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Dendritic Cell-Derived IL-32a: A Novel Inhibitory Cytokine

of NK Cell Function

Laurent Gorvel,* Daniel Korenfeld,* Thomas Tung,” and Eynav Klechevsky*

Cytokines produced by dendritic cells (DCs) can largely determine the direction of immunity. Transcriptional analysis revealed that
besides IL-15, IL-32 was the only other cytokine expressed by human Langerhans cells. IL-32 is a human cytokine that exists in four
main isoforms. Currently, little is known about the regulation and function of the various IL-32 isoforms. In this study, we found that
IL-15 is a potent inducer of IL-32« in DCs. Because IL-15 promotes NK cell activation, we investigated the interplay between IL-32
and IL-15 and their role in NK cell activity. We show that IL-32a acts on NK cells to inhibit IL-15-mediated STATS5 phosphor-
ylation and to suppress their IL-15-induced effector molecule expression and cytolytic capacity. IL-32« also acted on DCs by
downregulating IL-15-induced IL-18 production, an important cytokine in NK cell activity. Blocking IL-32a during DC:NK cell
coculture enhanced NK cell effector molecule expression as well as their cytolytic capacity. Taken together, our findings suggest a

feedback inhibition of IL-15-mediated NK cell activity by IL-32a.

endritic cells (DCs) are professional APCs that upon
D activation are able to migrate to lymphoid organs and

shape immune responses (1). DCs are known to induce a
wide range of T cell responses, including Th1, Th2, Th22, Th17,
and CTL responses (2, 3). Specific DC subtypes are specialized at
inducing specific T cell responses. To achieve this, they use a
unique set of costimulatory molecules and secrete specific cyto-
kines (4). In human skin, four different DC subsets have been
described: Langerhans cells (LCs) that reside in the epidermis and
three dermal DC populations that express either CDla at an in-
termediate level (CD1a®™) or CD14. The CD1a®™ population is
heterogeneous and contains CD141-expressing DCs (4). Each one
of these subsets produces unique cytokines, which contribute to
their ability to drive a specific T cell response. For instance, LCs
produce IL-15, which supports their ability to prime CTL re-
sponses (4, 5). IL-15 was also shown to be important for Th17
induction by LCs (6, 7). Alternatively, IL-10 was shown to play a
role in the induction of regulation of T cell responses by dermal
CD14* DCs (8, 9). IL-12, which is also produced by dermal
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CD14* DCs, is important for the priming of naive B cells into
IgM-secreting plasma cells (10) and for the generation of follic-
ular Th cells (11).

In addition to directing lymphocytes, DCs provide positive and
negative signals that are important for priming NK cell responses
(12-16). For example, fractalkine promotes NK activation by DCs
(17), IL-15 is important for the induction of effector molecules
(18, 19), whereas IL-12, IL-18, and TNF-a are important for [FN-y
production by NK cells (20-22).

IL-32 (NK-4), which was initially cloned from human NK cells
(23), is a recently identified human cytokine that exists in four
main isoforms: «, B, -y, and 8 (23). Each isoform of IL-32 seems
to possess a different immune function. IL-32+y has been described
to induce proinflammatory responses by promoting IL-18, TNF-c,
or IL-18 expression (24). However, IL-32a isoform inhibits the
expression of IL-6 and TNF-a (25). IL-32 has been described in
various diseases, including atopic dermatitis (26), Helicobacter
pylori gastric inflammation (27), HIV infection (28), and esoph-
ageal cancer (29), and was correlated with either a good or bad
prognosis. The preferential expression of a specific IL-32 isoform
in these different diseases may help explain its role in pathogen-
esis. Very few studies have described the induction and regulation
of IL-32 expression and its biological significance. Particularly,
there have been limited studies on the roles of each specific iso-
form. One important study links IL-32 to IL-15-induced defense
response against Mycobacterium tuberculosis in macrophages
(30). Interestingly, we found that skin LCs and dermal CD1a%™
CD141 DCs express IL-15 and IL-32. In this work, we examine
the interplay between IL-15 and IL-32, and its impact on DC and
NK cell function.

Materials and Methods
DC subsets

Human skin specimens were obtained from donors who underwent cosmetic
and plastic surgeries at Washington University School of Medicine and
Barnes Jewish Hospital (St. Louis, MO) in accordance with Institutional
Review Board guidelines. LCs, dermal CD12a%™CD141~, CD1a%™CD141*
DCs, and CD14" DCs were purified from normal human skin, as previ-
ously described (31). In brief, specimens were incubated with the bacterial
protease dispase type II for 18 h at 4°C. Epidermal and dermal layers were
separated and placed in RPMI 1640 supplemented with 10% FBS. After
48 h, the cells that migrated into the medium were enriched using a Ficoll
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gradient. DCs were purified by cell sorting after staining with HLA-DR
(G46.6; BD Biosciences), CDla (NA1/34; Dako), CD141 (AD14H12;
Miltenyi Biotec), and CD14 (Tiik4; Thermo Fisher) mAbs.

To obtain monocyte-derived DCs (moDCs), CD14" monocytes were
isolated from PBMCs using microbeads (Miltenyi Biotec) or by adherence
and incubated for 3 d in RPMI 1640 containing 10% FBS and 100 ng/ml
GM-CSF (Leukine; Senofi). To generate IFN-ao moDCs or IL-15 moDCs,
500 U/ml IFN-a (Schering) or 200 ng/ml IL-15 (R&D Systems) was added
to the culture, respectively (32). To obtain IL-32a moDCs, 100 ng/ml
IL-32a0 (R&D Systems) was added to the culture. Cytokines were replen-
ished on day 1; cells were harvested on day 3.

NK cell isolation

Blood from healthy donors was provided by the Pheresis Center of Barnes
Jewish Hospital. PBMCs from buffy coats were recovered from the Ficoll
interface after a 400 X g centrifugation for 30 min. NK cells were isolated
from PBMCs using magnetic beads coupled with anti-CD56 mAb (Miltenyi
Biotec). Cell purity was higher than 98%.

Cytokines, agonists, and reagents

Neutralizing anti-IL-32a Ab (rabbit, polyclonal; Acris) was used at
0.5 pg/ml, as recommended by the manufacturer. A rabbit polyclonal
Ab was used as a control. IL-32a, IL-328, and IL-32y (R&D Systems)
were used at 100 ng/ml. IL-15 was used at 1 and 20 ng/ml (where
indicated).

NK cells and DC cocultures

moDCs or dermal CD1a%™ DCs were stimulated with CD40L (100 ng/ml;
R&D Systems), IL-32a (100 ng/ml; Sino Biological), IL-15 (1 ng/ml; R&D
Systems), IL-32a, and CD40L for periods of 18 or 48 h, or left unsti-
mulated. Neutralizing anti-IL-32ac Ab (0.5 pg/ml, polyclonal; Acris) was
added where indicated. Cells were then cocultured with purified NK cells
at 1:10 DC:NK cell ratio. NK cell effector molecule expression or killing
capacity was assessed, as described below.

Killing assay

Purified NK cells were stimulated with IL-15, IL-32a, or both cytokines for
24 h or cocultured with stimulated DCs for 4 d. Daudi cells, NK cell
targets that lack class I MHC, were harvested and stained with 0.5 uM
CFSE (Thermo Fisher). Target cells were added to NK cells at a ratio of
1:1 for 4 h. Cells were then stained with a viability dye (Aqua; Invitrogen)
to determine specific killing of CFSE-labeled target cells by flow cytometry.
Results are presented as percentage of Aqua*CFSE" cells.

Flow cytometry

For intracellular cytokine staining, cells were incubated for 6 h with bre-
feldin A and monensin (BD Biosciences) to prevent cytokine secretion.
Cells were stained for the extracellular expression of Aqua Live/Dead
(Invitrogen), CD56-FITC (HCDS56; BioLegend), CD3-AF700 (UCHTI;
BD Biosciences), CD122-PE (IL-2R B-chain), and CD132-PE (IL-2R
v-chain), where indicated, washed, fixed, permeabilized, and then stain-
ed for intracellular expression of IL-32 (all isoforms; A11-C9; YbdY,
IL-32a [373821; R&D Systems], IL-15 [34559; R&D Systems], or IL-18
using a polyclonal rabbit anti-human IL-18 Ab [1 pg/ml, polyclonal;
MBL]) for 1 h. After washing, a secondary donkey anti-rabbit AF-647 Ab
(1.2 pg/ml, polyclonal; Jackson ImmunoResearch) was used to detect
intracellular IL-18 by flow cytometry. NK cells were analyzed for intra-
cellular granzyme B (GB11; Invitrogen) and perforin (8 G9; eBioscience).
Where indicated, NK cell (labeled as CD3~ HLA-DR™ CD56") surface
was stained for receptor-bound IL-15 using a unique Ab that is specific to
the IL-15/IL-15R a-chain complex (clone 2G11; a gift of G. Zurawski,
Baylor Institute for Inmunology Research, Dallas, TX) (9) after culturing
PBMCs in the presence or absence of IL-15 or IL-15 plus IL-32« for 1 h
at 4°C.

Phospho-flow cytometry

NK cells were isolated and stimulated for 15 min with IL-15, IL-32«, or
both cytokines in the indicated concentrations. NK cells were then fixed
with 4% paraformaldehyde for another 15 min, washed, and stained for
NK cell surface markers. After several washes, NK cells were incubated in
True-Phos permeabilization buffer (BioLegend) at —20°C for 1 h and then
stained for phosphorylated STATS5-AF488 (47/STATS; BD Biosciences)
for 30 min at room temperature. Results were analyzed by flow cytometry
and represented as the percentage of viable phosphorylated STATS-
positive CD56*CD3~ NK cells.
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Real-time quantitative RT-PCR

mRNA expression of IL-32 isoforms was assessed by quantitative RT-PCR
using SYBR Green Fast Master Mix (Roche Diagnostics) using ABI7900
Fast Real-Time PCR System (Thermo Fisher). In brief, 50 ng RNA was used
per reaction to generate cDNA using oligo(dT) primers and Superscript 111
transcriptase (Thermo Fisher). IL-32 isoform expression was detected using
the following specific primers: IL-32a forward, 5'-GCT GGA GGA CGA
CTT CAA AGA-3' and reverse, 5'-CAG TGG AGC TGG GTC ATC TCA-
3’; IL-32B forward, 5'-CAG TGG AGC TGG GTC ATC TCA-3' and
reverse, 5'-GGG CCT TCA GCT TCT TCA TGT CAT CA-3’; IL-32y
forward, 5'-CCA CAG TGT CCT CAG TGT CAC A-3’ and reverse, 5'-
AGG CCC GAATGG TAA TGC T-3'; and IL-328 forward, 5'-GCC TTG
GCT CCT TGA ACT TTT G-3' and reverse, 5'-TTT GAA GTC GTC
CTG TCC ACG T-3'. The results were normalized to the housekeeping
genes, as follows: B-actin (ACTB) forward, 5'-AGG CAC CAG GGC GTG
AT-3" and reverse, 5'-GCC CAC ATA GGA ATC CTT CTG AC-3' and
GAPDH forward, 5'-TGA TGA CAT CAA GAA GGT GGT GAA G-3" and
reverse, 5'-TCC TTG GAG GCC ATG TGG GCC AT-3’, and were expressed
as the median of fold change = 2%, where AA cycle threshold (Ct) =
(CtTargc! - Cthousckccping gcnc)assay - (CtTargcl
scribed previously (33).

- Cthousckccping gcnc)control’ as de-

CD107a mobilization assay

DCs were stimulated with CD40L, IL-32q, IL-15, and IL-32a plus CD40L,
or remained unstimulated for 24 h. Cells were then washed extensively and
cocultured with isolated NK cells (10 NK cells:1 DC) in the presence of an
anti-human CD107a Ab or an isotype-matched control (H4A3; BD Bio-
sciences) and monensin for 4 h. Alternatively, DCs were stimulated
overnight, as indicated, and cocultured with isolated NK cells for another
24 h. Primed NK cells were cultured with Daudi target cells in the presence
of anti-human CD107a Ab (H4A3; BD Biosciences) or an isotype-matched
control and monensin for 4 h. The CD107a mobilization by NK cells was
evaluated by flow cytometry.

Statistical analysis

Statistical significance was calculated using ANOVA. A significant p value
was <0.05 and labeled as *p = 0.05, **p = 0.01, ***p = 0.005, and
#k*%p < (0.001. Results are shown as value + SD.

Results _
IL-32 is expressed by LCs and dermal CD1a®™™ DCs

Cytokine production is a key component of DC-driven immune
response. We investigated the cytokines that are expressed by the
different subtypes of skin DCs, epidermal LCs, and dermal skin
DCs: CD1a%"CD1417, CD1a%"CD141", and CD14* DCs. Micro-
array analysis of purified DCs (31) revealed that, in addition to
the previously reported IL-15 that is expressed by both LCs and
CD1a%™CD141~ dermal DCs, both of these subsets expressed
IL-32. CD1a%™CD141" or CD14" dermal DCs did not express these
cytokines (Fig. 1A). The level of IL-32 expression was higher in LCs
compared with dermal CD1a®™CD141~ (Fig. 1A). Although IL-15
expression and its role in skin DC function have been previously
reported (34), the endogenous expression of IL-32 in skin DCs has
not been reported. Thus, we thought to investigate the role of 1L.-32
in skin DCs.

Because IL-32 exists in four main isoforms («, B, 7y, 3), we
designed a primer set specific to each isoform and measured their
expression by quantitative RT-PCR. We found that LCs expressed
higher levels of the four isoforms compared with the dermal DC
subtypes. IL-32a was on average 37.5 = 30-fold higher, IL-323
was 12.6 £ 4.5-fold, IL-32y was 8 *= 0.3-fold, and IL.-328 was
12 + 7.8-fold higher in LCs than in the dermal CD14* DCs.
Consistent with the microarray data, we found that dermal
CDI1a%™ DCs expressed lower levels of IL-32 isoforms than LCs
did. We measured a 9.7 = 4.5-fold increase in IL-32c, a 4.3 *=
0.36-fold increase in IL-32f3, a 1.1 = 0.7-fold increase in IL-32y
expression, and no significant change in IL-328 compared with
dermal CD14" DCs (Fig. 1B). Next, the expression of IL-32a
protein by skin DCs was measured, as this was the most abundantly



1292

IL-32 IS AN ANTIDOTE FOR IL-15

A B IL-32a IL-328
120+ 20+
*%
5 10 E
$ 80+ T % 154
O 800+ 0] )
= s 7 a
o 3 — 3 104
£ 600 2 30 g
S s | S s .
§ 4004 e 1 =3 e
o a el
S -10 T r T 0 =
& 200
2 «  IL-32y IL-325
[0 —Spy— 8 _— 25m
— C L] L] L] L] -
. x S 204 of°
% N X " S 6 2
O > @
N Q\V > 2 | 8 15
¢ ¢ O 5 4 3
| S — | x [}
) o 10
CD1a(dim) o o 2
2 2] oL T
L J L ] © % ® 51
. . . o bl =
epidermis dermis Y '_' : i ol— % . e
® | Cs B dermal CD1a(@m) CD141-
v Dermal CD14* dermal CD1a@m CD141*
Epidermis: Dermis:
Live, HLA-DR*, CD3- Live, HLA-DR*, CD3-
1 cpigr ;
i L4CDAOM iy ﬁ | der DCs + sIL-32a
iCD141- FAN LCs + slL-32a

Ch14 —>
ClEE] S
CD14 H

CD141+

. der CD14*
der CD1a@m) CD141+*

| ©
i a A ' der CD1a@m CD141-
Chla———> cD141 —> IL-32a ——>
D
IL-15-moDCs IL-320-moDCs monocytes
1004 100 5
B 92.3 g 4.37
o] e
e | 40 : Ce” type
0= 204
0l L§ 1 ey ™y U -
IL-32 >
FIGURE 1. Expression of IL-32 in steady state DCs. (A) Raw expression value of IL32 gene expression from microarray data (31) (Gene Expression

Omnibus accession no. GSE66355; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE66355). Each dot represents a single donor (n = 3). (B) IL-32
isoforms «, B, 7, and 8 expression was determined in sorted skin DCs by quantitative RT-PCR relative to the CD14* dermal DCs. Each dot represents a
single donor (n = 3—4). Values are calculated as average = SD. *p = 0.05, **p = 0.01. (C) Left, Dot plots represent the gating strategy for epidermal and
dermal DC subset. Right, IL-32a expression in skin DC subsets was assessed by flow cytometry. IL-32a was stained in the presence of an excess molar
concentration of soluble IL-32a (1 wg/ml). Histograms show one representative experiment of three. (D) IL-32 expression in IFN-a moDCs, IL-15 moDCs,
IL-32a moDCs, and monocytes was analyzed by flow cytometry. Histograms show IL-32 (all isoforms) expression (black line) or isotype control (IC; gray

filled histogram). One representative experiment of three is shown.

expressed isoform. As predicted, LCs and dermal CD1a®™CD141~
DCs expressed higher levels of IL-32a than CD1a%™CD141* and
CD14" dermal DCs did (Fig. 1C). Taken together, these results show
that, in addition to IL-15, IL-32 (particularly isoform o) is expressed
in LCs and dermal CD1a""CD141~ DCs.

IL-15 induces IL-32 expression in human DCs

Because both IL-15 and IL-32 were expressed in the same DC
subtypes, we wondered whether these cytokines would regulate

each other. Thus, we differentiated monocytes into DCs (moDCs)
with GM-CSF and either IFN-«, IL-15, or IL-32a for 3 d. Cells
were then stained for intracellular IL-32 using an Ab that recog-
nizes all isoforms. As shown in Fig. 1D, IL-15 moDCs expressed
higher levels of IL-32 as compared with IFN-a moDCs and
nondifferentiated monocytes (65.7, 6.65, and 4.37%, respectively).
IL-32a moDCs showed the highest IL-32 expression (Fig. 1D),
which could result from an exogenous IL-32a uptake during the
differentiation process.
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Furthermore, we assessed the mRNA expression of all IL-32
isoforms in moDCs. Cells were stimulated with 0.3, 5, 20, or
100 ng/ml IL-15, and the expression values of IL-32 isoforms were
compared with those of unstimulated GM-CSF- and IFN-o—
differentiated moDCs and GM-CSF- and IL-15-differentiated
moDCs. Interestingly, we observed that the lowest amount of
IL-15 (0.3 ng/ml) was sufficient to induce the various 1L-32 iso-
forms in IFN-a moDCs (fold change [FC] = 2 for IL-32«, FC =
450 for IL-323, FC = 90 for IL-32vy, and FC = 300 for 1L-323;
Fig. 2A). The expression of IL-32 isoforms o, 3, and <y increased
in a dose-dependent manner, and that of IL-323 reached a plateau
at 0.3 ng/ml IL-15. IL-15 moDCs showed the highest levels of all
IL-32 isoforms and served as our positive control (Fig. 2A). Next,
we stimulated moDCs with CD40L for 24 or 48 h and tested the
expression of IL-15 and IL-32 by flow cytometry (Fig. 2B). In-
deed, CD40OL induced IL-15 expression in moDCs after 24 h
(4746 = 1618), and this persisted at 48 h (4052 = 1437). How-
ever, IL-32, which was not detected in the cells at 24 h post-CD40
ligation (318 = 112.6), was induced after 48 h (4583.3 = 1926)
(Fig. 2B). This suggests that IL-32 is induced indirectly by
CDA40L, via the production of IL-15. Overall, IL-15 is a potent
inducer of IL-32 in DCs.

IL-32a antagonizes IL-15—-induced granzyme B and perforin in
NK cells

DCs were shown to license NK cells by presenting IL-15 (14, 22,
35). To measure whether IL-32ac would synergize or inhibit this
property of IL-15, we stimulated NK cells with different con-
centrations of one or both cytokines and measured the production
of the effector molecules granzyme B and perforin. As expected,
both 1 and 20 ng/ml IL-15 induced an increase in granzyme B and
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perforin (Fig. 3A; thick dashed line). This was consistent with the
mean fluorescence intensity values that were measured for gran-
zyme B (Fig. 3B) and perforin (Fig. 3C). Addition of IL-32a by
itself did not induce granzyme B and perforin expression by NK
cells (Fig. 3B, 3C). However, the addition of IL-32«a to IL-15-
conditioned NK cells resulted in a significant decrease in gran-
zyme B (by 16.6% = 20) and perforin (by 32.6% * 22.3) ex-
pression, compared with NK cells stimulated with IL-15 alone
(Fig. 3B, 3C). To confirm the antagonistic effect of IL-32c, we
used a neutralizing Ab to IL-32c. We found that the ability of
IL-15 to induce the effector molecules granzyme B and perforin
could be entirely rescued (from 27.5% =* 28.2 to 96.7% = 4.9 for
granzyme B; and from 31.9% = 16.3 to 100% = 0.3 for perforin)
in the presence of the neutralizing Ab compared with the control
Ab (Fig. 3B, 3C). Other IL-32 isoforms, IL-32f3 and IL-32v, did
not induce any significant changes to granzyme B and perforin
expression in NK cells in the absence or the presence of IL-15
(Supplemental Fig. 1). Overall, these results demonstrate that
IL-32a acts directly on NK cells to regulate their effector mole-
cule expression following IL-15 priming.

IL-32a regulates NK cell cytotoxic activity

Because IL-32a reduced the production and release of cytotoxic
effectors, we hypothesized that this would result in a reduced
killing of targets by NK cells. Thus, we exposed NK cells to
IL-32q, IL-15, or both cytokines and measured their ability to kill
a target cell line (Daudi) that lacks MHC class I molecules. As
shown in Fig. 3D, unstimulated and IL-32a—exposed NK cells did
not kill this target cell line. IL-15 induced killing of the target cell
by ~30 £ 11% across multiple experiments. As predicted, when
rIL-32a was added in addition to IL-15, we observed a reduction
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stimulation was set at 100%, whereas the expression of granzyme B and perforin in unstimulated NK cells was set at 0%. IL-32a was used at 100 ng/ml,
and IL-15 was used at 1 ng/ml; each dot represents one experiment. Values are shown as average * SD. (C) Similar to (B), graph shows perforin expression
in at least four experiments. (D) Isolated NK cells were stimulated with IL-32« (100 ng/ml), IL-15 (1 ng/ml), and IL-32a + IL-15, and cocultured with
CFSE-labeled Daudi cells. Dot plots show the gating strategy to assess percentage of live and dead CFSE* Daudi cells. Graph shows the absolute killing by
NK cells stimulated with IL-32«, IL-15, and IL-32a + IL-15 in absence or presence of anti—IL-32a neutralizing Ab or an isotype-matched control (rabbit
polyclonal). Values are calculated as average = SD. ***p = 0.005, ****p = 0.001. NS, nonstimulated; ns, not significant.
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in NK cell killing compared with that induced by IL-15 alone
(from 30 = 11% to 9.1 £ 5%; Fig 3D). Under these conditions,
blocking IL-32a using neutralizing Ab could rescue the IL-15—
induced NK cell cytotoxicity (from 9.1 = 5% to 23.3 *= 7.4%;
Fig. 3D). These results demonstrate that IL-32a is an antagonist
for IL-15-mediated NK cell cytotoxic activity.

IL-32a inhibits IL-15-mediated STAT5 phosphorylation in NK
cells

To investigate the mechanism by which IL-32«a antagonized
IL-15-mediated NK cell activation, we first assessed the potential
inhibition of IL-15 binding to its receptor IL-15Ra by IL-32a. A
unique mAb that recognizes the IL-15/IL-15Ra complex was used
for staining NK cell surface after an exposure to IL-15 and
IL-32a.. As shown in Fig. 4A, left panel, addition of 1 ng/ml IL-15
to the cells was below the Ab detection limit. However, IL-15 was
detected on the surface of NK cells when added at a concentration
of 5 ng/ml. Although addition of 100 ng/ml IL-32a resulted in a
reduction of IL-15 binding to its receptor (from 35% = 20 to 19%
* 16.9), this was not significant (Fig. 4A, right panel). Further-
more, we assessed whether IL-32a would downregulate IL-15R to
prevent IL-15 binding and consequently NK cell activation. The
IL-15R shares the 8- and +y-chains with IL-2R. Thus, we inves-
tigated the expression of CD122 (IL-2R B-chain) and CD132
(IL-2R vy-chain) on the surface of NK cells after exposure to
IL-32a, IL-15, or both cytokines. As shown in Fig. 4B, IL-32a did
not affect the expression of the IL-15R chains in the presence or
absence of IL-15. Because IL-15R expression or IL-15 binding
was not influenced by the presence of IL-32a, we investigated the
pathway downstream of the receptor. Indeed, STATS has been
shown to influence NK cell activation, inflammatory cytokine
production, and cytotoxicity downstream of IL-15 (36, 37). Thus,
NK cells were stimulated with IL-32a, IL-15, or both cytokines
for 15 min, and the level of STATS5 phosphorylation was assessed
by flow cytometry. As expected, IL-15 induced a significant
phosphorylation of STATS (19.5-50.5%; Fig. 4C), which was not
seen when the cells were exposed to IL-32a alone. Interestingly,
we observed a reduction of STATS phosphorylation when the cells
were stimulated with both IL-15 and IL-32a (12.3-16.5% re-
duction; Fig. 4C, right panel). This is consistent with the reduced
NK cell cytotoxic activity that is observed in the presence of IL-32
(Fig. 3). Taken together, our data show that IL-32a regulates
STATS phosphorylation in NK cells.

IL-32a acts on DCs to regulate NK cell effector molecule
expression and killing capacity

We next wanted to assess the role of DC-derived IL-32 and IL-15 in
NK cell activation. IFN-a—derived moDCs were generated and
exposed to CD40L, IL-15, IL-32a, or CD40L together with
IL-32a for 24 h. Cells were washed and cocultured with NK cells.
Intracellular granzyme B and perforin expression was measured
by flow cytometry (Fig. SA). By staining NK cells, we found that
CD40L- and IL-15-stimulated IFN-a moDCs induced higher
levels of granzyme B compared with unstimulated DCs (45.654%
+ 21.3 for CD40L; 100% = 0.1 for IL-15 versus 12.8 = 4.5) and
perforin (96.2% * 6.4 for CD40L and 81.5% = 22.3 for IL-15
versus 31.9% = 11.8) compared with the unstimulated moDCs or
compared with IL-32a—conditioned moDCs (Fig. 5A). NK cells
that were exposed to IL-32a— and CDA40L-stimulated moDCs
expressed lower amounts of granzyme B and perforin compared
with NK cells that were exposed to CD40L-activated moDCs
(114 = 158 and 11.2 * 25, respectively; Fig. 5SA). To assess
whether the reduced intracellular effector molecules seen fol-
lowing IL-32a exposure were due to an increased secretion or to
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a reduced production, we measured surface CD107a mobilization
as a surrogate for NK cell degranulation upon conditioned DC
activation. As shown in Fig. 5B, 16.7% of NK cells mobilized
CD107a spontaneously upon exposure to unstimulated DCs.
IL-32a-stimulated moDCs did not induce significant increase
in NK CD107a mobilization compared with unstimulated DCs
(18.7%). CD40L-activated moDCs induced 30.6% of the NK cells
to mobilize CD107a (Fig. 5B). However, moDCs that were acti-
vated with both CD40L and IL-32« induced comparable levels of
CD107a-mobilized NK cells (14.3%) as unstimulated moDCs
(Fig. 5B). These results demonstrate that IL-32a regulates the
production of effector molecules by activating NK cells, rather
than inducing their increased secretion. This was further con-
firmed using ex vivo purified primary skin DCs and NK cells.
Thus, dermal CD1a%™ DCs were stimulated with IL-32c, IL-15,
CD40L, or IL-32« together with IL-15 for 24 h, washed, and then
cocultured with NK cells for another 18 h. The primed NK cells
were then assessed for their ability to kill target cells. As shown in
Fig. 5C and 5D, NK cells that were primed by dermal CDla%™m
DCs were able to kill 13.2% = 5 of the target cells. NKs that were
activated by IL-15— or CD40L-stimulated dermal CD1a®™ DCs
killed 56.5% = 24.4 and 23.6% = 5.4 of the target cells, re-
spectively (Fig. 5C, 5D). Consistent with our previous results, NK
cells that were primed by IL-32a—conditioned dermal CD1a%™
DCs killed only 5.07% = 3.9 of the target cells. Remarkably, NK
cells activated by dermal CD1a%™ DCs that were stimulated with
IL-32a and IL-15 or IL-32a and CD40L killed 38.2% =+ 19.4
(compared with 56.5% = 24.4 with IL-15 alone) and 8.7 = 8.3%
(compared with 23.6% = 5.4 with CD40L alone) of target cells,
respectively (Fig. 5C, 5D). Thus, IL-32a is a potent inhibitor of
IL-15 activity. Overall, our data demonstrate that, in addition to
the direct effect of IL-32ac on NK cells, it also acts indirectly,
by manipulating DC function to suppress the priming of cytolytic
NK cells.

DC-derived IL-32« regulates NK cell-killing capacity

To test whether DC endogenous IL-32 may affect NK cell-killing
capacity, we primed NK cells with moDCs that were presti-
mulated with IL-15 for 24 h to induce endogenous IL-32 ex-
pression or left unstimulated (Fig. 2B). Primed NK cells were
then exposed to a target cell line, and CD107a mobilization was
assessed. As shown in Fig. 6A, NK cells that were primed by
IL-15-stimulated moDCs induced higher levels of surface CD107a
expression than unstimulated DCs (21.3 = 4.1% versus 15.7 =
5.9%), a level that was further increased in the presence of anti—
IL-32a Ab, but not with an isotype control or no Ab (31 = 4.6%
versus 22.3 *= 4.5%, respectively, and 21.3 * 4.1%, respec-
tively; Fig. 6A).

To assess the role of endogenous IL-32 in primary skin DCs, we
stimulated dermal CD1a"™ DCs with CD40L for 48 h to induce
IL-32 production and cocultured them with NK cells for addi-
tional 3 d in the presence or absence of anti—IL-32a neutralizing
Ab or an isotype-matched control. NK cells were then assessed for
their ability to kill target cells. As shown in Fig. 6B, NK cells that
were primed by CD40L-activated dermal CD1a%™ DCs induced
14.7% Kkilling. The presence of a control mAb during DC:NK cell
coculture did not induce a significant change in the ability of the
NK cells to kill (17.5%). However, blocking IL-32a during the
coculture resulted in more dead target cells (33.8%) (Fig. 6B). As
shown in Fig. 6C, blocking endogenous IL-32a in four donors
significantly enhanced NK cell killing compared with control
mAb only when the DCs were activated with CD40L. Overall,
DC-derived IL-32a is induced directly or indirectly by IL-15 and
suppresses the cytolytic capacity of NK cells.
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of cells that express phosphorylated STATS following the different stimulations for all three donors (*p = 0.05).

IL-32a regulates IL-18 production in DCs

Our data, showing that IL-32a—conditioned DCs negatively reg-
ulate NK cell cytotoxic capacity (Fig. 5), led us to hypothesize
that IL-32 can also act on DCs to reduce the expression of NK
cell-activating cytokines. IL-15 is known to increase NK cell
cytotoxic ability by inducing the production of granzyme B (38).
IL-18 is a proinflammatory cytokine that is important for IFN-y
production and can act in synergy with IL-15 to enhance NK cell
activation (39-41). We assessed the production of IL-18 in IFN-a
moDCs that were stimulated overnight with IL-32a, IL-15, or a
combination of IL-15 and IL-32a. As shown in Fig. 7, IL-15—
induced IL-18 expression in moDCs and addition of IL-32« sig-
nificantly reduced the production of IL-18 in these cells. Taken
together, these results suggest that IL-32a can modulate IL-15
activity in NK cells as well as DCs.

Discussion

The capacity of DCs to activate both innate and adaptive immune
responses is largely dependent on the cytokines they produce. In
this study, we assessed the role of DC-derived IL-15 and IL-32 in
controlling NK cell response. We show that IL-15 and IL-32 are

two cytokines that are expressed by skin LCs and dermal CDla%m
DCs. IL-32 is induced in DCs upon IL-15 exposure. Functionally,
IL-15 and IL-32a act sequentially to activate and dampen NK cell
cytolytic capacity.

IL-32 is a newly described human cytokine that exists in several
isoforms (23). We found that LCs express all four isoforms of
IL-32, but predominantly the isoform a. Most studies focused on
the IL-32+y, which is known to synergize with other cell activators
such as LPS (TLR4 ligand) or muramyldipeptide (NOD2 ligand)
(42, 43). IL-32y can trigger TNF-oo and IL-6 production, the
maturation of DCs (24), and the activation of NK cell cytotoxicity
through cell death receptor 3 (44). Furthermore, IL-32vy has been
shown to be protective in tuberculosis (30, 45, 46). In contrast,
little is known about the IL-32a isoform, except that it was in-
dicated to have a regulatory function by inhibiting the production
of TNF-a or IL-6 in PBMCs (25). Understanding the biology of
the different IL-32 isoforms is important to understand why in
some diseases, including cancer (47-49), HIV (50), tuberculosis
(30), and leprosy (24, 51), IL-32 presence in patients was asso-
ciated with either a positive or a negative outcome. In this work,
we focus on the biology of the a isoform of IL-32, which we
found to be expressed in two skin DC subsets.
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FIGURE 5. IL-32a acts on DCs to regulate NK cell effector molecule expression and killing capacity. (A) MoDCs were stimulated with IL-32a
(100 ng/ml), CD40L (100 ng/ml), IL-32a + CD40L, or IL-15 (1 ng/ml) for 24 h and cocultured with NK cells for another 24 h. NK cells were assessed for
intracellular granzyme B and perforin expression by flow cytometry. Plots show the normalized expression levels of granzyme B or perforin in multiple
experiments (n = 5). Data were normalized by setting the highest value obtained after stimulation with IL-15 to 100%, and the values obtained in
unstimulated cells to 0%. Values are calculated as average = SD. *p = 0.05, **p = 0.01, ***p = 0.005, ****p = 0.001. (B) MoDCs were stimulated with
CD40L (100 ng/ml), IL-32a (100 ng/ml), or IL-32a + CD40L for 24 h. They were then cocultured with isolated NK cells in the presence of anti-human
CD107a-PE mAb or an isotype-matched control. Dot plots show the level of CD107a mobilization in response to different conditioned DCs. (C) Dermal
CD1a%™ were sorted and stimulated with CDA40L, IL-15, IL-32a, or IL-32a + IL-15 overnight. Stimulated or unstimulated (NS) DCs were cocultured with
NK cells for 4 d. Cells were then cocultured with Daudi target cell line, and the percentage of dead target cells was assessed by flow cytometry. Dot plots

show the percentage of dead target cells as indicated by the live/dead stain. (D) CDla

dim DCs were stimulated and cocultured as in (C). Bar charts show

normalized percentages of dead target cells in the absence (black) or presence of IL-32a (gray) (n = 5).

We show that IL-15 is a potent inducer of IL-32 in DCs. IL-15
was indeed the most efficient inducer of a variety of activators that
we examined, including flagellin, LPS, polyinosinic-polycytidylic
acid, CLO75, muramyldipeptide, IL-2, IL-7, and CD40L (data not
shown). Interestingly, both IL-15 and IL-32 are expressed and

produced by LCs and CD1a*"™CD141~ DCs. An indicator of the
relationship between IL-15 and IL-32 was recently reported by
Montoya et al. (30), in which IL-32 constituted part of an
IL-15-induced set of genes during latent M. tuberculosis in-
fection in patients’ blood. Nevertheless, the functional relationship
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between these cytokines has not been demonstrated. DCs serve
as an important source for IL-15, which is presented to NK cells
and enhances their cytolytic function (38, 39). We identified a
mechanism in human NK cells that allows the regulation of
the powerful effect of IL-15 and that might exist to prevent

A

autoimmunity (52). This mechanism seems to be dependent on
IL-32a from DCs, as the latter is not induced beyond its basal
levels in NK cells in response to IL-15 stimulation (Supplemental
Fig. 2). Our findings complement another recent study showing
that IL-15-induced NK cell proliferation is negatively regulated
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FIGURE 7.

IL-32« inhibits IL-18 expression in DCs. IFN-a moDCs were stimulated with IL-32a, IL-15, or both cytokines overnight, and intra-

cellular cytokine production was measured by flow cytometry. (A) Histograms show the expression of IL-18 by stimulated or unstimulated cells in the
presence (solid) or absence of IL-32a (dashed). Gray filled histograms show an isotype-matched control (IC). (B) Graph shows IL-18 expression in
stimulated DCs. Geometric mean of fluorescence intensity was plotted after subtracting the background expression of the isotypic control mAb (n = 5).
*p = 0.05, **p =< 0.01.
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by inhibitory receptors (53). Indeed, the control of NK cell ac-
tivation and inhibition by and following IL-15 is critical. The
absence of IL-15 or overexpression of IL-32a during infection or
cancer might lead to progression or persistence of the disease
due to the lack of NK cell killing (54-56). In contrast, an over-
expression of IL-15 without proper regulation could cause autoim-
munity (57) or even induce leukemia through DNA hypermethylation
and chromosome instability (52).

Our study revealed a role for IL-32« in regulating IL-15-
mediated NK cell activity. Our extensive analysis on a possible
mechanism for this effect did not reveal a role for IL-32a in
downregulating IL-2R 3- and y-chain expression (shared between
IL-2R and IL-15R) or a significant inhibition in IL-15 binding to
its receptor. However, we found that IL-32« acts by partially
inhibiting STATS phosphorylation. Indeed, STATS5 has been
described to promote NK cell cytolytic activity (36, 37). Thus, a
detailed mechanism by which IL-32« inhibits STATS phosphory-
lation by IL-15 is yet to be identified. Overall, the inhibition of
STATS phosphorylation by IL-32« permits to explain in part the
complex mechanism by which it regulates NK cell activity.

Although IL-32a could efficiently inhibit NK cell cytotoxicity,
exogenous IL-32(3 and IL-32+ did not share this property. The role
of endogenous DC-derived IL-32(3 and IL-32vy in this process
remains unknown due to a lack of specific neutralizing reagents.
Thus, IL-32« is added to the list of other cytokines that inhibit NK
cell functions. For example, IL-6 has been shown to antagonize
NK cytotoxicity by reducing granzyme B and perforin in the
systemic juvenile idiopathic arthritis murine model, and its pres-
ence in patient sera was correlated with lower NK activity (58).
TGF-f is known to reduce NK cell function by repressing the
mTor pathway (59) and downregulating NKG2D or DAP10
expression, leading to an impaired cytotoxic activity of human
NK cells (44, 60). Our findings show that IL-32a can act di-
rectly on NK cells and on DCs to reduce their capacity to prime
cytolytic NK cells and their IL-18 production. IL-18, along with
IL-12, is known to induce IFN-v production by NK cells (41) or
can synergize with IL-15 (39) and contributes to their cytotoxic
capacity.

Overall, we show that IL-32« is the main isoform produced by
human skin LCs and dermal CD1a*™CD141~ DCs in response to
IL-15 and in turn regulates IL-15-induced NK cell effector
function. Whether a similar cytokine that is induced by and reg-
ulates IL-15 activity exists in mice is not known. IL-32«a is in-
duced and can act on both DCs and NK cells to dampen their
inflammatory and effector functions. This mechanism is of im-
portance as it could potentially allow the control of NK cell
overactivation upon infection and autoimmune diseases. Alterna-
tively, altering the IL-15/IL-32a balance in favor of IL-32a might
impair NK cytotoxicity, leading to cancer or persistent viral or
bacterial infections.
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