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TIM-3 Engagement Promotes Effector Memory T Cell
Differentiation of Human Antigen-Specific CD8 T Cells by
Activating mTORC1

Nina Chi Sabins,* Olesya Chornoguz,* Karen Leander,* Fred Kaplan,* Richard Carter,*
Michelle Kinder,” Kurtis Bachman,” Raluca Verona, Shixue Shen,’ Vipul Bhargava,fF and
Sandra Santulli-Marotto®!

T cell expression of TIM-3 following Ag encounter has been associated with a continuum of functional states ranging from effector
memory T cells to exhaustion. We have designed an in vitro culture system to specifically address the impact of anti-TIM-3/TIM-3
engagement on human Ag-specific CD8 T cells during a normal response to Ag and found that anti-TIM-3 treatment enhances
T cell function. In our in vitro T cell culture system, MART1-specific CD8 T cells were expanded from healthy donors using
artificial APCs. To ensure that the T cells were the only source of TIM-3, cells were rechallenged with peptide-loaded artificial
APCs in the presence of anti—-TIM-3 Ab. In these conditions, anti-TIM-3 treatment promotes generation of effector T cells as
shown by acquisition of an activated phenotype, increased cytokine production, enhanced proliferation, and a transcription
program associated with T cell differentiation. Activation of mTORC1 has been previously demonstrated to enhance CD8
T cell effector function and differentiation. Anti-TIM-3 drives CD8 T cell differentiation through activation of the mTORC1
as evidenced by increased levels of phosphorylated S6 protein and rhebll transcript. Altogether these findings suggest that anti—
TIM-3, together with Ag, drives differentiation in favor of effector T cells via the activation of mTOR pathway. To our knowledge,
this is the first report demonstrating that TIM-3 engagement during Ag stimulation directly influences T cell differentiation

through mTORC1.

peptide-loaded MHC class I complexes by TCR with ap-

propriate costimulation. Such responses drive effective
antiviral and antitumor responses, and are mediated by downstream
signaling pathways that drive T cell differentiation and effector
function. During activation, T cells upregulate inhibitory receptors
to control the immune response, including T cell Ig and mucin
domain containing molecule-3 (TIM-3).
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The function of TIM-3 on CD8 T cells has been difficult to define
because TIM-3 expression is associated with both T cell exhaustion
(1-4) and T cell activation (5-7). Studies on TIM-3 signaling have
reported that engagement of TIM-3 on T cells yields induction of
tyrosine-phosphorylated proteins unique to T cells (8). Expression
of TIM-3 in Jurkat T cells enhances TCR signaling under weak
stimulation but not during stronger TCR signaling (9, 10). The
functional outcome of TIM-3 engagement may depend on the
strength of TCR activation such that optimal signaling results in a
negative event, whereas TIM-3 engagement coincident with
weaker TCR activation enhances T cell responses (11). This di-
chotomy could explain reports implicating TIM-3 in both T cell
activation and exhaustion. Furthermore, prior experiments evalu-
ating TIM-3 engagement on T cells have involved cross-linking of
the CD3/TCR complex via anti-CD3 mAb and/or mitogen-
induced activation. Although informative, these studies do not
address immune regulation of Ag-specific effector mechanisms
and T cell differentiation. Evaluating TIM-3 function through a
more physiologically relevant activation signal via TCR-MHC
recognition could illuminate pathways that were otherwise
masked by artificial T cell activation. Moreover, most TIM-3
studies on Ag-specific T cells were conducted in the context of
disease. Little is known about TIM-3 in a healthy Ag-specific
T cell response.

In this study we explore how TIM-3 impacts in vitro—expanded
Ag-specific CD8 T cells during stimulation via TCR-MHC en-
gagement. We determined that engagement of TIM-3 with an Ab
increases T cell effector function and drives changes in tran-
scription factors and downstream genes associated with terminal
differentiation (12—14). Under short-term stimulation, TIM-3 im-
proves T cell activation by enhancing TCR signaling through
PI3K (9). Mammalian target of rapamycin (mTOR) kinase is a
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highly conserved serine threonine kinase regulated by PI3K, and
exists as a part of two distinct signaling complexes: mTORC1 and
mTORC2. The mTORC1 complex is identified as a protein complex
containing the scaffolding protein Raptor and is activated by the
small GTPase Rheb (15, 16). Previous studies have shown mTORC1
as a crucial regulator of CD8 T cell effector function and memory
(17-19). We show that with Ag-specific stimulation, engagement of
TIM-3 on CDS8 T cells promotes effector function through mTORC1
signaling correlating with increased expression of rhebll, whose
gene product is an isoform of mTOR activator Rheb (15, 16, 20).

Materials and Methods

Primary cells

Purified human negatively isolated CD8 T cells from healthy HLA-A2*
donors were purchased from Biological Specialty (Colmar, PA). T cells
were >95% CD3"CDS8* by flow cytometry.

Artificial APCs

Artificial APCs (aAPC) derived from Drosophila Schneider 2 cells were
cultured in Express V media (Life Technologies, Carlsbad, CA) transfected
with pRMHa-3—derived vector encoding HLA-A2.1 Class I, B7.1, ICAM-1,
LFA-3, and CD70 cultured under 200 pg/ml Geneticin (Life Technologies)
selection. Gene expression was induced by addition of 1 mM CuSO,4
(Sigma, St. Louis, MO). Protein expression was confirmed by flow
cytometry using the following Abs: anti-CD54 Alexa Fluor 488 (Bio-
Legend, San Diego, CA), anti-HLA-A,B,C FITC, CD70 PE, CD80 PE,
CD58 PE (BD, San Jose, CA). Following induction, the aAPC were
resuspended in Express V media and cross-linked for 10 min at 7.7 Joules
per cm? in media +5 ng/ml UVADEX (Johnson & Johnson, Skillman, NJ)
in a VueLife bag (American Fluoroseal, Gaithersburg, MD) using an ILT72
UVA Radiometer (Life Technologies).

In vitro expansion of Ag-specific T cells

Following our standard protocol for expanding Ag-specific CD8 T cells,
aAPC were loaded with a modified HLA-A2-restricted MART1
(ELAGIGILTYV) peptide (CS Bio, Menlo Park, CA). Briefly, cells were
incubated with 0.1 pg/ml MART! peptide in the presence of 5 pg/ml
B-2M (Janssen, in house) for 4 h at room temperature. CD8 T cells
were cultured with MART1-loaded aAPC (1:10 ratio of aAPC/T cells)
and 25 ng/ml IL-21 (PeproTech, Rocky Hill, NJ) weekly for 3 wk in RPMI
1640 (Life Technologies), supplemented with 10% heat-inactivated FBS
(Life Technologies) at 37°C, 5% CO,. On days 6, 10, and 17, fresh media
containing 20 U/ml of IL-2 and 30 U/ml IL-7 (PeproTech) was added to
the cells. Following expansion, the Ag-specific T cells were frozen in 90%
FBS and 10% DMSO (Sigma-Aldrich) for future in vitro restimulation ex-
periments. For the terminal differentiation protocol, the expanded Ag-specific
T cells were restimulated weekly with aAPC+MART 1, as described above, for
an additional three stimulations to drive terminal differentiation of the T cells.

Characterization and immune checkpoint blockade of
Ag-specific T cells

T cells were phenotyped by flow cytometry with MART1 tetramer PE
(MBL, Woburn, MA), anti-CD3 APC, anti-CD95 PerCP-CyS5.5, anti-CD27
APC (all BD), anti-CD8 BV570, anti-CD62L FITC, anti-CCR7 PE-Cy7,
anti-CD45RA AF700, anti-CD45RO PE-Cy7, anti-CD127 PerCP-Cys5.5,
anti-CD25 BV650, anti—PD-1 PerCP-Cy5.5 (all BioLegend), anti-LAG-3
FITC (Novus, St. Charles, MO), and anti-TIM-3 APC (R&D Systems,
Minneapolis, MN). Proliferation was determined by labeling MARTI
T cells with proliferation dye V450 (BD) per the manufacturer’s instruc-
tions and analyzed for dye dilution by flow cytometry. Cytokines from
supernatants were measured by multiplex analyses (Meso Scale Discovery,
Rockville, MD). Cytotoxicity assays were performed using Malme-3M
and H1650 cells labeled with BATDA reagent (PerkinElmer, Waltham,
MA) per the manufacturer’s instructions. Labeled targets were incubated
with T cells at indicated E:T ratios and measured for BATDA release by
tumor cells with EnVision reader (PerkinElmer). For ELISPOT analysis,
restimulated T cells were incubated with Malme-3M or H1650 tumor cells
overnight and analyzed for spot production using precoated plates
(MabTech, Cincinnati, OH). For analysis of CD107a degranulation and
FasL expression, restimulated T cells were incubated with Malme-3M or
H1650 tumor cells for 6 h with GolgiStop (BD) and anti-CD107a PE-Cy7
(BioLegend) followed by anti-FasL APC (BD), and analyzed by flow
cytometry.
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Treatment of Ag-specific T cells with anti-TIM-3 Ab

Expanded Ag-specific T cells were thawed and restimulated with aAPC that
had been loaded with MART1 peptide, as described earlier. T cells were
cultured with aAPC (1:10 ratio of aAPC/ T cells) and 25 ng/ml IL-21 for
4 d in RPMI 1640, supplemented with 10% heat-inactivated FBS at
37°C, 5% CO,. Rat anti-human TIM-3 mAb (rat IgG2a clone 344823)
(R&D Systems) and/or purified mouse anti-human PD-1 mAb (mouse
IgG1 clone J116) (eBioscience) were added to MART1 T cells at the start
of the restimulation with aAPC+MART1 at the indicated concentrations.
After 4 d in culture, cells were analyzed by flow cytometry and cell culture
media supernatants were collected for cytokine analyses. For cytotoxicity
measurements, expanded Ag-specific T cells were restimulated with
MART1-loaded aAPC in the presence of anti-TIM-3 Ab at 10 pg/ml for
3 d prior to incubation with tumor targets. Target cell lysis, CD107a, and
FasL expression were measured as described above. For gene expression
analyses, expanded T cells were restimulated with MART1-loaded aAPC
in the presence of anti-TIM-3 Ab at 10 pg/ml for 48 h prior to RNA
extraction.

RNA extraction and sequencing library generation

Total RNA was extracted from cells using a QIASymphony RNA kit
(Qiagen, Germantown, MD). Following extraction, the quantity and
260/280 ratio were determined on a NanoDrop (Thermo Fisher Scientific,
Grand Island, NY), and the quality of RNA was confirmed on 2100 Agilent
Bioanalyzer (Agilent, Santa Clara, CA). In total, 400 ng of RNA was used as
input for generating sequencing libraries using TruSeq mRNA kit per the
manufacturer’s protocol. Libraries were loaded on to a paired-end flow
cell on cBot (Illumina, San Diego, CA), and sequenced on a HiSeq2500
(Illumina). For data analysis, transcripts with zero counts in more than two
thirds of samples were discarded from downstream analysis to reduce
noise. Filtered data were normalized using quantile normalization and
differentially expressed transcripts were identified using Limma Voom.
A p value cutoff of 0.05 and fold change =2 was used to classify tran-
scripts as differentially expressed in treatment condition. Upstream reg-
ulator and pathway analyses on differentially expressed transcripts
were performed using QIAGEN’s Ingenuity Pathway Analysis (IPA). For
real-time PCR analyses, mRNA was extracted using RNeasy Mini kit
(Qiagen), RNA quantity and 260/280 ratio were determined on a Nano-
Drop, and cDNA was generated using High Capacity cDNA kit (Thermo
Fisher Scientific). Gene expression was detected using RT> gPCR Primer
Assays for Rheb and RhebL1 with the RT? First Strand kit (Qiagen) and
PCR reactions were run on the ViiA7 Real-Time PCR system (Thermo
Fisher Scientific).

Quantification and statistical analysis

For all markers analyzed by flow cytometry, isotype controls were used to
establish gates by setting gates between 0.5 and 1% positive events.
Quantifications were made based on data generated from FlowJo and
statistical analysis was performed using GraphPad Prism version 6.
Statistical significance was determined using two-tailed paired ¢ test
(Holm-Sidak) and two-way ANOVA (Dunnett).

Results

In vitro expanded Ag-specific CD8 T cells exhibit effector
memory phenotype and express immune regulatory
receptor TIM-3

To study Ag-specific T cell responses in the presence of anti-TIM-3,
ex vivo enrichment of T cells was performed to generate populations
comprised of =80% Ag-specific T cells. Primary HLA-A2* CD8
T cells were expanded by stimulating three times with Drosophila-
derived aAPC loaded with HLA-A2-restricted melan-A—derived
peptide, MART1. This protocol results in an enriched pool of
MART1-specific CD8 T cells (Supplemental Fig. 1A). These T cells
proliferated and produced cytokines in response to MART1 peptide
stimulation but not when stimulated with HIV peptide as shown in
Supplemental Fig. 1B, 1C. These MART1-specific T cells specif-
ically lysed MART 1-positive HLA-A2" target cells but not MART1-
negative HLA-A2" targets (Supplemental Fig. 1D). Specific lysis of
the MART1" targets was mediated by the degranulation pathway as
shown by CD107a staining and perforin deposition rather than the
FAS/FASL pathway (Supplemental Fig. 1E, 1F).
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Increasing Ag exposure drives T cells toward terminal differ-
entiation with a concomitant reduction in self-renewing potential
(21, 22). Analysis of the T cells throughout the expansion process
revealed T cells transitioning from a stem cell memory phenotype,
in this study identified as CD62L"CCR7*CD45RA", toward a
T central memory (Tcy) phenotype (CD62L¥CCR7'CD45RA ™)
and effector memory T (Tgy) or effector T (Tgrr) phenotype
(CD62L" CCR7 CD45RA ") with each subsequent stimulation
(Fig. 1A). Gating on tetramer™ cells showed that the T stem cell
memory and Ty populations were Ag-experienced because they
expressed CD27 and Fas (Fig. 1B). In our protocol, T cells were
stimulated three times for maximum cell expansion without ter-
minal differentiation, resulting in cells that were predomi-
nantly Tcy and Teyy/Tgpr Furthermore, MART 1-specific T cells
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expressed CD45RO, CD127 (IL-7Ra), CD27, and Fas, indicative
of a more Tgy phenotype rather than terminally differentiated

T cells can upregulate immune checkpoint molecules during
activation (7, 24). Ag-specific CD8 T cells upregulated activation
marker CD25 and the immune regulatory molecules PD-1 and
TIM-3, but not LAG-3 (Fig. 1C). To confirm that these findings
were a result of Ag-specific activation and not an artifact of the
aAPC, HLA-A2" CD8 T cells were stimulated with autologous
dendritic cells (DCs) loaded with the MART-1 peptide in parallel.
We demonstrated that the output CD8 T cells had similar phe-
notype and expression of PD-1, LAG-3, and TIM-3 on Ag-specific
cells comparable to that of T cells stimulated with aAPC
(Supplemental Fig. 2).


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1701030/-/DCSupplemental

4094

No treatment
Rep. index = 8.78

0102 10° 10* 10°

TIM-3 PROMOTES Tggr DIFFERENTIATION THROUGH mTORC1

Isotype
Rep. index = 8.21

76543210

0102 10° 10* 10°

anti-TIM-3
Rep. index =11.8

1120 ]
76543210
90
60
30
0

010 10° 10‘ 105

proliferation >
15 *ox o 3000, 15 60
e ]
£ 'y P o
=10 Z 2000 z 10 = 40
2 = = -
B £ 1000/ £ %20
25 * anti-Ti-3 a 2 =
[ & lsotype 0
X o 0 r T 0 T
T DECAICIIR®: A IO
L\ YV wafrl palml
wg/mi 250 £00 &0
p <0.0001 o 200 @ Y50
x 25- N e 2 400 ]
o o = 150 = 4
2204 , £ 100 = £
£ 3 £ 200 T20
5 151 > a 50 2
'ﬁ' H . 1] 0 0
2™ % MRS 4 RN ¥ W e
E- 54 . wgiml wa/ml wa/rnl
: n — T H
anti-TIM-3 Isotype
100
p < 00001 ke o 2 @ Maimean- o &
- 4o I S il B,
g & Mam 3[] b
00| 42 L 300 : 59 & HiB0-
s - 40 8 H16850- IgGQa control
E 20000 . T 200 2 H1650 - anti TIM-2 mab
= ¢ 2100 » #20
2 10000 5# = . - ol
i : [} S— S 95 5
anti-TIM-3 Isotype anti-TIM-3 Isotype Eﬁecmr‘Talget[Lng:x}]
No treatment Isotype control Anti-TIM-3 mAD I Mo treatment

M 1g9G 2a control *
B anti-TIM3 m&h

oy
= i =
3 o 5@
k-] | -
*® 40} 8
20y
. =0
w 10" W' 10?
]
CD107a H1650 Mal me-3M

No treatment Isotype control Anti-TIM-3 mADb

B Mo treatment
M 19G2a cortrol

30 4
100 100 B anti-TIM3mab
- & - ®
iw 3w o 20
> > <
* W __Um_ ® 0 __| I_ [T
ot » ® 10
ol °
1w 10 W' 1w w0 10" w' 10
o
FasL > H1850 Malme-2M

FIGURE 2. Anti-TIM-3 Ab treatment increases T cell effector function. Ag-specific CD8 T cells were cultured as in Fig. 1 with addition of anti-TIM-3
mADb, isotype control, or left untreated, and analyzed by flow cytometry for proliferation dye dilution. Representative histograms of proliferation platform of
individual cell generations and calculated replication indices are shown in (A). The increase in T cell proliferation upon anti-TIM-3 Ab treatment is dose
dependent (B) and is observed in T cells from multiple donors, in this study shown at 25 pg/ml anti-TIM-3 Ab concentration (C) (*p < 0.0001, paired two-
tailed ¢ test). Anti-TIM-3 impacts cytokine production in a dose-dependent manner (D) in T cells from multiple donors, in this study shown at 25 pg/ml
anti-TIM-3 Ab concentration for IFN-y and TNF-a production (E) (*p < 0.0001, paired two-tailed ¢ test). To measure CTL activity, Ag-specific CD8"
T cells were restimulated as described in Fig. 1 in the presence of anti-TIM-3 mAb, isotype control, or left untreated. The restimulated T cells were
incubated with Malme3M (MART1*) or H1650 (MART1") tumor targets. CD107a (F) and FasL (G) cell-surface expression was measured by flow
cytometry (*p < 0.001, two-way ANOVA) and target cell killing was measured by BATDA release (H). Data representative of four to six biological
replicates per treatment condition performed in three independent experiments.
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TIM-3 engagement during TCR-MHC-mediated stimulation
promotes CDS8 T cell effector function

T cell activation through TCR-MHC provides a more physiolog-
ically relevant condition to evaluate immune-modulatory mecha-
nisms as compared with T cell activation via CD3 cross-linking or
mitogen treatment. This is particularly germane when considering
how the strength of TCR signal impacts effector responses. We
have shown that TIM-3 is expressed on healthy donor T cells during
a polyclonal response to allogeneic DC (7). However, dissecting
the biological impact of TIM-3 targeting remained a challenge due
to expression of TIM-3 on both the T cells and DC. Using aAPC
that lack TIM-3 expression allowed for specific targeting of TIM-3
on T cells with a mAb without interference from other cell types.
To determine the effect of TIM-3 engagement on Ag-specific
T cells, the expanded MART1-specific T cells were stimulated
with aAPC loaded with cognate Ag in the presence of purified rat
IgG2a (clone 344823) anti-human TIM-3 Ab, which was added at
the start of the restimulation. Ab-treated T cells exhibited in-
creased proliferation in response to Ag compared with isotype
control treatment (Fig. 2A), in this study represented as the in-
crease in Replication Index (25). The enhancement of prolifera-
tion directly correlated with anti-TIM-3 Ab concentration
(Fig. 2B), which was consistent across multiple donors (Fig. 2C).
Treatment with anti-TIM-3 Ab during stimulation also increased
cytokine production by T cells (Fig. 2D, 2E). This was especially
evident for IFN-y, TNF-a, IL-8, IL-10, GM-CSF, and LT-a in
agreement with results seen by others (3). The impact of anti—
TIM-3 treatment on cytotoxic activity was assessed as it has been
reported that antagonistic TIM-3 Ab improved CDS8 T cell effector
function (4, 26). Stimulated MART 1-specific CD8 T cells treated
with anti—-TIM-3 Ab significantly increased CD107a deposition on
the cell surface in the presence of MART1™ targets (Fig. 2F),
affirming previously published results (4). Ag-specific T cell

killing was not Fas/FasL mediated (Supplemental Fig. 1E), thus
it was not surprising that anti-TIM-3 Ab treatment did not have
any effect on that pathway (Fig. 2G). Despite the increase in de-
granulation, treatment with anti-TIM-3 Ab did not impact
MARTI1" tumor target lysis (Fig. 2H), likely due to the limited
sensitivity of this method to measure subtle changes in T cell
cytotoxicity. It is also possible that there are differences in ki-
netics of killing between anti-TIM-3 treated and isotype Ab-
treated T cells, and these changes are not captured with the
BATDA-release cytotoxicity assay because it is limited to de-
tection in cytotoxicity for periods of 4 h, and incubation times
beyond 4 h result in high nonspecific background cytotoxicity.

Treatment with anti—-TIM-3 Ab induces gene signature
associated with Tgrr differentiation

The observations of enhanced Tggr function in response to anti—
TIM-3 Ab treatment prompted us to determine whether there were
more global changes at the transcript level that could drive ef-
fector responses. Using IPA to compare gene expression of the
stimulated Ag-specific CD8 T cells treated with either anti-TIM-3
Ab or isotype control revealed that TIM-3 engagement impacted
signaling pathways associated with T cell activation (Fig. 3). TIM-3
expression in T cell lines can augment TCR- and CD28-dependent
pathways leading to increased NF-kB-mediated transcription of
downstream effector molecules (9). IPA showed that anti-TIM-3
Ab treatment of Ag-specific CD8 T cells increased expression of
effector function genes including CxclS, Tnf, Ifng, Cd40l, and Gzmb
and a decrease in //7r, implicating TIM-3 in the regulation of CD3-,
CD28-, TCR-, IL-2—, and NF-kB-dependent pathways (Fig. 3).
Transcription factor Blimp1 promotes Tggg differentiation whereas
Bcl-6 is essential for T cell memory (27, 28). Bcl6 gene expression
decreased by 3.3-fold with anti-TIM-3 Ab treatment, coinciding
with a 2.4-fold increase in transcript levels of prdmli, the gene that
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FIGURE 4. Ag-specific CD8 T cells increase expression of CCR7 and CD62L in response to anti-TIM-3 Ab. Ag-specific CD8 T cells were cultured as in
Fig. 1 in the presence of anti-TIM-3 mAbD or isotype control, and analyzed by flow cytometry. (A) Representative density plots of CCR7 versus CD45RA
and CD62L versus CD45RA on T cells treated with varying concentrations of anti-TIM-3 mAb/isotype control. (B) Graphical representation of CCR7 and
CD62L geometric mean fluorescence intensities in response to anti—-TIM-3 mAb (filled circles) or isotype control (open squares). (C) Frequency of CCR7*
and CD62L" cells in tetramer® (filled shapes) or tetramer™ (open shapes) in response to anti-TIM-3 mAb (circles) or isotype control (squares). (D) CCR7
and CD62L expression on multiple donors when treated with 25 pg/ml anti-TIM-3 Ab (*p < 0.0001, paired two-tailed ¢ test). (E) Representative dot plots
of CCR?7 versus proliferation dye dilution on T cells treated with varying concentrations of anti-TIM-3 mAb/isotype control. Cell generations are dif-
ferentiated by color. Data shown are representative of four to six biological replicates per treatment condition performed in three independent experiments.

encodes Blimp-1 (Fig. 3B), indicative of Ty, differentiation toward
Tgrr CD27 is transiently upregulated during TCR stimulation and is
expressed on memory T cells, but downregulated during Tggg cell
differentiation (29). Indeed, we observe a 2.5-fold decrease in cd27
transcript in T cells treated with anti-TIM-3 Ab. Furthermore, gene
transcript levels of Tc¢f7 and Lefl decreased 5.3-fold and 2-fold re-
spectively (Fig. 3B), suggesting a decrease in Wnt signaling, known
to arrest T cell differentiation and promote T cell memory formation
(30). Although a slight increase in the gene for T-bet (thx21) was
observed, the fold change was 1.43 and fell below our acceptance
criteria (FC <2). Genes that encode tissue homing receptors or
integrins, such as cxcr5, itga4 and itgb7, were either not detected
or were minimally impacted by anti-TIM-3 treatment (Fig. 3B).

However, this does not exclude the possibility of posttranslational
regulation of these gene products (31). Taken together, these data
show that treatment with anti-TIM-3 Ab increases transcription of
genes involved in T cell effector function and differentiation with
concomitant decrease in genes associated with T cell memory. This
finding reveals a novel role of TIM-3 in the regulation of T cell ef-
fector function and Tgy; — Tggg differentiation in the context of
Ag-specific stimulation.

TIM-3 engagement augments re-expression of CCR7 and
CD62L on Ag-specific CD8 T cells during activation

Considering the impact of an anti-TIM-3 Ab on T cell function,
we wanted to investigate its role in T cell differentiation. Whereas
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FIGURE 5. Ag-specific Tggr exhibit reduced responsiveness to anti-TIM-3 Ab compared with Tgy;. Ag-specific CD8 T cells were cultured as in Fig. 1
(standard) or stimulated an additional three times with aAPC loaded with MART1 peptide (terminal), as described in Materials and Methods, and analyzed
by flow cytometry for expression of (A) CCR7 versus CD45RA and (B) CD45RO, TIM-3, CD127, and CD25. Cells stimulated with standard or terminal
protocol were treated with anti-TIM-3 mAb (black bars) or isotype control (gray bars), and analyzed for (C) expression of CCR7 versus CD45RA by flow
cytometry and (D) cytokine production. Data shown are representative of four to six biological replicates per treatment condition performed in three

independent experiments.

the shift to Tgrr phenotype in response to anti-TIM-3 treatment
correlated with the enhancement in effector function, stimulation
of Ag-specific CD8 T cells in the presence of an anti-TIM-3 Ab
resulted in an increase in the frequency of T cells that pheno-
typically resemble Ty (CCR7TCD45RA™ or CD62L"CD45RA ™
T cells) (Fig. 4) (32). The increase was observed both in the ex-
pression level (in this study determined by mean fluorescence
intensity) of CCR7 and CD62L as well as apparent Ty, frequency
(Fig. 4B, 4C). This effect was only observed in the Ag-specific
population (Fig. 4C) despite TIM-3 expression being present on
Ag-specific and nonspecific cells (Fig. 1C). This finding was
consistent across multiple donors (Fig. 4D). Although these data
suggest an increase in Ty in response to anti-TIM-3 treatment,
the apparent increase in CCR7 and CD62L expression may also
represent a phase of transient activation as has been previously
reported (33, 34). We expect bona fide Ty cells to have enhanced
proliferative capacity (35); however, we found that the CCR7*
population underwent the same number of cell divisions as
CCR7™ cells (Fig. 4E). These results indicate that the CCR7*
population was similarly responding to Ag stimulation in the
presence of anti—-TIM-3 Ab, making it unlikely that these T cells
are true Tep.

Terminally differentiated Trrr exhibit decreased responsiveness
to TIM-3 engagement compared with Tgy,

To further address whether the CD62L*CCR7* phenotype was
representative of a transient state during T cell differentiation or
whether TIM-3 engagement was augmenting proliferation of
existing Ty, the Ag-specific CD8 T cells were stimulated three
times beyond the standard protocol to drive terminal differentiation.

This shifted the population to a predominantly Tggr phenotype
(CCR7 CD45RA ") with a smaller, but still present, Tcy pop-
ulation (CCR7*CD45RA™) (Fig. 5A). These cells expressed
CD45RO and TIM-3, but had decreased expression of CD127 and
CD25, indicative of terminal differentiation (Fig. 5B) (36, 37).
TIM-3 engagement enhanced the frequencies of T cells bearing
the Ty phenotype when T cells were stimulated under standard
conditions. However, treatment of terminally differentiated T cells
with anti-TIM-3 Ab no longer induced an increase in CCR7*
T cells (Fig. 5C), indicating TIM-3 engagement does not increase
proliferation of existing Tcy. Although these cells increased IFN-y
production in response to anti-TIM-3 Ab, TNF-a and IL-8 pro-
duction were reduced compared with cytokine production by cells
that were stimulated with the standard protocol (Fig. 5D), indi-
cating limited impact of TIM-3 engagement on effector T cells
can re-express CCR7 in a transient activation state (33, 34). Rather
than augmenting the Tcy population, it is more likely that
the increase in CCR7*CD45RA™ and CD62L"CD45RA™ T cells
observed with anti-TIM-3 treatment represents a transient state
during which Tgy, are differentiating toward Tggg. Together, these
results further support our observations that TIM-3 engagement
drives Tgyv — Tggr differentiation, with a transient re-expression
of CCR7 and CD62L during Tgy activation, and that terminally
differentiated Tggg cells begin to lose responsiveness to anti-TIM-3
treatment.

PD-1 engagement does not impact or synergize with TIM-3 to
enhance Ag-specific T cell effector function

Because coexpression of PD-1 and TIM-3 on T cells is associated
with disease (3, 4, 38), coengagement of these two receptors on
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FIGURE 6. Combined engagement of TIM-3 and PD-1 does not impact T cell function. Ag-specific CD8 T cells were cultured as in Fig. 1 in the presence of
anti-TIM-3 mAb, anti—-PD-1 mAb, or anti-TIM-3 and anti—-PD-1 combined, and analyzed for (A) proliferation by flow cytometry and (B) cytokine production. (C)
Representative dot plots showing expression of CCR7 versus CD45RA expression and MART1 tetramer expression on Ag-specific CD8 T cells (*p < 0.0001,
two-way ANOVA.) Data shown are representative of four to six biological replicates per treatment condition performed in three independent experiments.

T cells during Ag stimulation was investigated. MART1-specific
CDS8 T cells were stimulated with peptide-loaded aAPC in the
presence of either anti-TIM-3, anti-PD-1 Ab alone, or in combi-
nation. Treatment with anti-TIM-3 enhanced T cell proliferation,
but inclusion of both Abs during Ag stimulation did not augment
proliferation compared with treatment with anti-TIM-3 alone
(Fig. 6A). Nor did anti-PD-1 alone induce any changes in T cell
proliferation. Similarly, levels of IFN-y and TNF-o. were increased
by treatment with anti-TIM-3 alone but not anti-PD-1, and the
combination of Abs did not show any synergistic effect beyond
what was observed with anti-TIM-3 treatment alone (Fig. 6B).
Whereas treatment with anti-PD-1 did not induce changes in ef-
fector function, we wondered whether PD-1 engagement impacts
expression of CCR7 as observed with TIM-3 engagement. Anti—PD-1
treatment did not increase the frequency of CCR7* CDS8 T cells nor
did it enhance the ability of TIM-3 engagement to do so (Fig. 6C).
Note that the aAPC do not express PD-1 ligands. Therefore, the
only source of PD-L1 would be the T cells and it is unclear whether
PD-L1 expression in cis, or trans interactions with other T cells,
could trigger an immune regulatory mechanism. These data suggest
that in the absence of trans expression of ligand on APC in the
context of an immunological synapse, anti-PD-1 treatment has no
impact, nor does it synergize with anti-TIM-3 in mediating T cell
activation and driving Tgy; — Tggr differentiation.

TIM-3 functions in concert with TCR signaling through mTOR
to drive effector differentiation in Ag-specific T cells

It has been reported that ectopic expression of TIM-3 in Jurkat
cells leads to increased TCR signaling and downstream cytokine

production (9). It remains unclear how TIM-3 and TCR signaling
synergize during a TCR-MHC activation event. mTOR kinase,
demonstrated to play a crucial role in T cell activation and differ-
entiation, can signal via two distinct signaling complexes: mTORC1
and mTORC?2. Signaling through mTORC]1 has been linked to Tggg
differentiation whereas inhibition of this pathway promotes Tcy
(17). We hypothesized that TIM-3 engagement enhances mTORC1
signaling (39-41). mTORCI activation leads to phosphorylation of
S6K1, pS6K1 phosphorylates ribosomal protein S6 at S240/244 and
$235/236 (41). Therefore, mMTORC1 activation can be quantitated by
measuring pS6 levels in the presence or absence of rapamycin (42).
We predicted that pS6 would increase in T cells following stimula-
tion in the presence of anti-TIM-3 Ab if engagement of TIM-3
enhances Tgy — Tgpr differentiation (40, 43). Indeed, treatment
with anti-TIM-3 increased and prolonged expression of pS6 and this
event was reversible with rapamycin (Fig. 7A). Furthermore, RNA
sequencing analysis indicated that anti-TIM-3 Ab treatment of Ag-
specific CD8 T cells increased expression of rhebll whose gene
product is an isoform of Rheb, the main activator protein of the
mTOR pathway (15, 16), and this observation was confirmed by real-
time PCR (Fig. 7B). Interestingly, no changes were observed in the
main isoform of Rheb, which has reported function in T cell sig-
naling (15, 16), thus showing, to our knowledge for the first time, the
presence of RhebL1 in T cells and its role in the T cell differentiation
cascade. Taken together, these data support the hypothesis that Ab-
mediated engagement of TIM-3 drives T cell activation and differ-
entiation of Tgyy toward Tggg and that this occurs through increased
rhebll transcription and enhanced mTORCT1 activation (Fig. 8).
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Discussion

We demonstrated that TIM-3 is expressed on human primary Ag-
specific CD8 T cells upon TCR-MHC-mediated stimulation of
cells from healthy donors. Direct engagement of TIM-3 by a
monoclonal anti-TIM-3 Ab enhanced effector function. Although
TIM-3 has been associated with the negative regulation of T cell
function (1, 3, 44), our data suggest that engagement of TIM-3
on Ag-specific CD8 T cells by mAb promotes the function of
Tem/Teer cells during Ag-stimulation. To date, there is no
agreement on whether TIM-3 enhances or suppresses T cell
function. The data in this study do not definitively show
whether TIM-3 engagement with an Ab, in our studies rat clone
344823, is agonistic or antagonistic. We assume that known li-
gands, GAL-9, HMGBI, and phosphatidylserine, are present as
the cultures contain dead cells. Although the rat clone 344823
anti-TIM-3 Ab inhibits GAL-9 binding to recombinant TIM-3
protein in competition studies (data not shown), we cannot con-
clude that this is the mechanism by which the Ab induces TIM-3
signaling. Furthermore, it is feasible that the Ab blocks interaction
with one of the ligands, whereas other ligands could still engage
TIM-3 (45—47). In addition, there is no consensus on the relevant
ligand that drives TIM-3 function, thus confounding interpretation
of the effect of anti-TIM-3 treatment as agonistic or antagonistic.
To exclude the possibility of intrinsic agonism of TIM-3, future
experiments could include treating Ag-specific cells with only the
Fab portion of the rat anti-human TIM-3 Ab during restimulation,
thus preventing bivalent cross-linking of TIM-3. In contrast, binding

properties could change when the Ab is converted to only Fab
fragments (i.e., affinity, stoichiometry), impacting TIM-3 ligand
binding. Therefore, data from such experiments may be difficult to
interpret and beyond the scope of this study. Instead, rather than
defining the agonistic or antagonistic effect of the Ab, the findings
reported in this study demonstrate how TIM-3 is involved in dif-
ferentiation of Ag-specific CD8 Tgm/Tggr cells, improving under-
standing of the function of this receptor, and the mechanism of
action of Ab treatment in a therapeutic context.

We report that anti-TIM-3 treatment also increases expression
of CCR7 and CD62L on Ag-specific CD8 T cells during restim-
ulation. Our data suggest it is unlikely that CCR7" T cells
represent Ty because both CCR7~ and CCR7* populations
proliferated similarly upon Ag stimulation. More likely, CCR7
and CD62L were re-expressed because of T cell activation
(34, 48), and this transient re-expression is enhanced with TIM-3
engagement due to augmented T cell signaling. We also show
diminished impact on effector function when anti-TIM-3 Ab is
added to T cells that are terminally differentiated. If TIM-3 en-
gagement solely impacted effector function in the absence of
T cell differentiation, one would expect to see similar increases in
effector responses on terminally differentiated cells as with less-
differentiated cells. Our findings reveal how TIM-3 signaling
drives T cell differentiation, which is coupled with effector
function.

Although our results obtained from treatment with a combination
of anti—-TIM-3 and anti—PD-1 Abs in vitro seem to contradict results
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creasing cytokine production, and they exhibit tar-
get killing in a typical cytotoxicity assay. The
known ligands, Gal9, HMGBI, and PtdS, are all
likely present in that they are widely expressed by
many different cell types including T cells, yet the
mTOR pathway is not uniformly activated so there
is a higher frequency of cells representing Tgm
compared with Tggg (left). Addition of anti-TIM-3
Ab during Ag stimulation results in specific acti-
vation of mTORC1 shown by increased pS6 and
RhebL1 expression and ultimately the frequency of
Tgrr is increased (right).

reported in vivo (2, 49), the Abs used in the referenced in vivo
studies targeted PD-L1, a more broadly expressed Ag compared
with PD-1 (50, 51). Abs targeting PD-L1 and TIM-3 in vivo may
act on multiple cell populations, rendering the overall outcome
more efficacious compared with treatment with either Ab individ-
ually. The culture system presented in this study addresses the
impact of treatment specifically (and only) on Ag-specific CD8
T cells. PD-1 has been associated with inhibition of mTORC1 via
PI3K and Akt resulting in loss of Tggr and increased memory
T cells upon interaction with PD-L1 (52). Presumably, combined
engagement of TIM-3 and PD-1 would have a synergistic effect on
Tggr differentiation. However, the only (if any) source of PD-L1 in
this system would be presented on T cells as there are no PD-1
ligands expressed on the aAPC. Therefore, any PD-1/PD-L1 inter-
actions would occur beyond the immunological synapse and are
likely less stable. In this context, anti-TIM-3 treatment is activating
the mTOR pathway and any effect of the anti-PD-1 treatment is
masked.

Our data reveal that RhebL1, but not Rheb, is involved in the
T cell-differentiation signaling cascade via TIM-3. Although the
differences in function between the two isoforms remain unclear,
it has been suggested they impact mTOR signaling differently
(53). To date there are no known reports about RhebL.1 in T cells,
however, it has been shown that overexpression of RhebL.1 in mice
enhances hematopoietic progenitor cell growth while impairing
stem cell repopulation (54), implicating its involvement with
cellular differentiation. Our data support the hypothesis that anti—
TIM-3 treatment acts on CD8 T cells during Ag stimulation by
activating mTORCI1 signaling via RhebL1 and drives Tggp dif-
ferentiation (Fig. 8). This hypothesis is supported by a similar
model proposed by Ferris et al. (11) in that engagement of TIM-3
results in signaling through mTOR resulting in either exhaustion
or activation depending on the duration of signaling.
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We propose that TIM-3 signaling is necessary for Tggg differ-
entiation. If the signaling is suboptimal, T cell differentiation
shifts to memory T cell differentiation due to incomplete/weak
activation of the mTORCI1 (Fig. 8). However, robust TIM-3 sig-
naling concomitant with Ag-stimulation results in sufficient
mTORCI activation to drive Tggp differentiation. Treatment of
human Ag-specific CD8 T cells with anti-TIM-3 Ab during
stimulation produces a population with a phenotype reminiscent of
murine TSC2 KO T cells, which exhibit mTORC1 hyperactivity
with heightened effector function as shown by increased prolif-
eration and cytokine production but little difference in cytotoxic
activity (17). Activation of the mTOR pathway by TIM-3 en-
gagement has also been demonstrated in human leukocytes (55),
although these studies were performed in the absence of Ag
stimulation. Altogether these findings support our hypothesis that
anti-TIM-3 Ab treatment enhances effector CD8 T cell differen-
tiation via increased mTORC1 signaling.

Translating these findings in vivo remains a challenge due to a
microenvironment comprised of multiple cell populations con-
tributing to a dynamic milieu of soluble factors. In this context, the
Ab may function by targeting a subpopulation of functional cells
present within the general T cell population. However, our con-
clusions reveal one aspect of a complicated role of TIM-3 in T cell
differentiation during Ag encounter and its potential as a cancer
immunotherapy.
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