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Abstract: As a potential antitumor drug and chemotherapeutic sensitizer, disulfiram combined with Copper (DSF/
Cu?*) does not exert considerable antitumor effects on an immunocompetent hepatocellular carcinoma (HCC) mod-
el. In this article, we will explore the mechanism underlying the resistance to DSF in HCC. We analyzed the antitumor
effect of DSF/Cu?* in vivo studies. Tumor and immune cells collected from mice were analyzed by flow cytometry.
Then, we analyzed the transcriptional changes in liver cancer cells after DSF/Cu?* treatment by transcriptional ex-
pression profiling. The expression of PD-L1 was detected by real-time PCR, Western blotting and flow cytometry. The
expression of PARP1 and GSK3[ was knocked down by small interfering RNAs (siRNAs). A subcutaneous Hepal-6
tumor model was used for single-drug or combined-drug studies. Tissue chips (268 samples of liver cancer tissue)
were used to analyze the relationship among PARP1, p-GSK3pB and PD-L1. We found that DSF/Cu?* failed to inhibit
HCC tumor growth in C57BL/6 mice. DSF/Cu?* upregulated PD-L1 expression by inhibiting PARP1 activity and en-
hancing GSK3B phosphorylation at Ser9 and ultimately inhibited T cell infiltration. The combination of DSF/Cu?*
and an anti-PD-1 antibody produced an additive effect that slowed HCC growth in mice. In addition, we observed
negative associations between PARP1 and p-GSK3 (Ser9) or PD-L1 expression in tumor tissue samples from HCC
patients. Through in vitro and in vivo studies, we found that DSF/Cu?* could restrain GSK3 activity by inhibiting
PARP1, leading to the upregulation of PD-L1 expression. Combination therapy with DSF/Cu?* and an anti-PD-1 anti-
body showed much better antitumor efficacy than monotherapy.
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Introduction the treatment of advanced HCC. However,

these drugs extend median overall survival for

Hepatocellular carcinoma (HCC) is the fifth
most common cancer in the world and the sec-
ond leading cause of cancer-related death [1].
Current treatments for early-stage HCC include
surgical resection, liver transplantation, and
local radiofrequency (RF) ablation [2], but their
effects still need to be improved. Molecular tar-
geted therapies such as the small-molecule
multikinase inhibitors sorafenib (first-line use)
[3], regorafenib (second-line use) [4] and lenva-
tinib (first-line use) [5] have been approved by
the US Food and Drug Administration (FDA) for

less than 4 months in patients with advanced
HCC, and the overall response rate is extremely
low [6]. Immune checkpoint blockade (ICB) ther-
apy has shown considerable clinical benefit in
patients with various cancers by enhancing the
T cell response and maintaining prolonged anti-
tumor activity [7-10]. Anti-PD1 therapy, which is
approved for treatment of HCC, achieves about
20% response rate [11]. However, pembroli-
zumab and nivolumab failed to meet the prima-
ry endpoints in the KEYNOTE-240 and
CheckMate-459 HCC clinical trials. Therefore,
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improving the therapeutic effect of ICB treat-
ment and developing more effective combina-
tion therapies for HCC are urgently needed.

The expression levels of PD-L1 within the tumor
microenvironment can predict treatment res-
ponse to ICB therapy that blocking the PD-L1/
PD-1 axis in different tumor types [12, 13],
which are reported being regulated in a highly
complex manner and being influenced by tran-
scriptional and posttranslational regulation
[14, 15]. A number of transcription factors,
including MYC, STAT3, NF-kB and IRF1, have
been shown to be involved, pointing to their
important roles in the evasion of the immune
system by cancer cells. Multiple studies have
indicated that active STAT3 can act as a activat-
ing factor, which directly acts on the promoter
of PD-L1 to enhance PD-L1 expression in
human lymphoma and head and neck squa-
mous cell carcinoma cells [16, 17]. Similarly,
NF-kB, a family of transcription factors, is dem-
onstrated being activated in cancers by onco-
genic mutations or inflammatory cytokines pro-
duced in the tumor microenvironment. Inhi-
bition of the NF-kB pathway can lead to a
decrease of PD-L1 expression in immune cells
such as natural Killer (NK)/T cell lymphomas,
primary monocytes and in tumor cells such as
melanoma cells [18-20]. Moreover, increasing
evidences have shown that PD-L1 also under-
goes different posttranslational protein modifi-
cations that affect its stability, such as ubiquiti-
nation [21], deubiquitination [22], phosphoryla-
tion [23], glycosylation [24] and Palmitoylation
[25, 26]. For example, glycogen synthase
kinase-3B (GSK-3p), a serine/threonine protein
Kinase, has been shown to induce phosphoryla-
tion-dependent proteasomal degradation of
PD-L1 to regulate anticancer immunity [27, 28].
GSK-3B directly binds with the C-terminal
domain of PD-L1 and then enhances the phos-
phorylation of PD-L1 at T180 and S184, ulti-
mately promoting PD-L1 poly-ubiquitination
and degradation [23]. Besides, COP9 signalo-
some 5 (CSN5) was shown as a deubiquitinat-
ing enzyme in PD-L1 deubiquitination, which
regulates the stabilization of PD-L1 to affect T
cell suppression [22]. Indeed, researches in
investigating and elucidating the molecular
mechanisms that regulate the PD-1/PD-L1
pathway will be important steps in developing
novel therapeutic strategies to overcome anti-
PD1 or anti-PD-L1 resistance and improve the
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therapeutic efficacy for cancer therapy. How-
ever, recent studies have reported that the
upregulation of PD-L1 expression in tumor cells
mediates immune tolerance and reduces the
Killing ability of tumor-infiltrating T cells, which
may be responsible for drug resistance to
molecularly targeted drugs [21, 27, 28]. In our
previous study, we found that a MET inhibitor
could reduce the phosphorylation of GSK3p at
Y56, inactivating the kinase and leading to
enhanced expression of PD-L1, which induced
immune tolerance and led to treatment failure
in HCC. The combination of the MET inhibitor
with anti-PD-1 and anti-PD-L1 antibodies pro-
duced an additive effect that inhibited the
growth of HCC in mice [28]. Because the effects
of current chemotherapeutic drugs on liver can-
cer are still poor and developing new drugs
takes a long time and requires a substantial
expenditure, it is very important to repurpose
well-known and well-characterized noncancer
drugs for new uses in oncology [29].

Disulfiram (DSF), which was approved for use
as an alcohol aversion therapy over 6 decades
ago, showed anticancer activity in a broad
spectrum of malignancies as early as 40 years
ago [30]. DSF/Cu?" treatment leads to the
downregulation of PTEN protein expression and
activation of AKT along with the induction of
cell death, facilitating phosphoinositide 3-Kin-
ase inhibition in human breast cancer cells in
vitro and in vivo [31]. DSF/Cu?* can also bind to
NPL4 and induce its aggregation, consequently
disrupting the vital p97-NPL4-UFD1 pathway
and resulting in a complex cellular phenotype
that leads to cells death [32]. Furthermore,
DSF/Cu?" could overcome cytarabine (Ara-C)
and bortezomib (BTZ) resistance in cell lines
from Down syndrome-associate acute mega-
karyoblastic leukemia (DS-AMKL) patients and
induce apoptosis by inhibiting the proteasome
system and Poly (ADP-ribose) polymerase 1
(PARP1) activity in tumor cells [33, 34].
However, the effect of DSF/Cu?*, a promising
anticancer drug, on antitumor immunity has
barely been studied. Therefore, understanding
the underlying effect of DSF/Cu?* on the
immune system may identify a new effective
treatment for HCC.

Poly (ADP-ribose) polymerases (PARPs) com-
pose a large family of enzymes with diverse
functions, and some of these enzymes are
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important for the repair of single-strand breaks
(SSBs) in DNA via the base-excision repair
(BER) pathway [35]. High PARP expression can
lead to chemotherapeutic drug resistance [36],
and the downregulation of PARP1 expression
has been proved to enhance the expression of
PD-L1, leading to tumor-associated immuno-
suppression [27].

In the present study, we found that DSF/Cu?*
treatment could inhibit proliferation in immuno-
deficient mice but failed in immunocompetent
mice, and we unexpectedly discovered that
DSF/Cu?* could upregulate PD-L1 expression
by inhibiting the activity of PARP1 and inactivat-
ing GSK33, which allowed HCC to escape T cell-
mediated killing. These findings may explain
the ineffectiveness of DSF/Cu?* in HCC, sug-
gesting that adding anti-PD-1/PD-L1 therapy
has the potential to significantly improve the
therapeutic efficacy of DSF/Cu?* against this
disease.

Methods and materials
Antibody and reagents

The antibodies listed below were used in
Western blotting, immunohistochemical and
flow cytometry analyses: anti-PARP1 (#9532;
Cell Signaling Technology, Danvers, MA, USA;
ab227244, Abcam), anti-PAR (#83732; Cell
Signaling Technology, Danvers, MA, USA), anti-
phospho-GSK3B (Ser9, AF2016; Affinity Bio-
sciences, Cincinnati, OH, USA), anti-GSK3[3
(AF5016; Affinity Biosciences, Cincinnati, OH,
USA), anti-K48 linkage-specific polyubiquitin
(#8081; Cell Signaling Technology, Danvers,
MA, USA); anti-STAT3 (#9139; Cell Signaling
Technology, Danvers, MA, USA), anti-p-STAT3
(Tyr705) (#9145; Cell Signaling Technology,
Danvers, MA, USA); anti-PD-L1 (#13684T, Cell
Signaling Technology, Danvers, MA, USA; 329-
702, BioLegend, San Diego, CA, USA; ab205-
921, Abcam, Cambridge, UK; 564715, BD Bio-
sciences), anti-granzyme B (ab4059; Abcam),
anti-CD8 (ab22378; Abcam; 560776; BD Bio-
sciences), anti-PD-1 (551892; BD Biosciences),
anti-CD11b (557395; BD Biosciences), anti-
NK1.1 (557391; BD Biosciences), anti-CD19
(553785; BD Biosciences), and anti-CD4 (55-
0954; BD Biosciences). DSF (#51680) and
olaparib (#S1060) were purchased from Selleck
Chemicals (Houston, TX, USA), and copper glu-
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conate (#344419) was purchased from Sig-
ma-Aldrich.

Cell culture and transfection

The HCC cell lines Hep3B and Hepal-6 were
obtained from the Liver CancerlInstitute, Fudan
University, Shanghai, China. The cells were cul-
tured in DMEM (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10%
fetalbovine serum (FBS; Gibco) and penicillin-
streptomycin at 37°C and in a humidified atmo-
sphere with 5% CO,. Small interfering RNAs
(siRNAs) targeting human PARP1 and GSK3[p
were synthesized by Genomeditech (Shanghai,
China). The synthesized siRNA sequences were
as follows: 5-UCACAACCUCCUAGAAAGAGUA-
GA-3’ (siPARP1-NC); 5-CGACCUGAUCUGGAA-
CAUCAATT-3" (siPARP1#1); 5-GCAGCUUCAUA-
ACCGAAGAUUTT-3’ (siPARP1#2); 5-CACUGG-
UCACGUUUGGAAATT-3" (siGSK3B-NC); and
5-CACUGGUCACGUUUGGAAATT-3’ (siGSK3p).

Real-time PCR assay

Total RNA was isolated by using Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Equal amounts
of RNA were reverse transcribed into cDNA and
amplified by PCR according to the manufactur-
er’s protocol (Takara). gqRT-PCR was performed
using SYBR-Green PCR Master mix (Yeasen
Biotechnology Co., Ltd.) according to the manu-
facturer’s protocol. The primers used were as
follows: human PD-L1 forward, 5-GCTGCA-
CTAATTGTCTATTGGGA-3’ and reverse, 5-AA-
TTCGCTTGTAGTCGGCACC-3’; human GAPDH
forward, 5-TGACTTCAACAGCGACACCCA-3" and
reverse, 5-CACCCTGTTGCTGTAGCCAAA-3’; hu-
man PARP1 forward, 5-AAGGCGAATGCCAGC-
GTTAC-3' and reverse, 5-GGCACTCTTGGAG-
ACCATGTCA-3’; mouse PD-L1 forward, 5'-
GCTCCAAAGGACTTGTACGTG-3' and reverse,
5-TCCTTTTCCCAGTACACCACTA-3’; and mouse
PARP1 forward, 5-GTGACTTTTTAGCGGAGTA-
CGC-3' and reverse, 5-CCAGCGGTCAATCAT-
ACCCAG-3..

Immunoprecipitation (IP) and Western blot
analysis

IP and Western blot analysis were performed
as described previously [28]. In brief, for IP, liver
cancer cells were lysed in a buffer (50 mM Tris-
HCI, pH 8.0; 150 mM NaCl; 5 mM ethylenedi-
aminetetraacetic acid; and 0.5% Nonidet P-40).

Am J Cancer Res 2019;9(11):2442-2455



Disulfiram induces immunosuppression via PD-L1 stabilization

After removing cell debris, the indicated anti-
bodies were added to clear the lysates with 25
pl of protein A/G agarose beads (#3159558;
EMD Millipore Corp., USA). The samples were
incubated on a rotating wheel overnight at 4°C.
The washed beads were boiled in a 5 x SDS-
polyacrylamide gel electrophoresis sample buf-
fer. For Western blot analysis, band intensity
quantitation for Western blotting was per-
formed using Imagel) (National Institutes of
Health, Bethesda, MD, USA). PVDF membranes
were blocked with 5% milk, incubated with pri-
mary antibodies for 12-16 h at 4°C and then
incubated with HRP-conjugated anti-mouse/
rabbit secondary antibodies for 2 h after 3
washes with TBST. Low-abundance proteins
were visualized with an enhanced chemilumi-
nescence detection reagent (Thermo Fisher
Scientific, Waltham, MA, USA).

Immunohistochemistry

Tissue microarrays containing tumor and
matched nontumor liver tissue samples were
constructed as described previously [28].
Briefly, tumor specimens were collected from
HCC patients who underwent surgical resection
from August 2001 to November 2007 in Liver
Surgery Department of Zhongshan Hospital,
Fudan University, Shanghai, China. All patients
signed the informed consents and the proto-
cols were approved by the Research Ethics
Committee of Zhongshan Hospital. Paraffin-
embedded implanted tumors were cut into
5-um sections. Immunohistochemical (IHC)
staining of the HCC samples was performed as
described previously. In brief, each sample was
stained with indicated antibodies and then
incubated with an avidin-biotin-peroxidase
complex. Visualization of the target protein was
performed using the chromogen 3-amino-
O-ethylcarbazole. The H-score method was
used to score the samples by combining the
values for immunoreaction intensity and per-
centage of tumor cell staining. The hybrid score
formula was as follows: (% cells of 1 + intensity
score x 1) + (% cells of 2 + intensity score x 2)
+ (% cells of 3 + intensity score x 3). The follow-
ing four groups were created according to the
histological scores: high (+++), medium (++),
low (+), and negative (-).

In vivo tumor experiments

Mouse Hepal-6 liver cancer cells were injected
(107 cells transplanted subcutaneously (s.c.)) to
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grow tumors in C57BL/6 mice and NOD-SCID
mice (male, 5-6 weeks old, weighing 20-22 g).
This study was approved by the Shanghai
Medical Experimental Animal Care Committee
and performed according to the National
Institutes of Health “Guide for the Care and Use
of Laboratory Animals”. The mice were random-
ly divided into groups, each containing 5 mice,
after the tumors grew to 108-171.5 mm?® on
average and were treated as follows: for anti-
body-based drug intervention, 250 ug of anti-
PD-1 antibody (RMP1-14; Bio X Cell, West
Lebanon, NH, USA) or rat IgG (control; Bio X
Cell) was injected intraperitoneally every 3
days. For drug-based intervention, mice were
given daily oral DSF plus copper gluconate (50
mg/kg DSF; 0.15 mg/kg Cu?*). Subcutaneous
tumors were measured using a caliper twice a
week. Tumor volumes were calculated using
the formula: tumor volume = length x width?/2.
At the end of the experiment, the mice were
euthanized by cervical dislocation, and the
tumors were obtained for subsequent histologi-
cal and flow cytometric analyses.

Results

DSF/Cu?* upregulated PD-L1 expression in
HCC cells and induced T cell suppression

To test the therapeutic efficacy of DSF/Cu?* in
HCC, we subcutaneously inoculated Hepal-6
cells into immunocompetent (C57BL/6) and
immunodeficient (NOD-SCID/CrISlac) mice. We
found that drug intervention with DSF/Cu?*
reduced tumor progression in the NOD-SCID/
CriSlac mice (Figure 1A) but failed to inhibit
tumor growth in the C57BL/6 mice (Figure 1B).
These results suggest that an intact immune
system compromises the therapeutic efficacy
of DSF/Cu?*. Previous studies have shown that
the immune system may compromise the anti-
tumor effects of targeted molecular drugs [21,
27, 28]. To investigate how antitumor immunity
affects the therapeutic efficacy of DSF/Cu?*, we
analyzed the immunophenotypes of tumor-infil-
trating T cells and tumor cells in Hepal-6
tumors treated with DSF/Cu?* or left untreated
by flow cytometry. We observed that PD-L1
expression increased substantially in the tumor
region with a concomitant decrease in CD8+ T
cell activity when the mice received DSF/Cu?*
treatment (Figure 1C).

To verify the upregulation of PD-L1 expression
induced by DSF/Cu?* in HCC cells, we treated
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Figure 1. DSF/Cu?* inhibited proliferation and upregulated PD-L1 expression in HCC tumor cells. A. The growth of tumors generated by Hepa1-6 cells in NOD-SCID/
CriSlac immunodeficient mice following drug intervention with DSF/Cu?*. Tumors were measured at the indicated time points. B. Hepa1-6 tumor growth in C57BL/6
mice following drug intervention with DSF/Cu?*. C. DSF/Cu?*-treated mice. Tumor-infiltrating immune cells and inflammatory cells, including T cells (CD8+), natural
killer (NK) cells (NK1.1+), and B lymphocytes (CD19+), as well as PD-L1* tumor cells were detected by flow cytometry. D. PD-L1 protein expression after DSF/Cu?*
treatment. Hep3B and Hep1-6 cells were treated with DSF/Cu?* (0, 5, or 10 uM DSF in Hep3B cells and 0, 2.5, or 5 uM DSF in Hep1-6 cells; 1 yM Cu?*), and PD-L1
protein levels were analyzed by Western blotting. E. Quantitative analysis of PD-L1 expression after DSF/Cu?* treatment through ImageJ intensity measurements.
F. Cell-surface PD-L1 expression with DSF/Cu?* treatment in both Hep3B cells and Hep1-6 cells. Cell-surface PD-L1 levels were measured by flow cytometry. Error

bars: mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Hep3B and Hepal-6 cells with DSF/Cu?*, and
immunoblot analysis showed that PD-L1
expression was upregulated in the Hep3B and
Hepl-6 cells after DSF/Cu?* treatment (Figure
1D, 1E). We also measured PD-L1 levels by flow
cytometry, and the results showed that cell-
surface PD-L1 expression was significantly
increased after DSF/Cu?* treatment (Figure
1F). Together, these results indicate that DSF/
Cu?* may affect antitumor immunity by upregu-
lating PD-L1 expression in HCC cells.

DSF/Cu?* induced PD-L1 expression via the
PARP1/GSK3[ pathway

Next, we investigated the mechanisms by which
DSF/Cu?* regulates PD-L1 in HCC cells. PD-L1
mRNA expression was quantified by real-time
PCR after DSF/Cu?* treatment. The results
showed that PD-L1 mRNA expression was not
affected by DSF/Cu?* treatment in Hep3B and
Hepal-6 cells (Supplementary Figure 1A),
implying that the regulation does not occur at
the transcriptional level but may occur at the
posttranslational level.

We then detected the pattern of changes in the
transcriptional level of Hep3B cells after DSF/
Cu?* treatment by gene chip analysis, and we
found that PARP1 was one of the DNA damage
repair-related genes with the most downregu-
lated expression (Figure 2A). Chemotherapeutic
drugs have been reported to induce DNA dam-
age and then regulate PD-L1 expression in
tumor cells, thereby affecting the local immune
status of the tumor microenvironment [37, 38].
As a potential chemotherapeutic drug, DSF/
Cu?* may also affect the expression of PD-L1 by
inducing DNA damage in liver cancer cells. We
then validated the activity of PARP1 after DSF/
Cu?* treatment. We found that the activity of
PARP1 was decreased in a dose-dependent
manner, with reduced levels of PARP1 but the
expression level of PD-L1 was increased (Figure
2B, 2C and Supplementary Figure 1B-G).
PARP1, a DNA BER enzyme, has been reported
to regulate the stability of PD-L1 [27]. To deter-
mine whether PARP1 inhibition could upregu-
late PD-L1 expression, we tested PD-L1 expres-
sion in Hep3B cells exposed to PARP1-specific
siRNA. As predicted, PD-L1 expression was
substantially higher in the treated cells than in
control cells (Figure 2D, 2E). SiRNA-mediated
PARP1 inhibition and PARP inhibitor (PARPI)
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treatment have been reported to inactivate
GSK3p by phosphorylation at Ser9, decreasing
PD-L1 ubiquitination and ultimately upregulat-
ing PD-L1 expression [23, 27]. Therefore, we
asked whether DSF/Cu?* stabilizes PD-L1
through GSK3B-mediated PD-L1 ubiquitina-
tion. The results showed that PD-L1 ubiquitina-
tion in the presence of MG132 was abolished
by DSF/Cu?* treatment in Hep3B cells (Figure
2F). Furthermore, we examined the status of
GSK3pB phosphorylation at Ser9 in response to
DSF/Cu?* in Hep3B cells by immunoblotting.
The results showed that DSF/Cu?* treatment
induced high GSK3B phosphorylation at Ser9
(Figure 2G, 2H). We also observed that PD-L1
expression could not be upregulated by DSF/
Cu?* treatment in the presence of siRNA-medi-
ated GSK3[ expression knockdown (Figure 21,
2J), suggesting that the upregulation of PD-L1
expression induced by DSF/Cu?* was GSK3p
dependent. A previous study demonstrated
that silencing PARP1 could enhance the tran-
scription of PD-L1 by activating STAT3 phos-
phorylation [39]. To determine whether this
mechanism is also involved after DSF/Cu?*
treatment, we evaluated STAT3 activity in our
system. Our data showed that DSF/Cu?* inhib-
ited the phosphorylation of STAT3 at Tyr705
(Supplementary Figure 1H, 11), and this finding
was opposite to the previous results, suggest-
ing that STAT3 did not participate in this pro-
cess. Taken together, our results suggest that
PARP-mediated GSK3[ inactivation is required
for DSF/Cu?*-induced upregulation of PD-L1
expression.

Anti-PD-1 therapy in combination with DSF/
Cu?* improved antitumor activity

Our data have already demonstrated that DSF/
Cu?* stabilizes PD-L1 to support immune eva-
sion, which may be the underlying factor con-
tributing to the ineffectiveness of DSF/Cu?* in
our immunocompetent HCC model. To deter-
mine whether PD-L1 pathway blockade can fur-
ther enhance DSF/Cu?" antitumor efficacy in
vivo, we treated mice bearing subcutaneous
Hepal-6 tumors with DSF/Cu?* or an anti-PD-1
antibody alone or in combination with and
detected tumor growth (Figure 3A). The results
showed that DSF/Cu?* failed to significantly
reduce the tumor burden, the anti-PD-1 anti-
body slightly restricted tumor growth, and the
combination treatment showed much better
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Figure 3. Anti-PD-1 therapy in combination with DSF/Cu?* improved antitumor activity. A. Schematic diagram of the drug intervention protocol for disulfiram plus
copper gluconate and/or anti-PD-1 antibody treatment of C57BL/6 mice. B. The growth of subcutaneous Hepal-6 tumors in disulfiram plus copper gluconate and/
or anti-PD-1 antibody-treated C57BL/6 mice. Tumors were measured at the indicated time points. C. Tumor weights after the drug intervention endpoints. D. Survival
of mice bearing Hepa1-6 tumors following treatment with disulfiram plus copper gluconate and/or anti-PD-1 antibody. Significance was evaluated using the log-rank
test. E. Immunohistochemical staining for PD-L1, PARP1, CD8, and granzyme B protein expression patterns in Hepal-6 tumors. Scale bar, 50 ym. F. The positive
cells of PD-L1, PARP1, CDS8, and granzyme B in Hepal-6 tumors following treatment with disulfiram plus copper gluconate and/or anti-PD-1 antibody. Error bars:
mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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antitumor efficacy than control treatment or
each treatment alone (Figure 3B, 3C). In addi-
tion, compared with each treatment alone, the
combination treatment with DSF/Cu?* and the
anti-PD-1 antibody substantially prolonged the
overall survival of the mice bearing subcutane-
ous Hepal-6 tumors (Figure 3D). IHC analysis
showed that PD-L1 expression was upregulat-
ed, while PARP1 expression was downregulated
in tumor tissue samples from the mice treated
with DSF/Cu?* alone or in combination with the
anti-PD-1 antibody (Figure 3E, 3F). In addition,
the size of the activated tumor-infiltrating CD8+
T cell population and the expression of gran-
zyme B were increased in the mice treated with
the combination of DSF/Cu?* and the anti-PD-1
antibody (Figure 3E, 3F), indicating that the
combination treatment improved antitumor
immunity in mice. Taken together, these results
illustrated that DSF/Cu?* induced immunosup-
pression through the upregulation of PD-L1
expression and that the combination of DSF/
Cu?* and the anti-PD-1 antibody showed poten-
tial therapeutic benefits.

Correlations among the expression of PARP1,
p-GSK3B (Ser9) and PD-L1 in human tumor
tissue samples

To further validate our findings in human can-
cer patient samples, we analyzed the correla-
tions among the expression of PARP1, p-GSK3[3
(Ser9) and PD-L1 by performing IHC staining of
268 HCC samples (Figure 4A). As expected, the
expression level of PARP1 was inversely corre-
lated with that of PD-L1 (P < 0.001) and
p-GSK3B (Ser9) (P < 0.0001) (Figure 4B).
Specifically, approximately 75% of the tumor
samples with low expression of PARP1 showed
strong PD-L1 staining, and 68.9% of those with
high expression of PARP1 showed weak PD-L1
staining or no PD-L1 staining. Taken together,
these data indicate that low expression of
PARP1 is associated with high p-GSK3p (Ser9)
and PD-L1 expression in clinical HCC samples.

On the basis of these findings, we proposed the
model shown in Figure 5. DSF/Cu?* inhibited
the activity of PARP1 and induced the phos-
phorylation of GSK3p at Ser9, thus inactivating
GSK3p to reduce the degradation of PD-L1,
which led to the suppression of antitumor
immunity. The combination of DSF/Cu?* and an
anti-PD-1 monoclonal antibody may boost anti-
tumor immunity efficacy.
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Discussion

DSF/Cu?* has shown anticancer activity against
a broad spectrum of malignancies, but the
effect of DSF/Cu?* on antitumor immunity is still
largely unknown. In our study, we determined
that DSF/Cu?* induced antitumor immunosup-
pression in HCC cells in a mouse tumor model
by upregulating PD-L1 expression, which was
dependent on PARP-mediated GSK3p inactiva-
tion. Our results provide more evidence of
crosstalk between cytotoxic anticancer agents
and cancer-associated immunity, which may
lead to more efficient combinatorial regimens
for cancer therapy.

PARP1 is an enzyme that plays a critical role in
mediating DNA BER and catalyzes the covalent
attachment of polymers of ADP-ribose (PAR)
moieties to itself and its target proteins. PARP1
inhibition limits tumor xenograft growth and
prevents tumor vasculogenesis, while high
PARP1 expression has been reported to lead to
chemotherapeutic drug resistance [36, 40].
PARP1 has also been reported to regulate
PD-L1 expression by either transcriptional or
posttranscriptional mechanisms [27, 37, 39]. In
this study, PARP1 was one of the DNA damage
repair-related genes with the most downregu-
lated expression after DSF/Cu?* treatment
(Figure 2A). In addition, low PARP1 expression
was associated with high p-GSK3B (S9) and
PD-L1 expression in clinical HCC samples
(Figure 4A, 4B). Mechanistically, inhibiting
PARP1 activity increased GSK3B phosphoryla-
tion at Ser9, leading to a reduction in GSK3p3
activity and then decreased PD-L1 degrada-
tion, as shown in the current report (Figure 5).
Our study revealed that GSK3p inhibition may
be related to the inhibition of PARP1 activity,
which was consistent with previous studies
showing that PARPi treatment induced high lev-
els of GSK3B phosphorylated at Ser9, the inac-
tivated form of GSK3p. In contrast, PARP1 has
been shown to be a negative regulator of the
STAT3-mediated transcription of PD-L1 in vari-
ous cancer cells. PARP1 poly(ADP-ribosyl)ates
STAT3, inhibiting STAT3 phosphorylation and
transcriptional activity and thus attenuating the
expression of PD-L1 [39]. To investigate wheth-
er STAT3 and its phosphorylation levels are
affected by DSF/Cu?', we examined STAT3
Tyr705 phosphorylation levels and found that
STAT3 phosphorylation at Tyr705 was inhibited
after DSF treatment (Supplementary Figure 1H,
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Figure 4. Correlation among the expression of PARP1, p-GSK3p (Ser9) and PD-L1 in human tumor tissue samples.
A. Representative pictures of IHC staining of HCC tumors for PARP1, PD-L1 and p-GSK3 (Ser9) in HCC tumors.
Patient tissue samples were stained for PARP1, PD-L1 and p-GSK3p (Ser9). B. The correlations between PARP1 and
PD-L1 or p-GSK3 (Ser9) expression levels in liver cancer patients. P, Pearson chi-square test; -/+, negative or low
expression; ++/+++, medium or high expression. Scale bar, 100 ym.

11). Taken together, our data indicate that the
upregulation of PD-L1 expression induced by
DSF/Cu?* is dependent on the PARP1/GSK3p
pathway, suggesting that we can simultane-
ously target PARP1 and the PD-1/PD-L1 axis to
inhibit both the activity of PARP1 and immuno-
suppression induced by the upregulation of
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PD-L1 expression to achieve improved antitu-
mor efficacy.

GSK-3p, a serine/threonine protein kinase, is a
complex regulator of numerous cellular func-
tions, including many metabolic and signaling
pathways as well as the modification of struc-

Am J Cancer Res 2019;9(11):2442-2455



Disulfiram induces immunosuppression via PD-L1 stabilization

have explored whether com-
bining PARP inhibitors and
anti-PD-1 monoclonal anti-
bodies can increase clinical
benefits [47-49]. In this paper,
we found that PARP1 inhibi-
tion and upregulated PD-L1

DSF/Cu?* :C —A

expression as well as a
decreased CD8+ T cell ratio
were observed with DSF/Cu?*
treatment alone (Figure 3E,
3F). The combination of DSF/
Cu?* and an anti-PD-1 mo-
noclonal antibody inhibited
PARP1 and the PD-1/PD-L1
axis, which not only reduced
the viability of tumor cells but
also increased the number of

Figure 5. An illustration of the proposed working model. The phosphoryla-
tion of GSK3p at Ser9 induced by PARP inhibition is a key step in stabilizing

PD-L1.

tural proteins [41], which has also been report-
ed to play significant roles in tumorigenesis and
regulating cancer cell mesenchymal-epithelial
transition, apoptosis, chromosome stability
and cancer immunosuppression by inducing
phosphorylation-dependent proteasomal deg-
radation of Snail [42], Mcl-1 [43], EZH2 [44]
and PD-L1 [23, 27, 28]. In this study, we
revealed that DSF/Cu?* enhanced GSK3[ phos-
phorylation at Ser9, leading to a reduction in
GSK3[ activity and a decrease in PD-L1 degra-
dation, which induced immunosuppression.
This evidence of crosstalk between cytotoxic
anticancer agents and cancer-associated
immunity may lead us to develop more efficient
combinatorial regimens for cancer therapy.

Chemotherapy, that was originally thought to
be solely immunosuppressive, can shape the
tumor microenvironment to promote antitumor
immunity which may be beneficial in combina-
tion with immunotherapy [37, 38, 45]. For
example, in patients with DNA damage-repair
gene mutations or deletions, PARPi and anti-
PD-1 monoclonal antibodies can exert strong
antitumor effects. PARPi can exogenously
increase the infiltration of immune cells [46],
and upregulate the expression of PD-L1 in
tumor cells, thereby leading to an increase in
the response rate to immune checkpoint block-
ade [27, 37, 38]. At present, many clinical trials
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infiltrating T cells in the tu-
mor, achieving a two-pronged
effect. Our data may at least
partially indicate that the
combination of PARP inhibi-
tors and an anti-PD-1 monoclonal antibody
could produce powerful antitumor effects.

In conclusion, our current finding demonstrates
that DSF/Cu®* upregulates PD-L1 expression
via PARP1/GSK3pB inhibition and produces
improved antitumor activity in combination with
an anti-PD-1 antibody. DSF combined with cop-
per may be repurposed for cancer therapy.
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Supplementary Figure 1. A. The levels of PD-L1 mRNA measured by qRT-PCR after DSF/Cu?* treatment. B, D and F. Western blot analysis of the expression of PARP1
and PD-L1 in Hep3B and Hep1-6 cells after DSF/Cu?* treatment for 24 h (0, 2.5, 5, or 10 uM DSF in Hepa1-6 cells and 0, 5, 10, of 15 uyM DSF in Hep3B cells; 1
UM Cu?'). C, E, G. Quantitative analysis of PARP1 and PD-L1 expression after DSF/Cu?* treatment through ImageJ intensity measurements. H. STAT3 and p-STAT3
expression after treatment with DSF/Cu?*. STAT3 and p-STAT3 (Tyr705) protein expression in Hep3B cells was evaluated by Western blotting after treatment with

DSF/Cu?* (0, 5, or 10 yM DSF and 1 uM Cu?*). I. Quantitative analysis of p-STAT3 (Tyr705) expression after DSF/Cu?* treatment through ImageJ intensity measure-
ments. Error bars: mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.



