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Tim-3 is an inducible human natural killer cell receptor that enhances interferon
gamma production in response to galectin-9
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NK-cell function is regulated by the inte-
gration of signals received from activat-
ing and inhibitory receptors. Here we
show that a novel immune receptor, T-cell
Ilg and mucin-containing domain-3
(Tim-3), is expressed on resting human
NK cells and is up-regulated on activa-
tion. The NK92 NK-cell line engineered to
overexpress Tim-3 showed a marked in-
crease in IFN-y production in the pres-
ence of soluble rhGal-9 or Raji tumor
cells engineered to express Gal-9. The
Tim-3* population of low-dose IL-12/IL-18-

activated primary NK cells significantly
increased IFN-y production in response
to soluble rhGal-9, Gal-9 presented by
cell lines, and primary acute myelog-
enous leukemia (AML) targets that endog-
enously express Gal-9. This effect is
highly specific as Tim-3 Ab blockade sig-
nificantly decreased IFN-y production,
and Tim-3 cross-linking induced ERK ac-
tivation and degradation of IkB«. Expo-
sure to Gal-9-expressing target cells had
little effect on CD107a degranulation. Re-
constituted NK cells obtained from pa-

tients after hematopoietic cell transplanta-
tion had diminished expression of Tim-3
compared with paired donors. This obser-
vation correlates with the known IFN-y
defect seen early posttransplantation. In
conclusion, we show that Tim-3 functions
as a human NK-cell coreceptor to en-
hance IFN-y production, which has impor-
tant implications for control of infectious
disease and cancer. (Blood. 2012;119(13):
3064-3072)

Introduction

Human NK cells are lymphocytes that develop from hematopoietic
progenitor cells in the BM and secondary lymphoid tissues.!
Peripheral blood (PB) NK cells are phenotypically defined as
expressing the surface receptor CD56 (neural cell adhesion mole-
cule [NCAM]) and lacking expression of CD3.% They mediate their
function through the exocytosis of lytic granules that contain
perforin and granzymes,? the expression of death receptor ligands,*
the expression of FcRylIll, which mediates Ab-dependent cell-
mediated cytotoxicity,? and the secretion of cytokines and chemo-
kines.® As a result, NK cells take part in both the innate and
adaptive immune systems and play important roles in the control of
viral infections, pregnancy, tumor immunosurveillance, and hema-
topoietic cell transplantation (HCT).”3

The ability of NK cells to differentiate normal healthy cells
(self) from virally infected or malignantly transformed cells
(nonself) is regulated by a sophisticated repertoire of cell-surface
receptors that control their activation, proliferation, and effector
functions.”!! Recently, a novel receptor, T-cell Ig and mucin-
containing domain-3 (Tim-3), has been described to have various
roles in immune regulation and is highly expressed on NK cells in
mice and humans.'?!'7 Tim-3 is a type I membrane glycoprotein
that was first identified as a cell marker of terminally differentiated
CD4" Thl cells.'® Galectin-9 (Gal-9), a 40-kDa S-type B-galactoside
binding lectin, is a known ligand for Tim-3 and is highly expressed

in tissues of the immune system, such as the BM, lymph nodes,
thymus, and spleen.'®!® The functional role of the Tim-3/Gal-9
pathway in T cells was first described to negatively regulate the
Thl response.!® In contrast, stimulation of Tim-3-expressing
dendritic cells (DCs) results in the secretion of proinflammatory
cytokines.'>20 Therefore, the Tim-3/Gal-9 interaction is considered
to mediate both inhibitory and activating signaling pathways that
have important roles in infection, autoimmunity, inflammation,
peripheral tolerance, and tumor immunity.?!->

The potential of NKcells to control human hematologic
malignancies has been increasingly recognized in recent years.%26-27
Initial studies were based on the KIR-ligand incompatibility model
in which transplantation across the HLA class I barriers triggers
alloreactive NK-cell responses.®2%27 More recently, specific donor
NK-cell receptor repertoires have been associated with less relapse
and improved survival for patients receiving unrelated donor
transplants for both HLA-matched and HLA-mismatched set-
tings.?82° Therefore, to enhance the therapeutic effects of NK cells,
a better understanding of the mechanisms that underlie target cell
recognition is needed. Although Tim-3 is highly expressed on
NK cells compared with other lymphocyte populations,'®!7 the
functional relevance of this is not completely understood. These
experiments were designed to test the hypothesis that Tim-3 acts to
mediate NK-cell effector function.
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Methods

Cell isolation

Adult PB was obtained from the Memorial Blood Center (Minneapolis,
MN). PBMCs were isolated by centrifugation using a Histopaque gradient
(Sigma-Aldrich) and NK cells were negatively selected using the magnetic-
activated cell sorting (MACS) NK Cell Isolation Kit as per the manufactur-
er’s protocol (Miltenyi Biotec). Additional samples from patients who
received double unit umbilical cord blood transplants using cyclosporine
and mycophenolate mofetil GVHD prophylaxis were analyzed. All samples
were obtained after informed consent in accordance with the Declaration of
Helsinki, using guidelines approved by the Committee on the Use of
Human Subjects in Research at the University of Minnesota.

Cell lines

NKO92 cells were cultured at 37°C with 5% CO, in NK92 medium
(oo medium containing 12.5% FBS, 12.5% horse serum [HyClone Laborato-
ries], 0.2mM inositol, 0.ImM [-mercaptoethanol, 0.02mM folic acid
[Sigma-Aldrich], 100 U/mL penicillin, 100 U/mL streptomycin [Invitro-
gen]) containing 500 U/mL recombinant human IL-2 (Chiron). Raji cells
were cultured at 37°C with 5% CO, in RPMI medium supplemented with
10% FBS. K562 cells were cultured at 37°C with 5% CO, in Iscove
medium supplemented with 20% FBS.

Cell transfection

The full-length human Tim-3 cDNA or Gal-9 cDNA, generated by RT-PCR
from RNA obtained from primary human NK cells and Jurkat cells,
respectively, was cloned into the murine stem cell virus (MSCV) enhanced
GFP (eGFP) vector upstream of the internal ribosomal entry sequence using
Gateway Cloning Technology (Invitrogen Life Technologies). The Tim-3
MSCYV or Gal-9 MSCYV vector was transfected into 293T cells along with a
pCL packaging vector to generate virus particles. In a 6-well plate, 2 X 10°
NK92 or Raji cells were suspended in 3 mL of thawed retrovirus
supernatant containing 10 pwg/mL protamine sulfate, centrifuged at 700g for
120 minutes at 33°C, rested for 2 hours at 33°C, 5% CO, and repeated once
again the following day. Cells were then cultured for 24-48 hours. eGFP*
cells were then selected using the FACSAria (BD Biosciences) and protein
expression was evaluated via Western blot and FACS analysis using
monoclonal anti-human Tim-3 Ab and anti-human Gal-9 Ab (R&D
Systems).

Flow cytometry

Single-cell suspensions were stained with the following mAbs: PE/Cy7-
conjugated CD56 (HCDS56; BioLegend), ECD-conjugated CD3 (UCHTI;
Beckman Coulter), PE-conjugated Tim-3 (R&D Systems), PerCP/Cy5.5-
conjugated anti-human CD107a (LAMP-1, H4A3; BioLegend), and Pacific
Blue—conjugated anti-human IFN-y (4S.B3; BioLegend). Phenotypic acqui-
sition of cells was performed on the LSRII (BD Biosciences) and analyzed
with FlowJo software (TreeStar Inc).

Western blot analysis

Western blot analyses were carried out according to standard protocols with
Abs raised against human Gal-9 (R&D Systems; 1:200), IkBa (Cell
Signaling; 1:1000), p44/42 MAPK (Erk1/2; Cell Signaling; 1:1000), and
B-actin (Cell Signaling; 1:1000; B-actin was used as a loading control).
Protein expression was detected using the SuperSignal West Pico Chemilu-
minescent Substrate kit (Thermo Scientific) according to the manufactur-
er’s instructions. For analysis of IkBa degradation and ERK phosphoryla-
tion, purified primary PB NKcells were stimulated with plate-bound
anti—-Tim-3 mAb (clone 2E2; Biolegend; 10 pg/mL) for the indicated time
points, harvested, and centrifuged at 1250g for 5 minutes at 4°C and then
immediately lysed in NP-40 lysis buffer (Invitrogen) supplemented with
protease and phosphatase inhibitors. Lysates were clarified by centrifuga-
tion at 13 200g for 10 minutes at 4°C.
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Cytokine production and CD107a degranulation assay

NK92 cells, freshly isolated PBMCs, or purified PB NK cells were
incubated for 16 hours with IL-12 (1 ng/mL) and IL-18 (10 ng/mL; both
from R&D Systems). Cells were washed in 1 X PBS, treated with 10 pg/mL
anti-Tim-3 mAb or Ig controls (rat IgG2a; R&D Systems) and incubated for
15 minutes at 37°C. For HLA-blocking experiments using primary acute
myelogenous leukemia (AML) and chronic myelogenous leukemia (CML)
tumor cells, targets were preincubated for 15 minutes with 20 pg/mL
anti-human HLA mAb (kindly provided by Lopez Botet, University
Pompeu Fabra, Spain) or Ig control (human IgGl; R&D Systems).
Anti-human CD107a mAb was added alone or with target cells (Raji eGFP,
Raji Gal-9, primary AML, or primary CML tumor cells; E:T ratios 10:1 or
2:1) or recombinant human Gal-9 (rhGal-9; Gal Pharma) and incubated for
1 hour. GolgiStop (1:1500) and GolgiPlug (1:1000; both from BD Biosci-
ences) were added and cells were further incubated for 5 hours. Cells were
then harvested and stained with mAb CD56, CD3, and Tim-3 before
fixation and permeabilization. Permeabilized cells were then stained for
intracellular IFN-y using anti-human IFN-y mAb. IFN-y and CD107a
expression was evaluated by FACS analysis. Select chemokines/cytokines
were measured in supernatant. Purified PB NK cells were exposed to 20nM
rhGal-9 for 4 hours with or without priming for 16 hours with IL-12
(1 ng/mL) and IL-18 (10 ng/mL). Supernatant levels of IFN-y, GM-CSF,
1L-10, IL-8, MIP-1a, MIP-1P3, and RANTES were determined by multiplex
assay using the Luminex system and human-specific bead sets (R&D
Systems; sensitivity 0.3-2.0 pg/mL).

Results
Tim-3 is expressed on human NK cells

Tim-3 has been described to have diverse innate and adaptive
immunomodulatory roles.?>> Although NK cells express Tim-
3,15.16 Jjttle is known about its function. We first examined Tim-3
expression on PBMCs from normal healthy volunteers. Among
resting lymphocytes, the CD56*/CD3~ NK-cell population had the
highest percentage of Tim-3—expressing cells (49% * 2%) com-
pared with CD567/CD3* NKT (6% * 1%, P < .001, n = 10) and
CD56~/CD3* T-cell populations (1% = 0%, P < .001, n = 10;
Figure 1A). The unique subset of IFN-y—producing CD56PBright
NK cells* exhibited significantly lower resting Tim-3 expression
compared with CD56P™ NK cells (53% = 6% vs 72% * 5%
[P <.001, n =20]). Tim-3 expression was up-regulated in re-
sponse to IL-2, IL-15, IL-12, and IL-18 with doses as low as
0.1 ng/mL, and had a minimal response to IL-7 or IL-21 (Figure
1B-C). Together, IL-12 and IL-18 potently increased Tim-3 expres-
sion in a 1:1 ratio beginning at 5 ng/mL and in a 1:10 ratio
beginning at 0.5:5 ng/mL (Figure 1C). No significant differences
were observed in Tim-3 expression between CD56B1¢h and CD56P™
NK cells with lower concentrations of IL-2 and IL-15 priming.
However, with low concentrations of IL-12 and IL-18 priming
Tim-3, expression in CD56B1¢" NK cells was significantly higher
compared with CD56P™ NK cells (Tim-3 mean fluorescence
intensity [MFI] 31 £ 4 vs 17 = 2 at IL-12 [0.1 ng/mL] and IL-18
[1 ng/mL; P = .005,n = 8]). Tim-3 expression induced with IL-12
(1 ng/mL) and IL-18 (10 ng/mL) cytokine stimulation decreased
24 hours after cytokine withdraw and was relatively absent after
48 hours. In T cells, it has been shown that the transcription factor
T-bet binds to the Tim-3 promoter and is important for Tim-3
transcription.!> Real-time PCR analysis of IL-2, IL-15, IL-12,
1L-18, and IL-12/IL-18-stimulated NK cells revealed an increase
in Tim-3 mRNA expression (except for IL-18) that also correlated
with an increase in T-bet mRNA expression, suggesting a similar
mechanism of Tim-3 induction for NK cells as seen in T cells
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(supplemental Figure 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).

Tim-3 is an activating coreceptor on NK cells and promotes
IFN-y production

As Tim-3 is highly expressed on resting NK cells and up-regulated
with activation, we hypothesized that Tim-3 may be important in
mediating NK-cell function. To test this, we first overexpressed
Tim-3 in the IL-2-dependent NK-cell line, NK92, which has low
endogenous Tim-3 expression (34% = 4% for NK92 native cell
line vs 91% =+ 2% for NK92 Tim-3 cell line). The NK92 native,
NK92 eGFP control, and NK92 Tim-3 cell lines were then treated
with soluble rhGal-9 in the presence of a Tim-3 blocking mAb or
isotype control, and intracellular IFN-vy levels were evaluated
(Figure 2A). rhGal-9 concentrations of 10nM to 100nM induced
significant increases in IFN-y production in the NK92 Tim-3 cell
line compared with the NK92 native and NK92 eGFP control cell
lines. Gal-9 has been shown to have a dose-dependent apoptotic
effect.?? Although induction of apoptosis was observed at high
concentrations (> 50nM) of rhGal-9, there was no apoptosis at
lower concentrations used to evaluate function. Blocking the
Tim-3/Gal-9 interaction eliminated the induction of IFN-vy levels in
the NK92 Tim-3 cell line at all rhGal-9 concentrations tested. These
results show that engagement of Tim-3 by rhGal-9 is specific and
identifies Tim-3 as an activating coreceptor that induces NK92
cells to produce IFN-vy.

We next evaluated the effect of Tim-3 on NK-cell function when
its ligand was presented in a cellular context. The NK-resistant
target Burkitt lymphoma—derived Raji cell line, which does not
endogenously express Gal-9, was transduced with full-length Gal-9
(Figure 2B). The NK92 cell lines were then coincubated with Raji
eGFP control or Raji Gal-9 targets and intracellular IFN-y levels
were measured (Figure 2C). We observed a significant increase in
IFN-y production by the NK92 Tim-3 cell line (compared with the
NKO92 native and eGFP control cell lines) when exposed to the Raji

1 5
Concentration (ng/mL)
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Figure 1. Tim-3 is expressed on resting NK cells and
is up-regulated on activation. (A-C) PBMCs and puri-
fied PB NK cells were stained with anti-CD56, anti-CD3,
and anti-Tim-3 mAbs. (A) Tim-3 expression on resting
lymphocyte populations was determined by FACS analy-
sis and a representative donor is shown in flow plot A.
(B) PBMCs were enriched for CD56%/CD3~ NK cells
using a negative immunomagnetic bead depletion strat-
egy. NK cells were incubated overnight in basal media or
media containing IL-15, IL-2, IL-7, or IL-21 at the indi-
cated concentrations. Tim-3 MFI was determined by
FACS analysis (n = 8). (C) PBMCs were enriched for
CD56%/CD3~ NK cells using a negative immunomag-
netic bead depletion strategy. NK cells were incubated
overnight in basal media or media containing IL-12 alone,
IL-18 alone, IL-12 and IL-18 (concentration ratio of 1:1),
and IL-12 and IL-18 (concentration ratio of 1:10) at the
indicated concentrations. Tim-3 MFI was determined by
FACS analysis (n = 8).

10 50

Gal-9 targets compared with the Raji eGFP control targets
(31% = 1% for Raji eGFP control vs 53% * 4% for Raji Gal-9
[P < .001]). Moreover, Tim-3 blockade of the NK92 Tim-3 cell
line significantly decreased IFN-y levels, which was greatest in the
Raji Gal-9 targets, but also observed in the Raji eGFP control
targets. This is consistent with the fact that Tim-3 is capable of
engaging other moieties®'32 and suggests that Raji expresses other
Tim-3 ligands.

Having established the function of Tim-3 in the NK92 cell line,
we were interested in investigating how Tim-3 affects the function
of primary NK cells. We first examined the IFN-vy response of
primary PB NK cells to rhGal-9 without cytokine stimulation;
modest increases in IFN-y production were noted in resting
NK cells with rhGal-9 treatment alone despite Tim-3 expression.
These results suggest that Tim-3 acts as an activating coreceptor
and that cytokine priming is a requirement for enhanced Tim-3
function. Therefore, NK cells were isolated from normal healthy
volunteers and activated overnight with 1ng/mL IL-12 and
10 ng/mL 1L-18 based on Figure 1C and the finding that these
concentrations were a weak IFN-y stimulus. We also chose these
cytokines to explore further as murine IL-12 knockout studies have
shown that IL-12 has a vital role in the physiologic antitumor and
antiviral immune response, which is mediated in part through
NK-cell IFN-y production.?*34 A unique Tim-3 expression pattern
was found on post-IL-12 and IL-18-activated NK cells, which
divided cells into 4 distinct populations: Tim-3 was homoge-
neously up-regulated on all CD5651ght NK cells while CD56P™
NK cells were stratified into 3 defined populations based on
Tim-3M, Tim-3', and Tim-3"2 expression levels. Analysis of these
populations revealed that the Tim-3—expressing NK cells were the
predominant IFN-y—producing cells, with the Tim-3" NK cells
producing the highest IFN-y levels (30% * 6% for Tim-3M,
17% = 5% for Tim-3', and 11% = 4% for Tim-3"¢ [n = 15];
Figure 3A). We next sorted CD568"¢ht, CD56P™/Tim-3 ", and the
higher fraction of the CD56P™/Tim-3" resting NK-cell populations
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Figure 2. The Tim-3 ligand Gal-9 increases IFN-y production in the Tim-3—
transduced NK92 cell line. (A) NK92 cell lines were stimulated with rhGal-9 for
4 hours in the presence of a blocking Tim-3 mAb or isotype control Ab and
intracellular IFN-y production was determined by FACS analysis (*P < .01, NK92
Tim-3 vs NK92 native [n = 5] and NK92 Tim-3 vs NK92 Tim-3 blocked [anti-Tim-3
mAb, n = 5]). (B) The full-length human Gal-9 gene was cloned into a MSCV vector
and the Raji cell line was transduced as described. Gal-9 protein expression (40 kDa)
was confirmed by Western blot analysis. The Jurkat cell line has endogenous Gal-9
expression and was used as the positive control. The murine stromal cell line
ELO08-1D2 was used as the negative control. (C) NK92 cell lines were incubated in the
presence of Raji eGFP and Raji Gal-9 target cell lines for 5 hours and intracellular
IFN-y production was determined via FACS analysis (*P < .001, n = 5; error bars
represent SEM).

and stimulated these cells overnight with 1 ng/mL IL-12 and
10 ng/mL IL-18. After activation, the majority of the CD56Bright
NK cells exhibited a Tim-3" phenotype (72% * %5), with
32% = 3% of the CD56P™/Tim-3~ population and 74% = 4% of
the CD56P™/Tim-3* population acquiring a Tim-3" phenotype
(Figure 3B). IFN-y production within these activated NK-cell
populations in response to stimulation with 10nM rhGal-9 was next
evaluated. There was a significant increase in IFN-y production
within the Tim-3M-expressing populations compared with the
Tim-3"¢ populations when exposed to rhGal-9. This increase in
IFN-y production within the Tim-3—expressing NK-cell popula-
tions was abrogated by the addition of (3-lactose, a 3-galactoside
that binds and blocks Gal-9 activity. In agreement with the
intracellular data, Luminex analysis revealed an increase in IFN-y
production of resting bulk CD56* NK cells in response to a 4-hour
exposure to 20nM rhGal-9 (baseline: 0 = 0 pg/mL vs rhGal-9
stimulated: 30 = 10 pg/mL; P < .05; n = 6). To confirm the Tim-3
specificity of this response to rhGal-9, we subsequently sorted the
Tim-3* and Tim-3~ fractions of IL-12— and IL-18-activated
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NK cells and measured IFN-y production in response to rhGal-9 in
the presence of a Tim-3-blocking mAb (Figure 3C). There was a
significant decrease in IFN-y production within the Tim-3* NK cells
with the application of the blocking mAb, confirming that the
increase in IFN-y levels in response to rhGal-9 was induced via
interaction with Tim-3.

The production of other cytokines and chemokines induced by
4-hour exposure to 20nM rhGal-9 was also examined in purified
bulk CD56% NK cells primed with IL-12 (1 ng/mL) and IL-18
(10 ng/mL). An increase in MIP-1a (OnM: 670 = 120 pg/mL vs
20nM: 2331 = 203 pg/mL; P <.001, n=4), MIP-1B
(535 =92 pg/mL vs 3262 = 1209 pg/mL; P = .04, n = 4), and
RANTES (603 = 188 pg/mL vs 1530 = 301 pg/mL; P = .04,
n = 4) was observed. No differences were observed for GM-CSF,
IL-10, and IL-8. Although the addition of (3-lactose potently
blocked the effect of 20nM rhGal-9 (MIP-1a: 727 % 102 pg/mL,
P <.001; MIP-1B: 514 = 86 pg/mL, P = .06; RANTES:
574 = 220 pg/mL, P = .04), addition of the Tim-3-blocking mAb
had a minimal effect. As the activation thresholds and kinetics of
NK-cell chemokine and cytokine responses are different,'! our data
suggest Tim-3 may be less important for the early chemokine
response and have a more prominent role in the IFN-y response.

Initial experiments evaluating the mechanism by which rhGal-9
induces NK-cell IFN-y production revealed the involvement of
MEKI1/2 and NFkB signaling components (supplemental Figure
2). To further understand the direct mechanism by which Tim-3
enhances IFN-v, purified NK cells were stimulated with an agonis-
tic anti-Tim-3 mAb and activation of ERK (Figure 4A) and
degradation of the NFkB inhibitor IkBa (Figure 4B) were exam-
ined. After 15 minutes of Tim-3 engagement, an increase in ERK
phosphorylation was observed. Furthermore, 30 minutes of Tim-3
engagement led to degradation of IkBa, indicating Tim-3 is
involved in NFkB signaling. Together, these results further estab-
lish Tim-3 as an activating coreceptor, which requires 1L-12 and
IL-18 priming to enhance IFN-vy cytokine production.

To examine the effect of Tim-3 in primary human NK cells
when Gal-9 is presented in a cellular context, we coincubated IL-12
(1 ng/mL) and IL-18 (10 ng/mL) activated PBMCs with Raji eGFP
control or Raji Gal-9 target cells. We observed an increase in
NK-cell IFN-y production when exposed to Raji Gal-9 target cells
compared with the Raji eGFP control target cells and Tim-3
blockade significantly reduced this increase against the Raji Gal-9
targets (9% = 1% vs 5% = 1% [P < .05]; Figure 5A). We also
evaluated CD107a expression, a marker of degranulation that
correlates with NK cell-mediated lysis of target cells. Although
there was a slight increase in CD107a expression after coculture
with the Raji Gal-9 target cells compared with the Raji eGFP
control target cells and blocking Tim-3 resulted in a small decrease,
these differences were not significant (Figure 5B). Collectively,
these data demonstrate Tim-3 functions to activate NK cells
significantly enhancing their ability to produce IFN-y and has a
lesser effect on degranulation when primed with IL-12 and IL-18.

Diminished Tim-3 expression on NK cells correlates with
impaired IFN-y production in vivo

Studying patients undergoing allogeneic HCT for the treatment of
leukemia provides a unique in vivo opportunity to investigate
donor NK-cell function in the context of human disease.’® There-
fore, Tim-3 expression on NK cells from normal healthy volunteers
and HCT donor/recipient pair patient samples was next evaluated.
In posttransplant recipients at both the 3-month and 6-month time
points, Tim-3 NK-cell expression was significantly lower than that
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Figure 3. Primary Tim-3* NK cells specifically produce IFN-y in response to rhGal-9. (A) Purified PB NK cells were incubated overnight in media containing IL-12
(1 ng/mL) and IL-18 (10 ng/mL) and intracellular IFN-y production was determined by FACS analysis. One representative donor is shown in flow plots A. (B) Resting NK-cell
populations CD5689"t, CD56P'M/Tim-3-, and CD56P™/Tim-3* were sorted and incubated overnight in media containing IL-12 (1 ng/mL) and IL-18 (10 ng/mL). Each sorted,
activated population was exposed to 10nM rhGal-9 with and without B-lactose (30mM) blocking and the percentage of control intracellular IFN-y production (calculated as
[% cells IFN-y* at 10nM/% cells IFN-y* at OnM] x 100) was determined within the Tim-3"¢9 and Tim-3" fractions via FACS analysis (*P < .005, n = 5). (C) IL-12 (1 ng/mL) and
IL-18 (10 ng/mL) activated NK cells were sorted into Tim-3* and Tim-3~ cell populations and exposed to rhGal-9 (OnM, 10nM, and 20nM) with and without blocking using
anti-Tim-3 mAb. The percentage of control intracellular IFN-y production (calculated as [% cells IFN-y* at 10nM or 20nM/% cells IFN-y* at OnM] X 100) determined via FACS

analysis (*P < .05, n = 5; error bars represent SEM).

of the paired donor (53% = 2% for paired donor vs 23% = 7% in
the recipient at 3 months [P = .005], and 32% = 5% in the

A
0 15 45 PMA
B
00 5 15 30" 45 60° PMA
IxkBa
Loading CTL

Figure 4. Tim-3 engagement induces IkBa degradation and ERK activation.
(A-B) Purified PB NK cells were cross-linked with plate-bound anti—Tim-3 mAb for the
indicated times. Cells were stimulated with phorbol 12-myristate 13 acetate (PMA) for
15 minutes as a positive control. (A) Western blot analysis of ERK phosphorylation.
Scanning densitometry was used to determine the relative expression levels of
protein after normalizing to B-actin as a loading control. (B) Western blot analysis of
total IkBa degradation. Data in panels A and B are representative of 4 independent
experiments.

recipient at 6 months [P = .007]; Figure 6A). When these cells
were coincubated with the highly NK-sensitive target cell line
K562 and intracellular IFN-vy levels were measured, we observed a
significant impairment in the ability of recipient NK cells after
transplantation to produce IFN-y compared with their paired
donors (Figure 6B). As our data above demonstrate, Tim-3 has a
pivotal role in enhancing NK-cell IFN-y production. When we
evaluated IFN-y levels within the Tim-3* populations of the
donor/recipient pairs, we also found significant decreases in
IFN-vy levels of the posttransplant recipient NK cells compared
with the paired donors (10% = 1% for the donor vs 2% * 1% in
the recipient at 3 months [P < .002]), suggesting that the
posttransplantation defect may go beyond just reduced expres-
sion of Tim-3 alone.

Tim-3 blockade decreases NK-cell IFN-y production against
primary AML tumor targets

To evaluate the functional contribution of Tim-3 and its impact in
NK-cell targeting of leukemia cells, we examined the Gal-9
expression profile of human primary AML and CML samples via
Western blot and IHC. Analysis revealed primary CML samples to
be Gal-9 negative while primary AML samples had high levels of
Gal-9 expression (Figure 7A; IHC, data not shown). PBMCs were
then isolated from normal healthy volunteers and coincubated with
primary AML tumor cells from patients and IFN-y levels were
evaluated (Figure 7B). Tim-3 blockade resulted in a significant
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Figure 5. Blocking Tim-3 decreases IFN-y production in primary human
NK cells and has a minimal effect on degranulation. (A-B) IL-12 (1 ng/mL) and
IL-18 (10 ng/mL) activated PBMCs were coincubated with Raji eGFP and Raji Gal-9
target cell lines in the presence of a blocking Tim-3 mAb or isotype control for 5 hours
at an E:T ratio of 10:1. (A) Intracellular IFN-y production (*P < .05, n = 6) and
(B) CD107a expression (n = 6) was determined by FACS analysis (error bars
represent SEM).

reduction of NK-cell IFN-y levels after target cell exposure.
To better evaluate the contribution of Tim-3 to NK-cell activation,
we applied a pan-HLA blocking Ab to the primary AML target cells
to eliminate overriding inhibitory signals and then measured
IFN-vy production with and without Tim-3 blockade. As expected,
IFN-v levels increased with the application of the HLA-blocking
Ab alone. When both the anti-HLA and anti-Tim-3-blocking Abs
were applied, we observed a significant decrease in NK-cell [FN-y
production, thus confirming the functional contribution of Tim-3 in
NK-cell targeting of primary AML cells. This effect was specific as
CML patient samples, which lack Gal-9 expression, did not reveal
significant functional differences with Tim-3 blockade (Figure 7B).

As data in Figure 5B showed a minimal role of Tim-3 in
NK-cell degranulation against the Raji target cell lines when
primed with IL-12 and IL-18, we next evaluated whether this was
also true for primary leukemia cells. PBMCs isolated from normal
healthy volunteers were coincubated with primary AML and CML
tumor cells from patients in the presence of a blocking Tim-3 mAb
or isotype control, and CD107a expression levels were measured
(Figure 7C). In agreement with the Raji cell line data, there were no
differences in CD107a degranulation with Tim-3 blockade for
either of the primary AML or CML targets.

Discussion

In this study, we have examined the expression and function of a
novel immune receptor Tim-3 in primary human NK cells. Among
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resting lymphocyte populations, NK cells have the highest percent-
age of cells expressing Tim-3. In response to cytokine stimulation,
Tim-3 expression increased and engagement of Tim-3 with the
Gal-9 ligand induced significant increases in IFN-vy production that
were abrogated by Tim-3 blockade. Tim-3 directly signals as
engagement of Tim-3 led to ERK activation and degradation of the
NFkB inhibitor IkBa. In contrast to its effect on cytokine
production when primed with IL-12 and IL-18, Tim-3 blockade
minimally affected NK-cell degranulation. Reconstituted posttrans-
plantation NK cells from HCT recipients have reduced levels of
Tim-3 expression that correlated with impaired IFN-y production
and IFN-vy production by NK cells targeting Gal-9—positive pri-
mary AML tumors was significantly reduced with Tim-3 blockade.
Our data collectively show that Tim-3 functions as an activating
coreceptor in human NK cells to enhance IFN-y production when
engaged by its ligand Gal-9 supporting a model whereby Tim-3 is
up-regulated by inflammatory cytokines and NK-cell cytokine
production is enhanced by Tim-3/Gal-9 interactions.

The functional role of the Tim-3/Gal-9 pathway was first
described as a mechanism to negatively regulate the Th1 response,
inhibiting IFN-y production and inducing cell death.!$20 Subse-
quently, this interaction has been described to have important roles
in infection, autoimmunity, inflammation, and tumor immunity
serving to down-regulate T-cell responses.?22325 In contrast,
stimulation of Tim-3—expressing DCs or macrophages results in the
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Figure 6. NK cells from posttransplant recipients have reduced Tim-3 expres-
sion compared with normal paired donors, which correlates with decreased
IFN-y production. (A) PBMCs from normal healthy volunteers, normal pair donors,
and posttransplant recipient patient samples (from time points of 3 and 6 months)
were stained with anti-CD56, anti-CD3, and anti—Tim-3 mAb. Tim-3 expression was
evaluated by FACS analysis within the gated CD56/CD3~ NK-cell population
(n =4). (B) PBMCs from normal healthy volunteers, normal pair donors, and
posttransplantat recipient patient samples (from time points of 3 and 6 months) were
coincubated with the K562 target cell line at an E T ratio of 2:1 for 5 hours and
intracellular IFN-vy levels were measured within the total CD56*/CD3", Tim-3, and
Tim-3~ NK-cell populations via FACS analysis (n = 4; error bars represent SEM).
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Figure 7. Tim-3 blockade decreases IFN-y production of activated
human NK cells against primary AML tumor cells, but has no effect
on degranulation. (A) Western blots were performed on cell lysates of
AML (n = 2) and CML (n = 2) tumor cells to evaluate Gal-9 (40 kDa)
expression. The Jurkat cell line has endogenous Gal-9 expression and
was used as the positive control. The murine stromal cell line EL08-1D2
was used as the negative control. (B-C) PBMCs were incubated overnight
in media containing IL-12 (1 ng/mL) and IL-18 (10 ng/mL) and a 5-hour
CD107a/IFN-y assay was performed as described using primary human
AML and CML tumor cell targets. The percentage of control intracellular
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secretion of proinflammatory cytokines, thus exposing a dual
function for Tim-3 in immunoregulation.'> A recent study examin-
ing the role of Tim-3 in NK cells in the context of hepatitis B virus
(HBV) infection showed increased cytotoxicity of NK cells iso-
lated from chronic hepatitis B patients against HepG2.215 targets
with the blockade of Tim-3, while IFN-y levels were not affected.
Our results demonstrate an immunopotentiating role for Tim-3,
enhancing IL-12— and IL-18—primed NK-cell IFN-y production
with little effect on NK-cell degranulation in the context of tumor
immunity. This raises the question of how triggering one receptor
can lead to 2 distinct functional outcomes. One possibility is that
Tim-3 function is influenced by the surrounding microenviron-
ment. This concept is supported by findings describing Tim-3
function in CD8" cytotoxic T cells. In a mouse model of fibrosar-
coma, increased antitumor activity, as indicated by enhancement of
IFN-vy, perforin, and granzyme B function, was reported in
CD8*Tim-3" T cells in the presence of Gal-9—expressing DCs.*” In
contrast, ShRNA knockdown of Tim-3 in a mouse model of HBV
infection resulted in significant increases in IFN-y production from
hepatic CD8" T cells.® All of this supports the notion of a
functional threshold that governs the activating or inhibitory
potential of Tim-3, causing the receptor to act as rheostat that
fine-tunes the cell response.

Although the molecular basis for Tim-3 signaling is still
evolving, it is proposed that Tim-3 may facilitate both positive and
negative signaling cascades through differential tyrosine phosphor-
ylation of the cytoplasmic tail. The intracellular tail of Tim-3
contains 6 conserved tyrosine residues and a Src homology 2 (SH2)
binding motif that, upon Tim-3 cross-linking, displayed differential
tyrosine phosphorylation patterns in DCs and T cells.””> These
results indicate that Tim-3 is able to initiate distinct signaling
events that lead to different functional outcomes in a cell-specific

N anti-HLA+anti-Tim-3 mAb

manner. Furthermore, a recent study examining the role of the
cytoplasmic tail tyrosine residues of Tim-3 in T cells shows that the
dominant activity of the 3 most C-terminal tyrosine residues is
inhibitory with 2 of the more N-terminal tyrosine residues display-
ing an activating function.® Differential function through a single
receptor in the same cell, however, is not without precedent in
NK-cell biology. One such receptor is 2B4 (CD244), which has
been shown to initiate both positive and negative signaling events
that are mediated, in part, by differential tyrosine phosphorylation
of the cytoplasmic tail and the availability of 2 distinct adaptor
proteins, SAP and EAT-2.44> Therefore, it is plausible that
differential tyrosine phosphorylation within the cytoplasmic tail of
Tim-3 may serve to mediate the recruitment of alternative adaptor
proteins that ultimately lead to NK-cell activation or inhibition.

Although Gal-9 is a known ligand of Tim-3 and interacts with
the N-linked carbohydrates attached to the IgV region via its
2 carbohydrate recognizing domains (CRDs), Tim-3 has been
described to contain another conserved binding domain that has
Gal-9 independent binding activities.'®31-32 Our data showing an
increase in NK92 Tim-3 IFN-y production in the presence of
Gal-9-negative Raji eGFP control targets suggest there are addi-
tional ligands for Tim-3 that have a functional role. Therefore,
regulation of positive or negative signaling pathways through
Tim-3 may be ligand-dependent and rely on a balance between the
interplay of the multiple Tim-3-binding activities. This is the case
for the related protein Tim-1, where 2 different Abs with distinct
binding affinities for the IgV domain have been shown to induce
opposing functions.** Consequently, the Tim-3—interacting ligand
may influence the effect of Tim-3 on cell function, ultimately
contributing to the dual roles of this receptor exhibited within the
same cell.

20z Aey 81 uo 3sanb Aq Jpd-y90£00Z 1L €108UZ/B0SEYE L/¥I0E/EL/6 | L AAPd-B]oIlE/POO|G/8U sUORedlqndyse//:diy wouy papeojumoq



BLOOD, 29 MARCH 2012 - VOLUME 119, NUMBER 13

Stimulation with both soluble rhGal-9 and membrane-bound
Gal-9 demonstrated a preferential effect of the Tim-3/Gal-9
pathway on NK-cell IFN-y production compared with degranula-
tion when primed with IL-12 and IL-18. Emerging evidence has
revealed a clear dichotomy in signals that regulate NK-cell
cytokine production versus cytotoxicity on stimulation of a single
receptor.30444 These divergent pathways involve the use of
different kinases and adaptor proteins to facilitate each function.
We found that rhGal-9 was not a strong enough Tim-3 stimulus for
resting NK cells to elicit either cytokine production or degranula-
tion. However, when we primed with IL-12 and IL-18 Tim-3
enhanced this stimulus and increased IFN-vy production. Taken
together, this suggests that Tim-3 is dependent on the recruitment
of key adaptor molecules through prior activation before signaling
can occur. Furthermore, the function of Tim-3 as a coreceptor may
primarily act to fine-tune a cellular response from cytokine
exposure and/or signals delivered from other NK-cell receptors.

As NKcells do not require presensitization for antitumor
activity and do not induce GVHD in an allogeneic transplantation
setting, they are considered to be an attractive option for immuno-
therapy.$262746 To enhance the therapeutic effects of donor NK cells,
it is critical to identify functional receptors essential for the
interaction of malignant tumor cells and effector NK cells. We have
demonstrated that engagement of a novel NK-cell receptor Tim-3
positively regulates IFN-y—producing NK cells, which have a
central role in tumor immunosurvelliance. The antitumor mecha-
nisms of IFN-vy include both direct and indirect targeting, function-
ing to inhibit cellular proliferation,*’ promote apoptosis through the
up-regulation of caspases, FAS and TRAIL,* inhibit angiogen-
esis,* and prime the transition of the immune response from innate
to adaptive immunity. As a result, enhancement of IFN-y produc-
tion by Tim-3 has important implications for NK-cell effector
function against cancer and infected cells.

Donor-derived NK cells are recognized to mediate beneficial
GVL reactions in HCT and ultimately provide protection against
relapse for patients with AML.?646:30 We have shown that Tim-3*
NK-cell IFN-y function is enhanced against Gal-9—positive AML
primary tumors compared with Gal-9-negative CML primary
tumors. These results are consistent with the finding that NK-cell
effects are strongest in patients with AML compared with other
myeloid leukemias. Our results demonstrating reduced Tim-3
expression in posttransplantation reconstituted NK cells from HCT
recipients, which correlated with an impairment to produce IFN-v,
indicate that Tim-3 expression on NK cells is developmentally
regulated and further supports our hypothesis that Tim-3 function
in NK cells is important in the context of HCT. Enhancing Tim-3
expression early posttransplantation may, therefore, have an essen-

Tim-3 FUNCTION IN HUMAN NK CELLS 3071

tial role in augmenting the NK-cell immune response against
residual tumor cells. Collectively, our data show that Gal-9—
positive tumors are more susceptible to NK-cell recognition and
targeting via interaction with Tim-3. Furthermore, the Tim-3/Gal-9
pathway may have a critical role in clearing residual disease.
Understanding this mechanism can lead to strategies to overcome
early posttransplantation limitations, providing protection against
relapse and infection, and ultimately improving survival outcomes.
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