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ISG15 targets glycosylated PD-L1 2

and promotes its degradation to enhance
antitumor immune effects in lung
adenocarcinoma
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Abstract

Background Immunocheckpoint inhibitors (ICls) have been widely used in the clinical treatment of lung cancer.
Although clinical studies and trials have shown that patients can benefit significantly after PD-1/PD-L1 blocking
therapy, less than 20% of patients can benefit from ICls therapy due to tumor heterogeneity and the complexity of
immune microenvironment. Several recent studies have explored the immunosuppression of PD-L1 expression and
activity by post-translational regulation. Our published articles demonstrate that ISG15 inhibits lung adenocarcinoma
progression. Whether ISG15 can enhance the efficacy of ICls by modulating PD-L1 remains unknown.

Methods The relationship between ISG15 and lymphocyte infiltration was identified by IHC. The effects of ISG15 on
tumor cells and T lymphocytes were assessed using RT-gPCR and Western Blot and in vivo experiments. The underly-
ing mechanism of PD-L1 post-translational modification by ISG15 was revealed by Western blot, RT-gPCR, flow cytom-
etry, and Co-IP. Finally, we performed validation in C57 mice as well as in lung adenocarcinoma tissues.

Results 1SG15 promotes the infiltration of CD4* T lymphocytes. In vivo and in vitro experiments demonstrated that
ISG15 induces CD4™ T cell proliferation and invalidity and immune responses against tumors. Mechanistically, we
demonstrated that the ubiquitination-like modifying effect of ISG15 on PD-L1 increased the modification of K48-
linked ubiquitin chains thus increasing the degradation rate of glycosylated PD-L1 targeting proteasomal pathway.
The expression of ISG15 and PD-L1 was negatively correlated in NSCLC tissues. In addition, reduced accumulation of
PD-L1 by ISG15 in mice also increased splenic lymphocyte infiltration as well as promoted cytotoxic T cell infiltration
in the tumor microenvironment, thereby enhancing anti-tumor immunity.
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Conclusions The ubiquitination modification of PD-L1 by ISG15 increases K48-linked ubiquitin chain modification,
thereby increasing the degradation rate of glycosylated PD-L1-targeted proteasome pathway. More importantly,
ISG15 enhanced the sensitivity to immunosuppressive therapy. Our study shows that ISG15, as a post-translational
modifier of PD-L1, reduces the stability of PD-L1 and may be a potential therapeutic target for cancer immunotherapy.

Keywords 1SG15/ISGylation, Glycosylated PD-L1, Anticancer immunity, Lung adenocarcinoma

Introduction

According to the latest statistics, more than two mil-
lion new lung cancer patients are diagnosed each year
worldwide, making it a significant cause of cancer-related
deaths worldwide. Over 85% of these are currently clas-
sified as non-small cell lung cancer (NSCLC). Survival
rates for NSCLC patients have not improved signifi-
cantly, with a proportion of NSCLC patients being diag-
nosed at an intermediate to advanced stage; another
proportion developing local or systemic metastatic dis-
ease leading to a poorer prognosis for these patients, with
an overall 5-year survival rate of less than 20% [1-3]. In
addition to surgery and conventional chemoradiotherapy,
Immune checkpoint inhibitors (ICI) have emerged in
the treatment of lung cancer in recent years. Aiming at
Programmed cell death-1 (PD-1) and Programmed cell
death-ligand 1(PD-L1) mab has been widely used in the
clinical treatment of non-small cell lung cancer (NSCLC),
but tumor heterogeneity and the complexity of immune
microenvironment result in less than 20% of patients
benefiting from ICI therapy [4]. These patients are also
prone to drug resistance and relapse [5-7]. PD-L1 pro-
tein expression changes dynamically in the process of
tumor progression, with a low positive staining rate,
and immunotherapy is affected by several factors, which
require us to conduct in-depth studies on the regulation
mechanism of PD-L1 protein expression to improve the
benefit of PD-L1 monotherapy [8].

Loss or mutation of IFN signaling pathway function
is associated with immune escape to resistance to ICI
[9]. Interferon-stimulated gene 15 (ISG15) is one of the
key downstream molecules of the IFN-I pathway. ISG15
shares structural and mechanistic features with ubiqui-
tin. ISGylation occurs similar to the enzymatic cascade
reaction of ubiquitin, exposing the glycine sequence at
the C-terminus of ISG15 in the presence of a ligase and
linking it to the lysine of the target protein. ISG15 is pre-
sent in the cell in unconjugated and conjugated form and
is secreted extracellularly in its free form [10-12]. Sev-
eral studies have confirmed the dysregulation of ISG15
and ISGylation expression in tumours [13-15]. Target-
ing ISG15 to treat tumours appears to be a promising
strategy. In our published article, we have elucidated that
ISG15 acts as an independent prognostic marker for lung
adenocarcinoma (LUAD) and undergoes ISGylation with

ESRP1, reducing ESRP1 degradation. At the same time,
ESRP1 transcriptionally regulates ISG15 and the two
form a positive feedback loop that together inhibit LUAD
progression [16].

PD-L1 is mediated by multiple post-translational modi-
fications (PTMs) including but not limited to glycosyla-
tion, ubiquitination, phosphorylation and palmitoylation
[17-19]. Targeting glycosylated PD-L1 has made sig-
nificant advances in activating anti-tumour immunity.
Whether ISG15, as a post-translational modifier, can tar-
get post-translational modifications of PD-L1 remains to
be explored.

In the present study, we will focus on the ubiquitination
modification of glycosylated PD-L1 by ISG15. We identi-
fied PD-L1 can serve as a new target protein for ISG15,
thus enabling ISG15 to perform ubiquitination modifica-
tion on glycosylated PD-L1 to promote its degradation
and thus reduce the expression of PD-L1. We highlighted
the significance of ISG15 in LUAD therapy and we clarify
the possibility of ISG15 involvement in the benefit of ICI
therapy, which is expected to provide new therapeutic
ideas and strategies for the immunotherapy of LUAD.

Materials and methods

Clinical samples

A total of 153 lung adenocarcinoma specimens were
collected in 2012 at the Department of Pathology, Tian-
jin Medical University Cancer Hospital. One specimen
was obtained from each patient and each specimen was
diagnosed as primary LUAD by two pathologists. All
specimens were obtained before the patients received
chemotherapy and radiotherapy. Clinical and pathologi-
cal information on the patients was complete, and follow-
up information was available until December 2020. Our
study protocol in the study were approved by the Hospi-
tal Human Subjects Protection Committee. This study
was approved by the Hospital Human Subjects Protec-
tion Committee.

Cell culture

The human LUAD cell lines A549, H1299 and Pc-9 and
the Lewis mouse lung cancer cell line (LLC) were pur-
chased from the Shanghai Type Culture Bank of the
Chinese Academy of Sciences. A549, H1299 and PC9
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cells were grown in RPMI-1640 (Gibco) medium sup-
plemented with 10% fetal bovine serum (FBS, Pri-
cella, 164210-50), 1% penicillin—streptomycin (Pricella,
PB180120). LLC cells were cultured in 10% fetal bovine
serum (FBS, Pricella, 164210-50), 1% penicillin—strepto-
mycin (Pricella, PB180120) in DMEM (Gibco) medium.
In 5% CO, humidified atmosphere, cell cultures were
maintained at 37 °C. Experimental cells were in the loga-
rithmic growth phase.

Lentiviral infection and plasmid transfection

Human and mouse ISG15 overexpression and human
ISG15 knockdown lentivirus and USP18 plasmids were
purchased from Genechem (Shanghai, China). LUAD
cells of logarithmic growth phase were transfected with
lentivirus and subsequently screened by adding puro-
mycin (2 pg/pl). Transfections were performed with
LipoFiter (Hanbio, China) according to the manufac-
turer’s instructions. Expression of ISG15 and USP18 was
assessed by Western blotting and RT-qPCR.

Antibodies and reagents
Antibody information and dilutions are described in
Additional file 6: Sé6.

Real-time PCR
An extraction of total RNA from cells was performed
using TRIzol. The RNA was then reverse transcribed
to ¢cDNA using the StarScriptiiiRT kit (A232, Gen-
Star, China). Quantitative reverse transcription-PCR
(RT-qPCR) was performed using RealStar Power SYBR
qPCR Mix (A311, GenStar, Chian) as manufacturer’s
recommended protocol. The target gene primers were as
follows:

ISG15 (forward5’-TGGACAAATGCGACGAAC
CTC-3;

Reverse5’-TCAGCCGTACCTCGTAGGTG-3),

Actin (forward5’-CGAGATCCCTCCAAAATCAA-3/;

Reverse 5'-CGAGATCCCTCCAAAATCAA-3'),

PD-L1 (forward5’-TGCCGACTACAAGCGAAT
TACTG-3/;

Reverse 5'-CTGCTTGTCCAGATGACTTCGG-3').

Co-culture assays

CD4*T cells were isolated from peripheral blood
obtained from a healthy donor with the use of a CD4%
T-cell isolation kit (Miltenyi Biotec). After 24 h activation
with 2 pg/ml CD3 antibody and 1 pg/ml CD28 antibody
(BioLegend), activated CD4" T cells were co-cultured
with 10 Gy-irradiated A549/H1299 cells in a 5:1 ratio.
Tumour cells were collected and Western blot was per-
formed to detect apoptotic proteins after 48 h of culture.
Using CCK-8 assay (Elabscience Biotechnology Co),
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CD4" T cells were evaluated for proliferation. The super-
natants were harvested after 48 h and IFN-y and ISG15
secretion were determined by ELISA (eBioscience).

Immunoprecipitation

Immunoprecipitation analysis of ISG15 and PD-L1 was
performed using an immunoprecipitation kit (Sangon
Biotech, Chian, No. C600689). 4 ug of Anti-ISG15 anti-
body or anti-IgG antibody was added to the cell lysates
and incubated for 12 h at 4 °C. The anti-PD-L1 antibody
was used to probe the immunoprecipitate proteins after
their elution with SDS-PAGE sample buffer and resolving
by SDS-PAGE.

Protein half-life assays

Lung adenocarcinoma cells were treated with 20 pM
cycloheximide (CHX) or DMOS (Control), respec-
tively, and protein was collected at different time points.
Changes in PD-L1 protein levels were next detected
using Western blot and quantified using Image J.

Animal models

The C57BL/6 female mice were obtained from Si Bei Fu
Biotechnology (Beijing, China) at 5 weeks of age. The
mice were randomly grouped in groups of five mice and
each mouse was injected with 1x10° LLC mouse lung
cancer cells (stable clones overexpressing ISG15, and
WT). Tumour volume = (width? x length)/2 according to
the formula, and the length and width of tumours in mice
were observed every 2 days. In the antibody-based phar-
macological intervention, we administered 100 mg of
anti-PD-L1 antibody (A2004, Selleck) or solvent control
intraperitoneally every 3 days, respectively. The end point
of the animal experiment was that the mice were killed by
cervical dislocation when the xenograft volume reached
1500 mm? or when ulcers developed. Spleen, lung, and
tumor tissues were analyzed by HE, Immunohistochem-
istry (IHC), and flow cytometry. The Animal Experimen-
tation Ethics Committee of Tianjin Medical University
Cancer Hospital and Research Institute approved all ani-
mal experiments in this study.

Flow cytometry analysis

To generate single-cell suspensions, the tumors and
spleen tissues were cut into small pieces, mechani-
cally disrupted, and filtered through a 70-pum strainer.
Subsequently, the filtered single cell suspension was
mixed with red blood cell lysate (BD Biosciences) to lyse
the intermingled red blood cell. Finally, single cell sus-
pensions were combined with fluorescein-labeled anti-
bodies for 1 h at room temperature. The centrifuged
single cells were resuspended in PBS and analysed using a
flow cytometer (BD Biosciences).
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Haematoxylin and eosin and (HE), immunohistochemistry
(IHC) and histopathological analyses

H&E staining and IHC staining were performed as
described previously [19]. All immunoscores in this study
were scored independently by two senior pathologists
who were unaware of clinical information.

The immunostaining score for ISG15 was assessed
based on both the number of positive cells as well as the
intensity of staining [16]. Patients were divided into three
groups (low expression group 0-3, medium expression
group 4-6 and high expression group 8-12) according
to the ISG15 immunoscore. The mean score was given
according to the proportion of lymphocytes at high
magnification 0-100%. The level of PD-L1 expression is
assessed by the tumour percentage score (TPS), which
represents the percentage of tumor cells with positive
membrane PD-L1 staining to the total number of tumor
cells at any intensity.

Statistical analyses

The expression data of CD4" and CD8" T cells in ISG15
High/low cancer tissues were obtained from the Meta
Data set and TCGA dataset. In this study, all experiments
presented were repeated at least 3 times. All results
from the statistical analysis in the text are expressed as
mean +standard deviation (mean+SD). Chi-square
test, welch’s t-test, two-tailed Student’s t test were used
as appropriate. For graphical presentation and statistical
analysis GraphPad Prism 8.0 was used. P<0.05 is usu-
ally used to indicate statistical significance. (*P<0.05,
**P<0.01, ***P<0.001).

Results

High expression of ISG15 in lung adenocarcinoma show
increased lymphocytes infiltration

We first analyzed the TCGA dataset and found statisti-
cally significant differences in the expression of activated
CD4™ memory T cells, CD8a™ in tumor cell infiltration
and CD8'T lymphocyte cytotoxic factors in tumor tis-
sues with high/low ISG15 expression (Fig. 1A). To fur-
ther investigate the relationship between ISG15 and
lymphocyte infiltration in lung adenocarcinoma, ISG15
and CD3*, CD4%, CD8*, CD45RA™, CD45RO™", CD20™,
CD66b*, CD577, Foxp3*, CD68' microenvironmentally
infiltrated lymphocytes were immunohistochemically
stained in 153 prognostically intact LUAD samples (Addi-
tional file 1: Fig. S1, Additional file 2: Fig. S2, Additional
file 3: Fig. S3 and Additional file 4: Fig. S4). We first ana-
lyzed the relationship between the expression of lympho-
cytes and the histological type of lung adenocarcinoma
and found that lymphocyte infiltration in LUAD tissue
did not correlate with histological type (Additional file 1:
Fig. S1). We next analyzed whether ISG15 expression in
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LUAD cells affects microenvironmental lymphocyte infil-
tration. We observed a significant increase in the num-
ber of lymphocytes in tumors of strong positive ISG15
expression compared to low or negative ISG15 expres-
sion (Fig. 1B), and statistical analysis showed that higher
ISG15 expression in LUAD cells was positively and sta-
tistically significant correlated with microenvironmental
infiltration of CD3" T and CD4*" T lymphocytes, but not
with CD8" lymphocytes or other types of lymphocytes
(Fig. 1C, Fig. S3 and S4). These findings suggested a pos-
sible interaction between ISG15 and microenvironmen-
tally infiltrating CD3" T and CD4* T lymphocytes.

ISG15 regulates T cell anti-tumor immunity and inhibits
lung adenocarcinoma tumor progression in vivo

Our previous study has demonstrated the effect of ISG15
on lung adenocarcinoma in athymic nude mice [16]. To
further elucidate the effect of ISG15 overexpression on
lung adenocarcinoma growth through regulation of lym-
phocytes and in an immune-competent microenviron-
ment, we utilized WT and stably overexpressed ISG15
(Lv-ISG15) LLC injected them subcutaneously into C57
BL/6 mice, respectively (5 mice each group, Fig. 2A). We
observed that overexpressed of ISG15 significantly atten-
uated both the tumor size and tumor weight in contrast
to the WT control cells in vivo(Fig. 2B and E) (Photo-
graphs of intact mouse subcutaneous tumors and corre-
sponding mouse lungs are shown in Additional file 7: S7).
Moreover, a shorter survival of mouse and more pulmo-
nary metastasis of tumors were discovered in WT group
(Fig. 2C and D). And this inhibition was significantly
greater than the difference previously observed in nude
mice [16], which indicated that ISG15 plays a critical role
in activating the immune system to exert its tumor-sup-
pressing effects.

Tumours from both groups were removed and paraf-
fin sections were made and stained for IHC to investigate
the expression of Ki-67, CD31, CD3, CD4 and CDS8 in
the transplanted tumours. The tumor of the WT groups,
positive staining of cell proliferation marker Ki67 and
angiogenesis marker CD31 were found to increase, and
the number of CD3™, CD4* and CD8" tumor-infiltrating
lymphocytes were significantly reduced. On the con-
trary, the tumor of Lv-ISG15 groups, Ki67 and CD31
staining were weak, and numbers of CD3", CD4" and
CD8" tumor-infiltrating lymphocytes were significantly
reduced (Fig. 2F). For qualitative and quantitative analy-
sis of immune cells in tumors of WT and Lv-ISG15 mice,
tumor tissues were prepared as single-cell suspensions
and used for flow cytometry analysis. As expected, abso-
lute numbers of CD3% TILs the relative proportion of
CD4*TFN-y™ cells among CD3* TILs, and CD8" gran-
zyme B*(GzmB) cells were substantially increased in
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Lv-ISG15 tumor tissues (Fig. 2G) (The gating strategy is
supplemented in Additional file 7: S7). Subsequently, to
investigate whether the total number of CD3*CD4" and
CD3'CD8* T cells was elevated in the overexpressed
ISG15 mice, splenocytes from Lv-ISG15 and WT mice
were subjected to flow cytometry analysis to measure the
number of CD4" and CD8" T cells. In contrast to only
the increased number of CD3" and CD4" cells in clinical
LUAD tissues of higher ISG15 expression (Fig. 1C), we
detected a significant increase in splenic CD37CD4* and
CD37CD8" T cells of Lv-ISG15 mice (Fig. 2H). Based on
these findings, we speculate that ISG15 mobilize acti-
vated splenic T lymphocytes to increase the number of
infiltrations in the tumor, so that these T cells have anti-
tumor effects into the tumor microenvironment.

ISG15 down-regulates the expression of glycosylated

PD-L1

Based on the conclusion that high expression of ISG15 is
positively correlated with the number of CD4™T lympho-
cytes infiltrates in humans and mice, and there has been
no report on the correlation between ISG15 and CD4"
T lymphocytes, we then focused on exploring the inter-
action between them. After obtaining PBMC from the
peripheral blood of healthy donors, CD4" T lymphocytes
were isolated and cultured with 10 Gy-irradiated H1299
and A549 cells (or) overexpressed with ISG15 (Lv-ISG15)
or shRNA-ISG15 (Sh-ISG15). Interestingly, we found the
apoptosis of tumor cells in the Lv-ISG15 group was more
obvious after co-culture than in the Sh-ISG15 group
(Fig. 3A).

We also harvested a small fraction of co-cultured
tumor cells for Western blot and found that ISG15-over-
expressed cells showed higher expression of active cas-
pase-3 and Bax proteins and lower expression of Bcl-2
than ISG15-depleted cells (Fig. 3B). This suggests a trend
towards apoptosis in the cells of the Lv-ISG15 group in
tumour cells co-cultured with PBMC. Besides, CD4™"
T-cell expansion and the amount of IFN-y in co-culture
cells were detected and found that increased ISG15
expression in LUAD cells induce lymphocyte prolifera-
tion, also could enhance IFN-y secretion by Th1-CD4* T
lymphocytes (Fig. 3C and D), whereas these were blocked
in Sh-ISG15 of H1299 and A549 cells. Considering that

(See figure on next page.)
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ISG15 can be secreted extracellularly and the amount
of ISG15 exocytosis increases with its basal expression
(Fig. 3E), We hypothesized that increased ISG15 secre-
tion might contribute to the differentiation and prolif-
eration of Thl-type CD4* T lymphocytes, thus enabling
them to kill more target tumor cells. To test this hypoth-
esis, we performed IHC staining for ISG15, granzyme
B and perforin in 10 randomly selected patients with
LUAD. The results elucidated that the patients with high
expression of ISG15 showed positive staining for Gran-
zyme B and Perforin, indicating that the lymphocytes
had stronger killing effect on tumor cells (Fig. 3F and G).
The I-IEN pathway is closely related to the regulation of
PD-L1 [8], and ISG15 is an important molecule in the
I-IEN pathway [9], so we speculate that ISG15 is most
likely related to PD-L1. We thus further explore the rela-
tionship of ISG15 and PD-L1. Firstly, PD-L1 and ISG15
protein expression in 40 LUAD specimens were assessed
by IHC. Figure 3F is a representative image of PD-L1
and ISG15 low/negative and high staining. IHC staining
analysis showed a negative correlation between PD-L1
protein levels and ISG15 (Fig. 3H). Western blot revealed
that depletion of ISG15 caused substantial upregulation
of glycosylated PD-L1, while overexpression of ISG15 sig-
nificantly decreased the glycosylated PD-L1. Surprisingly
and interestingly, ISG15 did not affect non-glycosylated
PD-L1 expression (33 kDa) (Fig. 4A). Similar to the
results in LUAD cells, the expression of PD-L1 (55 kDa)
in mouse LLC cells was also decreased with the increase
of ISG15. As a key molecular in the IFN pathway, ISG15
not only responds to I-IFN, but IFN-y can also increase
the level of ISG15 mRNA (Fig. 4B). As IFN-y produced
by activated T cells can upregulate PD-L1 on the sur-
face of tumour cells [20], we were interested in whether
ISG15 could influence induced PD-L1 expression. As a
result, upregulation of ISG15 significantly attenuated the
IFN-y-induced glycosylated PD-L1 expression than con-
trol in H1299 and A549 cells (Fig. 4B). This result means
that the inhibition of PD-L1 by ISG15 reversed the pro-
motion of PD-L1 by IFN-y. The fluorescence intensity of
PD-L1 was clearly decreased in the LV-ISG15 group by
immunofluorescence (Fig. 4C). As shown by flow cytom-
etry, there was a substantial increase in PD-L1 expres-
sion on the cell surface of the Sh-ISG15 group compared

Fig. 3 1SG15 enhances the anti-tumor immunity of CD4* T lymphocytes, which is related to PD-L1. A Growth of control or overexpressed with
ISG15 (Lv-ISG15) or ShRNA-ISG15 (Sh-1SG15) A549/ H1299 cells before and after co-culture with CD4™T cells. The bar chart below indicates the
number of cells. B Western blot analysis the expression of apoptosis-related proteins in tumor cells after co-culture. C The IFN-y secreted by

CD4* T cells co-cultured with A549 and H1299 under the three treatment conditions were evaluated by ELISA. D The expansion of CD4* T cells
co-cultured with irradiated A549/ H1299 cells or A549/ H1299 cells overexpressed/shRNA of ISG15 were assessed by CCK-8. E The secretion of ISG15
in the supernatant of tumor cells under three treatment conditions detected by ELISA. The data are shown as the mean + SD. F Typical images

of IHC staining for ISG15, granzyme B, perforin and PD-L1 in two patients with LUAD. Scale bars 100 pm. Magnification, x400. G Number of cells
positive for Granzyme B or Perforin in each high magnification (x400) field of view. H, correlation analysis of PD-L1 and ISG15 expression in 40 lung

adenocarcinoma tissues. *P<0.05, **P<0.01, ***P<0.001
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to Isotype, while Lv-ISG15 expression was significantly
decreased (Fig. 4D).

In addition, we also treated H1299 and A549 cells with
exogenous ISG15. Western blot revealed that exogenous
ISG15 could similarly attenuate glycosylated PD-L1 and
with little effect on non-glycosylated PD-L1 in a dose-
dependent manner (Fig. 5A). The expression of glyco-
sylated PD-L1 was also decreased when the cells were
treated in a time-dependent manner at the highest con-
centration of exogenous ISG15 (Fig. 5C). As expected,
in line with the prior results, exogenous ISG15 also did
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not work on PD-L1 mRNA (Fig. 5B and D). These results
suggest that exogenous ISG15 may be incorporated into
tumour cells and play a similar role to endogenous ISG15
in reducing glycosylated PD-L1.

ISGylation targets PD-L1 promote its ubiquitination

for proteasome-dependent degradation

It was unclear from the results that whether the reduced
glycosylated PD-L1 is due to ISG15 reducing its for-
mation or promoting its degradation. Given the pau-
city of reports related to the regulation of ISG15 and
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glycosyltransferases, and that ISG15 can act as a ubiquit-
ination-like molecule to regulate target proteins [12], we
will focus on the speculation of the degradation effect of
ISG15 on PD-L1 in the following research.

Initially the mRNA expression of PD-L1 at different
ISG15 expression levels was assessed. The mRNA lev-
els of PD-L1 were not significantly related to the ISG15
protein expression profile according to RT-qPCR results.
To further elucidate the mechanism of ISG15-mediated
PD-L1 downregulation, we exposed A549 and H1299 to
the protein translation inhibitor cycloheximide (CHX).
Consistent with our expectation, glycosylated PD-L1 was
degraded more rapidly in Lv-ISG15 cells than in control
cells in the presence of CHX (Fig. 6B), suggesting that
ISG15-induced PD-L1 downregulation is predominantly
controlled at the protein level. As the degradation of
PD-L1 is closely related to its ubiquitination, we exam-
ined the ubiquitination of PD-L1 in the presence of CHX.
As ISG15 increased, the level of PD-L1 ubiquitination
also increased (Fig. 6C), and its K48-linked chain was
at high expression levels in cells overexpressing ISG15
(Fig. 6D). Since the K48-linked ubiquitin chain can act
as a proteasomal degradation signal, this seems to imply
that PD-L1 may be degraded via the proteasomal path-
way. LUAD cells were treated with either the proteasome
inhibitor MG132 or the lysosomal inhibitor bafilomycin
to determine the degradation pattern of glycosylated
PD-L1. We found that the degradation of PD-L1 was
restored by MG132 (Fig. 6E). Therefore, it can be inferred
that ISG15 promotes the ubiquitination of PD-L1 and
thus its degradation by the ubiquitin—proteasome path-
way. Next, we wanted to further explore whether the
increase in ISG15-induced PD-L1 ubiquitination was
caused by an interaction between them. Immunoprecipi-
tation (IP) showed that PD-L1 could be detected when
the ISG15 antibody was pulled down (Fig. 6F). So, is this
interaction specific to ISGylation and is PD-L1 the target
protein of ISG15? We chose another PC-9 cell with high
ISG15 expression, which had a more stable effect.

Both H1299 cells, which overexpress ISG15, and PC-9
cells, transfected with the USP18 plasmid, which is spe-
cific for the dissociation of ISGylation, were selected.
Interestingly, as we expected, the results of the Co-IP
experiments showed that the interaction between PD-L1

(See figure on next page.)
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and ISG15 gradually diminished or even disappeared
as the dissociation of ISGylation gradually increased
(Fig. 6E). Taken together, these data identify that it is
precisely is the formation of K-48-modified ISGyla-
tion between ISG15 and glycosylated PD-L1 that leads
to increased ubiquitination of PD-L1 and consequently
increased degradation of the ubiquitin—proteasome path-
way targeting glycosylated PD-L1.

ISG15 elevation-induced destabilization of PD-L1 improve
PD-L1-targeted immunotherapy

Since PD-L1 undergoes ISGylation of ISG15, induc-
tion of PD-L1 destabilization may improve PD-L1-tar-
geted immunotherapy. To explore the impact of ISG15
on immune checkpoint blockade responses, we finally
treated WT and Lv-ISG15 C57BL/6 mouses with PBS and
anti-PD-L1 antibody (PDLi). The results showed that the
growth and weight of immunotherapy WT tumors were
similar to Lv-ISG15 tumors (Fig. 7A and B). Interest-
ingly, anti-PD-L1 antibody showed outstanding effects in
tumors formed by LLC cells overexpressing ISG15, indi-
cating that ISG15 elevation facilitates antitumor immune
response. In addition, we also observed that the combi-
nation of ISG15 overexpression and anti-PD-L1 antibody
significantly prolonged the survival of mice compared to
other single treatment or PBS control groups (Fig. 7C).
Subsequently, we performed IHC staining of CD3*,
CD4" and CD8* T lymphocytes on these four groups of
tumors. The results showed that the tumors in the Lv-
ISG15+PDLi group showed a large amount of CD3*,
CD4*" and CD8' T lymphocyte infiltration, while the
difference between the WT +PDLi group and the Lv-
ISG15+ PBS group was not statistically significant. Based
on these data, we speculate that ISG15 recruit T lympho-
cytes on one hand, and on the other hand, since ISG15
can decrease PD-L1 in tumor cells, thus allowing these T
cells with antitumor effects to enter the tumor microen-
vironment without inhibiting their activity and exerting
antitumor immunity.

Subsequently, we collected 18 NCLSL patients treated
with anti-PD-L1 antibody for PD-L1 and ISG15 staining
analysis, and the results were shown in Additional file 5:
S5. The analysis revealed that although some patients had
low or negative PD-L1 expression in their tumour tissue,

Fig. 6 1SG15 and PD-L1 form ISGylation and promote its ubiquitination for proteasome-dependent degradation. A Quantitative gRT-PCR analysis
of the mRNA level of PD-L1 in Sh-ISG15 and Lv-ISG15 or the control A549/H1299 cells. B Western blotting was performed to detect the expression
level of glycosylated PD-L1 at different times in A549 and H1299, after CHX (25 pug/ml) treatment. The data were normalized for comparative
purposes (bottom panel). C Ubiquitination level of PD-L1 detected by Immunoprecipitation (IP) assay in Lv-ISG15 or control cells after treated with
MG132 (20 umol) for 8 h. D Immunoprecipitation of ISG15 and PD-L1 at lysine48-linked ubiquitination sites after H1299 and Pc-9 treated with 20 uM
MG132 6 h. E Western blot was used to examine the effect of bafilomycin or MG132 on PD-L1 levels in the presence of CHX in Lv-ISG15 cells. F IP
experiment detects the interaction between ISG15 and PD-L1. G Co-IP assay detects whether the interaction between ISG15 and PD-L1 is specific
to 1SGylation and whether it is dissociated by USP18 in H1299 and Pc-9 cells co-transfected ISG15 and USP18 or control plasmids
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anti-PD-L1 antibody therapy was still effective in achiev-
ing complete clinical remission due to their high ISG15
expression. Patients who progressed despite anti-PD-L1
antibody were all negative for ISG15 (Fig. 7E). There-
fore, while not everyone who is effectively treated with
anti-PD-L1 antibody is ISG15-positive, ISG15-positive
anti-PD-L1 antibody-treated patients may have better
outcomes.

Discussion

ISG15 was the first ubiquitin-like protein (Ubl) to be
identified and acts not only in the unconjugated/conju-
gated form inside the cell, but also in the free form out-
side the cell [10, 21]. ISG15 and the enzymes that catalyze
ISGylation and de-ISGylation are dysregulated in many
types of cancer, including breast, pancreatic, and pros-
tate cancers [14, 22—-24]. However, it remains uncertain
whether ISG15 and ISGylation play a pro-tumor or anti-
tumor role in cancer. Our recent studies suggest that high
ISG15 expression usually predicts a better prognosis in
LUAD. Mechanistically, ISG15 forms ISGylation with
ESRP1 and stabilizes ESRP1, co-repressing the EMT
[16]. In this study, we demonstrated that ISG15 is also
responsible for post-translational modification of PD-L1.
ISG15 and PD-L1 form ISGylation which involving
k-48 ubiquitin-chain and then destabilizes glycosylated
PD-L1 and promotes its degradation through the ubiq-
uitin—proteasome pathway, thus activating anti-tumor
immune function. Whether ISG15 stabilizes target pro-
teins or degrades them may depend on the different ubiq-
uitin-chain modifications during ISGylation formation
of ISG15 with different target proteins. The underlying
mechanism for this difference may merit future in-depth
study.

Previous studies have demonstrated that extracellular
ISG15 not only acts as an immune adjuvant to enhance
the anti-tumour immunity of CD8" T cells, but also acti-
vates NK cells and increases their production of IL-2 and
IFN-y cytokines, resulting in the proliferation of ovarian
cancer CD8" T cells. Our data from tumor cell and CD4*
T lymphocytes co-culture experiments showed that
ISG15 can stimulate the differentiation of Thl subtype
CD4* T cells and a elevated secretion of IFN-y. These
data are similar to another report that USP18-deficient
mammary epithelial cells induce recruitment of Th1 sub-
type CD4" T cells by up-regulating IFN-y secretion of
Cxcl10, forming a tumor-inhibiting microenvironment
[25].

And we also confirmed that over-expression of ISG15
can increased the number of CD4" and CD8™ T cells in
spleen and the cytotoxicity of tumor-infiltrating lympho-
cytes in Lewis’s xenograft models. In this study, we pre-
sent a new result showing that glycosylated PD-L1 was
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also down-regulated by exogenous ISG15 in a dose- and
time-dependent manner in human LUAD cells. Although
it is interesting to note that the two cell lines, A549 and
H1299, differ in their sensitivity to exogenous ISG15.
What remains unclear is whether the reduction of glyco-
sylated PD-L1 by exogenous ISG15 is due to integration
into cells that also exert ISGylation effects or some other
possible mechanism. Perhaps, exogenous ISG15 enters
the cell as free intracellular ISG15 and binds to the target
protein in a non-covalent manner to regulate its activity,
as previously reported [26, 27]. In any case, ISG15 may
be considered in the future as a small molecule immuno-
adjuvant to better inhibit cancer progression in patients
who are not susceptible to immunosuppressive therapy.

Glycosylation is essential for PD-L1, on the one hand
glycosylated PD-L1 is more stable and on the other hand
glycosylated PD-L1 regulates PD-L1/PD-1 interactions
and mediates immunosuppression [17, 18]. We here first
discovered that ISG15 can decrease glycosylated PD-L1
but not non-glycosylated PD-L1. Additionally, depletion
or elevation of ISG15 does not affect the accumulation or
depression of PD-L1 mRNA. We also clarified for the first
time that Ubiquitination modification of PD-L1 by ISG15
is due to the formation of specific ISGlation, which can
be blocked by USP18. Our study focuses on the degrada-
tion of glycosylated PD-L1 by ISG15, and it is possible
that ISG15 has a common role in reducing the formation
of glycosylated PD-L1. It may be that the ubiquitination
modification of PD-L1 by ISG15 affects the glycosylation
modification of PD-L1 in its spatial location, creating a
competitive inhibition of it and thus leading to a decrease
in glycosylated PD-L1 level. Our future research may
shed light on these interesting speculations.

There are still some shortcomings in this paper, one
of which is that it is difficult to confirm the relationship
between ISG15 and glycosylated PD-L1 in tissue speci-
mens. It has been reported that structural hindrance of
N-glycan to PD-L1 in fixed samples prevents its recog-
nition by PD-L1 diagnostic antibodies [28-30], mak-
ing it difficult for us to accurately observe the effect of
ISG15 on glycosylated PD-L1 in tissues. This may also
be the reason why in Additional file 5: S5, although some
patients have low ISG15 expression, their PD-L1 expres-
sion is not high. It is therefore crucial to stratify patients
according to ISG15 expression in order to determine
which patients are likely to benefit most from PD-L1
inhibitors and thus optimise efficacy.

In a nutshell, our study shows ISG15 is a newly dis-
covered post-translational modification molecule of
PD-L1. PD-L1 instability induced by elevated I1SG15
improved PD-L1-targeted immunotherapy and inhib-
ited LLC tumor growth in vivo, suggesting a possible
strategy to target PD-L1-mediated immune escape of
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tumor cells. These findings identify ISG15 as a key node
in the regulation of PD-L1 stability and that ISG15 has a
strong potential to enhance tumour-specific immunity.

Abbreviations
ICls Immunocheckpoint inhibitors

NSCLC Non-small-cell lung cancer

LUAD Lung adenocarcinoma

PD-L1 Programmed cell death-ligand 1

PD-1 Programmed cell death-1

IFN-1 Type | interferon

ISG15 Interferon-stimulated gene 15

ESRP1 Epithelial Splicing Regulatory Protein 1
LLC Lewis mouse lung cancer cell line

HE Haematoxylin and eosin

HC Immunohistochemistry

CHX Cycloheximide

1P Immunoprecipitation

PTMs Post-translational modifications
QgRT-PCR  Real-Time Quantitative Reverse Transcription PCR
Baf Bafilomycin

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512967-023-04135-1.

Additional file 1: Fig. S1. The relationship between pathological types
of lung adenocarcinoma and T cell lymphocytes. A-F, The relationship
between the expression of CD3%, CD41, CD8Y, CD45RO™, CD45RAT and
Foxp3™ T lymphocytes in five pathological types of lung adenocarcinoma.

Additional file 2: Fig. S2. The relationship between the pathological type
of lung adenocarcinoma and lymphocytes other than T cells. A-D, The
infiltration of CD20* B lymphocytes, CD66b™ neutrophils, CD68+ mono-
cytes and CD577NK cells in lung adenocarcinoma and its relationship with
five pathological types of lung adenocarcinoma.

Additional file 3: Fig. S3. Typical images of ISG15 and lymphocyte
IHC staining. A, B, Typical IHC images of ISG15 and lymphocytes other than
CD3%and CD4™ T cells.

Additional file 4: Fig. S4. Correlation of ISG15 with lymphocytes. A-G,
The correlation between ISG15 and the expression of lymphocytes except
CD3+and CD4* T lymphocytes.

Additional file 5. Clinical cases treated with anti-PD-L1 mab.
Additional file 6. Antibodies and reagents.

Additional file 7. Images of tumours and lungs from WT and Lv-ISG15
groups of mice and gating strategies for flow cytometry. A and B, photo-
graphs of subcutaneous tumors and corresponding mouse lungs in WT
and Lv-ISG15 mice. C, gating strategies for flow cytometry of tumor tissues
from WT and Lv-ISG15 mice.

Acknowledgements

We sincerely thank Ying Ma for her study guidance and the support of the
Department of Pathology, Tianjin Medical University Cancer Institute and
Hospital for this research.

Author contributions

TQ,WZ, CY, DR, WC, BZ, QZ designed the experiments and drafted the
manuscript. TQ, WZ, and CY performed most of the experiments. DR, YW, YG,
ZY assisted to obtain data. QG, JW, LirL, LinL assisted to preparation of the
experiments. QH, LC, LH conducted the histological/pathological analysis. All
authors read and approved the final manuscript.

Funding
This study was funded by the Project of the Tianjin Municipal Health Bureau
Science and Technology Foundation (No. ZC20170), Project of Tumor

Page 150f 16

Translational Medicine Seed Fund of the Tianjin Medical University Cancer
Institute and Hospital (Grant No. 2101), the Project of the National Natural
Science Foundation of China (No. 82002813 and No. 82171932), the Tianjin
Key Medical Discipline (Pathology) Construction Project (TJYXZDXK-012A),
and National Key Research and Development Program of China (Nos.
2018YFC1313000 & 2018YFC1313001).

Availability of data and materials
The datasets used or analysed during the current study are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All'in this study were approved by the Institute of Oncology, Tianjin Medical
University. The study followed the 1964 Declaration of Helsinki and its later
revised ethical standards. Informed consent was obtained from all participants
for this study.

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
The authors declare that they have no conflict of interest.

Author details

'Department of Pathology, Tianjin Medical University Cancer Institute

and Hospital, National Clinical Research Center for Cancer, Tianjin's Clinical
Research Center for Cancer, Tianjin, China. “Department of Pediatric Oncology,
Tianjin Medical University Cancer Institute and Hospital, National Clinical
Research Center for Cancer, Tianjin's Clinical Research Center for Cancer,
Tianjin, China. >Department of Breast Cancer, Tianjin Medical University Cancer
Institute and Hospital, National Clinical Research Center for CancerKey Labora-
tory of Breast Cancer Prevention and Therapy, Tianjin Medical University, Min-
istry of EducationTianjin's Clinical Research Center for Cancer, Tianjin, China.
“Department of Gastrointestinal Cancer Biology, Tianjin Medical University
Cancer Institute and Hospital, National Clinical Research Center for Cancer,
Tianjin's Clinical Research Center for Cancer, Tianjin, China. *Cancer Molecular
Diagnostics Core, Tianjin Medical University Cancer Institute and Hospital,
National Clinical Research Center for Cancer, Tianjin's Clinical Research Center
for Cancer, Tianjin, China. °Department of Radiology, Tianjin Medical University
Cancer Institute and Hospital, National Clinical Research Center for Cancer,
Tianjin's Clinical Research Center for Cancer, Tianjin, China.

Received: 17 November 2022 Accepted: 16 April 2023
Published online: 22 May 2023

References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics. CA Cancer J
Clin. 2021;71(2021):7-33.

2. Socinski MA, Obasaju C, Gandara D, Hirsch FR, Bonomi P, Bunn P,

Kim ES, Langer CJ, Natale RB, Novello S, Paz-Ares L, Pérol M, Reck M,
Ramalingam SS, Reynolds CH, Spigel DR, Stinchcombe TE, Wakelee H,
Mayo C, Thatcher N. Clinicopathologic features of advanced squamous
NSCLC. J Thorac Oncol. 2016;11:1411-22.

3. Ettinger DS, Akerley W, Borghaei H, Chang AC, Cheney RT, Chirieac LR,
D'Amico TA, Demmy TL, Govindan R, Grannis FW Jr, Grant SC, Horn L,
Jahan TM, Komaki R, Kong FM, Kris MG, Krug LM, Lackner RP, Lennes IT,
Loo BW Jr, Martins R, Otterson GA, Patel JD, Pinder-Schenck MC, Pisters
KM, Reckamp K, Riely GJ, Rohren E, Shapiro TA, Swanson SJ, Tauer K,
Wood DE, Yang SC, Gregory K, Hughes M. Non-small cell lung cancer,
version 2. J Natl Compr Canc Netw. 2013;11:645-53.

4. Kovacs SA, Gyorffy B. Transcriptomic datasets of cancer patients treated
with immune-checkpoint inhibitors: a systematic review. J Transl Med.
2022;20:249.

5. Carlisle JW, Steuer CE, Owonikoko TK, Saba NF. An update on the
immune landscape in lung and head and neck cancers. CA Cancer J Clin.
2020;70:505-17.


https://doi.org/10.1186/s12967-023-04135-1
https://doi.org/10.1186/s12967-023-04135-1

Qui et al. Journal of Translational Medicine

20.

21

22.

23.

24.

(2023) 21:341

Gettinger SN, Horn L, Gandhi L, Spigel DR, Antonia SJ, Rizvi NA, Powderly
JD, Heist RS, Carvajal RD, Jackman DM, Sequist LV, Smith DC, Leming P,
Carbone DP, Pinder-Schenck MC, Topalian SL, Hodi FS, Sosman JA, Sznol
M, McDermott DF, Pardoll DM, Sankar V, Ahlers CM, Salvati M, Wigginton
JM, Hellmann MD, Kollia GD, Gupta AK, Brahmer JR. Overall survival and
long-term safety of nivolumab (anti-programmed death 1 antibody,
BMS-936558, ONO-4538) in patients with previously treated advanced
non-small-cell lung cancer. J Clin Oncol. 2015;33:2004-12.

Zhai X, Zhang J, Tian Y, Li J, Jing W, Guo H, Zhu H. The mechanism and risk
factors for immune checkpoint inhibitor pneumonitis in non-small cell
lung cancer patients. Cancer Biol Med. 2020;17:599-611.

Ren D, HuaY,Yu B, Ye X, He Z, Li C, Wang J, Mo Y, Wei X, Chen Y, Zhou Y,
Liao Q Wang H, Xiang B, Zhou M, Li X, Li G, Li Y, Zeng Z, Xiong W. Predic-
tive biomarkers and mechanisms underlying resistance to PD1/PD-L1
blockade cancer immunotherapy. Mol Cancer. 2020;19:19.

Arico E, Castiello L, Capone |, Gabriele L, Belardelli F. Type I interferons and
cancer: an evolving story demanding novel clinical applications. Cancers.
2019;11:1943.

Narasimhan J, Wang M, Fu Z, Klein JM, Haas AL, Kim JJ. Crystal structure
of the interferon-induced ubiquitin-like protein ISG15. J Biol Chem.
2005;280:27356-65.

. Yuan W, Krug RM. Influenza B virus NS1 protein inhibits conjugation

of the interferon (IFN)-induced ubiquitin-like ISG15 protein. Embo J.
2001,20:362-71.

Honke N, Shaabani N, Zhang DE, Hardt C, Lang KS. Multiple functions of
USP18. Cell Death Dis. 2016;7: €2444.

Desai SD. ISG15: a double edged sword in cancer. Oncoimmunology.
2015;4:e1052935.

Burks J, Reed RE, Desai SD. Free ISG15 triggers an antitumor immune
response against breast cancer: a new perspective. Oncotarget.
2015,6:7221-31.

Villarreal DO, Wise MC, Siefert RJ, Yan J, Wood LM, Weiner DB. Ubiquitin-
like molecule ISG15 acts as an immune adjuvant to enhance antigen-
specific CD8 T-cell tumor immunity. Mol Ther. 2015;23:1653-62.

QuT, Zhang W, Qi L, Cao L, Liu C, Huang Q, Li G, Li L, Wang Y, Guo Q, Guo
Y, Ren D, Gao Y, Wang J, Meng B, Zhang B, Cao W. ISG15 induces ESRP1 to
inhibit lung adenocarcinoma progression. Cell Death Dis. 2020;11:511.

Li CW, Lim SO, Xia W, Lee HH, Chan LC, Kuo CW, Khoo KH, Chang SS, Cha
JH, Kim T, Hsu JL, Wu Y, Hsu JM, Yamaguchi H, Ding Q, Wang Y, Yao J, Lee
CC, Wu HJ, Sahin AA, Allison JP, Yu D, Hortobagyi GN, Hung MC. Glycosyla-
tion and stabilization of programmed death ligand-1 suppresses T-cell
activity. Nat Commun. 2016;7:12632.

Li CW, Lim SO, Chung EM, Kim YS, Park AH, Yao J, Cha JH, Xia W, Chan LC,
KimT, Chang SS, Lee HH, Chou CK, Liu YL, Yeh HC, Perillo EP, Dunn AK, Kuo
CW, Khoo KH, Hsu JL, Wu Y, Hsu JM, Yamaguchi H, Huang TH, Sahin AA,
Hortobagyi GN, Yoo SS, Hung MC. Eradication of triple-negative breast
cancer cells by targeting glycosylated PD-L1. Cancer Cell. 2018;33:187-
201.e110.

Lee HH, Wang YN, Xia W, Chen CH, Rau KM, Ye L, Wei Y, Chou CK, Wang SC,
Yan M, Tu CY, Hsia TC, Chiang SF, Chao KSC II, Wistuba JL Hsu, Hortobagyi
GN, Hung MC. Removal of N-linked glycosylation enhances PD-L1
detection and predicts anti-PD-1/PD-L1 therapeutic efficacy. Cancer Cell.
2019;36:168-78.

Muhlbauer M, Fleck M, Schiitz C, Weiss T, Froh M, Blank C, Schdlmerich J,
Hellerbrand C. PD-L1 is induced in hepatocytes by viral infection and by
interferon-alpha and -gamma and mediates T cell apoptosis. J Hepatol.
2006;45:520-8.

Haas AL, Ahrens P, Bright PM, Ankel H. Interferon induces a 15-kilodal-
ton protein exhibiting marked homology to ubiquitin. J Biol Chem.
1987;262:11315-23.

Alcald S, Sancho P, Martinelli P, Navarro D, Pedrero C, Martin-Hijano L,
Valle S, Earl J, Rodriguez-Serrano M, Ruiz-Canas L, Rojas K, Carrato A,
Garcfa-Bermejo L, Ferndndez-Moreno M, Hermann PC, Sainz B Jr. 1SG15
and ISGylation is required for pancreatic cancer stem cell mitophagy and
metabolic plasticity. Nat Commun. 2020;11:2682.

Kiessling A, Hogrefe C, Erb S, Bobach C, Fuessel S, Wessjohann L, Seliger B.
Expression, regulation and function of the ISGylation system in prostate
cancer. Oncogene. 2009;28:2606-20.

Lyu F, LiY,Yan Z, He Q Cheng L, Zhang P, Liu B, Liu C, Song Y, Xing Y.
Identification of ISG15 and ZFP36 as novel hypoxia- and immune-related
gene signatures contributing to a new perspective for the treatment of

25.

26.

27.

28.

29.

30.

Page 16 of 16

prostate cancer by bioinformatics and experimental verification. J Trans|
Med. 2022;20:202.

Burkart C, Arimoto K, Tang T, Cong X, Xiao N, Liu YC, Kotenko SV, Ellies

LG, Zhang DE. Usp18 deficient mammary epithelial cells create an
antitumour environment driven by hypersensitivity to IFN-A and elevated
secretion of Cxcl10. EMBO Mol Med. 2013;5:1035-50.

Okumura A, Pitha PM, Harty RN. ISG15 inhibits Ebola VP40 VLP budding in
an L-domain-dependent manner by blocking Nedd4 ligase activity. Proc
Natl Acad Sci U S A. 2008;105:3974-9.

Zhang X, Bogunovic D, Payelle-Brogard B, Francois-Newton V, Speer SD,
Yuan C, Volpi S, Li Z, Sanal O, Mansouri D, Tezcan |, Rice Gl, Chen C, Man-
souri N, Mahdaviani SA, Itan Y, Boisson B, Okada S, Zeng L, Wang X, Jiang
H, LiuW, Han T, Liu D, Ma T, Wang B, Liu M, Liu JY, Wang QK, Yalnizoglu

D, Radoshevich L, Uzé G, Gros P, Rozenberg F, Zhang SY, Jouanguy E,
Bustamante J, Garcia-Sastre A, Abel L, Lebon P, Notarangelo LD, Crow YJ,
Boisson-Dupuis S, Casanova JL, Pellegrini S. Human intracellular ISG15
prevents interferon-a/B over-amplification and auto-inflammation.
Nature. 2015;517:89-93.

Sun'L, Li CW, Chung EM, Yang R, Kim YS, Park AH, Lai YJ, Yang Y, Wang YH,
Liu J, QiuY, Khoo KH, Yao J, Hsu JL, Cha JH, Chan LC, Hsu JM, Lee HH, Yoo
SS, Hung MC. Targeting glycosylated PD-1 induces potent antitumor
immunity. Cancer Res. 2020;80:2298-310.

Wang YN, Lee HH, Hsu JL, Yu D, Hung MC. The impact of PD-L1 N-linked
glycosylation on cancer therapy and clinical diagnosis. J Biomed Sci.
2020;27:77.

Sun WY, Lee YK, Koo JS. Expression of PD-L1 in triple-negative breast can-
cer based on different immunohistochemical antibodies. J Transl Med.
2016;14:173.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	ISG15 targets glycosylated PD-L1 and promotes its degradation to enhance antitumor immune effects in lung adenocarcinoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Clinical samples
	Cell culture
	Lentiviral infection and plasmid transfection
	Antibodies and reagents
	Real-time PCR
	Co-culture assays
	Immunoprecipitation
	Protein half-life assays
	Animal models
	Flow cytometry analysis
	Haematoxylin and eosin and (HE), immunohistochemistry (IHC) and histopathological analyses
	Statistical analyses

	Results
	High expression of ISG15 in lung adenocarcinoma show increased lymphocytes infiltration
	ISG15 regulates T cell anti-tumor immunity and inhibits lung adenocarcinoma tumor progression in vivo
	ISG15 down-regulates the expression of glycosylated PD-L1
	ISGylation targets PD-L1 promote its ubiquitination for proteasome-dependent degradation
	ISG15 elevation-induced destabilization of PD-L1 improve PD-L1-targeted immunotherapy

	Discussion
	Anchor 28
	Acknowledgements
	References


