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Abstract

Interferon-stimulated gene 15 (ISG15) is a 15 kDa protein induced by type I interferons (IFN-o and IFN-f) and is a member
of the ubiquitin-like superfamily of proteins. The ISG15 pathway is highly expressed in various malignancies, including
pancreatic ductal adenocarcinoma (PDAC), suggesting a potential role of the ISG15 pathway (free ISG15 and ISG15
conjugates) in pancreatic carcinogenesis. However, very little is known about how the ISG15 pathway may contribute
to pancreatic tumorigenesis. In the current study, we demonstrate that ISG15 pathway knockdown reverses the KRAS-
associated phenotypes of PDAC cells such as increased proliferation and colony formation. Furthermore, clustered regularly
interspaced short palindromic repeats (CRISPR)-mediated ISG15 knockdown decreased tumor programmed death ligand-1
(PDL-1) expression leading to increased number of CD8* tumor-infiltrating lymphocytes and decreased pancreatic tumor
growth. In addition, the syngeneic subcutaneous mouse model revealed that knocking down the ISG15 pathway signifi-
cantly decreased the rate of tumor incidence and increased the survival rate. Interestingly, the ISG15 knockdown-mediated
PDL-1 downregulation in pancreatic tumors increased the efficacy of anti-programmed cell death protein-1 (PD-1) treat-
ment. ISG15 knockdown in combination with anti-PD-1 treatment synergistically increased the number of CD8" tumor-
infiltrating lymphocytes. Additionally, ISG15 knockdown alone significantly decreased the number of tumor-infiltrating
regulatory T cells (Tregs) compared to wild type tumors treated with anti-PD-1 antibody. Overall, these findings suggest
that strategies to target the ISG15 pathway by itself or in combination with immunotherapy may lead to improved survival
for patients diagnosed with PDAC.
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activity of KRAS through modifying downstream signaling
pathways or other regulators of KRAS.

The ISG15 pathway is overexpressed in a variety of can-
cers, including PDAC [2—4]. Deciphering of the precise role
of ISG15 in tumorigenesis is complicated due to dual roles
of this protein. Free intracellular ISG15 can be secreted
from tumors and immune cells functioning as an extracel-
lular cytokine [5]. In addition, ISG15 can also function as
a posttranslational modifier of target intracellular protein
through the process of ISGylation [2]. The ISG15 pathway
is important in tumorigenesis and its expression can be reg-
ulated by oncogenes [6—8] and tumor suppressors [9-11],
and the ISG15 pathway, reciprocally, stabilizes oncogenes
and cancer-associated proteins via inhibiting proteasomal
and lysosomal-mediated protein degradation [7, 12, 13]. An
example of this collaboration is demonstrated in breast can-
cer, where the ISG15 pathway is upregulated by oncogenic
KRAS and subsequently, ISG15 stabilizes KRAS protein
levels by inhibiting its lysosomal degradation [7].

Studies over the past 10 years have revealed that inter-
feron signaling plays an important role in the upregulation
of PDL-1 expression in tumor cells [14-16]. It has been
demonstrated that an interferon secretome is required for
PDL-1 upregulation in tumor cells [17].

In this study, we investigated the role of the ISG15 path-
way in pancreatic cancer cell transformation and tumori-
genesis. Using a syngeneic mouse model, we demonstrated
that downregulation of the ISG15 pathway interfered with
PDAC tumor proliferation and halted the aggressive nature
of PDAC. Downregulation of the ISG15 pathway decreased
PDAC PDL-1 expression and enhanced CD8* T cell intra-
tumor infiltration, rendering the tumor susceptible to PD-1
immune checkpoint antibody therapy. Novel strategies to tar-
get the ISG15 pathway alone or in conjunction with immu-
notherapy may improve the survival of PDAC patients and
others with ISG15 positive cancers.

Materials and methods

Cells

Panc02 murine pancreatic cancer cells were grown in
DMEM supplemented with 10% FBS containing 1% peni-
cillin/streptomycin in humidified air with 5% CO,. Stable

ISG15 and UbcHS8 knockdown clonal cells were established
using CRISPR (pSpCas9 BB-2A-Puro, Genscript, Piscata-
way, NJ, USA) and Lipofectamine 2000 (Thermo Fisher
Scientific, Waltham, MA, USA) following manufacturer’s
protocol. Stable clones were selected using puromycin.

RT-PCR

RNA was extracted from cells using the RNeasy Kit (Qia-
gen, Germantown, MD, USA). RT-PCR was performed with
1 pg of total RNA using a Superscript One-Step RT-PCR kit
(Invitrogen, Carlsbad, CA, USA) on a SimpliAmp™ Ther-
mal Cycler (Applied Biosystems, Foster City, CA, USA).
The PCR products were analyzed by gel electrophoresis with
a 2% agarose gel and ethidium bromide for visualization.
For quantitative PCR, cDNA was synthesized from
1 pg of RNA using gScript cDNA synthesis kit (Quanta
Biosciences, Beverly, MA, USA) and transcripts were
quantified using PerfeCTa SYBR Green FastMix, ROX
(Quanta Biosciences) on a StepOnePlus™ Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). The
fold change was calculated using the (2"2¢) method with
hypoxanthine-guanine phosphoribosyltransferase (HPRT) as
the reference gene. The primers used are shown in Table 1.

Immunoblotting

Cells were lysed in lysis buffer containing 50 mM Tris—HC1
pH 7.5, 2% SDS, and protease inhibitor cocktail. All lysates
were sonicated, boiled, and cleared by centrifugation. The
Laemmli sample buffer was then added to the cleared cell
lysates, boiled for 10 min, and then separated by gel elec-
trophoresis on 15% polyacrylamide gels. After transfer onto
nitrocellulose membrane and blocking in 5% BSA, western
blot analysis was carried out using the following antibod-
ies: anti-ISG15 (gift from Dr. Shyamal Desai, Louisana
State University, 1:660, overnight at room temperature) [2],
anti-ISG15 (gift from Dr. Deborah Lenshow, Washington
University, 1:750, overnight at 4 °C) [18], and anti-beta
actin (Thermo Fisher Scientific, Cat.# MA1-140, 1:5000,
overnight at 4 °C). The blots were then incubated with the
corresponding horseradish peroxidase conjugated rabbit or
mouse secondary antibody (Cat. # 31466 and # 61-6520,
Thermo Fisher Scientific, 1:10,000, overnight at 4 °C).
Next, the enhanced chemiluminescence western procedure

Table 1 Primers used for
RT-PCR and quantitative PCR

Gene

Forward primer 5'-3'

Reverse primer 5'-3'

ISG15
UbcHS8
IRF-1
HPRT

CATCTATGAGGTCTTTCTGACGC
GTGGCGAAAGAGCTGGAGAG
TCCAAGTCCAGCCGAGACACTA
TCAGTCAACGGGGGACATAAA

TTAGGCCATACTCCCCCAGC
GGGGAAATCAATCCGCACTTG
ACTGCTGTGGTCATCAGGTAGG
GGGGCTGTACTGCTTAACCAG
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(Pierce, Rockford, IL, USA) was performed and the signal
was detected using a GE Amersham Imager 680 series (GE
Healthcare Life Sciences, Pittsburgh, PA, USA).

MTT (tetrazolium dye) proliferation assay

Panc02 cells (N = 7500) were plated into each well of
96-well plates. Two days later, MTT (Trevigen, Gaithers-
burg, MD, USA) was added to the cell culture media and
incubated for 2 h. The cell culture media were then removed
and DMSO was added to dissolve formazan (purple precipi-
tate). The absorbance of each well was read at 540 nm on a
plate reader.

Clonogenic assay

Panc02 cells (N = 2000) were plated into each well of 6-well
plates. Old media were removed and fresh media were
applied after 2 days. After 4 days, the cells were stained
and fixed with methylene blue (10 mg/ml) in 50% methanol
for 10 min and rinsed with distilled water. The plates were
scanned and colony intensity % and area % were quantified
using ImagelJ software.

Conditioned media assay

Conditioned media were created by plating Panc02 wild type
or ISG15 knockdown cells (N = 3 x 10°) into 60 mm cell
culture dishes and collecting and filtering the cell culture
media after 3 days of culture. Panc02 ISG15 knockdown
cells (N = 1.25 x 10°) were plated into each well of 6-well
plates, incubated with conditioned media for 72 h, and then
collected for qPCR analysis.

Tumor studies

One million cells suspended in PBS were injected subcu-
taneously into 6-week old female C57BL/6 mice (Charles
Rivers). N = 10 for each group.

The antibody against the programmed cell death protein
1 (PD-1-Ab) (Clone RMPI-14, Bio X cell, West Lebanon,
NH, USA) was administered intraperitoneally to mice at a
dose of 125 pg every 4 days for a total of three treatments.

Immunohistochemistry

Formalin-fixed tumor sections (5 pm) were rehydrated
using Leica autostainer program 7 and antigen retrieval
was performed using Flex Low-in PT, T/E9 or AR9 in
microwave. Next, slides were incubated in 3% hydrogen
peroxide for 10 min at room temperature and reacted with
antibodies to CD8 (1:40, Cat. #98941, Cell Signaling Tech-
nology, Danvers, MA, USA), Foxp3 (1:30, Cat. #14-5773,

Thermo Fisher Scientific), and PDL-1 (1:40, Cat. #64988,
Cell Signaling) overnight at 4 °C After washing in TBST,
the slides were incubated with secondary HRP-conjugated
anti-rabbit (ready to use, DAKO Envision kit, Agilent Tech-
nologies, Santa Clara, CA, USA) or HRP-conjugated anti-rat
(ImmPRESS(RTU), Vector laboratories, Burlingame, CA,
USA) antibodies for 30 min at room temperature or biotin-
conjugated anti-rabbit (1:200, Vector Vectastain ABC Kkit,
Vector laboratories) for 30 min at room temperature fol-
lowed by Vectastain ABC-HRP (Vector Vectastain) incuba-
tion for 30 min at room temperature. Slides were incubated
with 3,3'-diaminobenzidine (DAB) (Vector Vectastain) chro-
magen for 5 min at room temperature for color development.

Results

1SG15 knockdown decreases pancreatic ductal
adenocarcinoma growth

The ISG15 pathway is elevated in PDAC patient tumor
samples and not expressed in the normal pancreas [19].
To test the frequency of the ISG15 pathway in PDAC, we
screened various PDAC mouse and human cell lines for
ISG15 expression. Interestingly, all PDAC cell lines tested
contained both free and conjugated ISG15 (Supplemen-
tal Fig. 1a). To examine the effect of the ISG15 pathway
on PDAC cell proliferation, we treated wild type Panc02
cells with an ISG15 CRISPR construct to knockdown
ISG15 expression. The ISG15 CRISPR treated cells had
a 50% reduction in ISG15 transcripts and the proliferation
rate was significantly reduced compared to wild type cells
(p = 0.031) (Supplemental Fig. 1b). To test the effect of
ISG15 knockdown on PDAC tumor growth in an immuno-
competent mouse model, we performed a syngeneic subcu-
taneous tumor study. Tumors in the mice inoculated with the
ISG15 knockdown cells were significantly smaller compared
to wild type cells with a 74% and 78% reduction in tumor
volume and weight, respectively (Supplemental Fig. Ic,
d). These results suggest that the ISG15 pathway promotes
PDAC cell growth and tumorigenesis.

Silencing of ISGylation (ISG15 conjugation) reverses
the transformed phenotype of PDAC cells

To further investigate the role of the ISG15 pathway in
PDAC, we created clonal ISG15 and UbcH8 (ISG15-
specific E2 enzyme) knockdown in Panc02 PDAC cells
using CRISPR technology. The ISG15 and UbcHS8 knock-
down clones were first identified by performing RT-PCR
with ISG15 and UbcHS specific primers (Supplemental
Fig. 2a). The clones were further characterized by per-
forming qPCR to quantify the level of ISG15 and UbcH8
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mRNA knockdown (Supplemental Fig. 2b). Both ISG15 and
UbcHS clones had a 4.5-fold reduction in mRNA transcripts
compared to wild type control. Furthermore, to confirm
that the protein levels of ISG15 and UbcHS8 were knocked
down in the clones, we performed a western blot for ISG15
expression (Supplemental Fig. 2c). The advantage of hav-
ing both ISG15 and UbcHS8 knockdown cells is that dual
roles of ISG15 functioning as a free protein and in ISGyla-
tion can be separated, because ISG15 knockdown cells
have decreased levels of conjugates and lack free mature
ISG15, while UbcH8 knockdown cells have decreased levels
of conjugates, but express free mature ISG15. The ISG15
knockdown cells express prolSG135, but it is not functional.
Knockdown of the ISG15 pathway significantly altered
proliferative characteristics of Panc02 cells. Both ISG15
and UbcHS clonal cells exhibited decreased colony for-
mation compared to wild type cells (Fig. la). The ISG15
and UbcHS8 knockdown cells formed significantly fewer
colonies compared to wild type cells with a reduction in
colony area (p < 0.002) and intensity percent (p < 0.002)
(Fig. 1b). Confirmation of role of ISG15 in cell growth was

further supported by the MTT (tetrazolium dye) proliferation
assay, where the growth of ISG15 and UbcHS8 knockdown
clones were significantly decreased compared to wild type
Panc02 cells (p < 0.0001) (Fig. 1c). Together, the in vitro
cell transformation data revealed that knockdown of ISG15
conjugation reverses the malignant phenotype of pancreatic
cancer cells.

Knockdown of the ISG15 pathway decreases
pancreatic cancer growth in vivo and increases
survival rate

In supplemental Fig. 1, we demonstrated that ISG15 knock-
down suppresses PDAC tumor growth. This experiment did
not allow us the capabilities to test, whether free ISG15
and/or conjugates contribute to pancreatic tumorigenesis.
To test the contributions of free ISG15 and conjugates in
pancreatic tumorigenesis, we performed a subcutaneous
tumor study using syngeneic clonal Panc02 ISG15 and
UbcHS knockdown cells in C57BL/6 mice. Interestingly,
the mice inoculated with ISG15 knockdown cells had a
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Fig. 1 ISGI15 pathway knockdown reverses the transformed pheno-
type of PDAC cells. a Clonogenic assay. Growth of wild type (left),
clonal ISG15 (middle), and UbcHS8 (right) knockdown cells are
shown after 4 days. b Quantitation of clonogenic assay. Colony area
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% and colony intensity % was measured. (*p value < 0.002, N = 6). ¢
A MTT proliferation assay showing significant decreased cell prolif-
eration with clonal ISG15 and UbcH8 knockdown cells compared to
wild type cells (*p value < 0.0001, N = 12)



Cancer Immunology, Immunotherapy (2019) 68:2029-2039

2033

significant reduction in tumor take rate compared to both
wild type (p = 0.0003) and UbcHS8 knockdown (p = 0.04)
cells (Fig. 2a). The tumor take rate was decreased by 30%
in 7 weeks post tumor cell inoculation in mice injected with
UbcHS8 knockdown cells compared to wild type cells, but
this decrease was not significant. The reduction in tumor
take rate in ISG15 pathway knockdown cells prompted us
to investigate the effect of the ISG15 pathway on the sur-
vival rate of the mice inoculated with PDAC cells. For
this analysis, a Kaplan—Meier curve was constructed to
examine the survival rate of the mice over an 11-week
period (Fig. 2b). The mice inoculated with either ISG15
or UbcH8 knockdown cells had a significant survival
advantage compared to wild type cells (p = 0.0004 and
p = 0.0020, respectively). The mice inoculated with ISG15
knockdown cells also had a significant survival advantage
compared to UbcH8 knockdown cells (p = 0.0054). These
tumor studies revealed that both free ISG15 and ISG15
conjugates contribute to pancreatic tumorigenesis since
UbcHS8 knockdown cells have decreased ISG15 conjugates,
but have free ISG15.
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Fig.2 ISGI15 pathway knockdown decreases PDAC tumor growth
and increases the survival rate. C57BL/6 mice were injected subcuta-
neously with one million wild type Panc02 cells, ISG15 KD Panc02
cells or with UbcH8 KD Panc02 cells (N = 10 each). a Tumor inci-
dence was significantly less in those injected with ISG15 knockdown
cells over a 7-week period compared to wild type (*p value = 0.0003)
and UbcH8 knockdown (**p value = 0.04) cells. b Survival analy-
sis. Kaplan—Meier survival analysis confirmed a significant short-
ened life span in the mice that received wild type or UbcH8 knock-
down Panc02 cells as compared to ISG15 knockdown cells (¥*p
value = 0.0004, WT vs. ISG15 KD) and (**p value = 0.0054),
UbcHS8 KD vs. ISG15 KD)

Free ISG15 upregulates PDL-1 expression in PDAC
cells

In a pancreatic cancer retrospective study, the upregulation
of PDL-1 was associated with shorter disease-free survival
and overall survival [20, 21]. These observations prompted
us to test the effect of the ISG15 pathway on PDAC PDL-1
expression in vitro. ISG15 knockdown in PDAC cells was
found to have decreased PDL-1 mRNA expression compared
to wild type cells (Fig. 3a). The UbcH8 knockdown cells had
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Fig.3 Free ISG15 induces PDL-1 expression on pancreatic cancer
cells. a PDL-1 mRNA levels were determined by quantitative PCR in
Panc02 wild type, ISG15 knockdown, and UbcH8 knockdown cells.
b Wild type Panc02 and ISG15 knockdown cells were cultured for
3 days and the culture media were collected and used as conditioned
media. ISG15 knockdown cells were then cultured in the conditioned
media for 3 days and quantitative PCR analysis was performed for
PDL-1 expression. ¢ IRF-1 quantitative PCR was performed on the
same samples as in part b
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comparable PDL-1 mRNA levels as wild type cells, suggest-
ing that free ISG1S5 is the primary driver of PDL-1 expres-
sion in PDAC cells, because the UbcH8 knockdown cells
lack ISG15 conjugates, but have free ISG15. To further sup-
port the role of free ISG15 in regulating PDL-1 expression,
we examined the effect of wild type and ISG15 knockdown
conditioned media on PDL-1 mRNA levels in ISG15 knock-
down PDAC cells. Wild type conditioned media increased
PDL-1 mRNA levels twofold compared to regular media
control, whereas ISG15 knockdown conditioned media had
comparable PDL-1 mRNA levels as regular media control
(Fig. 3b). It is known that interferon gamma (IFN-y) functions
through interferon regulatory factor 1 (IRF-1) to upregulate
PDL-1 expression on tumor cells [15, 22, 23]. To test if free
ISG15 functions through IRF-1 to upregulate PDL-1 expres-
sion, we performed quantitative PCR using samples from the
conditioned media experiment. Wild type conditioned media
increased IRF-1 mRNA levels 1.6-fold compared to regular
media control, whereas ISG15 knockdown conditioned media
had comparable IRF-1 mRNA levels as regular media con-
trol (Fig. 3c). Furthermore, there were no detectable levels of
IFEN-y transcripts in ISG15 knockdown PDAC cells treated
with either wild type conditioned media or ISG15 knockdown
conditioned media (data not shown). Together, the data dem-
onstrate that free ISG15 upregulates PDL-1 expression in
PDAC cells independent of IFN-y.

1SG15 pathway knockdown decreases PDL-1
expression and increases CD8" T cell intratumor
infiltration in PDAC tumors

ISG15 pathway knockdown decreases PDAC tumor growth
(Supplemental Fig. 1c, d and Fig. 2a) and PDL-1 mRNA
expression in pancreatic cancer cell (Fig. 3a). This prompted
us to assess the effect of knocking down the ISG15 pathway
on PDAC tumor PDL-1 expression and CD8* T cell intratu-
mor infiltration. ISG15 knockdown tumors had a significant
reduction in PDL-1 protein expression compared to wild
type tumors (p < 0.001) (Fig. 4a). The UbcHS8 knockdown
tumors exhibited decreased PDL-1 protein expression com-
pared to wild type tumors, but this decrease was not significant
(Fig. 4a). Since tumor PDL-1 expression inhibits CD8* T cell
activation and intratumor infiltration [24, 25], we examined
the effect of knocking down the ISG15 pathway on PDAC
tumor CD8* T cell intratumor infiltration. ISG15 knockdown
tumors had a significant increase in CD8* T cell intratumor
infiltration compared to wild type tumors (p < 0.04) (Fig. 4b).
The UbcHS knockdown tumors had comparable CD8* T cell
intratumor infiltration as wild type tumors (Fig. 4b). Collec-
tively, our results demonstrate that knocking down the ISG15
pathway in PDAC cells suppresses tumor growth by decreas-
ing PDL-1 expression and subsequently increasing CD8* T
cell intratumor infiltration.

@ Springer

1SG15 knockdown potentiates the efficacy
of anti-PD-1 antibody therapy and promotes
an anti-tumor immune response

Because ISG15 knockdown decreases PDAC PDL-1
expression and increased the number of tumor-infiltrating
CDS8* T cells, we decided to test if ISG15 knockdown
would increase the efficacy of anti-PD-1 antibody ther-
apy. In Fig. 5a, we show that ISG15 knockdown tumors
that were treated with anti-PD-1 grew significantly
smaller than wild type tumors treated with either PBS
or anti-PD-1 (p < 0.03). Also, the final tumor weights
of the ISG15 knockdown tumors treated with anti-PD-1
were significantly less than wild type tumors treated
with either PBS or anti-PD-1 (p < 0.01) (Fig. 5b). The
ISG15 knockdown tumors treated with PBS grew sig-
nificantly smaller compared to wild type tumors treated
with either PBS or anti-PD-1 (p < 0.03). Furthermore,
the final tumor weights of the ISG15 knockdown tumors
that were treated with PBS were significantly less than
wild type tumors treated with PBS (p < 0.02). Although
not significant, there was a 32% reduction in the final
weight of ISG15 knockdown tumors treated with PBS
compared to wild type tumors treated with anti-PD-1.
There was no significant difference in the growth rate or
final tumor weight between ISG15 knockdown tumors
treated with or without anti-PD-1 antibody. In contrast,
the growth of ISG15 knockdown tumors that were treated
with anti-PD-1 stabilized 4 weeks posttreatment, while
the PBS-treated ISG15 knockdown tumors continued to
grow. Furthermore, there was a 38% decrease in the final
tumor weight of the ISG15 knockdown tumors treated
with anti-PD-1 compared to PBS-treated ISG15 knock-
down tumors. To further investigate the combined effect
of ISG15 knockdown and anti-PD-1 treatment, we ana-
lyzed the number of tumor-infiltrating CD8* and Foxp3™*
(Tregs) lymphocytes. ISG15 knockdown alone signifi-
cantly increased the number of tumor-infiltrating CD8%
T cells compared to wild type tumors treated with either
PBS (p = 0.001) or anti-PD-1 (p = 0.009) (Fig. 6a, b).
Furthermore, the combination of ISG15 knockdown with
anti-PD-1 had a synergistic effect on enhancing the num-
ber of tumor-infiltrating CD8* T cell (Fig. 6a, b). Because
there is a high correlation between tumor PDL-1 expres-
sion and tumor-infiltrating Tregs, we decided to test the
effect of ISG15 knockdown on Treg intratumor infiltra-
tion. Figure 6¢, d demonstrates that ISG15 knockdown
tumors had a significant decrease in the number of tumor-
infiltrating Tregs compared to wild type tumors treated
with either PBS (p = 0.0001) or anti-PD-1 (p = 0.045).
The treatment of ISG15 knockdown tumors with anti-
PD-1 did not further decrease the number of tumor-infil-
trating Tregs (Fig. 6¢, d). The results shown in Figs. 4, 5,
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wild type + PD-1 Ab; *p < 0.02, vs. wild type + PBS)

6 have revealed that ISG15 knockdown in PDAC has an
anti-tumor immune effect and enhances the efficacy of
anti-PD-1 treatment.

Discussion

The ISG15 pathway is a unique and dynamic pathway
that consists of free ISG15 and ISG15 conjugates. Free or
unconjugated ISG15 can be secreted from tumor or immune
cells and function as a cytokine [5, 26]. ISG15 also forms
conjugates with intracellular proteins and antagonizes the
canonical ubiquitin system [2, 27]. It has been shown that
ISG15 is aberrantly expressed in most human malignan-
cies, suggesting that it has a pro-tumor function [2, 4, 12].
In vitro studies have revealed that ISGylation has pro-tumor
functions and free ISG15 has immunomodulatory effects.
However, in vivo studies have been controversial revealing
that free ISG15 can have anti-tumor or pro-tumor effects
depending on the context of the tumor model [19, 28]. For
example, free ISG15 mediates anti-tumor effects by increas-
ing tumor-infiltrating natural killer cells in breast cancer
[28]. In contrast, free ISG15 secreted by tumor-associated
macrophages supports the growth of PDAC [19]. The inter-
pretation of the function of free ISG15 in these studies is not
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clear, because immunocompromised mice were used and
the immune system plays important roles in anti-tumor and
pro-tumor responses.

In the current study, we investigated the role of the ISG15
pathway in pancreatic tumorigenesis using syngeneic mouse
models. The advantage of examining both ISG15 and UbcHS8
knockdown cells is that dual roles of ISG15 functioning as
a free protein and in ISGylation can be separated, because
ISG15 knockdown cells have decreased levels of conjugates
and lack free mature ISG15, while UbcH8 knockdown cells
have decreased levels of conjugates, but express free mature
ISG15. Using ISG15 and UbcHS8 knockdown PDAC cells,
we examined the functions of free and conjugated ISG15
in pancreatic cancer. Our in vitro studies demonstrated
that ISGylation promotes KRAS-associated phenotypes of
PDAC cells such as increased cell growth and colony for-
mation. These findings are consistent with other studies in
breast, hepatocellular, and nasopharyngeal carcinomas [7,
12, 13, 29]. Furthermore, as previously demonstrated in
breast cancer cells [7], the ISG15 pathway stabilizes KRAS
protein levels in pancreatic cancer cells (data not shown).

Recent studies have demonstrated that type I interfer-
ons and an interferon-related secretome are involved in the
upregulation of PDL-1 expression in tumors [17, 30, 31].
The current in vitro studies demonstrated that free ISG15
upregulates PDAC PDL-1 expression. We came to this
conclusion based on the fact that free ISG15 is a secreted
protein and the following findings: (1) ISG15 knockdown
cells (reduced levels of ISG15 conjugates and undetectable
free ISG15) have decreased levels of PDL-1 transcripts
compared to wild type cells, (2) UbcH8 (ISG15 conjugat-
ing enzyme) knockdown (reduced levels of ISG15 con-
jugates but express free ISG15) and wild type cells have
comparable levels of PDL-1 transcripts, and (3) wild type
conditioned media was able to rescue PDL-1 expression in
ISG15 knockdown cells, while regular media and ISG15
knockdown conditioned media could not. In the conditioned
media experiment, IRF-1 mRNA levels were increased in
ISG15 knockdown cells upon treatment with wild type con-
ditioned media compared to regular media or ISG15 knock-
down conditioned media treatments. It has been shown that
IFN-y induced PDL-1 expression is mediated through IRF-1
[15, 22, 23]. In the current study, free ISG15 is upregulating
PDL-1 expression independent of IFN-y since there were
no detectable levels of interferon-y transcripts in the PDAC
cells.

In our in vivo studies, ISG15 knockdown significantly
reduced the tumor take rate and increased the survival rate
compared to mice with wild type and UbcH8 tumors. These
results are similar to human studies in glioma, nasopharyn-
geal carcinoma, breast, colorectal, lung, and bladder can-
cer, which demonstrated that high ISG15 expression sig-
nificantly correlated with poor overall survival [19, 29, 32].
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Fig.6 ISG15 knockdown decreases Foxp3* T cell intratumor infil-
tration and in combination with PD-1 Ab treatment synergistically
increases CD8" T cell intratumoral infiltration in PDAC. a The same
tumors from Fig. 5 were stained by IHC using anti-CDS8 antibody.

b The quantitation of five low power (X10) fields was performed
by Image] analysis. ¢ The same tumors from Fig. 5 were stained by
IHC using anti-Foxp3 antibody. d The quantitation of five low power
(x10) fields was performed by ImagelJ analysis
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Furthermore, UbcH8 knockdown reduced the tumor take
rate and increased the survival rate compared to mice with
wild type tumors, but it was not significant. These findings
suggest that both free ISG15 and conjugates contributes
to PDAC tumorigenesis, because ISG15 knockdown cells
have deceased levels of ISG15 conjugates and lack free
ISG15, while UbcH8 knockdown cells have decreased lev-
els of conjugates, but express free ISG15. The tumor studies
also revealed that ISG15 knockdown tumors had decreased
expression of PDL-1 and subsequently increased numbers
of tumor-infiltrating CD8* T cells. This effect was syner-
gistically increased by the addition of anti-PD-1 treatment.
ISG15 knockdown decreased the number of tumor-infiltrat-
ing Tregs and this effect was not enhanced by anti-PD-1
treatment, suggesting that the decreased PDL-1 expression
in ISG15 knockdown tumors is directly suppressing the
number of tumor-infiltrating Tregs. In agreement with pre-
vious studies, tumor PDL-1 expression is associated with
regulatory T cell intratumoral infiltration [33, 34]. Further-
more, high ISG15 expression can induce resistance to Treg
depletion and promote their recovery [35] suggesting that
ISG15 may be regulating Treg intratumoral infiltration by
multiple mechanisms.

The current study reveals the role of the ISG15 pathway
in pancreatic cancer cell transformation and modulating
the tumor microenvironment of PDAC. The pro-tumor
responses elicited by the ISG15 pathway make it an ideal
candidate for targeted therapy against pancreatic cancer.
Furthermore, the synergistic effect of ISG15 knockdown
with anti-PD-1 treatment is promising. Strategies to
decrease the expression of ISG15 in PDAC tumors may
increase the efficacy of immune checkpoint inhibitors and
improve survival of the PDAC patients.
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