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Background: IL-7 can up-regulate CD95 expression on memory CD4� T cells, but the mechanism remains unclear.
Results: IL-7 elevates miR-124 to decrease the expression of splicing regulator PTB and represses CD95 mRNA splicing.
Conclusion: IL-7 elevates CD95 expression by regulating its alternative splicing.
Significance: Our data demonstrate that the co-stimulation of IL-7 and CD95 ligand benefits HIV-1 reservoir maintenance.

Interleukin-7 (IL-7) has been used as an immunoregulatory
and latency-reversing agent in human immunodeficiency virus
type 1 (HIV-1) infection. Although IL-7 can restore circulating
CD4� T cell counts in HIV-1-infected patients, the anti-apopto-
tic and proliferative effects of IL-7 appear to benefit survival and
expansion of HIV-1-latently infected memory CD4� T lympho-
cytes. IL-7 has been shown to elevate CD95 on CD4� T cells in
HIV-1-infected individuals and prime CD4� T lymphocytes to
CD95-mediated proliferative or apoptotic signals. Here we
observed that through increasing microRNA-124, IL-7 down-reg-
ulates the splicing regulator polypyrimidine tract binding protein
(PTB), leading to inclusion of the transmembrane domain-encod-
ing exon 6 of CD95 mRNA and, subsequently, elevation of CD95 on
memory CD4� T cells. Moreover, IL-7 up-regulates cellular
FLICE-like inhibitory protein (c-FLIP) and stimulates c-Jun N-ter-
minal kinase (JNK) phosphorylation, which switches CD95 signal-
ing to survival mode in memory CD4� T lymphocytes. As a result,
co-stimulation through IL-7/IL-7R and FasL/CD95 signal path-
ways augments IL-7-mediated survival and expansion of HIV-1-
latently infected memory CD4� T lymphocytes. Collectively, we
have demonstrated a novel mechanism for IL-7-mediated mainte-
nance of HIV-1 reservoir.

Interleukin-7 (IL-7) is a member of the �c cytokine family
and binds to a cell-surface receptor (IL-7R)3 composed of an �

chain (IL-7R�, CD127) and a common �-chain (CD132). It was
originally identified as a pre-B cell growth factor and was also
established to play a crucial role during early T cell develop-
ment (1). Eventually, IL-7 was reported to have potent effects
on the generation and maintenance of memory T cells (1). In
vivo experiments in mice suggest that IL-7 promotes survival of
effector CD4� T cells and preserves IL-7R-positive effector T
cells for further development into long-lived memory cells (2,
3). IL-7 also contributes to the maintenance of T lymphocytes
and is a pivotal cytokine in T-cell homeostasis (4 – 6). In addi-
tion, IL-7 can increase T cell survival by maintaining a favorable
balance of anti-apoptotic proteins over pro-apoptotic proteins
(1).

However, the role played by IL-7 in lymphopenic conditions,
such as HIV-1 infection, is quite complicated. Studies suggest
that plasma IL-7 is increased during HIV-1 infection and is
inversely correlated with CD127 expression (7–9). In addition,
plasma IL-7 is negatively correlated with CD4� T cell count and
disease progression in HIV-1-infected patients (10 –12).
Although increased IL-7 results in elevated T cells and
increased T cell reactivity in humans (13, 14), endogenous IL-7
is unable to rescue low CD4� T cell counts when HIV-1-in-
fected patients progress to AIDS, likely due to down-regulated
CD127 expression and reduced IL-7 consumption (15). More-
over, IL-7 has been suggested to activate HIV-1 latency (16, 17).
Clinical trials of IL-7 therapy in HIV-1-infected individuals
receiving antiretroviral therapy (ART) reveal that despite the
positive effect on circulating T cell populations, IL-7 can pro-
mote HIV-1 persistence by inducing survival and expansion of
latently infected T cells (18, 19).

CD95 (Fas, APO-1, TNFRSF6) is a member of the tumor
necrosis factor receptor superfamily and can transmit apopto-
tic signals when stimulated with its natural CD95 ligand (FasL,
CD178) or anti-CD95 antibody. CD95 has multiple isoforms
due to alternative pre-mRNA splicing. FasEX06Del (Fas�TM),
which lacks the transmembrane domain due to the skipping of
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exon 6, can compete with the membrane-bound form of Fas as
a soluble decoy (20, 21). The interaction of CD95 with its cor-
responding ligand, FasL, leads to the formation of death-induc-
ing signaling complex (DISC) and subsequent apoptosis (22). It
has been reported that CD95 mediates apoptosis of CD4� T
lymphocytes during HIV-1 infection (23). IL-7 has also been
reported to enhance the expression of CD95 on the surface of
CD4� T cells isolated from HIV-1-infected individuals and
increase sensitivity to CD95-mediated apoptosis in both naive
and memory T cells (24, 25).

However, CD95 is now recognized as a dual function recep-
tor. CD95 mediates not only apoptosis but also diverse non-
apoptotic functions such as T cell proliferation, tumor growth,
and injury-induced neurogenesis depending on the tissue and
the conditions (26 –29). The non-apoptotic pathways of CD95
possibly involve extracellular signal-regulated kinase (ERK),
JNK, and nuclear factor-�B (NF-�B), although the detailed
molecular mechanism of how this occurs is unclear (26 –30).
Although CD95 expression is high in several CD4� T lympho-
cyte subsets including long-lived memory cells such as central
memory T cells and stem cell-like memory T cells, CD95�

memory cells are most likely resistant to CD95-mediated apo-
ptosis (31–33). Peripheral T cells primed with high IL-7 doses
have been characterized by an increased sensitivity to CD95-
mediated proliferation as well as apoptosis (34). The subopti-
mally-activated CD4� T lymphocytes, primed by IL-7, could
undergo compensatory expansion responding to a CD95-me-
diated proliferation signal during HIV-1 infection (34).

Currently, a major challenge of HIV-1 treatment is the exist-
ence of viral reservoir in HIV-1-infected patients receiving sup-
pressive ART. Resting memory CD4� T lymphocytes, includ-
ing stem cell-like memory T cells and central memory T cells,
function as the major HIV-1 reservoir (35, 36). Administration
of IL-7 has been shown to benefit the survival and expansion of
HIV-1-latently infected memory CD4� T lymphocytes, and the
molecular mechanism behind this phenomenon may involve
co-factors that merit further investigation (18, 19). Because
CD95 is up-regulated by IL-7 and is highly expressed on mem-
ory CD4� T lymphocytes, the specific molecular mechanism of
how IL-7 up-regulates CD95 expression is worth studying as is
the possible effect of IL-7 upon non-apoptotic signal pathway of
CD95 and the possible collaboration between IL-7 and CD95 in
viral reservoir persistence. Here, using various approaches, we
report that IL-7 up-regulates CD95 expression in resting mem-
ory CD4� T cells via regulation of alternative splicing of CD95.
Combination signaling of IL-7/IL-7R and FasL/CD95 promotes
survival and expansion of memory CD4� lymphocytes and,
therefore, contributes to IL-7-mediated maintenance of the
HIV-1 reservoir.

EXPERIMENTAL PROCEDURES

Ethics Statement—This research was approved by the Ethics
Review Board of Sun Yat-Sen University. Written informed
consent was provided by all study participants.

Blood Samples and Memory CD4� T Lymphocyte Cultures—
Peripheral blood mononuclear cells from HIV-negative con-
trols or HIV-1-infected individuals enrolled under the criteria
of suppressive viremia (�50/ml copies of HIV-1 RNA and

CD4� T cell count �400/ml) and taking suppressive ART for at
least 2 years were isolated by Ficoll gradient centrifugation
(TBD Science). CD4� T cells were then purified with the
human CD4� T Lymphocyte Enrichment Set-DM (BD Biosci-
ences IMagTM) according to the manufacturer’s instructions.
The selected cell populations contained �95% CD3� CD4�

CD45RO� CD45RA� T cells as measured by flow cytometry.
Memory CD4� T cells were separated by flow cytometry sort-
ing (SORP FacsAria II, BD Biosciences) with anti-CD4-APC-
conjugated mAbs (Pharmingen) and anti-CD45RA-FITC-con-
jugated mAbs (Pharmingen). CD4� CD45RA� T cells (5 � 106

cells/ml) were then cultured in RPMI 1640 conditioned
medium supplemented with 10% fetal bovine serum, 100
units/ml penicillin, and 100 �g/ml streptomycin. Human
rhIL-7 (R&D) was added to cell cultures at the concentration of
25 ng/ml.

Flow Cytometric Analysis of Memory CD4� T Cells—For flow
cytometric measurement, anti-CD25-PE-conjugated mAbs, anti-
CD69-PE-Cy5-conjugated mAbs, anti-CD95-APC-conjugated
mAbs and the appropriate isotype control mAbs were used (all
from Pharmingen). Cells were stained and washed followed by
immediate flow cytometric analysis (FCM). Alternatively, cells
were labeled after fixation and permeabilization using the
Foxp3 staining buffer set (eBioscience) or BD Biosciences Cyto-
fix/CytopermTM Fixation/Permeabilization kit (catalog no.
554714), and BD Biosciences GolgiPlugTM protein transport
inhibitor (catalog no. 555028). Mean fluorescent intensities
(MFI) were measured by FCM (LSRFsortessa, BD Biosciences),
and data were analyzed using FlowJo software (Tree Star).

Detection of mRNA Expression in Memory CD4� T Cells—
Cellular RNA was isolated from memory CD4� T cells using
TRIzol reagent (Invitrogen) followed by DNase digestion
(TURBO DNA-free, Ambion). Reverse transcription was per-
formed with Moloney murine leukemia virus reverse transcrip-
tase (Invitrogen). Reverse transcription PCR detection of CD95
mRNA variants was performed as described previously (37).
Real-time PCR was performed using SYBR Ex-taq premix
(TaKaRa) in a CFX96TM Real-time PCR Detection System (Bio-
Rad). Human GAPDH and/or �-actin mRNA was measured as
endogenous controls. The primer sets used were as follows:
CD95 (forward primer, 5�-TTA TCT GAT GTT GAC TTG
AG-3�; reverse primer, 5�-ATT ACG AAG CAG TTG AAC-3�);
PTB (forward primer, 5�-TTA TAC CTG TTG TGA GAC C-3�;
reverse primer, 5�-CAA TAC TGA GCC TGG AAT-3�); miR-
124 (forward primer, 5�-TAA GGC ACG CGG TG-3�; reverse
primer, 5�-GTC GTA TCC AGT GCA GGG TCC GAG GTA
TTC GCA CTG GAT ACG ACG GCA TT-3�) (38). Relative
mRNA expression in IL-7-treated memory CD4� T cells was
compared with expression in non-treated cultured cells using
the comparative C(T) method (39).

Western Blot—The Western blot procedure previously
described by our group was followed (40). Immunoblots were
developed with a chemiluminescence reagent kit (Thermo
Pierce). Primary antibody sources used are as follows: Fas (4C3)
mouse mAb (Cell Signaling Technology, 8023S), mouse anti-
PTB (Invitrogen, catalog no. 325000), anti-Ago1 antibody
(Abcam, ab98056), anti-Ago2/eIF2C2 antibody (Abcam,
ab32381), FLIP (D16A8) rabbit mAb (Cell Signaling Technol-
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ogy, 8510S), anti-JNK1 antibody (Abcam, ab10664), phospho-
SAPK/JNK (Thr-183/Tyr-185) antibody (Cell Signaling Tech-
nology, 9251S), �-actin (Cell Signaling Technology, 4970S),
GAPDH Ab (Proteintech, 10494-1-AP).

Synthesis and Transfection of siRNA—The sequences of small
interfering RNAs (siRNAs) used to specifically target human
PTB mRNA have been described (41). The target sequences
in human AGO1 and AGO2 for siRNAs were as follows:
siGENOME SMARTpool siAGO1-1, 5�-GAG AAG AGG UGC
UCA AGA A-3�; siGENOME SMARTpool siAGO1-2, 5�-GGA
AAC AGU UCU ACA AUG G-3�; siGENOME SMARTpool
siAGO1–3, 5�-GCU GUU ACC UCA CUG GAU A-3�;
siGENOME SMARTpool siAGO1-4, 5�-GGA GUU ACU UUC
AUA GCA U-3�; siGENOME SMARTpool siAGO2–1, 5�-GCA
CGG AAG UCC AUC UGA A-3�; siGENOME SMARTpool
siAGO2-2, 5�-GCA GGA CAA AGA UGU AUU A-3�;
siGENOME SMARTpool siAGO2-3, 5�-GGG UCU GUG GUG
AUA AAU A-3�; siGENOME SMARTpool siAGO2-4, 5�-GUA
UGA GAA CCC AAU GUC A-3�. These siRNAs were synthe-
sized by RIBOBIO (Guangzhou, China), and miR-124 mimics/
inhibitors/negative control were purchased from GenePharma
(Shanghai, China). Cells were transfected with small RNA oli-
gonucleotides as previously described by our group (40).

Apoptosis Detection—Isolated primary memory CD4� T
cells were initially treated with or without rhIL-7 (25 ng/ml).
Anti-CD95 or control IgG (Pharmingen) was added to cell cul-
tures (1 �g/ml) 48 h later. After 24 h cells were labeled with
FITC/phosphatidylethanolamine-conjugated annexin-V (Key-
gen) and analyzed by FCM.

Proliferation of CD4� T Cells—Isolated primary CD4� T
cells were activated with 1 �g/ml anti-CD3 (Pharmingen). Cell
divisions were detected using carboxyfluorescein diacetate suc-
cinimidyl ester labeling according to the manufacturer’s
instructions (Invitrogen). CD4� T cells (0.5 � 106 cells/ml)
were cultured in 96-well plates and treated with rhIL-7 for 48 h
and then cultured with 1 �g/ml anti-CD95 or control IgG for 4
days as described previously (34). Cells were collected and ana-
lyzed by FCM.

Quantification of Integrated HIV-1 DNA—CD4� T cells from
HIV-1-infected individuals were isolated as described above
and cultured in the presence of 10 �M azidothymidine (42).
Cells were treated with or without 25 ng/ml rhIL-7 in combi-
nation with 1 �g/ml anti-CD95 or control IgG. Cells were lysed
by TRIzol reagent (Invitrogen) followed by DNA extraction.
Alu-gag PCR was performed to quantify integrated HIV-1 DNA
copy numbers as previously described by others and our group
(42, 43).

Measurement of HIV-1 Production—CD4� T cells isolated
from HIV-1-infected individuals receiving suppressive ART
were cultured as described above. Cells were stimulated with 5
�g/ml anti-CD3, 25 ng/ml rhIL-7, and 1 �g/ml anti-CD95 or
control IgG. Culture media was harvested after 7 days for viral
RNA quantification. Viral RNA was extracted with TRIzol rea-
gent (Invitrogen) and quantified using the Verso 1-step RT-
qPCR kit (Thermo). Primers used for HIV-1 RNA quantifica-
tion have been described previously by our group (44).

Statistical Analysis—Paired, two-tailed Student’s t test was
used to determine the significance of real-time PCR data or

FCM data between differently treated sample groups. Wil-
coxon matched-pairs signed rank test was used to determine the
significance of data obtained from samples of HIV-1-infected
individuals. Data were considered significant at p � 0.05.

RESULTS

IL-7 Increases CD95 Expression on Resting Memory CD4� T
Cells by Inducing Exon 6 Inclusion—IL-7 has been reported to
promote survival of HIV-1-infected CD4� cells (18). It can also
elevate the expression of CD95 on CD4� T cells during lym-
phopenic conditions such as HIV-1 infection (24). Therefore,
the mechanism underlying this phenomenon warrants investi-
gation in resting memory CD4� T lymphocytes, the major res-
ervoir for HIV-1. We first isolated CD4� T cells from HIV-
negative controls or HIV-1-infected individuals receiving
suppressive ART and cultured them in the presence or absence
of IL-7, and CD95 expression was analyzed. Cellular mem-
brane-bound CD95 was significantly increased after treatment
with IL-7 (Fig. 1A). However, the amount of CD95 mRNA did
not change significantly (Fig. 1B), and Western blots revealed
that CD95 protein in whole cell lysate did not change either
(Fig. 1C). As transmembrane domain-encoded exon 6 inclusion
of CD95 mRNA is reported to be increased during T cell acti-
vation (Fig. 1D) (45), it is possible that alternative splicing could
also be involved in the induction of CD95 by IL-7. To validate
this hypothesis, RT-PCR was then performed to identify possi-
ble changes in CD95 splicing pattern. Interestingly, after IL-7
treatment, alternative splicing of CD95 favored the cellular
membrane-bound isoform over the soluble splice variant
(Fas�TM) (Fig. 1E). Furthermore, CD95 levels in permeabi-
lized or non-permeabilized T cells were analyzed. CD95 expres-
sion in IL-7-treated non-permeabilized memory CD4� T cells
was significantly elevated compared with non-treated cells (Fig.
1F, top panel). However, the expression of CD95 in the permea-
bilized cells (in the whole cell) remained relatively unchanged
despite IL-7 treatment (Fig. 1F, bottom panel). These findings
suggest that IL-7 increases CD95 expression on memory CD4�

T cells by inducing its exon 6 inclusion.
IL-7 Modulates CD95 Splicing Regulator PTB—The polypy-

rimidine tract binding protein (PTB/PTBP1/hnRNP I) has been
reported to promote CD95 exon 6 skipping by targeting the
exon definition process (46). Therefore, we hypothesized that
IL-7 could regulate PTB to increase expression of membrane-
bound CD95. Real-time PCR was performed to measure PTB
mRNA in IL-7-treated and non-treated memory CD4� T cells,
and PTB mRNA did not change significantly (Fig. 2A). How-
ever, Western blot analysis of PTB revealed a significant
decrease after IL-7 treatment (Fig. 2B). To confirm the interac-
tion between PTB and CD95, PTB gene silencing experiments
were performed using the transfection of PTB-specific siRNAs
(Fig. 2, C and D). CD95 in PTB-specific siRNA-transfected cells
had similar splicing pattern changes as the IL-7-treated group
(Figs. 1E and 2C). Flow cytometry analysis of membrane-bound
CD95 expression in the PTB-silenced group also had signifi-
cantly increased CD95 expression (Fig. 2D). Thus, these data
support the hypothesis that IL-7 regulates CD95 splicing by
depressing the expression of PTB.
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IL-7 Up-regulates PTB-targeting miR-124 —As noted above,
PTB mRNA was only slightly decreased in IL-7-treated mem-
ory CD4� T cells (Fig. 2A), but protein expression was sig-
nificantly down-regulated, suggesting the possible involve-
ment of miRNA. To confirm the participation of miRNA,
AGO1 and AGO2 proteins, which play an important role in
the miRNA pathway, were silenced using specific siRNAs
before memory CD4� T cells were stimulated with IL-7.
Flow cytometric analysis indicated that CD95 expression
decreased after silencing of AGO proteins, and the down-
regulation of CD95 could not be rescued by IL-7 (Fig. 3A).
Therefore, miRNAs, which target the 3�-UTR of PTB, were
predicted using the RNAhybrid online tool (47). Several pre-

dicted miRNAs were analyzed (data not shown), and among
them miR-124 was known to target PTB in the nervous sys-
tem in mice (48). This was confirmed in human CD4� T cells
by Western blot (Fig. 3, B and C). After IL-7 treatment, miR-
124 was significantly elevated (Fig. 3D). Transfection of miR-
124 mimic increased CD95 exon 6 inclusion, and miR-124
inhibitor reversed the effect on the alternative splicing of
CD95 (Fig. 4A). This phenomenon was also recapitulated by
flow cytometric analysis of membrane CD95 expression on
miR-124 mimic- or inhibitor-transfected memory CD4� T
cells (Fig. 4B). Collectively, these data suggested that IL-7
increases membrane-bound CD95 expression by up-regulat-
ing PTB-targeting miR-124.

FIGURE 1. IL-7 up-regulates CD95 expression on the surface of resting memory CD4� T cells by promoting exon 6 inclusion. A, CD95 expression on
memory CD4� T cells from HIV-1-infected donors cultured for 2 days with or without IL-7 (25 ng/ml) was measured by FCM. MFI is shown with error bars
representing S.D. calculated from six independent experiments. B, C, E, and F, memory CD4� T cells from HIV-negative controls were isolated and cultured with
or without 25 ng/ml IL-7 for 2 days. B, CD95 mRNA was measured by real-time PCR. Error bars represent S.D. calculated from three independent experiments.
C, CD95 protein expression was measured by Western blot. A representative result out of eight independent experiments was shown. Values represent -fold
changes of CD95 normalized against GAPDH and compared with control. D, a schematic map for two of splice variants of CD95 is shown. DD, death domain; TM,
transmembrane domain. E, mRNAs of CD95 splice variants were measured by RT-PCR. Results of six independent experiments are shown. The column graph
shows a statistical analysis of the percentage of mCD95/sCD95 (measured by relative density) after IL-7 treatment. mCD95, membrane-bound CD95; sCD95,
soluble CD95. F, CD95 expression of permeabilized or non-permeabilized memory CD4� T cells was measured by FCM. MFI is shown with error bars represent-
ing S.D. calculated from 10 independent experiments. A, C, and F, paired, two-tailed Student’s t test: ***, p � 0.001. NS, non-significant.
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IL-7 and CD95 Synergistically Promote Survival and Prolifer-
ation in Memory CD4� T Cells—Peripheral T cells are reported
to be primed for CD95-mediated apoptosis by high IL-7 doses
and are also characterized by an increased sensitivity to CD95-
mediated proliferation (34). To determine whether CD95 stim-
ulation on resting CD4� T cells leads to apoptosis or prolifera-
tion, we compared the sensitivity of resting or activated
memory CD4� T cells to CD95-mediated apoptosis or prolif-
eration after IL-7 treatment. We found that IL-7 treatment
results in different sensitivity to apoptotic or proliferative sig-
nals mediated by CD95 in memory CD4� T cells. The percent-
age of apoptotic cells significantly decreased in resting memory
CD4� T cells in the presence of CD95 costimulating signals
(Fig. 5A). However, after activation with a suboptimal dose of
anti-CD3 mAb, the percentage of dividing cells significantly
increased due to CD95 pathway activation (Fig. 5B). Thus, IL-7-
treated memory CD4� T cells have a decreased response to
CD95-mediated apoptosis and an increased sensitivity to CD95-
mediated proliferation.

Possible Mechanism of IL-7-primed Proliferation with CD95
Signals—IL-7 is a pro-survival cytokine, and it can elevate anti-
apoptotic proteins such as the inhibitor of apoptosis protein
family as well as decrease the expression of pro-apoptotic pro-
teins (1). Cellular FLICE-like inhibitory protein (c-FLIP/
CFLAR) is well known to interact with the death domain of the

CD95 receptor and prevent transduction of the apoptotic signal
(49). IL-7 has been reported to not affect the expression of
c-FLIP in recent thymic emigrants (50). Because IL-7R is low in
recent thymic emigrants, the effect of IL-7 on c-FLIP in mem-
ory T cells warrants study. Western blots indicated that c-FLIPS
(c-FLIPShort), splice variants of c-FLIP, was increased in mem-
ory CD4� T cells treated with IL-7 and even more so in samples
treated with both anti-CD3 antibody and IL-7 (Fig. 5C). The
other splice variant of c-FLIP, c-FLIPL (c-FLIPLong) was only
significantly enhanced in activated samples (Fig. 5C). These
data showed that IL-7 inhibits CD95-mediated apoptosis by
up-regulating anti-apoptotic protein c-FLIP.

Recently, the tumorigenic activity of CD95 has been sug-
gested to be mediated by a pathway involving JNK (26, 51). To
determine the possible signaling pathway of CD95-induced
proliferation in IL-7-primed memory CD4� T cells, the effect
of IL-7 on JNK activation was measured. We did not observe
any significant phosphorylation of JNK in memory CD4� T
cells treated with IL-7 alone, but a significant phosphorylation
of JNK was observed in memory CD4� T cells treated with both
anti-CD3 antibody and IL-7 (Fig. 5D). These observations indi-
cated that IL-7 can trigger CD95-mediated proliferation signal
in activated CD4� T cells but not resting T cells. This was con-
sistent with the observation that resting T cells cannot be
driven into cell replication cycle by IL-7 alone (50, 52).

FIGURE 2. IL-7 down-regulates CD95 splicing regulator PTB. A and B, memory CD4� T cells from HIV-negative controls were isolated and cultured with or
without 25 ng/ml IL-7 for 2 days. A, cells were harvested for RNA extraction, and PTB mRNA was measured by real-time PCR. Error bars represent S.D. calculated
from six independent experiments. B, cells were collected for Western blot analysis of PTB protein expression. A representative sample of five independent
experiments is shown. Values represent -fold changes of PTB normalized against �-actin and compared with control. C and D, memory CD4� T cells from
HIV-negative controls transfected with PTB-specific siRNA or control siRNA were cultured with or without 25 ng/ml IL-7 for 2 days. C, top panel, mRNAs of CD95
splice variants were measured by RT-PCR. A representative sample of three independent experiments is shown. Bottom panel, silencing of PTB by PTB-specific
siRNAs was confirmed by Western blot. mCD95, membrane-bound CD95; sCD95, soluble CD95. Values represent the ratios of the relative density of mCD95/
sCD95. D, CD95 expression was measured by FCM. MFI is shown with error bars representing S.D. calculated from three independent experiments. NC, negative
control. **, p � 0.01 in a paired t test. NS, non-significant.
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IL-7 and CD95 Synergistically Promote Survival and Prolifer-
ation of HIV-1-latently Infected CD4� T Cells in Vitro—To
investigate the effect of IL-7 induced CD95 signaling on the
HIV-1 reservoir, we measured apoptosis and proliferation of
CD4� T cells from HIV-1-infected individuals on suppressive
ART. Data were consistent with those in HIV-negative controls
and indicated that CD95 signaling could promote survival and
proliferation in IL-7-treated CD4� T cells from HIV-1-infected
donors on ART (Fig. 6, A and B).

We then measured the effect of IL-7 on the maintenance of
the HIV-1 reservoir by quantifying copies of integrated HIV-1
DNA within CD4� T cells before and after cytokine and anti-
CD95 treatment in vitro (Fig. 6C). IL-7 and anti-CD95 treat-
ment increased copy numbers of integrated HIV-1 DNA in

CD4� T cells, suggesting that CD4� T cells harboring HIV-1-
integrated DNA proliferated along with the whole CD4� T cell
population. HIV-1 RNA was also quantified to detect HIV-1
production after IL-7 and anti-CD95 treatment, and these pro-
liferated CD4� T cells could produce more HIV-1 particles into
the medium (Fig. 6D). These results suggested that IL-7 and
CD95 synergistically promote survival and proliferation of
HIV-1-latently infected CD4� T cells and, therefore, contrib-
ute to the maintenance of HIV-1 reservoir.

DISCUSSION

Here we confirm that IL-7 can elevate CD95 on the surface of
memory CD4� T cells by inducing the redistribution of CD95
from intracellular compartments to the cellular membrane

FIGURE 3. IL-7 up-regulates PTB-targeting miR-124. A, top panel, memory CD4� T cells from HIV-negative controls were transfected with AGO1- and
AGO2-specific siRNAs or control oligonucleotides and then cultured with or without the presence of 25 ng/ml IL-7 for 2 days. CD95 expression was measured by FCM.
MFI is shown with error bars representing S.D. calculated from four independent experiments. Bottom panel, silencing of AGO1/2 by AGO1/2-specific siRNAs was
confirmed by Western blot. B, predicted target site of miR-124 within the 3�-UTR of PTB is shown. C, memory CD4� T cells from HIV-negative controls were transfected
with miR-124 mimic or control oligonucleotides and harvested for Western blot of PTB protein expression. A representative sample of three independent experiments
is shown. Values represent fold changes of PTB normalized against�-actin and values compared with control. D, memory CD4� T cells from HIV-negative controls were
isolated and cultured with or without 25 ng/ml IL-7 for 2 days. Cells were harvested for miR-124 quantification by stem-loop PCR. Error bars represent S.D. calculated
from three independent experiments. NC, negative control. Paired, two-tailed Student’s t test: *, p � 0.05; **, p � 0.01.
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(24). Our data indicate that IL-7 promotes CD95 elevation by
regulating the alternative splicing process via suppression of splic-
ing regulator PTB. Interestingly, our data reveal the involvement of
miRNA in IL-7-mediated up-regulation of CD95. In the nervous
system miR-124 has been reported to directly target PTB, which in
turn leads to nonsense-mediated decay of its homolog nPTB
(PTBP2/brPTB/PTBLP) and affects neuronal differentiation (48).
We also found that miR-124 inhibits PTB expression and was up-
regulated by IL-7 in memory CD4� T cells (Fig. 3, C and D), lead-
ing to the inhibition of PTB and subsequently the inclusion of the
transmembrane domain of CD95. In summary, we have described
a signaling transduction pathway of IL-7-induced expression of
CD95 molecule on the cellular membrane of memory CD4� T
lymphocytes.

We have also found that IL-7-primed resting memory CD4�

T cells were less susceptible to CD95-mediated apoptosis and

that suboptimally activated cells were more sensitive to a
CD95-mediated proliferation signal. These data are consistent
with previous understandings that memory CD4� T cells are
CD95 type 		 cells and are resistant to CD95-mediated apopto-
sis (31–33). Thus, memory CD4� T cells can achieve homeo-
static proliferation with the protection of IL-7 and acquire
CD95 resistance toward bystander cell death during HIV-1
infection or antigen restimulation. Although IL-7 has been
reported to induce CD95-mediated apoptosis in HIV-1-in-
fected individuals, a recent study suggested that the pathway
through which cells die during HIV-1 infection is decided by
the permissivity status of the cell (53). Of CD4� T cells encoun-
tered by HIV-1, 95% are non-permissive quiescent cells and
undergo caspase-1-mediated pyroptosis instead of caspase-3-
mediated apoptosis (53). Therefore, CD95-mediated apoptosis
could only account for 5% of CD4� T cell death during HIV-1

FIGURE 4. miR-124 up-regulates CD95 expression on memory CD4� T cells. A and B, memory CD4� T cells from HIV-negative controls were transfected with
miR-124 mimic, miR-124 inhibitor, or their respective control oligonucleotides. IL-7 was added to the cell cultures 12 h after miR-124 inhibitor transfection. A,
the mRNAs of CD95 splice variants were measured by RT-PCR. A representative sample of three independent experiments is shown. mCD95, membrane-bound
CD95; sCD95, soluble CD95. Values represent the ratios of the relative density of mCD95/sCD95. B, CD95 expression was measured by FCM. MFI is shown with
error bars representing S.D. calculated from three independent experiments. NC, negative control. *, p � 0.05 in a paired t test.
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FIGURE 5. IL-7 and CD95 synergistically promote survival and proliferation in memory CD4� T cells. A, B, C, and D, memory CD4� T cells from HIV-negative
controls were treated with or without 25 ng/ml IL-7 for 48 h. Cells were then stimulated with 1 �g/ml anti-CD95 or control IgG. Human anti-CD3 was added into
culture along with anti-CD95 or control IgG in activated cultures (B). A, apoptosis of T cells was measured after 24 h of anti-CD95 activation using annexin-V
staining. B. proliferation of T cells was measured at day 4 of anti-CD95 activation using carboxyfluorescein diacetate succinimidyl ester labeling. A and B consist
of results from 12 independent experiments. C and D, protein levels of c-FLIP (C) and JNK/p-JNK (D) were detected by Western blot. A representative sample of
three independent experiments is shown. Values in C and D represent -fold changes of c-FLIP (C) and JNK/p-JNK (D) normalized against GAPDH and compared
with control. ***, p � 0.001 in a paired t test.

FIGURE 6. IL-7 and CD95 synergistically promote the maintenance of HIV-1 reservoir in vitro. A, B, C, and D, CD4� T cells from HIV-1-infected donors on
suppressive ART were cultured in the presence of 10 �M azidothymidine (AZT) and treated with or without 25 ng/ml IL-7 for 48 h. Cells were then stimulated
with 1 �g/ml anti-CD95 or control IgG. Human anti-CD3 were added into culture along with anti-CD95 or control IgG in activated cultures (B, C, and D). A,
apoptosis of T cells was measured after 24 h of anti-CD95 activation using annexin-V staining. B, proliferation of T cells was measured at day 4 of anti-CD95
activation using carboxyfluorescein diacetate succinimidyl ester labeling (left) and cell counting (right). C. integrated HIV-1 DNA copy numbers per well after
IL-7 and anti-CD95 treatment were quantified by Alu-gag PCR. D, HIV-1 RNA copy numbers per milliliter after IL-7 and anti-CD95 treatment were measured by
real-time PCR. These data consist of results from different donors indicated in each graph. Empty squares in D represent negative results (�10 HIV-1 copies/ml).
Wilcoxon matched-pairs signed rank test: **, p � 0.01; ***, p � 0.001.
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infection, and IL-7 induced CD95 expression may not play a
major role in cell death.

Furthermore, IL-7 can up-regulate anti-apoptotic proteins to
promote memory cell survival (1). As c-FLIP has been shown to
play a role in regulating the outcome of CD95 stimulation (49,
54), investigating the effect of IL-7 on c-FLIP expression is a
worthy pursuit. c-FLIP is composed of several alternatively
spliced variants, among which are c-FLIPL (c-FLIPLong),
c-FLIPS (c-FLIPShort), and c-FLIPR. All three variants can bind
to the death domain, but only c-FLIPS and c-FLIPR could block
apoptosis by inhibiting the recruitment and activation of pro-
caspase-8 (55, 56). Our data showed that c-FLIPS was signifi-
cantly increased in IL-7-treated memory CD4� T cells regard-
less of cell activation status. However, investigations of c-FLIP
regulation by interleukins did not generate consistent results
(57). Ours is the first report to suggest that c-FLIPS is increased
in IL-7-primed resting memory CD4� T cells in vitro, suggest-
ing that c-FLIP, which is not up-regulated in recent thymic
emigrant T cells, might contribute to the mechanism of IL-7-
mediated memory cell survival (50). Of course, IL-7 could also
increase T cell survival by maintaining a favorable balance of
anti-apoptotic proteins (e.g. Bcl-2, Mcl-1) over pro-apoptotic
proteins (Bim, Bax, and Bad) (1). Therefore, the significance of
c-FLIP in IL-7-mediated survival of lymphocytes still needs fur-
ther investigation. In addition, previous work indicated that
mitogen-activated protein kinase is involved in CD95-medi-
ated proliferation pathway (26). Our data confirmed that phos-
phorylated JNK was increased in activated memory CD4� T
cells pretreated with IL-7. Thus, c-FLIP and JNK pathways may
be the potential pathways for the non-apoptotic function of
CD95 in memory CD4� T lymphocytes. As a result, the func-
tion of FasL/CD95 up-regulated by IL-7 in memory CD4� T
lymphocytes is consistent with the canonical function of
IL-7/IL-7R.

That IL-7 and CD95 could synergistically promote survival
and proliferation of CD4� T cells was observed in HIV-1-in-
fected individuals on ART ex vivo. Furthermore, CD4� T cells
harboring integrated HIV-1 DNA could proliferate along with
the entire CD4� T cell subset, and these latently infected T cells
could produce more HIV-1 particles when IL-7 and anti-CD95
were both present, suggesting that CD95 signaling could par-
ticipate in the survival and expansion of HIV-1 reservoir after
IL-7 priming (Fig. 6). Of note, our results suggest that prolifer-
ation stimulated by the CD95 pathway in IL-7-primed CD4� T
cells is a general effect, not specific for HIV-1-latently infected
CD4� T cells.

Our findings suggest a novel mechanism for immunopatho-
genesis of HIV-1. IL-7 maintains and expands the HIV-1 reser-
voir not only through its classical signal pathways but also
through the anti-apoptotic and proliferation pathways medi-
ated by CD95. Although IL-7 can contribute to restoring the
CD4� T cell pool in HIV-1-infected individuals, the therapeutic
prospect of IL-7 has been questioned (58). The pro-survival and
anti-apoptotic effects of IL-7 also benefit the preservation of
HIV-1-latently infected cells and block the clearance of HIV-1
reservoir (18, 19). IL-7 cannot activate and eradicate the HIV-1
reservoir efficiently; rather, it elevates HIV-1-DNA in studied
subjects, possibly due to IL-7-mediated T-cell stimulation and

expansion (18, 19). HIV-1 DNA persistence is possibly achieved
by homeostatic proliferation of latently infected cells (59). Our
data support the argument that IL-7 is not efficient at reactivat-
ing HIV-1 latency. In contrast, given the abnormal increase of
IL-7 during HIV-1 infection, the contribution of the FasL/
CD95 signaling pathway to the maintenance of the HIV-1 res-
ervoir warrants further investigation. Moreover, CD95 and
other related molecules identified in our study may be possible
therapeutic targets to eradicate the HIV-1 reservoir. Additional
studies of these aspects may illuminate a novel mechanism(s)
for maintaining and expanding the HIV-1 reservoir and identify
a novel target(s) for activating HIV-1 latency and eradicating
viral reservoirs.
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