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IL-27, a member of the IL-12 family of cytokines, is produced by APCs, and displays
pro- and anti-inflammatory effects. How IL-27 affects human NK cells still remains
unknown. In this study, we observed that mature DCs secreted IL-27 and that block-
ade of IL-27R (CD130) reduced the amount of IFN-y produced by NK cells during their
coculture, showing the importance of IL-27 during DC-NK-cell crosstalk. Accordingly,
human rIL-27 stimulated IFN-y secretion by NK cells in a STAT1-dependent man-
ner, induced upregulation of CD25 and CD69 on NK cells, and displayed a synergistic
effect with IL-18. Preincubation experiments demonstrated that IL-27 primed NK cells
for IL-18-induced IFN-y secretion, which was associated with an IL-27-driven upreg-
ulation of T-bet expression. Also, IL-27 triggered NKp46-dependent NK-cell-mediated
cytotoxicity against Raji, T-47D, and HCT116 cells, and IL-18 enhanced this cytotoxic
response. Such NK-cell-mediated cytotoxicity involved upregulation of perforin, gran-
ule exocytosis, and TRAIL-mediated cytotoxicity but not Fas-FasL interaction. Moreovetr,
IL-27 also potentiated Ab-dependent cell-mediated cytotoxicity against mAb-coated tar-
get cells. Taken together, IL-27 stimulates NK-cell effector functions, which might be
relevant in different physiological and pathological situations.
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Introduction

NK cells, through the secretion of IFN-y and other proinflamma-
tory cytokines and a cytotoxic response, are critical effector cells
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during immunity against viruses and tumors [1]. Such functions
are tightly regulated during their interaction with myeloid DCs
during which NK cells promote maturation of DCs and become
activated by cell surface receptors and cytokines such as IL-12,
IL-15, and IL-18 [2, 3]. NK cells are also activated upon recogni-
tion of PAMPs through TLRs [4] or tumor cells through different
activating receptors [5, 6].
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While IL-12 plays a major role during NK-cell activation, IL-18
primes NK cells for IL-12 responsiveness [7]. IL-12 belongs to
a family of cytokines that also includes IL-23, IL-27, and IL-35
[8, 9]1. In particular, IL-27 is a heterodimeric cytokine composed
by EBI3 and p28, signals through the IL-27R composed by WSX-1
and CD130/gp130 [8, 10], is produced by APCs upon stimulation
through TLRs [11, 12], and displays pro- and anti-inflammatory
functions due to the activation of STAT1 and STATS3, respectively
[9]. Its proinflammatory effects depend on the induction of T-bet
and IL-12RB2 expression [13-15].

Although the effect of IL-27 on T cells has been characterized
[10, 16-20], its effects on NK cells remain ill-defined. In mice,
IL-27 stimulates NK-cell-mediated tumor immunity [21-25] but in
humans, a single report has been published where it was observed
that IL-27 increases viability and inhibits NK-cell proliferation in
response to IL-12 plus IL-15 [26]. As IL-27 is produced by DCs
and its closely related cytokine IL-12 has a dramatic impact on
NK-cell effector functions, we hypothesized that IL-27, alone or in
concert with other DC-derived cytokines, may regulate human NK-
cell effector functions. Therefore, our aim was to investigate the
effect of IL-27 on human NK cells. We observed that mature DCs
(mDCs) secreted IL-27, which contributed to NK-cell-mediated
IFN-y secretion. IL-27 directly induced activation of NK cells, pro-
moted IFN-y secretion, and NK-cell-mediated cytotoxicity through
NKp46- and CD16-dependent mechanisms via granule exocytosis
and TRAIL-mediated cytotoxicity. Also, IL-27 primed NK cells for
IL-18-mediated IFN-y secretion, which involved upregulated T-bet
expression. Therefore, our results indicate that IL-27 directly acti-
vates human NK cells and that this cytokine constitutes a novel
player of the intricate DC-NK-cell crosstalk.

Results

mDCs produce IL-27 that stimulates NK-cell effector
functions

First, we investigated whether IL-27 participates in the crosstalk
between DCs and NK cells. We observed that mDCs secreted
IL-27 (Fig. 1A) that stimulated IFN-y secretion by NK cells as
coculture with mDCs in the presence of anti-CD130-blocking mAb
induced significantly less IFN-y than the isotype-matched negative
control mAb (IC mAb) (Fig. 1B). As CD130 is shared by the IL-6R
and IL-27R, we addressed whether NK cells directly respond to
IL-27. We observed that human NK cells stimulated with IL-27
secreted increased amounts of IFN-y, assessed by ELISA (Fig. 1C)
but not IL-4, IL-10, IL-17, IL-6, and TNF, assessed by cytokine bead
array (CBA) and flow cytometry (FC, data not shown). Pharmaco-
logic inhibition revealed that MEK1/MEK2, JNK, PI3K, mTOR, and
NF-kB but not p38 MAPK or Jak2 were involved in IFN-y produc-
tion by NK cells stimulated with IL-27 (Fig. 1D). STAT1 was also
involved in this response as fludarabine [27] strongly reduced
the amount of IFN-y secreted by NK cells stimulated with IL-27
(Fig. 1E).

IL-27 promoted NK-cell activation as it induced upregulated
expression of CD25 (Fig. 1F and G) and CD69 (Fig. 1H and I). In
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addition, NK cells stimulated with IL-27 secreted higher amounts
of IFN-y than resting NK cells when restimulated with IL-2, sug-
gesting that the upregulated expression of CD25 driven by IL-27
has functional consequences (Fig. 1J). IL-27 also triggered NK-
cell-mediated cytotoxicity against NK-cell-resistant Raji (Fig. 2A),
T-47D (Fig. 2B), and HCT116 (Fig. 2C) cells, which was associ-
ated with a significant upregulation of NKp46 (Fig. 2D and E).
Conversely, IL-27 did not affect the expression of CD16, NKG2D,
NKp30, DNAM-1, NKG2A, CD158a,h (KIR2DL1/KIR2DS1), and
CD158b1,b2 (KIR2DL2/KIR2DL3) (data not shown). Accordingly,
such increased cytotoxic response was predominantly NKp46-
dependent (Fig. 2F-H, for Raji, T-47D, and HCT116 cells, respec-
tively). Also, IL-27-driven upregulation of NKp46 and heightened
NK-cell-mediated cytotoxicity required functional mTOR and
NF-kB but not MEK1/MEK2, JNK, p38 MAP kinase, Jak2, or
PI3K as they were inhibited only by rapamycin and BAY11-7082
(Fig. 21 and J).

Therapeutic efficacy of humanized mAbs against tumors relies
partially on Ab-dependent-cell-mediated cytotoxicity (ADCC).
Remarkably, rituximab (RTX) coated Raji cells, trastuzumab
(TRZ) coated T-47D cells, and cetuximab (CTX) coated HCT116
cells were susceptible to NK-cell-mediated cytotoxicity and IL-27
further increased such susceptibility in a statistically significant
manner (Fig. 3A-C). The background cytotoxicity of NK cells pre-
viously stimulated with IL-27 detected in the presence of the IC
mAb was due to NKp46-mediated lysis of target cells as ADCC per-
formed with RTX-coated Raji cells in the presence of a blocking
anti-NKp46 mAb reduced such background cytotoxicity but barely
affected the specific cytotoxicity induced by RXT (Fig. 3D).

When we investigated the mechanisms responsible for the
IL-27-driven NK-cell-mediated cytotoxicity, we observed that
IL-27 increased the percentage of degranulating NK cells, assessed
as CD107a expression (Fig. 4A and B), promoted upregulation of
perforin (pfp) (Fig. 4C and D), and a rise in NK cells express-
ing cell surface TRAIL (Fig. 4E and F). Moreover, concanamycin
A (CCA, [28]) inhibited cytotoxicity of NK cells stimulated with
IL-27 against Raji (Fig. 4G) and T-47D (Fig. 4H) cells, confirming
the involvement of the secretory pathway. Also, blockade of TRAIL
inhibited the cytotoxicity of NK cells stimulated with IL-27 against
Raji (Fig. 41) but not T-47D (Fig. 4J) cells, while blockade of FasL
had no effect on cytotoxicity triggered by NK cells (stimulated or
not with IL-27) against Raji or T-47D cells (Fig. 4K and L, respec-
tively). These results suggest that IL-27 enhanced the ability of
NK cells to trigger cytotoxicity through the secretory pathway and
TRAIL.

IL-27 primes NK cells for IL-18-induced IFN-y
production

As mDCs produce IL-27, which regulates NK-cell effector func-
tions, and also produce IL-18 which, in mice, primes NK cells for
IL-12 responsiveness [7], we investigated whether IL-27 coop-
erates with IL-18 for NK-cell stimulation. We observed that
simultaneous stimulation of NK cells with both cytokines induced
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Figure 1. DC-derived IL-27 activates NK cells and stimulates IFN-y secretion. (A) IL-27 secretion by human monocyte-derived iDCs and mDCs.
(B) IFN-y secretion by NK cells upon coculture for 24 h with mDCs in the presence of an IC mAb or a blocking mAb against CD130 («-CD130).
(A, B) N = 6 donors. (C) IFN-y secretion by NK cells cultured for 24 h in the absence (—) or in the presence of 10 ng/mL of IL-27. N = 13 donors.
(D) IFN-y secretion by NK cells stimulated for 24 h with 10 ng/mL of IL-27 in the absence (—) or in the presence of U0126, SP600125 (SP), SB202190
(SB), AG490, Ly294002 (Ly), BAY11-7082 (BAY), or rapamycin (RAPA). N = 3 donors. (E) IFN-y secretion by NK cells stimulated for 24 h with
10 ng/mL of IL-27 in the absence (—) or in the presence of fludarabine (FLUDA). N = 4 donors. (F-I) Percentage of NK cells expressing (F, G) CD25 or
(H, I) CD69 after 5 or 3 days of culture in the absence () or in the presence of 10 ng/mL of IL-27, respectively, determined by FC. (F) N = 9 donors,
(H) N = 6 donors. (G, I) Representative histograms. Gray: IC. Thin line: unstimulated NK cells. Thick line: NK cells stimulated with IL-27. Numbers
within histograms: percentage of positive cells for each marker in each condition. (J) IFN-y secretion by NK cells cultured for 5 days in the absence
(—) or in the presence of 10 ng/mL of IL-27 and thereafter restimulated 24 h with 8 ng/mL of IL-2. N = 6 donors. (A-E and J) IL-27 and IFN-y levels
were determined by ELISA. Data are shown as mean + SEM, and are cumulative of at least three independent experiments performed with cells
from at least three different donors. ns, no significant; *p < 0.05; **p < 0.01; **p < 0.001; paired t-test (A-C, E, F, H, and J); one-way ANOVA test with
Dunnett’s post-hoc test (D).

a significant and synergistic increase in the amounts of IFN-y  IL-27 cooperates with IL-18 to stimulate
secreted by NK cells when compared with IL-18 or IL-27 alone ~ NK-cell-mediated cytotoxicity
(Fig. 5A). The amounts of IFN-y detected upon stimulation with
IL-18 (a cytokine that when acting alone does not trigger IFN-y ~ The cooperative effects of IL-27 and IL-18 also impact NK-cell-
secretion by NK cells) might be due to a cooperative effect with  mediated cytotoxicity (Fig. 6A), as NK cells stimulated with
the low amounts of IL-15 added to the cultures as survival factor ~ IL-27 and IL-18 exhibited a significant increased cytotoxicity com-
and required to preactivate NK cells. Nevertheless, the synergistic =~ pared with NK cells stimulated individually with each cytokine.
effect of IL-27 and IL-18 was due to priming of NK cells by IL-27  As before, cytotoxicity was inhibited by blockade of NKp46
for IL-18 responsiveness as prestimulation of NK cells with IL.-18 (Fig. 6B), CCA (Fig. 6C), and an anti-TRAIL mAb (Fig. 6D) but not
induced a minor increase in IFN-y secretion when NK cells were by an anti-FasL mAb (Fig. 6E), indicating the involvement of the
thereafter stimulated with IL-27, while prestimulation of NK cells  secretory pathway and TRAIL but not FasL. Moreover, cytotoxicity
with IL-27 and subsequent stimulation with IL-18 induced a signif-  of NK cells stimulated with IL-27 and IL-18 was also significantly
icant increase in IFN-y secretion compared with NK cells that were  inhibited upon neutralization of IFN-y (Fig. 6F), which was asso-
not pretreated with IL-27 (Fig. 5B). Heightened IFN-y production  ciated with a significant reduction in the percentage of ICAM-1*
was not due to NK-cell proliferation, as IL-27 either in the absence ~ Raji (target) cells (Fig. 6G and H) but not in the percentage of
or presence of IL-18 exerted a statistically significant inhibition of =~ ICAM-1" NK cells (data not shown). As ICAM-1 is involved in
NK-cell proliferation triggered by IL-15 (Fig. 5C) without affecting  the synapse between target and effector cells, we assessed the
the percentage of terminally differentiated NK cells (CD57" and  percentage of NK cells stimulated with IL-27 and IL-18 forming
NKG2A~ NK cells) or NK-cell viability (data not shown). conjugates with target cells (Fig. 6I). We observed that such values
Remarkably, IL-27 (alone or in combination with IL-18)  were significantly reduced by the anti-IFN-y-blocking mAb and by
induced a significant upregulation of T-bet in NK cells (Fig. 5D  an anti-ICAM-1-blocking mAb, suggesting that both actively con-
and E), suggesting that such upregulation might be involved in  tribute to the formation of conjugates between target and effector
the priming of NK cells by IL-27. cells. Thus, NK-cell-derived IFN-y triggers upregulation of ICAM-1
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Figure 2. IL-27 stimulates NKp46-dependent NK-cell-mediated cytotoxicity. (A-C) Cytotoxic activity of NK cells previously cultured overnight in
the absence (o) or in the presence of 10 ng/mL of IL-27 (e) against (A) Raji, (B) T-47D, and (C) HCT116 cells at different E:T. N > 6 donors. Cytotoxicity
determined by FC as explained in the Materials and methods. (D) Expression of NKp46 on NK cells cultured in the absence or in the presence of
10 ng/mL of IL-27 for 1 or 5 days, determined by FC. N = 8 donors. (E) Representative histograms of NKp46 expression at day 5. Gray: IC. Thin line:
unstimulated NK cells. Thick line: NK cells stimulated with IL-27. Numbers within histograms represent the MFI of each condition. (F-H) Cytotoxic
activity of NK cells cultured overnight in the absence (-) or in the presence of 10 ng/mL of IL-27 against (F) Raji, (G) T-47D, or (H) HCT116 cells
in the presence of a blocking mAb against NKp46 (white bars) or an IC mAb (black bars). E:T ratio: (F) 5:1 and (G, H) 6:1. (I) Expression of NKp46
on NK cells cultured for 24 h in the absence () or in the presence of 10 ng/mL of IL-27, in the absence () or in the presence of U0126, SP600125
(SP), SB202190 (SB), AG490, Ly294002 (Ly), BAY11-7082 (BAY), or rapamycin (RAPA). (J) Cytotoxicity of NK cells stimulated for 24 h with 10 ng/mL
of IL-27 against Raji cells, in the absence (—) or in the presence of BAY11-7082 (BAY) or rapamycin (RAPA). E:T: 5:1. N = 4 donors. (F-]). Data are
shown as mean + SEM, and are cumulative of at least three independent experiments performed with cells from at least three different donors.
ns, no significant; *p < 0.05; **p < 0.01; ***p < 0.001; paired t-test for each E:T ratio (A-C); two-way ANOVA with repeated measures matched by both
factors and Bonferroni post-hoc test (D, F-H); one-way ANOVA test with Dunnett’s post-hoc test (I and J).

and contributes to the formation of an increased percentage of Discussion

conjugates between target and effector cells, and to the cytotoxic

response, as has been reported [29]. Overall, the enhanced NK-  [L-27, a cytokine that belongs to the IL-12 family of cytokines,
cell-mediated cytotoxicity triggered by the cooperative action of  displays pro- and anti-inflammatory functions [8, 9, 30-33]. It is

IL-27 and IL-18 involves the secretory pathway and TRAIL, and
the induction of an IFN-y-dependent increase in the percentage of
ICAM-1* target cells.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mostly produced by APCs upon activation stimuli [11, 12, 34, 35]
and it has been suggested that while IL-27 induced by TLR ago-
nists may contribute to the acute inflammatory response against
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Figure 3. IL-27 stimulates ADCC by NK cells. (A-C) ADCC of NK cells
(=) or NK cells previously stimulated overnight with 10 ng/mL of IL-27
against (A) Raji cells incubated with an IC mAb (white bars) or against
RTX-coated Raji cells (black bars), (B) T-47D cells incubated with an
IC mAb (white bars) or against TRZ-coated T-47D cells (black bars), or
(C) HCT116 cells incubated with an IC mAb (white bars) or against CTX-
coated HCT116 cells (black bars). (D) ADCC of NK cells against Raji cells
incubated with an IC mAb (white bars) or against RTX-coated Raji cells
(black bars) using NK cells preincubated with an anti-NKp46-blocking
mADb to prevent NKp46-mediated cytotoxicity. E:T: 1:1. Percentage of
cytotoxicity was determined by FC as explained in the Materials and
methods. Data are shown as mean + SEM of N =7 (A, D), N = 3
(B), and N = 5 (C) donors and are cumulative of at least three inde-
pendent experiments performed with cells from at least three different
donors. *p < 0.05; *p < 0.01; **p < 0.001; two-way ANOVA with repeated
measures matched by both factors and Bonferroni post-hoc test.

pathogens, at later stages, IL-27 may display anti-inflammatory
functions on macrophages that may contribute to the attenua-
tion of the inflammatory response [36]. Notably, some chronic
inflammatory conditions in humans are accompanied by increased
concentration of IL-27 [37] or the presence of high amounts of
IL-27 transcripts [38], indicating a possible pathophysiological
role. Accordingly, IL-27 has been shown to display proinflamma-
tory effects on human DCs and macrophages [39]. Also, IL-27 has
been shown to contribute to tumor immunity [40]. In mice, IL-27
stimulates survival of tumor-specific CD8 T cells and tumor
rejection [41], shapes the tumor microenvironment and indirectly
stimulates NK and NKT cells via stimulation of IL-12 secretion by
DCs [25], and promotes increased NK-cell-mediated cytotoxicity
without involving IFN-y [21, 23]. Nonetheless, the effects of IL-27
on human NK cells remain poorly defined.

In this work, we demonstrated that DCs secreted IL-27 in
response to TLR4 stimulation and that blockade of CD130 reduced

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the amount of IFN-y secreted by NK cells cocultured with mDCs.
The partial inhibition of IFN-y secretion in this setting could be
due to the secretion of other NK-cell-stimulating cytokines such as
IL-12, IL-15, and/or IL-18 by mDCs, together with the engagement
of NK-cell-activating receptors such as NKp30 [42] and DNAM-1
[43]. Accordingly, IL-27 directly triggered IFN-y secretion with-
out affecting the production of other cytokines such as IL-4, IL-10,
IL-17, IL-6, and TNF in NK cells. Of note, we added IL-15
(1 ng/mL) to the cultures as survival factor and due to the fact
that IL-15 is also necessary to preactivate NK cells [44]. It was
reported that IL-27 enhanced the transcription of IFN-y mRNA in
human NK cells stimulated with IL-12 plus high concentrations of
IL-15 but not by IL-27 alone [26]. Conversely, we observed that
IL-27 in the presence of suboptimal amounts of IL-15 stimulated
the secretion of IFN-y, which required functional MEK1/MEK2,
JNK, PI3K, mTOR, and NF-kB. Some of them have been involved
in the development of NK-cell effector functions [4, 45-47]. More-
over, IL-27 triggers activation of Jak2, STAT1, and STAT3 in some
immune cells [13-15, 48], but we observed that STAT1 but not
STAT3 (a downstream mediator of Jak2) was involved in IFN-y
production by NK cells stimulated with IL-27.

In addition, IL-27 also induced the expression of CD25 and
CD69, confirming that this cytokine activates NK cells. However,
IL-27 also exerted an antiproliferative effect on NK cells that was
not accompanied by an accumulation of terminally differentiated
NK cells or changes in NK-cell viability. The upregulated expres-
sion of CD25 was accompanied by an increased secretion of IFN-y
when these cells were subsequently stimulated with IL-2, indicat-
ing that IL-27-driven activation of NK cells has functional conse-
quences.

IL-27 also promoted upregulation of NKp46 and NKp46-
dependent NK-cell-mediated cytotoxicity against different target
cells including Raji cells, which are naturally resistant due to HLA
class I expression and KIR engagement [49]. Therefore, through
upregulation of NKp46, IL-27 can overcome resistance to NK-cell-
mediated cytotoxicity. It has been observed that NK-cell-mediated
cytotoxicity requires mTOR [50] and NF-kB [51]. Accordingly, we
observed that the cytotoxic response of NK cells triggered by IL-27
against Raji cells required functional mTOR and NF-«kB at least in
part because they regulate IL-27-induced upregulation of NKp46.
In addition, we also established that the cytotoxic response of NK
cells exposed to IL-27 involves the secretory pathway and TRAIL,
which was associated with an upregulated expression of pfp and
TRAIL. We did not observe redundancy in the cytotoxicity experi-
ments against Raji cells performed with CCA and the anti-TRAIL-
blocking mAb because CCA inhibits the exocytic pathway, which
includes pfp release and mobilization of TRAIL to the cell surface
as TRAIL is stored in granules in NK cells [52]. Moreover, sus-
ceptibility of T-47D cells (which are resistant to TRAIL-mediated
apoptosis [53]) to cytotoxicity of NK cells stimulated with IL-27
and its inhibition by CCA might indicate that IL-27 triggers pfp
release and cell surface mobilization of TRAIL, and that apoptosis
induction by one, the other, or both mechanisms depends on the
particular susceptibility of the target cell. Accordingly, Raji cells
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Figure 4. IL-27-driven cytotoxicity in NK cells involves the secretory pathway and TRAIL. (A) Degranulation of NK cells previously cultured
overnight in the absence (—) or in the presence of 10 ng/mL of IL-27, after coculture with Raji cells, determined by FC of CD107a. E:T: 1:3. N = 5 donors.
(B) Representative histograms. Gray: IC. Thin line: unstimulated NK cells. Thick line: NK cells stimulated with IL-27. Numbers within histograms:
percentage of CD107a* NK cells in each condition. (C) pfp expression in NK cells cultured overnight in the absence (—) or in the presence of
10 ng/mL of IL-27, determined by FC. N = 6 donors. (D) Representative histograms. Gray: IC. Thin line: unstimulated NK cells. Thick line: NK cells
stimulated with IL-27. Numbers within histograms: MFI for pfp expression in each condition. (E) Percentage of TRAIL™ NK cells after an overnight
culture in the absence () or in the presence of 10 ng/mL of IL-27, determined by FC. N = 3 donors. (F) Representative histograms. Gray: IC.
Thin line: unstimulated NK cells. Thick line: NK cells stimulated with IL-27. Numbers within histograms: percentage of TRAIL" NK cells in each
condition. (G, H) Cytotoxic activity of NK cells previously cultured overnight in the absence () or in the presence of 10 ng/mL of IL-27 against
(G) Raji (E:T: 5:1, N = 6 donors) or (H) T-47D (E:T: 6:1, N = 5 donors) cells, in the absence (black bars) or in the presence of CCA (white bars). (I-L)
Cytotoxic activity of NK cells cultured overnight in the absence () or in the presence of 10 ng/mL of IL-27 against (I, K) Raji (E:T: 5:1, N = 5 donors
and N = 4 donors, respectively) or against (J, L) T-47D (E:T: 6:1, N = 5 donors) cells, in the presence of an IC mAb (black bars) or in the presence of an
anti-TRAIL-blocking mAb (white bars, I and J) or an anti-FasL-blocking mAb (white bars, K and L). (G-L) Percentage of cytotoxicity was determined
by FC as explained in the Materials and methods. Data are shown as mean + SEM, and are cumulative of at least three independent experiments
performed with cells from at least three different donors. ns, no significant; *p < 0.05; *p < 0.01; **p < 0.001; paired t-test (A, C, and E); two-way

ANOVA with repeated measures matched by both factors and Bonferroni post-hoc test (G-L).

would be killed mainly via TRAIL (as cytotoxicity was inhibited
by CCA and by the anti-TRAIL mAb), while T-47D would be killed
mainly via pfp (as cytotoxicity was inhibited by CCA but not by
the anti-TRAIL mADb).

Moreover, IL-27 potentiated ADCC induced by RTX, TRZ, and
CTX against Raji, T-47D, and HCT116 cells, respectively, suggest-
ing that IL-27 may be helpful as adjuvant during therapy with
humanized mAb.

The described stimulatory effects of IL-27 may occur when
APCs secrete this cytokine during their crosstalk with NK cells. As
IL-18 is secreted at the synaptic cleft between NK cells and DCs
[54] and primes NK cells for IL-12 [7], we addressed whether
IL-18 and IL-27 cooperate for NK-cell stimulation. We observed
that both cytokines exerted a cooperative effect on IFN-y produc-
tion and NK-cell-mediated cytotoxicity. Indeed, IL-27 primed NK
cells for IL-18-induced IFN-y secretion, and the underlying mech-
anism likely involves upregulation of T-bet, a critical transcription
factor that regulates IFN-y production in T and NK cells [55, 56]
because it stimulates IFN-y gene transcription [57]. Accordingly,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the proinflammatory effects of IL-27 have been associated to its
capacity to induce T-bet expression [13-15].

The cooperative effect of IL-27 and IL-18 on NK-cell-mediated
cytotoxicity not only involved the secretory pathway and TRAIL,
as IL-27 alone, but also IFN-y. Secretion of this cytokine during
effector target cell contact increased the percentage of ICAM-1"
target cells and in this way, IFN-y facilitated the formation of
conjugates between NK cells and target cells, and delivery of the
cytotoxic hit as has been demonstrated previously [29].

In summary, we demonstrated that IL-27, a cytokine of the
IL-12 family that is secreted by mDCs, directly activates NK cells,
triggers IFN-y secretion, primes them for enhanced IL-18-driven
IFN-y secretion, promotes NK-cell-mediated cytotoxicity through
NKp46, and increases ADCC. Therefore, IL-27 produced by APCs
stimulates NK-cell effector functions, which might be relevant in
different physiological and pathological situations. In addition,
IL-27 may emerge as a cytokine that may result useful as adjuvant
therapy to elicit improved NK-cell-mediated immunity against
tumors or viral infections.
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Figure 5. IL-27 primes NK cells for IL-18-driven IFN-y secretion upregulating T-bet expression. (A) IFN-y secretion by NK cells cultured for 24 h in
the absence (—) or in the presence of 10 ng/mL of IL-27, 10 ng/mL of IL-18, or 10 ng/mL of IL-27 and 10 ng/mL of IL-18 (IL-18 + IL-27). N = 14 donors.
(B) IFN-y secretion by NK cells cultured overnight in the absence (—) or in the presence of 10 ng/mL of IL-27 or 10 ng/mL of IL-18 (first stimulus),
washed, and thereafter incubated for 24 h in the absence (—) or in the presence of 10 ng/mL of IL-27 or 10 ng/mL of IL-18 (second stimulus). N = 7
donors. IFN-y levels were determined by ELISA. (C) Proliferation of NK cells incubated with 1 ng/mL of IL-15 and the indicated doses of IL-27 in the
absence (white bars) or in the presence of 10 ng/mL of IL-18 (black bars) for 5 days. N = 6 donors, as determined by *H-thymidine incorporation.
(D) Expression of T-bet in NK cells cultured overnight in the absence (—) or in the presence of 10 ng/mL of IL-27, 10 ng/mL of IL-18, or 10 ng/mL
of IL-27 and 10 ng/mL of IL-18 (IL-18 + IL-27), determined by FC. N = 4 donors. (E) Representative histograms (only data of IL-27 are shown). Gray:
IC. Thin line: unstimulated NK cells. Thick line: NK cells stimulated with IL-27. Numbers within histograms represent the MFI of T-bet in each
condition. (A-D) Data are shown as mean + SEM, and are cumulative of at least three independent experiments performed with cells from at least

three different donors. ns, no significant; *p < 0.01; **p < 0.001; one-way ANOVA with repeated measures and Bonferroni post-hoc test (A-D).

Materials and methods

Antibodies and reagents

Human rIL-2 and rIL-15 (PeproTech), rIL-18 (MBL International),
rIL-27 (eBioscience), rGM-CSF (Sigma), and rIL-4 (R&D) were
used. The following mAb against human molecules were used:
anti-NKp30 (AZ20) and anti-NKp46 (BAB281 and KL247) (kindly
provided by Dr. Alessandro Moretta, University of Genoa, Italy);
PE-anti-NKG2D (1D11), PE-anti-CD25 (BC96), PE-anti-CD54
(ICAM-1, HA58), PE-anti-T-bet (4B10), PE anti-CD1la (HI149),
and unlabeled anti-CD253 (TRAIL, RIK-2) were from eBioscience;
PE-anti-NKp46 (9E2), PE-anti-CD3 (UCHT-1), Alexa488-anti-pfp
(dG9), PE-anti-IFN-y (4S.B3), FITC-anti-CD57 (HCD57), unla-
beled anti-CD178 (FasL), FITC anti-CD14 (HCD14), FITC anti-
HLA-DR (L243), PE anti-CD86 (IT2.2), FITC anti-CD83 (HB15e),
unlabeled anti-IFN-y (NIB42), fluorochrome-labeled and unla-
beled IC were from Biolegend; FITC-anti-CD226 (DNAM-1, DX11)

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and FITC-anti-CD69 (FN50) were from BD; allophycocyanin-
or PE/Cy7-anti-CD56 (N901), PE-anti-CD158a,h (EB6.B), and
anti-CD158b1,b2 (GL183) were from Beckman Coulter; unla-
beled anti-CD130 (gp130, B-R3) and anti-CD54 (1A29) were
from Abcam. RTX and TRZ (Roche) were used at 10 pwg/mlL,
CTX (Merck) was used at 1 pg/mL, and normal human poly-
clonal IgG (IgG2500, Purissimus, Argentina) was used at 1 or
10 pg/mL. CCA (Sigma) was used at 100 nM; the inhibitor
of JNK SP600125 (Calbiochem) was used at 20 uM; the Jak2
inhibitor AG490 (Calbiochem) was used at 25 pM; the p38
MAPK inhibitor SB202190 (Calbiochem) was used at 10 pwM;
the inhibitor of PI3K Ly294002 (Sigma) was used at 2 uM; the
inhibitor of MEK1/MEK2 kinases (MAPKs) U0126 (Sigma) was
used at 5 pwM; the inhibitor of cytokine-induced IkBo phospho-
rylation BAY11-7082 (Sigma) was used at 1 wM; the inhibitor
of the mammalian target of rapamycin (mTOR) rapamycin
(Sigma) was used at 5 nM; fludarabine (Fludara®, Schering)
was used at 0.1 wg/mL. LPS (Escherichia coli 0111:B4 strain) was
from Sigma.

wWww.eji-journal.eu

7



8

Andrea Ziblat et al. Eur. J. Immunol. 2014. 0: 1-11
##
A 80 o B 80 *% c *% D XXK E ns
~ 70 o I 50 80 50
Z 44 . > > > >
g o ; DIL-27 5 5 ¥ S 60 g “
8 50 | # oIL-18 5 3 %0 g g 30
O 40 * 3 40 3 3 40 3
E- 30 B L-18+IL-27 2 < 20 <, €, 20
° 20 5 2 °© © 20 2
= 0 =2 X 10 X X 10
0 0 0 0 0
11 31 5 NG \l&b‘b C;C’v N@) Q~?\\, O ((fbe\/
. N b
ET > i ¢ °
&
F G H O Raji cells +anti-IFN-y mAb |
5 mIC 30 B Raji cells +IC mAb 15
DG-IFN-"{ % = *% 100
[} —
Z 40 3 80 3 o
8 B 20 « ©
3 %0 & S e 18.45 2
O N
'% 20 iy 10 g 40 . 1081 8 s
X 10 < ° 20 N
0 6 0 ° 100 100 102 10° 0
‘ A & = O W\ O &\ O
NN, \;‘fz\ SN ICAM-1 Y
D 0,\ & 0'\Q

Figure 6. IL-27 cooperates with IL-18 to stimulate NK-cell-mediated cytotoxicity. (A) Cytotoxic activity of NK cells previously cultured overnight
in the absence (o) or in the presence of 10 ng/mL of IL-27 (O), 10 ng/mL of IL-18 (e), or 10 ng/mL of IL-27 and 10 ng/mL of IL-18 (M) against Raji
cells at different E:T. N > 7 donors. Asterisk (*) was used to compare cytotoxicity of NK cells treated with IL-18 and IL-27 versus NK cells with IL-27
alone and “#” was used to compare cytotoxicity of NK cells treated with IL-18 and IL-27 versus NK cells treated with IL-18 alone. (B-E) Cytotoxic
activity of NK cells previously stimulated overnight with 10 ng/mL of IL-27 and 10 ng/mL of IL-18 against Raji cells (B) in the presence of an IC
mAb or an anti-NKp46-blocking mAb, (C) in the absence (—) or in the presence of CCA, (D, E) in the presence of an IC mAb, in the presence of
an anti-TRAIL-blocking mAb, (D) or in the presence of an anti-FasL-blocking mAb (E). E:T: 5:1. N = 4 donors (B); N = 6 donors (C); N = 5 donors
(D); N = 4 donors (E). (F) Cytotoxic activity of NK cells previously cultured overnight in the absence (—) or in the presence of 10 ng/mL of IL-27, 10
ng/mL of IL-18, or 10 ng/mL of IL-27 and 10 ng/mL of IL-18 (IL-18 + IL-27), against Raji cells in the presence of an IC mAb (M) or in the presence
of a neutralizing anti-IFN-y mAb (white bars). E:T: 5:1. N = 5 donors. (A-F) Percentage of cytotoxicity was determined by FC as explained in the
Materials and methods. (G) Percentage of ICAM-1" Raji cells after coculture with NK cells previously cultured overnight with 10 ng/mL of IL-27
and 10 ng/mL of IL-18, in the presence of an IC mAbD or in the presence of a neutralizing anti-IFN-y mAb, determined by FC. E:T: 5:1. N = 3 donors.
(H) Representative histograms. Gray: IC. Thin line: Raji cells incubated in the presence of anti-IFN-y mAb. Thick line: Raji cells incubated in the
presence of IC mAb. Numbers within histograms: percentage of ICAM-1" Raji cells in each condition. (I) Percentage of NK cells stimulated with
IL-27 and IL-18 forming conjugates with Raji (target) cells in the presence of an IC mAb, a neutralizing anti-IFN-y mAb, or a blocking anti-ICAM-1
mADb. N = 8 donors. Percentage of NK cells forming conjugates was determined by FC as explained in the Materials and methods. (A-G and I)
Data are shown as mean + SEM, and are cumulative of at least three independent experiments performed with cells from at least three different
donors. ns, no significant; * or #, p < 0.05; ™ or ##, p < 0.01; ™ or ###, p < 0.001; one-way ANOVA with repeated measures and Bonferroni post-hoc
test for each E:T ratio (A), paired t-test (B-E and G); two-way ANOVA with repeated measures matched by both factors and Bonferroni post-hoc
test (F); one-way ANOVA with repeated measures and Bonferroni post-hoc test (I).

DCs and NK cells glutamine, and gentamicin (Sigma). Cell culture supernatants

were collected and used for analysis of IFN-y production. Also, NK
Buffy coats from healthy volunteers were provided by the Blood  cells were cultured for 24 h or 5 days in the absence or presence
Bank of the “Carlos Durand” Hospital or by the “Complejo Médico  of 10 ng/mL of IL-18, IL-27, or their combinations and 1 ng/mL of
Churruca-Visca” (Buenos Aires, Argentina). Monocytes (CD14"  IL-15 as survival factor. For cytotoxicity experiments with pharma-
cells) were isolated by MACS (Miltenyi); NK cells were iso- cologicinhibitors, NK cells were incubated with the drugs, washed,
lated using RosetteSep (StemCell) and Ficoll-Paque™ Plus (GE  and then incubated with target cells in fresh medium without such
Life Sciences) centrifugation. Purity of isolated cells was always  inhibitors. Cells were used for phenotypic analysis, cytokine pro-
above 90%, as assessed by FC (CD14" cells or CD3CD56%).  duction, proliferation, apoptosis, cytotoxicity, or conjugate forma-
Monocytes were cultured for 6 days with GM-CSF and IL-4 to  tion with target cells. For priming experiments, NK cells were cul-
obtain immature DCs (iDCs). To obtain mDCs, iDCs were cul-  tured overnight with 1 ng/mL of IL-15 alone or with 1 ng/mL
tured for 8 h with 1 pg/mL of LPS. iDCs were characterized as  of IL-15 and 10 ng/mL of IL-18 or IL-27, washed and cul-
CD1atMHC-IT®VCD83~/°“CD86~/%, while mDCs were charac-  tured for 24 h with 1 ng/mL of IL-15 alone or with 1 ng/mL
terized as CD1a™MHC-IM8"CD83"e"CD86Me!. DCs were cultured  of IL-15 and 10 ng/mL of IL-27 or IL-18, as indicated in the
with NK cells (ratio 1:1) for 24 h in the presence of an IC mAb  figure. Studies have been approved by the institutional review
or the anti-CD130-blocking mAb in RPMI 1640 (Sigma) supple- committee and informed consent of participating subjects was
mented with 10% inactivated FBS (Invitrogen), sodium pyruvate,  obtained.
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Eur. J. Immunol. 2014. 0: 1-11

NK-cell proliferation

NK cells cultured for 5 days as described were pulsed with
1 pCi/well of methyl-*H-thymidine (*H-Thy; New England
Nuclear Life Science) during the last 18 h of cell culture, har-
vested on glass-fiber filters, and incorporated radioactivity was
measured in a liquid scintillation counter. Results are expressed
as mean counts per minute of triplicate wells + SD.

Flow cytometry

Expression of cell surface receptors on NK cells was analyzed by FC
as previously described [58]. Expression of IFN-y, T-bet, and pfp
was analyzed by intracellular FC using Cytofix/Cytoperm (BD).
For IFN-y and CD107a, cells were cultured in the presence of
Golgi-Plug® and Golgi-Stop® reagents during the last 4 h. Cells
were analyzed in a FACSCanto II flow cytometer (BD). Results
were expressed as MFI or percentage of positive cells for each
marker.

NK-cell viability

Viability of NK cells was assessed by FC using 7-AAD (Biolegend).

ELISA

Secretion of IFN-y was analyzed by ELISA as described [4]. Secre-
tion of IL-27 was assessed using the human IL-27 DuoSet (R&D).

Cytokine bead array

Secretion of IL-4, IL-10, IL-17, IL-6, TNF, and IFN-y by cytokine-
stimulated NK cells was analyzed by the CBA (BD) as indicated by
the manufacturer.

NK-cell-mediated cytotoxicity

NK cells were cultured overnight with IL-18, IL-27, or both in
the presence of 1 ng/mL of IL-15, washed and cocultured for
5 h with CFSE-labeled Raji (Burkitt’s lymphoma), eFluor Dye 670
(eBioscience)-labeled T-47D (mammary carcinoma), or eFluor
Dye 670-labeled HCT116 (colon carcinoma) cells (from ATCC)
at different E:T ratios. Raji cells were thereafter labeled with
7-AAD, while T-47D and HCT116 cells were thereafter labeled
with Zombie Green (Biolegend) and analyzed by FC. Percentage of
cytotoxicity was calculated as 100x percentage of CFSE*7-AAD™
cells/percentage of CFSE* cells or as 100x percentage of eFluor
Dye 670"Zombie Green™ cells/percentage of eFluor Dye 670"
cells. Percentage of spontaneous dead cells (without effector NK
cells) was always below 5%. For inhibition of cytotoxic pathways,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Immunomodulation

NK cells were treated with CCA or incubated with anti-TRAIL,
anti-FasL. mAbs (blockade of death receptors), KL247 hybridoma
supernatant (blockade of NKp46), or anti-IFN-y mAb (blockade of
IFN-y) for 1 h and used as effector cells as described. Cytotoxicity
against mAb-coated target cells was performed using fluorescent-
tracker-labeled target cells coated with RTX, TRZ, CTX, or normal
human IgG for 2 h. In some experiments, NK cells preincubated
with anti-NKp46 hybridoma supernatant for 1 h to prevent NKp46-
mediated cytotoxicity were used as effector cells.

NK-cell-target-cell conjugates

NK cells were cultured overnight with cytokines as described,
washed, labeled with CFSE, incubated with blocking mAb for
1 h, and mixed with eFluor Dye 670-labeled Raji cells at an E:T
of 1:1. After 5 h, percentage of conjugates was assessed by FC
and calculated as 100x percentage of CFSE™ eFluor Dye 670"
cells/percentage of CFSE™ cells.

Statistical analysis

A one-way ANOVA test with Bonferroni post-hoc test was used
when three or more experimental groups were compared or with
Dunnett’s post-hoc test in pharmacologic inhibition experiments; a
paired t-test was used when two experimental groups were com-
pared; a two-way ANOVA with repeated measures matched by
both factors and Bonferroni post-hoc test were used for blocking
experiments and for ADCC.
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