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Abstract: Objective: Due to the tumor immune microenvironment (TIME) complexity and cancer heterogeneity, the
clinical outcomes of hepatocellular carcinoma (HCC) are barely elicited from the conventional treatment options,
even from the promising anti-cancer immunotherapy. As a suppressive TIME-related marker, the role played by
cyclooxygenase-2 (COX-2) in HCC TIME, and its potential effects on anti-cancer T cell immune response remains
unknown. In our study, to investigate the COX-2-dependent immune regulation pathway, we verified that the mac-
rophages phenotypes were correlated to COX-2/PGE2 expressions among HCC patients. A multi-cellular co-culture
platform containing HCC cells, macrophages, and T cells were established to mimic HCC TIME in vitro and in animal
model. M2 macrophage polarization and activated CD8* T cells exhaustion were observed under high COX-2 levels
in HCC cells, with further evaluation using CRISPR/Cas9-based PTGS2 knocking out and COX-2 blockade (celecoxib)
treatment controls. PGE2, TGF-B, Granzyme B, and IFN-y levels were testified by flow cytometry and ELISA to fully
understand the mechanism of COX-2 suppressive effects on T cell-based anti-HCC responses. The activation of the
TGF-B pathway evaluated by auto-western blot in T cells was confirmed which increased the level of phosphorylated
Smad3, phosphorylated Samd2, and FoxP1, leading to T cell de-lymphotoxin. In conclusion, high COX-2-expressing
HCC cell lines can induce anti-tumor abilities exhaustion in activated CD8* T cell through M2 TAMs polarization and
TGF beta pathway. COX-2 inhibitors may reduce the inhibitory effect on CD8* T cells through regulating TAMs in TIME,
thus enhance the T cell-based cytotoxicity and improve the prognosis of HCC patients.
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Introduction

With approximately 0.89 million annual deaths,
of which hepatocellular carcinoma (HCC) ac-
counts for the majority, liver cancer is the fourth
most common cause of cancer-related death
globally. According to the projection from World
Health Organization, by 2030 there will be 10%
more patient deaths worldwide [1]. Despite uni-
versal HBV vaccination, increasing cure rates
of HCV infection, and numerous advances in
early diagnostic techniques, which can hope-
fully reduce this burden, the conventional treat-
ment options, such as adjuvant therapies after
surgical resection or ablation, only achieved
limited responses in HCC patients, and barely

elicited the clinical outcomes [2]. Compared
with the breakthroughs happened among other
cancer types, novel personalized anti-cancer
strategies to eliminate HCC cells and prevent
postoperative recurrence or metastasis need
further exploration.

In recent years, numerous strategies for anti-
cancer immune system mobilization or adoptive
cell immunotherapy have garnered the most
attentions in HCC [3, 4] and other malignant
diseases [5]. Based on new scientific and tech-
nological advances in onco-immunology, the
ideas to normalizing antitumor immunity, such
as immune checkpoint inhibitors (ICl), have
achieved huge success in mediating complete,
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durable antitumor responses in most cancer
types [6]. In addition, in spite of hardness find-
ing specific Tumor-associated antigens, many
cancer enhancement immunotherapy approa-
ches, especially chimeric antigen receptors
(CAR) T cells [7] and DC vaccines [8], are still
promising for many treatments of malignances.
However, in HCC, ICI5, CAR-T cells [9] and vac-
cination [10] have similarly failed to elicit clini-
cal responses, and, subsequently, shown no
advantage for overall survival. Development of
favorable immunotherapeutic approaches for
HCC patients is still challenging [11].

To date, it is known that the tumor immune
microenvironment (TIME) plays an important
role in affecting the anti-cancer response [12].
In contrast to most other malignancies, HCC
almost arises in chronic inflammation, while the
liver is a central player both in immunomodula-
tion and immunotolerance [13]. The complexity
of HCC TIME drives a unique pattern depicted
by anti-tumor immune regulators, including
tumor-associated macrophages (TAMs) [14],
Tregs and myeloid-derived suppressor cells
(MSDC) [15], and effectors which mainly re-
present T cells immunity [16]. As evidenced
in many HCC expreimental models, revealing
potential novel suppressive TIME-related mark-
ers which can impair the T cell cytotoxity and
induce exhastion in HCC will create promising
targets for improving immunotherapy outcomes
[171].

Normally considered as an inflammation relat-
ed protein, cyclooxygenase-2 (COX-2) overex-
pression represents poor prognosis in many
cancer types and, notably, has been strongly
related to TIME formation [18]. In past decades,
many studies demonstrated that the elevated
COX-2 level can promote HCC tumorigenesis
and progression, and subseqently be a mecha-
nism-based therapatic target in severel HCC
combined treatment clinial trials [19-21]. How-
ever, using mainly mice cells, only one recent
study has correlated macrophages with COX-2
in HCC [22]. The relationship between COX-2
and HCC TIME has not been elucidated so far.

In our study, depending on multi-cellular co-
culture platform both in vitro and in NOD-
Prkdcsed-112rg"" mice model for TIME mimic, we
aimed to investigate that the correlation among
the expression of COX-2 in human HCC, acti-
vated CD8" T cell exhaustion and macrophages
polarization.
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Materials and methods
Study approval

Permission to use the tissues for research pur-
poses was provided by Peking University
People’s Hospital Ethics Committee. The ethics
committee at the Peking University People’s
Hospital (Beijing, China) approved the current
study (permission: 2018PHB257). Ethical app-
roval for the use of peripheral blood from
healthy donors was obtained from the Peking
University People’s Hospital Ethics Committee.
All patients signed an informed consent form.

Cell culture and reagents

Human hepatocellular carcinoma cell lines
SNU423 and BEL7402, obtained from China
Type Culture Collection (Shanghai, China), were
cultured in Roswell Park Memorial Institute
(RPMI)-1640 medium (Gibco, 21870076) sup-
plemented with 10% FBS (Gibco, 10270-106)
and 100 IU/ml penicillin and streptomycin (Gi-
bco, 1514-122) at 37°C in a 5% CO, atmo-
sphere. SNU423 cells were transferred to
Beijing Sino Biological Co., Ltd. (Beijing, China)
for the construction of SNU423°%*2/- cell line.
CRISPR/Cas9 was used for PTGS2 knockout.
The sgRNA’s sequence (5-TCAAGACAGATCATA-
AGCGA-3’) was cloned into pLV vectors. HEK-
293T cells were co-transfected with pLV vector,
pSPAX2, and pMD2. G plasmids, and the len-
tiviruses were precipitated using PEG8000-
NaCl. The HCC cells were transduced with the
lentivirus and selected 48 hours later using 3
ug/mL puromycin (MCE, HY-B1743A). The sin-
gle-cell clone was obtained by repeated pres-
sure culture with puromycin. The PGE2 syn-
thesis inhibitor celecoxib (MCE, HY-14398)
was used at a concentration of 25 yM. Addi-
tional information is provided in Supplementary
Methods.

Peripheral blood mononuclear cell (PBMC)
isolation

PBMCs from the healthy donors were isolated
by centrifugation over a Ficoll gradient (GE,
17144002), 2000 r, 30 min. CD14* cells were
magnetically labeled with CD14 microbeads
and positively selected by stem cell techno-
logy (Stem Cell, 17858). CD14* monocytes
were cryopreserved at -80°C with CryoStor
CS10 (Stem Cell, 07930) for subsequent
coculture.
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Amplification and activation of CD8* T cells

The CD3/CD28 monoclonal antibody (Invitro-
gen, 16-0037-85/16-0289-35) was used to
coat the bottom of T25 flasks at 4°C overnight
(5 ml PBS+25 ul CD3+10 ul CD28). After isolat-
ing CD14* monocytes from PBMCs, the remain-
ing cells were plated in T25 flasks coated with
the CD3/CD28 mAb, and IL-2 (Peprotech, 200-
02, 10 U/ml) was added to the medium. After 7
days, CD8* T cells were magnetically labeled
with CD8 microbeads and positively selected
by stem cell technology (Stem Cell, 17853).

Establishment of the co-culture model

CD14* monocytes were sorted out from PBMC
and cryopreserved at -80°C, and the remaining
cells were placed in a T25 culture flask coated
with the CD3/CD28 monoclonal antibody. On
day 5, cryopreserved CD14* monocytes were
recovered, and the co-expression of CD163/
CD206 in CD14* monocytes was detected by
flow cytometry. CD14* monocytes (0.1 million)
were cocultured with hepatocellular carcinoma
cell lines (0.5 million) at a ratio of 1:5 in 12-well
plate. Hepatocellular carcinoma cell lines were
placed between two layers of rat tail collagen
by a sandwich three-dimensional culture meth-
od, and monocytes were placed in the upper
layer of a transwell co-culture chamber (Cor-
ning, 3460), and cocultured with hepatocellular
carcinoma cell lines for 2 days. On day 7, CD8*
T cells were sorted out from cells in the T25 cul-
ture flask. The expression of CD28, CD25,
CD107A in CD8* T cells was detected by flow
cytometry. At this time, CD8* T cells were added
into the co-culture system for 24 hours. After
24 hours, the expression of Granzyme B and
IFN-y in CD8" T cells and the medium were
detected. During the whole co-culture process,
the co-culture system contained 0.5 million
hepatocellular carcinoma cell lines, 0.1 million
primary CD14* monocytes, and 0.1 million pri-
mary CD8* T cells. Additional information is pro-

vided in Supplementary Methods and Figures.

Flow cytometry

Ex vivo CD14" monocytes and CD8*" T cells
cocultured with hepatocellular carcinoma cell
lines were analyzed by validated flow cytometry
methods, with a Beckman flow cytometer (Be-
ckman). Surface marker expression was ana-
lyzed with flow cytometry using the following
fluorochrome-labeled monoclonal antibodies:
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anti-CD14-APC (BioLegend, 325607), anti-CD-
163-PE-Cy7 (BioLegend, 326514), anti-CD206-
PE (BioLegend, 321105), anti-CD8-APC-CY7
(BioLegend, 344714), anti-CD28-Percp-CY5.5
(BioLegend, 302921), anti-CD25-PE (BiolLe-
gend, 302605), anti-CD107A-APC (BioLegend,
328619), anti-Granzyme B-APC (Biolegend,
396407) and anti-IFN-y-PE (BioLegend, 506-
506). Equivalent amounts of isotype-matched
control antibodies and unstained cells were
included in all experiments as negative and
autofluorescence controls. Data were analyzed
with CytExpert software (Beckman), after gat-
ing on the lymphoid and myeloid populations in
the FSC/SSC plot. Values were expressed as
the percent ratio of the marker of interest over
that in the unstained cells. IFN-y and Granzyme
B in the medium were detected by the flow
cytometry kit (BioLegend), and all operation
steps were performed according to the pro-
duct instructions. LEGENDplex v8.0 software
(BioLegend) was used to analyze the results of
the flow cytometry assay.

ELISA

A PGE2 ELISA assay kit (R&D system, KGEOO-
4B) was used to detect the level of PGE2 in
hepatocellular carcinoma tissue lysate and cul-
ture medium, TGF-B ELISA assay kit (Thermo,
BMS249-4) was used to detect the content of
TGF-B in culture medium, and IFN-y ELISA kit
(Thermo, BMS228) and Granzyme B ELISA
assay kit (Thermo, BMS2027) were used to
detect the levels of IFN-y and Granzyme B in
CD8" T cells lysates. All procedures followed
the instructions of the kit.

Reverse transcription polymerase chain reac-
tion (RT-PCR)

Total RNA of normal liver tissue, BEL7402 cells,
SNU423 cells and SNU423°%%2/ cells were
extracted by the Trizol method, and the high
quality of RNA was verified by UV analysis. RNA
(1 pg) was reversed transcribed with Invitrogen
SuperScript lll Reverse Transcriptase to obtain
cDNA. PCR primers were designed and synthe-
tized by Shanghai Invitrogen Biotechnology Co.,
Ltd. (Shanghai, China). GAPDH was used as the
internal reference. The following primers were
used for PCR analyses: human PTGS2 forward,
5-CTGGCGCTCAGCCATACAG-3’; human PTGS2
reverse, 5-CACCTCGGTTTTGACATGGGT-3’; hu-
man GAPDH forward, 5-CCATGGGTGGAATCAT-
ATTGGA-3’; human GAPDH reverse, 5-TCAA-
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CGGATTTGGTCGTATTGG-3. PCR amplification
conditions were as follows: pre-denaturation at
95°C for 3 min, denaturation at 95°C for 15 s,
annealing at 60°C for 1 minute, and extension
at 72°C for 1 min for a total of 40 cycles, and
finally extension at 72°C for 10 min. The PCR
results were analyzed by iQ5 Real-Time PCR
Systems (Bio-Rad). The threshold was manually
selected at the lowest point of the logarithmic
amplification curve to obtain the Ct value of all
reaction tubes. The data were analyzed by the
2"AACt method, represented as the ratio of the
target gene expression between the experi-
mental group and the control group and calcu-
lated by the formula AACt = [Ct (target gene) -
Ct (reference gene)] experimental group - [Ct
(target gene) - Ct (reference gene)] control
group. Real-time PCR was set up with the SYBR
Green PCR Master Mix (Promega Corporation).
The experiment was conducted three times
and the mean value was calculated.

Immunofluorescence analysis

Sections (4 um) and cells were stained using
standard immunofluorescence techniques for
the expression of COX-2 (Abcam, ab15191),
CD163 (Abcam, ab156769) and CD206 (Ab-
cam, ab64693). All the stained slides were
scanned using a Leica confocal microscope.
The size limit for particle analysis was carefully
chosen to include only macrophages. Damaged
samples were excluded from the analysis.
The data were analyzed in a double-blinded
fashion. Additional information is provided in

Supplementary Methods.

Immunohistochemical analysis

The tissue samples of hepatocellular carcino-
ma patients were collected and made into a 4
um tissue chip. Tissue chip were stained us-
ing standard immunohistochemical techniques
for the expression of COX-2 (DAB, Abcam,
ab64238), CD163 (DAB, Abcam, ab183159)
and CD206 (AP-red, Abcam, ab183159). All the
stained slides were scanned using automatic
digital slice scanning system (KFBIO, KF-PRO-
120). The size limit for particle analysis was
carefully chosen to include only macrophages.
Damaged samples were excluded from the
analysis. The data were analyzed in a double-
blinded fashion. Additional information is pro-

vided in Supplementary Methods.
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Automated western blot analysis

CD8* T cells were lysed with protein lysis buffer
(CST) and stored at -80°C. The Pierce BCA
Protein Assay Kit was used to detect protein
concentration. Then, a multifunction automatic
western blot quantitative analysis system Jess
(proteinsimple) was used to detect the expres-
sion of target proteins in CD8* T cells. Antibo-
dies against the following target proteins were
used: Smad2 (Abcam, ab40855), Smad3 (Ab-
cam, ab40854), pSmad2 (Abcam, ab188334),
pSmad3 (Abcam, ab52903), and FoxP1 (Ab-
cam, ab134055). B-Actin (CST, 4970T) was
used as the internal reference. The entire ex-
periment was performed three times. Com-
pass for Simple Western software (proteinsim-
ple) was used to analyze the results of the auto-
mated Western blotting.

Establishment of the in vivo model

5 million SNU423 hepatocellular carcinoma cell
lines were implanted under the skin of NPG
mice (NOD, Cg-Prkdcs®d |12rgtmVst/Vst, one of a
series of high-immunodeficiency mouse mod-
els independently developed by Beijing Weitong
Biotechnology Co., LTD., and the obtained Il2rg
gene knockout mice were returned to the high-
immunodeficiency model established under
the background of NOD-SCID) at age of 7 weeks
old. During this period, PBMCs from healthy
donors were collected, and CD14* monocytes
were sorted out and stored at -80°C. After 2
weeks, the activated and amplified CD8* T cells
were sorted out and mixed with the recoverd
CD14* monocytes at a ratio of 1:1 (the total
number of cells was 5 million), and then the
mixture was transferred back into the tumor-
forming NPG mice through the tail vein. During
this period, celecoxib was injected into mice by
intraperitoneal injection. Celecoxib was dis-
solved in DMSO at 5 mg/ml, further diluted 10
times in 0.5% methylcellulose with 0.025%
Tween 80 and injected (IP) daily at a dose of 5
mg/kg body weight for 2 weeks. After 2 weeks,
some mice subcutaneous tumors were digest-
ed into single-cell suspension, and the ratio of
CD163/CD206 double-positive cells in the tis-
sues was analyzed by flow cytometry. The
human CD8* T cells in the single cell suspen-
sion were sorted out, and the content of IFN-y
and Granzyme B in the cells was analyzed by
ELISA technology, and the expression of TGF-3
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related signal pathways was analyzed by auto-
mated western blot technology. ELISA technol-
ogy was used to analyze the content of PGE2
and TGF-B in the remaining tumor tissues.

Statistical analysis

All data were evaluated using Prism software
version 8 (GraphPad). Measurement data were
presented as the mean * standard error of
mean. A linear correlation between 2 continu-
ous variables was tested with the R2 coefficient
of determination. Data consistent with normal
distribution were analyzed using a t-test, and
comparisons among multiple groups were
analyzed using one-way ANOVA. P<0.05 was
considered statistically significant. The data
from representative experiments were obtained
from triplicate cultures with cells from individu-
al donors. Each independent experiment was
replicated at least 3 times.

Results

In tissue chips and paraffin sections of HCC
patients, the expression of COX-2 was corre-
lated with M2 macrophage markers-CD163/
CD206, and identification of three HCC cell
lines with different expression of COX-2

To investigate the expression of COX-2 in HCC
patients and its correlation with the number of
M2 macrophages, we stained tissue chips of
30 HCC patients by immunohistochemical
staining (Figure S3). Meanwhile we stained par-
affin sections of one normal liver and 5 HCC
patient livers by immunofluorescence staining.
Patients with high COX-2 expression were fo-
und to have significantly higher numbers of
M2 macrophages (cells with co-expression of
CD163 and CD206) than patients with low
COX-2 expression (Figure 1A, 1B, 1D-F).
Moreover, we used ELISA to detect the levels of
PGE2 in the tissues of the 35 HCC patients,
and the results showed that the levels of PGE2
in HCC patients with high COX-2 expression
were significantly higher than those of patients
with low COX-2 expression (Figure 1C and 1G).
Finally, immunofluorescence staining and RT-
PCR were used to identify two HCC cell lines
and one PTGS2 knockout cell line with different
COX-2 expression, namely, BEL7402 with low
COX-2 expression, SNU423 with high COX-2
expression, and SNU423¢%%2/- with low COX-2
expression (Figure 1H-J). The ELISA results of
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the culture medium of the three HCC cell li-
nes showed that the level of PGE2 in the super-
natant of SNU423 cells was significantly higher
than that of BEL7402 cells and SNU423C0%2/
cells (Figure 1K).

HCC cell lines with high COX-2 expression
could induce more human primary CD14*
monocytes to polarize to M2 macrophages

Using flow cytometry, it can be clearly seen th-
at after co-culture of human primary CD14*
monocytes with BEL7402, SNU423 cells, or
SNU423¢0%2/ cells for 48 h, the number of M2
macrophages (polarized from CD14* mono-
cytes) induced by SNU423 cells was higher
(Figure 2A and 2B). The ELISA results of the co-
culture media also showed that the level of
PGE2 was higher in the medium of SNU423+MO
group (Figure 2C), and the induced M2 macro-
phages secreted more TGF-(3 (Figure 2D). Then,
in order to further demonstrate that COX-2
and downstream PGE2 were responsible for
the polarization of monocytes into M2 macro-
phages, we added the COX-2 selective inhibitor
celecoxib to the co-culture system of SNU423
cells. The results of flow cytometry showed that
after the addition of celecoxib (25 uM), the pro-
portion of monocytes polarized into M2 macro-
phages was significantly reduced (Figure 2E
and 2F), and the levels of PGE2 in the co-cul-
ture system and TGF-(3 secreted by M2 macro-
phages were significantly reduced (Figure 2G
and 2H).

M2 macrophages induced by HCC cell lines
can inhibit the production of IFN-y and
Granzyme B by activated CD8* T cells

The CD3/CD28 monoclonal antibody was
applied to activate and amplify human primary
CDS8* T cells for one week. The flow cytometry
results showed that the expression levels of
CD25, CD28 and CD107A were significantly
increased, indicating that CD8" T cells were in
an activated state (Figure 3A and 3B). After the
activated CD8* T cells were cocultured in the
co-culture system for 24 h, the expression lev-
els of IFN-y and Granzyme B in the Tu+T+MO
and Tu+T groups were determined by flow cy-
tometry. The flow cytometry results showed
that BEL7402, SNU423 and SNU423C%%2/ cells
could inhibit the production of Granzyme B and
IFN-y in activated CD8* T cells through the
induced M2 macrophages, but the decreasing
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Figure 1. Analysis of clinical samples of HCC patients and HCC cell lines. A. Immunohistochemical staining of COX-2 and M2 macrophages (CD163/CD206) on tis-
sue array of 30 patients with hepatocellular carcinoma. Scale bars = 200 um. B. Linear analysis of immunohistochemical staining of COX-2 and M2 macrophages
(CD163/CD206) in tissue chips of 30 patients with hepatocellular carcinoma. C. Linear analysis of COX-2 immunohistochemical staining on tissue array of 30
hepatocellular carcinoma patients and PGE2 ELISA results in the corresponding tissue. D. Immunofluorescence staining of COX-2 and M2 macrophages (CD163/
CD206) in paraffin sections of a normal liver and five patients’ tissue with hepatocellular carcinoma. Scale bars = 100 ym. E-G. Histogram and statistical analysis
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of COX-2 and M2 macrophages (CD163/CD206) in paraffin sections of 5 hepatocellular carcinoma patients, and
PGE2 ELISA results in the corresponding tissue. H and |. Immunofluorescence staining and histogram of COX-2 in
three hepatocellular carcinoma cell lines (BEL7402, SNU423, SNU423¢%%2/) Scale bars = 100 um. J. COX-2 gene
expression in two hepatocellular carcinoma cell lines (BEL7402, SNU423, SNU423°%%27) relative to that in normal
liver and the corresponding statistical analysis. K. Histogram and statistical analysis of ELISA detection of PGE2 se-
creted by three liver cancer cell lines (BEL7402, SNU423, SNU423°%27), Values are the mean + SEM of a minimum
of 3 independent experiments. "P<0.05; “*P<0.005; **P<0.0005; "***P<0.0001.
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Figure 2. Co-culture of hepatocellular carcinoma cell lines with human primary monocytes. A and B. Flow cytometric
detection results and statistical analysis of human primary CD14* monocytes after co-culture with three hepatocel-
lular carcinoma cell lines for 2 days. C and D. ELISA detection of PGE2 and TGF- in culture medium after co-culture
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of three hepatocellular carcinoma cell lines with human primary CD14* monocytes for 2 days. E and F. Flow cytomet-
ric results and statistical analysis of CD14* monocytes after adding celecoxib to the co-culture system of SNU423
cells and primary human CD14* monocytes. G and H. ELISA detection of PGE2 and TGF-B in culture medium after
adding celecoxib to the co-culture system of SNU423 cells and primary human CD14* monocytes. Values are the
mean * SEM of a minimum of 3 independent experiments.

A 5 _ % _
~ Ja4uLi15.80%) Q4-UR(4.88% ] Q1-UR(12.32%) ~ J02-uL{33.00%) 02-UR(29.35%)
“ 3 ] E
c
95 = 23
s .0 -3 Ty <
©E = 4% 9
28 & ¢ 3
B 8 = g%
g — 8% 8 by
°- - o O
o £ LS
O m© =
@ = : °
m T T T T T T T T T T I 3 T
0 10t 10° 10° 107 o 10* 10° 10° 107 o 10t 10% 10° 100
CD8 APC-ATS0-A CD8 APC-ATS0-A CD8 APC-ATS0-A
L3 k) S _
T J04-UL(0.03%) 3 Q1-UR(63.90%) " 02-UL{0.10%) e 93.10%)
o3 ;s
cc - =2
o0 <73 < € 3
- s < 'S ] [
T © w R % 1
Z29 g g 3 3.
= a 3 524
0= ob | ) o 7
T o ~3 & o ]
[ E E % ]
[ =
s © o] o -
< q01-LL0.18%) 1-LR 7% Q2-LL(D.10% i
iy T T T ety T T T et T i T
0 10t 10° 10° 107 o 10t 10° 10° 107 o 10 10° 10° 100
CD8 APC-ATS0-A CD8 APC-ATS0-A CD8 APC-ATS0-A
W Before activation & amplification
O After activation & amplification 100+ 5k
150 80- Nns kkkk kXK =z
- — - 2 NS kkkk kkkk
£ . . Hawx s o
2 100 = = 60+ o
g z £
8 50 £ a0~ g
[0} -
a
0 20 o
cD8/ CD8/  CD8/
CD25 CD28 CD107A 0=
5000 16 kkk  kk  kkk *k 15000
ns  kkkk kkk %ok kK = — — o—  — :g
_ 4000- — — c— — % - © '5,
E 2 10+ » 2 10000
2 3000 ;5 E;; dok okkokk kkkk kKK
- S N — e— —
-3 L= c =
: = o
i 2000: § 5 g S 5000
= g £
1000 * X
e L
0 0- 0=
H | B 7402 (Tu+T+M0)
B 7402 (Tu+T)
20 Boom HHXK HEAA AwHE XX [l sNu423 (Tu+T+MO0)

Fokk  dokkok dkokkk  kkokk

— — — — [ sNu423 (Tu+T)

[ sNu423coxz-(Tu+T+MO)
B sNu423coxz- (Tu+T)
[l 7402 (T+M0)

[ sNua4z23 (T+Mo)

SNU423cox2:- (T+MO0)

|

Figure 3. Activation and amplification of CD8* T cells and analysis of co-culture system in vitro. A and B. Flow cy-
tometry and statistical analysis of human primary CD8* T cells before and after activation and amplification. C and
D. Flow cytometric detection and statistical analysis of IFN-y and Granzyme B in CD8* T cells 24 hours after adding

-

@
o
=3

Granzyme B
(intracellular, pg/ml)
»n 3
=3 =3
=3 =3

IFN-y
(intracellular, pg/ml)

4367 Am J Transl Res 2021;13(5):4360-4375



COX-2 expressed HCC induces cytotoxic T cells exhaustion via macrophage polarization

CD8* T cells to the co-culture system. E. ELISA detection and statistical analysis of TGF- in the culture medium after
adding CD8* T cells to the co-culture system for 24 hours. F and G. Flow cytometric detection and statistical analysis
of IFN-y and Granzyme B in the culture medium after adding CD8* T cells to the co-culture system for 24 hours. H
and |. ELISA detection and statistical analysis of IFN-y and Granzyme B in CD8* T cells after adding CD8* T cells
to the co-culture system for 24 hours. Values are the mean + SEM of a minimum of 3 independent experiments.

*P<0.05; **P<0.005; ***P<0.0005; ****P<0.0001.

trend was more obvious in the SNU423 group
than the other groups (Figure 3C and 3D). At
the same time, flow cytometry was used to
compare the expression of IFN-y and Granzyme
B in the BEL7402-T+MO, SNU423-T+MO and
SNU423C9%2~-T+MO groups. SNU423-induced
M2 macrophages had a stronger inhibitory
effect on the production of Granzyme B and
IFN-y by activated CD8* T cells (Figure 3C and
3D). Granzyme B and IFN-y levels in CD8* T
cells of each group were detected by ELISA,
and the results showed the same trend as the
results of flow cytometry (Figure 3H and 3I). We
also used ELISA to detect TGF-B in the co-cul-
ture medium of each group. By comparing the
Tu+T+MO and Tu+T groups, it was found that
the levels of TGF-B in the co-culture medium of
the Tu+T+MO group was higher (Figure 3E). By
comparing the BEL7402-T+M0O, SNU423-T+MO
and SNU423¢%%2/-T+MO groups, it was found
that M2 macrophages induced by SNU423
secreted more TGF-B (Figure 3E). Finally,
Granzyme B and IFN-y in the co-culture medi-
um of each group were detected by flow micro-
array technology. The results showed the same
trend as the results of flow cytometry and ELISA
(Figure 3F and 3G).

M2 macrophages induced by HCC cell lines
inhibit the production of IFN-y and Granzyme
B by activated CD8* T cells through the TGF-3
pathway

Since there were too few CD8* T cells in each
co-culture system for conventional western
detection, we used the automatic western tech-
nology of Raybiotech Company to analyze pro-
teins associated with the TGF-B pathway in
each group. The results of the comparison
among the BEL7402-T+MO, SNU423-T+MO and
SNU423¢%%2~-T+MO groups showed no signi-
ficant difference in the amount of total Sma-
d2 and Smad3 protein, but the amounts of
pSmad2 and pSmad3 in the SNU423-T+MO
group were significantly higher than that of
BEL7402-T+MO and SNU423°%*2/-T+MO group,
and the related protein-FoxP1 was also signifi-
cantly higher than the other two groups (Figure
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4A-F). Related signal pathway illustration is
shown in Figure S4.

M2 macrophages induced by HCC cell lines
inhibit the production of IFN-y and Granzyme B
by activated CD8* T cells in vivo

NPG mice were conducted as animal models
for in vivo studies. As can be seen from the
results of the study, the tumor growth volume
varies with different treatment regimens: the
tumor volume of the PBS treatment group was
the largest, and that of the CD8" T+MO+cele-
coxib group was the smallest, and significantly
smaller than that of the CD8* T+MO and cele-
coxib groups (Figure 5A and 5B). Flow cytome-
try of single cell suspension derived from tumor
tissues revealed that celecoxib can inhibit the
polarization of CD14* monocytes into M2 mac-
rophages in vivo (Figure 5C and 5D). ELISA
results of tumor tissues showed that the con-
tent of PGE2 and TGF-3 were significantly high-
er in the CD8" T+MO group than CD8" T+
MO+celecoxib group (Figure 5E and 5F). Me-
anwhile, ELISA results of CD8* T cells sorted
from tumor tissues showed that CD8* T cells in
the CD8* T+MO+celecoxib group contained
more IFN-y and Granzyme B than that of the
CD8* T+MO group (Figure 5G and 5H). The
Automated Western blot results of the CD8*
T+MO and CD8* T+MO+celecoxib groups show-
ed no significant difference in the amount of
total Smad2 and Smad3 protein, but the
amounts of pPSmad2, pSmad3 and FoxP1 in the
CD8* T+MO group were significantly higher than
that of CD8" T+MO+celecoxib group (Figure
5I-N).

Discussion

Promising advances have been achieved in the
field of cancer immunotherapy as a result of
great research work on the mechanisms that
regulate antitumor T cell responses, including
eventual translation of these concepts to the
clinic. This has attracted more attentions to
effective cytotoxicity and the different tumor-
cell-intrinsic and -extrinsic factors that would

Am J Transl Res 2021;13(5):4360-4375
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Figure 4. Validation of the TGF-B pathway. A. Western results for members of the TGF-B pathway. B-F. Statistical
analysis of TGF-f3 pathway data. Values are the mean + SEM of a minimum of 3 independent experiments. *P<0.05;

**P<0.005; ***P<0.0005; ****P<0.0001.

result in resistance to T cell-based immuno-
therapy. Here, depending on multicellular co-
culture models, we successfully demonstrate
the exhaustion of anti-tumor abilities in activat-
ed CD8" T cell caused by high COX-2-expressing
HCC cell lines through M2 TAMs polarization
and TGF beta pathway.

According to previous studies, COX-2, which is
frequently expressed in many types of cancers
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and associated with poor prognosis, is a stimu-
lator of cancer stem cell-like activity, apoptotic
resistance, proliferation, angiogenesis, inflam-
mation, invasion, and metastasis [18], thus,
leading to the clinical application of COX-2
blockade as an effective enhancement of can-
cer chemoprevention [23]. A previous study
demonstrated the important role of COX2 over-
expression in promoting HCC carcinogenesis
[24]. Furthermore, a recent report suggested

Am J Transl Res 2021;13(5):4360-4375
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Figure 5. Verification and analysis of in vivo models. A and B. Results and statistical analysis of different treatment
regimes in NPG mouse after tumor formation. C and D. Flow cytometry results and statistical analysis of M2 macro-
phages (CD163/CD206) derived from human CD14* monocytes in tumor tissues given different treatment regimes.
E. ELISA detection and statistical analysis of PGE2 in in tumor tissues given different treatment methods. F. ELISA
detection and statistical analysis of TGF-B in in tumor tissues given different treatment methods. G and H. ELISA
detection and statistical analysis of IFN-y and Granzyme B in human CD8* T cells after sorting from tumor tissues.
|. Western results for members of the TGF-B pathway. J-N. Statistical analysis of TGF-$ pathway data. Values are the
mean * SEM of a minimum of 3 independent experiments. *P<0.05; **P<0.005; ***P<0.0005; ****P<0.0001.

that high COX2-expressing HCC patients can
have worse prognosis and COX2 blockade
(celecoxib) can suppress HCC cell growth and
invasion [25]. To date, one of the most common
effects from COX-2 during carcinogenesis and
tumor prognosis is mediated through overpro-
duction of PGs, especially PGE2, which have
diverse functions in favor of tumor promotion?®,
Interestingly, one previous report showed that
PGE2 can induce M2 polarization of macro-
phages through regulation of the CREB-KLF4
pathway [26]. To further investigate the role of
COX-2 in HCC TIME, using immunofluorescence
staining, we firstly confirmed that the number
of M2-polarized TAMs (co-expressing CD163
and CD206) increased correspondingly in high
COX2-expressing HCC patients. As an impor-
tant TIME component, M2-polarized TAMs can
affect T cell cytotoxicity, thus promote cellular
exhaustion both in adaptive and innate anti-
tumor responses [27]. Noteworthly, most fac-
ets of this are still incompletely understood in
HCC TIME, and further experimental data are
needed to elucidate its potential role played in
HCC immunotherapy.

In our study, a multilayer co-culture system
which integrated HCC cells with CD14* mono-
cytes and activated CD8* T cells both in vitro
and in NOD-Prkdcsed-l12rg™" mice model was
established. To avoid any nonspecific immune
responses caused by MHC mismatching while
using T cells from different donors, HCC cells
were separated from the immune cells via a 3D
collagen sandwich configuration, according
to our previous HCC tumoroid formation proto-
col with some modifications [28]. We found that
the high COX-2 expression HCC cell line SNU4-
23 could induce more M2 macrophages from
CD14* monocytes than the negative control
HCC cell lines-BEL7402 and SNU423°¢0%2/ with
M2 polarization ratio greater than 80%, most
likely as a result of a significant PGE2 overpro-
duction detected in the medium from SNU423
cells. As expected, after treatment with a selec-
tive COX-2 blockade (celecoxib), our data fur-
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ther verified that COX2/PGE2-dependent M2
TAMs polarization occurred in the HCC TIME.

Our multi-cellular TIME co-culture and animal
platform also provided the first evidence th-
at the high COX2-expressing HCC cell lines
showed a greater ability to exhaust CD8* T cells
mainly mediated by M2 TAMs polarization.
Following 2 days of co-culture, the production
of tumor cells lysing proteins in T cells cultured
with SNU423 (high COX-2 expression) and MO
cells revealed the greatest declining patterns
in comparison with BEL7402, SNU423°%*2/- and
other control groups. In addition, despite of not
being correlated with COX-2 expression, our
study also found the suppression of T cells
cytotoxicity in Tumor-T cell co-culture groups,
and demonstrated that the function of T cells
can be impaired not only by M2 TAMs but also
possibly by other unknown mechanism from
HCC cells themselves which needed further
investigation.

The results of our in vivo experiments are basi-
cally consistent with those of in vitro experi-
ments. In hepatocellular carcinoma tumor tis-
sues with high COX-2 expression (SNU423),
celecoxib inhibits the polarization of CD14*
monocytes into M2 macrophages, thereby re-
ducing its depletion effect on CD8* T cells. In
addition, according to relevant studies, cele-
coxib can inhibit the growth and metastasis of
colon cancer cells by inhibiting the synthesis of
PGE2 [29]. It can also be found from our study
that the tumor growth rate of the group treated
with celecoxib alone was lower than that of the
group treated with PBS, but the tumor growth
rate of the group treated with CD8" T+MO+
celecoxib was lowest, and significantly lower
than that of the CD8" T+MO and celecoxib
groups. According to our in vivo experiment
results, celecoxib may affect the direct effect of
tumor cells on T cells through other unknown
mechanisms besides affecting the polariza-
tion of M2 macrophages, which need further
verification.
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According to Li et al. results that TGF-B mainly
derived from macrophages will damage the
function of T cells, and study, demonstrated by
Stephen et al., that TGF-B inhibits the function
of antitumor T cells by regulating the expres-
sion of FoxP1, to validate the mechanism of T
cell exhaustion in our study, A HCC cell pre-
treated TAMs and T cells co-culture (BEL7402-
T+MO, SNU423-T+M0O and SNU423¢%*2/--T+MOQ)
model was conducted which can also avoid the
interference caused by HCC cells [30, 31]. The
expression of TGF-B pathway related proteins
and FoxP1 in CD8* T cells detected using auto-
mated western technology showed phosph-
orylated Smad2, phosphorylated Smad3 and
FoxP1 was significantly elevated in high COX-2
HCC cell line treated group, indicating that
COX-2 induced M2 TAMs polarization increased
the expression of FoxP1 through the TGF-B
pathway, thus inducing activated CD8" T cells
exhaustion.

In this study, hepatocellular carcinoma cell
lines were mainly used for relevant verification
and analysis, so the results of this study could
not fully reflect the actual clinical situation. In
order to make the results of research closer to
the clinic, in the further process of research, we
can consider the application of primary hepato-
cellular carcinoma cells for verification and
analysis, so as to better apply the results of
research to the clinic.

In conclusion, our research date provides the
rational that, for HCC patients with high COX-2
expression, COX-2 inhibitors may reduce the
inhibitory effect on CD8* T cells through regu-
lating TAMs in TIME, thus enhance the efficacy
of T cell-based immunotherapy and improve
the prognosis of patients with hepatocellular
carcinoma.
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Supplementary Methods

“Sandwich” cell culture

Place on ice the following:

Collagen type | (cons: 8.43 mg/ml)

Sterile 10X DMEM

Sterile ddH20

Sterile 0.023N NaOH

For 24 well plate, the volume of collagen solution is 100 ul with 1.5 mg/ml (lower) or 1.0 mg/ml (upper).

Lower (1.5 mg/ml):

If the final volume of collagen solution is 1000 ul, 1000*%1.5/8.43 = 178 ul; 178 ul collagen type | is to
add.

The volume of NaOH is same as collagen. 10X DMEM is one tenth of total volume.

H20 volume = (final volume)-(volume collagen)-(volume NaOH)-(10X DMEM)

Collagen-178 ul

10X DMEM-100 ul

NaOH-178 ul

ddH20-544 ul

Upper (1.0 mg/ml):

Collagen-119 ul

10X DMEM-100 ul

NaOH-119 ul

ddH20-662 ul

Mix the contents of tube and hold in ice.

Procedure:

Deliver the collagen solution into well and allow to gel at 37°C for 2 h. Add cells suspension into well,
incubate overnight in 37°C.

Wash the cell 2 times with sterile PBS.

Deliver the collagen solution into well and allow to gel 37°C for 2 h. Add 250 ul culture solution per well.

Immunofluorescence staining (2D-12 wells)

Wash the wells with pre-warmed PBS (500 ul per well) 1-2 times.

Fix the samples with 4% paraformaldehyde/PBS pH 7.4 (500 ul per well) for 15 min at room
temperature.

Wash samples 3 times with ice cold PBS (500 pl per well), 5 min each.

Proceed with staining or store at 4°C until staining.

Make the Wash Buffer (PBS, 0.1% BSA, and 0.1% Tween) and Blocking Buffer (PBS, 10% NGS/NDS, 1%
BSA, 0.1% Tween, and 0.1% Triton X-100) before starting the staining.

Wash the samples 2 times with 500 pl PBS (4°C stock samples).

Wash the samples 3 times with 500 pyl Wash Buffer, 5 min each wash.

Block and permeabilize samples for 1 hr with blocking Buffer.

Aspirate blocking buffer and apply Primary antibody diluted in blocking buffer: COX-2-1:200, and incu-
bate overnight at 4°C.

Wash the samples 3 times with 500 pl Wash buffer, 5 min each wash.

Apply Second antibody diluted in blocking buffer: Donkey anti rabbit Alexa 488-1:250, and incubate 1
hr at room temperature.

Wash the samples 3 times with 500 pl Wash buffer, 5 min each wash.

Wash 2 times with PBS, and incubate samples in 500 pl 1 ug/mL Hoechst 33342 in dark for 1 min.
Then wash 3 times with PBS and proceed with imaging. For long-term storage, store the samples in the
dark at 4°C.

1
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Immunofluorescence staining (Paraffin section)

A. Dewaxing/rehydration

Note: Make sure to keep the slices moist at all times during the process

1. Turn on the exhaust air to high grade

2. Incubate the slices in xylene solution for 5 minutes and 3 times

3. Incubate the slices in 100% ethanol for 5 minutes

4. Incubate the slices in 95%, 70% and 50% ethanol successively for 5 minutes each time
5. Hydrate with ddH20 for 5 min and put into PBS

B. Antigen repair

1. Transfer the loading sheet to the pressure cooker and add the appropriate antigen-repair buffer to the
pressure cooker suitable for microwave oven (see Appendix 1 for recipe).

2. Seal pressure lid according to manufacturer’s instructions

3. Turn the microwave on high and time it for 15 minutes

4. After 15 minutes, turn off the microwave oven and cool the pressure cooker at room temperature for
40 min (set up a blocking buffer and see attachment 2 for the formula).

C. Incubate primary antibody

1. Wash the slides with PBS solution for 3 times, 5 min each

2. Add NaBH4 to the new PBS solution with a concentration of 0.1%. Immediately after the bubbles
appear, put the slides into PBS solution and incubate the slides at room temperature for 30 min

3. Wash the slides with PBS solution for 3 times, 5min each

4. Suck out the liquid on the tissue, and incubate the sheet with blocking buffer at room temperature
for 1 hour

5. Suck the liquid from the tissue, then move the wet box into the refrigerator at 4°C and incubate with
the primary antibody (COX2-1:200, CD163-1:200, CD206-1:200)

6. Incubate at 4°C overnight

D. Incubate fluorescent secondary antibody

1. Dilute the fluorophore coupling secondary antibody with blocking Buffer (before absorbing the sec-
ondary resistor, shock the vertex secondary resistor for 10 s, then add the secondary resistor to the
blocking buffer for dilution, wrap the EP tube or 15 ml centrifuge tube in foil and store at 4°C)

2. Wash the slides in PBS solution three times, 5 min each time (if washed in glass, wrap them in tin
foil).

3. Use the vertex shakily diluted secondary antibody for 10 s to absorb the fluid from the tissues and
coat the secondary antibody on the tissues

4. Incubate at room temperature for 1 hour

To avoid the photobleaching effect, these operations should be performed in the dark.

5. Wash with PBS solution 3 times, 5 min each time (if washing with glass, wrap with tin foil)

6. Nuclear staining with anti-quenchants with DAPI, cover with cover glass, after exhaust bubble, seal
with nail oil, and store at 4°C for photography

The fluorescence staining was generally observed within 1 h, or stored at 4°C for 4 h, which would
weaken the fluorescence for too long

Antigen repair solution formulation

Sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0)

e (Dihydrate) 2.94 g trisodium citrate

e Distilled water 1 L

e Mix and dissolve, adjust pH to 6.0 with 1N HCI.

e Add 0.5 ml Tween 20 and mix well. Store at room temperature for 3 months or before storage
e Long-term storage at 4°C
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Blocking buffer formula
® 2% NGS or NDS

e 1% BSA

e 0.1% of Triton X-100
e 0.1% Tween

e PBS

Immunohistochemical Staining (Tissue chips)

I. Preparation of reagents

1. The preparation and use of EDTA antigen repair solution are shown in the product instructions.

2. Preparation of AP-red chromogen (pay attention to shake 4B solution well before preparation)

1) Add 200 ul of reagent 4B (GBI-AP-red activator, shake well before use) to 1 ml of reagent 4A (GBI-Ap-
red substrate), mix well, then add 10 ul of reagent 4C (GBI-AP-red substrate) to the above mixture, mix
well again. (If the amount used is not much at one time, a suitable amount of color developing liquid can
be prepared according to the above proportion).

2) Add 50-100 microliters or enough of the above working fluid to cover the tissue to each section, incu-
bate for 10 minutes, and observe the color development under the microscope. To enhance the dyeing
effect, the liquid can be prepared fresh again and the process can be repeated.

3) Rinse with distilled water to stop color development

3. Preparation of DAB color developing agent

1) The working liquid of DAB is prepared before use. In 1 ml of reagent 3A (DAB diluent), about 50 micro-
liters of reagent 3B (DAB concentrated liquid) is added and evenly mixed, that is, the working liquid of
DAB is prepared. This solution must be used as needed, stored away from light after preparation, and
used up within 7 hours.

Note: THE WORKING liquid of DAB needed in the experiment can also be prepared according to the
above proportion

2) Add the above DAB working liquid enough to cover tissues, and observe the color development under
the microscope, which takes about 5-8 minutes

3) Rinse with distilled water to terminate the reaction. TBS-T rinse, 2 min x 3 times

Il. Experimental steps

1. Paraffin section, dewaxing to water.

2. Tbs-t buffer was cleaned for 3 times, 2 min/each time.

3. If necessary, the tissue sections should be repaired with antigens according to the primary antibody
repair method provided by the manufacturer.

High pressure repair may refer to the following: preheat repair fluid pressure cooker, after boiling will be
placed in the plastics dyeing glass on the shelf in the repair of liquid, must be completely covered, timing
starts when the pressure limiting valve rotating jet 2.5 min, timing and induction cooker from high heat
to medium, timing to leave after the heat source, cold water shower to room temperature, be careful not
to cold water into a pressure cooker.

4. Tbs-t buffer was cleaned for 3-5 times, 2 min/time.

5. Add an appropriate amount of endogenous peroxidase blocker (H202) and incubate at room tem-
perature for 10 min.

6. Clean the distilled water and immunohistochemical stroke circle (2~3 mm away from the tissue when
drawing the circle).

7. Ths-t buffer was cleaned for 3-5 times, 2 min/time.

8. Add an appropriate amount of the mixture of primary antibody, 37°C for 1 hour (when adding primary
antibody, the water on the slices should be shaken clean, and do not dry the slices, COX2-1:200, CD163-
1:200; CD206-1:200).

9. Tbs-t buffer was cleaned for 3-5 times, 2 min/time.

10. Add an appropriate amount of mixed secondary antibody at 37°C for 30 min.

11. Tbs-t buffer was cleaned for 3-5 times, 2 min/time.

12. Add chromogenic agent A for 10-15 min, and the positive color is red.
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13. Tbs-t buffer was cleaned for 3-5 times, 2 min/time.
14. Add color developing agent

Coculture system in vitro

CD8* T cells were divided into four groups: one group was cocultured with the hepatocellular carcinoma
cell lines and CD14* monocytes for 24 hours; one group was cocultured with hepatocellular carcinoma
cell lines alone for 24 hours; one group was cocultured only with CD14* monocytes (induced by hepato-
cellular carcinoma cell lines) for 24 hours (Supplementary material-Figure S1).

During the whole co-culture process, the co-culture system contained 0.5 million hepatocellular carci-
noma lines, 0.1 million primary CD14* monocytes, and 0.1 million primary CD8* T cells. In the process
of exploring the conditions, we also tried to put 0.5 million primary CD8* T cells in the co-culture system,
but the results were not statistically significant, so we finally adopted the co-culture program of 0.1 mil-
lion primary CD8* T cells (Supplementary material-Figure S2).
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Figure S2. Flow cytometry results of 0.5 million CD8* T cells added into the co-culture system.
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Figure S3. Immunohistochemical staining of tissue microarray from 30 patients with hepatocellular carcinoma.
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Figure S4. TGF-3 signaling pathway diagram.



