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ABSTRACT

Natural Killer (NK) cells are capable of recognizing and killing cancer cells and play an important role in
tumor immunosurveillance. However, tumor-infiltrating NK cells are frequently impaired in their functional
capability. A remarkable exception is represented by NK cells isolated from malignant pleural effusions
(PE) that are not anergic and, upon IL2-induced activation, efficiently kill tumor cells. Although IL2 is used
in various clinical trials, severe side effects may occur in treated patients. In this study, we investigated
whether also other clinical-grade cytokines could induce strong cytotoxicity in NK cells isolated from
pleural fluid of patients with primary or metastatic tumors of different origins. We show that PE-NK cells,
cultured for short-time intervals with IL15, maintain the CD56""9" phenotype, a high expression of the
main activating receptors, produce cytokines and kill tumor cells in vitro similarly to those treated with IL2.
Moreover, IL15-activated PE-NK cells could greatly reduce the growth of established tumors in mice. This
in vivo antitumor effect correlated with the ability of IL15-activated PE-NK cells to traffic from periphery to
the tumor site. Finally, we show that IL15 can counteract the inhibitory effect of the tumor pleural
microenvironment. Our study suggests that IL15-activated NK cells isolated from pleural fluid (otherwise
discarded after thoracentesis) may represent a suitable source of effector cells to be used in adoptive
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Introduction

Natural killer (NK) cells belong to the family of innate lym-
phoid cells (ILCs)."* ILCs have been recently classified in two
main groups according to their functional features and tran-
scription factors required for their differentiation/survival:
“cytotoxic-ILCs,” i.e., NK cells, and “helper-ILCs,” including
ILC1, ILC2, and ILC3.? NK cells are important effector cells of
the innate immunity that play a relevant role in the defense
against tumors and viruses. The antitumor activity of NK cells
is based on their capability of recognizing and killing tumor
cells, while sparing normal cells.* The NK cell function is medi-
ated by an array of activating receptors, including NKp46,
NKp30, NKp44, NKG2D, and DNAM-1. These receptors rec-
ognize ligands that may be strongly upregulated or expressed
de novo following tumor transformation. The function of acti-
vating receptors can be counteracted by signals delivered by
killer immunoglobulin-like receptors (KIRs) or CD94/NKG2A
inhibitory receptors upon interaction with HLA-class I mole-
cules, expressed by normal cells but frequently downregulated
bY tumor Cells‘5,6,7,8,9,10,11,12,13,14,15,16

Two major NK cell subsets have been identified on the basis
of the expression levels of CD56 surface molecules. CD56"" €™
NK cells predominate in tissues, express CD94/NKG2A, and
secrete various cytokines while they are poorly cytolytic. In
contrast, CD56%™ cells represent the majority of peripheral
blood (PB) NK cells, may express KIRs, are highly cytolytic and
can rapidly secrete cytokines upon crosslinking of their activat-
ing receptors.'”'®"

To design new therapeutic strategies based on adoptive cell
therapy (ACT), many studies analyzed the functional proprie-
ties and the correlation with prognosis of NK cells present in
hematological and solid tumors.*>*"*»** In particular, it has
been shown that NK cells play a role in limiting the spreading
of metastatic cells. Moreover, in solid tumors, high numbers of
peripheral or tumor-associated NK cells correlate with a better
prognosis.*****72%2%% However, different reports revealed, in
non-small cell lung cancers (NSCLCs), renal carcinomas and
breast cancers, the presence of tumor-associated CD56""€" NK

cells that displayed a poor cytolytic activity against tumor
Cells.25,27,31-33
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In a previous study, we analyzed NK cells present in pleural
effusions (PE) of primary and metastatic tumors of various ori-
gins including mesothelioma and lung, breast, colon, gastric,
bladder, and uterus carcinomas. In spite of their CD56°"8"
phenotype, PE-NK cells expressed high levels of CD107a upon
interaction with tumor cells, revealing a high cytolytic potential
and indicating that PE-NK cells are not substantially inhibited
by the tumor pleural microenvironment. In addition, upon
IL2-induced activation, PE-NK cells lysed tumor cells more
efficiently than IL2-activated autologous PB NK cells. These
data suggested a possible use of IL2-activated NK cells to treat
primary or metastatic pleural tumors by infusing cells systemi-
cally or in the pleural cavity.>**>*® Moreover, the presence of
NK cells in PE could also suggest a possible benefit by the infu-
sion of IL2-alone directly in the pleural cavity. In support of
this possibility, the results of a previous study showed that
intrapleural IL2 administration, in a patient with PE associated
with lymphoma, resulted in a long-lasting (over 2 years)
absence of PE.”” On the other hand, several clinical studies
based on the systemic infusion of high doses of IL2, showed
limited clinical benefits.*®>*>*° This is in part related to the fact
that IL2 may not only induce proliferation and functional acti-
vation of tumor-specific effector cells, but also of regulatory T
cells (Treg) leading to the impairment of the therapeutic
effect.*"** In addition, IL2 may induce a severe toxic effect
resulting in the vascular leak syndrome.*’ Thus, alternative
cytokines, capable of effectively boosting NK cells without
inducing suppressive loops (such as IL15, IL12, and IL18) are
currently being investigated in preclinical cancer models.***>*°
IL15 is a potent immunostimulating cytokine, potentiating
both T and NK cell-mediated immune responses and promot-
ing the generation of memory T cells.*”*****° In particular,
recent clinical trials identified IL15 as an alternative cytokine
(replacing IL2) in the treatment of metastatic melanoma and
renal carcinoma.”’ Moreover, although different studies sug-
gested that IL12 and IL18, when used alone, display a limited
anticancer activity, the combined treatment with IL12 and
IL18, revealed that the anergic state of tumor-infiltrating NK
cells can be reverted.”>>>* Taken together, these data suggest
that the activity of endogenous NK cells can be enhanced in
vivo by the systemic or local administration of cytokines, such
as IL2, IL15, and IL12 plus IL18. Other strategies include the
use of drugs capable of upregulating the activating NK recep-
tors or their ligands on tumor cells, as well as the use of block-
ing antibodies directed to inhibitory NK receptors.”>>>” These
treatments may be combined with the infusion of clinical-grade
cytokines.”® In addition, recent data suggested that adoptive
immunotherapy, based on the administration of cytokines
together with in vitro activated effector cells, may result in
improved antitumor efficacy.”>>”®!

Here, we analyzed the capability of different clinical-grade
cytokines, besides IL2, such as IL15, IL12, and IL18, to potenti-
ate the antitumor activity of PE-NK cells. We show that short-
term IL15-activated PE-NK cells maintain the CD56""€"
phenotype, and the potential of migrating to tumor site. In
addition, they display strong cytolytic activity, and cytokine
production and efficiently control tumor growth in a murine
model. Finally, we show that IL15 counteracts the inhibitory
effect mediated by soluble factors present in malignant pleural

fluid. These results may suggest new therapeutic strategies of
adoptive immunotherapy in patients with PE associated with
primary or metastatic tumors.

Results

Effect of different cytokines on the phenotypic and
functional features of PE-NK cells

Our study is focalized on NK cells isolated from malignant PE
(Table 1). The main aim is to establish culture conditions
allowing the generation of cells, with potent antitumor activity,
suitable for adoptive immunotherapy.

In a first set of experiments, we evaluated the cell types pres-
ent in PE, in terms of percentages of CD45" cells, T, B, NK,
and myeloid cells (Fig. S1). Notably, NK cells represented
9.48 + 4% of CD45™" cells.

Next, we analyzed the effect of different clinical-grade
cytokines currently used in preclinical cancer models, on
the phenotypic properties and on the effector function of
PE-NK cells. To this end, PE-NK cells or NK cells isolated
from PB of healthy donors (HD-NK), used as controls,
were cultured for 72 h with IL2, IL15, IL12, and IL18, used
alone or in combination. As shown in Fig. 1A, PE-NK cells
retained the CD56"€™ phenotype and did not acquire
CD16 upon culture with all the cytokines analyzed. In addi-
tion, upon cytokine stimulation, they maintained the
expression of CD62L and CCR7, two receptors involved in
cell migration (Fig. 1B). On the contrary, in HD-NK cells,
the expression of CD62L decreased upon culture with IL2
or IL15, while it increased upon culture with IL12 (in agree-
ment with a previous report®®). In HD-NK cells (Fig. 1B),
the expression of CCR7 was confined to CD56 bright cells
(not shown). In addition, PE-NK cells, cultured with either
IL2 or IL15, expressed higher levels of NKp30, NKp44, and
DNAM-1 activating receptors than unstimulated (un) or
IL12- or IL18-cultured PE-NK cells. In particular, the
combination of IL12 and IL18 induced only a partial
upregulation of NKp44, NKG2D, and DNAM-1, while the
expression of NKp30 was unchanged (Fig. 1C). The expres-
sion of NKp46, NKG2D, CD9%4, NKG2A, and KIRs were
not significantly modified upon culture with all the cyto-
kines analyzed as compared with unstimulated cells. Similar
results were obtained in parallel cultures of HD-NK cells
(Fig. 1C). Analysis of cytolytic granules indicated that
IL2- or IL15-cultured PE-NK cells displayed higher levels of
perforin and granzymes A and B than those cultured with
IL12+IL18 or unstimulated (Fig. 1D).

Table 1.
Features of the 43 patients included in our study n°
Male 33
median age 74 (range 55-91)
Female 10
median age 74 (range 53-83)
Mesothelioma 32
Adenocarcinoma Lung 7
Adenocarcinoma Gastrointestinal (colon and pancreas) 4
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Figure 1. Cytokine-stimulation induces phenotypic changes in PE-NK cells. (A-D) Freshly isolated PE- (gray bars) and peripheral blood HD-NK (white bars) cells were stim-

ulated with IL2, IL15, IL12, and IL18 alone or in combination, for 72 h (short-term) and

cytokine-stimulated PE-NK cells. One representative experiment out of 12 performed.

then analyzed. (A) CD56 and CD16 surface expression on unstimulated (un.) and on
(B) Percentages £ SEM of CCR7 and CD62L expression (n = 4). (C) Mean fluores-

cence intensity (MFI) £ SEM of the major activating and inhibitory NK receptors (n = 8). (D) MFI = SEM of perforin, granzymes A, and B (n = 4). (B-D) Statistical analysis
was performed using one-way ANOVA Kruskal-Wallis test, (*) indicates the comparison between cytokine stimulated and unstimulated NK cells within the same group

(PE-NK or HD-NK). Where not indicated, data were not statistically significant.

We next analyzed the effect of these cytokines on PE-NK cell
function. As target cells, we used A549 adenocarcinoma tumor
cell line that expresses the ligands recognized by major activat-
ing NK receptors (Fig. 2A). In particular, A549 tumor cells
were characterized by high levels of expression of PVR, Nectin-
2 (DNAM-1 ligands), and intermediate/low levels of ULBP1-3,
MICA, and MICB (NKG2D ligands). The B7H6 molecule
(NKp30 ligand) was not detected. In functional experiments,

PE-NK cells were cultured for 72 h in the presence of IL2, IL15,
IL12, and IL18, used alone or in combination and their ability
to undergo degranulation (CD107a positivity) and to produce
cytokines (IFNy and TNF) were analyzed upon NK cell expo-
sure to adenocarcinoma A549 tumor cells. As shown in
Figs. 2B-D, IL2- or IL15- or IL12+IL18-activated PE-NK cells
displayed a higher CD107a surface expression and cytokine
production than unstimulated or IL12- or IL18-cultured
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Figure 2. Cytokine stimulation upregulates PE-NK cell function. (A) Surface expres-
sion of cell ligands recognized by activating NK receptors on A549 tumor cell line.
One representative experiment out of four performed. (B-D) NK cells isolated from
PE (gray bars) or from peripheral blood of HD (white bars) were stimulated for
72 h (short-term) with IL2, IL15, IL12, and IL18, alone or in combination. (B) Percen-
tages &= SEM of CD107% NK cells upon exposure to A549 (n = 5) or K562 target
cells (n = 6). (C, D) Percentages + SEM of IFNy+ or TNF+ NK cells upon exposure
to A549 (n = 5) or K562 target cells (n = 6). (B-D) Statistical analysis was per-
formed using one-way ANOVA Kruskal-Wallis test, (*) indicates the comparison
between cytokine-stimulated and unstimulated cells within the same group
(PE-NK or HD-NK). When not indicated, data were not statistically significant.

PE-NK cells. Similar results were obtained using HD-NK cells,
as effector cells, and K562 as tumor target cells (Figs. 2B-D).
We also assessed the cytolytic activity of PE-NK cells using a
>ICr release assay. IL15-cultured PE-NK cells efficiently killed
A549 target cells (Fig. 3A), while cells cultured with IL2 or
IL12+1L18 displayed a lower cytolytic activity. The use of K562
as target cells gave similar results (Fig. 3B). Thus, our data
indicate that IL15, similarly to IL2, induces a substantial

upregulation of PE-NK cell effector function, whereas a combi-
nation of IL12+IL18, although it induces an increase of cyto-
kine production, was not able to potentiate a suitable cytolytic
activity of PE-NK cells.

IL15-activated PE-NK cells control tumor growth in vivo

Based on the results above indicating that IL15, similar to IL2,
can potentiate the cytolytic activity of short-term PE-NK cells in
vitro, we further investigated whether IL15-activated cells could
mediate antitumor activity in vivo. In these experiments, A549
tumor cells were injected subcutaneously (s.c.) in athymic nude
mice and tumor growth was assessed every 2 d. Palpable tumors
were detected 7-9 d after inoculation. Cytokine-activated PE-NK
cells were infused intravenously (i.v.) at 10-d intervals starting at
day 10 (IL2) or 11 (IL15), after tumor inoculation. In mice
treated with either short-term IL2- or IL15-PE-NK cells tumor
growth was efficiently controlled (Figs. 4A-C). In mice that did
not receive NK cells, tumors further expanded (Figs. 4A-B).
Notably, the ability of IL15-activated PE-NK cells to inhibit
tumor growth in vivo was comparable, or better, to that of IL2-
activated PE-NK cells (Fig. 4C).

Athymic nude mice, while lacking mature T cells, still have
functional NK cells.®® Thus, to exclude the possible contribution
of autologous murine NK cells to the control of tumor growth,
we analyzed whether they were present at the tumor sites, in
tumor-draining lymph nodes and spleen (Figs. S2A and B).
Mice treated under different conditions showed similar percen-
tages of autologous NK cells in the various tissues analyzed. We
also evaluated their stage of maturation in terms of expression of
CD27 and CD11b, two markers that allow to identify four devel-
opmentally related murine NK cell subsets. As shown in the
Figs. S2A and C, the maturation level of murine NK cells present
at the tumor sites, tumor-draining lymph nodes, and spleen was
comparable among the different groups of treated mice. These
data, together with the results of control mice that did not
receive cytokine activated PE-NK cells (Figs. 4A-E), strongly
suggest that autologous murine NK cells do not influence tumor
growth and their numbers and phenotypic features were not
affected by treatment with cytokine-activated PE-NK cells or
with IL15 alone (used as additional control). Therefore, it is con-
ceivable that only infused cytokine-activated PE-NK cells medi-
ate the control of tumor growth.

Since IL15, different from IL2, does not induce toxicity, we
focused our investigation on IL15-activated PE-NK cells, using
IL15 alone as control. In these experiments, both tumor size
and weight were significantly lower in IL15 PE-NK cell-treated
mice than in mice either untreated or treated with IL15 alone
(Figs. 4B, D, and E). One of the mice treated with IL15 alone
was not included in the results because it was killed before the
end of the experiment due to an excessive tumor growth. These
data suggest that PE-NK cells that have been activated in vitro
with IL15 can control tumor growth in vivo.

We next analyzed whether the antitumor effect of IL15-acti-
vated PE-NK cells correlated with their ability to migrate to the
tumor site. To this end, these cells were labeled with violet dye
and their tissue distribution was analyzed one day after injec-
tion in mice at the end of the in vivo experiments. As shown in
Fig. 4F, violet" NK cells were present both at the tumor site
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Figure 3. Short-term IL15-activated PE-NK cells display efficient cytolytic activity.
Cytolytic activity of IL2, or IL15 or IL12+41L18 short-term (st) PE-NK cells was evalu-
ated. Mean of °'Cr release + SEM using A549 (n = 6-8) or K562 (n = 5-6) as tar-
get cells. The Effector:Target (E:T) ratios are indicated.

and in the tumor-draining lymph nodes. These data indicate
that infused PE-NK cells can efficiently traffic from the periph-
ery to the tumor site where they may exert their effector
function.

IL15 is required to maintain the antitumor activity of PE-
NK cells

It is well known that the tumor microenvironment may contain
different soluble immunomodulatory factors responsible of the
impairment of NK cell function.®**>%® Thus, we analyzed if
cytokines, chemokines, or soluble ligands of NK receptors were
present in PE, as well as in supernatants (spt) of autologous
tumor cell line culture. As shown in Fig. 5, PE-tumor cells can
release the same soluble factors detectable in the pleural fluid.
Thereafter, we investigated whether malignant PE could affect
the cytolytic activity of NK cells. To this end, we compared the
cytolytic activity of IL2- or IL15-activated HD-NK cells in the
absence or in the presence of PE. HD-NK cells that had been
cultured with cytokines alone, displayed a sharp cytolytic activ-
ity that was not affected in the presence of PE (Fig. S3). On the
basis of these results, we focused our investigation on IL15-acti-
vated NK cells. Thus, we further assessed whether autologous
PE could inhibit the cytolytic activity of PE-NK cells that had
been pre-activated with IL15 (for 72 h). To this end, IL15
short-term PE-NK cells were cultured with autologous PE for
different time intervals (2 h, 24 h, 72 h) and their ability to kill
A549 tumor cells was assessed. Incubation for 2 h did not affect

ONCOIMMUNOLOGY e1293210-5

the cytolytic activity (Fig. 6A). However, after 24 h incubation,
the cytolytic activity of IL15-pre-activated PE-NK cells was
substantially decreased, while after 72 h it was virtually abro-
gated (Fig. 6A). To verify whether the impairment of the PE-
NK cytolytic potential was exclusively due to the effect of solu-
ble factors present in PE or rather reflect the absence of IL15
from cultures, IL15-pre-activated PE-NK cells were cultured
also in medium alone. After 72 h, the NK cytotoxicity was par-
tially compromised, however, the functional impairment was
more marked in the presence of PE (Fig. 6B). Notably, when
pre-activated PE-NK cells were cultured for additional 72 h
with both IL15 and PE, their cytolytic activity was not affected
(Fig. 6B). These data suggest that soluble components present
in PE may compromise the functional capabilities of pre-acti-
vated PE-NK cells; however, IL15 can efficiently counteract the
inhibitory effect of PE. We also investigated whether IL15 was
able to restore the cytolytic activity of pre-activated PE-NK cells
that had been inhibited by culture with PE for 72 h. As shown
in Fig. 6C, cytolytic activity was recovered by the addition of
IL15 both in the presence and in the absence of PE.

Taken together, these data suggest that IL15, in addition to
its ability to overcome the inhibitory effect of soluble factors
present in pleural fluid, may also restore the effector function
of PE-NK cells that has been compromised by the exposure to
autologous malignant pleural fluid.

Discussion

Our present study shows that NK cells isolated from malignant
pleural fluid (PE) obtained from patients with primary or meta-
static tumors of different origin, acquire strong effector func-
tion upon short-term activation in vitro with I1L2 or IL15.
Moreover, the ability of IL15-activated PE-NK cells to control
tumor growth in vivo suggests that they may represent a suit-
able source of potent antitumor effector cells to be used in
adoptive immunotherapy of tumors. Since the inhibitory effect
exerted by malignant pleural fluid on PE-NK cell function
could be restored by IL15, the use of this cytokine for the treat-
ment of patients with primary or metastatic intrapleural tumors
should be carefully considered.

he characteristics of lymphoid cell infiltrates in tumor tissues
may have a predictive diagnostic and prognostic value.**%>%7%%
In particular, a better clinical outcome correlates with an infil-
trate rich of cytotoxic cells (NK and T cells).*>*****’ Notably,
malignant pleural fluids, obtained from thoracentesis in
patients with mesothelioma or other tumors with pleural locali-
zation, contain relatively high numbers of lymphoid cells,
including NK cells.>**® Since thoracentesis is a necessary thera-
peutic maneuver in many patients with a pleural involvement,
the pleural fluid, otherwise discarded, may be used as a source
of autologous NXK cells for adoptive immunotherapy. As previ-
ously shown, PE-NK cells were not anergic and, upon IL2 acti-
vation, displayed a cytolytic activity against tumor cells even
higher than that of autologous IL2-activated PB-NK cells.”* It
is well established, in a large number of clinical trials, that IL2
has relevant toxic effects and induces Treg expansion that may
compromise the antitumor responses.”’***"** Therefore, we
investigated whether also other clinical-grade cytokines, known
to induce NK-cell activation, including IL15, IL12, and IL18,
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Figure 4. IL15-activated PE-NK cells controlled tumor growth in vivo. (A-F) A549 were injected subcutaneously (s.c.) into athymic nude mice (day 0). At different time
intervals mice were treated with PBS (control), or IL15 alone (IL15), or with PE-NK cells pre-activated by IL2- or IL15-short-term (st) culture (72h). (A) Mice were treated
every 11 d (see arrows) with IL2 st PE-NK cells (white symbols) derived from same patient or with PBS (black symbols), starting when tumors were palpable (day 10). Data
indicate the mean tumor volume + SEM (n = 4 per group).(B) Mice were treated every 11 d (see arrows) with IL15 st PE-NK cells (gray symbols, n = 4) derived from
same patient, or with IL15 alone (white symbols, n = 3), or with PBS (black symbols, n = 4), starting when tumors were palpable (day 11). Data indicate the mean tumor
volume. (A, B) Statistical analysis was performed using two-way ANOVA test, (*) indicates the comparison between mice infused with IL2- or IL15-short-term PE-NK cells
and the corresponding PBS-treated mice group .Where not indicated, data are not statistically significant. (C) Fold change & SEM of tumor volume (at day 39) of IL2- or
IL15-short-term PE-NK cells treated group calculated on the basis of the tumor volume detected in control group (PBS), arbitrarily normalized to 1. Statistical analysis was
performed using Mann-Whitney test, comparing treated mice with control group. Where not indicated, data are not statistically significant.(D) Representative image of
tumors isolated from mice at day 45, each treatment group is indicated. (E) Mean tumor weight + SEM was measured at day 45 in groups of mice treated as indicated.
Statistical analysis was performed using Mann-Whitney test, comparing mice treated with IL15-activated PE-NK cells or IL15 alone with control group. When not indi-
cated, data were not statistically significant. (F) Recruitment of IL15 st PE-NK cells in tumors and tumor draining lymph nodes (dr.lym.) in the corresponding treated mice.
One representative experiment and percentages + SEM of violet™ NK cells recovered (n = 4).

could trigger the PE-NK cell effector function. Our present data  activation only when used in combination, but their activity
indicate that, upon cytokine stimulation, PE-NK cells maintain ~ was mainly confined to cytokine production. Instead, IL15,
their CD56"8"" CD16~ phenotype and increase their effector  similarly to IL2, could enhance the cytolytic activity of PE-NK
function. In particular, IL12 and IL18 could induce PE-NK cell  cells in vitro. Based on these in vitro data, we further
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cell line culture supernatants were analyzed by ELISA and Luminex multiplex assays. Mean £ SEM of cytokine concentration (pg/mL) (n = 5).
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Figure 6. IL15 counteracts the inhibitory effect of malignant pleural fluid. (A, B) IL15 short-term (st) PE-NK cells were cultured under different culture conditions and their
cytolytic activity against A549 cells was analyzed (E:T ratio, 5:1). Pre-activated IL15 st PE-NK cells (white bar) were washed and subsequently: (A) cultured with autologous
PE for different time intervals (2 h, 24 h, and 72 h) (gray bars) (n = 5); (B) cultured for 72 h with the following: autologous PE (dark gray bar), RPMI (light gray bar), autolo-
gous PE+IL15 (dark gray stripped bar), and RPMI+IL15 (light gray stripped bar) (n = 3-7). (C) Pre-activated IL15 st PE-NK cells cultured subsequently for 72 h with autol-
ogous PE (dark gray bar) were washed and cultured for additionally 72 h with IL15 and autologous PE or RPMI (dark and light gray stripped bars, respectively) (n = 3).
(A—C) Percentages & SEM of >'Cr release. Statistical analysis was performed using Mann-Whitney test. Where not indicated data were not statistically significant.

investigated the antitumor effect of IL15- or IL2-stimulated PE-
NK cells in a murine model. We show that IL15 short-term PE-
NK cells display a similar if not better ability to control tumor
growth in vivo as compared with those activated with IL2. In
light of these results and of the low toxic effect of IL15, we
focused our studies on IL15-activated PE-NK cells. Thus, we
attempted to establish culture conditions for generating NK
cells suitable for effective applications in adoptive immunother-
apy. It is known that a prolonged in vitro exposure of NK cells
to cytokines allows expansion and recovery of large number of
cells but may induce NK cell exhaustion and compromise their
functional activities. Therefore, we investigated the effect of
short-term NK cell activation with different cytokines. We
show that after 72 h of culture with IL15, PE-NK cells, while
not increasing in number, acquire a strong cytolytic activity
and a good capability of cytokine production. This approach
also minimizes cell manipulations and the risk of culture
contaminations.

Previous studies in patients with solid tumors have
reported the presence of low NK cell numbers in tumor
infiltrates, suggesting an impaired ability of these cells to
migrate to the tumor site.”””%”" Since short-term IL15 PE-
NK cells maintain not only the CD56°"¢" phenotype but
also the expression of surface receptors (CCR7 and CD62L)
involved in cell migration to tissues, they may be recruited
to tumor sites. This is also supported by our present data
in a murine model. Accordingly, it is possible to envisage
the use of IL15-stimulated PE-NK cells in systemic adoptive
immunotherapy. However, a loco-regional cell infusion may
allow to reach higher cell concentrations and to use lower
numbers of NK cells that can exert an effective antitumor
activity directly in the pleural cavity.

It has been shown that the tumor microenvironment con-
tains many soluble and cell-bound factors capable of modulat-
ing the antitumor activity of NK cells.** Although such
immunomodulatory effect has been described both in solid and
in hematologic tumors, limited information existed on the NK
cells present in malignant PEs. In this study, we show that
tumor PE contain inhibitory factors and that NK cells, exposed

to autologous PE, may be impaired in their cytolytic activity.
However, IL15 could counteract the inhibitory effect of the
tumor pleural microenvironment and restore the functional
capability (i.e., cytolytic activity) of NK cells. Based on these
results and since IL15 does not cause relevant toxicity and does
not induce Treg expansion, only this cytokine was deeply ana-
lyzed in our study. Notably, our data indicate that IL15, not
only overcomes the inhibitory effect of soluble factors present
in PE, but can also restore the functional activity of PE-NK cells
that had been compromised by the exposure to PE.

In conclusion, our present study may help to design new
approaches to treat cancer patients based on NK-cell-based
ACT and may offer an interesting clue for the clinical use of
PE-NK cells. Moreover, we highlight the high efficacy of IL15
that is capable not only of inducing optimal activation of NK
cells to be used in adoptive immunotherapy, but also of
preventing the inhibitory effect exerted by pleural fluid and,
possibly, by the microenvironment of different tumors.

Materials and methods
Patients

All patients (Table 1) included in the study showed PEs associ-
ated with by primary or metastatic pleural tumors. Diagnosis
was confirmed by demonstration of malignant cells in pleural
fluid (cytopathological test) or by biopsy. We collected 43 PE
obtained by thoracentesis technique. PE cells were obtained by
centrifugation at 400 g for 10 min and preserved in 10%
serum-supplemented RPMI 1640 medium (BioWhittaker,
Lonza). This study was approved by Azienda Sanitaria Locale 3
(ASL, Genova, Italy) Ethics Board (ID 33533184, 29/10/2013).
PB of healthy donors (HD) from bufty coat (UO Centro Tras-
fusionale, IRCCS AOU San Martino-IST) was used as controls.
All patients gave written informed consent in according to the
Declaration of Helsinki. In each group of experiments were
used different samples, maintaining the proportion/ratio of
mesothelioma vs. adenocarcinoma in accordance to patients
involved in this study (Table 1).
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Isolation and culture of NK cells

Lymphocytes from PE and from PB of HD were obtained by
density gradient Ficoll-Hypaque (Lympholyte-H, Cederlane).
NK cells were isolated using the NK cell isolation kit II (Milte-
nyi Biotec). We worked according to data sheets and cell purity
was analyzed by flow cytometry: the population displayed more
than 95% of CD56"CD3~ phenotype. Short-term cells were
obtained culturing PE- or HD-NK cells for 72 h in 10% serum-
supplemented RPMI 1640 medium with IL2 (Proleukin Chi-
ron, final concentration 600 Ul/mL), IL15 (Miltenyi Biotec,
final concentration 10 ng/mL), IL12 (Miltenyi Biotec, final con-
centration 0.1 ng/mL), and/or IL18 (MBL International Corpo-
ration, final concentration 0.1 pg/mL), used alone or in
combination.

Cell lines

Human A549 lung adenocarcinoma cells were provided from
CRB-IST cell bank ICLC (www.iclc.it) and authenticated by
PCR/STR (Short Tandem Repeat) analysis. Human K562
erythroleukemia cells were authenticated by CRB-IST cell bank
ICLC with an STR profile. Both cell lines were used within 6
mo of resuscitation of original cultures. Tumor cell lines from
patients with malignant PE were obtained as described
previously™

Immunofluorescence and antibodies

To perform immunofluorescence, human or mouse cells were
stained with specific mAb for 30 min at 4°C. Before staining
with mAbs, murine cells were incubated with FcR-blocking
reagent (Miltenyi). We used the following directly conjugated
mAbs: CD3 PE/Dazzle, anti-mouse CD3 Dazzle594, anti-
mouse CD27 PE, CD226 PE (anti-DNAM-1), and CD9%4
FITC were purchased from BioLegend; CD16 FITC, CD314
PE (anti-NKG2D), CD107a APC, CD14 PE, and CD45 APC
Vio770 were purchased from Miltenyi Biotec; CD62L FITC
was purchased from BD Bioscience; CD3 ECD, CD56 Pc7,
CD159 PE (anti-NKG2A), CD335 PE (anti-NKp46), CD336
PE (anti-NKp44), CD337 PE (anti-NKp30), CD158a,h PE
(anti-KIRDL1-S1), CD158b1/b2,j PE (anti-KIR2DL2/3-S2),
CD158el/e2 PE (anti- KIR3DL1-S1) were purchased from
Beckman Coulter. In the analysis of inhibitory receptors
(Fig. 1C) KIRDL1-S1, KIR2DL2/3-S2, KIR3DL1-S1 were
indicated as KIRs; CD19 alexaFluor450, anti-mouse NKp46
eFluor660, and anti-mouse CD11b PE-Cy7 was purchased
from eBioscience. For indirect immunofluorescence, cells
were incubated with specific mAb and then with isotype-spe-
cific goat anti-mouse second reagent (PE conjugated, South-
ern Biotechnology Associates). We used these specific mAbs:
170818 (IgG2a, anti-ULBP1), 165903 (IgG2a, anti-ULBP2),
166510 (IgG2a, anti-ULBP3), 150503 (IgG2a, anti-CCR?7)
purchased from R&D System; BM02 (IgG2a, anti-MICB)
purchased from BamOmAb; L14 (IgG2a, anti-Nectin-2), L95
(IgGl, anti-PVR), and BAM195 (IgGl1, anti-MICA) kindly
provided by D. Pende (Genova, Italy); anti-B7H6 (IgGl)
kindly provided by E. Vivier. For intracytoplasmic staining,
cells were fixed and permeabilized with Cytofix/Cytoperm kit

(BD Biosciences) and stained with directly conjugated mAbs:
IFNy PE and granzyme A PE (BD biosciences), TNF Brilliant
Violet (eBioscience), perforin PE (Ancell), granzyme B PE
(Invitrogen). In all samples, LIVE/DEAD Fixable Aqua Dead
Cell Stain Kit 405 nm excitation (Molecular Probes) was
added. Unstained cells were used as negative controls. Sam-
ples were analyzed on a Gallios Flow Cytometer (Beckman
Coulter) and data analysis was performed using FlowJo 8.8.6
software (TreeStar Inc.).

Functional features

CD107a expression (degranulation activity) and the production
of IFNy and TNF were analyzed on short-term PE- and HD-
NK cells upon interaction with A549 or K562 tumor cell lines.
NK cells were co-cultured for 4 h with target cells (Effector:Tar-
get (E:T), 1:1) in the presence of CD107a mAb and monensin-
containing GolgiStop (BD Biosciences, final concentration of 2
mM). Therefore, cells were harvested, washed, and stained with
specific surface/intracellular mAbs. To perform cytotoxicity
assays, short-term cultured PE-NK cells were tested for cyto-
lytic activity using °'Cr-release assay against A549 and K562
tumor cell lines at different E:T ratios.

Mice experiments

NOD-SCID mice were purchased from Harlan (Udine, Italy).
Mice were maintained at the Animal Facility of the IRCCS-
AOU San Martino-IST. All mice were used between 6 and 12
weeks of age. Housing and treatments of animals were in accor-
dance with the Italian and European Community guidelines (D.
L. 2711/92 No.116; 86/609/EEC Directive) and approved by the
internal Ethic Committee (ID 238/2015-PR, Ministero della
Salute). Mice were killed by cervical dislocation. A549 tumor
cells were injected subcutaneously (s.c.) at 10 x 10° cells/mouse
and the tumor growth was monitored every 2 d. When tumors
were palpable we started the treatments with short-term IL2-
or IL15-activated PE-NK cells. Short-term PE-NK cells derived
from same patient were infused intravenously (iv.), 7 x 105
cells/mouse, at 10/11 d intervals. IL15 alone was administered
by intraperitoneal injection at 10 ng/mice. For each set of
experiments, mice were equally divided in subgroups with
same number of mice and size tumor. All experiments included
PBS-injected control mice. In one set of experiment, short-
term IL15- activated PE-NK cells were labeled with 5 M violet
colorant (Invitrogen) before the last injection according to
standard protocols, and the day after injection mice (at day 45)
were scarified and tumor-infiltrating Violet™ NK cells were
analyzed by flow cytometry.

Analysis of soluble factors

MICA and MICB levels were measured in PE and in the cell-
free supernatants (spt) of tumor cell line cultures derived from
malignant PE by a competitive enzyme-linked immunosorbent
assay (ELISA) technique using a commercially available ELISA
kits (MICA kit purchased from BioVendor and MICB kit
purchased from Cusabio). TGFg, IL6, IL8, IL10, IP-10,
VEGF, MCP1 were detected by MILLIPLEX® MAP magnetic
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bead-based multi-analyte panels evaluated using Luminex
Technology (MagPix, Merck Millipore, Darmstadt, Germany).

Statistical analyses

The data obtained in multiple experiments are reported as
mean or percentages = SEM (standard error of the mean). Sta-
tistical analyses were performed with GraphPad Prism 6 soft-
ware (La Jolla, CA). For the statistical analysis were used: in
Figs. 1C and D, 2B-D one-way ANOVA Kruskal-Wallis test;
in Figs. 4A and B two-way ANOVA test; in Figs. 4C and E and
Figs. 6A-C Mann-Whitney test. We considered significant p-
values of less than 0.05 (¥), less than 0.01 (**), less than 0.001
(**), or less than 0.0001 (****). Where not indicated, data were
not statistically significant.
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