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Abstract

The immunoregulatory protein T cell immunoglobulin- and mucin-domain-containing molecule-3
(Tim-3) mediates T cell exhaustion and contributes to the suppression of immune responses in
both viral infections and tumors. Tim-3 blockade reverses the exhausted phenotype of CD4* and
CDS8™* T cells in several chronic diseases including melanoma. Interestingly, natural killer (NK)
cells constitutively express Tim-3; however, its role in modulating the function of these innate
effector cells remains unclear, particularly in human disease. In this study, we compared the
function of Tim-3 in NK cells from healthy donors and patients with metastatic melanoma. NK
cells from the latter were functionally impaired/exhausted and Tim-3 blockade reversed this
exhausted phenotype. Moreover, Tim-3 expression levels correlated with the stage of the disease
and poor prognostic factors. These data indicate that Tim-3 can function as an NK cell exhaustion
marker in advanced melanoma and supports the development of Tim-3-targeted therapies to
restore antitumor immunity.
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INTRODUCTION

Malignant melanoma (MM) is the fifth most common cancer in men with incidence
increasing more rapidly than that of any other malignancy (1). It is the most aggressive type
of skin cancer, accounting for more than 70% of skin cancer-related deaths (2). The median
survival of advanced melanoma patients (stage 1) was until recently less than 1 year (3),
but new therapeutic options are improving response rates and overall survival (OS) (4, 5).

One such intervention is Ipilimumab (5), a monoclonal antibody against cytotoxic T-
lymphocyte antigen-4 (CTLA-4), a negative regulator that is up-regulated on exhausted T
cells in cancers and chronic infections (6). The exhaustion phenotype has been described for
T cells as a state of cellular dysfunction that arises as a consequence of continuous and
chronic stimulation by viral or tumor antigens, as well as by immunosuppressive cytokines.
It is characterized by an early loss of proliferative capacity, cytotoxic potential, and the
ability to produce cytokines, as well as sustained expression of inhibitory receptors (7).
Besides CTLA-4 (8, 9), Program Death-1 (PD-1) (10) and T cell immunoglobulin- and
mucin-domain-containing molecule-3 (Tim-3) (11) are additional inhibitory receptors that
can be up-regulated in the setting of chronic infections or progressive cancers.

Tim-3 is an inhibitory receptor that plays a crucial role in mediating T cell exhaustion in
both viral infections and tumors (12-14). Indeed, Tim-3 blockade reverses the exhausted
phenotype of CD4* and CD8™ T cells in several chronic diseases including melanoma (11,
15, 16). Unlike resting T cells, where it is minimally expressed and up-regulated only after
chronic stimulation, Tim-3 is constitutively expressed at considerably higher levels on
resting natural killer (NK) cells (17). Recent publications, however, have reported
conflicting data regarding Tim-3 function on NK cells (17, 18). Ndhlovu and colleagues
showed that Tim-3 inhibits NK cell-mediated cytotoxicity (17) while another study
suggested that Tim-3 may enhance IFNy production instead (18). Both studies only
evaluated healthy donors and not patients with chronic diseases such as cancer, where Tim-3
expression on NK cells may have a more significant immunomodulatory role.

NK cells, through IFNy production and direct cytotoxicity, are able to eliminate tumor cells.
Accordingly, NK cell infiltration in tumor tissue is associated with better prognosis (19-21),
while low activity of peripheral blood NK cells is associated with increased risk of cancer
(22). These findings have prompted interest in the development of cancer therapies based on
NK cells, such as NK cell adoptive transfer or targeting NK cell inhibitory receptors (23). In
this regard, a better understanding of Tim-3 function in the context of advanced tumors
could potentially impact treatment.

In this study, we characterized Tim-3 expression and function in NK cells from advanced
melanoma patients. We found that NK cells from these subjects expressed high levels of
Tim-3 and were functionally impaired/exhausted. Importantly, we showed that Tim-3
blockade reversed this exhausted phenotype. Furthermore, we found that Tim-3 expression
in NK cells increases as the stage of melanoma advances, and is higher in melanoma
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patients with poor prognostic factors. These data open exciting avenues for new therapies
targeting Tim-3 in tumor immunotherapy.

MATERIALS AND METHODS

Reagents

Cell lines

For staining, Tim-3 antibody used for staining experiments was purchased from R&D. Anti-
CD279 (PD-1) was purchased from BD Bioscience and anti-CTLA-4 was purchased from
LifeSpan Biosciences. To check the purity of selected NK cells they were stained for CD56,
CD16, CD3, CD14 and CD19 purchased from Biolegend. Anti-CD25 was purchased from
Miltenyi, anti-CD122, anti-CD132 and anti-IL-5R were from Biolegend. Anti-CD107-FITC
and anti-IFNy-FITC antibodies were purchased from Biolegend. Anti-NKG2D, anti-NKp46,
anti-DNAM-1, anti-KIR3DL1, anti-KIR2DL3 antibodies (BD Bioscience) were used as
indicated by the manufacturer. Anti-Eomes and anti-T-bet were purchased from
eBioscience. Anti-galectin-9 was purchased from BioLegend. CellTrace™ CFSE Cell
Proliferation Kit was purchased from Life Technologies. FITC Annexin VV Apoptosis
Detection Kit with 7-AAD was purchased from BioLegend.

For blocking experiments, 10 or 20pg/ml of Tim-3 blocking antibody (Biolegend, clone
2E2; R&D #AF2365), galectin-9 blocking antibody (BioLegend), IL-2R blocking antibody
(a, P and y chains — R&D Biosystems) or CD16 blocking antibody (BioLegend) was added
to the culture 1 hour before starting the functional assays.

For crosslinking experiments, the same anti-Tim-3 antibody (Biolegend) was used. Anti-
CD16 and anti-CD94 from Biolegend were also used to coat beads and in the reverse-ADCC
assay and in our crosslinking experiments. For both experiments, crosslinking and blocking,
we used 1gG1 isotype control from BD. 7AAD was purchased from Biolegend.

For stimulation, the cytokines rhiL-2, rhlL-12, rhiL-15 and rhIL18 were purchased from
R&D System. Recombinant Human Galectin-9, purchased from R&D Systems, was used to
stimulate NK cells 1h before the cytotoxicity assay.

K562 cells, Gmel and FM29 cells were cultured in complete media (RPMI-1640; Life
Technologies) supplemented with 10% FBS, 2mM L-glutamine, 100U/ml penicillin, and
100pg/ml streptomycin. K562 is a chronic myelogenous leukemia cell line, which was used
as target cells in experiments from figures 2B, 4A, 5A, 5B, 6D, 6F, S3A, S3D, S4B, S5A,
S5C, S6A, S6B, S7A, S7D, STE, S7F, S7G and S8B. Gmel is a melanoma cell line that
expresses galectin-9 intracellularly and 5% of these cells express galectin-9 in the
membrane. Gmel cells were used as target cells in the experiments shown in figure S6C and
S6D. FM29 cells were used as target cells in the experiment shown in figure S7B.
Melanoma cell lines WM1552, WM3248, WM793b were purchased from the Wistar
Institute. They were used as target cells in the experiment shown in figure S7B. P815 cell
line was purchased from ATCC. This cell line is FcR* and was used for the reverse ADCC-
assay (Figures 4C, S5B S5D). All cell lines were mycoplasma free; no other authentication
assays were performed.
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Human samples

Blood samples from healthy donors (HD) were purchased from the New York Blood Center.
Blood samples were obtained under the Interdisciplinary Melanoma Cooperative Group
IRB-approved protocols (#H10362) from 113 untreated melanoma patients (melanoma
donors — MD; stages I, Il and HHI/IV).

NK cell purification

Peripheral blood mononuclear cells (PBMC) were purified from HD- or MD-derived buffy
coats by Ficoll-Paque Plus centrifugation. NK cell enrichment was performed by negative
selection using Easy-Sep Human NK cell Enrichment Kit (StemCell Technologies)
according to the manufacturer's recommendations, obtaining more than 95% CD3~CD56™"
populations.

NK cell stimulation

For short-term functional assays (cytotoxicity and IFNvy production), purified NK cells were
activated overnight in the presence of 1000U/ml of IL-2 complete media (RPMI-1640; Life
Technologies, Carlsbad, CA) supplemented with 10% FBS, 2mM L-glutamine, 100U/ml
penicillin, and 100pg/ml streptomycin. For the long-term experiments and proliferation
assays, NK cells were cultured in the same media and stimulated with 200U/ml of IL-2.

Cell Staining and Flow Cytometry Analysis

Cell sorting

Before staining, cells were washed twice with PBS supplemented with 0.5% bovine serum
albumin and 2 mM EDTA (MACS Buffer). For surface staining, cells were incubated with
specific antibodies for 30min at 4°C. For intracellular staining, cells were first fixed with 4%
paraformaldehyde (PFA) for 10min at room temperature, permeabilized with MACS buffer
supplemented with 0.1% saponin and stained with specific antibodies for 30min at room
temperature. Cells were then washed twice with MACS buffer and analyzed by FACS. Data
analysis was performed using FlowJo software.

Gmel cells were stained for galectin-9 (Gal-9), following the protocol described above.
After Gal-9 staining, these cells were sorted into populations of either Gal-9™-Gmel and
Gal-9-Gmel by flow cytometry. We followed the same procedure to sort NK cells into
Tim-3* and Tim-3~ NK cells.

Crosslinking experiment: (A) Coated—Beads

Dynabeads® Pan Mouse IgG (Invitrogen) were labeled with purified mouse 1gG, x isotype
control (BDbiosciences) or purified human anti-TIM-3 (Biolegend) according to the
manufacturer's instructions. Antibody labeled beads were added to NK cells at a 1:1 ratio for
30min at 4°C, and then incubated at 37°C for 90min. Functional assays were performed as
described below. (B) Reverse-ADCC: NK cells were co-cultured with FcR* P815 cells and
different antibodies were added to the reaction: either anti-Tim-3, anti-CD94 (negative
control) or anti-CD16 (positive control) antibody.
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Endocytosis

To assess whether Tim-3 was endocytosed after Tim-3 blockade, I1L-2-stimulated NK cells
from healthy donors were incubated with the Tim-3 blocking Ab or IgG1 isotype control, as
previously described, for 15min, 30min and 1h. Cells were then fixed, permeabilized or not
and stained with a PE anti-mouse Ab in order to detect Tim-3 blocking antibody on the
surface and/or in the cytoplasm of the cells.

Cytotoxicity Assay
Purified NK cells were co-cultured with target cells at a 5:1 effector/target ratio in
combination of anti-CD107 antibody (0.5ug/ml) and monensin 1000X. After 4h incubation,
CD107 expression on CD56™" cells was quantified by flow cytometry.

IFNy production assay

Purified NK cells were cultured for 4h in the presence of 1pg/ml of IL-12 and brefeldin A
(10ug/ml). After 4h cells were fixed (4% paraformaldehyde) and permeabilized (0.1%
saponin). Permeabilized cells were stained for intracellular IFNy and analyzed by flow
cytometry.

Proliferation assay

Purified NK cells were loaded with 2uM CFSE and cultured in complete media
supplemented with 200U/ml of IL-2. After 6 days of culture, CFSE dilution was analyzed by
flow cytometry as a measure of cell proliferation.

Blocking experiment

10 or 20ug/ml of Tim-3 blocking antibodies (Biolegend, clone 2E2 or R&D #AF2365) was
added to the culture 1 hour before starting the functional assays (before adding K562 cells in
the cytotoxicity assay, IL-12 in the cytokine production assay and IL-2 in the proliferation
assay). We used 1gG1 isotype control from BD Biosciences.

Statistical analyses

Separate analyses were performed for each experiment individually. Two tailed t tests were
used. Analyses take into account paired observations within donors when appropriate or
unpaired observations when we compare parameters between healthy and melanoma NK
cells. To analyze Tim-3 expression according to demographic and clinical parameters we
used unpaired t test to compare two groups, and ANOVA to compare more than two groups.

RESULTS
MD NK cells display an exhausted phenotype

Advanced tumors are characterized by an environment that promotes T cell exhaustion (7).
Exhausted T cells are characterized by: 1) over-expression of inhibitory receptors such as
CTLA-4 and PD-1; 2) down-regulation of cytokine receptors, rendering them refractory to
cytokine stimulation; 3) loss of function (cytotoxicity, cytokine production and
proliferation); and 4) down-regulation of transcription factors T-bet and Eomesodermin
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(Eomes) (24). In metastatic melanoma, peripheral blood CD8* T cells are functionally
exhausted (11), however, NK cell phenotype and function in the same context has not been
evaluated.

To determine whether peripheral NK cells from advanced melanoma patients display an
exhausted phenotype, we examined whether they expressed features associated with T cell
exhaustion. NK cells were purified from peripheral blood of advanced melanoma patients
and healthy donors (HD) (Fig. S1A). Interestingly, melanoma donors (MD) NK cells down-
regulate the NK cell markers CD16 and CD56 (Fig. S1B), and consequently display a
decrease in the percentage of both CD56"9 and CD569M NK cell subsets (Fig. S1C). We
then measured the expression of activating and inhibitory receptors in NK cells from MD
and HD. Clearly, NK cells from MD expressed higher levels of inhibitory receptors
(KIR3DL1 and KIR2DL3) and lower levels of activating receptors (NKG2D, NKp46 and
DNAM-1) when compared with NK cells from HD (Fig. 1 and Fig. S1D). We also
evaluated PD-1 and CTLA-4 expressions; however there were no significant differences
between MD and HD (Fig. S1E).

Second, we measured the levels of the three IL-2 receptor (IL-2R) chains (a chain (CD25), B
chain (CD122) and y chain (CD132)). The expression of each subunit was measured in
steady state conditions (day 0) and on days 2, 4 and 6 after IL-2 stimulation. HD or MD NK
cells did not express significant levels of CD25 at rest. Interestingly, after IL-2 stimulation,
HD NK cells up-regulated CD25 to very high levels whereas MD NK cells failed to do so
(Fig. 2A and Fig. S2A). CD122 expression was similar in NK cells from healthy and
melanoma subjects and decreased after IL-2 addition (Fig. S2A and Fig. S2B). CD132
expression was slightly higher in resting HD NK cells compared to MD NK cells. After IL-2
stimulation, both sources of NK cells showed an increase of this receptor, followed by a
plateau and then a decrease. However, the overall expression of CD132 on HD NK cells was
substantially higher than that of MD NK cells (Fig. S2A and Fig. S2B). We next tested
whether altered IL-2R expression translated into a differential response to IL-2 stimulation.
While cytotoxicity was induced in both sources of NK cells, the levels increased more
significantly over time in HD NK cells. Whereas IFNvy production was induced by and
increased in HD NK cells in response to IL-2, it did not change from baseline in the case of
MD NK cells (Fig. 2A). Moreover, HD NK cells up-regulated both NKG2D and KIR3DL1,
while MD NK cells did not (Fig. S2C). We also measured the levels of the IL-15 receptor
(IL-15R), another significant NK cell stimulatory molecule. As observed for IL-2R, IL-15R
levels are significantly lower in MD NK cells when compared with HD NK cells (Fig. S2D).

Next, we determined whether NK cells from melanoma patients were functionally impaired,
by assessing cytotoxicity, IFNy production, and cell proliferation. We found that, in
comparison with HD NK cells, MD NK cells failed to efficiently kill target cells as assessed
by LAMP-1 expression, after stimulation by either IL-2 (p=0.0158) or I1L-15 (p=0.04) (Fig.
2B, Fig. S3A and Fig. S3D). In addition, they produced less IFNy in response to different
stimuli: 1L-12 (p=0.0312) (Fig. 2B and Fig. S3D), the combination of IL-12 and IL-18
(p=0.001), IL-15 (p=0.05), or after coculture with K562 cells (p=0.0173) (Fig. S3B).
Finally, NK cells from melanoma patients lost their ability to proliferate when cultured with
IL-2 (p=0.0024), IL-12 (p=0.04), IL-15 (p=0.05) or IL-18 (p=0.01) (Fig. 2B, Fig. S3C and
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Fig. S3D). The transcription factors T-bet and Eomes regulate the function of NK cells and a
recent study showed that down-modulation of these transcription factors is a characteristic
of NK cell exhaustion (25). As expected, Fig. 2C shows that the levels of Eomes and T-bet
are lower in NK cells from melanoma donors when compared with NK cells from healthy
donors.

These results clearly demonstrate that NK cells from advanced melanoma patients are
functionally exhausted as shown by over-expression of inhibitory receptors and down-
regulation of activating receptors, an impaired response to IL-2 stimulation possibly due to
IL-2R down-modulation, defects in cytokine production, proliferation and cytotoxicity, and
a down-modulation of the transcription factors T-bet and Eomes.

Tim-3 is up-regulated in MD NK cells and is associated with clinical parameters that
predict a poorer prognosis

Tim-3 is another immune checkpoint expressed by CD8* T cells in the context of advanced
tumors, such as melanoma. However, the role of Tim-3 in NK cells under the same
circumstances remains unknown. Therefore, we first measured Tim-3 expression in MD NK
cells. Compared to HD NK cells, they expressed significantly higher levels of surface Tim-3
(p=0.0001) (Fig. 3A). Moreover, we checked the expression of Tim-3 in steady state
conditions and after IL-2 stimulation in both CD56°"19" and CD5649™ NK cell subsets. In
unstimulated conditions, both subsets of NK cells from melanoma patients express higher
levels of Tim-3 when compared with their counterparts from healthy donors (both % and
MFI). However, after stimulation, while Tim-3 expression increases significantly in both
subsets in HD (% and MFI) we did not observe any substantial increase in either subset from
MD (Fig S4A).

We next measured the percentage of Lamp-1* cells (Fig $4B) and IFNy* cells (Fig $4C) in
the fraction of Tim-3* vs Tim-3~ NK cells, in unstimulated and stimulated conditions.
Interestingly, in unstimulated conditions, in both HD and MD, the percentage of Lamp-1*
cells and IFNy* cells was higher in the Tim-3—fraction; however after IL-2 stimulation, the
most active cells (Lamp-1* cells or IFNy*) were Tim-3* (Fig. $4B and Fig. S4C). Indeed,
as previously described (17, 18), Tim-3 is a marker of differentiation. However, when we
compare the percentage of active cells in the Tim-3* NK cells from healthy donors vs
melanoma patients, clearly MD NK cells are less active, suggesting that these cells are
exhausted.

We then evaluated whether Tim-3 expression was also increased at early stages of
melanoma (stage | and I1) and how its expression is related to clinical parameters. A cohort
of 83 melanoma patients, distributed as stage | (n=47), stage 1l (n=18) and stage 11/IV
(n=18) was studied according to Tim-3 expression. As the stage of melanoma advanced, we
observed a pattern of gradually increasing Tim-3* NK cell numbers (%) and intensity (MFI)
(Fig. 3B). In the same cohort of patients we were able to analyze Tim-3 expression
(percentage and MFI) according to demographic and clinical parameters. Interestingly, the
expression of Tim-3 is higher in melanoma patients with poor prognostic factors, such as
thickness >1mm, mitotic rate >=1/mm? and ulceration. Moreover, the intensity of Tim-3
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expression (MFI) was higher in patients with metastases. Significantly, Tim-3 expression
did not differ according to age, gender or lymph node status (Table 1).

In conclusion, our data suggest that higher Tim-3 expression is associated with clinical
parameters such as thickness, mitotic rate and ulceration, well-known prognostic factors.

Tim-3 negatively regulates MD NK cell function

In order to determine the role of Tim-3 in NK cell exhaustion, we developed a system to
engage Tim-3 through crosslinking, by using anti-Tim-3-coated beads. As shown in Fig. 4A
and 4B, Tim-3 activation in MD NK cells reduced cytotoxicity by approximately 20%
(p=0.0361) and IFNYy production by 25% (p=0.0176) as compared to controls. We

performed a reverse-ADCC assay using FcR* P815 cells that bind the Fc portion of
antibodies, allowing them to crosslink their relevant ligands on other cells. We co-cultured
NK cells from melanoma patients with P815 cells and added the following antibodies to the
reaction: anti-Tim-3, anti-CD94 (negative control) or anti-CD16 (positive control). As
expected, CD16 crosslinking activated NK cells rendering them more cytotoxic, while CD94
crosslinking reduced NK cell cytotoxicity. When Tim-3 was crosslinked, we observed a
decrease in NK cell cytotoxicity (p=0.0002) (Fig. 4C). This finding confirms that Tim-3 acts
as an inhibitory receptor on NK cells and that its ligation down-modulates NK cell function
in the context of advanced melanoma. In HD, Tim-3 ligation also resulted in a significant
decrease of cytotoxicity as previously described (17). We used the same two systems to
crosslink Tim-3 on HD NK cells, anti-Tim-3-coated beads (Fig. S5A) and reverse-ADCC
(Fig. S5B), as well as, anti-Tim-3-coated K562 cells (Fig. S5C), and showed an inhibition
of Lamp-1 expression by NK cells (first two systems), and a decrease of K562 cell apoptosis
(third system). It is important to point out that NK cells from melanoma patients may have
already undergone significant Tim-3-mediated inhibition in vivo; therefore, it is not
surprising that Tim-3 ligation did not achieve greater inhibition of MD NK cell function
when compared with NK cells from healthy donors. Tim-3 also acts as an inhibitory receptor
on T cells that when chronically activated, induces T cell apoptosis. However, in our system
chronic Tim-3 stimulation did not induce NK cell apoptosis as we show in Fig. S5D.

Galectin-9 is the most studied Tim-3 ligand identified thus far. Therefore, we used
recombinant and surface-bound galectin-9 (Gal9) as Tim-3 agonists. NK cells from HD
were incubated with 25 and 50pg of rh-Gal9 1h before assessing cytotoxicity, and displayed
a significant decrease in Lamp-1 expression, but without significant toxicity (Fig. S6A). We
were able to abrogate this effect by blocking Gal-9 with a specific blocking antibody or f3-
lactose (Fig. S6B). Next we employed a more physiological approach by using the
melanoma cell line Gmel as a source of Gal-9. Gmel cells were sorted according to their
surface expression of Gal-9 into Gal9*-Gmel and Gal9~-Gmel (Fig. S6C) and used as target
cells. We found that NK cell-mediated cytotoxicity from both HD or MD was lower in the
presence of Gal9*-Gmel cells compared with Gal9™-Gmel (Fig. S6C). We then sorted NK
cells according to Tim-3 expression into Tim-3* vs Tim-3~ NK cells, and repeated the same
experiment. The suppressive effect of galectin-9 was only evident in the presence of Tim-3*
NK cells (Fig. S6D).
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Therefore, our data indicate that following activation, Tim-3 functions as an inhibitory
receptor in NK cells from melanoma patients by reducing their cytotoxicity and cytokine
secretion potential.

Tim-3 blockade reverses exhaustion in MD NK cells

In T cells, Tim-3 has been described as a marker of T cell exhaustion, which when blocked
can reverse the function of these cells (11, 14, 15). In order to study whether Tim-3 blockade
could also reverse the function of MD NK cells, we blocked the Tim-3 receptor by adding a
soluble Tim-3 blocking antibody (10 and 20ug/mL; clone 2E2) 1h before assessing NK cell
functions in various assays. Fig. 5A shows that blocking Tim-3 significantly improved
cytotoxicity by 20-25% (p=0.002). We obtained the same results with a different Tim-3
blocking antibody (R&D #AF2365; Fig. S7A). Both blocking antibodies were validated in a
killing assay (Fig. 5B). IFNy production also increased in the presence of Tim-3 blocking
antibody by 15-20% (Fig. 5C; p=0.007). Finally the percentage of proliferating cells
dramatically increased by 30% and 60% with the addition of 10 and 20ug/mL anti-Tim-3
antibody, respectively (Fig. 5D; p=0.009). Our results were confirmed with another Tim-3
blocking antibody (R&D #AF2365; Fig. S7A). Importantly, Tim-3 blockade improved NK
cell cytotoxicity against four different melanoma cell lines (Fig. S7B). All four melanoma
cell lines express galectin-9 (Fig. S7C), however the expression levels do not correlate with
the increase of cytotoxicity that is observed with the Tim-3 blocking antibody. Isotype
control antibody did not affect NK cell cytotoxicity, IFNy production, or proliferation
capacity (Fig. S7D).

As expected, Tim-3 blockade of NK cells from healthy donors also improved their
cytotoxicity (Fig. STE and S7F). However, addition of Galectin-9 blocking antibody did not
affect cytotoxicity, suggesting that other Tim-3 natural ligands may participate since K562
cells do not express galectin-9 (Fig S7G). Altogether, these results demonstrate that Tim-3
blockade enhances NK cell function, including that of exhausted NK cells derived from
advanced melanoma patients.

Tim-3 blockade induces internalization of the receptor and up-regulation of IL-2R

We investigated the mechanism underlying the reversal of NK cell exhaustion by the
blockade of Tim-3. NK cells treated with Tim-3 blocking antibody showed a clear decrease
in surface membrane Tim-3 levels (Fig. 6A). We hypothesized that Tim-3 expression
decreased due to internalization. To address this possibility, NK cells from HD were first
incubated with Tim-3 blocking antibody or isotype control, then fixed, permeabilized, and
stained with a PE-conjugated anti-mouse IgG antibody in order to detect Tim-3 antibody
both on the surface and in the cytoplasm of cells. As control, we also assessed antibody
levels on cells that were fixed but not permeabilized. These experiments demonstrated that
soluble Tim-3 blocking antibody induced internalization of Tim-3 (Fig. 6B and 6C). To
demonstrate that reduced Tim-3 levels in the membrane account for reversal of NK cell
exhaustion, NK cells were pre-treated with soluble Tim-3 blocking antibody and residual
Tim-3 was crosslinked using anti-Tim-3-coated beads. As expected, in this context, the
beads had no effect on cytotoxicity, due to prior internalization of Tim-3 by the soluble
blocking antibody (Fig. 6D).
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The effect of Tim-3 blockade was not due to altered viability, as assessed after treatment
with 5, 10 and 20ug/mL of Tim-3 blocking antibody (Fig. S8A). Moreover, we confirmed
that this effect is really due to Tim-3 blockade and not consequent to the engagement of the
Fc portion of our Tim-3 blocking antibody with CD16 receptor (FcyRIII) in NK cells.
Indeed, before adding the Tim-3 blocking antibody, we incubated MD NK cells with a
CD16 (FcyRIII) blocking antibody for one hour. This anti-CD16 antibody blocks the
possibility that the Fc portion of other antibodies added to the reaction (in our case Tim-3
blocking antibody) binds to CD16 receptor (FcyRIII). Fig. S8B shows an increase of
cytotoxicity with Tim-3 blocking antibody, even after CD16 blockade.

Levels of activating and inhibitory receptors in the membrane of NK cells treated with
Tim-3 blocking antibody were also measured. CD16 expression was increased by 10% after
Tim-3 blockade (Fig. S8C). Likewise, there was a significant increase in the expression of a
and vy chains of the IL-2R (Fig. 6E). As shown in Fig. 2A and Fig. S2C, HD NK cells
respond to IL-2 stimulation with increased expression of activating and inhibitory receptors,
cytotoxicity, and IFNy production. In order to define the role of each chain of IL-2R in this
NK cell response, we cultured purified NK cells from HD with 200U/mL of IL-2 and
separately blocked with each chain of the IL-2R (a, B, and ). After two days the expression
of the activating and inhibitory receptors, and cytotoxicity was assessed. Our data
demonstrate that all three chains affect the expression of the activating and inhibitory
receptors, although the v chain appears to elicit the more pronounced effect (Fig. S8D); all
three 1L-2R chains also enhance NK cell-mediated cytotoxicity after IL-2 stimulation (Fig.
6F). Taken together, Tim-3 blockade increases the expression of IL-2R, making NK cells
more responsive to IL-2 stimulation, and consequently improving NK cell-mediated
cytotoxicity.

Collectively, our findings show that NK cells in advanced melanoma patients display an
exhausted phenotype. Furthermore, Tim-3 is overexpressed in MD NK cells and its levels
correlate with the stage of the disease and the poor prognostic factors. More importantly,
through Tim-3 blockade it is possible to reverse exhaustion in NK cells from patients with
advanced melanoma.

DISCUSSION

T cell exhaustion has been extensively studied in the context of chronic infectious diseases
and different types of cancer, however, little is known about the exhaustion of NK cells.
Recently Mamessier and colleagues have shown that NK cells from breast cancer patients
depict some dysfunctional phenotype (26), however our results provide the first
demonstration that NK cell from advanced melanoma patients display the four main
characteristics that define T cell exhaustion, and more important, that Tim-3 is an exhaustion
marker in NK cells. Therefore, similarly to T cells, exhausted NK cells up-regulate
inhibitory receptors while down-regulating IL-2 receptors and consequently are unable to
respond appropriately to IL-2 stimulation. In addition, they are functionally impaired
(reduced cytotoxicity, cytokine production, and proliferation) and express reduced levels of
activating receptors and the transcription factors Eomes and T-bet. This exhaustion
phenotype is associated with a higher expression of the inhibitory receptor Tim-3. Even
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though NK cells express Tim-3 in steady state, the NK cell exhausted phenotype is
characterized by an up-regulation of this receptor. Therefore, the levels of Tim-3 in
association with functional defects seem to be of key importance in defining the role of
Tim-3. The exact mechanism of NK cell exhaustion is still unclear; it is possible that NK
cells become exhausted due to systemic production of cytokines, or within the tumor
microenvironment in response to specific ligands. Indeed, chronic stimulation with IL-2 and
IL-15 (27, 28), shed MICA (tumor-derived ligand for NKG2D) (29, 30), or CD155 (a
tumor-derived ligand for DNAM-1) (31) has been described to induce NK cell exhaustion.
Exhausted T cells also up-regulate CTLA-4 and PD-1; however we found no significant
expression of these receptors in the membrane of MD NK cells. Altogether, our results show
that Tim-3 is constitutively expressed on NK cells from HD. More importantly, we
demonstrate for the first time that exhausted NK cells up-regulate Tim-3, which functions as
an inhibitory receptor/exhaustion marker, similarly to its described role in T cells. We found
that the expression of Tim-3 in NK cells is higher in melanoma patients with bad prognostic
factors, and increases as the disease stages progress.

Contrasting roles have been described for Tim-3 in NK cells from healthy donors. While one
study showed that Tim-3 inhibits normal donor NK cell-mediated cytotoxicity (17), another
suggested that Tim-3 may instead enhance IFNy production (18). While the two studies are
difficult to align, the different model systems and contexts could explain these divergent
results, as has been reported for other NK cell receptors such as 2B4 and KIR2DLA4 (32, 33).
Our data are consistent with Tim-3 acting as an inhibitory receptor on NK cells from
healthy, and most importantly, from melanoma donors. We also show that when triggered
Tim-3 does not promote NK cell death. In our system Tim-3 negatively regulates NK cell
function in a galectin-9-independent manner, suggesting a role for other Tim-3-ligands.
Phosphatidylserine (PTS), exposed on the surface of apoptotic cells, has been reported as a
Tim-3 ligand and may be a candidate for conferring NK cell exhaustion in vivo after tumor
cell death.

When we block Tim-3 receptor with a soluble antibody we are able to recover, in part, NK
cells’ function. This reversal is comparable to that in T cells after in vitro blockade of other
immune checkpoints such as PD-1 blockade (11, 34) that has been used in clinical trials with
impressive clinical responses (35). The Tim-3 blocking antibody binds and internalizes the
receptor, decreasing its expression in the membrane of NK cells and the possibility of
binding to the natural ligands. Another possibility is that we are blocking the intrinsic
inhibitory pathway of Tim-3, independently of any ligand. We also showed that Tim-3
blockade induces a 10% increase of CD16 expression (MFI) that could provide another
explanation for the increase of NK cell function. Thus CD16, an activating receptor that is
directly involved in the lysis of tumor cells, may function not only through ADCC but also
independent of antibody binding. Finally, we demonstrated that Tim-3 blockade increases
the expression of the IL-2R in the membrane of MD NK cells, augmenting their ability to
respond to IL-2 stimulation. The enhanced responsiveness may contribute towards the
partial reversal of MD NK cell function after Tim-3 blockade.

Similar to CTLA-4 and PD-1, Tim-3 belongs to the group of immune checkpoint molecules
and is a potential therapeutic target. Although there is no clinical data yet, Tim-3 has been
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reported to be co-expressed with PD-1 on human tumor-specific CD8* T cells, and dual
blockade of both molecules significantly enhances the in vitro proliferation and cytokine
production of human T cells (11). Furthermore, in vivo studies have shown that Tim-3
blockade alone, or in combination with PD-1 blockade, is able to control tumor growth in
four different tumor models, including melanoma (14, 36). A recent study showed that
Tim-3 blockade stimulates potent antitumor responses against established melanoma via NK
cell-dependent mechanisms when associated with a vaccine (37). However, in those studies
it was not clear if Tim-3 had a direct effect on NK cells. Our findings provide the first
evidence that Tim-3 blockade can directly reverse NK cell exhaustion and improve the
function of NK cells from melanoma patients. Even though the recovery of melanoma NK
cell function is significant, it is not complete. It is possible that Tim-3 works with other
receptors to regulate NK cell exhaustion, although we could not detect a role for either
CTLA-4 or PD-1. Nevertheless, combinatorial strategies that also target other inhibitory NK
cell receptors may enable the recovery of NK cell phenotype more completely. Our study
has direct clinical relevance since it shows for the first time that blocking Tim-3 improves,
ex vivo, the function of NK cells, which could be used for NK cell adoptive transfer therapy.
Moreover, our studies support the concept that systemic Tim-3 blockade could improve
antitumor response in the context of melanoma, as is the case with systemic CTLA-4 and
PD-1 blockade. Less adverse events should be expected with Tim-3 blockade since Tim-3-
deficient mice are viable and do not develop autoimmune or lymphoproliferative diseases
(12), as opposed to CTLA-4-deficient mice (38).

In conclusion, this study suggests that higher Tim-3 expression on NK cells is associated
with advanced stages of melanoma and with poor prognostic clinical parameters. We show
for the first time that Tim-3 is an exhaustion marker expressed in NK cells from advanced
melanoma patients and that its blockade reverses their exhausted phenotype. Tim-3,
therefore, represents a promising therapeutic target that could enhance antitumor immunity
with the potential to produce durable clinical responses that are dependent not only upon T
cells but also the innate immune system.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel. MD NK cells up-regulateinhibitory receptorsand down-regulate activating receptors
(A) Graphs compare the expression of the inhibitory receptors KIR3DL1 (HD n=18; MD

n=8) and KIR2DL3 (HD n=26, MD n=12) and the activating receptors NKG2D (HD n=25;
MD n=12), NKp46 (HD n=20, MD n=11) and DNAM-1 (HD n=10; MD n=10), in
peripheral blood NK cells purified from healthy donors and from melanoma patients. On the
right panel, plots depicting the expression of KIR3DL1, KIR2DL3, NKG2D, NKp46 and
DNAM-1 according to CD56 expression in NK cells from a representative healthy donor
and a representative melanoma patient. All experiments were performed in duplicate.
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Expression of IL-2R (a chain), IFNy production, and cytotoxicty were monitored every two
days over 6 days (day 0, 2, 4 and 6) by flow cytometry. (B) The percentage of Lamp-1* NK
cells from healthy (n=30) and melanoma donors (n=12) after a cytotoxic assay is shown
using K562 cells as target cells (upper |eft panel). The percentage of IFNy* NK cells from

healthy (n=22) and melanoma donors (n=9) is shown after 4h stimulation with IL-12

(middleleft panel). The percentage of proliferating NK cells from healthy (n=10) and
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melanoma donors (n=7) is shown after 6 days of culture in presence of 200U/ml of IL-2
(lower left panel). On the right panel of each graph, plots depicting the expression of
Lamp-1, IFNvy, and CFSE in NK cells purified from a representative healthy donor and a
representative melanoma patient are shown. (C) Graphs representing the MFI of T-bet and
Eomes on NK cells purified from healthy (n=19) and melanoma donors (n=14).
Representative plots are shown (Isotype control: black; HD: unfilled; MD: gray). All
experiments were performed in duplicate.
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(A) The percentage of LAMP-1* (n=8) and (B) the MFI of IFNy* cells (n=6) of NK cells

from melanoma donors pre-incubated with IgG-coated beads or anti-Tim-3-coated beads for
2h prior to evaluating the cytotoxic function or IFNy production. (C) Reverse-ADCC assay
using FcR* P815 cells. NK cells from melanoma or healthy donors were co-cultured with
P815 cells and different antibodies were added to the reaction: anti-Tim-3, anti-CD94
(negative control) or anti-CD16 (positive control). Data were normalized to the values
obtained for the condition: (A and B) with 1gG-coated beads (100%); (C) with no antibody.
All experiments were performed in duplicate.
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Figure5. NK cell exhaustion can be reversed by Tim-3 blockade
(A) Graph represents the expression of LAMP-1 (n=15; MFI) in NK cells from melanoma

donors incubated with 10 or 20ug/ml of soluble Tim-3 blocking antibody 1h before the
cytotoxic assay. (B) Plot shows the percentage of CFSE*7TAAD™ K562 cells (% of killed
K562 cells) in the presence of 10ug/ml of two different Tim-3 blocking antibodies (clone
2E2 or R&D #AF2365) 1h before the killing assay (n=9 MD). Graphs represent the
expression of (C) IFNy (n=12; MFI) and (D) the percentage of proliferating cells (h=10; %)
in NK cells from melanoma donors incubated with 10 or 20ug/ml of soluble Tim-3 blocking
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antibody 1h before the functional assays. (A, C and D) Plots depicting the expression of
LAMP-1, IFNy production and proliferation with (right panel) and without (middle panel)
Tim-3 blockade from a representative melanoma patient. Data were normalized to the values
obtained for the condition without blocking antibody. All experiments were performed in
duplicate.

Cancer Immunol Res. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

da Silva et al.

Page 22

B. 45 C. 35
g { 30
= 40 >
e o 2
°© 15
(3] [¥]
fl.l 35 ﬁ.l 10
o o 5
30 l iy . ° non-perm erm
10° 10! ) 10? 10° 10* 15 30 60 P P
0o Tim-3 minutes
[ . HH H T |:| 3
i1 1gG isotype control —e—Non permeabilized (anti-Tim-3) Eanti-Tim-3 (10)
Bl 2nti-Tim-3 blocking antibody --o- Permeabilized (anti-Tim-3) [Misotype (10)
D. ~ .
L 150 =
L 150
=3 =
2 100 2 400
8 8
+‘T 50 ‘-'T- 50
Q. a
£
© 0 g 0
- IgG-coated a-Tim-3- - IgG-coated a-Tim-3-
beads coated beads beads coated beads
Tim-3 cross-linking a-Tim-3-blocking = Tim-3 cross-linking
E. p=0.0451 p=0.0465
o 1404 p— ~~ 150+ —_
(=]
£ 120- >
% 1001 2 100
+o 80 8
60 +
% 404 £ 501
< 2
(i) 204 3]
g 0 T A = 0 T T
(-) anti-Tim-3 (-) anti-Tim-3
F. (g 45
£ 401 T
w 35+
D ¥ 1 7
O 25-
+ 20+
N
2 101
X
1 0

) o chain B chain y chain

Figure 6. Soluble Tim-3 blocking antibody inducesinter nalization of Tim-3 and up-regulation of
IL-2R (a and y chains)

(A) Plot depicting the decrease of Tim-3 expression in the membrane of NK cells after 1h
treatment with soluble Tim-3 blocking antibody. (B) Graph represents the MFI of NK cells
positive for the PE-conjugated, anti-mouse IgG antibody, with or without permeabilization
(n=6). (C) The previous experiment was repeated also including an isotype control. Graph
shows the percentage of cells positive for the PE-conjugated, anti-mouse 1gG antibody after
1h of incubation with antibodies (n=6). (D) The represents the MFI of Lamp-1* NK cells
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from healthy donors (n=6) after a cytotoxic assay with K562 cells. (L eft panel) NK cells
were pre-incubated (2h) with anti-Tim-3-coated beads or 1gG-coated beads. (Right panel)
Soluble Tim-3 blocking antibody was added 1h before crosslinking with anti-Tim-3-coated
beads as described previously. Data were normalized to the values obtained for the condition
with beads alone. (E) The plots show the expression of IL-2R « and vy chains (% of positive
cells) in NK cells untreated or after 1h of treatment with 10pg/ml of soluble Tim-3 blocking
antibody (n=7). Data were normalized to the values obtained for the condition without
blocking antibody. (F) The graph depicts the percentage of Lamp-1* NK cells after two days
of culture with 200U/mL of IL-2, untreated or treated with blocking antibody for a, p or
chain (n=5). All experiments were performed in duplicate.
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Tim-3 expression (%) and (MFI) according to demographic and clinical parameters with well-known

prognostic value

Table 1
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Demographic and clinical parameters | Number of patients Tim-3+ cells (%) Pvalue | Tim-3+ cells(MFI) P value
(N=83(%)) Mean(SD) Mean(SD)

Age Groupsa <= 45y 22 (27) 71.77(10.78) 0.4122 | 31.30(5.953) 0.9363
46-70y 30 (36) 69.51(13.52) 30.94(6.650)
>=71y 31(37) 66.34(18.15) 30.62(7.319)

Gen derb Female 27 (33) 69.19(12.67) 0.7544 | 30.09(6.630) 0.4382
Male 56 (67) 69.28(15.85) 31.31(6.701)

Stagea | 47 (56) 66.01(15.78) 0.2116 | 29.07(5.303) 0.0114
1 18 (22) 69.93(17.45) 32.39(7.895)
Hinv 18 (22) 73.28(9.973) 34.30(8.479)

Thickne$b <=1lmm 47 (57) 66.03(15.47) 0.041 29.18(5.642) 0.0059
>1lmm 36 (43) 72.70(13.20) 33.18(7.166)

2

Mitotic In dexb <l/mm 35(42) 65.01(15.83) 0.0056 | 29.28(5.771) 0.0278
>=1/mm? 42 (51) 73.54(10.21) 32.46(6.540)
Unclassified 6(7)

Ulcer ationb Absent 58 (70) 67.51(15.34) 0.0351 | 30.19(6.263) 0.0466
Present 19 (23) 75.58(9.979) 33.61(6.811)
Unclassified 6 (7)

LN atusb Negative 70 (84) 68.24(15.58) 0.3280 | 30.85(6.875) 0.8242
Positive 13 (16) 72.64(9.389) 31.30(5.647)

Met astasisb Absent 74 (89) 68.10(15.22) 0.1476 | 30.26(6.105) 0.0092
Present 9(11) 75.70(8.996) 36.31(8.840)

aOne-way analysis of variance (ANOVA);

bUnpaired T test
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