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ABSTRACT

Background As the immune system is compromised in
patients with cancer, therapeutic strategies to stimulate
immunity appear promising, to avoid relapse and increase
long-term overall survival. Interleukin-15 (IL-15) has
similar properties to IL-2, but does not cause activation-
induced cell death nor activation and proliferation

of regulatory T cells (Treg), which makes it a serious
candidate for anticancer immunotherapy. However, IL-15
has a short half-life and high doses are needed to achieve
responses. Designed to enhance its activity, receptor-
linker-IL-15 (RLI) (S0-C101) is a fusion molecule of human
IL-15 covalently linked to the human IL-15Ro: sushi+
domain currently assessed in a phase I/Ib clinical trial on
patients with advanced/metastatic solid cancer.

Methods We investigated the antimetastatic activity of RLI
in a 4T1 mouse mammary carcinoma that spontaneously
metastasizes and evaluated its immunomodulatory role

in the metastatic lung microenvironment. We further
characterized the proliferation, maturation and cytotoxic
functions of natural killer (NK) cells in tumor-free mice
treated with RLI. Finally, we explored the effect of RLI on
human NK cells from healthy donors and patients with
non-small cell lung cancer (NSCLC).

Results RLI treatment displayed antimetastatic properties
in the 4T1 mouse model. By characterizing the lung
microenvironment, we observed that RLI restored the
balance between NK cells and neutrophils (CD11b*
Ly6G™" Ly6C"") that massively infiltrate lungs of 4T1-
tumor bearing mice. In addition, the ratio between NK
cells and Treg was strongly increased by RLI treatment.
Further pharmacodynamic studies in tumor-free mice
revealed superior proliferative and cytotoxic functions

on NK cells after RLI treatment compared with IL-15
alone. Characterization of the maturation stage of NK
cells demonstrated that RLI favored accumulation of
CD11b* CD27"" KLRG1* mature NK cells. Finally, RLI
demonstrated potent immunostimulatory properties on
human NK cells by inducing proliferation and activation

of NK cells from healthy donors and enhancing cytotoxic
responses to NKp30 crosslinking in NK cells from patients
with NSCLC.

Conclusions Collectively, our work demonstrates
superior activity of RLI compared with rhIL-15 in
modulating and activating NK cells and provides

additional evidences for a therapeutic strategy using RLI
as antimetastatic molecule.

BACKGROUND
Interleukin-15 (IL-15) plays a pivotal role
in innate and adaptive immunity. IL-15 acti-
vates immune cells by binding to the IL-15
receptor. This receptor is composed of three
chains: IL-2/IL-15RB (CD122); IL-2/IL-15Ry,
(CD132) chains and a high affinity-specific
chain (IL-15Ra). Given that IL-2 and IL-15
receptors shared two chains, it is possible that
these two cytokines exhibit similar activities.
Indeed, in vitro data showed analogous activi-
ties between IL-2 and IL-15 in the stimulation
of the proliferation and functions of natural
killer (NK) and T cells, B cell costimula-
tion, and chemoattraction of lymphocytes.' *
However, in vivo results showed differences
in properties between these two cytokines.
IL-2 or IL-2Ra knockout mice developed an
autoimmune phenotype with an increase
in activated T and B cells, while IL-15 or
IL-15Ro knockout mice displayed profound
NK, NK-T, intraepithelial lymphocyte and
memory CDS8' T cell deficits.® * Moreover,
while IL-15 promotes memory T cell survival,
IL-2 promotes activation-induced cell death
(AICD) and proliferation/activation of Treg
resulting in peripheral tolerance.”®

IL-2 is currently approved for clinical use
in metastatic melanoma and metastatic renal
cell carcinoma. However, IL-2 therapy in
patients with cancer is difficult to manage
due to its high toxicity, AICD of effector T
cells and its ability to induce proliferation and
activation of regulatory T cells that can coun-
teract its antitumor efficacy.” In this regard,
IL-15 has some advantages. In 2007, IL-15 was
ranked one of the most promising immuno-
therapeutic agent with high potential to cure
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cancer.® As IL-15 is more stable when bound to its high
affinity receptor IL-15R0., an IL-15 superagonist (RLI for
receptor-linker-IL-15) has been developed, composed of
the NH(2)-terminal (amino acids 1-77, sushi+) domain
of the IL-15Ra. coupled via a linker to IL-15.? This human
fusion protein behaves like a potent superagonist of the
IL-15RBy complex and increases the halflife of IL-15
by mimicking IL-15 transpresentation.'” RLI was shown
to promote NK cell development and differentiation in
human immune system (HIS) mice,"" to promote T cell
reconstitution and T-cell-dependent antibody responses
in HIS mice," to induce higher proliferation of effector
memory CD4" T cells in vitro compared with IL-7 in
HIV positive patients'® and to synergize with anti-GD2
or anti-CD20 when targeted in the tumor in preclinical
mouse models."* 1° In addition, we showed that RLI can
also increase the anti-tumor activity of anti-PD-1 antago-
nists in mouse models of colorectal cancer and promotes
the proliferation and functions of CD8" T cells in vivo,'®
suggesting RLI is a promising immunotherapeutic candi-
date. In fact, safety and preliminary efficacy of RLI alone
or in combination with pembrolizumab, a PD-1 antago-
nist, is currently assessed in a phase I/Ib clinical trial on
patients with advanced/metastatic solid cancer (SC103).

The aim of this study was to investigate (1) the modu-
lation of the metastatic microenvironment on RLI treat-
ment in a physiological mouse metastatic model and
(2) the role of RLI on mouse and human NK cells to
determine its clinical relevance. We demonstrated its
potent antimetastatic properties as monotherapy and
strong proliferative and cytotoxic activities on human
and mouse NK cells. Collectively, our work provides addi-
tional evidences of the therapeutic potential of the IL-15
superagonist RLI.

Methods

Mice and cell lines

C57Bl/6 and BALB/c mice were, respectively, purchased
from Harlan Laboratories (Gannat, France) and Janvier
Labs (Le Genest St Isle, France) and used between 8
and 12 weeks of age. Mouse mammary carcinoma 4T1
cell line (ATCC) was cultured in Roswell Park Memorial
Institute 1640 (RPMI-1640) medium supplemented with
1mM sodium/pyruvate, 1mM of non-essential amino
acids (NEAA), 100IU/mL penicillin/streptomycin, 2mM
L-Glutamine and 10% fetal bovin serum (FBS, Life Tech-
nologies, Saint Aubin, France). All animal experiments
were carried out in accordance with French and Euro-
pean laws and regulations and approved by the French
Animal Experimentation Ethics Committee no 26.

Healthy donors and patients

Healthy donor blood samples were collected from the
French blood bank (Etablissement Francais du Sang
(EFS); agreement number 12/EFS/079) and patient
samples were collected from Gustave Roussy (Villejuif,
France). All patients were suffering from advanced and
inoperable non-small cell lung cancer (NSCLC) stage

IIIB/IV. Blood samples were drawn from patients after
induction chemotherapy. Healthy donors and patients
provided their written informed consent to participate in
these studies prior to inclusion in the study.

Reagents
RLI was kindly provided by Cytune Pharma (Nantes,
France). Recombinant human IL-15 (IL-15) was

purchased from Cellgenix (Freiburg, Germany). All of
these reagents were diluted in sterile phosphate buffered
saline (PBS). Monoclonal antibodies used for flow cytom-
etry analysis are described in online supplementary Addi-
tional file 1.

Flow cytometry analysis

Before staining, Fc receptors were blocked for 15 min at
4°C using anti-CD16/32 functional grade purified anti-
bodies (eBioscience). Cells were incubated for 30 min at
4°C with antibodies for cell surface staining. For Ki67 and
FoxP3 staining, cells were fixed and permeabilized after
cell surface staining according to the FoxP3 kit protocol
(eBioscience). LIVE/DEAD fixable aqua (Life Technol-
ogies) or Zombie Red (Ozyme) were used to stain dead
cells. For intracellular cytokine staining, cells were fixed
and permeabilized according to the Cytofix/Cytoperm
protocol (BD biosciences). Samples were acquired on an
8-colors FACS Canto II cytometer (BD biosciences) or on
10-colors Gallios cytometer (Beckman Coulter, Villepinte,
France). Analyses were performed using Kaluza software
V.1.3 (Beckman Coulter).

Experiments with peripheral blood mononuclear cells from healthy

donors

Proliferation assay. Peripheral blood mononuclear cells
(PBMCs) were isolated on a Ficoll gradient. Then, 1.10°
fresh PBMC were incubated for 5min at room tempera-
ture under agitation with a 2.5 pM final concentration of
carboxyfluorescein diacetate succinimidyl ester (CFSE,
Sigma). The reaction was stopped with pure FBS and
cells were washed three times in complete medium R10
(RPMI 1640 medium supplemented with 1 mM sodium/
pyruvate, 1mM NEAA, 100IU/mL penicillin/strepto-
mycin, 2mM L-Glutamine and 10% FBS). PBMCs were
seeded in a 96-well round bottom plate at 1.10°cells/mL
in complete medium R10 and incubated at 37°C at indi-
cated concentrations of RLI or 2.5ng/mL IL-15 or 501U/
mL rhIL-2.

NK cell activating receptors detection. One million
per mL of thawed PBMC were incubated for 2days with
medium (Cellgro, Cellgenix +1% penicillin/strepto-
mycin), IL-15 (10ng/mL) or equimolar concentrations
of RLI (17.86ng/mL) in a 24-well plate. Then, the surface
of cells was stained to detect human leukocyte antigen
DR (HLA-DR) molecules and NK cell activating receptors
among NK cells.

Human PBMC crosslink experiments
A 96-well Maxisorp plate was coated with anti-CD16
(clone 3G8, BioLegend), anti-NKp30 (clone 210847,
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R&D systems) or the respective mouse IgG, and mouse
IgG2a isotypes (at 2.5pg/mL in 50 pL of sterile PBS 1X).
Two millions per mL of thawed PBMC from patients
with cancer were incubated for 18hours with medium
(Cellgro +1% penicillin/streptomycin), IL-15 (10ng/
mL) or equimolar concentrations of RLI (17.86ng/
mL). The next day, stimulated cells were incubated in an
antibody-coated plate for 5hours in the presence of anti-
CD107a, IL-2 (10001U/mL) and brefeldin A. Then, the
surface of cells was stained followed by an intracellular
cytokine staining.

In vivo bioactivity of RLI in mice

C57Bl/6 naive mice were injected intraperitoneally (i.p)
with 100 pL of PBS, IL-15 (1.2pg/mouse) or equimolar
dose of RLI (2pg/mouse) on day (D) 0 and D3. Mice
were sacrificed on D4 and their organs were harvested for
flow cytometry analyzes and ex vivo experiments.

Metastatic experiments

Fifty thousand 4T1 tumor cells were inoculated in the
mammary fat pad (n°4) of BALB/c mice. Mice received
i.p injections of RLI (2pg/mouse), IL-15 (1.2 pg/mouse)
or control PBS four times a week from day 7 to day 24.
Tumor growth was followed up three times a week by
measuring the length and width and was calculated as
follows: size (mm2)=length x width. Mice were euthanized
when the tumor size was >300mm?* or boundary points
were reached according to the French and European laws
and regulations for the use of mice for scientific purposes.
To determine lung metastases, mice were sacrificed on
day 28 and 1 mL of India Ink (15%) was injected in the
trachea. Lungs were removed and washed in PBS. Lobes
were separated from bronchus and trachea and stored in
Feket solution (70% ethanol (300mL)/37% formalde-
hyde (30mL)/cold acetic acid (5mL)) for at least one
night. Blind enumeration of lung metastases was then
realized. Metastases were discriminated according the
size and a score was attributed for each size (very small
(v): score=1, small (w): score=2, medium (x): score=6,
large (y): score=12, very large (z): score=24). A total score
for each mouse was calculated as follow: (vx1) + (wx2) +
(xx6) + (yx12) + (zx 24) where v, w, x, y and z were the
number of metastases according the size. For flow cytom-
etry analyses, mice were sacrificed on day 17 and lungs
were dissociated as described below.

Mouse single cell preparation from spleen, lymph node, lung and
bone marrow

Spleen and lymph node (LN): Single cells were obtained
after mechanical disruption and red blood cells were
lysed using ammonium-chlorure-potassium (ACK) lysing
buffer (spleen). BM: bone marrow cells were isolated
from the tibia and femur of the right leg by flushing with
RPMI medium. Then red blood cells were lysed. Lung:
Red blood cells were removed by flushing 10 mL of PBS
in the right ventricle. Lungs were harvested and lobes
dissociated. Lobes were placed in a C tube (Miltenyi,

Paris, France) containing digesting buffer (RPMI, 50 pg/
mL Liberase TM (Roche), 80IU/mL DNase I (Calbio-
chem)). Then, lungs were mechanically dissociated using
the GentleMACS dissociator (Miltenyi) according to the
manufacturer’s protocol.

Mouse NK cell cytotoxicity assay

An in vitro cytotoxicity assay was performed using the
lactic acid dehydrogenase (LDH) cytotoxicity kit (Roche,
Meylan, France) according to the manufacturer’s
protocol. Briefly, NK cells were purified from splenocytes
using the NK cell enrichment kit IT (Miltenyi) and cocul-
tured with YAC-1 mouse tumor cells. Twenty thousand
YAC-1 cells were seeded in 96-well v-bottom plates with
different amounts of NK cells. After 4hours of cocul-
ture, supernatants were removed and LDH measured.
The percentage of cytotoxicity was calculated as follows:
[ (Experimental — Effector spontaneous — Target sponta-
neous) / (Target maximum - Target spontaneous)x100].

Intracellular cytokine assay in mouse splenocytes

Splenocytes were seeded in a 6-well plate at 2.10°cells/
mL in complete medium RI10 with phorbol myristate
acetate (PMA) (5ng/mL), ionomycin (500ng/mL) and
brefeldin A (3pg/mL) for 4hours. Then, the surface
of cells was stained followed by intracellular cytokine
staining.

Microarray assay

Microarray analyses of the CD45 negative-cell fraction
directly sorted from the primary tumor and lungs on day
14 (before metastases implantation, no metastases detect-
able by conventional techniques) after two injections of
PBS or RLI in tumor-bearing and non-tumor-bearing
mice. Single cells from lung and tumors were sorted with
a FACSAria III cell sorter (BD Biosciences). CD45" Dapi’
cell fractions were immediately centrifuged and pellets
were frozen. RNA extractions and hybridizations were
performed by the Microarray service of Miltenyi Biotech.
Briefly, RNA was isolated using standard RNA extraction
protocols (NucleoSpin RNA II, Macherey-Nagel). The
quality of RNA samples was checked via the Agilent 2100
Bioanalyzer platform (Agilent Technologies) and the RNA
Integrity Number (RIN) was generated. RIN >6 means
that the quality of the RNA is sufficient for gene expres-
sion profiling. RNAs have RIN values between 7.1 and 8.1
for lung samples and 9.3 and 9.9 for tumor samples. Then,
RNA samples were amplified and labeled with Cy-3 using
the Agilent Low Imput Quick Amp Labeling kit (Agilent
Technologies). Yields of cRNA and dye-incorporation rate
were measured with ND-1000 Spectrophotometer (Nano-
Drop Technologies). Finally, the hybridization procedure
was performed according to the Agilent 60-mer oligo
microarray processing protocol using the Agilent Gene
Expression Hybridization kit (Agilent Technologies).
Fluorescence signals of the hybridized Agilent Microar-
rays were detected using the Agilent’s Microarray Scanner
System (Agilent technologies).
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Microarray data analysis

Image analysis. The Agilent Feature Extraction Soft-
ware was used to read out and process the microarray
image files. The software determines feature intensities
(including background subtraction), rejects outliers and
calculates statistical confidences.

Data analysis. For each microarray, raw data file were
processed using R bioconductor package as well as home-
made R script. Raw data file were first imported into R.
Controls probes were systematically removed, and flagged
probes (glsSaturated, glsFeatpopnOL, glsFeatNon-
UnifOL) were set to NA. We used ‘ArrayQualityMetrics’
package to evaluate the quality of each transcriptomic
profil. Normalization was performed by a quantile normal-
ization on Cy3 channel (gMedianSignal). The mean of
each replicated probes were computed to summarize
the data at transcript level. Missing values were inferred
using KNN-algorithm from the package ‘impute’ from R
bioconductor.

PCA. PCA was built using ‘prcomp’ function from R
with the normalized values of the transcriptomic profil
of all samples.

Statistical analyses

Statistical analyzes were performed using Prism 6.0
(GraphPad) Software. The Kruskall-Wallis test was used
to compare more than two independent groups and
completed with Dunn's non-parametric multiple compar-
isons tests. On ordinary one-way ANOVA and Holm-
Sidak’s multiple comparisons test is processed when
Gaussian distribution is assumed. The Mann-Whitney
test was performed to compare two unmatched groups.
An ordinary two-way ANOVA, followed by Bonferroni
multiple comparisons tests, were performed for the cyto-
toxicity assay. The Friedman test was used to compare
more than two matched groups. Significant p values were
annotated as follows *p<0.05, **p<0.01, ***p<0.001,
wHAHP<0.0001.

Results

RLI treatment reduces spontaneous lung metastases in mice

The in vivo metastatic process is complex and requires
communications between primary tumor and metastatic
niche. Tumor cells acquire invasive phenotype at the
primary site to reach the circulation. Then, rare tumor
cells that survive in circulation can invade distant sites
educated to receive these metastases.!” We, thus, decided
to investigate the effect of RLI in a physiological model of
metastasis: the 4T1 mammary carcinoma model in mice.
4T1 mammary carcinoma is an orthotopic transplant-
able tumor cell line highly tumorigenic, invasive and,
unlike most tumor models, can spontaneously metasta-
size from the primary tumor in the mammary gland to
multiple distant sites including LN, blood, liver, lung,
brain, and bone that mimics very closely human breast
cancer." First, we investigated the anti-metastatic activity
of RLI by treating mice 7days after tumor implantation
(tumor size ~15mm?) with PBS, RLI or IL-15 as depicted

in figure 1A. We could detect lung metastases on day 21,
but we could not exclude the presence of micrometas-
tases the day of the initiation of the treatment. On day
28, after 3 weeks of treatment, mice were euthanized and
pulmonary metastases were enumerated after India ink
coloration of lungs. We applied a score according the size
of metastases to include this parameter in our analysis.
Despite a trend observed with IL-15, only RLI induced
a significant reduction of the score of lung metastases
(figure 1B). Previous studies have reported a correla-
tion between tumor size and metastasis in this model."
Here, we found the same positive correlation with r=0.73
in PBS treated mice (figure 1C). RLI treatment however
did not affect the growth of the primary tumor and no
correlation was noted (r=0.38), suggesting that the
decrease in lung metastases was an anti-metastatic effect
resulting from these treatments and not a consequence of
areduced growth of the primary tumor (figure 1C,D). To
further investigate the effect of the IL-15 trans-signaling
on the metastatic colonization, we discriminated metas-
tases according the size. The number of small metastases
was the same between all groups (figure 1E). However,
medium and especially large metastases decreased with
RLI treatment suggesting a diminution of the growth of
implanted metastases. Finally, we examined the number
of metastatic events (all metastases regardless of size).
Despite a trend observed, no significant differences were
reached after RLI or IL-15 treatment (figure 1F).

Collectively these data demonstrate the antimetastatic
properties of the IL-15 superagonist RLI and suggest RLI
might prevent the growth of lung metastases rather than
the metastatic colonization.

RLI modifies the balance between NK cells and regulatory T cells
and neutrophils in the pulmonary metastatic niche

To decipher the antimetastatic properties of RLI, we
explored the cellular composition of lungs after treat-
ment. No expression of IL-15 receptor chains could be
detected on 4T1 tumor cells ruling out a possible direct
cytotoxic effect of RLI. In addition, microarray analysis
demonstrated that RLI did not impact the CD45 negative
fraction of the metastatic niche including stromal cells and
primary tumor cells (online supplementary additional file
2). Microarray analysis clearly showed that the primary
tumor has an impact on the pulmonary metastatic niche
while absolutely no difference could be observed between
RLI- and PBS-treated mice (online supplementary addi-
tional file 2A). These data argue for an indirect antimet-
astatic activity of RLI treatment through the modulation
of the CD45 positive hematopoietic cell fraction in the
metastatic niche. We thus analyzed immune infiltration
in the lung of 4T1-bearing mice. We first considered the
cytotoxic effector cells which could have restrained the
growth of metastatic tumor cells, CD8" T cells and NK
cells. Surprisingly, RLI did not affect the frequency or
the absolute number of CD8" T cells infiltrating the lung
(online supplementary additional file 2B). To note, IL-15
alone induced significant increase of both frequency and
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Figure 1 Antimetastatic activity of RLI in a spontaneous tumor metastasis mouse model. 4T1 tumor-bearing mice were treated
four times a week with PBS, IL-15 or RLI. Mice were sacrificed on day 28 and lung metastases were counted. (A) Schematic
protocol of treatments. (B) Metastatic score assigned for each mouse as described in the Methods section. (C) Correlation
between lung metastases and tumor size in PBS-treated (left) and RLI-treated group (right). (D) Graphs show mean values +
SEMof tumor sizes. (E) The distribution of metastases according the size is reported. Graphs show median values and each
point represent a mouse. (F) The number of metastatic events independently of the size is presented. Statistical significance
was determined using the Kruskal-Wallis test and Dunn’s multiple comparison test. *P<0.05, ***P<0.001. IL-15, interleukin-15;

ip, intraperitoneally; RLI, receptor-linker-1L-15.

number of CD8" T cells, although a trend but not signif-
icant antimetastatic activity was observed. In contrast,
RLI markedly induced the proliferation and accumula-
tion of NK cells in lungs of 4T1-bearing mice whereas a
lower increase of NK cells could be observed with IL-15
(figure 2A). IL-15 treatment led to the proliferation of
NK cells in the lung but this proliferation remained infe-
rior to that observed with RLI. In lungs from tumor-free
(naive) or tumor-bearing mice, most NK cells (~90%)
exhibit a mature phenotype CD11b" CD27 (online
supplementary additional file 2C). Interestingly, mice
treated with RLI dramatically increased the expression
of the killer cell lectin-like receptor G1 (KLRGI) mole-
cules on NK cells with a limited upregulation observed
after IL-15 treatment (figure 2B-C), suggesting that RLI
promotes a terminally differentiated phenotype.

Naive mice have been used as controls to verify the
impact of the tumor colonization on lung infiltrate.
While the percentage drastically decreased, no difference

in absolute number of NK cells (and CD8" T lympho-
cytes) between naive and PBS-treated tumor bearing
mice (figure 2A and online supplementary Additional file
2B) could be depicted suggesting a massive infiltration
of another cell type. Emerging evidences indicate a role
for secreted factors from primary tumor or circulating
tumor cells to convert distant sites and prepare arrival of
tumor cells in the so called ‘pre-metastatic niche’. BM-de-
rived cells including CD11b" myeloid cells and regula-
tory T cells (Treg), are recruited to shape this niche and
allow adhesion, invasion and colonization of metastatic
cells.'” * Accordingly, we have investigated whether RLI
could modulate CD11b" myeloid and Treg cells favoring
this pro-tumor environment. The proportion of lung
Treg cells was diminished in all groups of tumor bearing-
mice when compared with naive mice. However, absolute
numbers of Treg cells were comparable in all studied
groups except with IL-15 treatment where the number
of Treg cells was significantly increased in comparison to
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Figure 2 RLI promoted the proliferation and maturation of NK cells in metastatic lungs and restored the NK/neutrophils ratio
to normal without affecting Treg cells. 4T1 tumor-bearing mice were treated four times a week with PBS, IL-15 or RLI and
euthanized on day 17 to collect lungs. Mice without tumor inoculation were also included in this experiment (naive). Analysis
of NK cell infiltrate in lung of treated mice is depicted in (A) with the percentage of NK cells (CD3™ NKp46*) among CD45" cells
in lungs (left panel), absolute numbers of NK cells (middle panel) and the proliferation of NK cells defined by Ki67* cells (right
panel) (h=8-10mice). (B) Geometric mean of fluorescence intensity (MFI) of KLRG1 in NK cells is shown (n=5) along with (C)
representative dot plots of the expression of CD11b and KLRG1 among NK cells. (D) Treg infiltrate in lung (CD3" CD4* Foxp3*)
with the percentage among CD45" cells (left panel) and absolute numbers (right panel). (E) NK to Treg cells ratio is presented.
(F) Neutrophil infiltrate (Lin~ (CD3, CD19, NKp46) CD11b"" Ly6G* Ly6C'") with percentage among CD45" cells (left panel) and
absolute numbers (right panel). (G) NK cells/neutrophils ratio. Data pooled from one (B) or two independent experiments (A,
D-G) are presented. Statistical significance was determined using the Kruskal-Wallis test and Dunn’s multiple comparison test.
*P<0.05, **P<0.01, **P<0.001, ***P<0.0001. IL-15, interleukin-15; KLRG1, killer cell lectin-like receptor G1; NK, natural Killer;

RLI, receptor-linker-IL-15.
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naive mice (figure 2D). Nevertheless, the percentage of
proliferative Treg cells, according Ki67 expression, was
unchanged between PBS, IL-15 and RLI-treated mice
(online supplementary additional file 2), suggesting a
slight increase of recruitment of these cells after IL-15
treatment rather a proliferative activity. Since NK cells
were increased after RLI treatment it is not surprizing
to observe an increase of the NK/Treg ratio in the lung
of mice treated with RLI and only moderately with IL-15
(figure 2E). As Treg cells did not appear to be notably
modulated by IL-15-based treatments in the pulmonary
metastatic niche in this model, we analyzed CD11b"
myeloid infiltrate in the lung (online supplementary
additional file 2E). The major part of these myeloid cells
is formed by neutrophils (CD11b" Ly6G" Ly6C'*" cells).
Whereas few neutrophils are present in the lung of naive
mice, the percentage and number of these cells are deeply
increased in tumor-bearing mice (p<0.0001). Unex-
pectedly, the neutrophil infiltrate (frequency and abso-
Iute number) was reduced after IL-15-based treatments
(figure 2F). Moreover, these IL-15-based treatments modi-
fied the NK/neutrophil ratio with the strongest increase
compared with untreated mice observed with RLI treat-
ment (p<0.001). Interestingly, this NK/neutrophil ratio
almost returned to what was observed in naive mice
(figure 2G). These data suggest that RLI modulates the
pulmonary infiltrate by modifying the balance between
effector cells and immune regulators.

RLI elicits accumulation, proliferation and maturation of mouse NK
cells with increased effector functions

We have demonstrated an antimetastatic activity of the
superagonist RLI along with the accumulation, prolifer-
ation and maturation of NK cells despite an immunosup-
pressive metastatic microenvironment. To further dissect
its mechanism of action on NK cells, we investigated the
proliferation and maturation of these cells in lymphoid
and non-lymphoid organs in absence of tumor. Admin-
istration of RLI on day 0 and day 3 resulted in signifi-
cant increases of the percentage and absolute number
of NK cells in the spleen on day 4 (figure 3A, left and
middle). Although equimolar dose of IL-15 increased the
percentage of NK cells, we did not observe a significant
increase of their absolute numbers. Moreover, RLIwas 1.7-
fold more effective than IL-15 to induce the proliferation
of NK cells (figure 3A, right and figure 3B). Other scruti-
nized organs demonstrated that RLI could favor accumu-
lation of NK cells in BM and lung and induces significant
proliferation of NK cells in all compartments studied
(online supplementary additional file 3A,B). Next, we
evaluated the role of RLI in promoting the maturation of
NK cells. We have shown earlier that RLI can induce the
expression of KLRGI1 on NK cells but all lung NK cells
are fully mature. To investigate its role on the different
steps of maturation according CD11b and CD27 expres-
sion, we examined the lymphoid organs (spleen, LN and
BM). We observed variations in the percentage and abso-
lute numbers of the intermediate mature stage NK cells

(CD11b* CD27"#") between untreated and RLI-treated
mice in spleen (p<0.01) and BM (p<0.001) and a slight
change in LN, suggesting activation and/or selective
expansion and mobilization of these cells (figure 3C,D
and online supplementary additional file 4A). In respect
to the fully mature stage of NK cells (CD11b" CD27""),
the percentage of these cells was reduced but we could
not observe a significant difference in absolute numbers
in the spleen (figure 3C). Although the same trend was
observed with IL-15, no significant difference in absolute
numbers was revealed. It is noteworthy that the CD11b"
CD27"¢" compartment had returned to normal when
the mice were sacrificed 3 days after the last injection
demonstrating a transient and reversible effect of RLI
(data not shown). Finally, we inspected the expression of
KLRGI in all scrutinized organs after IL-15-based treat-
ments. Unlike IL-15, only RLI significantly induced the
accumulation of KLRG1" CD11b" NK cells in the spleen
(figure 3D,E). Despite a preferential expansion of inter-
mediate mature NK cells, RLI induced KLRG1 expression
on both mature CD11b" CD27"" and CD11b" CD27"
subsets, basal expression of KLRGI being higher on
fully mature CD11b" CD27"°" NK cells. RLI increased
drastically KLRG1 on CD11b" CD27"8" NK cells thus
reaching a proportion closed to that observed on CD11b"
CD27°" NK cells whereas IL-15 failed to do so on either
subsets (online supplementary additional file 4B,C).
This increased expression of KLRGI on NK cells after
RLI treatment was observed in all compartments studied
(online supplementary additional file 4D).

Characteristics of senescence or end-stage during the
contraction phase of immune response were reported
about KLRG1" mature NK cells (reduced proliferative
capacity and effector functions, increased apoptosis).*' **
To determine whether RLI could induce such a functional
defect in NK cells, we assessed NK cell functions in PBS,
IL-15 and RLI-treated mice. Purified splenic NK cells from
RLI-treated mice displayed the strongest capacities to lyse
YAC-1 cells with a 2.1-fold change at the highest effector-
target ratio compared with IL-15-treated (figure 3F). In
addition, splenocytes from RLI-treated mice exhibited
higher IFNYy secretion in NK cells (figure 3G).

Altogether, these data further support the immunomod-
ulatory property of RLI on mouse NK cells by promoting
their proliferation, maturation and cytotoxic functions
with a constant superior activity observed in comparison
to IL-15 alone.

RLI induces proliferation and upregulation of activating receptors
of primary human NK cells

To study the capacity of RLI to stimulate and activate
human NK cells, we first carried out a set of experi-
ments on PBMC from healthy donors. We cultured fresh
PBMC with escalating doses of RLI or medium alone and
measured the proliferation at different time points using
CFSE-dilutions assay by flow cytometry. RLI induced
significant proliferation on days 4-5 of culture compared
with that observed in medium (figure 4A). The minimum
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Figure 3 RLI induced accumulation, proliferation, maturation and cytotoxic function of NK cells in tumor-free mice.
Immunomodulatory activity of RLI on NK cells was further investigated on tumor-free mice the day following the second

dose (day 4). (A) Percentage of NK cells among viable cells in the spleen (left), absolute number (middle) and percentage of
proliferative cells (Ki67*) among NK cells (right) is exhibited for all three treatments PBS, IL-15 and RLI. Median values are
presented and data from five independent experiments are pooled (n=25). (B) Representative dot plots of Ki67 expression in

NK cells. (C) Immature and mature subsets were analyzed in the spleen by flow cytometry according CD11b/CD27 expression
after PBS, IL-15 or RLI treatments and the frequencies (top) and absolute numbers (bottom) are depicted. Median values are
presented and data from two independent experiments are pooled (n=10). (D) Representative dot plots of CD11b/CD27 (top)
and CD11b/KLRG1 (bottom) subsets analyzed among NK cells. (E) Frequencies (top) and absolute numbers (bottom) of CD11b*
KLRG1" cells among NK cells in spleen. Median values are presented and data from two independent experiments are pooled
(n=10). (F-G) Cytotoxic functions of NK cells from tumor-free mice after PBS, IL-15 or RLI treatment were analyzed ex vivo.

(F) Enriched splenic NK cells were cocultured with YAC-1 cells at indicated ratios and LDH release was measured. The graph
represents the mean +SEM of four independent experiments (two independent experiments for ratio 1:5). (G) Splenocytes

were stimulated for 4 hours with the leukocyte activation cocktail (PMA/ionomycin) and brefeldin A. Intracellular staining of

IFNy was performed and analyzed by flow cytometry. Data from three independent experiments (n=15) are pooled and median
values are presented. (A) Ordinary one-way ANOVA and Tukey’s multiple comparisons test. (C-E, G) Kruskal-Wallis test and
Dunn’s multiple comparisons test. (F) Ordinary two-way ANOVA and Bonferroni’s multiple comparisons test. *P<0.05, **P<0.01,
**P<0.001, ***P<0.0001. ANOVA, analysis of variance; IFNy, interferon-y; IL-15, interleukin-15; KLRG1, killer cell lectin-like
receptor G1; NK, natural killer; RLI, receptor-linker-IL-15.
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Figure 4 RLI induced the proliferation and increased functions of human NK cells. Freshly collected PBMC from healthy
donors were cultivated with RLI for 3 to 7 days and the proliferation of NK cells (CD3™ CD56") analyzed by flow cytometry
following the CFSE dilutions. (A) PBMC were incubated with medium alone (white box) or escalating doses of RLI (shades of
gray boxes) (2.5; 25; 250 pg/mL; 2.5 and 25ng/mL). (B) PBMC were incubated with medium alone (white box), 2.5 ng/mL of
IL-15 (light gray) or 2.5ng/mL of RLI (black). Graphs represent the median with IQR. Data from three independent experiments
were pooled. (C-E) PBMC from healthy donors (C) or patients with advanced NSCLC (D, E) were treated overnight (D, E) or
for 2days (C) with medium alone (®), IL-15 or RLI. (C) Cell surface expression of CD16, NKG2D, NKp30, NKp44 and HLA-DR
molecules among NK cells are shown (n=10). Ratio MFI represents the geometric mean of fluorescence intensity reported on
the isotype control. (D, E) Expressions of CD107a, IFNy and TNFa. among NK cells (CD3™ CD56" viable cells) after CD16 (D) or
NKp30 (E) cross-linking are presented (n=5). (A, B) 2-way ANOVA with matched values and Dunnett's multiple comparisons test.
medium was used as a reference. (C) Kruskal-Wallis test and Dunn’s multiple comparisons test. (D) Friedman test and Dunn’s
multiple comparisons test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ANOVA, analysis of variance; IFNy, interferon-y; IL-15,
interleukin-15; NK, natural killer; PBMC, peripheral blood mononuclear cells; RLI, receptor-linker-IL-15; TNFo., tumor necrosis

factor .

concentration required to observe a statistically signifi-
cant effect was 2.5 ng/mL (figure 4A). We next compared
the ability of RLI (2.5ng/mL) to induce the proliferation
of NK cells to the same dose of IL-15. In contrast to RLI
that induced a strong and significant proliferation of NK

cells from day 4 to day 7 of culture, IL-15 induced only
minor proliferation at the end of culture (figure 4B).
Cancer cells and the tumor environment have the
ability to escape NK cell recognition through the modu-
lation of NK activating receptors and/or via the secretion
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of immunosuppressive factors.” ** NKp30, NKp44 and
NKG2D have all been described as being able to recog-
nize ligands expressed on tumor cells, leading to NK cell
activation and the death of tumor target cells.” " We,
therefore, investigated the effect of RLI on the expression
of NK cell activating receptors, namely CD16, NKp30,
NKp44 and NKG2D after treatment with RLI or IL-15.
Human PBMC from healthy donors were incubated with
RLI, IL-15 or medium alone for 2 days and surface expres-
sion of activating receptors was monitored by flow cytom-
etry. As shown in figure 4C, RLI increased the surface
expression of NKp30, NKp44 and at a lower level NKG2D
but had no effect on CD16 expression. In addition, a
strong upregulation of HLA-DR molecules was observed
in the presence of RLI demonstrating the activation status
of NK cells. Although IL-15 tended to increase the expres-
sion of these receptors, a significant difference was only
observed with NKp44. Altogether, these data suggest that
RLI is able to strongly regulate the activation of human
NK cells.

RLI increases ex vivo functions of NK cells from patients with
cancer

Patients with advanced NSCLC (stage IIIB/IV) have been
described to have decreased NK cell functions and exhib-
ited down-regulation of the activating receptor NKp30 in
the tumor suggesting that tumor cells could escape from
NK cell attack through the modulation of the NKp30
receptor.gH We, thus, sought whether RLI and/or IL-15
could restore NKp30 functions from these patients.
Therefore, PBMC from five patients were stimulated over-
night with medium alone, RLI or IL-15. The day after and
5hours after matched isotype controls, NKp30 or CD16
cross-linking, we monitored by flow cytometry the intra-
cytoplasmic expression of IFNyand TNFo in CD3” CD56"
(NK) cells, and the cellsurface expression of Lamp-1
(CD107a), which is normally restricted to cytoplasmic
vesicles but transiently expressed on the cell surface after
vesicle fusion and degranulation. CD16 cross-linking
has been used as a positive control for NK cell degran-
ulation. Overnight culture was not sufficient to increase
the expression of activating receptors on NK cells (data
not shown), thus increased degranulation and/or cyto-
kine production cannot be due to an augmentation of
the receptor-expression on the cell surface. CD16 cross-
linking led to a strong degranulation underlined by the
high percentage of cells expressing CD107a, IFNy or
TNFo in the control group. Moreover, we observed a
slight increase of the percentage of CD107a and TNFa
after RLI culture but no difference could be detected
with IL-15 after CD16 crosslinking. For each patient
tested, RLI systematically increased the expression of
CD107a (p=0.005) and TNFo. (p=0.013) when NKp30 was
engaged. Although no significant difference was detected
on the percentage of IFNy-expressing cells, we cannot
exclude that RLI could increase the release of IFNy. No
significant difference could be observed with soluble

IL-15 (figure 4D,E). Altogether, these data suggest that
RLI is a robust inducer of NK cell functions from patients
with advanced NSCLC.

Discussion
The enthusiasm around IL-15 is evident. Ranked by the
NCI immunotherapy workshop in 2007 as one of the
most promising immunotherapy that could cure cancer,
this molecule or novel approaches based on IL-15 have
since then being assessed or currently assessed in multiple
clinical trials. One of these strategies was developed by
Mortier et al, by generating a fusion protein between IL-15
and the sushilL-15Ra, called RLL® While a phase I/Ib clin-
ical trial is currently evaluating the safety and preliminary
efficacy of RLI alone or in combination with pembroli-
zumab in patients with advanced/metastatic solid cancer
(SC103), we aimed to further investigate the antimet-
astatic mechanisms of action of RLI as monotherapy in
preclinical models. Our study demonstrated that RLI is
more potent than IL-15 alone to reduce the number of
metastases in the physiological 4T1 mouse breast cancer
model, consistent with previous reports for RLI or other
IL-15 complexes.'’ %27

The mechanism of action leading to the diminution
of lung metastases after RLI treatment remains complex.
Indeed, IL-15 is a pleiotropic cytokine and numerous
immune and non-immune cells can express its receptor.™
Several hypothesis can be proposed: (1) RLI could act at
the primary tumor site by changing its metastatic poten-
tial (modification of the stroma of the tumor; modifica-
tion of the extracellular matrix; reduction of intravasation
of tumor cells; reduction of circulating tumor cells), (2)
RLI could act at the metastatic niche by modulating the
colonization ability of tumor cells (direct killing of tumor
cells with metastatic potential; reduction of extravasation
of tumor cells; reduction of chemoattraction of tumor
cells) and (3) RLI could act at the metastatic niche by
thwarting the development of implanted tumor cells
(modification of the permissive microenvironment that
contributes to metastases development; recruitment
and/or proliferation and/or activation of antitumor
cytotoxic effector cells). Microarray analysis data demon-
strated that RLI treatment did not change the tran-
scriptomic profile of the CD45-negative fraction of the
primary and metastatic site (online online supplemen-
tary additional file 2) suggesting that the antimetastatic
activity of the RLI is mainly due to the modulation of the
immune system. RLI was able to modulate the metastatic
niche through an increase of NK cell infiltrate accom-
panied with a decrease of neutrophils (CD11b" Ly6G"
Ly6C'") in the lung. Interestingly, a similar observation
has been recently reported with the IL-15 complex N-803.
Knudson et al observed a decrease of CD11b" Ly6G™¢"
Ly6C'" cells in the parenchyma and lung vasculature of
4T1-tumor bearing mice when treated with N-803 +anti-
PD-L1. N-803 alone displayed a reduced number of these
cells in the lung vasculature.”® Our experimental settings
do not allow us to differentiate the parenchyma from
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the lung vasculature. Instead, we flushed the lungs with
PBS before to harvest them. Hence, we do not expect to
analyze immune cells from the lung vasculature. Addi-
tional studies are essential to elucidate the role of RLI on
neutrophils. For this purpose, we propose three hypoth-
eses. First, RLI and IL-15 might participate in the killing
of neutrophils in the lung compartment. This assump-
tion seems the least likely because IL-15 has been already
described to delay neutrophil apoptosis by preventing
Mcl-1 degradation and by decreasing the expression of
the pro-apoptotic Bax molecule through a direct activity
on neutrophils, neutrophils expressing all chains of the
IL-15 receptor.”” *® Second, IL-15-based treatment might
limit the recruitment of neutrophils in the metastatic
niche. IL-15/RLI might modify the cytokine/chemokine
pattern in the lung and/or reduce neutrophil extrava-
sation. In a model of T-cell deficient mice infected with
Mycobacterium tuberculosis, IFNy has been shown to inhibit
lung infiltration of neutrophils. In this model, NK cells
are the major producer of IFNY.* Yet, here we have shown
that RLI strongly increases IFNy-expressing cells on PMA/
ionomycin stimulation of naive NK cells. Thus, we can
postulate an indirect role of RLI to limit recruitment of
neutrophils in the metastatic lung following IFNYy-derived
NK cells. Additional observations in non-human primates
revealed a transient neutropenia after sc administration
of TL-15 twice a week by Berger’s group™ or after iv daily
injection of IL-15 by Waldmann’s group."’ Waldmann
explained this neutropenia by a redistribution of neutro-
phils from blood to tissues. Indeed, BM examination
revealed an increase cellularity including neutrophils and
these cells were also present in sinusoid of enlarged livers
and spleens. On the contrary, although Berger observed
also a transient neutropenia, he has shown a hypocellu-
larity in the BM after sc injections of IL-15 and proposed
alack of neutrophil production. Thus, further studies are
needed to determine whether RLI may influence neutro-
phil production or retention in the BM of 4TI-tumor
bearing mice.

Our study also demonstrated that RLI is a potent factor
of NK cells in vivo with a strong accumulation and prolif-
eration of these innate cells in all studied compartment
accompanied with increased cytotoxic functions and
IFNy production. Moreover, RLI is more efficient in
inducing such effects than equimolar concentrations of
IL-15 demonstrating that IL-15 trans-signaling increases
the bioactivity of IL-15. These results are consistent
with previous studies using other IL-15 stabilizing strat-
egies.” ¥ ** We demonstrated that RLI is able to induce
the accumulation of KLRG1" CD11b" mature NK cells.
KLRGI is a receptor with a cytoplasmic immunoreceptor-
tyrosine-based inhibition motifs delivering an inhibitory
signal following ligation with classical cadherin. KLRGI
is expressed by differentiated T cells, its expression is
also related to non-specific activation of NK cells and
late stage of maturation.” ** ** Controversial activities
of KLRGI" NK cells have been reported. Some studies
showed that KLRGI1 expressing NK cells produce less

IFNy than KLRG1 NK cells®! ** while in others, no differ-
ence was depicted.” ** In our study, the strong expression
of KLRGI1 was never related to diminished effector func-
tions. The majority of splenic NK cells express KLRGI
after RLI treatment and RLI-treated NK cells show better
cytotoxic capacities than IL-15-treated NK cells expressing
significantly less KLRG1 (figure 3A).

Previous reports have shown that NK cells can become
unresponsive on repeated administration of cytokines
including IL-15 or sustained activation.*” IL-15-resistance
or antidrug antibodies are serious concerns. In this study,
tumor-bearing mice received repeated doses of IL-15 or
RLI (four times a week for 2 or 3 weeks) with antitumor
activity and NK cell modulation observed. Our pharmaco-
dynamics studies in naive mice (two doses in a week with
harvesting following the last dose) might be too short to
observe NK cell hyporesponsiveness. Additional investi-
gations on the dosing schedule would be interesting to
potentially improve the antitumor activity of RLI.

Finally, our study demonstrates a potent activity of RLI
on human NK cells including NK cells from patients with
advanced NSCLC. Recently, we demonstrated that the
levels of NCR3/NKp30 transcripts were independently
associated with the outcomes in treatment-naive patients
with advanced NSCLC.*® These observations are critical
and promising for the activity of RLI in clinic. NK cells
play an important role in immunosurveillance of cancer
with the ability to kill tumor cells escaping T cell recogni-
tion through the down-regulation of MHC-I for instance.
But tumor cells have also the ability to escape NK cell
recognition through the modulation of NK activating
receptors.”* ' We demonstrated that RLI can up-regu-
late the surface expression of these activating receptors
including NKp44 and NKp30 and increase cytotoxic func-
tions of NK cells from patients when NKp30 is engaged.
These results are consistent with previous reports using
IL-15 or IL-15 complexes demonstrating increased cyto-
toxic functions of NK cells from patients with AML or of
TGFB-induced dysfunctional NK cells.*?"°

CONCLUSIONS

In conclusion, this study demonstrated the potent role
of RLI in inducing modifications of the metastatic micro-
environment through the increase of NK cell infiltra-
tion, maturation and proliferation while decreasing the
number of lung infiltrating neutrophils, leading to the
reduction of the metastatic disease. In addition, the
robust activity of RLI on mouse and human NK cells
from patients with advanced cancer further supports the
clinical relevance of this molecule in the treatment of
advanced metastatic disease.
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