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IL-27 induces stronger proliferation of naive than memory
human B cells and CD4% T cells. In B cells, this differential
response is associated with similar levels of IL-27 receptor chains,
IL-27Re and gp130, in both subsets and stronger STAT1 and
STAT3 activation by IL-27 in naive B cells. Here, we show that the
stronger proliferative response of CD3-stimulated naive CD4* T
cells to IL-27 is associated with lower levels of IL-27Ra but higher
levels of gp130 compared with memory CD4* T cells. IL-27 signal-
ing differs between naive and memory CD4" T cells, as shown by
more sustained STAT], -3, and -5 activation and weaker activation
of SHP-2 in naive CD4™ T cells. In the latter, IL-27 increases GO/G1
to S phase transition, cell division and, in some cases, cell survival.
IL-27 proliferative effect on naive CD4* T cells is independent of
MAPK, but is dependent on c-Myc and Pim-1 induction by IL-27
and is associated with induction of cyclin D2, cyclin D3, and CDK4
by IL-27 in a c-Myc and Pim-1-dependent manner. In BCR-stimu-
lated naive B cells, IL-27 only increases entry in the S phase and
induces the expression of Pim-1 and of cyclins A, D2, and D3. In
these cells, inhibition of Pim-1 inhibits IL-27 effect on proliferation
and cyclin induction. Altogether, these data indicate that IL-27
mediates proliferation of naive CD4* T cells and B cells through
induction of both common and distinct sets of cell cycle regulators.

IL-27 is a heterodimeric cytokine of the IL-12 family com-
posed of two subunits, EBV-induced gene 3 (EBI3) and p28 (1,
2). In humans, IL-27 is expressed at high levels by activated
antigen-presenting cells and placental trophoblast cells (2—4).
Its receptor comprises two chains, IL-27R« (also called TCCR
or WSX-1) and the shared cytokine receptor signaling subunit
gp130 (5). This receptor is expressed by a large variety of
immune and non-immune cells resulting in pleiotropic fonc-
tions for IL-27 (6-13).

The first identified biological function for IL-27 was its abil-
ity to increase the proliferation of naive, but not memory,
murine, and human CD4" T cells (2). Subsequently, many
studies have focused on the role of IL-27 on naive CD4™" T cells
and have shown that IL-27 is a key regulator of naive CD4" T
cell differentiation. Depending on the context, IL-27 can pro-
mote the initiation of Th1 response via T-bet and IL-12 recep-
tor induction, or inhibit Th2 or Th17 responses by down-reg-
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ulating GATA3 or RORYyt expression, respectively (reviewed in
Refs. 14-16). Fewer studies have investigated the role of IL-27
on differentiated CD4™ T cells. Studies performed in mice
showed that several biological effects of IL-27 besides prolifer-
ation, such as induction of RORYyt expression or modulation of
IL-17 or IFN-v production, were differentially regulated in
naive and effector/memory CD4™ T cells (17-19). These data
suggested that IL-27 signaling varies depending on the stage of
murine CD4™" T cell differentiation.

Knowledge on the signaling pathways induced by IL-27
mostly arises from studies performed using murine naive CD4 ™"
T cells. In these cells, IL-27 activates the Jak/STAT pathway, in
particular STAT1, STAT3, and STAT5 (20-22). In the IL-27
receptor, IL-27Ra has been shown to constitutively interact
with Jak1 and contribute to STAT1 activation, while gp130 that
constitutively interacts with Jakl, Jak2, and Tyk2, contributes
to STATS3 activation (20, 23, 24). By using murine T cells spe-
cifically deficient for either STAT1 or STAT3, STAT3 was
shown to be indispensable for IL-27 proliferative effect on
murine naive CD4™ T cells, whereas STAT1 was found to be
dispensable (22, 24). In addition to Jak/STAT pathway, p38 and
erkl/2 MAPKs have been shown to be activated by IL-27 in
murine naive CD4" T cells and involved in IL-27-induced Th1
differentiation (25).

Previously, we have shown that human B cells responded
differently to IL-27 depending on their stage of differentiation
(8). Thus, although naive and memory tonsillar B cells
expressed comparable levels of IL-27 receptor at the cell sur-
face, either constitutively or upon CD40 or Ig stimulation, naive
B cells exhibited a stronger response than memory B cells to
IL-27. STAT1 and -3 activation by IL-27 was stronger in naive
than memory B cells, and several IL-27-mediated biological
effects, such as T-bet or cell surface molecule induction, were
more robust in activated naive than memory B cells. One strik-
ing difference between both B cell subsets was their prolifera-
tive response to IL-27, in that IL-27 significantly increased pro-
liferation of naive, but not memory, B cells (8).

The molecular basis underlying the differential response of
naive and memory CD4™" T cells to IL-27 has not been previ-
ously analyzed. Therefore, in this study, we analyzed the possi-
ble cellular events and signaling pathways that could be differ-
entially regulated between naive and memory CD4 ™ T cells and
result in the stronger proliferative response of naive CD4" T
cells to IL-27. Next, we investigated in both naive CD4 ™" T cells
and naive B cells, the mechanisms by which IL-27 regulates
their proliferation. We delineated the precise effects of IL-27 on
cell survival, cell division, and cell cycle progression, and inves-
tigated the effects of IL-27 on the expression of various mole-
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cules known to regulate cell proliferation, such as cyclins,
cyclin-dependent kinases (CDKs),” and CDK inhibitors.

EXPERIMENTAL PROCEDURES

Isolation of Human CD4" T Cell Subsets and Naive B Cells—
Naive and memory CD4" T cell subsets were isolated from
peripheral blood mononuclear cells of adult healthy donors
(Etablissement Francais du Sang, Centre Necker-Cabanel,
Paris), as described (26). Total CD4" T cells were isolated by
negative selection by using the CD4" T cell isolation kit II
according to the manufacturer’s instructions (Miltenyi Bio-
tech). These cells were further separated into naive or memory
CD4™ T cells by incubation with CD45RO microbeads and sep-
aration by using a LS column (Miltenyi Biotech). The negative
fraction (naive CD4™ T cells) was collected and the positive
fraction was passed again over a MS column to enrich in
CD45RO™ cells. Naive CD4™ T cells were also purified in a
single-step procedure using the naive CD4™ T cell isolation kit
II (Miltenyi Biotech). Naive and memory CD4™" T cell fractions
contained less than 3% non-CD4™" T cells and showed =95%
purity based on CD45RA and CD45RO markers. For analysis of
IL-27 expression by naive and memory CD4™" T cells, cells were
also purified by electronic cell sorting on a FACSAria cytometer
(IRNEM cell sorting facility).

Human naive B cells were isolated from pediatric tonsils
obtained at Necker Hospital, as previously described (8).
Briefly, IgD ™ naive B cells were purified by incubation of ton-
sillar mononuclear cells with anti-IgD mAb (IA6 -2, BD Biosci-
ences) followed by goat anti-mouse IgG microbeads (Miltenyi
Biotech) and magnetic separation by using a LS column (purity:
95-99% IgD™). In all cases, human samples were obtained with
informed consent of the patient and processed in accordance
with French ethical guidelines.

T and B Cell Culture—In most cases, naive and memory
CD4™" T cells were stimulated with plate (Costar)-coated CD3e
mADb (UCHT1, R&D Systems, 3 ug/ml unless otherwise speci-
fied) in the absence or presence of soluble CD28 mAb (CD28.2,
BD Biosciences, 0.5 pug/ml) in RPMI 1640 medium (Invitrogen)
supplemented with 10% FBS, L-glutamine and antibiotics (com-
plete RPMI medium). Alternatively, CD4™ T cell subsets were
stimulated with beads (ratio of 1 bead per 2 cells) coated with
CD3 mAD (10 ug/ml, T cell activation/expansion kit, Miltenyi
Biotec). In some experiments, neutralizing mAbs for IL-2
(MQI1-17H12, BD Biosciences) and IL-2R (B-B10 CD25 mAb,
Diaclone) were used at 10 ug/ml each. Recombinant sIL-27Ra-
Fc, comprising the extracellular domain of IL-27Ra fused to the
Fc region of human IgGl (TCCR/WSX-1/Fc chimera, R&D
Systems), or a control irrelevant human IgG1, were used at 2
pg/ml. Purified B cells (2 X 10° per ml) were cultured in com-
plete RPMI medium in the presence of F(ab’), fragment of goat
polyclonal anti-human w Ab (Jackson ImmunoResearch Labo-
ratories, 5 wg/ml unless otherwise specified).

Recombinant IL-27 corresponding to single-chain EBI3p28
fusion protein (Schering-Plough Biopharma) was used at 50

2The abbreviations used are: CDK, cyclin-dependent kinase; EBI3, EBV-in-
duced gene 3; SOCS, suppressor of cytokine signaling; RTqPCR, real-time
quantitative PCR analysis; mAb, monoclonal antibody.
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ng/ml. The following chemical inhibitors were used: U0126,
SB203580, and SP600125 (Calbiochem), Pim-1 inhibitor 2
(Santa Cruz Biotechnology) and c-Myc inhibitor (10058-F4,
Sigma-Aldrich). Because chemical inhibitors were diluted in
DMSO, DMSO was added at a similar dilution in the controls.
Inhibitors were added 1 h before the addition of IL-27. At the
concentrations used, no toxic effect of the inhibitors was
observed.

Cell Surface Staining—For cell surface staining, purified
naive and memory CD4 " T cells were saturated in PBS contain-
ing 20% normal human serum before incubation with specific
Abs. All staining and washes were performed in FACS buffer
(PBS containing 2% FBS and 0.01% sodium azide). The follow-
ing PE-conjugated mouse mAbs (all from BD Biosciences) were
used: anti-gp130 mAb (AM64), anti-human HLA-A, -B, -C
mAb (G46-2.6), CD95 mAb (DX2), and isotype control mAb
(MOPC-21). IL-27Ra was detected with anti-TCCR/WSX-1
mAb (191106, R&D Systems) that had been biotinylated with
the biotin protein labeling kit from Roche, and PE-conjugated
streptavidin (BD Biosciences).

Thymidine Incorporation Assay—Proliferation was mea-
sured by assessing DNA synthesis by thymidine incorporation.
Naive and memory CD4 ™" T cells (5 X 10* per well) or B cells
(2 X 10° per well) were cultured in triplicate in 96-well plate for
4 or 3 days, respectively. [*'H]Thymidine (0.5 uCi per well,
Amersham Biosciences) was added for the last 8 h of the last day
of incubation. After collecting cells on a filter, [?’H]thymidine
incorporation was measured in a 3-scintillation counter.

Cell Division, Cell Cycle, and Cell Survival Analyses—For
measure of cell division, purified B or T cell subsets were labeled
at day 0 with Vybrant® CFDA S.E. cell tracer (Invitrogen). Cells
(1 X 107 per ml) were incubated with 1 um Vybrant® CFDA S.E.
cell tracer in PBS containing 2% FBS for 5 min at room temper-
ature and washed twice with PBS-10% FBS before culture. After
3 to 5 days of culture, CFSE-labeled cells were analyzed on
Canto II (BD Biosciences). For cell cycle analysis, cells (1 X 10°
per ml) were incubated at the term of the culture with 10 pum
Vybrant® DyeCycle violet stain (Invitrogen) in complete RPMI
medium for 30 min at 37 °C and immediately analyzed by flow
cytometry on FACSCanto II. To quantify cell survival/apopto-
sis, cultured T or B cells were washed twice in PBS and double-
stained with annexin V-FITC conjugate and propidium iodide
(PI) following the manufacturer’s instructions (apoptosis
detection kit, BD Biosciences) and analyzed on FACSCanto IL
Data were analyzed using Flow]Jo software.

Western Blot Analysis—Cells were washed in ice-cold PBS
and lysed for 1 h on ice in lysis buffer (1% Nonidet P-40, 50 mm
Tris, pH 7.4, 150 mm NaCl, 3% glycerol, 1.5 mm EDTA) supple-
mented with protease inhibitors (1 mm PMSF, 1 ug/ml pepsta-
tin, 1 ug/ml leupeptin) and phosphatase inhibitors (1 mm
Na;VO, and 10 mm NaF). Cell lysate was centrifuged for 15 min
at 13,000 X g and the supernatant was assayed for protein con-
centration using the microBCA™ protein assay (Pierce). Cell
lysates (from 50 to 100 ug) were subjected to SDS-PAGE and
transferred to nitrocellulose for immunoblotting. Blots were
incubated with the following primary Abs:rabbit polyclonal
Abs specific for phospho-STAT1, phospho-STAT3, phospho-
STATS5, phospho-SHP-2, STAT1, STATS5, or SHP-2, all from
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FIGURE 1. A-C, effect of IL-27 on naive and memory CD4™ T cell proliferation. Purified naive and memory CD4™ T cells were stimulated for 4 days with
plate-coated CD3 mAb (3 ug/ml) and soluble CD28 mAb (0.5 wg/ml) (A) or various concentrations of plate-coated CD3 mAb onlg/ (B and (), with (A and B) or
without (C) neutralizing anti-IL-2 and IL-2R mAbs, and their proliferation, in the absence or presence of IL-27, was measured by [*H]thymidine incorporation.
Results are expressed in com (mean of triplicates * S.D.) and are representative of three independent experiments performed with different donors. D, effect
of IL-27 on MHC class | induction in naive and memory CD4™ T cells stimulated for 36 h with CD3-coated beads. Control staining and staining for MHC class | are

represented as indicated (x axis, log fluorescence intensity; y axis: cell number). Data are representative of three different donors.

Cell Signaling Technology; mouse anti-STAT3 mAb (F-2),
mouse anti-Pim-1 mAb (12H18), rabbit polyclonal anti-c-Myc
Ab (N-262), goat polyclonal anti-cyclin A Ab (C-19), rabbit
polyclonal anti-cyclin D3 Ab (C-16), mouse anti-cyclin E mAb,
mouse anti-p21 mAb (F-5), goat polyclonal anti-CDK2 Ab
(M2), rabbit polyclonal CDK4 Ab (H-22), goat polyclonal
CDK6 Ab (C-21) and goat polyclonal anti-actin Ab (I19), all
from Santa Cruz Biotechnology; mouse anti-cyclin D2 mAb
(G132-43) and mouse anti-p27 mAb (Kip1/p27), both from
BD Biosciences. Binding of primary Abs was detected with
HRP-conjugated anti-mouse (GE Healthcare) or anti-goat
(Santa Cruz Biotechnology) Abs, or HRP-conjugated protein A
(GE Healthcare). Peroxidase reaction was developed with
chemiluminescence reagents (Pierce).

Real-time Quantitative PCR Analysis (RTqPCR)—Total
RNA was isolated by TRIzol extraction followed by DNase I
digestion (Invitrogen), or by using the RNeasy Plus Micro kit
(Qiagen). RNA was reverse transcribed into cDNA using
M-MLV reverse transcriptase and oligo(dT) or random hex-
amer primers (Invitrogen). RTqPCR was performed using Taq-
man Universal PCR Master mix and TagMan® gene expression
assays (Applied Biosystems). For each sample, triplicate reac-
tions were run for 40 cycles on 7900HT or StepOne Plus ther-
mal cycler (Applied Biosystems). Levels of target mRNA were
normalized relative to levels of 32-microglobulin or large ribo-
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somal protein (RPLPO) mRNA, and relative mRNA expression
was calculated using the comparative cycle threshold (C;)
method (AAC, method). Only C; values below 36 were
considered.

Statistical Analysis—Statistical analysis was performed by
paired Student’s ¢ test or Mann-Whitney test. A p value < 0.05
was considered to indicate statistical significance.

RESULTS

Analysis of Naive and Memory CD4" T Cell Proliferative
Responses to IL-27—In the IL-27 princeps work, IL-27 was
shown to increase proliferation, assessed by thymidine incor-
poration, of naive, but not memory, human and murine CD4™"
T cells, when cells were stimulated with plate-bound CD3 and
soluble CD28 mAbs in the presence of neutralizing anti-IL-2
and IL-2R mAbs (2). Using similar experimental conditions, we
observed that IL-27 was able to increase the proliferation of
naive CD4" T cells, and also that of memory CD4™ T cells to
some extent. However, consistent with the prior findings, IL-27
proliferative effect on memory CD4™ T cells, when observed,
was consistently 2—3-fold lower than that observed on naive
CD4™" T cells (Fig. 1A). The differential proliferative response
of naive versus memory CD4" T cells to IL-27 was particularly
pronounced when suboptimal conditions of stimulation were
used, i.e. low doses (1.5 and 3 pg/ml) of plate-coated CD3 mAb
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FIGURE 2. Analysis of IL-27 expression by naive and memory CD4™ T cells and of its role in their proliferation. A, £B/3 and p28 expression in naive and
memory CD4" T cells stimulated for various times with plate-coated CD3 mAb and soluble CD28 mAb was analyzed by RTqPCR. Data from three different
donors (mean = S.E.) are shown. ND, not detected. B, expression levels of EBI3 and p28 determined by RTqPCR in 12 or 48-h CD3/CD28-stimulated naive (N) or
memory (M) CD4™ T cells (mean = S.E. of 4 donors) were compared with those observed in monocytes stimulated for various times with LPS (3 donors) or
placenta tissues (4 donors, 9 to 33 weeks of pregnancy). C, purified naive and memory CD4 ™ T cells were stimulated for 4 days with plate-coated CD3 mAb and
soluble CD28 mAb in the absence or presence of sIL-27Ra-Fc or an irrelevant human IgG1 control protein, and their proliferation was measured by [*H]thy-
midine incorporation. The percentage of proliferation (mean = S.E. of 7 different donors) observed in the presence of sIL-27Ra-Fc or a control protein, relative

to that observed in their absence is represented.

only. Under these conditions, IL-27 proliferative effect on
memory CD4™ T cells was null or up to over 30-fold lower than
that observed in naive CD4 ™ T cells (Fig. 1, Band C). Upon CD3
stimulation, the selective proliferative effect of IL-27 on naive
CD4™ T cells could be observed in the absence of neutralizing
anti-IL-2/IL-2R Abs (Fig. 1C).

Of note, biological responses to IL-27 were not systemati-
cally more robust in naive than memory human CD4™ T cells.
For example, up-regulation of MHC class I expression by IL-27
in cells stimulated in suboptimal condition (CD3 stimulation
only) was not lower in memory than naive CD4" T cells (Fig.
1D).

The Poor Proliferative Response of Memory CD4™" T Cells to
the Addition of IL-27 Is Not Due to Autocrine Effect of IL-27 in
These Cells—A recent study demonstrated that autocrine pro-
duction of IL-27 is involved in the proliferation of murine total
CD8" T cells (27). Therefore, we investigated whether the
lower proliferative response of human memory CD4" T cells

S
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compared with naive CD4™ T cells to exogenous IL-27 could be
due to autocrine production of IL-27 by memory CD4™ T cells
specifically. Previously, we had shown by Western blot that
naive and memory CD4" T cells stimulated with CD3/CD28
mAbs express low but detectable levels of EBI3, but their pro-
duction of IL-27 was not investigated (26). Therefore, we ana-
lyzed by RTqPCR the expression of both subunits of IL-27, EBI3
and p28, at different time points upon CD3 or CD3/CD28 stim-
ulation. Upon CD3 stimulation, induction of EBI3 was detected
in both naive and memory CD4" T cells, but was associated
with barely detectable levels of p28 in both subsets (not shown).
Upon CD3/CD28 stimulation, the two subunits of IL-27 could
be detected in both naive and memory CD4™ T cells, at levels
that were not significantly higher in the latters (Fig. 24). These
levels were however much lower than those observed in other
cell types or tissues known to express high amounts of IL-27,
such as LPS-stimulated monocytes or placental tissues (Fig. 2B,
when compared with monocytes, EBI3 levels in CD4™ T cells
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FIGURE 3. Cell surface expression of IL-27 receptor on human naive and memory CD4™* T cells. A, cell surface expression of IL-27Raand gp130 on naive and
memory CD4" T cells was determined by FACS analysis before stimulation, or after a 2- and 3-day stimulation with plate-coated CD3 mAb, alone or in
combination with CD28 mAb. Staining with anti-IL-27Ra mAb and anti-gp130 mAb is indicated by a bold line (MFl indicated at right), while control staining (MFI
indicated at left) is represented by a filled gray histogram (x axis, log fluorescence intensity; y axis: cell number). Data from a representative donor out of 3 are
shown. B, relative MFI (MFI of specific staining minus MFI of control staining) of IL-27Ra or gp130 staining observed in unstimulated naive and memory CD4™

T cells from 5 donors is shown.

were on average 3—58-fold lower, and p28 levels over 100-fold
lower). The expression of IL-27 protein in activated CD4* T
cells could not be unambiguously measured by intracellular
staining with commercial anti-IL-27 Ab, which in our hands
failed to prove specificity for IL-27 (not shown).

To investigate whether the low IL-27 expression by naive or
memory CD4™" T cells could contribute to their proliferation,
purified cells were stimulated for 4 days with CD3/CD28 Abs in
the absence or presence of a soluble IL-27Ra-Fc chimera
known to inhibit IL-27 signaling, but not that of IL-6, another
gp130 family cytokine (27, 28). Addition of sIL-27Ra-Fc did not
affect proliferation of memory CD4 ™ T cells in all donors tested
(n = 7) (Fig. 2C). However, it partially inhibited naive CD4" T
cell proliferation (25 * 8% inhibition on average, p < 0.05),
suggesting that endogenous IL-27 (or an unknown protein sig-
naling through IL-27R«) may contribute to naive CD4" T cell
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proliferation. Collectively, these data suggested that the lower
proliferative response of memory CD4™ T cells to exogenous
IL-27 was not due to an autocrine role of IL-27 in these cells,
and was most likely due to differential signaling induced by
IL-27 in naive versus memory CD4™" T cells.

Human Naive and Memory CD4" T Cells Are Characterized
by Differential Expression Profiles of IL-27 Receptor—We ana-
lyzed the expression profile of both chains of the IL-27 receptor,
IL-27Ra and gp130, at the cell surface of resting and activated
purified naive and memory CD4™" T cells to evidence possible
differences between both subsets (Fig. 3, A and B). FACS anal-
ysis showed that constitutive expression of IL-27Ra and gp130
varied between naive and memory CD4" T cells. Whereas
IL-27Ra expression was consistently higher on freshly purified
memory than naive CD4™" T cells (MFI 2.5-fold higher on aver-
age, p < 0.05), the reverse situation was observed for gp130,
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whose expression was consistently higher on naive than mem-
ory CD4™" T cells (MFI 2.4-fold higher on average, p < 0.05)
(Fig. 3B).

Stimulation with CD3 or CD3/CD28 mAbs for 2 to 3 days
induced a substantial increase of IL-27Ra on both naive and
memory CD4™" T cells (Fig. 34). However, upon CD3 stimula-
tion, memory CD4" T cells still expressed higher levels of
IL-27Ra than naive CD4 ™" T cells. In contrast, CD3/CD28 stim-
ulation induced a strong, but transient, up-regulation of
IL-27Ra that resulted in similar levels of IL-27Ra on each
CD4™" T cell subset. Gp130 levels were also modulated upon
stimulation and for each subset were the highest upon a 3-day
CD3 stimulation. Of note, upon either CD3 or CD3/CD28 stim-
ulation, gp130 expression remained higher on naive than mem-
ory CD4™ T cells. Addition of IL-27 did not substantially mod-
ulate IL-27Ra or gp130 expression in CD3-stimulated human
naive or memory CD4™ T cells (not shown). Taken together,
these data indicate that while IL-27Ra was expressed at higher
levels in resting or CD3-activated memory CD4™ T cells than in
their naive counterparts, gp130 was expressed at higher levels
in naive CD4™" T cells, both constitutively or upon activation.

Differential Activation of STAT Proteins and of SHP-2 by
IL-27 in Naive versus Memory CD4" T Cells—Next, we exam-
ined whether IL-27 signaling differs between naive and memory
CD4™" T cells. First, we analyzed the activation of STATI, -3,
and -5, that had been previously shown to be activated by IL-27
in human PHA-activated T cells (29). Western blot analysis
showed that the kinetic of STAT activation by IL-27 consis-
tently differed between naive and memory CD4" T cells (Fig.
4A). If after 15 min of stimulation with IL-27, STAT1, -3 and -5
were activated at comparable levels in freshly purified naive or
memory human CD4™" T cells, analysis performed at later time
points indicated that their activation was more transient in
memory than naive CD4" T cells. Indeed, whereas significant
amounts of phospho-STAT1, -3, and -5 were still detected in
naive CD4 " T cells after 1 h of IL-27 stimulation, a substantial
decrease was observed in memory CD4™ T cells (Fig. 44, com-
pare lane 4 with lane 8). For STATS5, its activation by IL-27 was
not only more sustained, but also stronger in naive than mem-
ory CD4™ T cells (compare lane 3 to lane 7). These data indi-
cate that STAT activation by IL-27 differs between naive and
memory CD4™ T cells, both in signal magnitude (STAT5) and
duration (STAT]I, -3, and -5).

gp130 signaling is negatively regulated by SOCS1 and SOCS3
(23) and in murine CD8™ T cells, SOCS3 deficiency has been
shown to result in prolonged activation of STAT], -3, and -5
upon IL-27 stimulation (27). However, the prolonged STAT
activation observed in naive CD4™" T cells upon IL-27 stimula-
tion was not due to lower SOCSI or SOCS3 expression levels
because both genes were not expressed at lower but higher lev-
els in naive than memory CD4™" T cells in the donors tested (Fig.
4B). In addition to SOCS molecules, gp130 signaling can be
negatively regulated by the phosphatase SHP-2. Involvement of
SHP-2 in IL-27 signaling had not been previously investigated.
Interestingly, we observed that SHP-2 was activated by IL-27
and that its activation was much stronger in memory than naive
CD4™" T cells, at all times of stimulation tested (15, 30, and 60
min) (Fig. 4C). Thus, naive CD4" T cell response to IL-27 was
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FIGURE 4. Differential IL-27 signaling in naive versus memory CD4* T
cells. A, purified naive and memory CD4 ™ T cells were incubated in RPMI 1640
containing 2% FBS in the absence or presence of IL-27 for the indicated time
(in minutes). Cell lysates were analyzed for STAT activation by Western blot
using anti-phospho-STATT, -3, and -5 Abs. Blots were subsequently analyzed
with anti-STAT1, -3,and -5 Abs to monitor STAT expression levels. Data shown
are representative of 3 different donors. B, relative levels of SOCS7 and SOCS3
were determined by RTqPCR in purified naive and memory CD4* T cells from
3 different donors. C, activation of SHP-2 by IL-27 was analyzed in purified
naive and memory CD4™" T cells as described in A. Data shown are represen-
tative of three different donors.

characterized by more sustained STAT], -3, and -5 activation
and conversely lower activation of SHP-2, compared with
memory CD4™" T cells.

Analysis of IL-27 Effect on Cell Survival, Cell Division, and
Cell Cycle Progression in CD3-stimulated Naive and Memory
CD4™" T Cells—In the experiments described above, prolifera-
tion was measured in a [*’H]thymidine incorporation assay, that
does not discriminate between effects on cell survival, cell divi-
sion, or cell cycle progression. Therefore, we specifically ana-
lyzed IL-27 effect on these events in CD3-stimulated naive and
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FIGURE 5. Effects of IL-27 on cell size, cell division, cell cycle progression, and cell survival in naive and memory CD4* T cells. A, IL-27 increased the size
of CD3-activated naive, but not memory, CD4™ T cells, as assessed by FACS analysis performed at day 5. B, CFSE-labeled naive and memory CD4 ™ T cells were
activated with plate-coated CD3 mAb in the presence or absence of IL-27 and analyzed at day 5 by FACS to monitor cell division. The percentage of cells that
underwent over 1 division is indicated. Results from 2 donors, showing either poor (donor 1, top graphs) or strong (donor 2, bottom graphs) proliferation in
response to CD3 stimulation, are shown. C, cell cycle distribution of naive CD4™ T cells stimulated for 3 days with plate-coated CD3 mAb in the absence or
presence of IL-27 was assayed by FACS analysis after staining with Vybrant® DyeCycle violet stain. Results shown are mean * S.E. of three independent
experiments, each performed on a different donor. D, effect of IL-27 on cell survival was monitored after 4 days of stimulation by staining naive or memory

CD4™ T cells with annexin-FITC and IP.

memory CD4™ T cells. In all donors tested (# = 6), IL-27 sub-
stantially increased cell division of naive CD4™ T cells assessed
by CFSE labeling, an effect most often associated with an
increase of cell size (Fig. 5, A and B). Analysis of cell cycle dis-
tribution by DNA staining showed that IL-27 induced a statis-
tically significant increase in GO/G1— S transition in these cells
(p < 0.05) (Fig. 5C). IL-27 could also affect naive CD4™ T cell
survival. Indeed, in the 2 of 6 donors tested for which substan-
tial apoptosis was observed in CD3-stimulated control cells
(>15% apoptotic cells), IL-27 increased the percentage of alive
naive CD4™ T cells, assessed by IP and annexin staining (Fig.
5D). In contrast, no substantial effect of IL-27 on cell size, cell
division, or cell survival was observed in CD3-stimulated mem-
ory CD4" T cells (Fig. 5, A, B, and D).

MAPK Are Not Involved in IL-27-mediated Proliferation of
Naive CD4" T Cells—Next, we investigated by which mecha-
nisms IL-27 induces cell proliferation of naive CD4™ T cells.
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Because MAPKs regulate cell proliferation (30) and can be acti-
vated by IL-27 (25), we examined whether they play a role in
IL-27-mediated proliferation of human naive CD4* T cells.
Purified naive CD4™" T cells were stimulated for 3 to 4 days with
plate-coated CD3 mAD in the absence or presence of IL-27 and
of chemical inhibitors of p38 (SB203580), erk1/2 (U0126), or
JNK (SP600125), and proliferation was measured in a [*H]thy-
midine incorporation assay. Consistent with previous observa-
tions (31, 32), addition of SB203580 (10 um) did not affect CD3-
mediated naive CD4™ T cell proliferation, whereas addition of
U0126 (10 um) or SP600125 (10 wMm) inhibited proliferation by
99 and 54% on average, respectively (Fig. 6A). Importantly,
none of the inhibitors abrogated or significantly decreased the
proliferative effect of IL-27 (Fig. 6, A and B). Similar results
were observed when proliferation of naive CD4" T cells was
measured by CFSE labeling: despite the presence of the inhibi-
tors, a substantial effect of IL-27 on cell division was still
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FIGURE 6. Analysis of the role of MAPK in IL-27-mediated proliferation of naive CD4* T cells. A, purified naive CD4™ T cells were cultured for 4 days with
plate-coated CD3 mAb with or without IL-27, in the absence (control) or presence of U0126, SP600125 (SP600), or SB203580 (SB203) (all at 10 um). Proliferation
was measured by [*H]thymidine incorporation. Results are expressed in cpm (mean of triplicates = S.D.) and are representative of four independent experi-
ments performed with 3 to 4 different donors. B, increase in cpm induced by IL-27 in the presence of the inhibitors relative to that observed in its absence is
shown (mean = S.E. of four experiments). C, CFSE-labeled naive and memory CD4 ™" T cells were cultured as described in A and analyzed by FACS to monitor cell
division. The percentage of cells that underwent over 1 division and its increase induced by IL-27 are indicated.

observed (Fig. 6C). The lack of effect of the inhibitors on IL-27-
mediated cell proliferation was not due to the absence of MAPK
activation by IL-27 in these cells. Indeed, when these inhibitors
were similarly tested in CD3-stimulated naive CD4™" T cells for
their ability to modulate another biological effect of IL-27, i.e.
induction of CD95 expression, all three MAPK inhibitors sig-
nificantly decreased IL-27-mediated induction (p < 0.05) (sup-
plemental Fig. S1). Altogether, these data indicated that neither
p38, erk1/2, nor JNK play a substantial role in the proliferative
effect of IL-27 on naive CD4™ T cells.

IL-27 Induces the Expression of c-Myc, Pim-1, Cyclin D2,
Cyclin D3, and CDK4 in Naive but Not Memory CD4™ T Cells—
In murine naive CD4™* T cells, IL-27 was recently shown to
induce expression of the transcriptional activator c-Myc and of
Pim-1 kinase (24), two known regulators of cell proliferation
that are induced by gp130 signaling and cooperate to promote
cell proliferation by increasing G1 to S transition (33, 34). Con-
sistent with the data obtained in mice, IL-27 induced substan-
tial up-regulation of Pim-1 and c-Myc expression in human
naive CD3-stimulated CD4" T cells (Fig. 74). Induction of
c-Myc was maximal after 18 h of stimulation and rapidly
declined thereafter, whereas Pim-1 induction was maximal
after 42 h of stimulation. In line with the selective proliferative
effect of IL-27 on naive CD4™" T cells, no induction of c-Myc or
Pim-1 by IL-27 was observed in CD3-activated memory CD4™"
T cells (Fig. 7A).

Cell cycle progression is regulated by an interplay between
cyclins, CDKs, and CDK inhibitors. D-type cyclins are induced
during G1 phase and associate with CDK4 or CDK6, whereas
cyclins A and E are induced at the late G1 or at entry in S phase
and form complexes with CDK2. Because gp130 signaling had

S
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been shown to induce the expression of cyclins A, D2, and D3,
and to down-regulate concomitantly the expression of the CDK
inhibitors, p21 and p27 (35), we specifically analyzed the effect
of IL-27 on the expression of these molecules. In CD3-activated
memory CD4" T cells, IL-27 had no significant effect on the
expression of any of the cyclins and CDK analyzed (Fig. 7, A and
B). In contrast, in CD3-activated naive CD4" T cells, IL-27
increased cyclin D2 expression at 18 and 42 h of stimulation
(Fig. 7A, lanes 3 and 5) and cyclin D3 expression at 42 h of
stimulation (Fig. 74, lane 5). Among cyclins D2 and D3 part-
ners, only CDK4, but not CDK6, was increased by IL-27 in naive
CD4™" T cells at 18 and 42 h of stimulation (Fig. 7B). This induc-
tion of cyclin D2, cyclin D3, and CDK4 by IL-27 in naive CD4™
T cells was further confirmed at the mRNA level by RTqPCR.
At both time points analyzed (12 and 24 h), an induction of
cyclin D2, cyclin D3, and CDK4 gene expression by IL-27 was
observed (Fig. 7C). Although IL-27 induced some increase of
CDK2 level in naive CD4™" T cells (not shown), it had no con-
sistent effect on the expression of the late G1 cyclins, cyclins A
and E, even at later time points (70 h of stimulation) (Fig. 7A and
not shown). Of the CDK inhibitors p21 and p27, only p27 was
detected in naive and memory CD4 ™" T cells, and its expression
remained unchanged in the presence of IL-27 (Fig. 7A).

Role of Pim-1 and c-Myc in IL-27-mediated Proliferation of
Naive CD4" T Cells—The role of ¢c-Myc and Pim-1 in IL-27-
mediated naive CD4 " T cell proliferation was directly assessed
by using chemical inhibitors of c-Myc (10058-F4) and of Pim-1
(Pim-1 inhibitor 2) activity. As shown on Fig. 8, A and B, treat-
ment of CD3-stimulated naive CD4™" T cells with c-Myc inhib-
itor (40 or 60 uMm) or Pim-1 inhibitor (5 or 10 um) significantly
inhibited IL-27-mediated proliferation measured by CFSE
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labeling, in a dose-dependent manner (p < 0.05). This inhibi-
tion was associated with decreased induction of cyclin D2,
cyclin D3, and CDK4 in IL-27-stimulated naive CD4" T cells
(p < 0.005, Fig. 8C).

IL-27 Increases GO/G1—S Transition and Induces the
Expression of Pim-1 and Cyclins A, D2, and D3 in BCR-stimu-
lated Naive B Cells—We previously showed that IL-27
increased proliferation, measured by thymidine incorporation,
of BCR-activated naive but not memory human tonsillar B cells,
through mechanisms that were not investigated (8).

In naive B cells stimulated through their surface IgM via
anti-w Ab stimulation, no effect of IL-27 on either cell survival
or cell size was observed (not shown). When monitoring cell
division by CFSE labeling, we observed that anti-u stimulation
by itself induced cell division only in a very small fraction of
cells (less than 5%), that remained low (~10% at the best) in the
presence of IL-27 (Fig. 94). However, IL-27 induced a signifi-
cant increase of the fraction of anti-u-stimulated naive B cells
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that left GO/G1 stage and entered the S phase (p < 0.05) (Fig.
9B). Thus, IL-27 proliferative effect observed in BCR-activated
naive B cells results essentially from an effect on GO/G1—S
transition.

In anti-u-stimulated naive B cells, we observed that IL-27
induced the expression of Pim-1 at 18 h of stimulation (Fig. 9C,
lane 3) and that of cyclins D2 and D3 at later time points (42 h
for cyclin D2, and 42 and 70 h for cyclin D3, Fig. 9C, lanes 5 and
7). It did not induce cyclin E expression (not shown), but
induced cyclin A expression at 42 and 70 h of stimulation (Fig.
9C, lanes 5 and 7). No significant induction of c-Myc and of
CDK2, 4 or 6 by IL-27 was detected in naive B cells at any time
point tested (18, 42, and 70 h) (Fig. 9C and not shown).

As observed for naive CD4" T cells, Pim-1 was involved in
IL-27-mediated proliferation of naive B cells. Addition of Pim-1
inhibitor (5 or 10 um) to the culture almost completely abol-
ished anti-u-mediated naive B cell proliferation and also abro-
gated IL-27 proliferative effect (Fig. 9D). This inhibition was
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were determined by RTqPCR. Data are expressed as mean (= S.E.) of two independent experiments performed in duplicate cultures.

associated with decreased induction of cyclins A, D2, and D3 by
IL-27 in anti-u-stimulated naive B cells (p < 0.001, Fig. 94).
Altogether, these data indicate that IL-27 mediates cell cycle
progression in naive CD4" T cells and naive B cells through
induction of both common (Pim-1, cyclins D2, and D3) and
distinct (c-Myc, cyclin A, CDK4) sets of mediators.

DISCUSSION

This study further highlights that the response of human
CD4™" T cells to IL-27 is differentially regulated at various
stages of their differentiation and identifies signaling pathways
whose activation by IL-27 differs between naive and memory
human CD4™ T cells.

Consistent with a previous study (2), we found that addition
of IL-27 to the culture resulted in stronger proliferation of naive
than memory human CD4™" T cells, especially when suboptimal
conditions of stimulation were used. We also evidenced that
endogenous production of IL-27 might contribute to naive, but
not memory, human CD4™ T cell proliferation, Of note, not all
biological effects of IL-27 differ between human naive and
memory CD4" T cells. Here, we observed that MHC class [
induction by IL-27 was comparable in naive and memory CD4™"
T cells. Also, a recent study found that IL-27, although it
induced IL-10 production in greater folds in naive than mem-

S
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ory human CD4™" T cells, induced similar production of [FN-y
in both subsets, and could inhibit IL-17 production and expres-
sion of other Th17-associated molecules in both naive and
memory CD4" T cells (36). This heterogeneity of IL-27
responses in naive and memory CD4" T cells indicates that
different mechanisms and signaling pathways are used by IL-27
to mediate the different biological effects.

Little is known on the mechanisms regulating the differential
response of naive and memory CD4™ T cells or B cells to IL-27.
The expression profile of the IL-27 receptor only partially
accounts for this phenomenon. In human B cells, differential
response to IL-27 was observed in naive and memory B cells,
despite similar levels of IL-27 receptor expression (8). In mice,
the differential effect of IL-27 on cytokine production in naive
versus effector CD4™ T cells was associated with down-regula-
tion of gp130 and up-regulation of IL-27Ra in effector CD4* T
cells (24). Surprisingly, although IL-27Ra is assumed to con-
tribute preferentially to STAT1 activation and gp130 to STAT3
activation, a stronger activation of STAT3 over STAT1 was
observed in effector CD4™ T cells compared with naive CD4" T
cells. The authors suggested that STAT1 activation by IL-27
was specifically inhibited in these cells by an unknown mecha-
nism (24).
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Here, we show that human naive and memory CD4™" T cells
are characterized by differential expression levels of IL-27R«
and gp130, both constitutively or upon stimulation. The stron-
ger proliferative response of CD3-stimulated naive versus
memory CD4™" T cells to IL-27 was associated with lower levels
of IL-27Ra and conversely higher levels of gp130 expression. In
addition, we evidenced that IL-27 signaling, in particular STAT
activation, differed between human naive and memory CD4" T
cells. The difference in STAT activation by IL-27 between both
subsets was mainly a difference in signal duration rather than in
signal amplitude. Whereas only STAT5 was activated at higher
levels in naive than memory CD4 ™ T cells, activation of STAT1,
3 and 5 as well was more prolonged in naive than memory
CD4™ T cells. This sustained activation of STAT molecules, in
particular that of STAT3, known to be important for IL-27-
mediated proliferation (24), and possibly that of STAT5 also
known to regulate T cell proliferation, may be responsible for
the stronger proliferative response of naive CD4* T cells to
IL-27.

In naive CD4™" T cells, the prolonged STAT activation was
observed despite higher expression of SOCS1 and SOCS3, two
negative regulators of gp130 signaling. Interestingly, SHP-2,
another regulator of the Jak/STAT pathway, was activated by
IL-27 in naive CD4" T cells, at lower levels compared with
memory CD4™ T cells. SHP-2 negatively regulates cytokine sig-
naling by binding to activated receptors and dephosphorylating
Jak, in particular Jak1 (23, 37). It binds the gp130 receptor at a
specific tyrosine residue, Tyr-759, that is the same as that used
by SOCS3, resulting in competition between SOCS3 and SHP-2
for gp130 binding. The lower levels of SOCS3 detected in mem-
ory CD4™" T cells may result in greater levels of SHP-2 recruit-
ment and activation by IL-27, leading to more transient STAT
activation. SHP-2 is not only involved in the negative regulation
of gp130 signaling, but also positively regulates signaling by
recruiting growth factor receptor-bound protein (grb2) and
MAPK (23, 37). The finding that SHP-2 activation by IL-27
differs between memory and naive CD4™ T cells suggests that
the MAPK pathway may be differentially activated by IL-27 in
naive versus memory CD4" T cells. In memory CD4™ T cells,
the stronger activation of SHP-2 may contribute to their lower
proliferative response to IL-27. Consistent with this hypothesis,
we observed that the addition of the SHP-1/SHP-2 inhibitor
NSC-87877 to the culture increased the proliferation of CD3-
stimulated memory CD4 " T cells in response to IL-27.

The mechanisms by which IL-27 can modulate proliferation
have been so far analyzed only in melanoma cell lines and in
murine naive CD4™ T cells (22, 24, 38). In melanoma cell lines,
IL-27 was shown to inhibit proliferation through IRF-1 induc-
tion (38). In murine naive CD4" T cells, IL-27 proliferative
effect has been shown to be dependent on STAT3 activation by
gp130. In these cells, lack of STAT3 resulted in failure of IL-27
to induce c-Myc and Pim-1 expression and to promote cell
proliferation (24). In human CD4* T cells, the pattern of c-Myc
and Pim-1 induction by IL-27 correlated with IL-27 ability to
induce cell proliferation, in that their induction was observed

3 0. Devergne, unpublished observations.
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only in naive, but not memory, CD4" T cells. In addition, we
directly established the role of c-Myc and Pim-1 in IL-27-me-
diated proliferation, as inhibition of c-Myc or Pim-1 activities
inhibited IL-27-induced proliferation of naive CD4™" T cells.
Further, we showed that Pim-1 was also induced by IL-27 in
anti-w-stimulated naive B ells and was involved in IL-27-in-
duced proliferation of these cells. Pim-1, that is also involved in
cell survival (33), may also play a role in IL-27 effect on naive
CD4™" T cell survival.

The precise effect of IL-27 on cell cycle progression and on
expression of cyclins and their regulators had not been previ-
ously investigated. In this study, we showed that IL-27
increased GO/G1 to S phase transition in both CD3-stimulated
naive CD4" T cells and anti-u-stimulated naive B cells and
increased the expression of cyclins D2 and D3 in both cell types.
In addition, an induction of cyclin A and CDK4 expression by
IL-27 was detected in activated naive B cells and CD4" T cells,
respectively. Induction of cyclins and CDK expression by IL-27
involves c-Myc and Pim-1, most likely through both direct and
indirect mechanisms. In naive CD4" T cells, the induction of
cyclin D2 and CDK4 by IL-27 may be a direct consequence of
c-Myc induction, as both genes have been identified as direct
c-Myc target genes (39, 40). Pim-1 may play an indirect role,
through its ability to regulate c-Myc activity. Indeed, Pim-1 has
recently been shown to act as a co-activator of c-Myc and to
contribute to the induction of many c-Myc-induced genes (34,
41). Also, the fact that different sets of cell cycle regulators were
induced in naive CD4™" T cells and naive B cells, suggests that
IL-27 uses cell type-specific factors and/or synergizes with
pathways specifically activated by either anti-u stimulation in
naive B cells or CD3 stimulation in naive CD4 " T cells to induce
these molecules. Overall, this study provides an insight into the
molecular mechanisms involved in IL-27-mediated naive B and
CD4™" T cell proliferation and shows that IL-27 signaling is
finely regulated according to the cell type, the stage of differen-
tiation and the co-stimuli.
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