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Natural killer (NK) cells are innate lympho-
cytes that play an important role against
viral infections and cancer. This effect is
achieved through a complex mosaic of
inhibitory and activating receptors ex-
pressed by NK cells that ultimately deter-
mine the magnitude of the NK-cell re-
sponse. The T-cell immunoglobulin— and
mucin domain-containing (Tim)-3 recep-
tor was initially identified as a T-helper
1-specific type | membrane protein in-

man NK cells transcribe the highest
amounts of Tim-3 among lymphocytes.
Tim-3 protein is expressed on essentially
all mature CD569™CD16* NK cells and is
expressed heterogeneously in the imma-
ture CD5619"CD16- NK-cell subset in
blood from healthy adults and in cord
blood. Tim-3 expression was induced on
CD561i9"CD16~ NK cells after stimula-
tion with IL-15 or IL-12 and IL-18 in vitro,
suggesting that Tim-3 is a maturation
marker on NK cells. Whereas Tim-3 has

been used to identify dysfunctional
T cells, NK cells expressing high amounts
of Tim-3 are fully responsive with respect
to cytokine production and cytotoxicity.
However, when Tim-3 was cross-linked
with antibodies it suppressed NK cell-
mediated cytotoxicity. These findings sug-
gest that NK-cell responses may be nega-
tively regulated when NK cells encounter
target cells expressing cognate ligands
of Tim-3. (Blood. 2012;119(16):3734-3743)

volved in regulating T-cell responses. Hu-

Introduction

Natural killer (NK) cells comprise 5% to 20% of human peripheral
blood lymphoid cells and are a critical component of the immune
system, providing protection against viral infections and contribut-
ing to tumor immune surveillance. NK-cell activity is regulated by
an intricate balance of signals transmitted by inhibitory and
activating receptors.!? Functionally distinct NK-cell subsets can be
defined based on the level of CD56 and CD16 coexpression.?
CD56CD16~ NK cells produce abundant IFN-y in response to
stimulation with interleukin (IL)-12 and proliferate robustly when
cultured in IL-2, whereas CD564mCD16* NK cells are more
cytolytic and produce significant amounts of cytokine when their
activating receptors are engaged.* CD564™CD16% NK cells are
considered mature NK cells and are differentiated from the
immature CD56"€"CD16- NK-cell subset. This is further sup-
ported by recent data demonstrating the dynamics of expression of
the killer immunoglobulin-like receptors (KIR), CD57, CD94, and
CD62L expression on the CD569mCD16* NK cells as they mature
from CD56eMCD 16~ NK-cell precursors.>

T-cell immunoglobulin— and mucin domain—containing (Tim)-3 is a
member of Tim family of receptors of which there are 3 in humans
(Tim-1, Tim-3, and Tim-4).!° These molecules are involved in diverse
metabolic and immunoregulatory processes.!! Tim-3 is a type I transmem-
brane protein that contains no defined signaling motifs in its cytoplasmic
domain, but it has been implicated both in activation and inhibition of

immune responses'>!3 and in the induction of apoptosis of Tim-3—
bearing cells through interactions with galectin-9.'4 Tim-3 is expressed
on CD4" T cells, dendritic cells, monocytes,>'7 CD8* T cells,'$!° and
NK cells.?? In a comparison of lymphocyte populations in healthy
human subjects, the highest transcription of the gene encoding Tim-3
was observed in NK cells.?! There is evidence that engagement of Tim-3
on mouse T cells with the ligand galectin-9 promotes aggregation,
leading to the death of T-helper 1 cells and the selective loss of interferon
(IFN)-y—producing T cells."* On human T cells, the expression of Tim-3
regulates cell proliferation and IFN-y secretion.!®?22 We and others
have observed that increased amounts of Tim-3 on T cells during HIV,
hepatitis C virus, and other chronic viral infections correlated with T-cell
dysfunction, suggesting that Tim-3 is part of a negative regulatory
pathway.!%23-2 In this study, we investigated the expression of Tim-3 on
human NK cells and its regulation by cytokines, and we provide
evidence for the role of Tim-3 in the restraint of NK cell-mediated
cytotoxicity in healthy individuals.

Methods

Primary cells and cell lines

Peripheral blood mononuclear cells (PBMCs) of healthy individuals were
obtained from the Stanford Blood Bank. Cord blood PMBCs were obtained
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from AllCells. The University of California, San Francisco and the
University of Hawaii institutional review boards approved the research
involving human participants reported in this study (approvals H11613-
19149 and 11-06-549-01).

NKL cells, a human NK-cell line,?® were stably transduced with
pMXneo-FLAG-Tim-3, a retroviral vector expressing human Tim-3 protein
with a FLAG tag on its N terminus. A full-length human TIM-3 cDNA was
obtained from Open Biosystems. NKL and NKL-FLAG-Tim-3 were
cultured in complete media (RPMI-1640; Invitrogen) supplemented with
10% heat-inactivated FCS, 2mM L-glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin) with 200 U/mL IL-2 (NCI Biologic Resources
Branch). NKL-FLAG-Tim-3 cells were drug selected with 1 mg/mL
Geneticin (G-418).

Cell staining and flow cytometric analysis

PBMCs were washed with PB supplemented with 1% bovine serum
albumin and 2mM EDTA (FACS buffer). For staining, 5 X 103 cells were
incubated with 10 pg/mL human IgG (Sigma-Aldrich) to block nonspecific
antibody binding. To identify NK cells, we stained the cells with PE-
conjugated or APC-conjugated anti—Tim-3, FITC-conjugated CD94 (R&D
Systems), Alexa 700-conjugated anti-CD4, PE-Cy7-conjugated anti-
CD56, Pacific blue—conjugated anti-CD16 (all from BD Biosciences),
ECD-conjugated anti-CD3, PE-conjugated anti-CD335 (Beckman Coulter),
and Qdot605-conjugated anti-KIR3DL1. APC-Cy7—-conjugated anti-CD14
and APC-Cy7-conjugated anti-CD19 (BD Biosciences) were used to
exclude monocytes and B cells, respectively, and Amine Aqua (Invitrogen)
was used to exclude dead cells. In some experiments, cells were fixed in 2%
paraformaldehyde in PBS and permeabilized with FACS-perm (BD Biosci-
ences). Permeabilized cells were stained for intracellular IFN-y and
perforin (both from BD Biosciences). Fluorescence minus one samples
were prepared for each fluorochrome to facilitate gating. Cells were fixed
with 2% paraformaldehyde in PBS and analyzed by flow cytometry using a
4-laser LSR-IT or Fortessa instrument (BD Biosciences). Anti-mouse
IgG-coated beads (Invitrogen) were reacted with each fluorochrome-
conjugated antibody separately and used for software-based compensation.
Cells were analyzed with FlowJo Version 9.4.3 software (TreeStar).

Cell sorting experiments

PBMCs were washed with FACS buffer and incubated with 10 wg/mL
human IgG before surface staining to block nonspecific antibody binding.
After surface staining, the PBMCs were stained with PE-conjugated
anti—Tim-3, FITC-conjugated anti-CD94, PE-Cy7—-conjugated anti-CD56,
Pacific blue-conjugated anti-CD16, ECD-conjugated anti-CD3, APC-Cy7—
conjugated anti-CD14, and APC-Cy7—conjugated anti-CD19; the cells were
sorted using a modified BD FACSAria (BD Biosciences). To isolate NK
cells, we sorted CDI9~, CDI4~, CD3~, CD56%mCDI16%, or
CD56ieCD16~ either lacking or expressing Tim-3 on their surface.

NK-cell stimulation

Cryopreserved PBMCs from healthy donors were thawed and analyzed for
NK-cell frequency and for receptor expression. PBMCs were cultured in
complete media and stimulated with targets cells (721.221, an HLA-class
I-deficient EBV-transformed human B lymphoblastoid cell line; or K562, a
human erythromyeloblastoid leukemia cell line; 1:5 effector:target ratio) or
with different cytokines: human recombinant IL-2 (40-500 IU/mL), IL-12
(50 ng/mL; both from PeproTech), IL-18 (50 ng/mL; MBL Lab), IL-15
(100 ng/mL), IFN-y (10 ng/mL; both from R&D Systems), or IFN-a
(10* U/mL; PBL Interferon Source). PBMCs cultured in complete media
were taken as a measure of background activity. In brief, thawed cryopre-
served PBMCs were cultured at 5 X 10° cells/mL in 96-well round-
bottomed plates with the respective stimulants, and then 10 pwg/mL
FITC-conjugated anti-CD107a mAb (BD Biosciences) was added to the
culture for 4 to 6 hours in the presence of 10 pg/mL brefeldin-A
(Sigma-Aldrich). The cells were then harvested and prepared for flow
cytometry to analyze their CD107a degranulation or their IFN-y produc-
tion. Data were analyzed using FlowJo Version 9.4.3 software (TreeStar).
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The 4 sorted NK-cell subsets were cultured in IL-15 (100 ng/mL) for
24 hours and then stained with PE-conjugated anti-Tim-3, FITC-
conjugated anti-CD94, PE-Cy7—conjugated anti-CD56, and Pacific blue—
conjugated anti-CD16 to analyze Tim-3 and CD94 expression during their
maturation by flow cytometry. All data were analyzed using FlowJo Version
9.4.3 software (TreeStar).

NK cell-mediated cytotoxicity

NK cell-mediated cytotoxicity was analyzed using a 4-hour *'Chromium
(°!Cr) release assay. In the antibody-redirected killing assays, human
NKL-FLAG-Tim-3 cells, fresh PBMCs, or overnight IL-2 (200 U/mL)—
activated PBMCs were used as effectors and were incubated for 4 hours
with the >'Cr-labeled mouse FcR* P815 cells, a mouse mastocytoma cell
line (ATCC). P815 cells were coated with 10 wg/mL antibodies against
different receptors: anti-CD16 (clone Leulla; BD Biosciences), anti-2B4
(clone C1.7; a gift from Dr G. Trinchieri, National Cancer Institute),
anti-NKG2D (clone 149810; R&D Systems), anti—-Tim-3 (clone 344836;
R&D Systems), anti-Tim-3 (clone 344801; a generous gift from Dr J. P.
Houchins, R&D Systems), anti-CD94 (clone DX22), anti-CD56 (clone
My31.13), or against the FLAG epitope tag (clone M2; Sigma-Aldrich). In
these P815 cytotoxicity assays, monoclonal antibodies binding to activating
human NK receptors induce the killing of the Fc receptor—bearing P815
target cells, whereas monoclonal antibodies against inhibitory NK-cell
receptors suppress the killing of P815 target cells. When 2 antibodies
(1 antibody against an activating receptor and 1 antibody against an
inhibitory receptor) were combined in the same assay, both antibodies were
present at the same total concentration. Furthermore, to demonstrate that the
antibody against an inhibitory NK-cell receptor was specifically suppress-
ing NK-cell activation, rather than simply competing for Fc receptor
occupancy on the P815 target cells, the antibody against the activating
NK-cell receptor was mixed with an equal concentration of an isotype-
matched control antibody or an antibody binding to NK cells but not
affecting their function (eg, anti-human CD56). We also used 721.221 cells
transfected with the human CD32 Fc receptor (hCD32)? as target cells. The
assay with 3!'Cr-labeled 721.221-hCD32 target cells was done similarly to
the assay with P815 cells, with the difference that 721.221-hCD32 cells
were directly lysed by the effector cells (NKL-FLAG-Tim-3 or fresh
PBMCs), so they did not require stimulation with antibodies to an activating
NK receptor to initiate cytotoxicity. The radioactivity released by the lysed
target cells was measured with a gamma counter. All experiments were
performed in triplicate, and data were expressed as the percentage of lysis
of target cells, calculated using the formula (sample release — spontaneous
release)/(maximal release — spontaneous release) X 100, in which the
value of maximal release was the amount of radioactivity released from the
target cells with 1% SDS in distilled water. Spontaneous release was the
amount of radioactivity released by target cells in medium alone without
effector cells.

Statistical analyses

Statistical analyses were performed using SAS System 9 for Windows XP
(SAS Institute) or Prism Version 5 statistical software for MAC (GraphPad
Software). Nonparametric statistical tests were used. The Mann-Whitney U
test was used for comparison tests.

Results
Differential expression of Tim-3 on human NK-cell subsets

Gene expression studies have identified high levels of Tim-3
transcripts in NK cells.?! We measured the surface expression of
Tim-3 protein on NK cells by flow cytometry. NK cells were gated
as CD14-CD19-CD3 CD56" cells (Figure 1A). We observed a
high surface expression of Tim-3 on most circulating NK cells
(median, 90.7%; interquartile range [IQR], 82.1, 94.6) from
healthy donors (Figure 1A) compared with CD8* (median, 18%;
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Figure 1. Tim-3 expression on human NK cells. (A) Plots depict Tim-3 expression on NK cells for 3 representative healthy donors. PBMCs were gated on forward angle light

scatter (FSC-height and FSC-area) to eliminate doublets, followed by side light scatte|

r (SSC) and FSC gating to define lymphocytes. Dead cells were excluded using an Amine

Aqua reactive dye, and CD14 and CD19 staining was used to exclude monocytes and B cells, respectively. CD56 and CD16 were used to identify NK cells within the

CD14-CD19-CD3" population. (B) The plot shows expression of Tim-3 on NK cells

in comparison to Tim-3 expression on CD4* and CD8™ T cells in a representative donor.

(C) Graph depicts the frequency (percentage) of Tim-3 on NK cells (solid circles) and CD4* and CD87 T cell (open circles) from multiple donors (n = 27). (D) Plot shows NK
cells from a healthy donor, gated into CD56°"9"CD16~ and CD569™CD16" NK-cell subsets with the expression of Tim-3 on these subsets presented as histograms. Graphs
show the frequency (E) and MFI (F) of Tim-3* CD56P19"CD16- (solid circles) and CD569™CD16* NK cells (open circles) for 27 healthy individuals. P values were calculated
using the Mann-Whitney test. (G) Representative plot shows Tim-3 expression on NK-cell subsets (CD569"CD16- [gray shade] and CD569mCD16* NK cells [black line]) from

cord blood obtained at the time of birth. (H) Graph shows Tim-3 expression on NK-cell

subsets (CD56PM9"CD16- [solid circles] and CD569mCD16* NK cells [open circles]) from

cord blood of 3 healthy newborn infants. (1) Representative plots of Tim-3 coexpression with CD94 on CD569"CD16- (left) and CD569™CD16* (right) NK cells.

IQR, 13.8, 19.3) or CD4" (median, 8.3%; IQR, 6.4, 15.1) T cells
(Figure 1B-C), which is consistent with previous analyses of
HAVCR2 mRNA expression.?! Tim-3 expression on NK cells
varied among different healthy donors both in terms of frequency
(Figure 1A,C) and cell surface density (as determined by mean
fluorescent intensity [MFI]; Figure 1A; data not shown).

CD569mCD16* NK cells are considered mature NK cells and
are differentiated from the immature CD56MeMCD16~ NK-cell
subset. We observed that the CD564™CD16" NK cells essentially
all expressed Tim-3 (median, 95.6%; IQR, 91.1, 98.6), whereas
CD56MieCD16~ NK cells were heterogeneous (median, 75.3%;
IQR, 62.4, 86.5), with clearly separated Tim-3-negative and
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Tim-3—positive subsets in the healthy donors evaluated (Figure
1D-E). For most donors, the amount of Tim-3 expressed at the
surface of CD56%™CD16" NK cells was slightly higher than on
CD56MehCD16~ NK cells (Figure 1F). A similar pattern of
expression for Tim-3 was observed on NK cells derived from the
cord blood of healthy newborns (Figure 1G-H). Interestingly, the
percentage of Tim-3* NK cells was lower in the CD56™e"CD16~
NK cells from newborns compared with CD56>€"CD16- NK cells
from healthy adults (median, 32% [Figure 1G] vs median, 75.3%
[Figure 1E]).

Because Tim-3 was mostly expressed by mature CD564mCD16*
NK cells, we analyzed CD94 and Tim-3 coexpression in NK cells
to determine whether Tim-3 was acquired during the maturation of
CD56MeCD16~ NK cells. Indeed, CD94 density marks the
transition from CD56"e"CD16- and CD56%™CD16" NK cells.>?
In the representative donor shown, all CD56¢"CD16~ NK cells
expressed CD94 at a high cell surface density, but 58.6% were also
Tim-3*, whereas most of the CD564mCD16" NK cells were
Tim-3" (83.4%) and only 28.3% were Tim3"CD94" (Figure 11),
suggesting that CD94" NK cells gain Tim-3 expression before
down-regulating CD94 surface expression. A similar expression
pattern was observed for CD62L and Tim-3 (data not shown).
These data suggest that Tim-3 expression is acquired on
CD56MeCD16~ NK cells during their transition to the more
mature CD564™CD16* NK cells.

Stimulation of NK cells leads to marked up-regulation of Tim-3
on CD56%right CD16~ NK cells

We assessed the expression of Tim-3 on NK cells cultured with
cytokines known to stimulate NK-cell proliferation, cytotoxicity,
and cytokine production (eg, IL-12, IL-18, IL-12 + IL-18, IL-15,
IL-15 + IL-12, IL-2, IFN-y, or IFN-a). Each of these cytokines
induced the up-regulation of Tim-3 expression to varying degrees
(Figure 2A), except IFN-vy, which did not up-regulate Tim-3 (data
not shown). IL-12 + IL-18 prominently led to a marked up-
regulation of Tim-3 expression on both the CD56*ECD16-
(unstimulated MFI median, 1212; IQR, 867.8, 1456; median,
76.8%; 1QR, 71.6, 82.3; [IL-12 + IL-18 stimulation] MFI median,
2880; IQR, 2534, 3336; median, 87.7%; IQR 78.0, 93.1; MFI;
P = .002) and the CD569™CD16™ NK subsets (unstimulated MFI
median, 1354; IQR, 1029, 1579; [IL-12 + IL-18 stimulation] MFI
median, 2932; IQR, 2434, 3734; MFI; P = .002; Figure 2A).
Previously, we reported that stimulation of CD8" T cells with
IL-15 lead to an increase in Tim-3 expression.'8 Similarly, Tim-3
expression was up-regulated on the 2 NK subsets by IL-15 and was
further increased on the CD569™CD16* NK-cell subset by IL-12
and IL-15 (Figure 2A-B). IL-2 induced modest Tim-3 up-
regulation on the CD56™¢"CD16- NK cells, whereas IFN-a did
not change Tim-3 expression on this NK-cell subset (Figure 2A).
Conversely, Tim-3 expression on CD564™CD16" NK cells was
up-regulated by either IL-2 or IFN-a stimulation but to a lesser
extent compared with IL-12 and IL-18, IL-15, or IL-12 and IL-15
(Figure 2B).

Tim-3 expression is up-regulated by various cytokines and is
higher on mature CD56%mCD16" NK cells; thus, we determined
whether Tim-3 was up-regulated during NK-cell maturation.
CD56e"CD16- and CD56%™CD16™ NK cells expressing or not
Tim-3 at their surface were sorted to high purity (supplemental
Figure 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article) and were cultured
with or without IL-15. Tim-3 expression spontaneously increased
in 24-hour culture even without stimulation (supplemental Figure
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1B compared with Figure 2C-D). However, 24 hours after IL-15
stimulation, Tim-3 expression was highly increased on both
Tim-3* and Tim-3~ CD56™¢"CD16- NK cells compared with cells
cultured without stimulation (Figure 2C). To correlate Tim-3
induction by IL-15 on CD56¢"CD16- NK cells with maturation
of this subset, we analyzed CD94 and CD56 expression on these
cells. IL-15 stimulation did not change CD94 expression (data not
shown). Interestingly, after culture CD56PEnCD16~ NK cells not
only acquired Tim-3 expression but also down-regulated CD56
expression, and strikingly the cells that became CD56%™ were
Tim-3* (Figure 2D). IL-15 stimulation highly induced the matura-
tion of NK cells and increased this population of CD56%™ Tim-3*
cells (Figure 2D). Indeed, the percentage of CD569™ Tim-3* NK
cells after 24-hour culture without stimulation was 17% and 10.7%
for sorted CD56P2MCD16~ Tim-3" and Tim-3~ cells, respectively,
and became 62.2% and 27.6% with IL-15 stimulation. These data
show that Tim-3 expression is acquired during activation of NK
cells, principally by IL-12 and IL-18 or maturation by IL-15. This
suggests that Tim-3 is an activation marker, differentiation marker,
or both on NK cells.

Expression of Tim-3 and NK-cell activity

We have shown previously that increased amounts of Tim-3 on
T cells renders them dysfunctional.’® Therefore, we examined
whether the amount of Tim-3 on the cell surface of NK cells
correlated with their functional responses. CD56PeCD16- NK
cells are the predominant NK-cell subset secreting IFN-y in
response to IL-12 + IL-18.2° Indeed, a higher percentage of the
CD56Pright NK-cell subset produced IFN-y compared with the
CD56%™ NK cells in response to activation with these cytokines,
although a significant proportion of CD56%™ NK cells also
produced IFN-vy in response to IL-12 + IL-18 (Figure 3A-B). Most
of the CD56ight NK cells that produced IFN-y in response to
IL-12 + IL-18 stimulation were Tim-3* cells (Figure 2A-B) and
displayed a high cell surface density of Tim-3 (Figure 3C). The
CD56%m NK cells that produced IFN-y in response to IL-
12 + IL-18 stimulation also expressed the highest cell surface
density of Tim-3 (Figure 3A-C). The MFI of Tim-3 staining was
higher on CD569™ NK cells producing IFN-y (MFI median, 3110;
IQR, 2903, 3693) compared with the IFN-y—negative NK cells
(MFI median, 2240; IQR, 1404, 2532; P = .004; Figure 3C).

On stimulation with 721.221 (Figure 4) or K562 target cells
(data not shown), the NK cells that degranulated, as marked by cell
surface CD107a staining, were predominantly cells expressing
Tim-3 (Tim-3* NK cells; Figure 4A-B). Interestingly, the
CD56MeCD16~ NK cells degranulating expressed the highest
surface density of Tim-3, suggesting that the more mature
CD56MeCD16~ Tim-3" NK cells were the cells degranulating
when cocultured with target cells (Figure 4C). Tim-3 cell surface
expression was similar between CD569™CD16* NK cells degranu-
lating or not (Figure 4C). Overall, Tim-3 preferentially marked the
most responsive subset of CD56Mght and CD56%™ NK cells with
respect to both cytokine production and degranulation. This
suggests that Tim-3" NK cells are not dysfunctional or exhausted
as observed previously for Tim-3* T cells but that Tim-3 marks
highly functional NK cells.

Tim-3 cross-linking inhibits NK cell-mediated cytotoxicity

To directly assess the involvement of Tim-3 in NK-cell functional
activity, we examined the effects of cross-linking the Tim-3
receptor on NKL, a human NK-cell line, or primary human
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Figure 2. Tim-3 expression on NK cells is increased by maturation and cytokine stimulation. (A-B) Plots from a representative donor show the surface expression of
Tim-3, on CD569"CD16- (A) and CD569™CD16* (B) NK-cell subsets after culture overnight without stimulation (gray shade) or with IL-2, IL-12 and IL-18, IFN-q, IL-15 and
IL-12 (black line for all these stimulations), and IL-15 (dotted line). (C-D) CD19-CD14-CD3-CD5619"CD16~ NK cells either lacking or expressing Tim-3 were sorted and
incubated for 24 hours with either no stimulation or IL-15. (C) Histograms show Tim-3 expression of sorted cells from a representative donor after culture without (gray shade)
or with IL-15 stimulation (black line). (D) Plots depict CD56 and Tim-3 coexpression on sorted CD56°"9"CD16- Tim-3+ (left) and Tim-3~ (right) NK cells without (top) or with
(bottom) IL-15 stimulation. These experiments were repeated 3 times with different unrelated healthy donors.

peripheral blood NK cells from PBMCs. In these experiments,
effector cells were cultured with the relatively NK-resistant mouse
Fc receptor—bearing P815 target cells in the presence or absence of
agonist antibodies against well-defined activating or inhibitory NK
receptors. We have previously used this “antibody-redirected”
cytotoxicity assay to define the relationship between the activating

and inhibitory receptors on human NK cells.>® As shown in Figure
5A, human NKL cells killed P815 cells in the presence of
antibodies against the activating NKG2D receptor, and this re-
sponse was significantly inhibited in the presence of 2 different
antibodies against Tim-3. To further confirm that Tim-3 was able to
inhibit NK-cell killing, we transduced NKL cells with a Tim-3
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Figure 3. NK cells with the highest surface density of Tim-3 secrete the most IFN-y after IL-12 and IL-18 stimulation. (A) Plots depict coexpression of Tim-3 and IFN-y
production in unstimulated (top) or stimulated by IL-12 and IL-18 (bottom) NK-cell subsets (CD569"CD16 [left plots] and CD569mCD16* [right plots]) in a representative
healthy donor. (B) Graph shows frequency of IFN-y* NK cells based on Tim-3 expression on NK-cell subsets (CD569"'CD16- [solid circles] and CD569mCD16- [open circles])
after IL-12 and IL-18 stimulation in 6 unrelated healthy donors. (C) Histograms show Tim-3 surface expression on IFN-y~ (gray shade) and IFNy* (black line) cells gated from
IL-12— and IL-18-stimulated NK-cell subsets (CD569"CD16- [left] and CD569™CD16* [right]) from a representative donor (n = 6).

construct containing a FLAG epitope tag on the N terminus.
Similar to results obtained with the 2 anti-Tim-3 antibodies, an
anti-FLAG antibody inhibited NKG2D-induced cytolysis of NKL-
FLAG-Tim-3 cells to a similar extent (Figure 5B). These results
with the anti-FLAG antibody exclude that the inhibitory effects of
the anti-Tim-3 antibodies are unique to special epitopes on the
Tim-3 receptor. Control antibodies of the same isotype as the
anti-Tim-3 and anti-FLAG antibodies and included in the assays at
the same concentration had no effect on the anti-NKG2D-induced
cytotoxicity (data not shown). Anti-CD94, recognizing the inhibi-
tory CD94-NKG2A receptor on NKL cells,?® also potently blocked
NKG2D-induced cytotoxicity, in general more robustly than anti—
Tim-3 or anti-FLAG antibodies (Figure 5B). When NKL cells were
incubated with P815 target cells with the anti—Tim-3 or anti-FLAG
antibodies alone (ie, in the absence of an antibody to an activating
NK receptor), there was no evidence of induction of cytotoxicity
(Figure 5A-B) or cytokine production (data not shown). Primary
human peripheral blood NK cells potently killed P815 target cells
in the presence of anti-CD16 antibodies, and this was suppressed in
the presence of anti-Tim-3 antibodies (Figure 5C) but not control
antibodies (data not shown). Again, anti-Tim-3 antibodies alone
did not induce killing mediated by primary NK cells.

These findings demonstrate that anti-Tim-3 antibodies suppress
NK-cell killing induced by the activating NKG2D and CD16 receptors.

To address whether cross-linking Tim-3 also can inhibit the spontaneous
killing against human NK-sensitive target cells, we transduced the HLA
class I-deficient 721.221 cell line with the human CD32 Fc receptor to
permit cross-linking of antibodies bound to the effector NK cells. NKL
cells transduced with FLAG epitope—tagged Tim-3 (Figure 5D) and
primary human peripheral blood NK cells (Figure SE) efficiently killed
the CD32 + 721.221 targets, and killing was suppressed in the presence
of 2 distinct anti-Tim-3 antibodies or anti-FLAG antibody but not
control anti-CD56 antibody or a nonbinding isotype-matched control
antibody. We did not observed augmentation of NK-cell killing of
CD32 + 721.221 cells in the presence of anti—Tim-3 antibodies, suggest-
ing that Tim-3 functions as an inhibitor of cell-mediated cytotoxicity in
NK cells. Interestingly, Tim-3 cross-linking of human peripheral blood
NK cells activated by overnight culture in IL-2 did not inhibit killing of
P815 target cells induced by CD16 (Figure 5F) or NKG2D (data not
shown), suggesting that Tim-3 is a weak inhibitory receptor that can be
overcome by cytokine stimulation of the effector cells.

Discussion

In this study, we have demonstrated that Tim-3 serves as a marker
for NK-cell activation or maturation and when cross-linked can
suppress NK cell-mediated cytotoxicity. A host of informative
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Figure 4. NK cells with the highest surface density of Tim-3 degranulate the most when stimulated with target cells. (A) Representative plots depict expression of Tim-3
and surface CD107a in CD569"CD16~ (left) and CD569™CD16" (right) NK-cell subsets unstimulated (top) or stimulated (bottom) with the human HLA class I-deficient
721.221 target cells. (B) Graphs shows the frequency of CD107a* NK cells based on Tim-3 expression on CD56PM9"MCD16- (solid circles) and CD569mMCD16~ (open circles)
NK-cell subsets, after stimulation with 721.221 cells. Experiment performed with cells from 6 unrelated healthy donors. (C) Histograms depict Tim-3 surface expression on
CD107a~ (gray shade) and CD107a* (black line) cells gated from IL-12— and IL-18—stimulated NK-cell subsets (CD569""CD16- [left] and CD569™CD16* [right]) from a

representative donor (n = 6).

markers have been used to define the maturation of immature
CD56gMCD16- NK cells into the mature CD564mCD 16" NK-cell
subset.”3! Tim-3 is highly expressed on all mature CD564™CD16"
NK cells but is heterogeneously expressed on CD56P1eCD16- NK
cells. Both CD564™CD16" and CD56eCD16~ NK cells in-
creased Tim-3 expression after stimulation with certain cytokines,
in particular with IL-12 + IL-18 and IL-15 + IL-12. The increase
of Tim-3 expression on CD56¢"CD16~ NK cells stimulated with
IL-15 was correlated with CD56 down-regulation in the cells that
acquired Tim-3. These data suggest that Tim-3 may be a marker of
NK-cell activation or differentiation acquired during the matura-
tion of CD56™¢ht into CD56%™ cells at the same time that
down-regulation of CD56, CD94, CD62L, and NKp46 and the
acquisition of KIR is occurring.

In the T-cell lineage, the expression of Tim-3 has been
correlated with functional exhaustion of effector T cells.'*3? In
addition, Tim-3 has been shown to function as a receptor for

galectin-9, which can induce apoptosis in T cells.!#33-35 By
contrast, when stimulated with IL-12 + IL-18 to induce IFN-vy
production or cultured with NK-sensitive target cells to induce
degranulation, the NK cells with the highest amounts of cell
surface Tim-3 were the most responsive subset. This clearly
demonstrates that in the NK-cell lineage, Tim-3 marks the most
functionally responsive NK cells within the population, rather than
marking dysfunctional or anergic NK cells. It should be noted that
certain NK receptors can be expressed on T cells in an aging
immune system, and after chronic activation, which reflects the
accumulation of senescent effector T cells.3® Thus, the same
receptor can mark senescent T cells as well as fully functional NK
cells. We propose that Tim-3 marks fully functional mature NK
cells but that Tim-3 can restrain full NK-cell cytotoxic potential,
similar to other NK-cell inhibitory receptors like the inhibitory
KIR, when Tim-3* NK cells encounter target cells expressing
cognate ligand(s) of Tim-3. In addition to galectin-9, Tim-3 has

20z aunr || uojsenb Aq jpd' /€002 191 08UZ/ZYEILYLIVELE/LIBL L/PA-BI0IIE/POOIqARU SUOREDIGNdYSE//:d]}Y WOl papeojumog



BLOOD, 19 APRIL 2012 - VOLUME 119, NUMBER 16

Figure 5. Tim-3 cross-linking inhibits killing by NK A
cells. (A-C) Each graph depicts the percentage of spe-
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been reported to bind phosphatidylserine!®3” as well as other
undefined ligands.

Although our functional assays clearly demonstrate that Tim-3
can function as an inhibitory receptor its cytoplasmic domain does
not possess any canonical inhibitory motifs that can explain this
activity. Moreover, a recent study by Kane et al showed that when
transfected into Jurkat cells, Tim-3 can act as a costimulatory
receptor with the CD3-TcR complex, interacting with Fyn and the
p85 subunit of PI3 kinase, augmenting NF-kB and NFAT activa-
tion, and increasing IL-2 production.'> However, when primary
mouse T-helper 1 T cells were simultaneously cross-linked with
antibodies against CD3 and Tim-3, anti—-Tim-3 suppressed anti-
CD3-induced production of IFN-vy. Ju et al reported a modest
increase in cytotoxicity and cytokine production when the human
NKO92 cell line was stimulated with the HepG2.2.15 tumor cell line
in the presence of an anti-Tim-3 antibody?’; however, in this case it
is unclear whether the anti—-Tim-3 is blocking an inhibitory signal
or functioning as an agonist. Our study clearly demonstrates that
the simultaneous cross-linking of antibodies against Tim-3 with
agonist antibodies against the activating NKG2D and CDI16
receptors suppresses NK cell-mediated cytotoxicity, as measured
by both killing of the target cells and degranulation of the
responding NK cell. The mechanisms by which cross-linking

E:T ratio

suppressed NK cell-mediated killing is unknown, but cross-linking
of Tim-3 on NKL cells or primary NK cells did not affect the
viability of the NK cells; there was no evidence that cross-linking
Tim-3 with antibodies induced apoptosis in NK cells. In addition
although galectin-9, a ligand of Tim-3, can induce apoptosis in
NK cells, our preliminary studies suggest that in human NK cells
Tim-3 is not required for galectin-9—induced death, implying that
other receptors for galectin-9 are responsible (L.C.N., unpublished
data, 2012).

Collectively, these finding indicate that the function of Tim-3 is
context dependent and may differ in different cell types. Other
receptors on NK cells have been reported previously to have
different functional outcomes depending on the context. For
example, the 2B4 (CD244) receptor has been reported to inhibit or
activate NK cell-mediated cytotoxicity and cytokine production,
which seems to depend on the availability or concentration of
intracellular adapter proteins that interact with the cytoplasmic
domain of 2B4.340 The human KIR2DL4 protein contains a
canonical immunoreceptor tyrosine-based inhibitor motif in its
cytoplasmic domain, yet associates with the immunoreceptor
tyrosine-based activation motif (ITAM)-bearing FceRIy adapter
protein. Depending on the context, KIR2DL4 has been suggested
to have activating or inhibitory properties.**? Similarly, the
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ITAM-bearing DAP12 and FceRly adapter proteins can either
augment or suppress immune responses depending on the receptor
with which they associate and the cell type in which they are
expressed. ¥ Therefore, Tim-3 may regulate NK cells both
positively and negatively in different circumstances, possibly
depending on the nature of the Tim-3 ligand presented by the
potential target cell.
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