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Abstract

Inhibiting the cytotoxic T-lymphocyte-associated protein-4 (CTLA-4)-mediated immune
checkpoint system using an anti-CTLA-4 antibody (Ab) can suppress the growth of various
cancers, but the detailed mechanisms are unclear. In this study, we established a monoclo-
nal hepatocellular carcinoma cell line (Hepa1-6 #12) and analyzed the mechanisms associ-
ated with anti-CTLA-4 Ab treatment. Depletion of CD4* T cells, but not CD8" T cells,
prevented anti-CTLA-4 Ab-mediated anti-tumor effects, suggesting dependence on CD4* T
cells. Anti-CTLA-4 Ab treatment resulted in recruitment of interferon-gamma (IFN-g)-pro-
ducing CD4* T cells, called T-helper 1 (Th1), into tumors, and neutralization of IFN-g abro-
gated the anti-tumor effects. Moreover, tumor growth suppression did not require major
histocompatibility complex (MHC)-I or MHC-II expression on cancer cells. In vitro studies
showed that IFN-g can induce cell cycle arrest and apoptosis in tumor cells. Taken together,
these data demonstrate that anti-CTLA-4 Ab can exert its anti-tumor effects through Th1-
mediated cell cycle arrest and apoptosis.

Introduction

Despite advancements in drug discovery, cancer remains one of the top 10 causes of death
worldwide [1], suggesting that novel treatment methods are still needed. Immunotherapy has
become a focus of cancer research. Immune checkpoint inhibitors, such as anti-cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4) antibodies (Abs), have been attracting attention
as breakthrough anti-cancer therapies in recent years. Ipilimumab, a monoclonal Ab that
inhibits CTLA-4 on T cells, became the world’s first approved immune checkpoint inhibitor in
2011 for treating advanced melanoma. Since then, it has been expanded to treat other various
cancers, such as metastatic renal cell carcinoma, metastatic colorectal cancer, and hepatocellu-
lar carcinoma [2].

CTLA-4isa T cell surface protein whose expression increases upon activation. It is known
to bind to CD80/86 on antigen-presenting cells and inhibit T cell activation. Most of the
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extracellular suppressive function of CTLA-4 is mediated by regulatory T cells (Tregs) [3].
Therefore, inhibition of CTLA-4 has been thought to directly activate T cells and release T
cell-mediated immunosuppression by Tregs, resulting in long-term anti-tumor effects. In fact,
anti-CTLA-4 Abs have shown potent efficacy in preclinical studies. However, their clinical use
has raised unexpected issues. For example, it is becoming clear that their efficacy is limited to a
certain subgroup of cancer patients [4, 5]. In addition, their use in the clinic has been limited
due to their strong side effects, such as severe diarrhea, colitis, and hypophysitis [4, 6]. Thus, a
better understanding of the detailed mechanism underlying anti-CTLA-4 treatment efficacy
may lead to the development of drugs with fewer side effects and potent anti-tumor effects.

Some studies have proposed that CD8" T cells are involved in the anti-tumor effects of anti-
CTLA-4 Abs and drug discovery targeting CD8" T cells is progressing worldwide. On the
other hand, the pathophysiological roles of CD4™ T cells in anti-CTLA-4 therapy remains to be
fully elucidated. In the clinic, activation of CD4" T cells by anti-CTLA-4 Abs has been
observed [7]. In this study, a mouse tumor model Hepal-6, which is sensitive to CD4" T cell
activity, was used to conduct mechanistic analysis of an anti-CTLA-4 Ab [8]. Our results
revealed that IFN-g produced by T-helper 1 (Th1) plays an important role in the elimination
of hepatocellular carcinoma mediated by an anti-CTLA-4 Ab. This highlights the importance
of CD4" T cells in tumor immunity.

Materials and methods
Mice

C57BL/6 mice and BALB/c mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). They
were kept under specific pathogen-free conditions. Cells were injected when the mice were
6-9 weeks old. All experiments were conducted in accordance with the Act on Welfare and
Management of Animals in Japan and the Guide for the Care and Use of Laboratory Animals.
The animal study protocol was approved by the Institutional Animal Care and Use Committee
of Shionogi & Co., Ltd., which is accredited by AAALAC International. The mice were euthan-
atized by using carbon dioxide.

Cell culture and chemicals

Murine tumor cell lines Hepal-6, CT26. WT, and EMT6 were purchased from American Type
Culture Collection (Manassas, VA, USA) and MB49 cells were purchased from EMD Millipore
Corporation (Burlington, MA, USA). These cell lines were cultured in DMEM (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone,
Logan, UT, USA), 100 units/mL penicillin, and 100 ug/mL streptomycin (Nacalai tesque,
Kyoto, Japan) at 37°C and 5% CO,. Mycoplasma-negative cells were purchased and used.

Establishment of Hepal-6 #12 cell lines

Hepal-6 cells were harvested, and one to two million cells were injected subcutaneously into
the mouse. Two months later, the tumor was retrieved and injected subcutaneously into
another mouse. Following an additional two months, the tumor was collected and treated with
collagenase. Single cell suspensions were seeded into a 96-well plate at a limiting dilution and
several single colonies were selected. Clone #12 (Hepal-6 #12) was selected for its high in vitro
growth activity and stable in vivo viability.
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In vivo tumor experiments

Hepal-6 #12 cells were harvested, and one to two million cells were suspended in PBS. Then
these cells were resuspended in an equal volume of growth factor-reduced Matrigel (Corning,
Corning, NY, USA). The prepared cell suspension was then injected subcutaneously into the
right back of the mouse (day 0). Tumor volume was measured at least twice a week with a digi-
tal caliper. Mice were euthanized when tumor volume reached 2,000 mm®. In all studies, mice
were injected with 200 pg anti-CTLA-4 AD (cat. No. BE0164, clone 9D9; BioXcell, Lebanon,
NH, USA) at intervals of 3 or 4 days from day 5. For the isotype control, 200 ug mouse IgG2b
(cat. No. BE0086, clone MPC-11; BioXcell) was used. 250 pg anti-CD4 Ab (cat. No. BE0003-1,
clone GK1.5; BioXcell) or 250 pg anti-CD8B Ab (cat. No. BE0223, clone 53-5.8; BioXcell) was
used for T cell depletion, and 200 pg anti-CD193 Ab (cat. No. BE0316, clone 652-19-4; BioX-
cell) was used for eosinophil depletion. For IFN-g neutralization, 250 pg anti-IFN-g Ab (cat.
No. I-438, clone H22; Leinco Technologies, St. Louis, MO, USA) or isotype (cat. No. I-140,
clone PIP; Leinco Technologies) was used. All Abs were administered intraperitoneally as
described in the figure legends.

Antibodies

Abs for flow cytometry (FCM) or immunohistochemistry (IHC) were purchased from BioLe-
gend (San Diego, CA, USA), eBioscience (Thermo Fisher Scientific, Waltham, MA, USA), BD
Biosciences (Franklin Lakes, NJ, USA) and Cell Signaling Technology (Danvers, MA, USA).
The Ab list is shown in Table 1.

Flow cytometry (FCM)

To analyze tumor infiltrating lymphocytes (TILs), tumor tissues were resected from mice,
minced with scissors, then incubated in 1 mL of the tumor dissociation buffer (50 U/mL
DNase I (Worthington Biochemical, Lakewood, NJ, USA) and 100 pg/mL Collagenase type IA
(Sigma-Aldrich) in RPMI) for 40-60 minutes (min) at 37°C under continuous rotation. Cells
were washed with FCM buffer (2% FBS, 5 mM EDTA, and 5 mM HEPES in Phenol red free
Hank’s (Sigma-Aldrich)) and filtered through 100 um nylon mesh. After being treated with
red blood lysis buffer solution, cells were resuspended in 20% Percoll Plus (GE Healthcare,
Chicago, IL, USA) to isolate tumor cells and TILs. After blocking with FcR blocking solution
(Miltenyi Biotec, Bergisch Gladbach, Germany), each Ab was added at the concentration
described in Supplementary Datal and incubated for 30 min at 4°C in the dark. The Foxp3
staining kit (eBioscience) was used for intracellular staining. We used DAPI (Dojindo, Kuma-
moto, Japan), eBioscience™ Fixable Viability Dye eFluor™ 780 (Invitrogen) or the Zombie NIR
Fixable Viability kit (BioLegend) to stain dead cells. To analyze cytokine production, cells were
stimulated with 2 uL/mL Cell Stimulation Cocktail (Thermo Fisher Scientific) and BD Golgi-
stop (BD Bioscience) for 4 hr at 37°C before FcR blocking. To detect expression of MHC-I in
Hepal-6 #12 cell lines in vitro, cells were stimulated with 100 ng/mL Recombinant Mouse
IFN-g (carrier-free) (rMulFN-g: BioLegend) for 48 hr at 37°C. Data were acquired using
MACSQuant (Miltenyi Biotec), NovoCyte (Agilent Technologies, Santa Clara, CA, USA), or
Spectral Cell Analyzer ID7000 (Sony, Tokyo, Japan).

Immunohistochemistry (IHC)

To analyze the tumor microenvironment, tumor tissues were collected and fixed with 4% para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) overnight at 4°C. Section
preparation and staining for CD4, CD8, and FOXP3 were performed by Applied Medical
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Table 1.

Antibodies for FCM

Protein Clone Manufacturer Concentration
Argl AlexF5 Invitrogen 1:100
CD3 145-2C11 BioLegend 1:200
CD4 RM4-5 BioLegend 1:100
CD8o 53-6.7 BioLegend 1:200
CD8a 53-6.7 BioLegend 1:200
CD11b M1/70 eBioscience 1:200
CD19 6D5 BioLegend 1:200
CD45 30F-11 BioLegend 1:200
CD193 JO73E5 BioLegend 1:200
CD326 G8.8 BioLegend 1:200
F4/80 BM8 BioLegend 1:200
Foxp3 FJK-16s eBioscience 1:100
Gata3 TWAJ eBioscience 1:100
H-2Db KH95 BioLegend 1:200
H-2Kb AF6-88.5 BioLegend 1:200
I-A/1-E M5/114.15.2 BioLegend 1:200
IFNY XMG1.2 BioLegend 1:100
Ly6C HK1.4 BioLegend 1:200
Ly6G 1A8 BioLegend 1:200
NKI.1 PK136 BioLegend 1:200
NOS2 CXNFT eBioscience 1:100
Roryt B2D eBioscience 1:100
Siglec-F E50-2440 BD Biosciences 1:200
T-bet 4B10 BioLegend 1:100
TCR-B H57-597 BioLegend 1:200
Antibodies for THC

Protein Clone Manufacturer Concentration
CD4 D7D2Z Cell Signaling Technology 1:400
CD8a. D4W27Z Cell Signaling Technology 1:1600
CD31 MEC13.3 BioLegend 1:100
Foxp3 D608R Cell Signaling Technology 1:1600
NG2 polyclonal Merck Millipore 1:200
aSMA D4K9N Cell Signaling Technology 1:100

https://doi.org/10.1371/journal.pone.0305984.t001

Research Laboratory. For analyzing frozen sections, slides were washed with PBS to remove
OCT compound and blocked with blocking buffer (5% goat serum and 0.3% TritonX-100 in
PBS) for 1 hr, then incubated with primary Abs overnight at 4°C. After washing, the sections
were incubated with secondary Abs for 1 hr at room temperature in the dark, then mounted
with ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific). All sections
were analyzed with HALO Image Analysis software (Indica Labs, Albuquerque, NM, USA).

Generation of $2m and MHC-II-KO Hepal-6#12 cell lines using CRISPR/

Cas9

To generate Hepal-6 #12 cell lines lacking B2m or MHC-II expression, we used previously
reported single-guide RNAs (sgRNAs) [9, 10]. The sgRNAs were subcloned into the GeneArt™
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Table 3. Primers for RNA-sequencing.

Gene
p2m

H2-Aal

https://doi.org/10.1371/journal.pone.0305984.t003

Table 2. sgRNAs for CRISPR/Cas9.

Gene Sequence
B2m 5" -TCGGCTTCCCATTCTCCGGT-3"
H2-Aal 5’ ~-GGAGGTGAAGACGACATTGA-3"

https://doi.org/10.1371/journal.pone.0305984.t1002

CRISPR Nuclease OFP Vector (Invitrogen). Cells were transfected with 2.5 pug plasmid DNA
in a culture plate using Lipofectamine 3000 (Invitrogen) per the manufacturer’s protocol. Two
days later, OFP vector-positive cells were single-cell sorted using a FACSAria-II Cell Sorter
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and further expanded. The
sgRNA list is shown in Table 2.

RNA-sequencing

RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, NRW, Germany). Isolated
RNA was immediately converted to cDNA using PrimeSTAR MAX DNA Polymerase (Takara
Bio, Shiga, Japan). Then, cDNA was cleaned up using ExoSap-IT Express (Thermo Fisher Sci-
entific) and purified for sequencing using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Thermo Fisher Scientific). Sanger sequencing was then performed on the samples using a
3130xl genetic analyzer (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA)
to confirm disruption of the target locus. The primer list is shown in Table 3.

Cell viability assay

Hepal-6 #12 cells (1/10° cells/well) were cultured with 100 ng/mL rMulFN-g. 96 hr later, the
percentages of viable cells were measured by WST-8 assay (Kishida Chemical, Osaka, Japan)
per the manufacturer’s protocol. For apoptosis detection, Hepal-6 #12 cells (1210 cells/well)
were cultured with 100 ng/mL rMulFN-g. After 96 hr, the cells were examined with Annexin
V-FITC Apoptosis Detection Kit (eBioscience) per the manufacturer’s protocols.

Cell cycle analysis

Hepal-6 #12 cells (1710° cells/dish) were cultured with 100 ng/mL rMuIFN-g and incubated
for 96 hr at 37°C. After PBS washes, the cells were fixed in cold 70% ethanol for 2-3 days at
4°C. After three PBS washes, the cells were then treated with 250 pg/mL Ribonuclease (Nippon
gene, Tokyo, Japan) for 1 hr at 37°C. 50 pg/mL propidium iodide (PI; Sigma-Aldrich) was
added and shielded from light for 30 min. The samples were measured with MACSQuant.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software, Inc.,
San Diego, CA, USA). One-way ANOVA followed by Dunnett’s test, One-way ANOVA

Direction Sequence

Forward 5’ -TGTGCAGAATGGGATGTGAC-3"
Reverse 5’ ~GGCACCACAGATCAGTCTTTTGG-3
Forward 5’ -CTGGCAACTTTGACGTCATC-3’
Reverse 5/ -TTTCTTCCTTCCCTCACTGG-3’
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followed by Tukey’s test or Mann-Whitney test was used for in vivo comparisons and Welch’s
t-test for in vitro comparisons. P-values < 0.05 were considered statistically significant.

Results

CDA4" T cells are essential for anti-CTLA-4 treatment against tumor growth
in Hepal-6 model

First, we tested the anti-tumor effects of the anti-CTLA-4 Ab in mouse models of bladder can-
cer (MB49), breast cancer (EMT6), colorectal cancer (CT26WT), and liver cancer (Hepal-6).
The results showed that the anti-CTLA-4 Ab had potent efficacy in all models (Fig 1A). To
analyze the CD4" T cell-mediated mechanism by anti-CTLA-4 Ab, this study focused on
Hepal-6 model, which is sensitive to CD4" T cell activity [8]. We examined whether T cells
are involved in the observed anti-tumor effects of anti-CTLA-4 Ab treatment. The depletion of
CDA4" T cells prevented anti-tumor effects of the anti-CTLA-4 Ab, whereas depletion of CD8"
T cells had little effect in the Hepal-6 model. This suggests that the efficacy of the anti-CTLA-
4 Ab depends mainly on CD4" T cells in this model (Fig 1B). We next generated a sub strain
because the heterogeneity of Hepal-6 cells was not suitable for further detailed mechanistic
analysis using knocked out (KO) strains. Among the sub-strains generated, #12 was judged to
be the most suitable for the analysis because of its in vitro growth ability and in vivo stability.
Therefore, #12 was used in future studies. Similar to the parental strain, anti-CTLA-4 Ab effi-
cacy was dependent on CD4" T cell activity in this sub-strain (Fig 1C).

The anti-CTLA-4 Ab can induce Th1 infiltration

Next, we analyzed tumor-infiltrating T cells in the Hepal-6#12 model by immunohistochemis-
try (IHC) and Flow cytometry (FCM). Analysis of intratumoral TILs (iTILs) within the cancer
cell nests using HALO software showed that administration of the anti-CTLA-4 Ab signifi-
cantly increased the infiltration of CD4" T cells into the tumor (Fig 2A and 2B). FCM analysis
also revealed that administration of the anti-CTLA-4 Ab increased CD4" T cell infiltration
into the tumor (Fig 2C). However, no changes were observed in CD8" T cell, natural killer
(NK) cell, or B cell infiltration (Fig 2C, S1A Fig). Furthermore, Th1, Th2, Th17, and Treg
markers (T-box expressed in T cells (T-bet), GATA binding protein 3 (GATA3), Retinoic acid
receptor-related orphan receptor-gt (Rorgt), and Forkhead box P3 (Foxp3)) were stained for
CDA4" T cell subset analysis. These results showed that many Th1, which release IFN-g, infil-
trated into the tumor (Fig 2D and 2E, S1B Fig). Similar results were obtained for the parent
Hepal-6 model (SIC-S1E Fig).

Hepal-6 #12 tumor rejection induced by anti-CTLA-4 Ab treatment was
independent of MHC-I and MHC-II expression on tumor cells

One possible anti-tumor mechanism mediated by CD4" T cells is CD4" T cells recognize
MHC-II on cancer cells and eliminate the tumor [11]. To determine whether the antitumor
effects of the anti-CTLA-4 Ab depends on direct MHC-mediated recognition of cancer cells
by T cells, we generated Hepal-6 #12 cells with beta-2 microglobulin (2m) or MHC-II
expression KO using the CRISPR-Cas9 technique. The deletion of MHC-I in B2M KO cells
was confirmed as follows (Fig 3A): In wild type Hepal-6 #12 cells, both H2Kb and H2Db,
MHC-I markers, are expressed only at undetectable levels in vitro; however, H2Db, but not
H2Kb, was increased by the stimulation with IFN-g. In contrast, neither H2Kb nor H2Db was
not detected in B2M KO cells either in the presence or absence of IFN-g in vitro. Since
MHC-II was not detected in wild type Hepal-6 #12 cells either in the presence or absence of
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Fig 1. CD4" T cells play a crucial role in immune checkpoint inhibitor treatment against tumor growth. Tumor growth of (A)
MB49 (n =7), EMT-6 (n =5), CT26WT (n = 7) and Hepal-6 (n = 5) tumors with or without anti-CTLA-4 Ab treatment (n = 7).
The average tumor volume is shown as the mean + standard error of the mean (SEM). * P < 0.05, ** P < 0.01, *** P < 0.001 by
Mann-Whitney test at the endpoint. (B, C) Tumor growth of Hepal-6 or Hepal-6#12 tumors with or without anti-CTLA-4 Ab co-
administered with a depleting Ab against CD4" or CD8" T cells. These depletion Abs were injected via intraperitoneal
administration starting 2 days prior to tumor cell injection and continued weekly. The average tumor volume is shown as the
mean + SEM (n = 7-8). * P < 0.05, ** P < 0.01, *** P < 0.001 by one-way ANOVA followed by Dunnett’s test at the endpoint.

https://doi.org/10.1371/journal.pone.0305984.g001
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Fig 2. Anti-CTLA-4 Ab treatment induces Th1 cell infiltration. Hepal-6#12 tumors were treated with a mouse

IFN-g

IFN-g

IgG2b control Ab or anti-CTLA-4 Ab on days 5, 8, and 11. (A, B) Murine tumor sections were prepared on days 10
and 14 after injection. The sections were histologically and immunohistochemically analyzed by staining for CD8",
CD4", and Foxp3" cells. Images were analyzed using HALO software. (A) Representative images are shown. (B)
Quantification of TILs. Each cell density is shown as the mean + SEM (n = 8). ** P < 0.01, *** P < 0.001 by Mann-
Whitney test. (C-E) TILs were analyzed on days 10 and 14 by FCM. Percentage of each cell is shown as the
mean + SEM (n =7-8). * P < 0.05, ** P < 0.01, *** P < 0.001 by Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0305984.9g002
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Fig 3. Hepal-6 #12 tumor rejection induced by anti-CTLA-4 Ab treatment does not depend on MHC-I and MHC-II
expression on tumor cells. (A) In vitro expression of MHC-I on wild-type or f2m KO Hepal-6 #12 tumor cells. (B) In vitro
expression of MHC-II on wild-type Hepal-6 #12 tumor cells and in vivo expression of MHC-I and MHC-II evaluated 14 days
after inoculation of wild-type or MHC-II KO Hepal-6 #12 tumor cells. Tumor growth of (C) p2m- or (D) MHC-II-KO
Hepal-6 #12 tumors with or without anti-CTLA-4 Ab treatment on days 5, 8, 11, and 15. The average tumor volume is shown
as the mean + SEM (n = 7-8). ** P < 0.01, *** P < 0.001 by Mann-Whitney test at the endpoint. Data are representative of
studies with two different KO clones.

https://doi.org/10.1371/journal.pone.0305984.g003
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IFN-g in vitro, we examined whether MHC-II expression was upregulated in vivo (Fig 3B).
The expression of MHC-II was upregulated in wild type Hepal-6 #12 cells in vivo, while
MHC-II KO cells failed to express MHC-II, indicating that MHC-II was successfully ablated
in MHC-II KO cells. The KO strains exhibited growth activity comparable to that of the wild-
type #12 (Fig 3C and 3D). Anti-CTLA-4 Ab exerted its anti-tumor effects in mice transplanted
with either KO cell line. We also obtained comparable results with another KO cell line (data
not shown). These results indicate that the expression of MHC-I and MHC-II on cancer cells
is not necessary for anti-CTLA-4 Ab treatment.

IFN-g contributes to the rejection of Hepal-6 #12 tumor cells by the anti-
CTLA-4 Ab

Next, we examined the role of IFN-g produced by Th1 on tumor elimination by anti-CTLA-4
Ab. IFN-g neutralizing Ab could negate the efficacy of anti-CTLA-4 Ab treatment (Fig 4A,
S2A Fig). In addition, the numbers of tumor infiltrated CD4", CD8", and Foxp3™ cells were
evaluated by IHC. CD4" cells, which had infiltrated into the tumor following anti-CTLA-4 Ab
administration, showed a significant decrease in infiltration ability when combined with the
IFN-g neutralizing Ab. However, treatment with the IFN-g neutralizing Ab alone showed no
difference in CD4" cell infiltration when compared with the controls (Fig 4B and 4C). Further-
more, treatment with the anti-CTLA-4 or IFN-g neutralizing Ab had no effects on CD8" or
Foxp3™ cell infiltration into the tumor. These results indicate that IFN-g produced by CD4" T
cells can accelerate infiltration of CD4" cells during the tumor cell elimination process by the
anti-CTLA-4 Ab.

IFN-g can induce cell cycle arrest and apoptosis in Hepal-6 #12 tumor cells

Biological activities of IFN-g produced by CD4™ T cells have been reported to include the fol-
lowing: 1) enhanced anti-tumor activity through activation/anti-tiredness of CD8" T cells
[12], 2) enhanced inflammatory response through immune cells such as macrophages [13], 3)
enhanced antigen presentation to cancer cells and growth inhibition [14], and 4) anti-tumor
effects through regulation of the tumor blood vessels [15]. Next, we examined the contribution
of myeloid cells, such as macrophages. Intratumor infiltration of macrophages, monocytic
myeloid-derived suppressor cells (Mo-MDSCs), granulocytic MDSCs (Gr-MDSCs), and
eosinophils were evaluated after administration of anti-CTLA-4 Ab (S3A and S3B Fig). Eosin-
ophils infiltrated into the tumor after administration of the anti-CTLA-4 Ab, but depletion of
eosinophils by anti-CD193 Ab treatment did not cancel the anti-tumor effect of the anti-
CTLA-4 Ab (S3C Fig). M1 or M2 macrophage infiltration was also examined, but no changes
that might contribute to the drug effect of the anti-CTLA-4 Ab were observed. This suggests
that eosinophils and macrophages may not be involved in the drug efficacy. The effects of Ab
treatment on blood vessels were also examined, but again no changes were observed (S4A-
S4C Fig). Therefore, we addressed the possibility that IFN-g can directly act on cancer cell
cycles. Since it was difficult to evaluate cancer cell apoptosis in vivo due to technical difficulty,
we examined the effect of anti-CTLA-4 on Hepal-6 cells in vitro. Recombinant IFN-g (100 ng/
mL) was added to cultured Hepal-6 #12 cells, then cell viability assays were performed 96
hours (hr) later (Fig 5A). The percentage of viable cells decreased by IFN-g treatment. Further-
more, IFN-g could induce cell cycle arrest in cancer cells, as well as apoptosis (Fig 5B and 5C).
These results suggest that Th1 activated by anti-CTLA-4 Ab treatment exert anti-tumor effects
by producing IFN-g and this can affect the cell cycle of cancer cells. Similar result was obtained
for the parent Hepal-6 (S5A Fig).
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Fig 4. IFN-g is important for rejection of Hepal-6 #12 tumors by anti-CTLA-4 Ab. (A) Tumor growth of Hepal-6 #12
tumors with control or anti-CTLA-4 Ab treatment on days 5, 8, and 11 co-administered with IFN-g neutralizing Ab on days 3,
7, and 10. The average tumor volume is shown as the mean + SEM (n = 8). * P < 0.05, ** P < 0.01 by one-way ANOVA
followed by Dunnett’s test at the endpoint. (B, C) Murine tumor sections were prepared on day 11. The sections were
histologically and immunohistochemically analyzed by staining for CD8", CD4", and Foxp3" cells. Images were analyzed using
HALO software. (B) Representative images are shown. (C) Quantification of TILs. Each cell density is shown as the

mean + SEM (n =6). * P < 0.05,** P < 0.01, *** P < 0.001, **** P < 0.0001 by one-way ANOVA followed by Tukey’s test.

https://doi.org/10.1371/journal.pone.0305984.9004
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Fig 5. IFN-g can induce cell cycle arrest and apoptosis in Hepal-6 #12 cells. (A) Analysis of cell viability was performed by
WST-8 assays after IFN-g addition. (B) Cell cycle progression was evaluated by FCM after IFN-g addition. (C) Apoptotic cells
were evaluated by FCM using Apoptosis detection kit after IFN-g addition. Data are shown as the mean + SEM (n = 4). *

P < 0.05, **P < 0.0001 by Welch’s t-test.

https://doi.org/10.1371/journal.pone.0305984.9005

Discussion

To investigate the mechanism of action of anti-CTLA-4 Ab, with a particular focus on CD4" T
cells, we performed a detailed analysis using the CD4" T cell-sensitive Hepal-6 model in this
study. We showed that the anti-tumor effects of anti-CTLA-4 therapy were dependent on
CDA4" T cells, but not CD8" T cells in this model. Our data also suggested that anti-CTLA-4
Ab treatment led to Th1 accumulation in tumors, and IFN-g produced by these cells could
induce cell cycle arrest and apoptosis in tumor cells, thereby possibly leading to tumor elimina-
tion. Moreover, this mechanism of action did not require MHC-I or MHC-II expression on
cancer cells, suggesting that Th1-mediated anti-tumor effect of anti-CTLA-4 Ab may not be
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due to direct killing by CD4" T cells. Importantly, no decrease in Treg abundance was
observed in our experiments, although Treg depletion by anti-CTLA-4 Ab treatment has been
reported to contribute to tumor elimination [16, 17]. Therefore, it could be proposed that this
anti-CTLA-4 Ab can exhibit anti-tumor effects, at least partially, by enhancing Th1 function
without depletion of Tregs. The clinically used anti-CTLA-4 Abs, ipilimumab and tremelimu-
mab, have different Ab isotypes, with ipilimumab being a fully human IgG1 Ab and tremeli-
mumab being a fully human IgG2 Ab. Although IgG1 Abs are known to mediate Ab-
dependent cellular cytotoxicity (ADCC) more effectively than IgG2 Abs based on their binding
affinities for human Fc receptors, ipilimumab and tremelimumab have similar response rates.
Thus, Wei et al. suggested that the efficacy of anti-CTLA-4 Abs is derived from an enhance-
ment of effector function rather than depletion [3], which is consistent with our findings. It
has been reported that drug administration induces changes in Treg function, i.e. release of
immunosuppressive mechanisms, increased CD8" T intratumoral infiltration and activation
of CD8" T in the same liver cancer model (Hepal-6) [18]. Since little activation of CD8" T or
increase in intra-tumor infiltration by anti-CTLA-4 Ab was observed in our model, it is
unlikely that Treg function was altered by anti-CTLA-4 Ab.

In recent years, studies have reported that anti-CTLA-4 Ab administration can induce
eosinophil accumulation and normalize blood vessels in breast cancer model mice [19]. In the
present study, we observed an accumulation of eosinophils in tumors following administration
of the anti-CTLA-4 Ab, but these cells were not involved in drug efficacy. The eosinophil accu-
mulation observed here was possibly associated with a slight increase in Th2 cell abundance
induced by anti-CTLA-4 Ab treatment. In addition, many studies have reported that IFN-g is
involved in the pathophysiological regulation of tumor blood vessels, leading to various discus-
sions that tumors can be eliminated by inhibiting angiogenesis [20, 21], regressing the vascula-
ture [22], or normalizing blood vessels [15]. In this study, we also evaluated blood vessel
density and normalization, but no changes were observed. At this time, we cannot completely
explain why our findings are not fully consistent with the previous reports described above.
However, the anti-CTLA-4 Ab possibly exhibits anti-tumor effects through multiple mecha-
nisms that depend on the specific experimental conditions. Although Hepal-6 model was used
in this study, it has also been shown that CD4" T cells, but not CD8" T cells, are important for
the efficacy of ICIs in MCB6C [9]. While the mouse model cannot be directly applied to
human liver or bladder cancer, the results demonstrated that there is at least an immune envi-
ronment in which CD4" T cells are a key member of the tumor elimination mechanism.
Although clinical data on CD4" T cells in immunotherapy are limited, the therapeutic poten-
tial of CD4" T cells has been demonstrated in cholangiocarcinoma and melanoma [23]. We
believe that the mechanism discovered in this study works in these cancers and as a result,
therapeutic effects may be seen.

Anti-CTLA-4 Ab therapy can cause side effects through inducing autoimmune complica-
tions by blocking the B7-CTLA-4 interaction [6]. The data presented here demonstrated that
Th1 play an important role in the pharmacological mechanism of anti-CTLA-4 Ab-mediated
actions in a liver cancer model. Therefore, differentiating naive CD4" T cells into Th1 without
blocking the B7-CTLA-4 interaction may potentially lead to a reduction in the clinically
observed side effects while still maintaining strong anti-tumor efficacy. Naive CD4" T cell dif-
ferentiation into Thl is reportedly mediated by certain cytokines, such as interleukin (IL)-12
and IFN-g [24], as well as by suppressed expression of Gfil and SOCSI [25-27] and these may
be safer, more effective targets. Notably, treatment with an IFN-g neutralizing Ab suppressed
CDA4" cell, presumably CD4" T cells, infiltration into tumors treated with the anti-CTLA-4 Ab,
providing evidence that IFN-g produced from tumor-infiltrating Th1 can accelerate the infil-
tration of CD4" T cells.
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In conclusion, by using this liver tumor cell transplantation model, we demonstrated that
anti-CTLA-4 Ab exhibits anti-tumor effects via the Th1/IFN-g axis. [IFN-g may not only affect
the cell cycle of cancer cells, but also enhance further infiltration of CD4" T cells. Modulation
of the Th1/IFN-g pathway may therefore be a novel therapeutic strategy for fighting cancer.

Supporting information

S1 Fig. Parent Hepal-6 cells has a similar profile to the sub strain #12. (A) Gating strategies
to detect lymphocytes. (B) Gating strategies to detect CD4" T cell subsets. (C-E) Hepal-6
tumors were treated with a mouse IgG2b control Ab or anti-CTLA-4 Ab on days 5, 8, and 11.
(C) Murine tumor sections were prepared on days 10 and 14 after injection. The sections were
histologically and immunohistochemically analyzed by staining for CD8", CD4", and Foxp3™
cells. Images were analyzed using HALO software. Quantification of TILs. Each cell density is
shown as the mean + SEM (n = 5). * P < 0.05, ** P < 0.01 by Mann-Whitney test. (D, E) TILs
were analyzed on days 10 and 14 by FCM. Percentage of each cell is shown as the mean + SEM
(n=5)." P <0.05,**P < 0.01 by Mann-Whitney test.

(TIF)

S2 Fig. The anti-CTLA-4 Ab has no effect when IFN-g is neutralized. (A) Tumor growth of
Hepal-6 #12 tumors with or without anti-CTLA-4 Ab on days 5, 8, and 11 co-administered
with an IFN-g depleting Ab on days 3, 7, and 10. Quantification of tumor volume at day 11.
Data are shown as the mean +SEM (n = 8). * P < 0.05 by one-way ANOVA followed by Dun-
nett’s test.

(TIF)

S3 Fig. Myeloid cells have a low contribution to the efficacy of anti-CTLA-4 Abs. Tumors
were treated with anti-CTLA-4 Ab or isotype control on days 5, 7, and 10. (A) Gating strategies
to detect myeloid cells. (B) Tumor infiltrated myeloid cells were analyzed on days 10 and 14 by
FCM. NOS2-producing macrophages are referred to as "M1" and arginase 1-producing macro-
phages are referred to as "M2". Percentage of each cell is shown as the mean + SEM (n =7). *

P < 0.05, *** P < 0.001 by Mann-Whitney test. (C) Tumor growth of Hepal-6 #12 tumors
with or without anti-CTLA-4 Ab treatment on days 5, 8, 11, 14, and 18 co-administered with
an eosinophil depleting Ab on days 4, 11, and 18. The average tumor volume is shown as the
mean + SEM (n = 7). **** P < 0.0001 by one-way ANOVA followed by Dunnett’s test at the
endpoint.

(TIF)

S4 Fig. The anti-CTLA-4 Ab does not affect blood vessel maturation. Tumors were treated
with or without anti-CTLA-4 Ab treatment on days 5 and 8 co-administered with an IFN-g
depleting Ab on days 4 and 7. Murine tumor sections were prepared on day 11 and analyzed
using immunofluorescence staining for CD31, alpha-smooth muscle actin (a-SMA), and neu-
ron-glial antigen 2 (NG2). Images were analyzed using HALO software. (A, B) Representative
images are shown. (C) Quantification of mature blood vessel. Data are shown as the

mean + SEM (n = 6). * P < 0.05 by one-way ANOVA followed by Tukey’s test.

(TIF)

S5 Fig. IFN-g decrease cell viability of Hepal-6 cells. (A) Analysis of cell viability was per-
formed by WST-8 assays after IFN-g addition. Data are shown as the mean + SEM
(n=4).* P <0.05by Welch’s t-test.

(TIF)
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