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SUMMARY

CD8þ TILs that contain terminally exhausted PD1high CD8þ

cells generally respond to ex vivo single PD1 blockade,
whereas CD8þ TILs of most HCC patients without this sub-
set do not respond to single PD1 blockade but can be
functionally restored by ex vivo co-blockade of TIGIT and
PD1.

BACKGROUND & AIMS: TIGIT is a co-inhibitory receptor, and
its suitability as a target for cancer immunotherapy in HCC is
unknown. PD1 blockade is clinically effective in about 20% of
advanced HCC patients. Here we aim to determine whether co-
blockade of TIGIT/PD1 has added value to restore functionality
of HCC tumor-infiltrating T cells (TILs).

METHODS: Mononuclear leukocytes were isolated from tu-
mors, paired tumor-free liver tissues (TFL) and peripheral
blood of HCC patients, and used for flow cytometric pheno-
typing and functional assays. CD3/CD28 T-cell stimulation and
antigen-specific assays were used to study the ex vivo effects of
TIGIT/PD1 single or dual blockade on T-cell functions.
RESULTS: TIGIT was enriched, whereas its co-stimulatory coun-
terpart CD226was down-regulated onPD1high CD8þ TILs. PD1high

TIGITþ CD8þ TILs co-expressed exhaustion markers TIM3 and
LAG3anddemonstrated higherTOX expression. Furthermore, this
subset showed decreased capacity to produce IFN-g and TNF-a.
Expression of TIGIT-ligand CD155 was up-regulated on tumor
cells compared with hepatocytes in TFL. Whereas single PD1
blockade preferentially enhanced ex vivo functions of CD8þ TILs
from tumors with PD1high CD8þ TILs (high PD1 expressers), co-
blockade of TIGIT and PD1 improved proliferation and cytokine
production of CD8þ TILs from tumors enriched for PD1int CD8þ

TILs (low PD1 expressers). Importantly, ex vivo co-blockade of
TIGIT/PD1 improved proliferation, cytokine production, and
cytotoxicity of CD8þ TILs compared with single PD1 blockade.

CONCLUSIONS: Ex vivo, co-blockade of TIGIT/PD1 improves
functionality of CD8þ TILs that do not respond to single PD1
blockade. Therefore co-blockade of TIGIT/PD1 could be a
promising immune therapeutic strategy for HCC patients. (Cell
Mol Gastroenterol Hepatol 2021;12:443–464; https://doi.org/
10.1016/j.jcmgh.2021.03.003)
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Lfourth most frequent cause of cancer-related death
worldwide in 2018.1 Hepatocellular carcinoma (HCC) com-
prises 75%–85% of all liver cancer cases.1 Most patients are
diagnosed at a late stage, and their median survival is less
than 2 years.2 Efforts are underway to identify new thera-
pies for the treatment of advanced HCC. Recently, cancer
immunotherapies targeting the co-inhibitory programmed
cell death protein 1 (PD1)/programmed death-ligand 1 (PD-
L1) pathway achieved survival benefit in multiple cancers,
with the Food and Drug Administration approval of anti-
PD1 antibody nivolumab for HCC treatment in 20173 and
pembrolizumab in 2018.4

Anti-PD1 therapy results in objective response rates of
16%–20% in patients with advanced HCC3,4 but does not
prolong survival in HCC patients previously treated with
sorafenib.5 In an effort to improve the response rate of anti-
PD1 therapy, combination therapies with blockade of other
inhibitory immune checkpoints are being investigated. Anti-
PD1/PD-L1 treatment in combination with anti-cytotoxic T-
lymphocyte associated protein 4 is highly efficacious in
melanoma and advanced non–small-cell lung cancer.6–8 The
combination of anti-PD1 with anti-cell immunoglobulin and
mucin domain 3 (TIM-3)9,10 has demonstrated promising
results in preclinical studies. Our group previously found that
the combined blockade of PD-L1 with TIM3, lymphocyte-
activation gene 3 (LAG3), or cytotoxic T-lymphocyte associ-
ated protein 4 further restored responses of human HCC
tumor-derived T cells to tumor-associated antigens (TAAs) in
ex vivo assays compared with single PD-L1 blockade.11

T-cell immune receptor with immunoglobulin and ITIM
domains (TIGIT) is a novel co-inhibitory molecule in cancer
immunotherapy. TIGIT has a co-stimulatory counterpart
called CD226 (DNAM-1). Both are expressed on multiple
immune cell subsets, including activated andmemory T cells,
regulatory T cells (Treg), and natural killer cells.12–15 These 2
receptors share the same ligand CD155 (also known as PVR,
poliovirus receptor), but TIGIT has higher affinity for CD155.
CD155 is highly expressed on dendritic cells, fibroblasts,
endothelial cells, and some tumor cells.12,16,17 It has been
shown that TIGIT exerts immunosuppressive functions by
inhibiting interleukin 12 and enhancing interleukin 10 pro-
duction by dendritic cells through CD155, thereby inhibiting
CD4þ T-cell proliferation and interferon (IFN)-g production.12

Furthermore, TIGIT can directly suppress T-cell functions by
cell-intrinsic inhibitory signaling.18 Finally, TIGIT can compete
for ligand binding with CD226, thereby reducing T-cell co-
stimulation via CD226,19 and can prevent co-stimulatory
signaling via CD226 by blocking CD226 homodimerization.20

Interestingly, TIGIT is expressed on tumor-infiltrating T
cells (TILs) in several types of human tumors, and its expres-
sion on TILs correlates with PD1 expression.20–22 TIGIT and
PD1 were also found to be co-expressed on tumor
antigen–specific CD8þ T cells from melanoma patients,23 and
dual TIGIT/PD-L1 blockade synergistically elicits tumor rejec-
tion in mouse cancer models20,24 and increases in vitro prolif-
eration and cytokine production of tumor antigen–specific
CD8þ T cells from melanoma patients.23 Therefore, clinical
trials on co-blockade of TIGITwith PD1/PD-L1 inmultiple solid
tumors are ongoing (BMS: NCT02913313, Genetech:
NCT02794571, NCT03563716, Oncomed: NCT03119428).

To which extent TIGIT is expressed on TILs of HCC pa-
tients and whether TIGIT blockade alone or in combination
with PD1 blockade can reinvigorate TILs of HCC patients is
still unknown. Here, we compared expression of TIGIT and its
co-stimulatory counterpart CD226 on T cells isolated from
tumors, paired tumor-free liver tissues (TFLs), and peripheral
blood of HCC patients, characterized TIGIT-expressing CD8þ

TILs, and studied the effects of single and combined TIGIT/
PD1 blockade on ex vivo TIL responses.

Results
TIGIT/CD226 Ratio Is Increased on Intratumoral
CD8þ T and Treg Cells

We compared the expression of TIGIT and CD226 on
CD8þ T cells, CD4þFOXP3þ Treg, and CD4þFOXP3- Th cells
in HCC tumors, paired TFLs, and blood. Gating strategy is
shown in Figure 1A. In all tissue compartments, TIGIT was
expressed on CD8þ T cells and Th, whereas the highest
expression was found on Treg (Figure 2A–D). In contrast,
compared with TFLs and blood, significantly reduced pro-
portions of CD8þ T and Treg in tumor expressed CD226
(Figure 1B, Figure 2A–D). In addition, the median fluores-
cent intensities (MFIs) of TIGIT on CD8þ, Treg, and Th cells
in tumor and TFLs did not differ much, whereas the MFI of
CD226 was considerably decreased in tumor compared with
TFLs (Figure 1C and D). As a result, ratios of TIGIT/CD226
frequencies and MFIs of both CD8þ T and Treg were highest
in the tumor (Figure 1E, Figure 2E). We observed limited co-
expression of TIGIT and CD226 on T-cell subsets in all 3
tissue compartments (Figure 2F). Importantly, the TIGITþ

CD226- T-cell fractions were increased significantly in Treg
and Th in the tumor compared with TFLs (Figure 1F).

These data suggest that tumor-infiltrating CD8þ T cells
receive mainly co-inhibitory signals (via TIGIT) and fewer
co-stimulatory signals (via CD226) from CD155-expressing
cells. In addition, increased TIGIT/CD226 ratios on Treg
may enable Treg to be highly sensitive to TIGIT signals that
can enhance their suppressive function.25

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1. TIGIT/CD226 MFI ratio is increased on intratumoral Treg and CD8D T cells. (A) Gating strategy of CD8, Treg, and
Th. (B) Frequencies of TIGITþ and CD226þ cells in T-cell subsets in tumor and TFL of individual patients are shown. (C and D
MFIs of TIGIT and CD226 on CD8þ T, Treg, and Th cells in blood, TFL, and tumor (n ¼ 28). (E) MFI ratio of TIGIT/CD226 in
CD8þ T, Treg, and Th cells. (F) Frequency of TIGITþCD226- subset in CD8, Treg, and Th in blood, TFL, and tumor (n ¼ 16). *P <
.05, **P < .01, ***P < 0001. Dots represent individual patients. Bars represent mean ± standard error of the mean (SEM).
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TIGIT Is Enriched and CD226 Is Down-regulated
on Intratumoral PD1high CD8þ TILs

Consistent with Kim et al26 and Ma et al,27 we observed
2 subgroups of HCC patients that were based on the
)

presence or absence of a distinct PD1high subpopulation in
tumor-derived CD8þ T cells. HCC patients with a PD1high

CD8þ TILs population were termed high PD1 expressers
(Figure 3A, Figure 4A), whereas patients with only PD1-
intermediate CD8þ TILs were called low PD1 expressers
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(Figure 3A, Figure 4B). High PD1 expressers comprised
68% of the total analyzed population (Figure 3A). All
tumor-derived PD1high CD8þ T cells expressed TIGIT
(Figure 3B). The PD1high TIGITþ fraction comprised on
average 58% of the total CD8þ TILs, and part of these cells
co-expressed the co-inhibitory receptors TIM3 and LAG3
(Figure 3B, Figure 4C). Interestingly, in contrast to TIM3
and LAG3, TIGIT was also expressed on a subset of CD8þ

PD1int TILs in high PD1 expressers (Figure 3B). Moreover,
this subset showed higher expression of CD226 than
PD1high CD8þ TILs (Figure 3B). High PD1 expressers had
significantly increased frequencies of TIGIT-expressing
CD8þ TILs, but in low PD1 expressers percentages of
CD226-expressing CD8þ TILs were enhanced. MFIs of
TIGIT and CD226 showed the same differences (Figure 3C).
In high PD1 expressers, ratios of TIGIT/CD226 on CD8þ T
cells were up-regulated in tumor compared with TFLs and
blood (Figure 3D) and correlated positively with the fre-
quencies of PD1high CD8þ TILs (Figure 4D). In low PD1
expressers, ratios of TIGIT/CD226 on CD8þ T cells did not
differ between tumor, TFLs, and blood (Figure 4E). Within
high PD1 expressers, both the frequencies and MFIs of
TIGIT increased stepwise according to the level of PD1
expression on CD8þ T cells (Figure 3E), whereas CD226
frequency and MFI were negatively associated with PD1
expression (Figure 3F). Consequently, the ratio of TIGIT/
CD226 was strongly enhanced in tumor-infiltrating PD1high

CD8þ T cells but only minimally on PD1intCD8þ compared
with PD1- CD8þ TILs (Figure 3G). In low PD1 expressers,
TIGIT expression was minimally increased in PD1int CD8þ

compared with PD1- CD8þ TILs (Figure 3H), whereas
CD226 did not show any difference (Figure 3I). The ratios
of TIGIT/CD226 on PD1int and PD1- CD8þ TILs in low PD1
expressers were all smaller than 1 (Figure 3J). Neverthe-
less, the PD1int TIGITþ fraction of total CD8þ TILs in low
PD1 expressers was larger than in high PD1 expressers (on
average 37% of total CD8þ TILs [Figure 4F] versus 14%
[Figure 3B]), respectively. The frequencies of PD1high

CD8þ, TIGITþ CD8þ T cells, and the ratios of TIGIT/CD226
on CD8þ TILs correlated positively with serum alpha-
fetoprotein (AFP) concentrations in individual patients
(Figure 4G–I).

Collectively, in high PD1 expressers TIGIT expression
correlated with PD1 expression, and TIGIT/CD226 ratios
were maximally increased on PD1high CD8þ TILs, whereas in
low PD1 expressers CD8þ TILs contain a larger proportion
of PD1int cells with TIGIT/CD226 ratios smaller than 1.
PD1high TIGITþ CD8þ TILs Are Functionally
Exhausted With High Thymocyte Selection-
Associated High Mobility Group Box Protein
Expression

Thymocyte selection-associated high mobility group box
protein (TOX) has been identified as a major driver of
epigenetic changes associated with CD8þ T-cell exhaustion
and has a role in maintaining survival of exhausted T
cells.28–30 A transcription factor T cell factor 1 (TCF1)þ stem
cell–like progenitor population exists with exhausted CD8þ
TILs that might be responsible for the proliferative and
functional responses that occur after immune checkpoint
blockade.31–33 We therefore examined TOX and TCF1
expression in the different CD8þ TIL subsets. In high PD1
expressers, the expression of TOX was specifically up-
regulated in PD1high TIGITþ CD8þ TILs, whereas TCF1
expression was down-regulated in this subset (Figure 5A–C).
PD1high TIGITþ CD8þ TILs also expressed higher levels of
activation markers Ki67, CD38, and HLA-DR (Figure 5D–F).
Co-expression of CD39 and CD103 identifies tumor-reactive
CD8þ T cells in multiple human solid tumors.34 Here we
found a higher frequency of CD39þCD103þ cells in PD1high

TIGITþ CD8þ TIL subset compared with other subsets
(Figure 5G).

Because dysfunctional production of cytotoxins is a
feature of exhaustion, we analyzed their intracellular
expression directly ex vivo. The expression of granzyme B
and perforin was significantly reduced in the PD1high TIGITþ

fraction compared with PD1int TIGITþ fraction (Figure 5H).
Interestingly, the PD1int TIGITþ CD8 TIL subset tended to
contain the most cytotoxins (Figure 5H). Furthermore, we
stimulated TILs with phorbol 12-myristate 13-acetate (PMA)
and ionomycin to assess effector cytokine production by flow
cytometry. The percentages of tumor necrosis factor (TNF)-
a– and IFN-g–producing cells were lowest in PD1high TIGITþ

cells compared with the other CD8þ TIL fractions (Figure 5I).
PD1high TIGITþ CD8þ T cells were also present in TFLs of

high PD1 expressers (Figure 6A), and part of these cells
expressed TIM3 but not LAG3 (Figure 6B and C). However,
although this subset showed a decreased TCF1 level, it did not
up-regulate TOX (Figure 6D and E). Notably, CD226 was not
down-regulated, and the ratios of TIGIT/CD226 were only
modestly increased in PD1high CD8þ T cells in TFLs
(Figure 6F–H) compared with those ratios on PD1high CD8þ

TILs (Figure 3H). The expression of perforin but not granzyme
B was significantly reduced in the PD1high TIGITþ fraction
compared with PD1int TIGITþ fraction in TFLs (Figure 6I).

These data demonstrate that in contrast to PD1int CD8þ

TILs, PD1high TIGITþ CD8þ TILs are highly activated,
terminally differentiated dysfunctional T cells that are
characterized by high TOX expression.
CD155 Is Present on Tumor-Infiltrating Antigen-
Presenting Cells and Overexpressed on HCC
Tumor Cells

Because CD155 is the high affinity ligand for TIGIT and
CD226, we analyzed CD155 expression on antigen-
presenting cell (APC) subsets in tumors. We focused on 3
major APC subsets, CD45þ BDCA1þ CD19- conventional
dendritic cells (cDC), CD45þ CD14þ monocytes/macro-
phages, and CD45þ CD19þ B cells (Figure 7A). The per-
centages of cDC, monocytes/macrophages, and B cells in
tumor tissues did not significantly differ from those in TFLs
(Figure 8A). Prominent expression of CD155 was found on
cDC and monocytes and low expression on B cells
(Figure 7B, Figure 8B and C). Both frequencies and MFI of
CD155 expression on APCs in tumor did not differ with that
in TFLs and blood. We also examined CD155 protein



Figure 2. TIGIT/CD226 ratio is increased on intratumoral Treg and CD8D T cells. (A–C) Flow cytometry plots of TIGIT and
CD226 expression on tumor-infiltrating CD8þ T, Treg, and Th cells. (D) Percentages of TIGIT and CD226 positive cells among
CD8þ T, Treg, and Th cells in blood, TFL, and tumor (n ¼ 28). (E) Frequency ratio of TIGIT/CD226 in CD8þ T, Treg, and Th cells.
(F) Mean percentage of co-expression of TIGIT and CD226 among CD8þ T, Treg, and Th cells in tumors, TFLs, and blood from
HCC patients (n ¼ 16). Dots represent individual patients. Bars represent means ± SEM. *P < .05, **P < .01, ***P < .001.
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expression on tumor cells using tissue microarrays (TMAs)
with cores of tumors and TFLs from 97 HCC patients by
immunohistochemistry.35,36 We found that most tumor cells
express CD155 and that expression was significantly up-
regulated on tumor cells compared with hepatocytes in
TFLs (Figure 8D and E).

These data demonstrate that CD155 is highly expressed
in the tumor microenvironment, suggesting that TIGITþ

TILs interact with CD155þ cells within the tumor, which
might result in T-cell inhibition.
Combined TIGIT and PD1 Blockade Enhances
ex vivo Functionality of CD8þ TILs

We tested whether co-blocking TIGIT and PD1 can
improve functionality of tumor-infiltrating T cells. We
isolated on average 2.74 � 106 CD45þ leukocytes per gram
of tumor (Figure 9A and B). We stimulated TILs with a
suboptimal amount of anti-CD3/CD28 beads in the presence
or absence of mouse anti-human TIGIT (10 mg/mL) and/or
anti-PD1 (nivolumab, 10 mg/mL), which completely blocked
TIGIT and PD1 on CD8þ TILs until the end of the cultures
(Figure 9C), or isotype-matched control antibodies. After 4
days, T-cell proliferation (Figure 9D) and cytokine produc-
tion were measured by flow cytometry. Single nivolumab
treatment resulted in a minor increase in CD8þ TIL prolif-
eration (Figure 10A), whereas single TIGIT blockade did not
(Figure 9E). But co-blockade of TIGIT and PD1 significantly
enhanced the proliferation of CD8þ TILs compared with
single PD1 blockade (Figure 10A). The stimulatory effect of
co-blockade compared with single PD1 blockade was mainly
observed in low PD1 expressers and not observed in high
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PD1 expressers (Figure 10B). A higher concentration of
TIGIT blocking antibody (20 mg/mL) in combination with
nivolumab did not have added value to reinvigorate CD8þ
TIL proliferation in high PD1 expressers (Figure 9F). Com-
bined blockade of TIGIT and PD1 also enhanced ex vivo
proliferative responses of CD8þ TILs of HCC patients to
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tumor antigens GPC3 and/or MAGEC2 presented by autol-
ogous B cells (Figure 9G and H, Figure 10C).

To compare the survival and proliferative ability of
PD1high and PD1int and PD1- CD8þ TILs, from high PD1
expressers we sorted PD1high CD8þ and PD1int plus PD1-

CD8þ TILs and cultured each of those populations together
with the remaining CD45þ CD8- TILs in the presence of anti-
CD3/CD28 beads. PD1high CD8þ T cells showed limited
expansion capacity compared with the PD1int and PD1-

subsets (Figure 10D).
In addition, compared with single PD1 blockade, co-

blockade of TIGIT/PD1 significantly enhanced IFN-g pro-
duction in CD8þ TILs of low PD1 expressers (Figure 10E
and F) and also in CD8þ TILs from some high PD1 ex-
pressers. Moreover, we used an HCC cell line (HepG2) to
evaluate the effect of co-blockade on cytotoxicity of anti-
CD3/CD28–stimulated purified CD3þ TILs. Because HepG2
cells expressed high levels of CD155 but low levels of PD-L1,
we induced PD-L1 expression on HepG2 by IFN-g pre-
treatment for 48 hours (Figure 11A). CD155 expression did
not change after IFN-g treatment (Figure 11B). Combined
PD1/TIGIT antibody blockade significantly enhanced cyto-
toxicity of CD3þ TILs against HepG2 compared with single
PD1 blockade (Figure 10G, Figure 11C).

Collectively, these data demonstrate that compared with
anti-PD1 monotherapy, co-blockade of TIGIT with PD1 im-
proves ex vivo CD8þ TIL proliferation, IFN-g production,
and cytotoxicity as well as reactivity of CD8þ TILs against
tumor antigens.
Combined TIGIT and PD1 Blockade Enhances
ex vivo Functionality of CD8þ TILs not
Responding to Anti-PD1 Single Blockade

We next asked 2 questions: (1) whether combined
blockade of TIGIT/PD1 can convert anti-PD1 non-re-
sponders to responders, and (2) whether co-blockade can
further enhance CD8þ TIL function in anti-PD1 responders.
We stratified HCC patient TILs into nivolumab responders
(11/22, 50%) and non-responders (11/22, 50%) on the
basis of CD8þ TIL proliferation on ex vivo single PD1
blockade (Figure 12A). Strikingly, compared with only
blocking PD1, co-blockade of TIGIT/PD1 significantly
enhanced the proliferation of CD8þ TILs in nivolumab non-
responders but not in nivolumab responders (Figure 12B).
Similarly, nivolumab/anti-TIGIT treatment significantly
improved IFN-g production by CD8þ TILs from nivolumab
non-responders, although also enhanced IFN-g production
Figure 3. (See previous page). TIGIT is enriched and CD226 is
Flow cytometry plots revealed stratification of HCC patients on
CD8þ T cells. The gate to define the PD1high subsets was se
TILs. The percentage of high PD1 expresser and its association
co-expression of PD1 and TIGIT, CD226, TIM3, and LAG3 in hig
PD1 are shown (n ¼ 16). (C) Expression of TIGIT and CD226 on
CD226 in blood, TFL, and tumor. (E and F) Expression of TIGIT
TILs in high PD1 expressers (n ¼ 10). (G) Ratios of TIGIT/CD226
expressers (n ¼ 10). (H and I) Expression of TIGIT and CD226
expressers (n ¼ 7). (J) Ratios of TIGIT/CD226 in PD1- and PD1
represent individual patients. Bars show mean or mean ± SEM
was observed in CD8þ TILs of some nivolumab responders
(Figure 12C). However, enhanced TIL cytotoxicity against
HepG2 was observed in both groups on co-blockade
(Figure 12D). Interestingly, 73% of nivolumab responders
were high PD1 expressers (Figure 12F), suggesting that high
PD1 expressers tend to respond better to PD1 blockade.
CD226 Is Required for the Effect of TIGIT
Blockade

Because CD226 is the co-stimulatory counterpart of
TIGIT, we assessed whether CD226 expression is affected by
TIGIT blockade and whether CD226 is required for the
stimulatory effects of TIGIT blockade that we observed in
TIL cultures of some patients. In ex vivo polyclonal assays,
we observed that TIGIT blockade significantly up-regulated
both CD226hi frequencies and CD226 MFIs on day 4
(Figure 13A and B). Furthermore, the percentages of
CD226hi CD8þ TILs correlated with the frequencies of
Ki67þCD8þ TILs after TILs were used in ex vivo polyclonal
assays with or without anti-TIGIT or dual blocking anti-
bodies (Figure 13C). Notably, the addition of anti-CD226
blocking antibodies to TILs that responded to single TIGIT
blockade abrogated the effect of TIGIT blockade partially
(Figure 13D and E).

Taken together, CD226 expression can be up-regulated
by TIGIT blockade and is partially required for the stimu-
latory effects of TIGIT blockade on CD8þ TILs.
Discussion
The aims of this study were to characterize TIGIT-

expressing TILs in HCC patients and to determine
whether co-blockade of TIGIT and PD1 has added value
over PD1 single blockade to restore functionality of HCC
TILs. We observed elevated ratios of TIGIT/CD226
expression on intratumoral CD8þ T cells and Treg
compared with their counterparts in TFLs and blood. This
allows more frequent interaction of TIGIT on these TIL
subsets with its high affinity ligand CD155 expressed on
APCs or tumor cells. This interaction may have different
effects on CD8þ T cells and Treg. In CD8þ T cells, TIGIT
signaling can directly or indirectly inhibit their cytotoxic/
effector function18,20; in Treg, TIGIT signaling can directly
promote their suppressive functions,25,37 or Treg can
induce interleukin 10 production by dendritic cells via
TIGIT signaling, which also results in suppression of anti-
tumor effector T-cell responses.12
down-regulated on intratumoral PD1high CD8D T cells. (A)
the basis of differential PD1 expression on tumor-infiltrating
t on the basis of the intermediate PD1 expression of CD8þ

with etiology are shown (n ¼ 44). (B) Flow cytometry plots of
h PD1 expressers. Percentages of co-expression of TIGIT and
CD8þ TILs in high or low PD1 expressers. (D) Ratios of TIGIT/
and CD226 in the PD1-, PD1int, and PD1high subsets of CD8þ

in PD1-, PD1int, and PD1high subsets of CD8þ TILs high PD1
in the PD1- and PD1int subsets of CD8þ TILs in high PD1

int subsets of CD8þ TILs in low PD1 expressers (n ¼ 7). Dots
.
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Kim et al26 and Ma et al27 have shown that PD1 is
differentially expressed on CD8þ TILs in about half of
HCC patients, and that PD1high CD8þ TILs are functionally
the most exhausted subpopulation. Wang et al38 have
shown that TOX is up-regulated in functionally exhausted
PD1high CD8þ TILs in HCC. Here, we confirmed these
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observations, and we extended them by showing that the
PD1high CD8þ TIL subset has the lowest expression of the
cytotoxins granzyme B and perforin and co-expresses
CD39 and CD103, suggesting enrichment with tumor-
specific T cells. We further demonstrated that TIGIT
expression was enriched whereas CD226 expression was
down-regulated on PD1high CD8þ TILs compared with
CD8þ PD1int and CD8þPD1- TILs. Consequently, PD1high

TIGITþ CD8þ TILs had the highest TIGIT/CD226 ratios
compared with other CD8þ subsets. Because a large part
of these cells also expressed the co-inhibitory receptors
TIM3 and/or LAG3, our data suggest that the PD1high

TIGITþ subset represents the terminally differentiated
and exhausted CD8þ TIL subset in HCC tumors. In
agreement with Kim et al,26 we found that high PD1 ex-
pressers were mainly found among patients with high
serum AFP levels. Ma et al27 reported recently that the
presence of CD8þ PD1hi T cells in HCC tumors is associ-
ated with poor prognosis, and Liu et al39 found that
elevated levels of peripheral PD1þ TIGITþ CD8þ T cells
are associated with poor prognosis of patients with
hepatitis B virus–related HCC.

Interestingly, we demonstrate that the more PD1high

TIGITþ CD8þ T cells in tumor, the more PD1high TIGITþ

CD8þ T cells were found in TFLs. PD1high TIGITþ CD8þ T
cells in TFLs did not show increased levels of TOX, and
neither reduced CD226 and granzyme B expression.
Apparently, PD1high TIGITþ CD8þ T cells in the tumors are
in a further stage of exhaustion than their counterparts in
TFL. This may be caused by chronic T-cell receptor stimu-
lation in the tumor microenvironment. Several studies have
shown that TOX expression was increased and remained
high in exhausted CD8þ T cells by chronic T-cell receptor
stimulation, whereas only low-level and transient TOX up-
regulation was seen in CD8þ T cells during acute
infection.28–30 TOX expression in CD8þ TILs may be further
supported by tumor-derived factors, such as vascular
endothelial growth factor-A, that drive exhaustion in CD8þ

TILs.40 Further research is required to understand the
specific factors in HCC tumor microenvironment that in-
crease TOX levels on PD1high CD8þ TILs.

We performed polyclonal and tumor antigen–specific
functional assays to test the effects of blocking PD1
and TIGIT on tumor-infiltrating CD8þ TILs ex vivo.
Compared with single PD1 blockade, co-blockade of
TIGIT/PD1 increased IFN-g production by CD8þ TILs of
some high PD1 expressers but did not improve their
proliferation. This might be caused by limited survival
Figure 4. (See previous page). TIGIT/CD226 ratios are not u
expressers. (A and B) Gating strategy of PD1high, PD1int, and P
(C) Percentages of PD1high TIGITþ, PD1high TIM3þ, and PD1high

means. (D) Correlation of PD1high CD8þ TIL with frequency and
TIGIT/CD226 in CD8þ T cells in blood, TFL, and tumor from
(F) Co-expression of TIGIT and PD1 on CD8þ TILs from low PD
quency and serum AFP level from HCC patients. (H) Correla
level, TIGITþCD8þ TIL frequency and serum AFP level from HC
TIGIT/CD226 and serum AFP level from HCC patients. *P < .05,
cells.
capacity and a terminally differentiated and exhausted
state of CD8þ TILs. In contrast, CD8þ TILs of low PD1
expressers exhibited enhanced proliferation and cytokine
production in response to co-blockade. CD8þ TILs of
these patients are not terminally differentiated and also
express more CD226, thereby allowing better co-
stimulation on TIGIT blockade. Another hypothesis is
that the PD1int TIGITþ CD8þ subset, which was enriched
in low PD1 expressers, may mediate the enhanced pro-
liferative response. On average, 60% of PD1int TIGITþ

CD8þ TILs expressed TCF1. TCF1 is a key transcription
factor of progenitor exhausted CD8þ T cells, which ex-
press intermediate PD1, to produce differentiated
effector T-cell progeny and to maintain themselves.31,32

This PD1int progenitor exhausted CD8þ T-cell subset
mediates responses to PD1 checkpoint pathway blockade.
Accordingly, PD1int TIGITþ CD8þ TILs may be expanded
after TIGIT/PD1 blockade to fill up the effector-type pool.
Further work is required to unravel the role of these
PD1int TIGITþ TCF1þ CD8þ T cells in response to
checkpoint blockade in HCC patients.

In HCC, the question still remains how to improve the
response rate to anti-PD1 therapy. Here we found TIGIT/
PD1 co-blockade could improve ex vivo proliferation,
cytokine production, and cytotoxicity of CD8þ TILs that did
not respond to nivolumab ex vivo. Interestingly, CD8þ TILs
that ex vivo responded to single PD1 blockade were mainly
derived from high PD1 expressers (Figure 12E). In
contrast, the vast majority of combination-blockade
responding CD8þ TILs were derived from low PD1 ex-
pressers (Figure 10B, 78% and Figure 12B, 73%), sug-
gesting that especially tumors with intermediate (and not
high) PD1 expressing CD8þ TILs may display improved
benefit from combined treatment with anti-PD1 and anti-
TIGIT.

CD226 deficiency has been shown to impair antitumor T-
cell effector function.41 Here we found that blocking TIGIT
up-regulated CD226 on CD3/CD28-stimulated CD8þ TILs,
which enabled CD226 to interact more frequently with
CD155. The linear correlation between CD226 and Ki67
expression after culture indicates the enhanced expression
of CD226 might be responsible for the increased prolifera-
tion of CD8þ TILs. TIGIT may act directly to compete with
CD226 for ligand binding.12,19 Johnston et al20 showed that
TIGIT directly interacts with CD226 and that this interaction
impairs CD226 homodimerization and function. Here we
showed neutralizing CD226 on CD8þ TILs can counteract
the effect of TIGIT blockade.
p-regulated on intratumoral CD8D T cells from low PD1
D1- in tumor, TFL, and blood in high and low PD1 expressers.
LAG3þ in CD8þ TILs from high PD1 expressers. Bars show

MFI ratios of TIGIT/CD226 in CD8þ TILs (n ¼ 19). (E) Ratios of
low PD1 expressers. Bars show mean ± SEM (n ¼ 10).
1 expressers (n ¼ 9). (G) Correlation between CD8þ TIL fre-
tion between PD1high CD8þ TIL frequency and serum AFP
C patients. (I) Correlation between MFI or frequency ratios of
**P < .01, ***P < .001. PBMC, peripheral blood mononuclear



Figure 5. PD1high TIGITD CD8D TILs are functionally exhausted with high TOX expression. (A) Flow cytometry plots of
TOX and TCF1 expression in PD1-, PD1int, and PD1high CD8þ TILs. (B–F) Expression of TOX, TCF1, Ki67, CD38, and HLA-DR in
4 subsets of CD8þ TILs in high PD1 expressers. Dots represent individual patients, and bars show mean. (G) Co-expression of
CD39 and CD103 in 4 subsets of CD8þ TILs in high PD1 expressers. (H) Percentages of intracellular granzyme B and perforin
expression in 4 subsets of CD8þ TILs in high PD1 expressers. (I) Production of IFN-g and TNF-a by 4 subsets of CD8þ TILs in
high PD1 expressers after PMA/ionomycin stimulation. *P < .05, **P < .01, ***P < .001. GzmB, granzyme B.
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Figure 6. PD1high TIGITD CD8D T cells were also present in TFLs of high PD1 expressers. (A) Frequencies of PD1high

CD8þ T cells in TFL and tumor from high PD1 expressers (n ¼ 16). (B) Fluorescence-activated cell sorter plots show co-
expression of PD1 and TIGIT, TIM3, and LAG3 on CD8þ T cells in TFLs containing PD1high CD8þ T cells. (C) Frequencies
of PD1high TIGITþ, PD1high TIM3þ, and PD1high LAG3þ within CD8þ T cells in TFLs. (D and E) Expression of TOX and TCF1 in 4
subsets of CD8þ T cells in TFLs. (F and G) Expression of TIGIT and CD226 in the PD1-, PD1int, and PD1high subsets of CD8þ T
cells in TFLs (n ¼ 5). Dots represent individual patients, and bars show mean. (H) Ratios of TIGIT/CD226 in PD1-, PD1int, and
PD1high subsets of CD8þ T cells in TFLs. Bars show mean ± SEM. (I) Percentages of intracellular granzyme B (GzmB) and
perforin expression in 4 subsets of CD8þ T cells in TFLs. *P < .05, **P < .01.

2021 Co-blockade of TIGIT and PD1 in HCC 453
CD155 is the shared ligand for TIGIT and CD226. We
found that CD155 is abundant on APCs (cDC and mono-
cytes) and present on HCC tumor and TFLs. We also
found that the CD155 protein level was up-regulated in
HCC tumors compared with TFLs. Duan et al42 found that
mRNA and protein levels of CD155 were higher in HCC
cancer tissues than those in adjacent tumor-free tissues.
The expression of CD155 gradually decreased as differ-
entiation increased. Sun et al43 showed that higher
intratumoral CD155 expression is correlated to a poorer
prognosis of HCC patients. The high expression of CD155
can contribute to the suppression of immune responses if



Figure 7. Gating strategy of APCs. (A) Gating strategy of CD19þ B cells, CD14þ monocytes, and CD19- BDCA1þ cDC is shown.
(B) Representative flow cytometry plots of CD155 expression on B cells, cDC, and monocytes in peripheral blood mononuclear
cells and TFLs.
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TIGIT/CD226 ratios are elevated in the tumor
microenvironment.

Our study has a few limitations. (1) Checkpoint therapy
is currently used to treat advanced HCC patients. However,
the HCC cohort in this study is a representative cohort for
resectable/early stage HCC patients in Western countries.
(2) Considering the predominant expression of TIGIT and
increased TIGIT/CD226 ratios on tumor-infiltrating Treg,
Treg may be involved in the observed effects of co-blockade.
However, after depletion of CD4þ CD25þ Treg by magnetic
sorting, combination treatment still enhanced CD8þ TIL
proliferation and IFN-g production (data not shown), sug-
gesting that T cells (non-Treg) are direct targets for co-
blockade; further research is needed to unravel the role of
TIGIT on Treg functions in HCC in more detail.

In summary, we conclude that TIGIT is enriched in PD1high

CD8þ TILs, and this subset represents the most dysfunctional
andexhaustedCD8þTIL fraction.UnlikeTIM3andLAG3,TIGIT
is also expressed on the PD1int CD8þ subset that co-expresses
CD226 and is prominent in tumors of HCC patients that do not
have CD8þPD1high TILs. CD8þ TILs of these patients prefer-
entially respond ex vivo to dual TIGIT/PD1 blockade.
Compared with single PD1 blockade, co-blockade of TIGIT/
PD1 improved CD8þ TIL cytotoxicity and convertedCD8þ TILs
that ex vivo did not respond to PD1 blockade to responders.
Therefore, co-blocking TIGIT and PD1 could be a promising
immune therapeutic strategy for HCC patients. The clinical
proof of efficacy remains to be demonstrated, and this will be
the next challenge in future studies.

Materials and Methods
Patients

A total of 47 HCC patients who were eligible for surgical
tumor resection were enrolled in the study between June
2015 and November 2020. Paired fresh liver tumor and
TFL tissues, cut out at a minimal distance of �1 cm from
the tumor, were used for isolating TILs and intrahepatic
lymphocytes. In addition, peripheral blood was collected
on the day of resection. None of the patients received
systemic anti-cancer therapy or immunosuppressive
treatment at least 3 months before surgery. The clinical
characteristics of the patients are summarized in Table 1.
The study was approved by the local ethics committee, and
all specimens were obtained after written informed
consent.

Cell Preparation
Single cell suspensions from peripheral blood, tumors,

and TFLs were obtained as described previously.44 Fresh
tissue was cut into small pieces and digested in Hanks’
balanced salt solution with Ca2þ and Mg2þ (Sigma-
Aldrich, Zwijndrecht, the Netherlands) with 0.125 mg/mL
of collagenase IV (Sigma-Aldrich, St Louis, MO) and 0.2
mg/mL of DNase I (Roche, Basel, Switzerland) for 30
minutes at 37�C with magnetic bead stirring. Cell sus-
pensions were filtered through 100 mm cell strainers (BD
Biosciences, Belgium), and mononuclear cells were ob-
tained by Ficoll density gradient centrifugation. CD45þ

DAPI- leukocytes were quantified by using a MACSQuant
flow cytometer (Miltenyi Biotech, Gladbach, Germany)
after being stained with a mixture of DAPI, CD3, and
CD45 antibodies.

Polyclonal T-Cell Stimulation
TILs of HCC patients were suspended in RPMI medium

supplemented with 10% normal human serum, 2 mmol/L
L-glutamine, 50 mmol/L Hepes buffer, 1% penicillin-
streptomycin, 5 mmol/L sodium pyruvate, and 1% mini-
mum essential medium nonessential amino acids. Five �
104 CD45þ TILs were seeded in each well of a 96-well



Figure 8. CD155 is pre-
sent on tumor-infiltrating
APCs and overex-
pressed on HCC tumor
cells. (A) Percentages of B
cells, cDC, and monocytes
within CD45þ cells from
tumor, TFL, and blood.
Dots represent individual
patients, and bars show
mean ± SEM. (B) Repre-
sentative histograms of
CD155 expression on
tumor-infiltrating B cells,
cDC, and monocytes. (C)
Percentages of CD155þ

cells within APC subsets
and MFI of CD155 on
APCs in tumor, TFL, and
blood. (D) Representative
images of immunohisto-
chemistry staining show
CD155 expression in HCC
tumor and paired TFL tis-
sue. The immunostaining
score for patient 1 was 3D
in tumor and 1D in TFL.
Tonsil served as both
positive and negative con-
trol tissue. Scale bars are
presented in each image.
(E) The immunostaining
score of CD155 in individ-
ual patients is presented
(n ¼ 97). Significance was
assessed by Wilcoxon
matched-pairs signed-rank
test. Data are presented as
mean ± SEM. *P < .05.
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round-bottom culture plate and stimulated with a sub-
optimal amount of CD3/CD28 beads (beads to TILs ratio
ranging from 1:10 to 1:800). Blocking mouse anti-human
TIGIT antibody (clone MBSA43; eBioscience, San Diego,
CA) was chosen on the basis of the referred article45 and
used at 10 and 20 mg/mL. Blocking human anti-human
PD1 antibody (nivolumab; Bristol-Myers Squibb, New
York, NY; provided by the Erasmus MC hospital phar-
macy) was used at 10 mg/mL, which was based on the
referred article.46 Blocking anti-CD226 antibody clone
DX11 (BD Biosciences) was used at 20 mg/mL according
to previous studies.19,47,48 Isotype control antibodies
mIgG1 (clone MOPC-21; BioLegend, San Diego, CA) and
hIgG4 (clone QA16A15; BioLegend) were added at 20 mg/
mL and 10 mg/mL, respectively. T-cell proliferation was
determined after 4 days of culture based on Ki67-
expression in CD3þ CD8þ T cells on a FACSCanto II
flow cytometer and analyzed by using FlowJo software
version 10 (Tree Star Software, Ashland, OR). Dead cells
were excluded by Aqua live/dead fixable dye (Thermo
Fisher Scientific, Waltham, MA) according to manufac-
turer’s instructions. To measure intracellular IFN-g pro-
duced by CD8þ TILs, TILs were restimulated with anti-
CD3/CD28 beads on day 3 after polyclonal stimulation,
and Golgistop (containing monensin) was added (1:1500
dilution; BD Biosciences). After additional 24 hours of
incubation, TILs were harvested and subjected to intra-
cellular cytokine staining.
Antigen-Specific Stimulation
To test the effects of dual TIGIT/PD1 blockade on tumor-

specific T-cell immunity, we used an antigen-specific assay
as described in our previous HCC research.11,49 Briefly,
autologous B-cell blasts served as APCs and were electro-
porated with mRNA encoding GPC3 or MAGEC2, two tumor
antigens that are frequently expressed in HCC tumors.36

Importantly, the sequences encoding the tumor antigens in
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the mRNAs are directly followed by a sequence encoding the
transmembrane and luminal regions for DC-Lamp, which is
a targeting signal for the endolysosomal compartment
resulting in peptide loading in MHC class II as well as in
MHC class I and thereby presentation to CD4þ and CD8þ T
cells. TILs were stained with CFSE and co-cultured with



Figure 10. Combined TIGIT and PD1 blockade further enhances ex vivo functionality of CD8D TILs. (A) Effects of nivolumab
(Nivo) single blockade and combined blockade with mouse anti-human TIGIT monoclonal antibody on CD8þ TIL proliferation from
individual patients on anti-CD3/CD28 beads stimulation (n ¼ 22). (B) Effects of nivolumab blockade alone or combined with TIGIT
blockade on CD8þ TIL proliferation in high or low PD1 expressers. Data were normalized to each corresponding isotype. (C)
Proliferation (CFSE-low) of CD8þ TILs of individual patients (2 high PD1 expressers and 3 low PD1 expressers) in response to
GPC3 and/or MAGEC2 in presence or absence of blocking antibodies. Shapes indicate different patients. Data were normalized
to isotype and shown as fold change. (D) Total cell count of sorted PD1high and PD1int plus PD1- CD8þ TILs on day 9 with CD3/
CD28 beads stimulation. Bars represent mean. (E) Flow cytometry plots of IFN-g in CD8þ TILs after restimulated with anti-CD3/
CD28 beads in polyclonal stimulation. (F) Production of IFN-g by CD8þ TILs in high or low PD1 expressers after restimulated with
anti-CD3/CD28 beads in polyclonal stimulation. (G) Percent of remaining HepG2 was calculated by HepG2 count in each con-
dition divided by HepG2 count in TIL þ HepG2 only, and then the killing ratio of Nivo or Nivo/anti-TIGIT was normalized to
corresponding isotype (n ¼ 7). *P < .05, **P < .01, ***P < .001.

Figure 9. (See previous page). Single TIGIT blockade did not significantly increase CD8D TIL proliferation. (A) The
number of CD45þ cells isolated per gram of tissue from tumor and TFL. Dots show individual patients. (B) Correlation of
PD1high CD8þ T-cell frequency and CD45þ cells per gram of tissue. (C) Flow cytometry plots show blockade of TIGIT and PD1
by anti-TIGIT and anti-PD1 antibodies after 4 days in culture. (D) Flow cytometry plots show the proliferating (Ki67 positive)
CD8þ TILs after 4 days of stimulation by CD3/CD28 beads. (E) Effects of mouse anti-human TIGIT monoclonal antibody (10
mg/mL) on CD8þ TIL proliferation from individual patients on anti-CD3/CD28 beads stimulation. (F) Effects of nivolumab (Nivo)
blockade and combined blockade with mouse anti-human TIGIT monoclonal antibody on proliferation of CD8þ TILs from
individual patients on anti-CD3/CD28 beads stimulation. Percentages of Ki67 were normalized to cultures to which the cor-
responding isotype control antibodies had been added. (G) Flow cytometry plots of CD8þ TIL proliferation in response to
MAGEC2, GPC3, or eGFP mRNA-transfected autologous B-cell blasts in presence or absence of blocking antibodies. (H)
Proliferation (CFSE-low) of CD8þ TILs of individual patients in response to eGFP, GPC3, or/and MAGEC2.
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Figure 11. Expression of PD-L1 and CD155 on HepG2 and gating strategy for ex vivo cytotoxicity assay. (A) PD-L1
expression on HepG2 is shown over time after IFN-g treatment. (B) Expression of CD155 on HepG2 without or with IFN-g
treatment is shown. (C) Flow cytometry plots of gating on HepG2 cells in ex vivo cytotoxicity assay. Number means HepG2
(CD45-RFPþ) absolute count.
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GPC3 mRNA- and/or MAGEC2 mRNA-, or eGFP (irrelevant
control antigen) mRNA-transfected autologous B-cell blasts
with a TIL:B cell ratio of 1:1, and proliferation of CD8þ T
cells was measured using flow cytometry on day 6.
Ex vivo Cytotoxicity Assay
HepG2 HCC cells expressing RFP-H2B on lentiviral

transfection were used as target cells. RFP-H2B trans-
duced cells give fluorescence in the Percp channel, thus
enabling better differentiation between CD45þ leukocytes
and HepG2 cells. CD3þ TILs isolated using CD3
microbeads (Miltenyi Biotec) were used as effector cells.
HepG2 cells were pretreated with IFN-g for 48 hours to
induce PD-L1 expression. CD3þ TILs were preactivated
for 3 days with anti-CD3/CD28 beads and then co-
cultured with IFN-g-treated HepG2 cells in a ratio of
10:1 in absence or presence of nivolumab or nivolumab
plus anti-TIGIT antibody, or corresponding isotype con-
trol antibodies (mentioned above). After 96 hours of co-
culture, the remaining HepG2 cells were quantified us-
ing a MACSQuant flow cytometer.
PMA/Ionomycin Restimulation Assay
TILs were stimulated with PMA and ionomycin to assess

effector cytokine production. Golgistop (containing mon-
ensin) was added (1:1500 dilution; BD Biosciences). After
exposure to PMA and ionomycin for 5 hours, intracellular
IFN-g and TNF-a were measured by flow cytometry.
Flow Cytometry Analysis
Peripheral blood mononuclear cells and mononuclear

cells isolated from TFL or tumor were analyzed for
expression of surface and intracellular markers using the
following anti-human antibodies: anti-TIGIT, anti-CD226,
anti-PD1, anti-CD155, anti-perforin, anti-granzyme B, anti-
CD8, anti-CD4, anti-CD56, anti-CD45, anti-TIM3, anti-
LAG3, anti-TOX, anti-Ki67, and anti-TCF1 (Table 2).
Viability of cells was assessed using Aqua LIVE/DEAD dye
(Thermo Fisher Scientific). Fixation and permeabilization
were performed using the Fixation/Permeabilization kit
(eBioscience). For intracellular cytokine staining, cells
were treated with 40 ng/mL PMA (Sigma, Zwijndrecht,
the Netherlands) and 1 mg/mL ionomycin (Sigma) at 37�C



Figure 12. Combined
TIGIT and PD1 blockade
enhances ex vivo func-
tionality of CD8D TILs in
nivolumab (Nivo) non-re-
sponders. (A) Stratification
of nivolumab responders
and non-responders on the
basis of CD8þ TIL prolifer-
ation. (B) Effects of nivolu-
mab blockade alone or
combined with TIGIT
blockade on CD8þ TIL
proliferation in nivolumab
responders or non-
responders. (C) Produc-
tion of IFN-g by CD8þ TILs
in nivolumab responders or
non-responders after
restimulated with CD3/
CD28 beads in polyclonal
stimulation. (D) Percent of
remaining HepG2 depicted
as ratio of absolute HepG2
count in presence of TILþ
Nivo or Nivo/anti-TIGIT
versus corresponding iso-
types (n ¼ 6). (E) Distribu-
tion of high and low PD1
expressers in nivolumab
responders and non-
responders. Bars repre-
sent mean. *P < .05, **P <
.01, ***P < .001.
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for 5 hours in the presence of GolgiStop at 1:1500 dilu-
tion (BD Biosciences), followed by staining of IFN-g and
TNF-a on fixed cells. Cells were analyzed using FACS-
Canto II and Fortessa flow cytometers (BD Biosciences,
San Diego, CA).

Flow Sorting
Frozen TILs were thawed and stained with anti-CD45-

APC (clone HI30), anti-CD8-FITC (clone RPA-T8), and anti-
PD1-PE (clone MIH4) antibodies. Dead cells were excluded
by 7-AAD staining. PD1high CD8þ and PD1int plus PD1- CD8þ

TILs were sorted separately into 2 fluorescence-activated
cell sorter tubes. In addition, CD45þ CD8- leukocytes from
TILs were sorted. Cells were sorted using Aria II sorter (BD
Biosciences).

Immunohistochemistry
The construction of TMAs of tumor and TFL tissues has

been described previously.35,36 The TMAs were then
immunohistochemically stained by the Department of Pa-
thology of Erasmus MC using rabbit anti-human mono-
clonal antibody CD155 (clone D3G7H, rabbit IgG, 1:400;
Cell Signaling Technology, Danvers, MA), which is the clone
recommended by Chandramohan et al.50 Immunohisto-
chemistry was performed with an automated, validated,
and accredited staining system (Ventana Benchmark UL-
TRA; Ventana Medical Systems, Tucson, AZ) using Optiview
universal DAB detection Kit (#760-700). In brief, after
deparaffinization and heat-induced antigen retrieval, the
tissue samples were incubated according to their opti-
mized time with CD155. Incubation was followed by he-
matoxylin II counter stain for 12 minutes and then a blue
coloring reagent for 8 minutes according to the manufac-
turer’s instructions (Ventana). The immunohistochemically
stained TMAs were then scanned using NanoZoomer 2.0HT
(Hamamatsu, Hamamatsu, Japan) and scored blindly by 2
researchers on the basis of the intensity of staining (0
[none], 1 [low], 2 [intermediate], 3 [strong]) and the fre-
quency of positive tumor cells or hepatocytes (A [<10%],
B [10%–50%], C [50%–90%], D [>90%]). The score per
core was calculated by multiplying the intensity by the
frequency of positive cells (A ¼ 0.1, B ¼ 0.3, C ¼ 0.7, and
D ¼ 1), and then the average score per tissue was calcu-
lated by taking the average of the 3 scores.



Figure 13. CD226 is required for the effect of TIGIT blockade. (A) Flow cytometry plots of CD226 expression on CD8þ TILs
after 4 days of cultures with/without CD3/CD28 beads stimulation or anti-TIGIT antibody. (B) Expression of CD226 on CD8þ

TILs after cultures with/without anti-CD3/CD28 beads stimulation or anti-TIGIT antibodies on day 4 (patients n ¼ 3). Data are
presented as mean ± SEM. (C) Correlation of Ki67% and CD226hi frequencies in CD8þ TILs after in vitro stimulation with CD3/
CD28 beads. Dots show data from TILs that were involved in ex vivo polyclonal assays, including data from TIL only, TIL þ
beads, TIL þ anti-TIGIT (10 and 20 mg/mL), or TIL þ anti-PD1 þ anti-TIGIT (10 and 20 mg/mL) (6 different conditions with n ¼ 3
samples each, total 18). Significance was assessed by Pearson’s correlation. (D) Proliferation of CD8þ TILs stimulated with
anti-CD3/CD28 beads in presence of anti-TIGIT or anti-TIGIT plus anti-CD226 antibodies (n ¼ 6). (E) Production of IFN-g by
TILs stimulated with anti-CD3/CD28 beads in presence of anti-TIGIT or anti-TIGIT plus anti-CD226 antibodies (n ¼ 5). Data
normalized to each isotype. *P < .05. Bars represent mean.
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Statistical Analysis
The distribution of all data sets was analyzed for

normality using the Shapiro-Wilk test. The differences be-
tween paired groups of data were analyzed according to
their distribution via paired t test or Wilcoxon matched-
Table 1.Patient Characteristics

Sex (male/female)

Age at surgery (y)b

Race (white/Asian/black)

Cirrhosis (yes/no)

Tumor size (cm)b

Tumor number (1/2)

AFP level before resection (mg/L)<20/20–400/>400/unknown

aEtiology of liver disease: no known liver disease (n ¼ 19), h
nonalcoholic steatohepatitis/nonalcoholic fatty liver disease (n
bMedian ± standard deviation.
pairs test. Differences between different groups of patients
were analyzed via t test or Mann-Whitney test. Spearman’s
rank correlation test for nonparametric data and Pearson’s
correlation test for parametric data were used to analyze
the correlation between 2 factors. Statistical analysis was
HCC patientsa (n ¼ 47)

35/12

67 ± 10

39/4/4

17/30

8.7 ± 5.5

43/4

26/8/12/1

epatitis B/C (n ¼ 7/5), alcohol-related liver disease (n ¼ 1),
¼ 15).



Table 2.Anti-Human Antibodies Used in Flow Cytometry (Fluorescence-Activated Cell Sorter)

Antibody Clone Supplier Antibody Clone Supplier

TIGIT-PE MBSA43 eBioscience FOXP3-eFluor450 236A/E7 eBioscience

TIGIT-efluor450 MBSA43 eBioscience Perforin-FITC delta G9 eBioscience

CD226-APC 11A8 BioLegend GranzymeB-V450 GB11 BD Biosciences

CD155-PE 2H7CD155 eBioscience CD14-PerCPCy5.5 61D3 eBioscience

PD1-PECy7 J105 eBioscience BDCA1-APC AD5-8E7 Miltenyi

PD1-PE MIH4 eBioscience CD19-APCH7 SJ25C1 BD Biosciences

CD3-PE UCHT1 eBioscience CD45-APC HI30 BioLegend

CD3-PECy7 UCHT1 eBioscience CD45-eFluor450 HI30 eBioscience

CD3-PerCPCy5.5 SK7 BD Biosciences LAG3-PerCPeF710 3D923H eBioscience

CD3-APCeFluor780 SK7 eBioscience TIM3-PECF594 7D3 BD Biosciences

CD3-APCR700 UCHT1 BD Biosciences IFNg-FITC 25723.11 BD Biosciences

CD3-Pacific blue UCHT1 BD Pharmingen TNFa-PerCPCy5.5 Mab11 BioLegend

CD4-PE 13B8.2 Beckman Ki67-FITC 20Raj1 eBioscience

CD4-APC OKT4 BioLegend Ki67-PECy7 20Raj1 eBioscience

CD4-APCeFluor780 OKT4 eBioscience CD38-FITC T16 Beckman

CD4-BV605 OKT4 BioLegend HLA-DR-APC LN3 eBioscience

CD4-eFluor450 OKT4 eBioscience CD39-FITC A1 BioLegend

CD8-PerCPCy5.5 RPA-T8 eBioscience CD103-PECy7 Ber-ACT8 BioLegend

CD8-FITC SK1 eBioscience TOX-APC REA473 Miltenyi

CD8-FITC RPA-T8 eBioscience TCF1-PE 7F11A10 BioLegend

CD8-APC RPA-T8 BioLegend hIgG1-APC REA293 Miltenyi

CD8-eluor450 RPA-T8 eBioscience mIgG1-PE P3.6.2.8.1 eBioscience

CD56-FITC TULY56 eBioscience mIgG1-PECy7 MOPC-21 BioLegend

CD56-BV510 HCD56 BioLegend mIgG2b-FITC 27-35 BD Pharmingen
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performed by using GraphPad (San Diego, CA) Prism 8.0. P
value less than .05 was considered statistically significant
(*P < .05, **P < .01, ***P < .001, ****P < .0001).
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