J c I The Journal of Clinical Investigation

Amendment history:
o Corrigendum (July 2012)

Loss of memory B cells during chronic HIV infection is driven by
Foxo3a- and TRAIL-mediated apoptosis

Julien van Grevenynghe, ... , Rafick-Pierre Sékaly, Elias K. Haddad

J Clin Invest. 2011;121(10):3877-3888. https://doi.org/10.1172/JC159211.

RECEEICL WG ([ AIDS/HIV

Loss of memory B cells occurs from the onset of HIV-1 infection and persists into the chronic stages of infection. Lack of
survival of these cells, even in subjects being treated, could primarily be the consequence of an altered local
microenvironment induced by HIV infection. In this study we showed that memory B cell survival was significantly
decreased in aviremic successfully treated (ST) subjects compared with subjects who control viral load as a result of

natural immunity (elite controller [EC]) or with uninfected control (HIV™) subjects. The lower survival levels observed in
memory B cells from ST subjects were the result of disrupted IL-2 signaling that led to increased transcriptional activity of
Foxo3a and increased expression of its proapoptotic target TRAIL. Notably, memory B cell survival in ST subjects was
significantly enhanced by the addition of exogenous IL-2 in a Foxo3a-dependent manner. We further showed that Foxo3a
silencing by siRNA resulted in decreased expression of TRAIL and apoptosis levels in memory B cells from ST subjects.
Our results thus establish a direct role for Foxo3a/TRAIL signaling in the persistence of memory B cells and provide a
mechanism for the reduced [...]

Find the latest version:

https://jci.me/59211/pdf



http://www.jci.org
file:///articles/view/64981
http://www.jci.org/121/10?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI59211
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/59211/pdf
https://jci.me/59211/pdf?utm_content=qrcode

Research article

Loss of memory B cells during chronic
HIV infection is driven by Foxo3a- and
TRAIL-mediated apoptosis

Julien van Grevenynghe,'2.3.4 Rafael A. Cubas,* Alessandra Noto,!.2.3:4
Sandrina DaFonseca,!2:34 Zhong He,"2.3.4 Yoav Peretz,2.3 Abdelali Filali-Mouhim,!.2.:3.4
Franck P. Dupuy,'2-34 Francesco A. Procopio,’234 Nicolas Chomont,'2:3.4 Robert S. Balderas,5
Elias A. Said,® Mohamed-Rachid Boulassel,” Cecile L. Tremblay,!? Jean-Pierre Routy,37
Rafick-Pierre Sékaly,!2.3.4.8 and Elias K. Haddad'2.3:4.8

"Waccine and Gene Therapy Institute — Florida, Port St. Lucie, Florida, USA. 2Centre de recherche du Centre hospitalier de I'Université de Montréal (CRCHUM),

Hopital Saint-Luc, Québec, Canada. 3Laboratoire d’Immunologie, Département de Microbiologie et d’lmmunologie, Université de Montréal,
Montréal, Québec, Canada. “Institut National de la Santé et de la Recherche Médicale U743, CRCHUM, Université de Montréal, Montréal, Québec, Canada.
5BD Biosciences, San Diego, California, USA. 8Department of Microbiology and Immunology, College of Medicine, Sultan Qaboos University,
Muscat, Oman. Immunodeficiency Service and Division of Haematology, Royal Victoria Hospital, McGill University Health Center,

McGill University, Montréal, Québec, Canada. 8Department of Microbiology and Immunology, McGill University, Montréal, Québec, Canada.

Loss of memory B cells occurs from the onset of HIV-1 infection and persists into the chronic stages of infec-
tion. Lack of survival of these cells, even in subjects being treated, could primarily be the consequence of an
altered local microenvironment induced by HIV infection. In this study we showed that memory B cell survival
was significantly decreased in aviremic successfully treated (ST) subjects compared with subjects who control
viral load as a result of natural immunity (elite controller [EC]) or with uninfected control (HIV-) subjects.
The lower survival levels observed in memory B cells from ST subjects were the result of disrupted IL-2 sig-
naling that led to increased transcriptional activity of Foxo3a and increased expression of its proapoptotic
target TRAIL. Notably, memory B cell survival in ST subjects was significantly enhanced by the addition of
exogenous IL-2 in a Foxo3a-dependent manner. We further showed that Foxo3a silencing by siRNA resulted
in decreased expression of TRAIL and apoptosis levels in memory B cells from ST subjects. Our results thus
establish a direct role for Foxo3a/TRAIL signaling in the persistence of memory B cells and provide a mecha-
nism for the reduced survival of memory B cells during HIV infection. This knowledge could be exploited for

the development of therapeutic and preventative HIV vaccines.

Introduction

In addition to progressive T cell dysfunction and cell death, HIV
infection itself leads to early and profound deregulation of B cell
physiology, homeostasis, and function. These are manifested by
polyclonal activation of undifferentiated naive B cells (1), induc-
tion of hypergammaglobulinemia (2), increased expression of
activation markers (3), high frequencies of apoptotic cells (4),
poor responsiveness to antigenic and mitogenic stimulation
(5, 6), and a progressive depletion of peripheral CD27* memory
B cells (7). Of note, this loss of memory B cells already occurs
from the onset of acute infection (8, 9). Interestingly, success-
fully treated (ST) subjects, with drug-suppressed viremia, still
show low frequencies of CD27* memory B cells and low produc-
tion of Abs that are not fully restored by highly active antiret-
roviral treatments (HAARTS) (10-13). On the other hand, elite
controller (EC) subjects, who naturally control viral replication
and maintain CD4" T cell counts comparable to those of unin-
fected control (HIV-) subjects in the absence of HAART, show
no memory B cell loss and display broad and functional T and
B cell memory responses (13-16). ST subjects thus provide ideal
subjects to identify defects in memory B cell survival, whereas
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studying memory B cells in EC subjects could lead to the identifi-
cation of unique characteristics of memory B cell survival associ-
ated with natural control of HIV infection.

We previously identified the Foxo3a pathway as a major regula-
tor of central memory T cell survival (15, 17). Foxo3a is a tran-
scription factor that is constitutively expressed in hematopoietic
cells and can induce the transcription of proapoptotic target genes
such as Bim, FasL, and TRAIL (18-20). Phosphorylation of Foxo3a
by several external signals including y-chain receptor cytokines
such asIL-2 or T and B cell receptors (17, 21, 22) leads to its degra-
dation in the cytoplasm and inhibition of its transcriptional activ-
ity (18, 23, 24). Evidence in the literature suggests that Foxo3a
might participate in normal B cell development and homeostasis.
For example, Foxo3a has been shown to be involved in B cell dif-
ferentiation, where it can link BcR signaling with recombination
machinery and affect VDJ recombination and affinity maturation
(25, 26). In that context, Foxo3a-deficient mice show reduced
numbers of pre-B cells and recirculating B cells when compared
with wild-type counterparts (27).

Although transcription factors such as Bcl-6 and Mcl-1 have been
previously shown to play critical roles in the generation of memory
B cells (28, 29), little is known about the implication of Foxo3a in
the survival or the development of memory B cells in the context
of acute and chronic viral or even bacterial infections. In this study,
we investigated the molecular mechanisms responsible for the lack
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Figure 1

Loss of peripheral CD27+ memory B cells in ST subjects is associated with higher levels of apoptosis. (A—C) Ex vivo PBMCs from ST, EC, and
HIV- subjects were stained with anti-CD3—-PB (PB, pacific blue), anti-CD19—Alexa Fluor 700, and anti-CD27—-APC Cy7 Abs to measure (A) the
percentages of CD19+ B cells within total lymphocytes, (B) the absolute number of CD27+ memory B cells per mm? of blood in EC and ST sub-
jects using available clinical data for HIV* subjects (n = 13), and (C) the frequency of the memory population in total B cells (n = 15). (D) Memory
B cells (10°) from HIV+ and HIV- subjects were purified and cocultured for 7 days with 9 x 105 autologous CD19-depleted PBMCs in the presence
of 10 uM AZT. The absolute number of viable memory B cells was determined on day 7 using trypan blue exclusion (n = 5). (E) The percent-
ages of apoptotic memory B cells from ST, EC, and HIV- subjects on day 7 were analyzed using annexin V-APC staining. The histograms are
representative of raw data from 5 independent experiments. (F) The correlation between the absolute numbers of viable memory B cells and the
frequency of apoptosis of this population at day 7 of coculture was calculated (n = 15; Spearman test).

of memory B cell survival in chronically HIV-infected subjects (who
displayed a decrease in the frequency of memory B cells) and in EC
and HIV- subjects (who maintained a statistically significant higher
numbers of memory B cells). Our results identified a critical role for
the Foxo3a/TRAIL pathway in memory B cell survival.

Results

CD27* memory B cells from ST subjects are short lived and apoptotic.
Previous reports have indicated that HIV* patients, including
those undergoing HAART, show significantly lower frequencies of
memory B cells when compared with uninfected donors (10-13).
To better understand the underlying mechanisms responsible for
the decrease in the numbers of memory B cells, we measured the
frequencies and absolute numbers of peripheral memory B cells in
chronically HIV-infected subjects as well as in uninfected donors
(HIV). Supplemental Table 1 (supplemental material available
online with this article; doi:10.1172/JCI59211DS1) summarizes the
clinical and virological data of the 2 groups of aviremic chronically
HIV-infected (EC and ST) subjects. We first compared the ex vivo
frequencies and absolute numbers of total peripheral B cells in ST,
EC, and HIV- subjects. Total B cells (defined as CD3-CD19*) were
similar in their frequencies and absolute numbers in all groups test-
ed (Figure 1A and Supplemental Table 1). In contrast, the absolute
numbers (P =0.028; 7 = 13) (Figure 1B) and frequencies (Figure 1C)
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of CD27* memory B cells from ST subjects (16.2% + 9.8) were signif-
icantly lower than those from EC subjects (35.9% + 9.2%; P < 0.0001;
n=15) or HIV-subjects (28% + 10%; P < 0.005; n = 15). Interestingly,
EC subjects also displayed significantly higher frequencies of mem-
ory B cells when compared with HIV- subjects (P = 0.016; n = 15).
Total CD27* memory B cells can be divided into 4 distinct memory
subsets based on IgM and IgD expression (30-32) (Supplemental
Figure 1A). Our results showed that the decreased frequencies of
memory B cells in ST subjects occurred in all memory B cell subsets
when compared with EC subjects, and in IgD- subsets when com-
pared with HIV- subjects (Supplemental Figure 1B; n = 15).

We next determined whether the lower frequencies of memory B
cells in ST subjects were the consequence of increased levels of apop-
tosis. Survival levels of resting memory B cells from ST, EC, and HIV-
subjects were thus assessed in a 7-day coculture assay in the presence
of autologous B cell-depleted PBMCs. The latter might provide
infection-associated extrinsic factors that could influence memory B
cell survival. Using this in vitro system, we observed that by day 7 the
absolute numbers of viable memory B cells from ST subjects were
significantly lower than those from EC and HIV- subjects (P < 0.01;
n = 5) (Figure 1D). Interestingly, the reduced numbers of viable
memory B cells in ST subjects at day 7 were the direct consequence
of higher levels of apoptosis (33% + 10.6%) when compared with EC
(9% = 6%; P < 0.01; n = 5) and HIV- subjects (13% + 8%; P < 0.01;
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Figure 2

Foxo3a regulated the premature death of memory B cells in ST subjects. Purified memory B cells from ST sub-
jects were either electroporated (electr.), or transfected with negative (neg.) siRNAs or with specific Foxo3a
siRNAs, and then cocultured for 7 days with autologous CD19- PBMCs. (A) The efficacy of silencing Foxo3a
using siRNAs was determined on purified memory B cells from ST subjects after 2 days of coculture using
Western blot analysis. No changes were observed in the levels of total ERK expression, confirming the speci-
ficity of Foxo3a silencing. (B) Densitometric quantification of specific bands was performed using ImageQuant
software (15, 17). The levels of expression of each protein were normalized to actin and were later expressed
as the ratio of densitometric values of protein of interest divided by densitometric values of actin within the
same blot. Results shown represent the mean relative expression + SD of 5 independent experiments. (C) The
levels of apoptosis in the presence or absence of Foxo3a were assessed on transfected memory B cells from
ST subjects on day 7 by annexin V-APC staining (mean + SD). The histograms shown are representative of

raw data from 5 independent experiments.

n = 5) (Figure 1E). This was further confirmed by the highly sta-
tistically inverse correlation (Spearman r = -0.8643; P < 0.0001;
n = 15) between the absolute numbers of viable memory B cells and
levels of apoptosis at day 7 of coculture within all studied subjects
(Figure 1F). The increased levels of apoptosis were not due to higher
levels of activation as memory B cells from all these subject groups
showed comparable frequencies [% of positive cells] and expression
levels [MFI] of memory B cell activation and proliferation markers
including HLA-DR, CD40, CD80, CD86, and Ki67 at the onset of
the coculture (Supplemental Figure 2, A-F). Of note, a significant
increase in the frequency of apoptotic memory B cells from ST sub-
jects compared with HIV- subjects was already apparent by day 3 of
coculture, as measured by annexin V staining (Supplemental Figure
3A). Accordingly, the absolute numbers of viable memory B cells
from ST subjects were significantly lower than those from HIV- sub-
jects at day 7 (Supplemental Figure 3B).
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whether directly interfer-
ing with Foxo3a expression
using siRNA silencing could
protect memory B cells in ST
subjects from apoptosis and
could enhance their survival
in the 7-day coculture assay.
To this aim, purified mem-
ory B cells from ST subjects
were either electroporated
or transfected with siRNAs
specific for Foxo3a or with
scrambled siRNAs (negative
control) and then cocultured
with autologous CD19-
depleted PBMCs. Memory B
cells transfected with Foxo3a
siRNAs (purified at day 2
of coculture) exhibited an
average of 71% reduction in
Foxo3a expression using densitometric analysis (P < 0.01; 7 = 5)
(Figure 2, A and B). Accordingly, Foxo3a proapoptotic targets
including BimEL and TRAIL were also significantly downregulat-
ed following Foxo3a silencing (an average of 68.4% [P =0.016] and
85.2% [P < 0.01], respectively; n = 5) (Figure 2, A and B).

We then assessed, using annexin V staining, the survival of
memory B cells at day 7 in the presence or absence of Foxo3a. Our
results showed that treatment of memory B cells from ST subjects
with Foxo3a siRNAs led to a significant improvement in memory B
cell survival when compared with negative siRNA-transfected cells
(48.9% + 12% and 23.6% + 12.5% of apoptosis for negative siRNA-
and Foxo3a siRNA-transfected cells, respectively; P < 0.01; n = 5)
(Figure 2C). Interestingly, silencing Foxo3a within memory B cells
from ST subjects resulted in reduced levels of apoptosis similar to
those observed in coculture of transfected memory B cells from
EC subjects (19.9% = 12.2% of apoptosis) (data not shown). Thus,
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Figure 3

Interfering with TRAIL pathway enhances the survival of memory B cells from ST subjects. (A) Western blot analysis of Bim and TRAIL expres-
sion was performed on ex vivo cell lysates of highly purified memory B cells isolated from HIV+ and HIV- subjects. (B) Densitometric quantifica-
tion of 5 independent experiments was performed using ImageQuant software (mean + SD). (C) Ex vivo PBMCs from HIV+ and HIV- subjects
were stained with 7AAD, anti-CD3-PB, anti-CD19-Alexa Fluor 700, anti-CD27—-APC Cy7, and anti-TRAIL-PE Abs. The levels of surface-bound
TRAIL on gated viable memory B cells are shown with their representative histograms (n = 15). Similar results were obtained for MFI. (D) The
correlation between the frequency of memory B cells and the surface expression levels of TRAIL on these cells is shown (n = 45; Spearman test).
(E-G) Memory B cells from ST and HIV- subjects were pretreated with TRAILi and then cocultured for 7 days with autologous CD19- PBMCs
(n =5). (E and F) The levels of apoptosis as measured by annexin V staining (E) and the surface expression levels of TRAIL (F) in the presence
or absence of TRAILi were assessed on memory B cells on day 7. (G) Correlation between the frequency of apoptotic memory B cells and the

surface expression levels of TRAIL on these cells is also shown (n = 10; Spearman test).

these results demonstrated a central role for Foxo3a and most
likely implicated its proapoptotic targets Bim and TRAIL in regu-
lating memory B cell survival during HIV infection.
Foxo3a-mediated memory B cell survival in ST subjects is TRAIL depen-
dent. We then measured the expression levels of Foxo3a target mol-
ecules endowed with proapoptotic properties in ex vivo-purified
memory B cells from ST, EC, and HIV- subjects (n = 5). We found that
memory B cells from ST subjects showed significantly higher expres-
sion levels of TRAIL (100%) when compared with EC (21.7% + 21%;
P < 0.01) and HIV- subjects (19.5% + 22.7%; P < 0.01) (Figure 3,
Aand B). Interestingly, Bim expression levels were also increased in ST
subjects (97.9% + 3.1%) when compared with EC subjects (45% + 8.8%;
P <0.01) (Figure 3, A and B). However, levels of proapoptotic FasL,
also regulated by Foxo3a (18), were comparable in all 3 groups
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(Supplemental Figure 4). In addition, ex vivo memory B cells from
ST subjects showed higher levels of expression of surface TRAIL
when compared with EC and HIV- subjects using flow cytometry
(P < 0.00S; n = 15) (Figure 3C). More importantly, surface expres-
sion levels of TRAIL on memory B cells were negatively correlated
with the frequency of these cells for all subjects tested (Spearman
r=-0.4792; P < 0.0005; n = 45) (Figure 3D). These data suggest an
in vivo role of TRAIL in reducing the frequency of memory B cells
in ST subjects (expressing high levels of TRAIL) when compared
with those of other subjects (displaying low levels of TRAIL). The
increased expression of TRAIL within ST subjects when compared
with EC and HIV- subjects was specific to memory B cells, as naive
B cells, total CD3" T cells, monocytes, and plasmacytoid DCs from
ST subjects displayed similar surface expression of TRAIL com-
October 2011
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pared to those observed in EC and HIV- subjects (Supplemental
Figure 5, A-D). Of note, we did not observe any differences in the
expression levels of TRAIL receptors (DR4 and DRS) on ex vivo
memory B cells between ST, EC, and HIV- subjects (Supplemental
Figure 6, B and C).

To further confirm the involvement of the TRAIL pathway in
reduced memory B cell survival of ST subjects, we pretreated puri-
fied memory B cells from ST and HIV- subjects with TRAIL inhibi-
tor (TRAILI) and then cocultured the cells for 7 days with autolo-
gous CD19- PBMCs. The levels of apoptosis in memory B cells were
determined at day 7 using annexin V staining. The concentration
of TRAILi used in our in vitro assay was first determined by its abil-
ity to inhibit TRAIL-mediated apoptosis (about 95% inhibition) in
BJAB cells (Supplemental Figure 6A and ref. 33). Our results showed
that pretreatment of memory B cells with TRAILI led to a signifi-
cant improvement in the survival of memory B cells from ST sub-
jects similar to that observed in coculture of HIV- subjects (P < 0.01;
n = 5) (Figure 3E). As expected, the surface expression levels of
TRAIL on memory B cells in the presence or absence of TRAILI at
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tative histograms for Figure 3,
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day 7 of coculture were higher on ST subjects when compared with
HIV- (P <0.01;n = 5) (Figure 1F). More importantly, we observed a
significant positive correlation (Spearman = 0.9543; P = 0.0001;
n =10) when we compared the expression levels of TRAIL to the
levels of apoptosis of memory B cells at day 7 of coculture. Overall,
these data demonstrate a key role of TRAIL in regulating periph-
eral memory B cell survival during HIV infection.

Levels of IL-2 in plasma positively correlate with the frequency of mem-
ory B cells. Infection with HIV-1 has been previously described to
alter the expression levels of several cytokines (such as IL-2, IL-15,
and IL-21) involved in B cell homeostasis and maintenance (22,
34-37). In addition, y-chain receptor cytokines such as IL-2 have
been shown to inhibit Foxo3a transcriptional activity and expres-
sion of its proapoptotic target molecules (17). Since HIV infection
can modulate the establishment of IL-2-producing, HIV-specific
memory CD4* T cells in viremic subjects (38, 39) as well as in avi-
remic treated subjects (40), we investigated whether IL-2 expres-
sion was modulated in our patient cohorts. We first measured
the levels of secreted IL-2 in plasma samples collected from ST,
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or treated with 10 ng/ml of IL-2
for 15 minutes (pFoxo3a) or
24 hours (BimEL and TRAIL)
(n = 5). The expression levels
of actin were measured on the
same blots to control for loading.
(C) Densitometric quantifica-
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EC, and HIV- subjects using ELISA (n > 11 per group of subjects).
We found significantly higher levels of IL-2 in the plasma of EC
(8.2% + 6.1%) when compared with ST (2.2% + 1.7%; P < 0.005)
and HIV- subjects (4.5% + 6.6%; P = 0.017) (n > 11) (Figure 4A). Of
note, we also observed reduced levels of IL-2 in ST subjects when
compared with HIV- subjects. In addition, a significantly positive
correlation (Spearman = 0.5801; P < 0.0001; n = 41) was observed
when comparing IL-2 levels and the frequency of memory B cells in
all subjects (Figure 4B), highlighting the potential involvement of
IL-2 signaling in the in vivo maintenance of memory B cells.
Memory B cells from ST subjects display decreased capacity to respond to
IL-2 triggering. To further examine the contribution of IL-2 signal-
ing on memory B cell survival during HIV infection, we assessed
the surface expression levels of the IL-2 receptor (CD25) in ex vivo
memory B cells from all patient groups. The expression levels of
CD25 on memory B cells from ST subjects were significantly lower
than those from EC and HIV- subjects (P < 0.0005 and P = 0.014,
respectively; n = 15) (Figure 4C). We also found decreased levels of
3882
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absence of IL-2 (n = 10; Spear-

% of TRAIL* memory B cells
man test).

CD2S5 MFI on memory B cells from ST subjects when compared
with EC subjects (P = 0.012; »n = 15) (Figure 4D). The reduced
expression of CD25 on memory B cells from ST subjects suggest-
ed that the response of these cells to IL-2 could be affected when
compared with EC and HIV-subjects. To test this hypothesis, we
measured the levels of phosphorylated STATS (pSTATS) in IL-2-
stimulated memory B cells by PhosFlow. Memory B cells from ST
subjects expressed significantly lower levels of pSTATS in response
to IL-2 when compared with those from EC and HIV- (P < 0.0001
and P < 0.005, respectively; n = 15) (Figure 4E). Of note, the levels
of pSTATS were found to be significantly higher in EC when com-
pared with HIV- subjects (P < 0.005; n = 15) (Figure 4E). It is worth
noting that memory B cells from ST subjects still responded to
exogenous IL-2; albeit at lower levels (fold increase [FI] 1.32 + 0.22)
compared with EC and HIV- subjects (FI 1.83 + 0.26 and 1.89 + 0.3,
respectively) (Supplemental Figure 7). These results showed that
IL-2 signaling was reduced in memory B cells from ST subjects and
that this could be associated with their altered survival.
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Exogenous IL-2 enbanced memory B cell survival from ST subjects by
regulating Foxo3a and TRAIL pathways. We investigated whether
the addition of exogenous IL-2 would enhance the survival of
memory B cells from ST subjects in the 7-day coculture assay
in a Foxo3a/TRAIL-dependent manner. We first determined
whether IL-2 induced phosphorylated Foxo3a (pFoxo3a) in
memory B cells. This has been shown to block Foxo3a transcrip-
tional activity by excluding it from the nucleus (refs. 17, 21, and
22 and Figure 5A). Treatment of memory B cells from ST sub-
jects with the y-chain receptor cytokine IL-2 for 30 minutes led
to a significant increase in pFoxo3a atits Thr32 residue (P < 0.01
compared with untreated cells; n = 5) (Figure 5, B and C). We did
not observe differences in pFoxo3a at Ser253 in response to IL-2,
as we previously reported in human memory CD4* T cells (17).
Accordingly, IL-2-treated memory B cells from ST subjects also

The Journal of Clinical Investigation

http://www.jci.org

displayed a significant decrease in TRAIL and BimEL expression
levels after 24 hours (P < 0.01 compared with untreated cells;
n=35) (Figure 5, B and C).

We then determined whether exogenous IL-2 could improve
memory B cell survival from ST subjects. Purified memory B
cells from ST, EC and HIV- subjects were untreated or pretreated
with exogenous IL-2 and then cocultured with autologous CD19-
PBMC:s for 7 days. The levels of apoptosis, as measured by annexin V
staining, and the surface expression levels of TRAIL were deter-
mined in memory B cells at day 7 of coculture. Treatment with IL-2
significantly enhanced survival of memory B cells from ST sub-
jects similar to levels observed in EC and HIV- subjects (31% + 6.4%
and 11.9% + 8.9% of apoptosis for untreated and IL-2-treated cells,
respectively; P = 0.016; n = 5) (Figure 5D). However, no differences
in B cell survival were observed when comparing IL-2-treated and
October 2011 3883
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Figure 7

Silencing Foxo3a increased the number of ASCs in ST subjects. Memory B cells from EC and ST subjects were transfected with Foxo3a siRNA or
negative siRNA for 2 days and then polyclonally activated for 3 days. (A) Western blot analysis of Foxo3a and its proapoptotic targets (TRAIL and
Bim) was performed on memory B cells from ST subjects after 2 days of transfection and showed reduced Foxo3a, TRAIL, and Bim expression levels.
(B) Densitometric values are representative of 5 independent experiments (mean + SD). (C and D) ELISPOT assay was performed following
activation to measure (C) IgM- and (D) IgG-secreting cells as described above. Results are expressed as the mean ASC number + SD (n = 5).

untreated memory B cells in EC and HIV- subjects (Figure 5D).
More importantly, IL-2 treatment of memory B cells from ST sub-
jects led to a significant decrease in TRAIL expression levels at day
7 of coculture (P < 0.01; n = 5) (Figure SE). Accordingly, we found
a highly significant positive correlation between the levels of
TRAIL and the percentage of apoptosis in memory B cells from ST
subjects in the presence or absence of IL-2 (Spearman r = 0.9636;
P <0.0001; n = 10) (Figure SF).

Overall, these findings highlight the role of decreased IL-2 sig-
naling on the survival of memory B cells during chronic HIV infec-
tion and its downstream effects on Foxo3a transcriptional activity,
such as expression of the proapoptotic molecule TRAIL. We fur-
ther showed that the ex vivo defects in IL-2 signaling in these cells
were still reversible despite chronic HIV-1 infection.

Increase in the number of Ab-secreting cells from ST subjects through
disruption of the Foxo3a/TRAIL axis. We next determined whether
there was impairment in the numbers and function of IgM and
IgG Ab-secreting cells (ASCs) from HIV-infected and healthy
subjects upon polyclonal activation. Briefly, purified memory B
3884
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cells from ST, EC, and HIV- subjects were polyclonally activated
and cocultured for 3 days with autologous CD19- PBMCs. Using
annexin V staining, activated memory B cells from ST subjects
at day 3 of coculture exhibited significantly higher levels of
apoptosis (40.7% + 7.7%) when compared with EC (25.6% + 5.2%;
P =0.016; n = 5) and HIV- subjects (27.4% + 6.8%; P < 0.005)
(Figure 6A). Accordingly, by using ELISPOT assays, cocultures
from ST subjects showed lower numbers of IgM* and IgG* ASCs
(expressed as number of spot-forming cells [SFCs| per 10* cultured
cells) compared with those from EC and HIV- subjects (P < 0.01;
n = 5) (Figure 6, B and C). Similar results were also observed
when we compared the levels of HIV-1 Gag- and ENV-specific
Abs in PBMCs following activation with pokeweed mitogen
(PWM). As reported above for total immunoglobulin, ST sub-
jects produced lower levels of HIV-specific Abs when compared
with EC subjects (P = 0.056; fold decrease, 1.52 + 0.99; n = 3)
(Figure 6D), indicating that the production of both HIV- and
non-HIV-specific immunoglobulins was lower in ST subjects
when compared with EC and HIV- subjects.
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We further determined whether the improvement of activated
memory B cell survival would lead to a concomitant increase in
the levels of Ab production. Treatment of memory B cells from
ST subjects with Z-VAD (Pan caspase inhibitor) or with TRAILi
significantly enhanced their survival (FI 1.7 + 0.2 [P < 0.01] and
1.5+0.5 [P=0.032], respectively) (Figure 6A). Treatment with exoge-
nousIL-2 also led to a slight increase in memory B cell survival in ST
subjects (F1 1.2 + 0.1) (Figure 6A). Subsequently, this led to a signifi-
cantincrease in the numbers of ASCs (IgM* ASCs: Z-VAD, F1 4.9 + 3,
P <0.01; TRAILi, FI 4.5 + 2.6, P < 0.01; exogenous IL-2, FI 3.6 = 2.1,
P=0.032;1gG* ASCs: Z-VAD, FI 4.5 +2, P < 0.01; TRAILi, FI 4.4 £ 2.6,
P <0.01; exogenous IL-2, FI 3.1 + 2.1, P = 0.016) (Figure 6, B and
C). Treatment of memory B cells from EC and HIV- subjects with
these exogenous molecules did not improve the survival rates of
these cells or the number of ASCs generated after 3 days of activa-
tion (Figure 6, A-C). Of note, we found a significant inverse cor-
relation when we compared the frequency of annexin V* memory B
cells with the number of IgG* ASCs after 3 days of activation with-
in all studied subjects (Spearman r = -0.7525; P < 0.005; n = 15)
(Figure 6E). Moreover, we found similar levels of proliferation in
viable activated memory B cells from ST, EC, and HIV- subjects,
as measured by CFSE dilution (Supplemental Figure 8). This is
in accordance with results from previous studies (5, 41, 42), con-
firming that the decreased number of ASCs in ST subjects was not
due to lower levels of proliferation but was the result of reduced
survival of activated memory B cells.

To further establish a direct role of Foxo3a and TRAIL in reg-
ulating the numbers of ASCs, purified memory B cells from ST
subjects were transfected with Foxo3a siRNAs or control siRNAs
for 2 days prior to activation. We obtained high levels of Foxo3a
silencing in memory B cells after 2 days of siRNA transfection
(Figure 7, A and B). Cells were subsequently activated for 3 days
by polyclonal activation, as described for Figure 6, B and C. The
results shown in Figure 7, C and D, indicated that decreased
expression of Foxo3a led to a significant increase of ASC num-
bers in ST subjects (FI 7 + 5.7 and 3.7 + 1 for IgM*and IgG* ASCs
from ST subjects, respectively; P < 0.01; » = 5). Our data thus con-
firmed that Foxo3a-induced apoptosis in ASCs from ST subjects
was TRAIL dependent, as Foxo3a silencing significantly reduced
TRAIL expression (Figure 7, A and B).

Altogether these results confirm that activated memory B cells
from ST subjects show a decrease in ASC persistence. Moreover, we
showed that the reduced production of Abs observed in ST sub-
jects was associated with higher levels of caspase-mediated apop-
tosis within memory B cells and was restored by silencing Foxo3a,
inhibiting TRAIL, or adding exogenous IL-2 to levels similar to
those produced by EC and HIV- subjects.

Discussion

Herein we show, for what we believe is the first time in human
subjects, the critical implication of Foxo3a and its transcriptional
target TRAIL in memory B cell survival and Ab production dur-
ing HIV-1 infection. We show that higher Foxo3a transcriptional
activity was observed in ex vivo peripheral memory B cells from
ST subjects when compared with EC and HIV-1- subjects, as these
cells express heightened levels of TRAIL and Bim (Figure 3, A-C).
Silencing Foxo3a by siRNA or interfering with TRAIL signaling
in memory B cells from ST subjects significantly enhanced their
in vitro survival to levels comparable to those observed in EC and
HIV- subjects (Figures 2, 3, 6, and 7).
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Foxo3a transcriptional activity is regulated at multiple levels
including phosphorylation, acetylation, and ubiquitination (18). It
would be difficult to determine which of these mechanisms is at play
in the context of chronic HIV-1 infection. Nonetheless, despite simi-
lar expression levels in total Foxo3a and pFoxo3a at Ser253 in ex vivo
memory B cells from ST, EC, and HIV- subjects, we found a signifi-
cant decrease in the expression levels of pFoxo3a at Thr32 in ST sub-
jects (20.5% + 22.7%) when compared with EC subjects (81% + 22.7%;
P=0.016;n = 5) (data not shown). We also observed lower levels of
pFoxo3a at Thr32 in ST subjects when compared with HIV- sub-
jects, although this difference was not significant (63.9% + 48.1%)
(data not shown). These results suggest that the regulation of
Foxo3a transcriptional activity might be mediated by more than 1
mechanism and might involve multiple integrated signals.

Of note, TRAIL has been described as a downstream target of
type I interferons (43) whose expression levels are known to be
upregulated during HIV infection (44). As shown here, TRAIL is
also a transcriptional target of Foxo3a; our preliminary data thus
established a link between Foxo3a dephosphorylation and inter-
feron within memory B cells (Supplemental Figure 9). Although
the present study clearly implicated TRAIL in the reduced surviv-
al observed in memory B cells from ST subjects, the correlation
between the surface expression levels of TRAIL and the frequen-
cies of memory B cells for all subjects tested (Figure 3D; where
the P value was driven mainly by high and low levels of TRAIL)
suggested that other factors such as Bim, FasL, NOXA, or PUMA —
known transcriptional targets of Foxo3a (18-20) — might be
involved. This observation is further supported by the fact that
we did not observe any correlation between these 2 parameters in
the ST group (data not shown). Similarly, it is possible that other
forkhead family members such as Foxola, whose activity is also
regulated by IL-2 (45), might be involved.

Several factors known to be associated with HIV pathogenesis
are also involved in regulating the phosphorylation of Foxo3a and
the expression of its transcriptional targets. In this context, hyper-
immune activation (a hallmark of HIV infection) is associated
with increased levels of interferons (43), inflammatory cytokines
(46-48), TGF-P1 (49), and products of bacterial translocation (50).
Interestingly, our preliminary results on purified memory B cells
showed that in vitro stimulation with type I and II interferons
as well as TNF-a. and TGF-B1 induced the expression of Foxo3a
proapoptotic target genes (Supplemental Figure 9). Conversely,
molecules such as IL-21 and IL-15, whose expression levels are
reduced during HIV infection (35, 36), phosphorylated Foxo3a
and downregulated the transcription of its proapoptotic target
BimEL (Supplemental Figure 10).

Interestingly, an important role for the PD-1 pathway, known to
inhibit PI3K/AKT phosphorylation (51), has been recently report-
ed to be involved in the depletion of memory B cells and to impair
humoral responses in SIV-infected macaques (52). This evidence
suggests that PD-1 signaling might modulate Foxo3a transcrip-
tional activity in memory B cells from HIV-infected subjects. Foxo3a
could thus integrate distinct signals that are aberrantly expressed
in HIV infection; this would subsequently affect its proapop-
totic transcriptional activity via the induction of TRAIL and/or
other molecules, leading to the reduced survival levels observed in
memory B cells in infected subjects.

In this study we demonstrated that the reduced levels of periph-
eral memory B cells observed in ST subjects were associated with
decreased IL-2 signaling (Figures 4-6). Interestingly, IL-2 was pre-
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viously shown to be involved in the activation of memory B cells
(53) and in the enhanced production of anti-HIV Abs (54, 55).
IL-2 was also shown to be involved in increased Ab responses to
tetanus vaccination in IL-2-treated ST subjects (56), confirming
the involvement of this cytokine in the persistence and develop-
ment of B cell responses. However, despite the significant in vitro
improvement of memory B cell and ASC survival in ST subjects
upon exogenous IL-2 stimulation, the restoration was not com-
plete (around 65%; Figure SD). These results strongly suggest that
other upstream signals besides IL-2 may contribute to the altera-
tion of Foxo3a activity and to the altered maintenance of memory
B cells in chronic HIV-infected subjects.

The extent of restoration of the humoral immune response
following HAART has been shown to be dependent on the early
initiation of treatment. Recently, Moir et al. showed that early ini-
tiation of antiretroviral therapies within the first year restored the
frequency of memory B cells to levels observed in healthy individu-
als (57). Similarly, Chong et al. confirmed these results, although
the data also suggested that with time, despite early treatment with
antiretroviral therapy, there was a decline in the humoral immune
response (10). Our own subjects, who had been treated early and for
at least 5 years, showed regression of memory B cells that was not
fully restored by HAART. Altogether, these results seem to suggest
that the early initiation of HAART temporally restores memory B
cell numbers but may be unable to halt the slow progressive decline
over time. This is in accordance with the fact that progressive and
persistent structural and anatomic damages occur in lymph nodes
within the first 2 weeks of HIV infection (site of memory B cell gen-
eration) and are not fully restored by HAART (8, 58).

In addition, our results also highlight the fact that memory B
cells from EC subjects were significantly different than those from
ST subjects and, more interestingly, displayed unique characteris-
tics that were not always found in HIV- subjects. We found that the
ex vivo frequencies of memory B cells (Figure 1C), the levels of IL-2
in their plasma (Figure 4A), and the responsiveness to IL-2 as mea-
sured by pSTATS levels (Figure 4E) were significantly higher in EC
subjects when compared not only with ST subjects but also with
HIV-, suggesting an increased survival capability of memory B cells
within EC subjects. Of note, the higher frequencies of memory B
cells observed within EC subjects could not be explained by previ-
ously reported polymorphisms such as CCRS mutations associ-
ated with HIV protection (Supplemental Table 1 and ref. 15).

Overall, these data confirmed that, despite HAART, there is still
arequirement to maintain the integrity and survival of peripheral
CD27" memory B cells to prevent HIV disease progression and
thereby enhance the success of possible antiviral vaccines. The
manipulation or induction of Foxo3a activity by anticancer drugs
such as imatinib or the use of recombinant TRAIL has proven
efficient in treating resistant cancers and autoimmune diseases
(59-61). Conversely, interfering with Foxo3a and TRAIL signaling,
alone or in combination with HAART, could rescue both T and B
cell functions and could also restore global Ab responses including
those elicited against HIV, thus improving the success of therapeu-
tic vaccines against this and other infections.

Methods

Products. RPMI-1640 media, FBS, and B-mercaptoethanol were purchased
from Sigma-Aldrich. All Abs used for flow cytometry were purchased from
BD Biosciences, except for anti-DR4 and anti-DRS Abs, which were obtained
from Abcam. All primary Abs used for Western blots (anti-phospho
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forms of Foxo3a, anti-Bim, and anti-ERK) were purchased from Cell Sig-
naling. Anti-actin Abs were purchased from Sigma-Aldrich, anti-Foxo3a
from Abcam, and anti-TRAIL from ProSci Inc. Secondary HRP-conjugat-
ed goat anti-mouse and anti-rabbit IgG Abs were obtained from Bio-Rad
Laboratories. IL-2, IL-6, and IL-10 cytokines were purchased from R&D
Systems. Anti-CD40 Ab (clone G28.5; ATCC hybridoma) was provided by
Walid Mourad (Centre Hospitalier de 'Université de Montréal).

Purification of CD27* memory B cells. Memory B cells were purified using
magnetic bead separation (Miltenyi Biotec). We performed an initial nega-
tive selection step using B Cell Isolation Kit 2, which allowed us to retain
total B cells, followed by a positive selection step using CD27 microbeads
(Miltenyi Biotec), which allowed us to purify the CD27* memory B cell
subset. To achieve the highest purity of memory B cells from our subject
cohorts, we performed 3 rounds of elution for both the negative and posi-
tive selection steps. In addition, purified memory B cells from all subject
groups were analyzed for purity, and levels of apoptosis using CD3-CD19*
and annexin V phenotype. The purity of memory B cells was determined
at around 93.6% using flow cytometry. Equal numbers of memory B cells
from the 3 subject cohorts were used in the coculture system. This was
done by cell counting with trypan blue exclusion.

STATS phosphorylation assay. PBMCs from ST, EC, and HIV- subjects were
stimulated with 10 ng/ml of IL-2 for 15 minutes. STATS5a phosphorylation
was measured with BD Biosciences Phosflow using anti-pSTATSa specific
AD as previously described (17).

Western blots. Highly purified sorted CD3-CD19*CD27* memory B cells
from HIV* and HIV- subjects were subjected to SDS-PAGE and Western
blot analysis as previously described (15, 17).

Memory B cell coculture assay. Purified memory B cells (105) were cocultured
for 7 days with 9 x 10° autologous CD19-depleted PBMCs (purity >99.8%)
in the presence of 10 uM azidothymidine to inhibit the production of HIV
viral particles. P24 ELISA performed on the supernatant confirmed the lack
of viral replication. Absolute numbers of viable memory B cells and the fre-
quency of apoptosis (annexin V* cells) were measured at day 7 of coculture.

Transfection of siRNA in the 7-day coculture assay. Purified memory B cells
(6 x 10%) were electroporated using Nucleofector II technology according
to the Amaxa Biosystems manufacturer’s protocol. Specific Foxo3a siRNA
and siRNA negative control were obtained from Invitrogen (Foxo3a Vali-
dated Stealth DuoPak). siRNA (3 ug) was transfected for each condition.
Following transfection, cells were cultured in RPMI media without antibi-
otics for 6 hours. Cells were then washed at 224 g for 10 minutes at room
temperature (RT) to remove dead necrotic cells. Transfected cells were then
washed, counted, and cocultured with their autologous CD19- PBMCs for
7 days. Two days onto the coculture assay, cells were purified by negative
selection using a B cell isolation kit and assayed for Foxo3a, BimEL, TRAIL,
total ERK, and B-actin expression through Western blot analysis.

Polyclonal activation. CFSE-labeled purified memory B cells were first
polyclonally activated for 2 hours with § ug/ml anti-CD40, 0.1 ug/ml anti-
IgG plus anti-IgM (Jackson ImmunoResearch; catalog no. 109-005-044),
10 ng/ml cytokines (IL-6 plus IL-10) in the presence or absence of IL-2
(10 ng/ml), TRAILis (20 ng/ml), or Z-VAD (25 uM). Activated memory
B cells were washed and cocultured for 3 days with autologous CD19-
PBMCs to generate ASCs in the presence of AZT. P24 ELISA performed
on the supernatant confirmed the lack of viral replication. Apoptosis was
performed at day 3 on gated activated memory B cells using annexin V.
DMSO (0.01%) was included in these experiments as negative control and
gave similar results to untreated conditions.

In some experiments (Figure 7, A-D), cells were transfected as described
above and then cocultured with autologous CD19-depleted PBMCs for 2 days.
This ensured efficient Foxo3a silencing within memory B cells prior to
their activation. Memory B cells were then purified at day 2 using a B
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cell isolation kit and assessed for Foxo3a, BimEL, TRAIL, total ERK, and
{-actin expression by Western blot analysis. Transfected purified memory
B cells were also polyclonally activated (as described above) for an extra
3 days in ELISPOT plates to measure ASC generation.

ELISPOT assay. The numbers of ASCs were measured on day 3 activated
memory B cells by ELISPOT assay according to the manufacturer’s proto-
col (ELISPOTP!"s for human IgM and IgG, 3840-2AW-Plus and 3820-2AW-
Plus, respectively; MABTECH). SECs generated from activated and treated
memory B cells from ST, EC, and HIV- subjects were enumerated with
ImmunoSpot S5 UV Analyzer (Cellular Technology Ltd.) and normalized
to their negative control (resting memory B cells from the same patient).

HIV-specific ELISA. PBMCs from ST, EC, HIV- (n = 5), and primary
infected (PI; n = 2) subjects were polyclonally activated with or without
1 ug/ml PWM for 3 days. Supernatants (200 ul) were collected to measure
HIV-1-specific IgG Ab titers using ELISA. To that aim, 1 ug of HIV-1 Gag
(HIV-121) and 1 ug of ENV (HIV-101) (Prospect Proteins Inc.) diluted in
coating Buffer (eBioscience) were incubated overnight at 4°C on 96-well
plates. The next day, plates were washed 10 times in PBS/0.05% Tween-
20. This was followed by 30 minutes of saturation in PBS/10% FBS.
Plates were then incubated with culture supernatants for 2 hours at RT,
washed 10 times, and incubated for 2 hours at RT with 100 ul 1 ug/ml
anti-IgG-biotin (ELISPOT kit for human IgG, 3850-2HW-Plus;
Mabtech). Plates were washed 10 times and incubated 1 hour at RT
with 100 ul diluted streptavidin-HRP (1:1,000 in PBS) (3850-2HW-Plus;
Mabtech). Following a final wash step in PBS/0.05% Tween-20, 100 ul
1x TMB substrate solution (eBioscience) were added per well until
appearance of color. Enzymatic reactions were stopped by adding 50 ul
1M H;PO,. Finally, OD at 405 nM was measured with SpectraMax plus
384-plate reader (Molecular Devices).

Statistics. All statistical analyses were performed using the nonparamet-
ric Mann-Whitney U test, assuming independent samples. This test, which
uses the rank of the data rather than their raw values to calculate the sta-

tistical significance, is an alternative to the ¢ test when the assumption of

—_

. Moir S, Fauci AS. B cells in HIV infection and disease.

research article

normality is not satisfied or could not be tested in the case of small sample
size. In this study, P values of less than 0.05 were considered significant.
Study approval. All HIV-infected subjects provided written informed con-
sent. This research was approved by the Office of Research Ethics, Royal
Hospital, McGill University Health Center, and by the Comité d’Ethique de
la Recherche et le Centre Hospitalier de I'Université de Montréal. Virologi-
cal and immunological profiles for all HIV* subjects included in this scudy

are summarized in Supplemental Table 1.
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