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ABSTRACT

PD1 blockade to reinvigorate T cells has become part of standard of care for patients with NSCLC across
disease stages. However, the majority of patients still do not respond. One potential mechanism of
resistance is increased expression of other checkpoint inhibitory molecules on T cells leading to their
suppression; however, this phenomenon has not been well studied in tumor-reactive, human T cells. The
purpose of this study was to evaluate this compensatory mechanism in a novel model using human
effector T cells infiltrating and reactive against human lung cancer. Immunodeficient mice with flank
tumors established from a human lung cancer cell line expressing the NYESO1 antigen were treated with
activated human T cells expressing a TCR reactive to NYESO1 (Ly95) with or without anti-PD1 alone and
with combinations of anti-PD1 plus anti-TIM3 or anti-TIGIT. A month later, the effect on tumor growth and
the phenotype and ex vivo function of the TILs were analyzed. Anti-PD1 and Ly95 T cells led to greater
tumor control than Ly95 T cells alone; however, tumors continued to grow. The ex-vivo function of PD1-
blocked Ly95 TILs was suppressed and was associated with increased T cell expression of TIM3/TIGIT.
Administering combinatorial blockade of PD1+ TIM3 or PD1+ TIGIT with Ly95 T cells led to greater tumor
control than blocking PD1 alone. In our model, PD1 blockade was suboptimally therapeutic alone. The
effect of TIM3 and TIGIT was upregulated on T cells in response to PD1 blockade and anti-tumor activity
could be enhanced when these inhibitory receptors were also blocked with antibodies in combination
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with anti-PD1 therapy.

Introduction

Lung cancer remains the leading cause of cancer deaths world-
wide despite advances in treatment. Immunotherapy has
become a promising treatment strategy. It is well established
that tumor-infiltrating lymphocytes (TILs) have the potential
to impact the prognosis of lung cancer.' However, despite their
intra-tumoral presence and reactivity to tumor-associated anti-
gens (TAAs), TILs are functionally impaired, in part due to the
expression of the checkpoint inhibitor programmed cell death
protein 1 (PD1).? PD1 checkpoint blockade in lung cancer has
resulted in some remarkable, durable responses in a subset of
patients.” Currently, PD1 blockade is approved for use in first-
and second-line treatment in advanced non-squamous non-
small-cell lung cancer (NSCLC).*

Unfortunately, many NSCLC patients either do not
respond or do so only briefly and then relapse. The mechan-
isms behind this are being extensively investigated and
include many potential factors, including a lack of appropri-
ate T cell infiltration in tumors, infiltration of “bystander”
T cells that lack tumor-reactivity, the presence of immuno-
suppressive cell populations, low mutational burden, epithe-
lial to mesenchymal transition, and tumor mutations like
inactivation of the JAK1/2 pathway.”®

One major mechanism is the expression of other inhibitory
receptors (IRs) on TILs.” '* Lymphocytes that express a tumor-
reactive TCR may successfully traffic to and infiltrate into
tumors. However, if other IRs are engaged in addition to
PD1, PD1 blockade is likely to be insufficient to fully reinvigo-
rate anti-tumor activity. The best studied of these other IRs is
CTLA-4 ."* TIM3 and TIGIT are other IRs that have been
shown to mediate CD8 T cell exhaustion, but their exact
biochemical functions are not fully known. TIM3 traditionally
is thought of as a T cell suppressing receptor'> but more
recently has been shown to stimulate T cells in certain
conditions.'® TIM3 is also involved in macrophage
activation'” and is expressed on Treg cells.'® TIGIT is another
T cell suppressing receptor and it operates in the context of
competing receptors, CD226 and CD96. TIGIT is also present
on natural killer cells'**° and Treg cells.*' Both IRs can bind to
multiple ligands that can be expressed by multiple cell types.
Galectin-9, phosphatidylserine (PS), high mobility group box 1
(HMGB1), and cell adhesion molecule 1 (CEACAM1) have
been proposed for TIM3; and CD155, CD112, and CD113 for
TIGIT.?*™*

Since checkpoint blockade is aimed at reawakening sup-
pressed T cell populations that bear antigen reactivity via the
appropriate TCR repertoire, it is crucial to understand which
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checkpoint molecules are active in addition to PD1 on antigen-
experienced, tumor-reactive TILs. IR expression and function
must be studied in the context of TCR reactivity to TAAs. The
blockade of checkpoint molecules on bystander TILs has the
drawbacks of 1) requiring higher doses of antibody, as bystan-
der TILs can act as an antibody “sink” and 2) increasing the
risk of toxicity by enhancing their reactivity to non-
TAAs. Furthermore, checkpoint molecules are varied in their
expression dynamics and functional impact and should not be
treated equally or interchangeably. Thus, an area that needs to
be further investigated is the hierarchy of checkpoint mole-
cules. As an increasing number of checkpoint molecules are
discovered on suppressed TILs, we need to better understand
which have a dominant effect as combination treatment
approaches become increasingly complex with more signifi-
cant toxicity profiles.

The progress in understanding these issues has been ham-
pered by a lack of robust preclinical models that utilize human
cells. Models are necessary because of the difficulty in obtaining
tumor biopsies from lung cancer patients who are on check-
point blockade. Much TIL checkpoint molecule preclinical
research has been conducted in mouse models studying
mouse T cells infiltrating mouse cancers.'”'***"*® Humanized
mice and primates are alternative models but are cost-
prohibitive. Furthermore, there are no appropriate primate
tumor models. This report utilizes a cost- and time-efficient
preclinical model of PD1-blocked human tumor-reactive TILs.

Our preclinical model was previously used to demonstrate
the ability of PD1-blockade to augment TIL function in lung
cancer tumors.”””° We used a lung cancer cell line expressing
NYESO1 (A549-A2-ESO) to establish subcutaneous flank
tumors in immunocompromised (NSG) mice. After tumor
engraftment, the mice were intravenously transferred human
T cells bearing an optimized TCR (Ly95) reactive against
NYESO1.>" T cells trafficked to and infiltrated into the flank
tumors, but became significantly hypofunctional as they upre-
gulated PD1. When mice from this model were treated sys-
temically with pembrolizumab, TILs had enhanced anti-tumor
activity, but still did not induce tumor regression.

Given these results, we used this model to ask the following
questions: 1) Are other checkpoint molecules besides PD1
causing hypofunction in the tumor-reactive TILs? 2) Does
PDI1 blockade affect the expression/activity of these other
checkpoint molecules? 3) Is one checkpoint molecule domi-
nant in its suppressive effects? And 4) Can we further augment
T cell control of flank tumors by combining PD1 blockade with
blockade of these other checkpoint molecules?

To answer these questions, we 1) looked for upregula-
tion of IRs on Ly95 T cells after they experienced chronic
antigen stimulation in A549-A2-ESO tumors in vivo. We
also looked for the ability of PD1 blockade to drive com-
pensatory upregulation of other IRs as has been shown in
murine TILs by others, and whether PD1 is dominant in its
suppressive effects.”> Consistent with our previous experi-
ments, Ly95 T cells infiltrated the tumors and demonstrated
partial anti-tumor activity but did not eliminate the tumors.
After harvesting tumors from these mice and isolating the
T cells, we identified the tumor-reactive (Ly95+) TILs, then
measured the expression of checkpoint molecules and

associated T cell function on tumor-reactive versus non-
reactive TILs. We demonstrate that TIM3 and TIGIT are
upregulated in these TILs and set up two experiments to
combine adoptive transfer of tumor-reactive TILs with
repeated injections of different combinations of blocking
antibodies targeting these detected checkpoint molecules.

This model offers significant advantages in studying check-
point molecule phenotype patterns and cell-intrinsic mechan-
isms of T cell hypofunction specific to chronic antigen
stimulation, a major limiting factor in solid-tumor-directed
immunotherapies. Our data show enhanced anti-tumor effi-
cacy with combination of PD1 blockade with either anti-TIM3
or TIGIT, interesting mechanisms behind these effects, and
supports targeting of these checkpoints in the clinic.

Materials and methods
Cell culture conditions

Tumor cell lines and human primary T cells were cultured in
RPMI 1640 (Gibco 11875-085) supplemented with 10% heat
inactivated fetal calf serum (FCS), 100 U/ml penicillin, 100ug/
ml streptomycin sulfate, and 1% L-glutamine (complete cell
culture medium).

Generation of the target lung cancer cell line

The human lung cancer cell line A549-CBG was generated by
stably transducing the A549 human lung cancer cell line
(ATCC CCL185) with a bicistronic third-generation lentiviral
vector encoding click beetle green (CBG) luciferase and green
fluorescent protein (GFP) (CBG-T2A-GFP).”' After adding
virus to A549 tumor cells in logarithmic growth at an MOI of
5:1, the cells were expanded and flow-sorted for cells that were
successfully transduced (GFP-positive). CBG was used in mea-
suring T cell cytolytic activity. The sorted A549-CBG cell line
was confirmed to be double-positive for GFP and CBG and
then was transduced using a retroviral vector encoding NY-
ESO-1-T2A-HLA-A2. The transduced A549-CBG cells were
subjected to limiting dilution at 1 cell per well in 96-well plates.
Resulting clones were tested by flow cytometry for HLA-A2
expression. HLA-A2 positive clones were selected and co-
cultured with Ly95 T cells expressing the NY-ESO-1 TCR.
The clones expressing HLA-A2 that induced IFN-y secretion
in Ly95 T cells measured by ELISA were pooled to generate the
A549-NY-ESO-1-A2-CBG (referred to in this paper as A549-
A2-ESO) cell line. Finally, the A549-A2-ESO cell line was
authenticated by ATCC by utilizing Short Tandem Repeat
profiling. This was done to confirm that in the process of
transducing, enriching, and sorting the A549-A2-ESO cell
line, the new cell line was otherwise identical to its parental
A549 cell line. (http://www.atcc.org/Services/Testing_Services/
Cell_Authentication_Testing_Service.aspx)

Lentivirus preparation

The NY-ESOl-reactive Ly95 TCR construct is an affinity-
enhanced variant of the wild-type IG4 TCR identified from
T cells recognizing the HLA-A2 restricted NY-ESO-1:157-165
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peptide antigen.”" In the mutant form, the threonine residue at
position 95 is substituted by leucine and the serine residue at
position 96 is substituted by tyrosine. It was constructed using
an overlapping PCR method™ based on the description and
sequences published previously’' and incorporated into the
lentiviral expression vector pELNS bearing the EFla promoter
(provided by Dr. Carl June at the University of Pennsylvania).
Packaging of each plasmid into lentivirus has been previously
described.’* Titering of lentiviral concentration was done on
Sup-T1 cells (ATCC CRL-1942) at serially decreasing virus
dilutions and MOI calculated using a validated formula (June
lab, University of Pennsylvania). Transgenic TCR expression
was measured by flow cytometry using a PE-conjugated anti-
human VB13.1 TCR chain antibody (Beckman Coulter, CA).

Isolation, bead activation, lentiviral transduction, and
expansion of primary human T-lymphocytes

Primary human CD4" and CD8" T cells collected by leuka-
pheresis from healthy volunteer donors at the Hospital of the
University of Pennsylvania were obtained from the Human
Immunology Core (HIC) at the University of Pennsylvania.
All specimens were collected using a University Institutional
Review Board-approved protocol. T cells were isolated by
negative selection using RosetteSep kits (Stem Cell
Technologies, Vancouver, Canada). CD4" and CD8" T cells
were combined at a 1:1 ratio and cultured in complete cell
culture medium in 24-well plates at an initial concentration (at
d 0) of 2 x 10° cells per mL, 500 pl per well. They were
stimulated at d 0 with magnetic beads coated with anti-CD3
/anti-CD28 (Dynabeads® Human T-Activator CD3/CD28,
Thermo Fisher Scientific, MA) at a 1:3 cell to bead ratio. We
did not add exogenous IL-2 to the media. After 24 hours,
T cells were transduced with the Ly95 TCR using lentiviral
vector at an MOI of 5. Cells were counted using a Coulter
counter and fed with complete cell culture medium every
48 hours to a concentration of 5 x 10° cells per mL, plated at
a density of 3.5 x 10° per cm”. The beads were removed using
a magnet at d 8 after activation. Once T cells became quiescent,
as determined by decreased growth kinetics and mean cell size
below 350 um’, flow cytometry was performed on a small
aliquot of 1 x 10° cells to assess transduction efficiency of the
Ly95 TCR. The T cells were then either used for functional
assays or cryopreserved in optimized T cell freezing media
(10% DMSO in FBS, 0.22 um filtered).

FACS Analysis

Analysis of target tumor cells was conducted by flow cytometry
using an APC-conjugated mouse antibody against human
HLA-A2 (Biolegend, CA), and a primary mouse monoclonal
antibody against NY-ESO-1 (Life Technologies, NY), followed
by a PE-conjugated goat anti-mouse secondary antibody (BD
Biosciences, CA). T cells were stained for a panel of surface
markers using fluorochrome-conjugated antibodies against
CD45, CD8, CD4, PD-1 (BD Biosciences, CA), TIM-3
(eBioscience, CA), TIGIT, CD226, CD96, PDL1, galectin-9,
Annexin-V, HMGBI1, D155, CDI113, and CDI112
(Biolegend, CA). Cells were stained for 30 minutes in standard
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5 ml round-bottom Falcon FACS tubes (BD Biosciences, CA)
in PBS or in BD Horizon brilliant stain buffer (BD Biosciences,
CA) and analyzed on a BD™ LSRFortessa (BD Biosciences,
CA). All cells were stained for viability using LIVE/DEAD™
Fixable Blue Dead Cell Stain Kit (Thermo Fisher Scientific,
MA). Flow cytometry data were analyzed on Flow]Jo
(FlowJo LLC).

Blocking antibodies

The blocking antibodies used were: anti-PD-1 (clone
EH12.2H7; mouse-anti-human monoclonal; Ultra-LEAF™,
Biolegend, CA; 329958), anti-TIM-3 (goat-anti-human poly-
clonal; R&D Systems, Minneapolis, MN; AF2365), and anti-
TIGIT (clone 741182; mouse-anti-human monoclonal; R&D
Systems, Minneapolis, MN; MAB7898). These antibodies have
been used for blocking experiments in other published studies
and are qualified to be used to block the IRs in these studies.

Flow Cytometric T cell cytokine production assay

Analysis of T cell cytokine production was performed by
plating 1 x 10° Ly95 T cells per well on flat-bottom 96-well
plates pre-coated with 0.5 pg/ml of anti-CD3 stimulating
antibody, in the presence of the protein transport inhibitors
monensin (GolgiStop™) and brefeldin A (GolgiPlug™) at
the manufacturer recommended concentrations, for
18 hours. PMA (30 ng/ml) and Ionomycin (final concen-
tration 1 uM) were added in a positive control condition.
The following day, the cells were harvested and stained for
surface markers per the aforementioned surface staining
protocol, fixed in 2% paraformaldehyde (PFA), and per-
meabilized using BD Perm/Wash™ Buffer (BD Biosciences,
CA). Intracellular staining for cytokines was done in BD
Perm/Wash™ Buffer with fluorochrome-conjugated IFN-y,
IL-2, and TNF-a antibodies (Biolegend, CA).

Luciferase coculture killing assays

For luciferase killing assays, target cells (A549-A2-ESO) were
seeded on flat-bottom 96-well plates at a density of 3000 cells
per well and left overnight. Isolated T cells were added at
determined E:T ratios (20:1, 10:1, and 0:1) and left for
18 hours. After 18 hours, tumor cell lysis was quantified
using a Promega Luciferase Assay System and plate-reading
luminometer (Promega Corporation, WI).

Measurement of Ly95 T cell IFN-y secretion by ELISA

Supernatants from 18 hr tumor killing co-culture assays (20:1
and 10:1 effector:target ratios, triplicates for all conditions)
were prepared at different dilutions and measured for levels
of IFN-y by standard ELISA protocol (Biolegend, CA).

Animals

All animal experiment protocols were approved and conducted
in accordance with the Institutional Animal Care and Use
Committee. NOD/scid/IL-2ry-/- (NSG) mice were bred in
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Figure 1. (a) The phenotype of T cells transduced with Ly95 TCR, 10-12 d after activation with anti-CD3/CD28 microbeads is shown: 42.4% expressed the Ly95 TCR; 14%,
5%, and 13% of Ly95- T cells expressed PD1, TIM3, and TIGIT respectively; and 11%, 6%, and 12% of Ly95 + T cells expressed PD1, TIM3, and TIGIT respectively. (Smaller
inset graph with Y-axis kept the same as the Y-axis in B) for comparison). (b) Ly95 T cells upregulate PD1, TIM3, and TIGIT after infiltration into A549-A2-ESO flank
tumors. 33%, 32%, and 59% of Ly95- T cells expressed PD1, TIM3, and TIGIT respectively. 72%, 56%, and 90% of Ly95 + T cells expressed PD1, TIM3, and TIGIT
respectively. Dot plots are representative examples of PD/TIM3/TIGIT expression levels in Ly95 cryopreserved T cells and Ly95 TILs.

the Animal Facility Unit of the Smilow Center for
Translational Research at the University of Pennsylvania.
Male or female mice were used at 6-8 weeks of age.

In vivo xenograft experiments

A single cell suspension of 5 x 10° A549-A2-ESO tumor cells,
in a solution of X-Vivo media (Lonza, NJ) and Matrigel (BD
Biosciences, CA), were injected subcutaneously in each of the
flanks of NSG mice. Tumor size was measured using calipers
and tumor volumes were calculated using the formula (71/6)
(length) x (width)?%. Once tumors were 100-200 mm?> in size,
mice were randomly assigned to one of the following treatment
groups for intravenous (IV) tail-vein injection of: (i) saline, (ii)
10 x 10° non-transduced (NTD) T cells, and (iii) 10 x 10° Ly95
expressing T cells. In the experiments combining anti-PD-1,
anti-TIM-3, and anti-TIGIT antibody with T cells, additional
groups were included in which mice received intraperitoneal
(IP) injections of 10 mg/kg of antibody every 5 d. When
predefined protocol endpoint of maximum tumor sizes was
reached (1,000 mm’ in any group), tumors were harvested,
micro-dissected, and digested in a combination of enzymes
according to a previously published protocol optimized for

preservation of immune markers.””> Digested tumors were fil-
tered through 70-um nylon mesh cell strainers, and red blood
cells were lysed with lysing buffer (BD Pharm Lyse; BD
Biosciences, CA). Spleens harvested from the same mice were
also filtered through 70-pm nylon mesh cell strainers with
subsequent red blood cell lysis. After processing, cells from
tumor digests and spleens were resuspended in complete
media and counted using a hemocytometer. 1 x 10° cells
from each single-cell suspension were stained with anti-
human CD45, CD8, CD4, and TCRV13.1 antibodies to assess
the degree of adoptive T cell infiltration. Cells were also stained
with anti-human PD1, TIM-3, and TIGIT antibodies to mea-
sure expression of IRs on TILs. The in vivo experiments were
repeated three times in an independent fashion. Groups con-
tained 5-10 mice each.

Ex vivo TIL analysis

After digestion of harvested tumors, necrotic debris was
removed from the cell suspension using a Dead Cell
Removal Kit (Miltenyi Biotech, CA). TILs were subse-
quently isolated by positive selection using an anti-human
CD45-PE antibody (BD Biosciences, CA) with the EasySEP
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Figure 2. Ly95 TILs (b) isolated from flank tumors are suppressed in their ability to produce IFNg, IL2, and TNFa in response to overnight anti-CD3 stimulation compared

to uninjected cryopreserved T cells (a). (Representative dot plots shown.).

PE Selection Kit (STEMCELL Technologies, Vancouver,
Canada). Once isolated, functional analyses for TILs were
performed in two different ways: (i) luciferase coculture
killing assays, and (ii) measurement of antigen-induced
T cell IFN-y secretion by ELISA (see above). Pooling of
samples was required in order to isolate sufficient numbers
of viable TILs after all processing steps (i.e. harvest, diges-
tion, single cell preparation via filtering and washing, dead
cell removal, and CD45 magnetic separation) to perform
ex-vivo co-culture killing experiments. When samples were
pooled, at least three replicates were maintained within
each group for statistics purposes.

Clinical sample processing and analysis:

Malignant pleural effusion (MPE) samples were obtained by
thoracentesis from the Harron Lung Center at the Hospital of
the University of Pennsylvania following IRB regulations.
Samples were processed by centrifugation at 300xg followed
by red blood cell lysis (BD Pharm Lyse; BD Biosciences, CA or
RBC lysis buffer, SCBiotech, CA). Cells were counted by hemo-
cytometer, and an aliquot of 1 x 10° cells was stained for T cell
markers and IRs for flow cytometry. Functional assays for
T cell cytokine production (see above) were also done on the
cells. Using FlowJo software, cells were gated on live, singlet,

CD3+ populations, and IRs were compared on CD8+ and CD4
+ cells.

Statistical analysis

All results were expressed as means + SEM as indicated. For
studies comparing two groups, the Student’s t-test was used.
For comparisons of more than two groups, we used one-way
ANOVA with appropriate post hoc testing. Differences were
considered significant when p < .05. Experiments were per-
formed in triplicate and repeated three times in independent
fashion.

Disclosure of potential conflicts of interest:

All authors declare no financial or commercial conflict of
interest.

Ethics approval

All animal experiments were performed according to guide-
lines for animal care of the Nijmegen Animal Experiments
Committee in accordance with the ethical standards described
in the declaration of Helsinki.
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Figure 3. The expression of PD1 correlates with suppression of cytokine production in the TILs isolated from the flank tumors.

Results

Anti-CD3/CD28 bead activated human T cells express low
levels of PDI1, TIM-3, and TIGIT on both lentiviral trans-
duced and non-transduced populations

We first characterized the IR expression of the injected
T cells (called cryopreserved or “cryo” cells) where approxi-
mately 50% of the injected T cells expressed the Ly95 transgene
and 50% did not (“bystander cells”) (Suppl. Figure 1a). On the
CD8 + T cells, the expression levels of PD1, TIM3, and TIGIT
were all quite low (less than 10% of the cells) and there was
minimal co-expression of any of these three IRs (PD1, TIM3,
and TIGIT). There were no differences between the Ly95+ and
Ly95- cells (Figure 1a).

TiLs harvested from A549-A2-ESO tumors demonstrate
upregulation of three IRs

NSG mice bearing A549-A2-ESO (Suppl. Figure 1b) subcuta-
neous flank tumors ~200 mm’ in volume were intravenously
injected with 10 x 10° Ly95 + T cells. As we have reported® (and
as shown below), these T cells slowed the growth of tumors by
approximately 50%. Approximately 30 d after injection, mice

were sacrificed and tumors were harvested, digested, processed
into single cell suspension, and evaluated for IR expression by
flow cytometry. As seen in Supplemental Figure lc, approxi-
mately one-third of the TILs was Ly95 positive with the remain-
der being bystander cells. There was significant upregulation of
all three IRs in the Ly95+ TILs (Figure 1b) compared with the
levels observed at the time of injection into the animals (Figure
la) (p < .01). There was also a significant increase in cells
expressing multiple IRs. (p < .05) Expression of IRs was signifi-
cantly increased (p < .05) on the CD8 T cells that expressed the
Ly95 TCR compared to the bystander cells that did not (compare
blue columns to red columns).

Ly95+ TILs harvested from A549-A2-ESO tumors
demonstrate hypofunction

In addition to phenotype, we also assessed the functional capa-
city of the injected T cells and those obtained from the tumor by
measuring their ability to produce intracellular cytokines after
ex vivo crosslinking of their TCRs by plate-bound anti-CD3
antibody. The injected T cells (cryo) and the TILs isolated at
approximately 30 d after intravenous adoptive transfer, were
cultured for 24 hours in plates coated with a submaximal
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in-vivo. TIM3 blockade had no effect unless combined with PD1 blockade. (n = 7 in each treatment group) T cells injected IV once on d 0. Antibodies injected IP every 5 d

at 10 mg/kg.

(0.5ug/ml) concentration of anti-CD3 antibody in the presence
of monensin and brefeldin A. The following day, the cells were
stained for the Ly95 TCR and intracellular cytokines.

As seen in Figure 2a, both the Ly95+ and Ly95- infused CD8
cryo T cells were able to produce cytokines in equal amounts.
In contrast, the harvested Ly95 TILs were significantly hin-
dered in their ability to make IFN-y, IL-2, and TNFa in
response to anti-CD3 stimulation compared to the cryopre-
served control T cells (Figure 2b) (p < .01). Furthermore, this
hypofunction was significantly greater in the Ly95+ TILs com-
pared to Ly95- TILs (compare blue versus red columns).

To assess the association of PD1 with hypofunction on the
Ly95+ TILs, we gated on these cells and then plotted the
expression of PD1 versus IFN-y, IL2, and TNFa. Figure 3
shows that PD1 expression was significantly higher in the
CD8 TILs that were not able to produce cytokines versus this
those CD8 TILs that did produce intracellular cytokines.

Effect of single and multiple IR blockade in the animal
model.

Given our observations that expression of PD1, TIM3 and
TIGIT were increased in the Ly95 TILs in our animal model,
we hypothesized that single blockade of these IRs or double
blockade of these IRs along with anti-PD1 antibody might
augment anti-tumor efficacy.

TIM3 and TIM3/PD1 blockade

We first examined the effects of anti-TIM3 antibodies. In this
study, A549-NYESO tumor-bearing NSG were untreated or
injected with 10 million activated, but non-transduced (NTD)

T cells along with injection of anti-PD1 and anti-TIM3 anti-
bodies. We also injected mice with 10 million Ly95 T cells
alone or in combination with anti-PD1 antibody, anti-TIM3
antibody, or with both anti-PD1 and anti-TIM3 antibodies and
followed tumor size over time (see methods for details). When
the experiment’s endpoint criteria were met at d 51 post-
treatment initiation (Figure 4), we observed: 1) compared to
untreated tumors, there was no effect of the NTD T cells/anti-
PD1/anti-TIM3 antibodies on tumor growth, 2) as we have
previously reported, *° compared to control, Ly95 T cells sig-
nificantly reduced the size of the tumors (884 mm” vs 674 mm’;
p < .01), 3) addition of the anti-TIM3 antibody to Ly95 T cells
had no effect (629 mm® vs. 674 mm”>, p = NS, 4) as we have
previously reported, >° compared to Ly95 T cells alone, anti-
PDI antibody treatment significantly augmented anti-tumor
control (674 mm? vs 472 mm?; p <.05), and 5) the combination
of PD1 and TIM3 blocking antibodies with Ly95 T cells was
significantly better than Ly95 plus only anti-PD1 antibody
(310 mm’ vs. 472 mm’, p < .01).

To explore the mechanisms for this enhanced anti-tumor
activity we harvested tumors from each group at the end of the
study and conducted further analyses. We first asked how anti-
PD1 and anti-TIM3 blockade affected the persistence of TILs
within the tumor. As shown in Figure 5a, anti-PD1 treatment
significantly (p < .01) increased the percentage of CD8 T cells
within the tumors. In contrast, anti-TIM3 antibody had no
effect on TIL persistence and there was no additional increase
to the PD1 effect by the addition of anti-TIM3 antibodies.
However, we did note that the expression of TIM3 on the
both the Ly95- and Ly95+ TILs was significantly (p < .01)
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increased by anti-PD1 blockade (Figure 5b). We also assessed
the function of the TILs by measuring their ability to kill fresh
A549-A2-ESO cells ex vivo (Figure 5¢). As previously reported,
" and consistent with the cytokine data above, the isolated
TILs killed many fewer tumor cells than the infused cryo T cells
at the same E:T ratios. TILs from mice treated with anti-PD1
antibody were significantly more active than TILs alone
(p < .01) while those treated with only TIM3 antibody were
similar to the untreated TILs. However, TILs from mice treated
with both anti-PD1 and anti-TIM3 were significantly more
active than those from the anti-PD1-treated mice.

We also measured the expression of PD-L1 and Galectin-9
(Gal9), one of the reported ligands of TIM3 on the CD45
negative tumor cells (CBG positive) from the flank tumor
digests and observed upregulation of PD-LI, but not Gal9, in
the tumors that were treated with Ly95 T cells and PD1 block-
ade (Figure 5d). Of note, the A549-A2-ESO tumor cell line has
very low expression of two other proposed ligands for TIM3,
phosphatidylserine and HMGBI1 at baseline or after engage-
ment with Ly95 T cells. (Supplemental Figure 2)

These data suggest that TIM3 expression is relatively low on
the Ly95 TILs and thus TIM3 blockade has little effect on its
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own. However, anti-PD1 therapy leads to enhanced TIM3
expression, which induces T cell hypofunction. By blocking
TIMS3, in the setting of upregulation due to anti-PD1 therapy,
augmented anti-tumor effects result.

TIGIT and TIGIT/PD1 blockade

We next examined the effects of anti-TIGIT antibodies. Using
the same model, we injected mice with 10 million activated, but
non-transduced (NTD) T cells along with injection of anti-PD1
and anti-TIGIT antibodies. We also injected mice with
10 million Ly95 T cells alone, or in combination with anti-
PD1 antibodies, anti-TIGIT antibodies, or with both anti-PD1
and anti-TIGIT antibodies and followed tumor size over time
(see methods for details). When the experiment’s endpoint
criteria were met at d 34 post-treatment initiation (Figure 6),
we observed: 1) as above, compared to control, Ly95 T cells
significantly reduced the size of the tumors (653 mm’ vs
421 mm?; p < .01), 2) addition of the anti-TIGIT antibody to
Ly95 T cells had no effect (436 mm? vs. 421 mm?, p=NS,4)as
above, compared to Ly95 T cells alone, anti-PD1 antibody
treatment significantly augmented anti-tumor control
(421 mm? vs 340 mm?; p < .05), and 5) the combination of
PDI1 and TIGIT blocking antibodies with Ly95 T cells were
significantly better than Ly95 plus only anti-PD1 antibody
(236 mm? vs. 340 mm°, p <.05).

We harvested tumors from each group at the end of the
study and conducted similar analyses as above. As shown in

Figure 7a, anti-PD1 treatment (p < .01) and anti-TIGIT anti-
bodies significantly (p < .05) increased the percentage of CD8
T cells within the tumors. In contrast, to the anti-TIM3 anti-
body, anti-PD1 had no effect on the expression of TIGIT on the
either the Ly95- and Ly95+ TILs, although expression was
higher in the Ly95+ cells (Figure 7b). As above, isolated TILs
killed significantly (p < .01) fewer tumor cells than the infused
(cryo) T cells at an E:T ratio of 10:1. TILs from mice treated
with anti-PD1 antibody were significantly (p < .05) more
active, as were those treated with only TIGIT antibody.
However, TILs from mice treated with both anti-PD1 and anti-
TIGIT were significantly (p <.01) more active than those from
the anti-PD1 or anti-TIGIT treated mice.

We measured the expression of PD-L1 and the three
reported ligands of TIGIT (CD155 (PVR), CD112 (PVRL2,
Nectin-2), and CD113 (PVRL3, Nectin-3)) on the CD45 nega-
tive tumor cells (CBG positive) from the flank tumor digests
and observed upregulation of all four of these ligands in the
tumors that were treated with Ly95 T cells and PD1 blockade
(Figure 7d). We also measured the expression of the receptors
CD226 and CD96 which have been reported to co-express and
interact with TIGIT. CD226 counterbalances TIGIT suppres-
sion and CD96 competes with CD226 for ligand binding®
Cryopreserved Ly95 T cells had dual expression of both
CD226 and CD96 (47.7%) (Figure 8a first dotplot) with PD1
+ Ly95 T cells (Figure 8a second dotplot) having greater dual
expression than PD1- counterparts (Figure 8a third dotplot).
(80.3% vs. 46.2%). Ly95 TILs had much lower expression of
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both receptors (5.2%). (Figure 8a, dot plots in blue square;
Figure 8b left group of bars), PD1 blockade led to significant
upregulation of both CD226 and CD96 (Figure 8a, dot plots in
purple square; Figure 8b, red bars).

These data suggest that the mechanisms of anti-TIGIT
augmentation of anti-PD1 therapy differ from those of anti-
TIM3 augmentation and include: increased numbers of T cells
within the tumors, enhancement of T cell function; upregu-
lated TIGIT ligands; and upregulation of co-receptors that
share ligands with TIGIT.

TILs isolated from a NSCLC patient’s malignant pleural
effusion samples before and after pembrolizumab treatment
show upregulation of TIM-3, and TIGIT in response to PD1
blockade

Finally, we assessed IR changes on tumor-infiltrating T cells
after anti-PD1 therapy in an actual human tumors. Although it
is challenging to obtain large enough pre- vs post-anti-PD1
therapy tumor samples that allow detailed TIL analysis, we
were able to obtain a pair of malignant pleural effusion samples
from a patient with NSCLC before and after treatment with the
anti-PD1 antibody, pembrolizumab. After processing, we

stained CD3 T cells for expression of IRs (Figure 9). Only 9%
of CD8 T cells were expressing TIM3 before therapy; however,
this increased markedly to 77% of CD8 T cells after 2 weeks of
pembrolizumab treatment (Figure 9a). Before therapy, 50% of
the CD8 T cells expressed TIGIT; this increased to 82% of the
CD8 T cells after pembrolizumab treatment (Figure 9b) Similar
increases were seen in the CD8- T cells (presumably CD4
T cells).

Discussion

Checkpoint blockade has made a dramatic impact in the treat-
ment of cancer patients, with profound and long-lasting
responses even in advanced-stage cancers.”” One of the most
targeted checkpoints has been PD1. The first FDA approved
anti-PD1 antibody was nivolumab, in 2014, for the treatment
of melanoma.’® Since then, PD1 blockade strategies have
expanded to include the use of different antibody clones (pem-
brolizumab, which targets PD1, and atezolizumab, which tar-
gets PD1’s main ligand, PDL-1) and to different tumor types,
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including non-small cell lung cancer (NSCLC).*** Only about 30% of lung cancer patients who are treated with
Checkpoint blockade of PD1 has demonstrated added benefit PD1 checkpoint blockade demonstrate measurable response.**
when combined with standard chemotherapy and is approved The response rate is low despite screening for PDL-1 expres-
for use with NSCLC in the first-line setting.*' sion on tumor biopsies to identify patients who are most likely
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to benefit from PD1 checkpoint blockade.*’ Thus, investigators
are currently focusing on two significant research initiatives: 1)
identifying biomarkers that predict response better than tumor
PDL-1 expression and 2) understanding what factors result in
escape from anti-PD1 therapy. Our lab is currently investigat-
ing these topics in both clinical and lab studies. Specific to
escape, we have taken advantage of a unique in vivo model of
human TIL hypofunction in which human T cells bearing
a TCR (Ly95) reactive to a clinically relevant tumor-
associated antigen, NY-ESO-1, traffic and infiltrate into
human lung cancer tumors, where they slow tumor progres-
sion but undergo profound hypofunction associated with upre-
gulation of PD1. This phenomenon is very similar to what has
been described in lung cancer TILs in the clinic.**™*® When
animals are treated with PD1 checkpoint blockade, the anti-
tumor function of the Ly95 T cells is improved, but significant

hypofunction remains, as evidenced by lack of complete tumor
regression.

In the experiments described in this paper, we sought to
understand what IR checkpoints in addition to PD1 may con-
tribute to residual hypofunction in TILs. We also wanted to
know if PD1 blockade was responsible for compensatory
expression of and suppression by other IRs beyond PD1. To
answer these questions, we harvested TILs from the flank
tumors of mice that were treated with Ly95 T cells and
observed two IRs in particular that were significantly upregu-
lated in TILs, in addition to PD1: TIM3 and TIGIT. We next
harvested TILs from mice treated with Ly95 T cells with or
without PD1 blockade and compared the surface marker phe-
notype and associated effector function between the two
groups. We observed that the expression of TIM3 but not
TIGIT was even greater when TILs were treated with PD1
blockade.

We also had the opportunity to see if this in vivo data
corresponded with clinical findings. We obtained malignant
pleural effusion (MPE) samples before and after pembrolizu-
mab treatment from a patient with NSCLC. By flow cytometry,
we observed that T cells in the MPE had significantly greater
TIM3 and, to a lesser magnitude, TIGIT expression after PD1
checkpoint blockade treatment. While we only had the ability
to obtain these pre- and post-pembrolizumab MPE samples
from one patient, this observation is in line with prior pub-
lished reports of adaptive immune resistance in which there is
compensatory upregulation of other IRs when one is blocked.
We are actively involved in further research to characterize
TILs from MPE samples obtained from NSCLC patients, both
receiving and not receiving checkpoint blockade.

After isolating and phenotyping our ex vivo TILs, we per-
formed assays to quantify their function compared to the cells
that we injected into the animals (cryopreserved). We observed
that the Ly95+ TILs that made the least IFN-y following over-
night anti-CD3 stimulation had dual expression of PD1/TIM3
and PD1/TIGIT. Based on these results, we hypothesized that
blocking PD1 in combination with TIM3 or TIGIT would
result in greater tumor control than blocking PD1 alone.
Thus, we performed two separate animal experiments using
dual checkpoint blockade. In the first experiment, we injected
tumor-bearing NSG mice with Ly95 T cells in combination
with blocking antibodies against PD1, TIM3, or both. In
the second experiment, we injected tumor-bearing NSG mice
with Ly95 T cells in combination with blocking antibodies
against PD1, TIGIT, or both.

In both experiments, blockade of TIM3 or TIGIT alone
(without PD1 blockade) had no significant effect on tumor
control, but demonstrated effects when blocked with PDI1.
This made sense for TIM3 since its expression was upregulated
in response to PD1 blockade. What was interesting was that
TIGIT expression on Ly95+ TILs was very high prior to PD1
blockade and remained at a similar level after PD1 blockade.
To understand why TIGIT blockade only had effects when PD1
was blocked we analyzed the level of TIGIT ligands expressed
on the tumor cells and indeed saw that the PD1 blockade
induced upregulation of these ligands. Additionally, PD1
blockade induced the upregulation of co-receptors that interact
with TIGIT, including CD96 which has been shown in murine
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T cells and murine NK cells.*”** Blockade of TIM3 or TIGIT
augmented Ly95 anti-tumor function only when combined
with PD1 blockade (for both blocking antibodies, tumor sizes
were decreased by an average of 1/3 when TIM3 or TIGIT
blockade was added to PD1 blockade). These data also support
the phenomenon of checkpoint molecule hierarchy with PD1
being a dominant molecule in lung cancer as described by
others.**

Additional mechanisms of action we focused on were: 1)
degree of TIL infiltration, as assessed by flow cytometry and 2)
quantification of tumor-lytic function via co-culture killing
assays using isolated TILs. Our data suggest that the role of
TIM3 blockade in augmenting PD1-blocked Ly95 TIL anti-
tumor function is in enhancing tumor-lytic ability after
chronic TAA stimulation, rather than enhancing T cell infil-
tration. In comparison, treatment with TIGIT antibody was
observed to enhance both residual tumor-lytic ability and T cell
infiltration.

We intentionally focused on the effect of chronic TAA
engagement on human TIL IR upregulation and hypofunction.
In utilizing an NSG-based xenograft model to do this, the effect
of “third-party” immune cell populations, like Tregs, was not
studied. We acknowledge that this is one potential weakness of
our study. However, our group recently demonstrated that IR
suppression is negligibly induced by third-party immune cells.
With that being said, we have ongoing parallel studies looking
at the interplay of checkpoint blockade and Tregs in a fully
mouse system.

The lessons from this study can be summarized in the
following four ways: 1) our unique preclinical model has

the power to identify targetable combinations of checkpoint
molecules in the clinically relevant context of human
tumor-reactive effector T cells that become hypofunctional
upon infiltration into human lung cancer, 2) both the
expression and the function of checkpoint molecules on
TILs are important in determining their targetable poten-
tial, 3) the expression of checkpoint ligands can be dynamic
and are important to analyze, 4) the blockade of either
TIM-3 or TIGIT, in combination with PD1 blockade, is
an effective way to improve cytokine and cytolytic function
and mitigate exhaustion in T cells that do not respond to
PD1 blockade alone, and testing these combinations of
checkpoint blockade in NSCLC patients warrants
investigation.

In conclusion, our study lends significant contribution to
the current understanding of immune checkpoint blockade.
The field of TIM3 and TIGIT study has relied largely on the
use of murine T cells,'”””'***** correlative studies based on
analyses of human samples (often in the context of other
cancers), "**~>* and the context of more immunogenic cancers
like melanoma.’>*"*>** We describe a unique model of
human, tumor-reactive T cells in lung cancer that allows the
study of combinatorial checkpoint blockade and its effects on
T cell biology and anti-tumor function. Our data support the
blockade of TIM3 and TIGIT in combination with PD1 in lung
cancer. As clinical trials testing TIM3 and TIGIT blockade are
underway, *>>* our model has the potential to understand the
mechanisms behind the response patterns observed and stra-
tegies to take advantage of the complex receptor/ligand inter-
actions to promote response.
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