-1 expression on HIV-specific CD8+ T cells leads to
reversible immune dysfunction. Nat Med 12: 1198–1202.
24. Trautmann L, Said EA, Halwani R, Janbazian L, Chomont N, et al. (2007)
Programmed death 1: a critical regulator of T-cell function and a strong target
for immunotherapies for chronic viral infections. Curr Opin HIV AIDS 2: 219–
227.
25. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, et al. (2006) PD-1
expression on HIV-specific T cells is associated with T-cell exhaustion and
disease progression. Nature 443: 350–354.
26. Velu V, Titanji K, Zhu B, Husain S, Pladevega A, et al. (2009) Enhancing SIVspecific immunity in vivo by PD-1 blockade. Nature 458: 206–210.
27. Palmer BE, Neff CP, Lecureux J, Ehler A, Dsouza M, et al. (2013) In vivo
blockade of the PD-1 receptor suppresses HIV-1 viral loads and improves CD4+
T cell levels in humanized mice. J Immunol 190: 211–219.

PLOS ONE | www.plosone.org

9

April 2014 | Volume 9 | Issue 4 | e92934

