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SUMMARY

We demonstrate that GITR is predominantly expressed on
human pMMR CRC- and CRLM-derived TIL. We show that
checkpoint stimulation ameliorates TIL

GITR-mediated
functionality and anti-PD1-mediated TIL reinvigoration,
thereby providing rationale for immunotherapies targeting
GITR in pMMR CRC and CRLM patients.

BACKGROUND & AIMS: In contrast to mismatch repair defi-
cient colorectal carcinoma (CRC), MMR proficient (pMMR) CRC
does not respond to immune checkpoint blockade. We studied
immune checkpoint stimulation via glucocorticoid-induced tu-
mor necrosis factor receptor-related protein (GITR) on ex vivo
functionality of human tumor-infiltrating lymphocytes (TIL)
isolated from pMMR primary CRC and liver metastases (CRLM).

METHODS: Using lymphocytes from resected tumor, adjacent
tissues, and peripheral blood mononuclear cells (PBMC) of 132
pMMR primary CRC or CRLM patients, we determined GITR
expression and the in vitro T-cell agonistic activity of recom-
binant GITR ligation.

RESULTS: Here, we show that GITR was overexpressed on TIL
when compared with other stimulatory immune checkpoints
(4-1BB, 0X40). Its expression was enhanced in TIL compared
with PBMC and adjacent tissues. Among CD4" TIL, GITR
expression was primarily expressed by CD45RA” FoxP3™ acti-
vated regulatory T cells. Within CD8" TIL, GITR was predom-
inantly expressed on functionally exhausted and putative
tumor-reactive CD103% CD39" TIL. Strikingly, recombinant
GITRL reinvigorated ex vivo TIL responses by significantly
enhancing CD4" and CD8™ TIL numbers. Dual treatment with
GITRL and nivolumab (anti-PD1) enhanced CD8" TIL expan-
sion compared with GITRL monotherapy. Moreover, GITRL/
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anti-PD1 dual therapy further improved anti-PD1-mediated
reinvigoration of interferon gamma secretion by exhausted
CD8 TIL from primary CRC.

CONCLUSIONS: GITR is overexpressed on CD4" and CD8" TIL
from pMMR CRC and CRLM. Agonistic targeting of GITR en-
hances ex vivo human TIL functionality and may therefore be a
promising approach for novel monotherapy or combined im-
munotherapies in primary pMRR CRC and CRLM. (Cell Mol
Gastroenterol Hepatol 2023;15:77-97; https://doi.org/10.1016/
Jjemgh.2022.09.007)

Keywords: Colorectal carcinoma; Immune Checkpoint Stimula-
tion; Liver metastasis; Microsatellite Stable; TNF Receptor Su-
perfamily; Tumor-Infiltrating Lymphocytes.

C olorectal cancer (CRC) is the second and third most
common cancer worldwide in women and men,
respectively.' In 2020, 1.9 million newly diagnosed patients
and 935,000 disease-related deaths were reported, letting
CRC account for 10% of total cancer incidence and mortality
annually." Even though recent diagnostic and treatment
regimens have enhanced overall survival rates significantly,
there remains a need for further improvement.” Extensive
analyses on genomic, epigenomic, and transcriptomic CRC
features have extended our understanding on CRC biology
and its stromal-immune microenvironment, pleading for a
more tailor-made, subtype-based therapeutic approach.>*

Enhanced inflammatory stromal immune infiltration has
been linked to a more favorable clinical outcome in early-
stage CRC.” High intratumoral and peritumoral CD8" cyto-
toxic T lymphocyte (CTL) and CD4" T helper 1 (Th1) con-
tent is limited to the hypermutated microsatellite instable
(MSI) subtype of CRC.? Recent clinical trials on programmed
cell death 1 (PD1)-based immune checkpoint inhibition
have confirmed survival benefit in these patients, exploiting
the inflammatory immune phenotype, granting Food and
Drug Administration approval for the treatment of meta-
static mismatch repair-deficient and MSI-high (dAMMR-MSI-
H) CRC.°" In contrast, mismatch repair-proficient and MSI-
low (pMMR-MSI-L) CRC, comprising 85% of the total CRC
population, has hardly shown any response to immune
checkpoint blockade (ICB).>”*" Its impaired clinical activity
is hypothesized to be caused by poor immune cell infiltra-
tion, decreased inhibitory ligand expression, local immune
suppression, and enhanced exhaustion of tumor-infiltrating
CTL.2>*1'2 Therefore, there is a need for effective immuno-
therapy that boosts the impaired tumor immune microen-
vironment in pMMR CRC.

Promoting anti-tumor immune responses via agonistic
targeting of co-stimulatory receptors on tumor-infiltrating
lymphocytes (TIL) is a promising alternative to current ICB
therapies. In addition to T-cell receptor (TCR) signaling, co-
stimulation is required to initiate effective T-cell activation,
subset differentiation, effector function, and survival.'®
Among co-stimulatory receptors, members of the tumor ne-
crosis factor receptor superfamily (TNFRSF) (CD30, DR3,
GITR, HVEM, 0X-40, TNFR3, 4-1BB) have been widely studied
for their application in anti-cancer immunotherapy.'*'* GITR
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is considered one of the most notable TNFRSF checkpoints
because its activation has been shown to activate effector T
cells, hamper regulatory T cell (Treg) functionality, and
induce efficient anti-tumor responses in preclinical models
using agonistic antibodies.'®** Recent phase 1 clinical trials
have reported manageable safety profiles for GITR targeting
therapy among multiple advanced solid tumors; therefore,
this approach may also be relevant for patients with pMMR
CRC.?*"%8 Yet, expression and functionality of co-stimulatory
checkpoint receptors including GITR on TIL isolated from
CRC have not been elucidated.

In this study, we aimed to analyze the expression of
TNFRSF members GITR, 0X40, and 4-1BB on TIL in pMMR
CRC and pMMR CRC-derived liver metastasis (CRLM) pa-
tients. Because GITR was expressed most prominently on
CD4" and CD8" TIL, in functional assays we focused on co-
stimulatory receptor targeting via agonistic GITR ligation in
pMMR CRC and CRLM patients. We demonstrate that GITR
is expressed by activated CD4" and non-terminally
exhausted CD8" TIL. Moreover, GITR co-stimulation is
found to be an effective immunomodulatory approach
enhancing proliferation and function of TIL from pMMR CRC
and CRLM patients. Last, GITR co-stimulation enhanced anti-
PD1-mediated immune stimulation in pMMR CRC-derived
TIL.

Results
Patients

In Tables 1 and 2, an overview of patient characteristics
is displayed. One hundred thirty-two tumors of pMMR CRC
and CRLM patients were included between July 2016 and
July 2022.

GITR Is Predominantly Expressed on Intratumoral
CD4™" Activated Th and Treg Cells From pMMR
CRC and CRLM

Because we have shown previously that GITR is enriched
in CD4" TIL from the hepatic microenvironment, we first

*Authors share co-second authorship; SAuthors share co-senior
authorship.

Abbreviations used in this paper: (a)Th, (activated) helper T cell; (a/r)
Treg, (activated/resting) regulatory T cell; CRC, primary colorectal
carcinoma; CRLM, colorectal carcinoma-derived liver metastasis;
CTL, cytotoxic T lymphocyte; dMMR, mismatch repair deficient;
FoxP3, Forkhead box P3; GITR, glucocorticoid-induced tumor necro-
sis factor receptor-related protein; GITRL, GITR ligand; GzmA/B,
granzyme A/B; HCC, hepatocellular carcinoma; ICB, immune check-
point blockade; IFN-v, interferon gamma; LAG3, lymphocyte-activa-
tion gene 3; MFI, median fluorescence intensity; MSI(-H/-L),
microsatellite instable (-high/-low); MSS, microsatellite stable; PBMC,
peripheral blood mononuclear cells; PD1"), programmed cell death
protein 1(-high); pMMR, mismatch repair proficient; TCR, T-cell re-
ceptor; Tex, exhausted T cell; Th1, T helper 1; TIL, tumor-infiltrating
lymphocytes; TME, tumor microenvironment; TNFRSF, tumor necrosis
factor receptor superfamily; TNF-«, tumor necrosis factor alpha.
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Table 1.MSS CRC Patient Characteristics

CRC (N =95

Age, y (interquartile range) 64.9 (568.9-73.7)
Male (%) 67 (70.5)
Primary tumor site (%)

Cecum/ascending colon 36 (37.9)

Transverse/descending colon 40 (42.1)

Rectum 19 (20.0)
Pathologic disease stage (%)

| 18 (18.9)

Il 35 (36.8)

11l 39 (41.1)

I\ 3(@3.2)
Histologic subtype (%)

Adenocarcinoma 86 (90.5)

Mucinous carcinoma 8 (8.4)

Other 1(1.1)
Pretreatment (%) 17 (17.9)

Chemotherapy 11 (64.7)

Radiotherapy 8 (47.1)

Other 1(5.9)

NOTE. Pathologic staging was performed according to

American Joint Committee on Cancer, 8™ edition: colorectal
cancer.

focused on CRC- and CRLM-derived CD4" T cells to inves-
tigate TNFSRF member expression.””*’ Total CD45" TIL
fractions contained more CD4" T cells compared with
adjacent tissues. Compared with liver tissues, colorectal
tissues demonstrated slightly higher frequencies of CD4" T
cells among total CD45" T cells (Figure 14). Effector and
regulatory CD4" T-cell subsets were distinguished on the
basis of Forkhead box P3 (FoxP3) and CD45RA expression,
characterizing Th (CD45RA™/" FoxP3"), activated Th (aTh)
(CD45RA” FoxP3'°%), resting Treg (rTreg) (CD45RA™ Fox-
P3'°%), and activated Treg (aTreg) (CD45RA™ FoxP3MeM)
(Figure 1B).** CRC and CRLM demonstrated higher pro-
portions of aTh and aTreg in CD4" TIL compared with CD4*
T cells in peripheral blood mononuclear cells (PBMC) and
adjacent tissues (Figure 1C). rTreg were hardly detected in

Table 2.MSS CRLM Patient Characteristics

CRLM (N = 37)

Age, y (interquartile range) 69.1 (62.7-75.3)
Male (%) 23 (62.2)
Primary tumor site (%)

Cecum/ascending colon 8 (21.6)

Transverse/descending colon 17 (46.0)

Rectum 12 (32.4)
Histologic subtype (%)

Adenocarcinoma 37 (100.0)

Mucinous carcinoma —

Other —
Pretreatment (%) 15 (40.5)

Chemotherapy 12 (80.0)

Radiotherapy 1(6.7)

Other 3 (20.0)
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any of the tissue fractions (Figure 1C). Compared with
CRLM, CRC-derived TIL contained enhanced aTh and aTreg
fractions (Figure 1B).

To evaluate the potential of co-stimulatory receptor
targeting in anti-tumor immunotherapy, TNFSRF member
(GITR, 4-1BB, and/or 0X40) expression was measured
ex vivo on CD4™ T cells from pMMR CRC and CRLM patients.
Tumor-derived aTreg, aTh, and Th demonstrated higher co-
stimulatory receptor expression compared with PBMC and
adjacent tissues in CRC (Figure 1D). In CRLM, co-stimulatory
receptor expression was enhanced on tumor-derived aTreg
and aTh compared with PBMC and adjacent tissues
(Figure 1E).

We compared expression of GITR, 4-1BB, and 0X40 on
tumor-derived aTreg, aTh, and Th. In CRC, aTreg, aTh, and
Th demonstrated enhanced GITR expression compared with
4-1BB and 0X40 (Figure 24). Moreover, GITR was expressed
more prominently in CRLM-derived aTh and aTreg
compared with 0X40 (Figure 2B). We conclude that high
rates of co-expression among TNFSRF members were
observed on all CD4" TIL subsets, with GITR being
expressed most prominently, especially in CRC.

Therefore, we focused further on GITR expression
among CD4" Th, aTh, and aTreg in TIL, adjacent tissues,
and PBMC. In CRC and CRLM-derived TIL, GITR was
expressed on Th (11.2% + 1.3% and 5.8% =+ 1.1%,
respectively) and aTh (29.4% + 2.4% and 16.9% + 1.4%,
respectively), whereas the highest expression was found
on aTreg (54.5% + 2.5% and 42.8% + 2.5%, respectively)
(Figure 2C and D). A similar trend was observed with re-
gard to median fluorescent intensities (MFIs) of GITR
(Figure 2C and D).

Compared with PBMC and adjacent tissues, GITR
expression was significantly increased in all CD4" TIL sub-
sets. For CRC Th, expression was increased 0.7% =+ 0.2% and
3.0% =+ 1.2% vs 11.2% + 1.3%, respectively; for aTh it was
increased 2.5% + 0.5% and 9.8% + 2.2% vs 29.4% + 2.4%,
respectively; and for aTreg it was increased 5.1% + 0.8% and
24.3% =+ 2.8% vs 54.5% =+ 2.5%, respectively (Figure 2E). For
CRLM Th, expression was increased 0.7% =+ 0.2% and 1.4% +
0.4% vs 5.8% + 1.1%, respectively; for aTh it was increased
3.3% + 0.6% and 6.3% + 1.1% vs 16.9% + 1.4%, respec-

tively; and for aTreg it was increased 5.0% =+ 0.9% and

20.7% =+ 2.1% vs 42.8% =+ 2.5%, respectively (Figure 2E).
Importantly, we observed co-expression of GITR with pro-
liferation and activation markers Ki67 or HLA-DR among all
distinct CD4™" TIL subsets (Figure 3).

Taken together, we demonstrate that compared with
adjacent tissues, expression of the co-stimulatory molecule
GITR is increased most prominently of all TNFRSF members
investigated on aTh and aTreg in TIL from pMMR CRC and
CRLM patients and that its expression is associated with

proliferation and activation markers.

GITR Delineates Activated CD103" CD39" CD8™
TIL From pMMR CRC and CRLM

Subsequently, we studied co-stimulatory molecule
expression on cytotoxic CD8' T cells from pMMR CRC and
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CRLM patients. Compared with colorectal tissues, CRLM Tumor-derived CD8" T cells demonstrated higher co-
demonstrated higher frequencies of CD8" T cells among stimulatory receptor expression (GITR, 4-1BB, and/or
total CD45™ T cells (Figure 4A4). CD8" T cells were increased  0X40) compared with PBMC in CRC (Figure 4B). In CRLM,
in total CD45™" TIL fractions compared with adjacent tissues  co-stimulatory receptor expression was enhanced on tumor-
in CRC but not in CRLM.

® CRC @ CRLM
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derived CD8" T cells compared with PBMC and adjacent
tissues (Figure 4C).

From the TNFSRF members analyzed in CRC, GITR was
expressed at higher frequencies compared with 4-1BB and
0X40 on CD8" TIL (Figure 54). On CRLM-derived CD8™" TIL,
GITR and 4-1BB showed enhanced expression compared
with 0X40 (Figure 5B).

Compared with PBMC and adjacent tissues, GITR
expression was increased on CD8" TIL from CRC (9.7% =+
1.1% vs 0.6% + 0.1% and 3.6% =+ 0.6%, respectively) and
CRLM (8.4% + 1.5% vs 1.8% =+ 0.4% and 1.6% =+ 0.3%,
respectively) (Figure 5C and D). Mean frequencies of GITR
expression on CD8" TIL were similar for CRC and CRLM
(9.7% and 8.4%, respectively). GITR MFI of CD8" T cells in
CRC and CRLM was similar among all fractions (Figure 5C
and D).

Comparison between GITR® and GITR CD8' TIL
revealed co-expression of GITR with proliferation marker
Ki67 on CD8™" TIL (Figure 5E). Recently, Duhen et al** have
shown that co-expression of CD39 and CD103 identifies
tumor-reactive CD8 T cells in human CRC tumors. In our
cohort, we confirmed enrichment of CD39" CD103™" (double
positive) CD8* T cells among TIL fractions compared with
adjacent tissues and PBMC (data not shown). CRC- and
CRLM-derived CD8" TIL generally contained 47.5% and
41.1% of CD39" CD103" cells, respectively. Strikingly,
CD39" CD103" CD8™ TIL appeared to be enriched for GITR

(Figure 5F).

GITR Expressing PD1" CD8" TIL Feature an
Exhausted Phenotype With Enhanced
Proliferative Capacity in pMMR CRC and CRLM

Because GITR expression on CD8" TIL appears to be
linked to a more activated, potentially tumor-reactive
phenotype, we aimed to analyze the functional state of
GITR' CD8" TIL.

Although enhanced activation marker expression sug-
gests increased functionality of GITRT CD8" TIL, upon
ex vivo restimulation we observed that interferon gamma
(IFN-v) and tumor necrosis factor alpha (TNF-«) secretion
by GITR™ CD8* TIL were significantly impaired compared
with the GITR™ counterpart, suggesting a more functionally
exhausted state of the GITR™ population (Figure 6A4).

Therefore, we correlated GITR expression with well-
defined CD8' T-cell exhaustion markers PD1 and

Co-Stimulation via GITR in pMMR CRC and CRLM 81

lymphocyte-activation gene 3 (LAG3). Overall, patient-
derived TIL from CRC and CRLM contained generally 9.9%
and 11.5% PD1" and 13.0% and 11.0% LAG3" CD8" cells,
respectively (Figure 6B). We could demonstrate that GITR™
CD8" cells were generally concentrated among the PD1™
CD8" TIL and LAG3™" CD8" TIL (Figure 6C). GITR" CD8"
cell frequencies correlated positively with both the fre-
quency of CD8% PD1™ and LAG3™ TIL (R? = 0.86 and 0.75,
respectively; Figure 6D). Furthermore, transcription factor
TOX was demonstrated to be up-regulated by PD1" CD8"
TIL independently of GITR expression (Figure 6E). However,
remarkably, TCF1 expression was enhanced in PD1M GITR*
CD8" TIL compared with PD1" GITR cells, and the former
population showed significantly enhanced Ki67 expression
(Figure 6F).

These data demonstrate that GITR is predominantly
expressed by functionally impaired CD8" TIL charac-
terized by enhanced inhibitory receptor and TOX
expression ex vivo. Nevertheless, GITR™ PD1" CD8™ TIL
differ from GITR” PD1™ CD8" TIL because they demon-
strate an enhanced proliferative capacity based on
enhanced Ki67 and TCF1 expression. Agonistic targeting
of GITR might potentially functionally reinvigorate this
cell population.

GITR Ligation Enhances pMMR CRC- and
CRLM-Derived CD4+/CD8" TIL Expansion and
Pro-inflammatory Cytokine Secretion

The immune modulatory effect of GITR ligation on TIL
was tested in vitro. Primary TIL were cultured in the
presence of anti-CD3/-CD28 activation beads providing
initial TCR and CD28 signaling, which is required for effi-
cient GITR-mediated co-stimulation. After 8-10 days of
in vitro culture, CD4" and CD8™" TIL expansion was deter-
mined by ratiometric evaluation of cell numbers by flow
cytometry using counting beads (Figure 7A4).

Variable baseline proliferation rates of TIL were
observed among individual patients, but overall co-culture
in the presence of hexameric GITRL doubled the numbers
of CD4" and CD8" pMMR CRC- and CRLM-derived TIL
compared with TIL stimulated in the presence of aCD3/
CD28 alone (Figure 7B-D). We could demonstrate a dose-
dependent increase for both CD4" and CD8™ TIL prolifer-
ation (Figure 7C). Moreover, proliferation marker Ki67 was
significantly enhanced upon GITRL treatment for both TIL

Figure 1. (See previous page). TNFRSF members are predominantly expressed on intratumoral CD4* activated Th and
Treg cells. (A) Frequencies of CD3"CD4* among living CD45* cells in tumor, adjacent tissues, and PBMC. CRC are depicted
in blue (n = 43), and CRLM are depicted in red (n = 26). (B) Gating strategy and frequencies of Th, aTh, rTreg, and aTreg among
CD3"CD4™ cells in tumor. CRC are depicted in blue (n = 42), and CRLM are depicted in red (n = 23). (C) Frequencies of Th,
aTh, rTreg, and aTreg among CD3"CD4™" cells in tumor (T), adjacent tissues (A), and PBMC (P). CRC are depicted in blue (n =
42), and CRLM are depicted in red (n = 24). (D and E, respectively) Frequencies of any TNFRSF member (GITR, 4-1BB, or
0OX40) negative, single positive (SP), double positive (DP), or triple positive (TP) on aTreg, aTh, and Th in tumor (T), adjacent
tissues (A), and PBMC (P). CRC are depicted in blue (n = 18), and CRLM are depicted in red (n = 9). Friedman (B) or Kruskal-
Wallis test (A, C, D, and E) was applied to analyze differences between more than 2 different groups. *P < .05, **P < .01, *™*P <
.001, =P < .0001. Boxes and whiskers represent mean and 95% confidence interval. A, adjacent tissues; aTh, activated T
helper; aTreg, activated regulatory T cell; CRC, primary colorectal cancer; CRLM, liver metastasis; DP, double positive; MFI,
median fluorescence intensity; P or PBMC, peripheral blood mononuclear cell; rTreg, resting regulatory T cell; SP, single
positive; T, tumor; Th, T helper; TIL, tumor-infiltrating lymphocyte; TP, triple positive.
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Figure 2. GITR is predominantly expressed on intratumoral CD4 ™" activated Th and Treg cells. (A and B) Frequencies of GITR,
4-1BB, and OX40 on aTreg, aTh, and Th in tumor. CRC are depicted in blue (A) (n = 18), and CRLM are depicted inred (B) (n=9). (C
and D) Frequencies and MFI of GITR on aTreg, aTh, and Th in tumor. CRC are depicted in blue (C) (n = 42), and CRLM are depicted in
red (D) (n = 23). (E) Histogram and frequencies of GITR-positive cells among aTreg, aTh, and Th in tumor (T), adjacent tissues (A), and
PBMC (P). CRC are depicted in blue (n = 40), and CRLM are depicted in red (n = 22). Friedman (A-D) or Kruskal-Wallis test (E) was
applied to analyze differences between more than 2 different groups. *P < .05, *P < .01, **P < .001, **P < .0001. Boxes and
whiskers represent mean and 95% confidence interval. A, adjacent tissues; CRC, primary colorectal cancer; CRLM, liver metastasis;
MFI, median fluorescence intensity; P or PBMC, peripheral blood mononuclear cell; T, tumor; TIL, tumor-infiltrating lymphocyte.



2023 Co-Stimulation via GITR in pMMR CRC and CRLM 83
® CRC @ CRLM
A CD3*CD4* TIL B CD3*CD4*TIL
*kkk *kk*k *kkk *
1600 — 1200 —
800 - - T ﬂ 800 L A m
800 T _ 800 T
_ A =
E 600 - o 600
5 - a
¥ 400+ =1 < 400
T
200+ 200
GITR GITR* GITR GITR* GITR GITR* GITR GITR* GITR GITR* GITR GITR*
Th aTh aTreg Th aTh aTreg

Figure 3. Intratumoral GITR-expressing Th, aTh, and aTreg feature an activated phenotype. (A and B) MFI of proliferation/
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cancer; CRLM, liver metastasis; MFI, median fluorescence intensity; TIL, tumor-infiltrating lymphocyte.

subsets (Figure 7E). Correlating with the ex vivo GITR
expression data, CD4" TIL demonstrated higher Ki67 fre-
quencies compared with CD8" TIL upon GITR ligation.
Nevertheless, expansion rates did not significantly differ
between both TIL subsets (data not shown).

To study how GITR ligation affects different CD4" TIL
subsets, we compared the expansion of FoxP3™ and FoxP3"
CD4" TIL in vitro. Generally, after GITR ligation FoxP3"
CD4" TIL demonstrated enhanced expansion compared
with FoxP3™ TIL (Figure 8A4). Furthermore, FoxP3 MFI

® CRC © CRLM

A B

declined upon GITR ligation, suggesting a reduced immune
suppressive capacity, as was described previously in liver
cancers (Figure 8B).”" To confirm the ability of CD4™" Th TIL
to respond to GITR ligation independently of Treg, we
cultured CD25-depleted TIL for 8-10 days. CD4% TIL
demonstrated similar expansion rates compared with con-
trols in the presence or absence of CD25% CD4™" Treg TIL,
suggesting that the presence of aTreg within the TIL does
not negatively impact the effect of GITR ligation on T-cell
proliferation (Figure 8C).
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Figure 4. Intratumoral CD8 cells are enriched for GITR. (A) Frequencies of CD3"CD8* among living CD45™ cells in tumor,
adjacent tissues, and PBMC. CRC are depicted in blue (n = 43), and CRLM are depicted in red (n = 26). (B and C) Frequencies
of any TNFRSF member (GITR, 4-1BB, or OX40) negative, single positive (SP), double positive (DP), or triple positive (TP) on
CD8* T cells in tumor. CRC are depicted in blue (B) (n = 18), and CRLM are depicted in red (C) (n = 9). Mann-Whitney test (A)
was used to analyze differences between 2 unpaired groups. Kruskal-Wallis test (B and C) was applied to analyze differences
between more than 2 different groups. *P < .05, **P < .01, **P < .001, ™*P < .0001. Boxes and whiskers represent mean and
95% confidence interval. A, adjacent tissues; CRC, primary colorectal cancer; CRLM, liver metastasis; DP, double positive; P
or PBMC, peripheral blood mononuclear cell; SP, single positive; T, tumor.
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To evaluate pro-inflammatory effector cytokine secre-
tion by CD3™ TIL, after 8-10 days of in vitro culture with or
without GITR ligation, total TIL were restimulated using
PMA-ionomycin. Upon restimulation, CD3* TIL that were

Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1

treated with GITRL demonstrated increased frequencies of
both IFN-y" and TNF-a" cells compared with non-treated
TIL (Figure 94). These data were confirmed by the detec-
tion of elevated IFN-y levels in the culture supernatants of
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pMMR CRC and CRLM TIL that were treated with GITR
ligation (Figure 9B). Furthermore, pro-inflammatory pro-
teases granzyme A (GzmA), granzyme B (GzmB), and per-
forin were increased in response to GITRL in CRC-derived
TIL cultures as well (Figure 9C).

Remarkably, GITR ligation not only skewed TIL to
enhance pro-inflammatory cytokine secretion but also
improved pro-inflammatory chemokine secretion. In CRC-
derived TIL cultures, we detected enhanced CCL3, CCL4,
CCL17, and CXCL9 levels (Figure 104). CCL3, CCL4, CCL17,
CXCL1, and CXCLS5 levels showed a trend to increase among
CRLM-derived cultures (Figure 10B).

Taken together, these data demonstrate that GITR liga-
tion reinvigorates CRC- and CRLM-derived CD4" and CD8*
TIL functionality, leading to enhanced expansion and pro-
inflammatory cytokine or chemokine secretion.

GITR Ligation Potentiates Immune Stimulation of
Anti-PD1 in pMMR CRC-derived TIL

So far, PD1 blockade monotherapy has not shown a
clinical benefit in pMMR CRC and CRLM patients. Our data
demonstrate that tumor-derived GITR* CD8" cells were
generally concentrated among the PD1™ CD8" TIL. There-
fore, we studied whether co-stimulatory checkpoint target-
ing via GITR ligation could enhance anti-PD1-mediated T-
cell reinvigoration in vitro.

In the majority of patient-derived TIL, anti-PD1 mono-
therapy did not enhance TIL expansion or effector cytokine
production (Figure 11). However, GITR co-stimulation in
combination with PD1 blockade did enhance pMMR CRC-
derived CD4" and CD8" expansion (Figure 114 and B).
Conformably, proliferation marker Ki67 was significantly
enhanced upon combination treatment for CD8" TIL
(Figure 11B). Ultimately, IFN-y production in CD4% and
CD8* TIL was enhanced upon PMA-ionomycin restimulation
after in vitro culture with the combination regimen as well
as TNF-a production in CD4" TIL, indicating that GITR co-
stimulation improves anti-PD1-mediated immune stimula-
tion in pMMR CRC-derived TIL (Figure 11C and D).

Discussion

Whereas clinical trials on PD1-based immune checkpoint
inhibition have shown great anti-tumor efficacy in dMMR
(MSI-high) CRC, pMMR (MSI-low or microsatellite stable
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[MSS]) tumors that occur in the majority of CRC and CRLM
patients do not respond well to ICB.®”'° Presently, the
implementation of co-stimulatory checkpoint targeting in
anti-tumor immunotherapy is widely studied in preclinical
and early clinical trials as a suitable alternative or sup-
portive approach for ICB. Yet, the biological and clinical
implications of these receptors in anti-tumor immuno-
therapy remain elusive. In this study, we aimed to
comprehensively analyze the expression of TNFRSF mem-
bers GITR, 0X40, and 4-1BB on CD4" and CD8" TIL and to
associate their expression to T-cell activation or exhaustion
status in pMMR CRC and CRLM patients. Furthermore, we
studied the impact of GITR co-stimulation on pMMR-CRC-
and -CRLM-derived-TIL functions.

In a cohort of 132 patients with pMMR CRC or CRLM, we
first demonstrated that GITR was expressed more promi-
nently on tumor-derived TIL compared with 0X40 and 4-
1BB. Furthermore, GITR was predominantly co-expressed
with 0X40 and 4-1BB and compromised the vast majority
of TIL expressing a TNFRSF member. GITR expression was
enhanced on activated, proliferating CD4" and CD8" TIL.
CD4" aTh and aTreg displayed highest GITR expression
compared with their counterparts in adjacent tissues and
blood. Notably, GITR expression in CD8' TIL delineated
putative tumor reactive TIL.

To our knowledge, this is the first comprehensive
report of GITR expression in human patient-derived
pMMR CRC tissues. Co-stimulatory TNFRSF members
have been described to be differentially expressed on TIL
from different tumor types. Recently, Kim et al*® demon-
strated enhanced 4-1BB expression on CD8" TIL from
hepatocellular carcinoma (HCC) compared with expres-
sion of various other TNFRSF members (eg, GITR, TNFR2,
HVEM, DR3, 0X40, CD30). Others have demonstrated
varying levels of GITR expression in the tumor microen-
vironment (TME) from several solid tumors (non-small
cell lung carcinoma, renal cell carcinoma, melanoma, and
HCC). However, in all tumor types GITR expression was
highest on CD4" and CD4" FoxP3™ TIL.** We demonstrate
that also in pMMR CRC and CRLM, compared with other
TNFRSF members, GITR is prominently expressed by
CD4* TIL, co-expressed with proliferation and activation
markers (Ki67 and HLA-DR, respectively), and enriched
within the TME compared with adjacent tissues and
blood.

Figure 5. (See previous page). GITR delineates activated CD103" CD39* CD8* TIL. (A and B) Frequencies of GITR, 4-
1BB, and OX40 on CD8™" T cells in tumor. CRC are depicted in blue (A) (n = 19), and CRLM are depicted in red (B) (n = 10). (C
and D) Frequencies and MFI of GITR on CD8* T cells in tumor (T), adjacent tissues (A), and PBMC (P). CRC are depicted in blue
(C) (n = 42), and CRLM are depicted in red (D) (n = 23). (E) MFI of proliferation marker Ki67 on GITR™ and GITR" cells among
CD8+ TIL (n = 19). CRC are depicted in blue, and CRLM are depicted in red. (F) Frequencies of CD103"CD39,
CD103°CD39", CD103"CD39", and CD103"CD39" among CD8" T cells in tumor. Blue and red bars represent CRC- and
CRLM-derived TIL, respectively (n = 9). tSNE plot demonstrating CD103" and CD39" cells among GITR™ CD8* T cells in
tumor. Frequencies of GITR-positive cells among DN (CD103°CD397), SP (CD1037CD39), and DP (CD1037CD39%) CD8* T
cells in tumor (n = 10). Wilcoxon matched test (E) was used to analyze differences between 2 paired groups. Friedman (A, B,
and E) or Kruskal-Wallis test (C and D) was applied to analyze differences between more than 2 different groups. *P < .05, *P
<.01, ™ P <.001, ***P < .0001. Boxes and whiskers represent mean and 95% confidence interval. A, adjacent tissues; CRC,
primary colorectal cancer; CRLM, liver metastasis; DP, double positive; MFI, median fluorescence intensity; P, peripheral
blood mononuclear cell; SP, single positive; T, tumor; TIL, tumor-infiltrating lymphocyte.
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Enhanced GITR expression was detected on CD4"  immunity via GITR engagement in CD4" TIL are described
CD45RA” FoxP3"™ aTreg and non-suppressive CD4" to be mediated either by CD4" Treg depletion via Fcy-re-
CD45RA™ FoxP3'° aTh. Improved activation and anti-tumor  ceptor co-engagement on innate immune cells or CD4" Treg
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functionality impairment via lineage destabilization.”**>*¢

We have confirmed previously that co-stimulation via
GITR could alleviate Treg-mediated immune suppression,
restoring proliferative capacity and cytokine production of
non-Treg (CD4"CD257) TIL from primary and secondary
liver tumors.®” Nevertheless, multiple studies have shown a
direct stimulatory effect of GITR ligation on effector TIL as
well. 223839 Moreover, hexameric GITR ligation (GITRL) in
human naive PBMC was shown to induce CD4" T-cell pro-
liferation in the absence of Treg.*® In CRC, TME-residing aTh
have been shown to correlate with improved survival rates
because they produce pro-inflammatory cytokines and
harbor anti-tumor immunity.>"*** Although on the basis of our
in vitro functional polyclonal assay we cannot distinguish
between any direct or indirect effects on CD4" (FoxP3%) or
CD8" TIL, these findings by us and others suggest that
immunotherapeutic targeting of GITR may stimulate the local
immune response within the CRC-/CRLM-related TME
through affecting both Treg and aTh cell function.

In CRC, Duhen et al*? and Simoni et al*> have demon-
strated that CD1037CD39" CD8' TIL are enriched by
tumor-reactive T cells. Here, we confirmed enrichment of
CD103 and CD39 co-expression on CD8" T cells in TIL
compared with adjacent tissues and blood (data not shown).
Interestingly, ~GITR  expression was highest on
CD103%CD39" CD8* TIL, suggesting that tumor-reactive
CD8" T cells within the TME display GITR expression.
Furthermore, enhanced expression of Ki67, HLA-DR, and
perforin illustrates the pro-inflammatory state of these pu-
tative tumor reactive GITR" CD8* TIL. Yet, ex vivo CD8" TIL
stimulation revealed impaired effector cytokine secretion in
GITR™ cells compared with GITR™ TIL, suggesting the former
to be functionally impaired. Functional exhaustion of these
cells might be caused by potential chronic T-cell receptor
stimulation of CD1037CD39" CD8" TIL in the TME.*’ In
support of this hypothesis, we observed enrichment of GITR
among PD1™ and LAG3" CD8™ TIL. Interestingly, although
there was enhanced transcription factor TOX expression in
PD1M GITR and GITR® CD8" TIL, the latter showed
enhanced TCF1 and Ki67 expression compared with PD1"
GITR CD8™" TIL. Therefore, GITR seems to delineate PD1™
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CD8" TIL into cells that demonstrate some similarity to
exhausted T (Tex) precursor cells. In recent preclinical
cancer models, these Tex precursor cells have been shown
to be a crucial source for providing a robust response to ICB,
suggesting that these cells may be eligible for GITR-
mediated reactivation as well.***

Whereas TNFRSF co-stimulation was thought to affect
CD8" TIL indirectly via its selective effect on CD4" TIL,
direct effects of GITRL on CD8" TIL have been
described.?**® We performed polyclonal functional assays
testing the ability of GITRL to stimulate tumor-derived
CD4" and CD8" TIL function ex vivo. We demonstrated
enhanced Ki67 expression and expansion of CD4* and CD8"
TIL from pMMR CRC and CRLM. In addition, tumor-derived
T cells that were treated with GITRL demonstrated
increased frequencies of both IFN-y" and TNF-a" cells and
enhanced secretion of pro-inflammatory proteases and
chemokines (eg, CCL3, CCL4, CXCL9), potentially driving
immune cells attraction and activation in the TME in vivo.*

In mice, dual therapy of GITR co-stimulation and PD1
blockade was shown to enhance effector T-cell function
synergistically by restoring the balance of key homeostatic
regulators CD226 and T-cell immunoreceptor with Ig and
ITIM domains.?® Moreover, it has been shown recently that
the anti-GITR/anti-PD1 combination could restore the
effector T-cell:Treg ratio, resulting in enhanced anti-tumor
immunity.”>*? In concordance with clinical studies, our
data indicate that anti-PD1 monotherapy hardly stimulates
the activity of tumor-derived TIL from pMMR CRC in vitro.
However, the combination regimen of anti-PD1 with GITRL
led to significant functional T-cell reinvigoration. Because
high GITR expression is mostly restricted to the tumor site,
which potentially limits systemic adverse events of GITR
targeting, in our opinion GITR represents an attractive
target for therapeutic immunomodulation alone or in com-
bination with ICB in these pMMR patients. Although treat-
ment with anti-GITR antibodies had been shown to cause
toxicity upon repeated administration in preclinical animal
models, recently it has been shown that a newly developed
fully human agonistic GITR immunoglobulin G1 monoclonal
antibody in combination with nivolumab demonstrated an

Figure 6. (See previous page). GITR is up-regulated on PD1" CD8™" TIL featuring a (pre-)exhausted phenotype. TIL were
isolated from tumor tissues using enzymatic digestion and subsequent Ficoll density gradient centrifugation. Ex vivo function
and phenotype of TIL were analyzed using flow cytometry with or without in vitro stimulation. (A) Frequencies of IFN-y and
TNF-« positive cells in GITR  and GITR* among CD8* T cells in tumor after 5 hours of PMA/ionomycin stimulation (n = 8). CRC
are depicted in blue, and CRLM are depicted in red. (B) Frequencies of PD1°, PD1™, or PD1" and LAG3™ or LAG3* among
CD8™ T cells in tumor. Blue and red bars represent CRC-and CRLM-derived TIL, respectively. (C) Gating strategy and fre-
guencies of GITR, PD1, and LAG3 among CD8" T cells in tumor. Frequencies of GITR among PD1", PD1™, or PD1 hiand LAG3"
or LAG3* CD8" T cells in tumor. CRC are depicted in blue (n = 26), and CRLM are depicted in red (n = 13). (D) Correlation of
frequencies of GITR-positive cells to frequencies of PD1" or LAG3™" cells among CD8" T cells in tumor. Blue and red dots
represent individual CRC (n = 26 and n = 14, respectively) and CRLM (n = 13 and n = 8, respectively) patients. (E) Histogram
and MFI of transcription factor TOX on PD1°, PD1™, GITR” PD1", or GITR* PD1" CD8" T cells in tumor (n = 7). (F) Histogram
and MFI of TCF1 on GITR PD1'T' or GITR" PD1" CD8* T cells in tumor (n = 8). Histogram and MFI of proliferation marker Ki67
on GITR” PD1" or GITR* PD1" CD8* T cells in tumor (n = 14). CRC are depicted in blue, and CRLM are depicted in red.
Wilcoxon matched test (A and F) was used to analyze differences between 2 paired groups. Friedman test (C and D) was
applied to analyze differences between more than 2 different groups. Correlation analysis was performed according to
Spearman. *P < .01, **P < .001, ***P < .0001. Boxes and whiskers represent mean and 95% confidence interval. CRC,
primary colorectal cancer; CRLM, liver metastasis; IFN-vy, interferon gamma; MFI, median fluorescence intensity; TIL, tumor-
infiltrating lymphocyte; TNF-«, tumor necrosis factor alpha.
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Figure 7. GITR ligation enhances CD4* and CD8" TIL expansion. TIL were isolated from tumor tissues using enzymatic
digestion and subsequent Ficoll density gradient centrifugation. TIL were stimulated using CD3/CD28 stimulation beads in the
absence (ctrl) or presence of a hexameric GITR ligand (GITLR 1 ug/mL + anti-HA 2.5 ug/mL). After 8 days, TIL expansion was
measured and defined as fold increase over control conditions (proliferation index). (A) Flow cytometric gating strategy used
for ex vivo phenotyping after in vitro polyclonal assay. Cell numbers were normalized using counting beads (red box). (B)
pMMR CRC-derived CD4" and CD8™" TIL expansion upon GITR ligation (n = 19). (C) CD4* and CD8* TIL expansion upon
various dosages of GITR ligation (0.001 ug/mL, 0.01 ug/mL, 0.1 ug/mL, 1.0 ug/mL, 10.0 ug/mL, and 100.0 ug/mL, respectively)
(n = 8). (D) pPMMR CRLM-derived CD4* and CD8" TIL expansion upon GITR ligation (n = 6). (E) Gating strategy and fre-
quencies of Ki67 " cells among CD4™ and CD8™ TIL upon GITR ligation, respectively. CRC are depicted in blue, and CRLM are
depicted in red. Wilcoxon matched test (B, D, and E) was used to analyze differences between 2 paired culture conditions.
Friedman test (C) was applied to analyze differences between more than 2 different culture conditions. *P < .05, ***P < .001,
P < .0001. Boxes and whiskers represent mean and 95% confidence interval. CRC, primary colorectal cancer; CRLM, liver
metastasis; Ctrl, control; TIL, tumor-infiltrating lymphocyte.
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Figure 8. CD4" Th TIL respond to GITR ligation in the absence of CD4* Treg. TIL were isolated from tumor tissues using
enzymatic digestion and subsequent Ficoll density gradient centrifugation. TIL were stimulated using CD3/CD28 stimulation
beads in the absence (ctrl) or presence of hexameric GITR ligand (GITRL 1 ug/mL + anti-HA 2.5 ug/mL) with or without
magnetic CD25-depletion. TIL expansion was measured and defined as fold increase over control conditions (proliferation
index). (A) pPMMR CRC- and CRLM-derived CD4" FoxP3™ and CD4" FoxP3™ TIL expansion upon GITR ligation (n = 18). (B)
MFI of FoxP3 in pMMR CRC- and CRLM-derived CD4* FoxP3* TIL in absence (ctrl) or presence of hexameric GITR ligand (n =
18). (C) pMMR CRC-derived CD4* and CD8* TIL expansion upon GITR ligation with or without CD25-depletion. (n = 8).
Wilcoxon matched test was used to analyze differences between 2 paired culture conditions. *P < .05, **P < .01. Boxes and
whiskers represent mean and 95% confidence interval. CRC, primary colorectal cancer; CRLM, liver metastasis; MFI, median

fluorescence intensity; TIL, tumor-infiltrating lymphocyte.

acceptable safety profile in patients with advanced solid
tumors.”**”

In humans, GITR monoclonal antibodies have been shown
to reduce circulating and intratumoral Treg*® Yet, efficient
direct T-cell activation via TNFR requires receptor clustering
to induce optimal downstream signal transduction.’” In our
study, GITR oligomerization is facilitated using a hexameric
GITRL. Other strategies to induce receptor multimerization
are Fc-engineering or the construction of bi-specific anti-
bodies.***? Chan et al*’ have recently shown the great po-
tential of combining immune checkpoint stimulation (ICS) and
ICB using an anti-PD-1-GITR-L bispecific. In particular, the
approach of bispecific antibodies deserves great attention for
development of future clinical trials on ICS because these
constructs not only drive receptor multimerization but also
direct GITR-mediated activation to tumor reactive PD-1
expressing cells only.

The strength of our study is the use of human patient-
derived TIL, but it entails some limitations as well.!
Because all patients underwent surgical resection, our
study cohort does not comprise the full spectrum of the CRC
and CRLM patient population. Currently, the efficacy of
immunotherapy has been mostly studied in advanced
therapy resistant tumors. Nevertheless, the (neo)adjuvant
application of immunotherapy in early or intermediate stage
disease is being studied more and more frequently.” Some
patients from our CRC and CRLM cohort have undergone
systemic therapy before resection. Therapeutic regimen
might have varied among individual patients, potentially
changing the composition of the TME. To exclude any direct

effects of neoadjuvant therapy on the TME, minimum time
before surgery was set at 4 weeks.” TIL numbers isolated
from individual patient tissues were highly variable.
Therefore, phenotype analysis and in vitro functional assays
could not be performed in all patients.

In summary, we conclude that GITR is enriched in CDh4™"
aTh and aTreg TIL as well as in PD1" CD8" TIL. Further-
more, GITRL enhances pMMR CRC- and CRLM-derived hu-
man TIL functionality ex vivo. Our study provides
compelling preclinical data that support agonistic targeting
of GITR as part of a new immunotherapeutic approach for
pMMR CRC and CRLM patients.

Methods

Patient Selection

Patients (age >18 years) undergoing surgical resection
between July 2016 and November 2021 for either primary
CRC (stage 1-3) or CRLM were included from 3 different
hospitals. Patients having received (any) neoadjuvant
treatment or immunosuppressive therapy <4 weeks and <3
months before surgical resection were excluded from our
study. Peripheral blood was drawn on the day of the sur-
gical resection before surgery. In accordance with the pa-
thologists, fresh samples of tumor and adjacent tumor-free
tissues (>10 cm and >2 cm distant of the tumor for primary
CRC and liver metastasis, respectively) were obtained and
processed within 24 hours. Patients’ mismatch repair status
was determined using immunohistochemistry and defined
by the loss of expression of any of the following mismatch
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Figure 9. GITR ligation increases CD3* TIL pro-inflammatory cytokine secretion. TIL were isolated from tumor tissues
using enzymatic digestion and subsequent Ficoll density gradient centrifugation. TIL were stimulated using CD3/CD28
stimulation beads in absence (ctrl) or presence of hexameric GITR ligand (GITRL 1 ug/mL + anti-HA 2.5 ug/mL). After 8 days,
supernatants were analyzed for soluble factors, and TIL were phenotyped after PMA/ionomycin restimulation. (A) Flow
cytometric gating strategy and relative frequencies of IFN-y and TNF-«a producing pMMR CRC-derived CD3" TIL upon PMA/
ionomycin restimulation after GITR ligation compared with control conditions (n = 11). (B) Concentration of secreted IFN-y
defined as fold increase over control conditions. CRC are depicted in blue (n = 18), and CRLM are depicted in red (n = 4). (C)
Concentration of secreted cytokines defined as fold increase over control conditions. CRC are depicted in blue (n = 6).
Wilcoxon matched test was used to analyze differences between 2 paired culture conditions. *P < .05. Boxes and whiskers
represent mean and 95% confidence interval. CRC, primary colorectal cancer; CRLM, liver metastasis; Ctrl, control; IFN-v,
interferon gamma; TIL, tumor-infiltrating lymphocyte; TNF-«, tumor necrosis factor alpha.

repair gene-related proteins: MLH1, PMS2, MSH2, and
MSH6. Patient data were retrieved from electronical medical

digestion. Adjacent colon tissues were cut and stirred in the
presence of EDTA (10% fetal calf serum, 15 mmol/L HEPES,

records. All study procedures were approved by the local
ethics committee (NL58534.078.16; NL47888.041.14). Pa-
tients had given informed consent for tissue and blood
donation as well as usage of personal data.

Cell Preparation

PBMC were isolated by Ficoll density gradient centrifu-
gation. Mononuclear single cell suspensions from tumor and
adjacent tissues were obtained by enzymatic tissue

1 mmol/L EDTA in phosphate-buffered saline) 4 times for
15 minutes at 37°C. Subsequently, adjacent colon as well as
cut primary CRC tissues were digested in the presence of
400 U/mL collagenase type VIII (Sigma-Aldrich, St Louis,
MO) and 0.2 mg/mL DNAse I (Sigma-Aldrich) in Hanks
balanced salt solution for 30-60 minutes at 37°C with
interrupted gently swirling. CRLM and adjacent liver tissues
were cut into small pieces and then digested with 0.2 mg/
mL DNAse I (Sigma-Aldrich) and 0.125 mg/mL collagenase
type IV (Sigma-Aldrich) for 40 minutes at 37°C with
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Figure 10. GITR ligation skews TIL to a pro-inflammatory chemokine profile. TIL were isolated from tumor tissues using
enzymatic digestion and subsequent Ficoll density gradient centrifugation. TIL were stimulated using CD3/CD28 stimulation
beads in absence (ctrl) or presence of hexameric GITR ligand (GITRL 1 ug/mL + anti-HA 2.5 ug/mL). After 8 days, supernatants
were analyzed for soluble factors. (A) Concentration of secreted cytokines and chemokines defined as fold increase over
control conditions of CRC-derived TIL (n = 10). (B) Concentration of secreted cytokines and chemokines defined as fold
increase over control conditions of CRLM-derived TIL (n = 5). Wilcoxon matched test was used to analyze differences between
2 paired culture conditions. *P < .05, P < .01. Boxes and whiskers represent mean and 95% confidence interval. CRC,
primary colorectal cancer; CRLM, liver metastasis; sFAS, soluble FAS; TIL, tumor-infiltrating lymphocyte.

interrupted gently swirling. Cell suspensions were filtered
through 70-um pore cell strainers (BD Biosciences, San
Diego, CA), and mononuclear leukocytes were obtained by
Ficoll density gradient centrifugation. Mononuclear cell
viability, CD45/CD3 purities, and cell numbers were deter-
mined using flow cytometry (MACS Quant; Miltenyi Biotec,
Bergisch Gladbach, Germany). A minimum of 100,000 total
CD3* TIL/1 g tissue was set for study inclusion.

Flow Cytometric Analysis

Freshly isolated PBMC, tumor-infiltrating lymphocytes,
and tissue-infiltrating lymphocytes were analyzed for the
expression of specific surface and intracellular markers
using monoclonal antibodies (Table 3). Nonviable cells were
excluded by labeling with Fixable Viability Dye Efluor 506
(eBioscience, Vienna, Austria). Cell surface staining with
fluorochrome-conjugated antibodies was performed in the
dark at 4°C for 30 minutes, after which cells were fixed,
permeabilized using the FoxP3 staining buffer kit (eBio-
science), and stained for intracellular antigens. Cells were
measured using a FACSCanto II, FACSAria SORP II, or FAC-
Symphony flow cytometer (BD Biosciences) and analyzed
using Flow]o software version V10 (BD Biosciences).
Appropriate isotype control antibodies were used for gating
purposes (Table 3).

Ex Vivo Polyclonal T-Cell Activation Assay
Isolated total TIL were either used directly for in vitro

culture or purified using Magnetic Cell Separation. CD25-

depleted TIL fractions were obtained by negatively

selecting CD25" TIL with human CD25 MicroBeads II
(130-0920983; Miltenyi Biotec). Efficiency of Magnetic
Cell Separation was set to a minimum of 90% purity of
FoxP3- within CD25" TIL fractions. TIL cultures were
performed in RPMI 1640 (Lonza, Breda, the Netherlands)
supplemented with 10% human AB serum (Sigma-
Aldrich), 2 mmol/L L-glutamine (Invitrogen, Waltham,
MA), 50 mmol/L Hepes Buffer (Lonza), 1% penicillin-
streptomycin (Gibco-Life Technologies, Oslo, Norway), 5
mmol/L sodium pyruvate (Gibco-Life Technologies), and
1% minimum essential medium non-essential amino acids
(complete medium) at 37°C and 5% CO,. TIL were
cultured in a 96-well round-bottom culture plate (0.5 x
10E6 CD45" cells/well) in the presence of anti-human
anti-CD3/CD28 Dynabeads (cell:bead ratio 100:1; Gibco-
Life Technologies). Experiments in the range of >15%
baseline Ki67 expression on T cells after day 8-9 of cul-
ture were included unless mentioned otherwise. Overall,
suboptimal CD3/CD28-mediated pre-stimulation could be
reached in approximately 85% of all vitro TIL cultures.
For indicated experiments, cells were treated with 1 ug/
mL azide-free and low endotoxin soluble GITRL (R&D
Systems, Minneapolis, MN) crosslinked with 2.5 ug/mL
anti-HA antibody (R&D Systems) alone or in combination
with 10 pg/mL humanized immunoglobulin G4 blocking
anti-PD1 antibody (Nivolumab; Bristol-Myers Squibb, New
York, NY) or the corresponding isotype control antibody
(hlgG4, clone QA16A15; Biolegend, San Diego, CA). After
8-9 days, culture supernatants were collected and quan-
tified for cytokines/chemokines using LegendPlex Human
CD8/NK Panel and/or Human Pro-Inflammatory
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Chemokine Panel (740267 and 740985, respectively;
experiments,
restimulated (on day 0 and day 8/9) using PMA (40 ng/
mL; Sigma-Aldrich), ionomycin (1 ug/mL; Sigma-Aldrich),

Biolegend). For

A

A

is01gG4

kol 419

3 .

s e
PD1

ja /\/\ 45
e g

juPDMG\TRL 0866
—

.

% of Max

A, 660

— Ki67

Proliferation index
(Freq of Ki67*: fold over Iso IgG4)

C

PMA/lonomycin +/+
Iso IgG4

PMA/lonomycin +/+
Iso IgG4

indicated

cells

CD4* TIL
*kk
*kk
2.5= — 25—

?
Q
X D
P
T Q
=]
5
© (o]
23
<
o *
©
o

X AN oV v

O O LKL

o\qd o &
& X
N
QO
&

PMA/lonomycin +/+
aPD1

PMA/lonomycin +/+
aPD1

PMA/lonomycin +/+
aPD1 + GITRL

PMA/lonomycin +/+
aPD1 + GITRL

Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1

were

CD4* TIL

*k%k

*hkk *

PMA/lonomycin +/+
GITRL

PMA/lonomycin +/+
GITRL

Proliferation index
(Freq of Ki67*: fold over Iso IgG4)

Stimulation index
(Freq of IFN y* : fold over Iso IgG4)

Stimulation index
(Freq of IFN y* : fold over Iso IgG4)

CD8* TIL

*kk
*kk Kk

CD4* TIL

*%k
*%k k%

CD8* TIL

*kk kkk

and Monensin (1000X; eBioscience). T-cell expansion was
determined on the basis of ratiometric determination of
absolute cell counts using counting beads (01-1234-42;
Thermo Fisher Scientific, Waltham, MA).

CD8* TIL
*k%k
*kk kkk
T
(O]
X D
32
ho e}
R=g]
CL
©
o]
=0
o
Qo
©
o
I
Q
o
o
“®
X =
g
£ o
c B
S8
5,
2o
£y
=
Hl
S)
g
go-b‘ N v v
O KA
o & O O
9@ X
N
QO
&
<
(O]
=
o
K%}
X
32
£ o
c
S8
°
2 ©
su
=
—
s}
o
o
w




2023 Co-Stimulation via GITR in pMMR CRC and CRLM 93

Table 3.Antibody List Used for Flow Cytometry

Specificity Fluorochrome Clone Supplier
CD3 APC-R700 UCHT1 BD Biosciences
CD3 SB780 UCHT1 eBioscience
CD3 PerCP-Cy5.5 SK7 BD Biosciences
CD4 APC-Fire750 RPA-T4 Biolegend
CD4 BV605 RPA-T4 BD Biosciences
CD4 APC-eFluor780 OKT4 eBioscience
CD45 PE-CF594 HI30 BD Biosciences
CD45RA PE-CF594 HI30 BD Biosciences
CD8 APC RPA-T8 Biolegend
CD8 SB645 OKT8 eBioscience
CD8 PE RPA-T8 Biolegend
CD8a APC-Fire750 RPA-T8 Biolegend
CD8a PerCP-Cy5.5 RPA-T8 eBioscience
CD39 BV421 Al Biolegend
CD103 PE-Cy7 Ber-ACT8 Biolegend
FoxP3 eFluor450 236A/E7 eBioscience
FoxP3 PE 236A/E7 eBioscience
GITR (CD357) FITC 22-04-2022 R&D Systems
Granzyme B V450 GB11 BD Biosciences
HLA-DR APC LN3 eBioscience
IFN-vy FITC 25723.11 BD Biosciences
IFN-v PE-Cy7 4S.B3 eBioscience
Isotype migG1 APC MOPC-21 Biolegend
Isotype migG1 PE P3.6.2.8.1 eBioscience
Isotype migG1 FITC P3 eBioscience
Isotype migG1 Pe-Cy7 MOPC-21 Biolegend
Isotype migG1 BV421 X40 BD Biosciences
Isotype migG1 PerCP-Cy5.5 MOPC-21 BD Biosciences
Ki67 APC 20Raj1 eBioscience
LAG3 (CD223) BV421 T47-530 BD Biosciences
0OX40 (CD134) PE ACT35 eBioscience
Perforin APC-Cy7 dG9 Biolegend
PD1 (CD279) PE MIH4 eBioscience
PD1 (CD279) Pe-Cy7 J105 eBioscience
TCF1 PE 7F11A10 Biolegend
TNF-« PerCP-Cy5.5 MAb11 Biolegend
TNF-a APC MAb11 eBioscience
TOX APC REA473 Miltenyi
4-1BB (CD137) APC 4B4-1 BD Biosciences

Figure 11. (See previous page). GITR ligation further enhances anti-PD-1-mediated reinvigoration of CD4* and CD8™*
TIL. TIL were isolated from tumor tissues using enzymatic digestion and subsequent Ficoll density gradient centrifugation. TIL
were stimulated using CD3/CD28 stimulation beads in presence of isotype antibodies (iso 1gG4), anti-PD1 blocking antibodies
(< PD1), anti-PD1 blocking antibodies in combination with GITRL (< PD1 + GITRL), or GITRL (GITRL). After 8 days, TIL were
phenotyped directly or after PMA/ionomycin restimulation. TIL expansion and cytokine secretion were measured and defined as
fold increase over isotype control conditions (proliferation and stimulation index, respectively). () pMMR CRC-derived CD4* TIL
Ki67 expression and expansion upon iso IgG4, «PD1, « PD1 + GITRL, and GITRL (n = 12). (B) pMMR CRC-derived CD8" TIL
Ki67 expression and expansion upon iso IgG4, « PD1, «« PD1 + GITRL, and GITRL (n = 12). (C) Flow cytometric gating strategy
and relative frequencies of IFN-y and TNF-« producing pMMR CRC-derived CD4" TIL upon PMA/ionomycin restimulation after
« PD1, o« PD1 + GITRL, and GITRL compared with isotype control conditions (n = 10). (D) Flow cytometric gating strategy
and relative frequencies of IFN-y and TNF-« producing pMMR CRC-derived CD8" TIL upon PMA/ionomycin restimulation after
o« PD1, o« PD1 + GITRL, and GITRL compared with isotype control conditions (n = 10). Friedman (A-D) was applied to analyze
differences between more than 2 different groups. *P < .05, **P < .01, **P < .001, ***P < .0001. Boxes and whiskers represent
mean and 95% confidence interval. CRC, primary colorectal cancer; IFN-v, interferon gamma; Iso IgG4, isotype control; PI,
proliferation index; Sl, stimulation index; TIL, tumor-infiltrating lymphocyte; TNF-oc, tumor necrosis factor alpha.
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Statistical Analysis

Statistical analyses were performed using GraphPad

Prism software version 9.0 (GraphPad, La Jolla, CA). A Wil-
coxon matched test was used to analyze differences be-
tween 2 paired groups of data. Either a Friedman or a
Kruskal-Wallis test was applied to analyze differences be-
tween more than 2 different groups. Correlation analysis
was performed according to Spearman. A P value lower than
.05 was considered statistically significant (*P < .05, **P <
.01, ***p < .001, ****P < .0001). All authors had access to
the study data and had reviewed and approved the final
manuscript.

References

1.

IARC. Fact sheets colorectal cancer by Globocan. 2020
Available at: https://gco.iarc.fr/today/data/factsheets/
cancers/10_8_9-Colorectum-fact-sheet.pdf. ~Accessed
September, 2021.

. Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB.

Colorectal cancer. Lancet 2019;394:1467-1480.
Guinney J, Dienstmann R, Wang X, De Reynies A,
Schlicker A, Soneson C, Marisa L, Roepman P,
Nyamundanda G, Angelino P, Bot BM, Morris JS,
Simon IM, Gerster S, Fessler E, De Sousa E Melo F,
Missiaglia E, Ramay H, Barras D, Homicsko K, Maru D,
Manyam GC, Broom B, Boige V, Perez-Villamil B,
Laeras T, Salazar R, Gray JW, Hanahan D, Tabernero J,
Berards R, Friend SH, Laurent-Puig P, Medema JP,
Sadanandam A, Wessels L, Delorenzi M, Kopetz S,
Vermeulen L, Tejpar S. The consensus molecular sub-
types of colorectal cancer. Nat Med 2015;21:1350-1356.
Combes AJ, Samad B, Tsui J, Chew NW, Yan P,
Reeder GC, Kushnoor D, Shen A, Davidson B,
Barczak AJ, Adkisson M, Edwards A, Naser M, Barry KC,
Courau T, Hammoudi T, Arglello RJ, Rao AA,
Olshen AB, Immunoprolifer Consortium, Cai C, Zhan J,
Daves KC, Kelley RK, Chapman JS, Atreya CL, Patel A,
Daud A, Ha P, Diaz AA, Krat JR, Collisson EA,
Fragiadakis GK, Erle DJ, Boissonnas A, Asthana S,
Chan V, Krummel MF. Discovering dominant tumor im-
mune archetypes in a pan-cancer census. Cell 2022;
185:184-203.

Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A,
Mlecnik B, Lagorce-Pagés C, Tosolini M, Camus M,
Berger A, Wind P, Zinzindohoué F, Bruneval P,
Cugnenc P, Trajanoski Z, Fridman W, Pagés F. Type,
density, and location of immune cells within human
colorectal tumors predict clinical outcome. Science
2006;313:1960-1964.

Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H,
Eyring AD, Skora AD, Luber BS, Azad NS, Laheru D,
Biedrzycki B, Donehower RC, Zaheer A, Fisher GA,
Crocenzi TS, Lee JJ, Duffy SM, Goldberg RM, De la
Chapelle A, Koshiji M, Bhaijee F, Huebner T, Hruban RH,
Wood LD, Cuka N, Pardoll DM, Papadopoulos N,
Kinzler KW, Zhou S, Cornish TC, Taube JM, Ander RA,
Eshleman JR, Vogelstein B, A Diaz L Jr. PD1 blockade in
tumors with mismatch-repair deficiency. N Engl J Med
2015;372:2509-2520.

7.

10.

11.

12.

13.

14.

15.

16.

Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1

Overman MJ, McDermott R, Leach JL, Lonardi S,
Lenz H, Morse MA, Desai J, Hill A, Axelson M, Moss RA,
Goldberg MV, Cao ZA, Ledeine J, Maglinte GA,
Kopetz S, André T. Nivolumab in patients with metastatic
DNA mismatch repair-deficient or microsatellite
instability-high colorectal cancer (CheckMate 142): an
open-label, multicentre, phase 2 study. Lancet Oncol
2017;18:1182-1191.

Le DT, Kim TW, Van Cutsem E, Geva R, Jager D, Hara H,
Burge M, O’Neil B, Kavan P, Yoshino T, Guimbaud R,
Taniguchi H, Eleze E, Al-Batran S, Boland PM, Crocenzi T,
Atreya CE, Cui Y, Dai T, Marinello P, A Diaz L Jr, André T.
Phase Il open-label study of pembrolizuamb in treatment-
refractory, microsatellite instability-high/mismatch repair-
deficient metastatic colorectal cancer: KEYNOTE-164.
J Clin Oncol 2020;38:11-19.

André T, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C,
Smith D, Garcia-Carbonero R, Benavides M, Gibbs P, De
la Fouchardiere C, Rivera F, Elez E, Bendell J, Le DT,
Yoshino T, Van Cutsem E, Yang P, Farooqui MZH,
Marinello P, A Diaz L Jr. KEYNOTE-177 Investigators.
Pembrolizumab in microsatellite-instability-high advanced
colorectal cancer. N Engl J Med 2020;383:2207-2218.
Le DT, Durham JN, Smith KN, Wang H, Bartlett BR,
Aulakh LK, Lu S, Kemberling H, Wilt C, Luber BS,
Wong F, Azad NS, Rucki AA, Laheru D, Donehower R,
Zaheer A, Fisher GA, Crocenzi TS, Lee JJ, Greten TF,
Duffy AG, Ciombor KK, Eyring AD, Lam BH, Joe A,
Kang SP, Holdhoff M, Danilova L, Cope L, Meyer C,
Zhou S, Goldberg RM, Armstrong DK, Bever KM,
Fader AN, Taube J, Housseau F, Spetzler D, Xiao N,
Pardoll DM, Papadopoulos N, Kinzler KW, Eshleman J,
Vogelstein B, Anders RA, A Diaz L Jr. Mismatch repair
deficiency predicts response of solid tumors to PD1
blockade. Science 2017;357:409-413.

Liao W, Overman MJ, Boutin AD, Shang X, Zhao D,
Dey P, Li J, Wang G, Lan Z, Li J, Tang M, Jiang S, Ma X,
Chen P, Katkhuda R, Korphaisarn K, Chakravarti D,
Chang A, Spring DJ, Chang Q, Zhang J, Maru DM,
Maeda DY, Zebala JA, Kopetz S, Wang YA, A DePinho R.
KRAS-IRF2 axis drives immune suppression and im-
mune therapy resistance in colorectal cancer. Cancer
Cell 2019;35:559-572.

Kim CG, Jang M, Kim Y, Leem G, Kim KH, Lee H, Kim T,
Choi SJ, Kim H, Han JW, Kwon M, Kim JH, Lee AJ,
Nam SK, Bae S, Lee SB, Shin SJ, Park SH, Ahn JB,
Jung |, Lee KY, Park S, Kim H, Min BS, Shin E. VEGF-A
drives TOX-dependent T cell exhaustion in anti-PD1-
resistant microsatellite stable colorectal cancers. Sci
Immunol 2019;4:eaay0555.

Chen L, Flies DB. Molecular mechanisms of T cell co-
stimulation and co-inhibition. Nat Rev Immunol 2013;
13:227-242.

Schaer DA, Hirschhorn-Cymerman D, Wolchok JD. Tar-
geting tumor-necrosis factor receptor pathways for tu-
mor immunology. J Immunother Cancer 2014;2:7.
Ward-Kavanagh LK, Lin WW, Sedy JR, Ware CF. The
TNF receptor superfamily in co-stimulating and co-
inhibitory responses. Immunity 2016;44:1005-1019.
Shimizu J, Yamazaki S, Takahashi T, Ishida Y,
Sakaguchi S. Stimulation of CD25(+)CD4(+) regulatory T


https://gco.iarc.fr/today/data/factsheets/cancers/10_8_9-Colorectum-fact-sheet.pdf
https://gco.iarc.fr/today/data/factsheets/cancers/10_8_9-Colorectum-fact-sheet.pdf
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref2
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref2
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref2
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref3
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref4
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref5
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref5
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref5
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref5
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref5
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref5
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref5
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref5
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref6
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref7
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref8
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref9
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref9
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref9
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref9
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref9
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref9
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref9
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref9
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref10
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref11
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref12
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref12
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref12
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref12
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref12
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref12
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref12
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref13
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref13
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref13
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref13
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref14
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref14
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref14
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref15
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref15
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref15
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref15
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref15
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref16
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref16
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref16
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref16

2023

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

cells through GITR breaks immunological self-tolerance.
Nat Immunol 2002;3:135-142.

Clouthier DL, Zhou AC, Watts TH. Anti-GITR agonist
therapy intrinsically enhances CD8 T cell responses to
chronic lymphocytic choriomeningitis virus (LCMV),
therapy circumventing LCMV-induced downregulation of
co-stimulatory GITR ligand on APC. J Immunol 2014;
193:5033-5043.

Pascutti MF, Geerman S, Slot E, Van Gisbergen KPJM,
Boon L, Arens R, Van Lier RAW, Wolkers MC, Nolte MA.
Enhanced CD8 T cell responses through GITR-mediated
co-stimulation resolve chronic viral infection. PLoS
Pathog 2015;11:e1004675.

Durham NM, Holoweckyj N, MacGill RS, McGlinchey K,
Leow CC, Robbins SH. GITR ligand fusion protein
agonist enhances the tumor antigen-specific CD8 T-cell
response and leads to long-lasting memory.
J Immunother Cancer 2017;5:47.

Wang B, Zhang W, Jankovic V, Golubov J, Poon P,
Oswald EM, Gurer C, Wei J, Ramos I, Wu Q, Waite J,
Ni M, Adler C, Wei Y, Macdonald L, Rowlands T,
Brydges S, Siao J, Poueymirou W, MacDonald D,
Yancopoulos GD, Sleeman MA, Murphy AJ, Skokos D.
Combination cancer immunotherapy targeting PD1 and
GITR can rescue CD8+ T cell dysfunction and maintain
memory phenotype. Sci Immunol 2018;3:eaat7061.
Pedroza-Gonzalez A, Zhou G, Singh SP, Boor PC,
Pan Q, Griinhagen D, De Jonge J, Tran TK, Verhoef C,
lJzermans JNM, Janssen HLA, Biermann K,
Kwekkeboom J, Sprengers D. GITR engagement in
combination with CTLA-4 blockade completely abro-
gates immunosuppression mediated by human liver
tumor-derived regulatory T cells ex vivo. Oncoimmunol-
ogy 2015;4:e1051297.

Mahne AE, Mauze S, Joyce-Shaikh, Xia J, Bowman EP,
Beebe AM, Cua DJ, Jain R. Dual roles for regulatory T-
cell depletion and co-stimulatory signaling in agonistic
GITR targeting for tumor immunology. Cancer Res 2017;
77:1108-1118.

Schoenhals JE, Cushman TR, Barsoumian HB, Li A,
Cadena AP, Niknam S, Younes Al, Da Silva Caetano M,
Cortez MA, Welsh JW. Anti-glucocorticoid-induced tu-
mor necrosis factor-related protein (GITR) therapy over-
comes radiation-induced Treg immunosuppression and
drives abscopal effects. Front Immunol 2018;9:2170.
Tran B, Carvajal RD, Marabelle A, Patel SP, LoRusso PM,
Rasmussen E, Juan G, Upreti VV, Beers C,
Ngarmchamnanrith G, Schoéffski P. Dose escalation re-
sults from a first-in-human, phase 1 study of
glucocorticoid-induced TNF receptor-related protein
agonist AMG 228 in patients with advanced solid tumors.
J Immunother Cancer 2018;6:93.

Zappasodi R, Sirard C, Li Y, Budhu S, AbuAkeel M, Liu C,
Yang X, Zhong H, Newman W, Qi J, Wong P, Schaer D,
Koon H, Velcheti V, Hellmann MD, Postow MA,
Callahn MK, Wolchok JD, Merghoub T. Rational design
of anti-GITR-based combination immunotherapy. Nat
Med 2019;25:759-766.

Heinhuis KM, Carlino M, Joerger M, Di Nicola M,
Meniawy T, Rottey S, Moreno V, Gazzah A, Delord J,

27.

28.

29.

30.

31.

32.

33.

34.

Co-Stimulation via GITR in pMMR CRC and CRLM 95

Paz-Ares L, Britschgi C, Schilder RJ, O-Byrne K,
Giruigliono G, Romano E, Patah P, Wang R, Liu Y,
Bajaj G, Siu LL. Safety, tolerability, and potential clinical
activity of a glucocorticoid-induced TNF receptor-related
protein agonist alone or in combination with nivolumab
for patients with advanced solid tumors: a phase 1/2a
dose-escalation and cohort-expansion clinical trial.
JAMA Oncol 2020;6:100-107.

Balmanoukian AS, Infante JR, Aljumaily R, Naing A,
Chintakuntlawar AV, Rizvi NA, Ross HJ, Gordon M,
Mallinder PR, Elgeioushi N, Gonzéalez-Garcia |,
Standifer N, Cann J, Durham N, Rahimian S, Kumar R,
Denlinger CS. Safety and clinical activity of MEDI1873, a
novel GITR agonist, in advanced solid tumors. Clin
Cancer Res 2020;26:6196-6203.

Piha-Paul SA, Geva R, Tan TJ, Lim DW, Hierro C, Doi T,
Rahma O, Lesokhin A, Luke JJ, Otero J, Nardi L, Singh A,
Xyrafas A, Chen X, Mataraza J, Bedard PL. First-in-hu-
man phase I/Ib open-label dose-escalation study of
GWN323 (anti-GITR) as a single agent and in combina-
tion with spartalizumab (anti-PD1) in patients with
advanced solid tumors and lymphomas. J Immunother
Cancer 2021;9:e002863.

Van Beek AA, Zhou G, Doukas M, Boor PPC, Noordam L,
Mancham S, Campos Carrascosa L, Van der Heide-
Mulder M, Polak WG, IlJzermans JNM, Pan Q,
Heirman C, Mahne A, Bucktrout SL, Bruno MJ,
Sprengers D, Kwekkeboom J. GITR ligation enhances
functionality of tumor-infiltrating T cells in hepatocellular
carcinoma. Int J Cancer 2019;145:1111-1124.

Zhou G, Sprengers D, Mancham S, Erkens R, Boor PPC, Van
Beek AA, Doukas M, Noordam L, Campos Carrascosa L, De
Ruiter V, Van Leeuwen RWF, Polak WG, De Jonge J, Groot
Koerkamp B, Van Rosmalen B, Van Gulik TM, Verheij J,
lJzermans JNM, Bruno MJ, Kwekkeboom J. Reduction of
immunosuppressive tumor microenvironment in  chol-
angiocarcinoma by ex vivo targeting immune checkpoint
molecules. J Hepatol 2019;71:753-762.

Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A,
Parizot C, Taflin C, Heike T, Valeyre D, Mathian A,
Nakahata T, Yamaguchi T, Nomura T, Ono M, Amoura Z,
Gorochov G, Sakaguchi S. Functional delineation and dif-
ferentiation dynamics of human CD4+ T cells expressing
the FoxP3 transcription factor. Immunity 2009;30:899-911.
Duhen T, Duhen R, Montler R, Moses J, Moudgil T, De
Miranda NF, Goodall CP, Blair TC, Fox BA,
McDermott JE, Chang S, Grunkemeier G, Leidner R,
Bell RB, Weinberg AD. Co-expression of CD39 and
CD103 identifies tumor-reactive CD8 T cells in human
solid tumors. Nat Commun 2018;9:2724.

Kim H, Park S, Jeong S, Lee YJ, Lee H, Kim CG, Kim KH,
Hong S, Lee J, Kim S, Kim HK, Min BS, Chang JH,
Ju YS, Shin E, Song G, Hwang S, Park S. 4-1BB de-
lineates distinct activation status of exhausted tumor-
infiltrating CD8+ T cells in hepatocellular carcinoma.
Hepatology 2020;71:955-971.

Vence L, Bucktrout SL, Curbelo IF, Blando J, Smith BM,
Mahne AE, Lin JC, Park T, Pascua E, Sai T, Chaparro-
Riggers J, Subudhi S, Scutti JB, Higa MG, Zhao H,
Yadav SS, Maitra A, Wistuba I, Allison JP, Sharma P.


http://refhub.elsevier.com/S2352-345X(22)00199-0/sref16
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref16
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref16
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref17
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref17
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref17
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref17
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref17
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref17
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref17
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref18
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref18
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref18
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref18
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref18
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref19
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref19
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref19
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref19
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref19
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref20
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref21
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref21
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref21
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref21
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref21
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref21
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref21
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref21
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref22
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref22
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref22
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref22
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref22
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref22
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref23
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref23
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref23
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref23
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref23
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref23
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref24
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref24
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref24
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref24
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref24
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref24
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref24
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref25
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref25
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref25
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref25
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref25
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref25
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref25
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref26
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref27
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref27
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref27
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref27
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref27
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref27
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref27
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref27
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref28
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref28
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref28
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref28
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref28
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref28
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref28
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref28
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref29
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref29
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref29
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref29
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref29
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref29
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref29
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref29
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref30
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref31
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref31
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref31
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref31
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref31
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref31
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref31
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref31
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref32
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref32
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref32
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref32
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref32
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref32
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref33
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref33
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref33
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref33
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref33
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref33
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref33
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref33
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref34
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref34
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref34
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref34

96

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Rakké et al

Characterization and comparison of GITR expression in
solid tumors. Clin Cancer Res 2019;25:6501-6510.
Bulliard Y, Jolicoeur R, Windman M, Rue SM,
Ettenberg S, Knee DA, Wilson NS, Dranoff G,
Brogdon JL. Activating fc gamma receptors contribute to
the antitumor activities of immunoregulatory receptor-
targeting antibodies. J Exp Med 2013;210:1685-1693.
Schaer DA, Budhu S, Liu C, Bryson C, Malandro N,
Cohen A, Zhong H, Yang X, Houghton A, Merghoub T,
Wolchok JD. GITR pathway activation abrogates tumor
immune suppression through loss of regulatory T cell
lineage stability. Cancer Immunol Res 2013;1:320-331.
Pedroza-Gonzalez, Verhoef C, IJzermans JNM,
Peppelenbosch  MP, Kwekkeboom J, Verheij J,
Janssen HLA, Sprengers D. Activated tumor-infiltrating
CD4+ regulatory T cells restrain antitumor immunity in
patients with primary or metastatic liver cancer. Hep-
atology 2013;57:183-194.

Kim YH, Shin SM, Choi BK, Oh HS, Kim CH, Lee SJ,
Kim KH, Lee DG, Park SH, Kwon BS. Authentic GITR
signaling fails to induce tumor regression unless Foxp3+
regulatory t cells are depleted. J Immunol 2015;
195:4721-4729.

Amoozgar Z, Kloepper J, Ren J, Tay RE, Kazer SW,
Kiner E, Krishnan S, Posada JM, Ghosh M, Mamessier E,
Wong C, Ferraro GB, Batista A, Wang N, Badeaux M,
Roberge S, Xu L, Huang P, Shalek AK, Fukumura D,
Kim H, Jain RK. Targeting Treg cells with GITR activation
alleviates resistance to immunotherapy in murine glio-
blastomas. Nat Commun 2021;12:2582.

Richards DM, Marschall V, Billian-Frey K, Heinonen K,
Merz C, Muller MR, Seffrin JP, Schréoder M, Sykora J,
Fricke H, Hill O, Gieffers C, Thiemann M. HERA-GITRL
activates T cells and promotes anti-tumor efficacy in-
dependent of Fc v R-binding functionality. J Immunother
Cancer 2019;7:191.

Saito T, Nishikawa H, Wada H, Nagano Y, Sugiyama D,
Atarashi K, Maeda Y, Hamaguchi M, Ohkura N, Sato E,
Nagase H, Nishimura J, Yamamoto H, Takiguchi S,
Tanoue T, Suda W, Morita H, Hattori M, Honda K,
Mori M, Doki Y, Sakaguchi S. Two FOXP3(+)CD4(+) T
cell subpopulations distinctly control the prognosis of
colorectal cancers. Nat Med 2016;22:679-684.

Simoni Y, Becht E, Fehlings M, Loh CY, Koo S,
Teng KWW, Yeong JPS, Nahar R, Zhang T, Kared H,
Duan K, Ang N, Poidinger M, Lee YY, Larbi A, Khng AJ,
Tan E, Fu C, Mathew R, Teo M, Liim WT, Toh CK, Ong B,
Koh T, Hillmer AM, Takno A, Lim TKH, Tan EH, Zhai W,
Tan DSW, Tan IB, Newell EW. Bystander CD8+ T cells
are abundant and phenotypically distinct in human tumor
infilirates. Nature 2018;557:575-579.

Canale FP, Ramello MC, Nuhez N, Furlan CLA,
Bossio SN, Serran MG, Boari JT, Del Castillo A,
Ledesma M, Sedlik C, Piaggio E, Gruppi A, Acosta
Rodriguez EA, Montes CL. CD39 expression defines cell
exhaustion in tumor-infiltrating CD8+ T cells. Cancer
Res 2018;78:115-128.

Dangaj D, Bruand M, Grimm AJ, Ronet C, Barras D,
Duttagupta PA, Lanitis E, Duraiswamy J, Tanyi JL,
Benencia F, Conejo-Garcia J, Ramay HR, Montone KT,

Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1

Powell DJ Jr, Gimotty PA, Facciabene A, Jackson DG,
Weber JS, Rodig SJ, Hodi SF, Kandalaft LE, Irving M,
Zhang L, Foukas P, Rusakiewicz S, Delorenzi M,
Coukos G. Cooperation between constitutive and induc-
ible chemokines enables T cell engraftment and immune
attack in solid tumors. Cancer Cell 2019;35:885-900.

45. Siddiqui I, Schaeuble K, Chennupati V, Fuertes
Marraco SA, Calderon-Copete S, Pais Ferreira D,
Carmona SJ, Scarpellino L, Gfeller D, Pradervand S,
Luther SA, Speiser DE, Held W. Intratumoral Tcf1+ PD-
1+ CD8+ T cells with stem-like properties promote tu-
mor control in response to vaccination and checkpoint
blockade immunotherapy. Immunity 2019;50:195-211.

46. Beltra J, Manne S, Abdel-Hakeem M, Kurachi M,
Giles JR, Chen Z, Casella V, Ngiow SF, Khan O,
Huang YJ, Yan P, Nzingha K, Xu W, Amaravadi RK, Xu X,
Karakousis GC, Mitchell TC, Schucter LM, Huang AC,
Wherrey EJ. Developmental relationships of four
exhausted CD8+ T cell subsets reveals underlying
transcriptional and epigenetic landscape control mech-
anism. Immunity 2022;52:825-841.

47. Murphy JT, Burey AP, Beebe AM, Gu D, Presta LG,
Merghoub T, Wolchok JD. Anaphylaxis caused by re-
petitive doses of a GITR agonist monoclonal antibody in
mice. Blood 2014;123:2172-2180.

48. Campos Carrascosa L, van Beek AA, de Ruiter V,
Doukas M, Wei J, Fisher TS, Ching K, Yang W, Van
Loon K, Boor PPC, Rakké YS, Noordam L,
Doornebosch P, Griinhagen D, Verhoef C, Polak WG,
IJzermans JNM, Ni I, Yeng YA, Salek-Ardakani S,
Sprengers D, Kwekkeboom J. FcyRIIB engagement
drives agonistic activity of Fc-engineered «OX40 anti-
body to stimulate human tumor-infiltrating T cells.
J Immunother Cancer 2020;8:e000816.

49. Chan S, Belmar N, Ho S, Rogers B, Stickler M,
Graham M, Lee E, Tran N, Zhang D, Gupta P, Sho M,
MacDonough T, Wooley A, Kim H, Zhang H, Liu W,
Zheng P, Dezso Z, Halliwill K, Ceccarelli M, Rhodes S,
Thakur A, Forsyth CM, Xiong M, Tan SS, lyer R, Lake M,
Digiammarino E, Zhou L, Bigelow L, Longenecker K,
Judge RA, Liu C, Trumble M, Remis JP, Fox M,
Cairns B, Akamatsu Y, Hollenbaugh D, Harding F,
Alvarez HM. An anti-PD-1-GITR-L bispecific agonist
induces GITR clustering-mediated T cell activation for
cancer immunotherapy. Nat Cancer 2022;3:337-354.

Received February 28, 2022. Accepted September 15, 2022.

Correspondence

Address correspondence to: Dave Sprengers, MD, PhD, Na-606, Dr.
Molewaterplein 40, 3015 GD Rotterdam, the Netherlands. e-mail:
d.sprengers@erasmusmc.nl.

Acknowledgements
The authors thank the PLCRC study group for facilitating a multi-central
platform in which patient enroliment was partly carried out. They thank N.
Delleman for her help in creating the illustrations. All schematic illustrations
were created with BioRender.com. They thank all patients who participated
in the current study.

CRediT Authorship Contributions

Yannick Rakké, MD, MSc (Conceptualization: Lead; Data curation: Lead;
Formal analysis: Lead; Investigation: Lead; Methodology: Lead; Project
administration: Lead; Validation: Lead; Visualization: Lead; Writing — original
draft: Lead; Writing — review & editing: Lead)


http://refhub.elsevier.com/S2352-345X(22)00199-0/sref34
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref34
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref34
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref35
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref35
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref35
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref35
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref35
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref35
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref36
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref36
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref36
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref36
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref36
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref36
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref37
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref37
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref37
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref37
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref37
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref37
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref37
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref37
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref38
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref38
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref38
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref38
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref38
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref38
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref39
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref39
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref39
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref39
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref39
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref39
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref39
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref40
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref40
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref40
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref40
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref40
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref40
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref41
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref42
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref43
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref43
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref43
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref43
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref43
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref43
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref43
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref43
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref44
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref45
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref46
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref47
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref47
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref47
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref47
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref47
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref48
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
http://refhub.elsevier.com/S2352-345X(22)00199-0/sref49
mailto:d.sprengers@erasmusmc.nl
http://BioRender.com

2023

Lucia Campos Carrascosa, PhD (Conceptualization: Supporting; Data
curation: Supporting; Investigation: Supporting; Methodology: Supporting;
Validation: Supporting; Writing — review & editing: Equal)

Adriaan A. van Beek, PhD (Conceptualization: Supporting; Data curation:
Supporting; Investigation: Supporting; Methodology: Supporting; Validation:
Supporting; Writing — review & editing: Equal)

Valeska de Ruiter, BSc (Investigation: Supporting; Methodology: Supporting;
Writing — review & editing: Supporting)

Rachelle S. van Gemerden, MSc (Investigation: Supporting; Methodology:
Supporting; Writing — review & editing: Supporting)

Michail Doukas, MD, PhD (Resources: Lead; Writing — review & editing: Supporting)

Pascal G. Doornebosch, MD, PhD (Resources: Lead; Writing — review &
editing: Supporting)

Maarten Vermaas, MD, PhD (Resources: Lead; Writing — review & editing:
Supporting)

Susan ter Borg, MD, PhD (Resources: Lead; Writing — review & editing:
Supporting)

Erwin van der Harst, MD, PhD (Resources: Lead; Writing — review & editing:
Supporting)

Co-Stimulation via GITR in pMMR CRC and CRLM 97

Peter Paul L. O. Coene, MD, PhD (Resources: Lead; Writing — review &
editing: Supporting)

Mike Kliffen, MD, PhD (Resources: Lead; Writing — review & editing:
Supporting)

Dirk J. Griinhagen, MD, PhD (Resources: Lead; Writing — review & editing:
Supporting)

Cornelis Verhoef, MD, PhD (Resources: Lead; Writing - review & editing:
Supporting)

Jan N. M. lJzermans, MD, PhD (Funding acquisition: Lead; Supervision:
Supporting; Writing — review & editing: Supporting)

Jaap Kwekkeboom, PhD (Conceptualization: Supporting; Funding
acquisition: Lead; Supervision: Lead; Writing — review & editing: Supporting)

Dave Sprengers, MD, PhD (Conceptualization: Supporting; Funding
acquisition: Lead; Supervision: Lead; Writing - original draft: Supporting;
Writing — review & editing: Supporting)

Conflicts of interest
The authors disclose no conflicts.



	GITR Ligation Improves Anti-PD1-Mediated Restoration of Human MMR-Proficient Colorectal Carcinoma Tumor-Derived T Cells
	Results
	Patients
	GITR Is Predominantly Expressed on Intratumoral CD4+ Activated Th and Treg Cells From pMMR CRC and CRLM
	GITR Delineates Activated CD103+ CD39+ CD8+ TIL From pMMR CRC and CRLM
	GITR Expressing PD1hi CD8+ TIL Feature an Exhausted Phenotype With Enhanced Proliferative Capacity in pMMR CRC and CRLM
	GITR Ligation Enhances pMMR CRC- and CRLM-Derived CD4+/CD8+ TIL Expansion and Pro-inflammatory Cytokine Secretion
	GITR Ligation Potentiates Immune Stimulation of Anti-PD1 in pMMR CRC-derived TIL

	Discussion
	Methods
	Patient Selection
	Cell Preparation
	Flow Cytometric Analysis
	Ex Vivo Polyclonal T-Cell Activation Assay
	Statistical Analysis

	References
	Acknowledgements
	CRediT Authorship Contributions


