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ABSTRACT

The use of inhibitory checkpoint blockade in the management of glioblastoma has been studied in both
preclinical and clinical settings. TIGIT is a novel checkpoint inhibitor recently discovered to play a role in
cancer immunity. In this study, we sought to determine the effect of anti-PD-1 and anti-TIGIT combination
therapy on survival in a murine glioblastoma (GBM) model, and to elucidate the underlying immune
mechanisms. Using mice with intracranial GL2671-luct tumors, we found that TIGIT expression was
upregulated on CD8" and regulatory T cells (Tregs) in the brain compared to draining cervical lymph
nodes (CLN) and spleen. We then demonstrated that treatment using anti-PD-1 and anti-TIGIT dual
therapy significantly improved survival compared to control and monotherapy groups. The therapeutic
effect was correlated with both increased effector T cell function and downregulation of suppressive Tregs
and tumor-infiltrating dendritic cells (TIDCs). Clinically, TIGIT expression on tumor-infiltrating lymphocytes
was shown to be elevated in patient GBM samples, suggesting that the TIGIT pathway may be a valuable
therapeutic target. Expression of the TIGIT ligand, PVR, further portended a poor survival outcome in
patients with low-grade glioma. We conclude that anti-TIGIT is an effective treatment strategy against
murine GBM when used in combination with anti-PD-1, improving overall survival via modifications of
both the T cell and myeloid compartments. Given evidence of PVR expression on human GBM cells, TIGIT
presents as a promising immune therapeutic target in the management of these patients.
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Introduction
oductio developed to block this interaction.*” For example, blockade of

Glioblastoma (GBM) is an aggressive disease associated with
high rates of morbidity and mortality. With the current stan-
dard of care, which includes maximal surgical resection plus
adjuvant chemotherapy and radiation, median survival is still
less than two years.'” Thus, efforts are currently underway to
identify novel therapies for the treatment of GBM. One thera-
peutic approach, immunotherapy, modulates the host immune
response to cancer to eradicate tumors. One class of immuno-
therapeutic agents extensively studied are immune checkpoint
inhibitors.*

The immune system recognizes antigens, such as those
expressed on cancer cells, resulting in eradication of pathogens
or tumor elimination in order to maintain homeostasis. How-
ever, some cancers evade immune surveillance by overexpress-
ing immune checkpoint ligands, thereby activating negative
regulatory pathways that downregulate T cell activation and
effector function. To combat this phenomenon, various mono-
clonal antibodies targeting immune checkpoints have been

the well-studied checkpoint, programmed cell death protein 1
(PD-1), has been FDA approved for the treatment of multiple
advanced cancers, such as melanoma and non-small cell lung
cancer (NSCLC).5'° However, anti-PD-1 monotherapy has
only demonstrated limited benefit in GBM. In an effort to aug-
ment the therapeutic effects of anti-PD-1 treatment, many
groups have examined the effect of combination immune
checkpoint blockade. Studies of anti-PD-1 treatment with other
checkpoint inhibitors, such as anti-cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and anti-T cell immunoglobulin
and mucin domain 3 (TIM-3), have demonstrated promising
results in a murine GBM model, and various combinations are
currently being tested in clinical trials.""'?

T cell immunoreceptor with Ig and ITIM domains (TIGIT)
is a novel checkpoint inhibitory molecule that has recently
gained attention in cancer immunotherapy.'>"” It is expressed
on a variety of immune cells, including T cells, regulatory T
cells (Tregs), and natural killer (NK) cells."® TIGIT competes
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with CD226, its co-stimulatory counterpart, to bind to the
poliovirus receptor (PVR, also known as CD155) with higher
affinity.'”'® Elevated TIGIT expression on CD8" T cells and
Tregs has been shown to confer an overall suppressive pheno-
type, correlating with reduced cytokine production and poor
survival in multiple cancer models."*** Moreover, this effect
was further suggested to be mediated by dendritic cells (DCs),
which can regulate the TIGIT pathway via the expression of
CD155." In the clinical setting, prior studies have demon-
strated an elevated expression of CD155 on human GBM cells
and increased TIGIT expression on patient CD8" tumor-infil-
trating lymphocytes (TILs), rendering this pathway as a poten-
tial therapeutic target.’>** However, the effect of TIGIT
blockade as a treatment strategy remains unknown.

Single checkpoint blockade has been associated with upregu-
lation of other inhibitory checkpoints and development of
treatment resistance.”” Therefore, this study examines the effi-
cacy and mechanism of dual anti-PD-1 and anti-TIGIT check-
point blockade in a murine glioma model. We hypothesized
that combination therapy leads to a significant increase in sur-
vival via modulations of both the T cell and myeloid compart-
ments of the immune system.

Results

High PD-1 and TIGIT expression in brain tumor-infiltrating
lymphocytes of glioma patients

Elevated expressions of various inhibitory checkpoints have
been suggested as a mechanism of immune evasion in mul-
tiple cancers. To determine the expression of PD-1 and
TIGIT in tumor-infiltrating lymphocytes (TILs) in patients
with glioma, tissue samples were collected during surgical
resection and processed immediately afterwards. Single cell
suspensions were further analyzed using flow cytometry.

A total of 20 patient samples were included in this study,
with a median age of 54.5 (Range: 29 - 76). PD-1 and
TIGIT expressions on CD8% T cells were 40.19% + 4.01
and 54.48% =+ 4.30 respectively (Fig. 1A and B). Similar
expression levels were found on CD4" T cells at 43.92% +
3.27 and 41.78% =+ 2.91 for PD-1 and TIGIT respectively
(Fig. 1A and 1C).

Brain tumor-infiltrating lymphocytes upregulate PD-1
and TIGIT expression

While elevated TIGIT expression has been demonstrated in
human GBM and glioma tissue samples, the therapeutic
effects from targeting this pathway are poorly understood.
To investigate potential survival benefits, we selected the
GL261 murine GBM model for further experimentation.
We first sought to determine whether PD-1 and TIGIT
expressions on TILs are elevated in tumor-bearing mice.
Untreated mice were sacrificed on day 20 after tumor
implantation, and brains, CLN, and spleens were harvested.
Immune cells were isolated, and flow cytometry was used to
identify CD8" T cell and CD4" T cell populations. TIGIT
and PD-1 expression was significantly increased on CD8" T
cells in the brain in comparison to both the CLN and
spleen (p = 0.0015 and 0.0001 respectively; Fig. 2A and
2B). Regulatory T cells (Tregs) were further identified from
the CD4" T cell population by FoxP3co-expression. Expres-
sion of both TIGIT and PD-1 was significantly higher on
Tregs in the brain than in the CLN and spleen (p < 0.0001
for both; Fig. 2C and 2D).

To determine the change in the expression of various inhibi-
tory checkpoint markers over time, untreated mice brains and
spleens were harvested on days 13 (n = 5) and 20 (n = 5) post-
tumor implantation. The organs were processed into single cell
suspensions and stained for surface markers including TIGIT,

2 100+
8
+ 804 Sggn
» -1 ]
= O go- o o
3 s N
- § a0 S "
-& 2 [} -
o £ 204 .5 .
o ] . .
S s T
PD1 TIGIT
Surface Marker
& C ©» 100
) o
(8] ‘3 BO-
& 2
% o 2] 0, ,® L]
g c 60 : '. I.l auE
: P o 3
2 . ' ™
£ 204 ik ut
3
i
= T

PD-1

TIGIT

PD1 TIGIT
Surface Marker

Figure 1. High PD-1 and TIGIT Expression in Patient Brain TILs. A. Representative histograms of PD-1 and TIGIT expression on tumor-infiltrating CD3*CD8" and
CD3*CD4™ T cells. Gray histograms represent isotype control, and red histograms represent the staining of PD-1 and TIGIT surface markers. B. PD-1 (40.19% + 4.01) and
TIGIT (54.48% =+ 4.30) expressions on CD8™ T cells were elevated in patients with glioma. C. High expressions of PD-1 (43.92% =+ 3.27) and TIGIT (41.78% =+ 2.91) were

found in tumor-infiltrating CD4™ T cells.
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Figure 2. TIGIT and PD-1 expression is upregulated in brain tumor infiltrating lymphocytes. A. Brain CD8" cells had significantly higher expression of TIGIT (p = 0.0015)
and B. PD-1 (p = 0.0001) compared to CD8* cells in the CLN and spleen. C. CD4"FoxP3™" cells in the brain had similarly elevated expression of TIGIT (p < 0.0001) and D.

PD-1 (p < 0.0001) compared to those in the CLN and spleen.

PD-1, and CD226. Results demonstrated that TIGIT expression
on CD3" T cells in the brains of untreated tumor-bearing mice
was higher on day 20 than on day 13 (p = 0.0490), while there
was no significant difference in PD-1 and CD226 expression
(p = 0.7432 and 0.6690, respectively; Fig. 3A). In the spleen,
there was no difference in TIGIT, PD-1, or CD226 expression
on days 13 and 20 (p = 0.1846, 0.2879, and 0.7560, respectively;
Fig. 3B).

Late expression of TIGIT allows for delayed treatment
efficacy and addition of anti-PD-1 confers increased
survival benefit

The use of multiple immune checkpoint inhibitors have been
shown to improve survival in murine GBM models.'>** Based
on these findings, we hypothesized that anti-PD-1 and anti-
TIGIT dual therapy would be more effective than either mono-
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Figure 3. TIGIT expression is upregulated at later time-points in a tissue specific pattern. Flow analysis was performed on days 13 and 20 for brain TILs and spleens. A.
TIGIT expression on CD3" cells in the brain was significantly higher on day 20 than 13 (p = 0.0490). There was no significance between the two time-points for PD-1 or
(D226 expression on brain CD3" cells (p = 0.7432 and 0.6690 respectively). B. Expression of TIGIT, PD-1, and CD226 on spleen CD3™" cells remained the same across the

two time-points (p = 0.1846, 0.2879, and 0.7560 respectively).
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Figure 4. Anti-PD-1 and anti-TIGIT combination therapy improves long-term survival following both early and late treatment courses. A. Diagram depicting experiment
set up including treatment schedules. Day 0, 130,000 GL261-luc* cells were injected stereotactically into the right stratum of female C57 BL/6 J mice (N = 70). IVIS was
used to confirm tumor presence on day 7, and the animals were randomized into 10 groups. Anti-PD-1 treatment was administered on days 10, 12, and 14 via i.p. injec-
tion at a dose of 200..g/animal. Anti-TIGIT treatment was also given via i.p. injections, 200..g/animal, every other day for a total of 5 doses starting on either day 8 (Group
A), 10 (Group B), 12 (Group C), or 14 (Group D). Survival was monitored. B. Kaplan meier survival curve depicts the primary endpoint for each treatment group. Anti-PD-1
treatment alone resulted in 14.3% long-term survivors, compared to 0% in the control group (p = 0.0086). Anti-TIGIT monotherapy led to 0%, 57.1%, 14.3%, and 0%
long-term survival using treatment schedules A, B, C, and D respectively (p = 0.1960, 0.0006, 0.0101, and 0.1032 respectively). All combination regimens led to significant
improvements in survival compared to control, including 57.1%, 85.7%, 42.9% and 57.1% long-term survivors for Groups A-D respectively (p = 0.002, 0.0002, 0.0006, and
0.0032). Combination B was also significant compared to anti-PD-1 monotherapy (p = 0.0082), while combinations A and D also trended towards significance (p =
0.0982 and 0.0929 respectively). C. Survival curve demonstrating therapeutic effect in each of the four arms following repeat survival experiment using Group D anti-TIGIT
antibody treatment course (N = 54). Anti-PD-1 monotherapy resulted in 16.7% long-term survival and a median survival of 28.5 days, compared to 0% long-term survival
and 24.5 days median survival in the control group (p = 0.0175). Anti-TIGIT monotherapy was not significantly different from control, with 0% long-term survivors and
25.5 days median survival (p = 0.9062). Combination treatment conferred a median survival of 44 days, including 48.0% long-term survivors (p < 0.0001). Dual check-
point blockade was led to a significant improvement in survival compared to both anti-PD-1 and anti-TIGIT monotherapy groups (p = 0.0366 and <0.0001 respectively).

therapy alone. However, there has been no established anti-
TIGIT treatment schedule for GBM. To determine the most
effective and clinically applicable treatment course, we investi-
gated the effect of various anti-TIGIT dosing schedules on
overall survival. The mice were randomized into ten treatment
arms (N = 70): control (no treatment), anti-PD-1 monother-
apy (days 10, 12, 14), anti-TIGIT monotherapy group A (days
8, 10, 12, 14, 16), anti-TIGIT monotherapy group B (days 10,
12, 14, 16, 18), anti-TIGIT monotherapy group C (days 12, 14,
16, 18, 20), anti-TIGIT monotherapy group D (days 14, 16, 18,
20, 22), and combination therapy groups A-D (anti-PD-1 treat-
ment on days 10, 12, 14 with corresponding anti-TIGIT treat-
ment schedule as described above; Fig. 4A).

Mice in the control group had the lowest median survival of
25 days with no mice reaching long-term survival. Compared
to untreated mice, those in the anti-PD-1 monotherapy group
fared significantly better with a median survival of 34 days,
including 14.3% long-term survivors (p = 0.0086). Anti-TIGIT
monotherapy significantly increased survival in treatment
groups B and C in comparison to control mice, with 57.1% and
14.3% (median survival: 31 days) of mice attaining long-term
survival, respectively (p = 0.0006 and 0.0101 respectively).
However, anti-TIGIT monotherapy groups A and D were not
significantly better than the control group, with a median sur-
vival of 28 days for both groups and no long-term survivors (p
> 0.05). All combination groups (anti-PD-1 + anti-TIGIT A-

D) had significantly longer survival compared to the control
group, including 57.1%, 85.7%, 42.9% and 57.1% of mice reach-
ing long-term survival (p = 0.002, 0.0002, 0.0006, and 0.0032,
respectively). Furthermore, combination group B also had sig-
nificantly longer survival than anti-PD-1 monotherapy group
(p = 0.0082), whereas combination groups A and D also dem-
onstrated a trend towards increase in survival when compared
to the anti-PD-1 monotherapy mice (p = 0.0982 and 0.0929
respectively). Statistical analysis using ANOVA with multiple
comparisons no significant differences in survival across the
four combinatorial groups (p = 0.3484; Fig. 4B). Overall, while
differences in treatment course affected the efficacy of anti-
TIGIT monotherapy, they did not change the survival benefit
when anti-PD-1 was added.

To better model late stage clinical glioma, the survival experi-
ment was repeated using the delayed (group D) anti-TIGIT treat-
ment schedule (N = 54). Treatment with anti-PD-1 monotherapy
resulted in a median survival of 28.5 days, compared to 24.5 days
in the control group (p = 0.0175), whereas the median survival of
anti-TIGIT alone was 25.5 days (p = 0.9062). Combination anti-
PD-1 and anti-TIGIT further improved median survival to 44 days
(p < 0.0001), which was significantly improved relative to anti-
PD-1 monotherapy (p = 0.0366) and anti-TIGIT monotherapy
(p < 0.0001). In the anti-PD-1 monotherapy group, long-term sur-
vival was achieved by 16.7% of the group, as compared to 0% for
both the control and anti-TIGIT monotherapy groups. Treatment
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Figure 5. Anti-PD-1 monotherapy and combination treatment confers immunologic memory in long-term survivors. A. Representative IVIS images showing tumor pres-
ence in the control group with naive wildtype mice, compared to absence of tumor in long-term survivors following anti-PD-1 or combination treatment on day 7 after
rechallenge with GL261-luc™ cells. B. Kaplan meier survival curve demonstrating 100% long-term survival after tumor rechallenge of responding mice previously treated
with anti-PD-1 or anti-TIGIT and anti-PD-1 dual therapy, versus 0% long-term survival of naive mice without prior treatment (p = 0.0005).

with both anti-PD-1 and anti-TIGIT further increased long term
survival to 48.0% (Fig. 4C).

Immune memory is established in long-term survivors

Next, we sought to assess whether immunologic memory is
established following anti-PD-1 and anti-TIGIT antibody treat-
ment. Tumor-free animals that achieved long-term survival
were re-challenged with GL261-luc cells in the contralateral
brain to test for presence of immune memory. Naive mice were
implanted as controls, and survival was compared. IVIS imaging
demonstrated that while all naive mice established tumors one
week following implantation, none of the previously treated

mice had tumor development (Fig. 5A). Median survival was
21 days for the control group with 100% death rate by 31 days
after implantation. Comparatively, treated mice achieved a
100% survival by post-implantation day 90 (p = 0.0005;
Fig. 5B). This demonstrates the establishment of anti-tumor
immunologic memory responses against GL261-luc cells.

Combination therapy increases immune cell tumor-
infiltration and cytokine production

After demonstrating an improvement in survival following combi-
nation therapy, we sought to investigate the underlying mechanism
by examining the effects of anti-PD-1 and anti-TIGIT treatment on
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Figure 6. Combination treatment restores T cell effector function and anti-TIGIT therapy downregulates Treg suppressor phenotype. A. Frequency of brain infiltrating
CD8™ cells and CD4™ cells were significantly elevated in the combination group relative to control, anti-PD-1 monotherapy, and anti-TIGIT monotherapy groups (p =
0.0059 and 0.0230 respectively). B. Combination treatment was correlated with significantly greater IFNy expressing CD8" and CD4* cells (p = 0.0066 and 0.0014 respec-
tively). IFNy and TNFa dual-expressing CD8" and CD4" cells were also significantly higher in the combinatorial group (p = 0.0002 and 0.0008 respectively). C. Sample
flow contour plots demonstrating shift in IFNy expression in CD4" and CD8™ cells across treatment arms. D. An overall significant difference was noted in the frequency
of brain infiltrating CD4*FoxP3™ regulatory T cells (Tregs) in the four treatment arms (p = 0.0080). The percentage of Tregs was significantly reduced by anti-PD-1 and
anti-TIGIT monotherapies (p = 0.0496 and 0.0209 respectively), but not significantly changed with combination treatment when compared to untreated, PD-1 monother-
apy, and TIGIT monotherapy groups (p > 0.9999, 0.4824, and 0.2645 respectively). E. The expressions of TIGIT and PD-1 on Tregs were significantly different in the overall
comparisons of all four treatment arms (p = 0.0042 and 0.0098 respectively). TIGIT expression on Tregs was significantly reduced in the anti-TIGIT monotherapy group
only relative to control arm (p = 0.0082). PD-1 expression on Tregs demonstrated a significant increase in the anti-PD-1 group compared to control (p = 0.0145).
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immune cell populations in the brain. Mice were treated via group
D treatment schedule, and harvest was performed on day 20 post
tumor implantation.

Mice that received combination therapy had significant
increases in both CD8* and CD4" T cells compared to control,
anti-PD-1 monotherapy, and anti-TIGIT monotherapy groups
(p = 0.0059 and 0.0230 respectively; Fig. 6A). Cytokine production
was assessed to further elucidate the effector function of infiltrating
immune cells. Combination therapy with anti-PD-1 and anti-
TIGIT significantly increased IFNy producing CD8" T cells rela-
tive to both untreated mice and those treated with anti-PD-1 alone
(p = 0.0225 and 0.0068 respectively). Likewise, a similar trend was
observed in IFNy producing CD4™" T cells (p = 0.0037 and 0.0027
respectively). However, IFNy production in the combination
group was not significantly greater when compared to the anti-
TIGIT monotherapy group for either CD4" or CD8" T cell popu-
lations (p = 0.2644 and 0.3194, respectively). Next, we examined
the frequency of IFNy and TNFa dual producing CD4" and
CD8" T cells. PD-1 and TIGIT co-blockade was found to signifi-
cantly increase the population of IFNy and TNFa producing
CD8* T cells to 44.14% = 4.10 when compared to control (12.0%
+ 1.72) and both anti-PD-1 (10.69% =+ 3.20) and anti-TIGIT
(25.8% =+ 7.30) monotherapy groups (p = 0.0008, 0.0003, and
0.0477 respectively). Comparably, this relationship was also seen
for IFNy and TNFa dual producing CD4™" T cells (Fig. 6B and 6C).

In addition to effector functions of immune cells, immune
suppressor function was determined after treatment with anti-
PD-1 and anti-TIGIT antibodies. Tregs have been evidenced to
be elevated in various tumors and has been correlated with a
suppressive immune environment.”” > We also found that
anti-PD-1 and anti-TIGIT monotherapies both reduced the
percentage of tumor-infiltrating Tregs (6.4% and 5.4% respec-
tively) when compared to control mice (p = 0.0496 and 0.0209,
respectively). Interestingly, while there was a decrease in the
frequency of Tregs in the combination group (13.0%) when
compared to control group (15.8%), the difference was not

significant (Fig. 6D). Likewise, the increase in Tregs in the com-
bination group relative to both anti-PD-1 and anti-TIGIT
monotherapy groups was not statistically significant (p =
0.4824, and 0.2645 respectively). Furthermore, TIGIT express-
ing Tregs have been suggested to signify a suppressive pheno-
type.”® Upon further examination of Tregs in our study, we
observed that TIGIT blockade reduced the expression of TIGIT
on Tregs (p = 0.0082). In contrast, PD-1 blockade increased
the expression of PD-1 on Tregs relative to untreated mice
(p = 0.0145; Fig. 6E).

Anti-PD-1 and Anti-TIGIT Co-blockade reduces tumor
infiltrating dendritic cells

Studies have previously suggested that tumor-infiltrating den-
dritic cells (TIDCs) may promote a suppressive microenviron-
ment by inhibiting T cell immunity.’®>" Therefore, we next
investigated the effect of dual PD-1 and TIGIT blockade on the
myeloid compartment of brain TILs. Mice in the control arm
were found to have significantly higher infiltration of DCs
(CD11b"CD11 c* cells) compared to the combination arm (p =
0.0169), whereas neither anti-PD-1 nor anti-TIGIT alone
exerted a similar effect relative to control (Fig. 7A). A prior study
has shown that TIDCs with high MHCII expression
(CD11b*CD11 ¢tMHCII™) may inhibit CD8" T cell function
in the setting of murine mammary carcinoma.”” In our study,
brains of untreated mice had a significantly greater percentage
(10.64% = 2.23) of tumor-infiltrating CD11b"CD11 c"MHCII™
cells than brains of mice receiving anti-PD-1 antibody alone
(1.984% + 0.48; p = 0.0054), anti-TIGIT antibody alone
(4.148% =+ 2.04; p = 0.0399), or both checkpoint inhibitors
(0.908% =+ 0.35; p = 0.0020). No significant difference was
observed across the three treatment groups (Fig. 7B and 7C).
Many recent studies have also explored the effect mye-
loid-derived suppressor cells (MDSCs) exert on cancer
immunity.>>>> To characterize MDSCs, we used Ly6G and
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Figure 7. Tumor infiltrating dendritic cells are reduced following anti-TIGIT and anti-PD-1 combination treatment. A. A significant overall difference in CD11b*CD11 ¢*
tumor infiltrating dendritic cells (TIDCs) was found in ANOVA analysis of the four treatment arms (p = 0.0069). Addition of anti-TIGIT to anti-PD-1 therapy significantly

decreases the frequency of CD11b*CD11 ¢t TIDCs relative to untreated group (p =

0.0169), while neither monotherapy groups were significantly different from control

(p > 0.05). B. The expression of MHCII was significantly different in the overall comparison of all groups (p = 0.0018). Frequency of CD1 1b*CD11 ¢ TIDCs with high
MHCII expression (CD11b*CD11 ¢c"MHCIIM) is significantly lower in all treated groups relative to control (p = 0.0018). C. Representative flow contour plots showing rela-
tive MHCII expression on CD11b"CD11 ¢ cells in the four treatment arms. D. Sample flow plots depicting populations of Ly6G* and Ly6 C* myeloid derived suppressor

cells (MDSCs) across treatment groups.
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Figure 8. PVR expression confers poor overall survival in patients with low grade glioma. A Expression of PVR did not significantly affect survival in patients with glioblas-
toma (N = 584; p = 0.315). B. PVR expression was correlated with a significantly poorer survival for patients with low grade glioma (N = 513; p = 0.0121).

Ly6 C to identify MDSCs as granulocytic MDSCs (G-
MDSCs) or monocytic MDSCs (M-MDSCs), respectively.
We observed a trend towards decreased M-MDSCs and
increased G-MDSCs in the tumor microenvironment after
combination treatment compared to control and monother-
apy groups (p = 0.1032 and 0.0886; Fig. 7D).

CD155 expression in patients with low grade glioma
correlates with decreased overall survival

Lastly, we wanted to determine whether there are any outcome
correlations in patients with GBM or low-grade glioma (LGG).
Specifically, we sought to evaluate whether expression of the
TIGIT ligand, CD155 (PVR), had a significant effect on sur-
vival. Using the TCGA database via cBioPortal, we compared
the overall survival of patients with and without PVR expres-
sion. In the setting of GBM, no significant difference in overall
survival was found in a total of 584 patients (p = 0.315;
Fig. 8A). However, those patients with LGG (n = 513), express-
ing CD155 demonstrated an overall survival significantly lower
than those without (p = 0.0121; Fig. 8B).

Discussion

Overexpression of inhibitory checkpoint molecules and their
ligands has been demonstrated in multiple cancers as a means
to escape immune surveillance.’*** Furthermore, single and
combinatorial checkpoint blockade have also shown promise in
both preclinical and clinical settings.'®'>**** In our study, we
identify a significant survival benefit with the use of combina-
tion PD-1 and TIGIT blockade in the murine GBM model
through modulations of both the T cell and myeloid compart-
ments. Our data suggests that anti-TIGIT therapy may be a
valuable addition to the management of GBM.

Existing studies have demonstrated elevated expressions of
TIGIT and its ligand, CD155 (PVR), in patients with GBM.*>**
Likewise, we found high levels of TIGIT expression on CD8" and
CD4" TILs from patient tumor samples. Moreover, the level of
PD-1 expression in these samples was similarly elevated, support-
ing the notion of cancer immune evasion via the upregulation of

inhibitory molecules. These findings further render the TIGIT
pathway as a potential candidate for drug therapy. Unfortunately,
the therapeutic value of targeting this pathway, such as through
checkpoint blockade, is still poorly understood. To explore the effi-
cacy of anti-TIGIT therapy in the setting of GBM, we employed a
preclinical murine model to assess for survival benefit and underly-
ing immune mechanisms.

Anti-TIGIT therapy has been previously studied in other can-
cers, but to our knowledge there are no established treatment sched-
ules for the GL261 murine model. To design the treatment course,
we first evaluated the expression of TIGIT, PD-1, and CD226 at dif-
ferent time-points. Results showed that TIGIT expression was sig-
nificantly higher at 20 days post tumor implantation than 13 days,
whereas there was no change in the expressions of PD-1 and
CD226. Only one mouse in the flow experiment survived until day
25, and it showed a continued trend of TIGIT upregulation. The ele-
vated TIGIT expression late into tumor progression may allow for
therapeutic efficacy even when anti-TIGIT treatment is delayed. In
comparison to the CLN and spleen, brain TILs had significantly
greater upregulation of TIGIT on both CD8" and CD4" T cells.
Likewise, TIGIT expression on TILs has been shown to be upregu-
lated in other solid cancers such as melanoma, colon cancer, and
NSCLC in both mice and humans.'”*! Moreover, it has been sug-
gested that TIGIT expression may indicate dysfunction of CD8"
TILs and reduced effector function.'***** These results support the
notion of using anti-TIGIT antibody in cancer treatment.

One potential pitfall of many preclinical studies is the early
initiation of treatment after tumor implantation, thereby result-
ing in falsely promising results of therapeutic efficacy. Compar-
atively, in the clinical setting, the majority of patients are not
diagnosed and managed until later during disease progres-
sion.*” Given the upregulation of TIGIT expression over time,
we sought to assess the effectiveness of TIGIT blockade when
given at later time-points, in addition to earlier treatment
courses. Our results demonstrated that anti-TIGIT therapy
alone had no significant effect on survival at early and late
time-points. These findings were consistent with a prior study
in murine CT26 colorectal cancer, during which anti-TIGIT
treatment was initiated two weeks following tumor implanta-
tion.”! Interestingly, an increase in survival was observed in the
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setting of B16-F10 melanoma using TIGIT deficient mice.*’
The differences in these findings may be explained by the
degree of TIGIT depletion using anti-TIGIT antibodies versus
germline deletion. Unlike anti-TIGIT monotherapy, we found
that anti-PD-1 alone led to a significant increase in survival
compared to control mice. The treatment effect of anti-PD-1
has been previously described in multiple murine GBM stud-
ies.'">** Combination therapy using anti-TIGIT and anti-PD-1
antibodies further conferred a greater survival benefit in all
anti-TIGIT treatment schedules, implying a synergistic mecha-
nism following interruption of the two inhibitory checkpoints.
This improvement in therapeutic efficacy following dual block-
ade of the TIGIT and PD-1 pathways has been demonstrated
in the murine colorectal model.”" In the clinical setting, the sur-
vival benefit we observed following delayed anti-TIGIT anti-
body administration may be promising for achieving disease
control for patients with late diagnosis. We also investigated
the presence of immunologic memory following treatment by
re-challenging long-term survivors with tumor cell injection in
the contralateral hemisphere. Lack of tumor growth suggested
formation of anti-tumor immune memory.

The presence of TILs has been positively correlated with sur-
vival in patients with glioma.”®>* In our study, both tumor-
infiltrating CD4" and CD8™ T cells were significantly elevated
in the combination group than in the control or either mono-
therapy groups. To investigate effector function, we detected
expression of pro-inflammatory cytokines including IFNy and
TNFa. Elevated inflammatory cytokine production is a marker
of activated T cells, and the production of multiple cytokines
signifies polyfunctional, robust immune activity in the cancer
setting.”>** TNFa mediates an anti-tumor effect both by inhib-
iting angiogenesis and by directly inducing cancer cell
death.”>*® Likewise, IFNy has also been suggested to prevent
tumor angiogenesis. In a rat glioma model, retroviral delivery
of IFNy was further shown to improve survival.”” >’ Our find-
ings demonstrated significantly higher frequencies of IFNy and
TNFo dual-expressing CD8" and CD4™ T cells after anti-PD-1
and anti-TIGIT combination therapy, when compared to both
monotherapy groups and the control group. Similarly,
Johnston et al (2014) also revealed higher IFNy production fol-
lowing PD-1 and TIGIT dual-blockade.”' In light of the sur-
vival benefit following TIGIT and PD-1 dual blockade, the
elevated expression of pro-inflammatory cytokines may con-
tribute to the mechanism(s) underlying the therapeutic efficacy.

Regulatory T cells (Tregs) play a crucial role in the downregu-
lation of the immune system and are essential in controlling
inflammatory processes.” In those with GBM, elevated Treg
tumor infiltration has often been associated with worse progno-
ses, likely secondary to subdued anti-tumor immune
response.”** Contrary to existing studies, although both anti-
PD-1 and anti-TIGIT monotherapies led to a reduction in Tregs,
combination therapy did not amount to a significant decrease,
despite the survival benefit conferred. One possible explanation
may be that flow analysis was performed after the immune sys-
tem had mounted a robust anti-tumor inflammatory response,
and the presence of Tregs may represent the anti-inflammatory
response associated with resolution of an inflammatory event.
TIGIT expression on Tregs has also been proposed to indicate a
suppressive phenotype.”” In our study, anti-TIGIT therapy alone

resulted in a significant reduction in TIGIT expression, while
combination treatment trended towards lower TIGIT expression
without reaching significance. Likewise, this observation could
also be attributed to the timing of when flow analysis was per-
formed. Overall, we described a highly activated phenotype of
CD8" T cells following dual checkpoint blockade, despite lack of
significant decrease in the frequency of Tregs and TIGIT expres-
sion on Tregs. These findings suggest that the treatment effect on
Tregs may precede the effect on CD8' T cells. Kurtulus et al
(2015) had previously proposed that TIGIT expression on Tregs
are essential in damping the effector function of CD8" T cells.”’
Given these findings, our results may further add a temporal ele-
ment to the overall picture.

TIDCs with a mature phenotype promote anti-tumor immune
activity and predict better prognosis. However, recent studies sug-
gest TIDCs exhibit unique phenotypes related to tumor progres-
sion and the tumor microenvironment.***%® For instance, Norian
et al (2009) showed an accumulation of CD11b"CD11 ¢ "MHCII™
TIDCs in murine mammillary tumors following tumor progres-
sion and further demonstrated a suppressive effect on CD8™ T cell
function. The authors also distinguished this population of DCs
from myeloid derived suppressor cells (MDSCs), a distinctive cell
population known for its immune suppressive activity in cancer
models.” In our study, we found that combinatorial therapy corre-
lated with a significantly lower frequency of CD11b*CD11 c¢*
TIDCs. Further gating on MHCII expression revealed a significant
reduction in CD11b*CD11 ¢"MHCII™ TIDCs in all treated
groups relative to control. Consistent with the literature, we saw a
negative correlation between the frequency of CD11b"CD11
¢"MHCII™ TIDCs and pro-inflammatory cytokine production by
CD8™ T cells, suggesting that reduction in suppressive TIDCs may
contribute to the restoration of effector T cells function. Activation
of the TIGIT pathway has been found to increase IL-10 and reduce
IL-12 production by DCs, rendering a suppressive phenotype.'®
TIGIT blockade, therefore, could mitigate this effect and reduce IL-
10 activation of effector T cells. Interestingly, TIGIT has not been
found to change DC maturation (characterized by expression of
CD80, CD86, CD83, and HLA-DR) in the in vitro setting, though
it remains unclear how this observation may change in an in vivo
model. Overall, our findings suggest that the therapeutic effect of
anti-TIGIT and anti-PD-1 combination treatment is also mediated
by their effect on the myeloid compartment, specifically TIDCs.

While TIGIT and its ligand, CD155 (PVR), have been
shown to be highly expressed in patients with GBM, it is
unclear whether this is also correlated with survival outcomes.
We used the TCGA database to generate survival curves for
patients with PVR expression on cancer cells. Despite our find-
ing of high TIGIT expression on CD8" and CD4*" TILs in
GBM patients, PVR expression did not portend worsened sur-
vival outcomes in those with GBM. Interestingly, we found that
the expression of PVR was correlated with poor overall survival
in patients with low grade glioma (LGG). Given that our study
was based on a murine GBM model, further preclinical studies
are necessary to better evaluate the effect of anti-TIGIT treat-
ment in a LGG model. Based on our study showing the efficacy
of TIGIT blockade, it would be interesting to determine
whether the level of PVR expression may also be predictive of
response to anti-TIGIT therapy. Future studies are necessary to
assess the efficacy of this treatment in the clinical setting.



Checkpoint blockade has garnered significant attention in
the treatment of various cancers, including GBM. In this study,
we evaluated the efficacy of the blockade of a novel inhibitor
checkpoint molecule, TIGIT, when used in combination with
anti-PD-1 in a murine GBM model. Results demonstrated a
positive effect on survival mediated by upregulation of effector
T cell functions and reduction of suppressive regulatory T cells
and TIDCs. Furthermore, we demonstrated high levels of
TIGIT expression on TILs in patients with GBM, rendering the
TIGIT pathway as a valuable therapeutic target. Further investi-
gation is necessary to elucidate the interplay of various path-
ways in painting an overall pro-inflammatory picture following
TIGIT blockade, and additional clinical studies are needed to
determine the effect of anti-TIGIT treatment in GBM patients.
Nevertheless, these results suggest that TIGIT could be a prom-
ising target in the management of GBM.

Materials and methods
Patient sample analysis

Fresh tumor tissues were obtained from 20 patients undergoing
surgical resection of glioma in accordance with the institutional
review board approval at Seoul National University Hospital.
Histological diagnosis consisted of 10 glioblastomas, 4 anaplas-
tic oligodendrogliomas, 3 anaplastic astrocytomas, 1 diffuse
midline glioma, 1 anaplastic ganglioglioma, and 1 oligodendro-
glioma. Tumor specimens were collected in RPMI media at
room temperature immediately after surgical resection. MACS
brain tumor dissociation kit and gentleMACS™ Dissociators
(Miltenyi Biotec) were used to dissociate tissue samples within
2 hours following collection, and debris were removed using
MACS Debris Removal Solution (Miltenyi Biotec) according to
the manufacturer protocol.

Immune cells were stained for surface markers using fluo-
rescence-conjugated monoclonal antibodies including CD45
(clone HI30, BD Biosciences), CD3 (clone UCHT1, BD
Biosciences), CD4 (clone 1200, BD Biosciences), CD8 (clone
SK1, BD Biosciences), PD1 (clone EH12.1, BD Biosciences),
and TIGIT (clone 741182, R&D Systems). Flow cytometry was
performed using FACS LSR Fortessa™ (BD Biosciences), and
data was analyzed using FlowJo software (Treestar).

Mice

Six- to eight-week-old C57 BL/6 ] female mice were purchased
from the Jackson Laboratory and housed in a pathogen-free
animal facility of the Koch Cancer Research Building II at
Johns Hopkins University. Animals were kept in the facility for
at least a week prior to performing any procedures to minimize
stress response. All experiments were conducted under proto-
cols approved by the Johns Hopkins Institutional Animal Care
and Use Committee (IACUC).

Cell lines

GL261-luciferase positive (GL261-luc, Caliper Life Sciences)
cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco), 10% fetal bovine serum (FBS, Sigma-Aldrich),
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1% penicillin-streptomycin (Sigma-Aldrich), and 100 pg/mL
G418 selection agent (Corning). All cell lines were kept in a
37°C humidified incubator with 5% CO,. Cells were passaged
to maintain 70% confluency. All cells used for experiments
were passaged for less than one month.

For tumor implantation, cells were trypsinized using 0.05%
trypsin-EDTA (Gibco) and washed in Dulbecco’s phosphate
buffered saline (dPBS, Gibco). Viability and quantity
were assessed via 0.4% Trypan Blue (Gibco) staining. Cells
were resuspended at a final concentration of 130,000 cells/1uL
PBS for implantation.

Intracranial tumor model and antibodies treatment

Mice were anesthetized via intraperitoneal (i.p.) injection of
ketamine-xylazine solution. The surgical area was sanitized
and surface of the skull exposed via a small midline incision.
A right-sided burr hole was drilled at the following coordi-
nates: 2 mm anterior and 2 mm lateral to lambda. GL261-
luc cells (130,000) in 1puL dPBS were stereotactically
implanted into the left striatum, 3 mm deep to the cortical
surface. Detailed methodology has been previously
described.*> Seven days post-tumor implantation, luciferin
was injected intraperitoneally and tumor presence was
confirmed using an In Vitro Imaging System (IVIS,
PerkinElmer). Mice were randomized to ensure equal tumor
radiance amongst the treatment groups.

Anti-PD-1 (4 H2) and anti-TIGIT (clone 4B1 mIgG2 a,
depleting isotype) therapeutic antibodies were generously
provided by Bristol-Myers Squibb (BMS). Stock concentra-
tions were diluted to 100 mg/mL in dPBS and stored at
4°C. Both antibodies were dosed at 200ug per animal and
were administered via i.p. injection. This treatment protocol
was used for both survival and flow studies. All survival
experiments were repeated in duplicates with at least 7 ani-
mals per arm. Animals were euthanized when they demon-
strated morbidity signs including hunched posture, lethargy,
difficulty ambulating, and weight loss. Long-term survival
was defined as 90 days post-tumor implantation.

Tumor rechallenge

All animals that have reached long-term survival were re-chal-
lenged with GL261-luc cells (260,000) in 2uL dPBS injected
into the contralateral hemisphere, 2 mm anterior and 2 mm lat-
eral to lambda. Five naive mice were used as controls. Tumor
burden was assessed using IVIS imaging on day 7 after implan-
tation. Animals were euthanized when they demonstrated mor-
bidity signs including hunched posture, lethargy, difficulty
ambulating, and weight loss. After 90 days post-rechallenge
implantation, all remaining mice were euthanized.

Immune cell isolation

Animals were sacrificed on days 13, 20, and 25 using i.p. injec-
tion of ketamine-xylazine solution and perfused with dPBS.
Spleens, brains, and draining cervical lymph nodes (CLN) were
carefully dissected from surrounding tissues and processed for
flow cytometry analysis.
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Spleens were mechanically homogenized in harvest media
consisting of Roswell Park Memorial Institute (RPMI-1640)
medium, 10% FBS, and 1% penicillin-streptomycin. The
homogenized solution was passed through 70um filters (BD
Falcon). Red blood cells were lysed using 2 mL ammonium-
chloride-potassium (ACK) lysing buffer (Quality Biological)
for 3 minutes. Splenocytes were washed with dPBS and resus-
pended in 5 mL harvest media. Lymph nodes were mechani-
cally homogenized into harvest media. The solution was
centrifuged at 200 g for 5 minutes, after which the pellet was
resuspended in 200 uL harvest media.

Brains were homogenized in DNase I (Sigma-Aldrich) and
collagenase IV (20 mg/mL, Worthington Biochemical) enzyme
mix. Samples were further mechanically dissociated using a
gentleMACS Dissociator (Milltenyi Biotec). The cell suspen-
sions were filtered through 70 wm strainers and resuspended in
10 mL of 30% Percoll. A 1 mL layer of 70% Percoll solution
was placed beneath the cell suspension. Samples were carefully
centrifuged at 850 g for 30 minutes without break so as to not
disturb the gradient. Cells at the 30%/70% interface were col-
lected and washed with dPBS.

Flow cytometry

Isolated immune cells were plated for staining. Samples of the T
cell panel were stimulated in 2004 RPMI containing ionomy-
cin (1:2000, Sigma-Aldrich), phorbol 12-myristate 13-acetate
(PMA, 1:2000, Sigma-Aldrich), and Golgi Stop (1:500, BD Bio-
sciences) for 4 hours at 37°C and was washed after in dPBS.
Live/Dead Aqua AmCyan (Thermo Fisher Scientific) was used
to assess for live and dead cells. Lymphocytes were stained for
extracellular markers including CD45 APC/Cy7 (clone 30-F11,
BioLegend), CD3 PerCP/Cy5.5 or BV421 (clone 17A2, BioLe-
gend), CD4 Pacific Blue or FITC (clone RM4-4, eBioscience),
CD8 BV605 (clone 53-6.7, BioLegend), PD1 PeCy7 (clone J43,
eBioscience), TIGIT PE (clone 1G9, BioLegend), and/or CD226
APC (clone 10E5, BioLegend). Samples were fixed in 1:3 fixa-
tion/permeabilization buffer (eBioscience) overnight. Cells
were subsequently stained for IFNy PeCy7 (clone XMG1.2,
eBioscience), TNFa (clone MP6-XT22, eBioscience), and/or
FoxP3-AF700 (FJK-16 s, eBioscience) in intracellular permeabi-
lization buffer. For the myeloid panel, cells were stained for
CD45 APC/Cy7 (clone 30-F11, Biolegend), Ly6G BV421
(clone 1A8, BioLegend), Ly6 C BV605 (clone HK1.6, BioLe-
gend), CD11 ¢ FITC (clone N418, BioLegend), CD11b AF700
(clone M1/70, BioLegend), F4/80 PeCy7 (clone BMS, BioLe-
gend), and TA/IE PerCP/Cy5.5 (clone M5/114.15.2, BioLegend).
Samples were processed using LSR II flow cytometer (BD
Biosciences). Data was analyzed using FlowJo v10.2 (Flow]o,
LLC). Lymphocytes were gated to exclude doublets and dead
cells, and distinct cell populations were further identified
(Figs. S1A and S2). Fluorescence Minus One (FMO) controls
were used to interpret populations including TIGIT, PD-1,
CD226, IFNy, TNF«, FoxP3, and TA/IE. After setting the initial
gating based on FMO controls, each sample was visually
inspected to ensure appropriate gating. For samples with dis-
tinct cell populations and deviations from the initial gating, the
gating was adjusted to appropriately reflect this observation.

Survival analysis in patients

The Cancer Genome Atlas (TCGA) database was used to assess
survival of patients with GBM or low-grade glioma (LGG) in
setting of PVR (CD155) expression on tumor cells. Survival
analysis was performed through the cBioPortal platform as pre-
viously described.®®®” Kaplan-Meier survival curves were used
to represent overall survival.

Statistical analysis

Survival was represented via Kaplan-Meier survival curves and
compared using log-rank Mantel Cox test. One-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons test
was used to compare across multiple groups. Grubbs test was
used to assess for outliers. All values were reported as mean =+
standard error of the mean (SEM). Statistical significance was
defined as p < 0.05. All analyses were performed using Graph-
Pad Prism 7.
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