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Interferon-stimulated gene 15 (ISG15) is known to be involved in tumor progression. We
previously reported that ISG15 expressed on nasopharyngeal carcinoma (NPC) cells and
related to poor prognosis of patients with NPC. We further observed that ISG15 can be
secreted by NPC cell and expressed on the macrophages in situ. However, the role of
ISG15 in tumor-associated macrophages (TAMs) remains poorly understood. In the
present study, we found that ISG15 treatment induces macrophages with M2-like
phenotype, and the enhancement of NPC cell migration and tumorigenicity.
Mechanically, ISG15-induced M2-like phenotype is dependent on the interaction with
its receptor, LFA-1, and engagement of SRC family kinase (SFK) signal, and the
subsequent secretion of CCL18. Blocking LFA-1, or SRC signal with small molecular
inhibitors, or neutralizing with anti-CCL18 antibody can impede the activation of LFA-1-
SFK-CCL18 axis in ISG15-treated macrophages. Clinically, ISG15" CD163* TAMs related
to impaired survival of patients and advanced tumor stage of NPC. Furthermore, we found
ISG15" CD163" macrophages inhibited antitumor CD8" cells responses in NPC.
Together, our findings suggested tumor cell-secreted 1ISG15, which acted as a tumor
microenvironmental factor, induces M2-like phenotype, promoting tumor progression and
suppression of cytotoxic T lymphocyte response.

Keywords: interferon-stimulated gene 15, tumor-associated microenvironment (TAM), nasopharyngeal carcinoma,
tumor microenvironment (TME), prognosis
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INTRODUCTION

The host innate immune system provides a frontline defense
against invading pathogens, and the intensity of this early
response can influence the course of disease progression. One
of the earliest host responses to viral infection is the production
of type I interferons (IFN-o and-f) and the subsequent
upregulation of IFN-stimulated genes (ISGs) (1, 2). These
ISGs generate an antiviral state and play a central role in
regulating the host innate and adaptive immune responses.
Among these ISGs, ISG15 is one of the most strongly (3) and
rapidly (4) induced genes. ISG15 encodes a small Ubiquitin-like
protein of 15 kDa that forms covalent conjugates with cellular
proteins mediating robust antiviral responses (5). ISG15 exists
in three different forms: unconjugated, conjugated to the target
proteins within the cell, and released into the serum (6). When
ISG15 is secreted, free ISG15 can function as a cytokine that
modulates the immune response. For example, free ISG15 can
activate natural killer (NK) cells and enhance lymphokine-
activated killer-like activity, stimulate IFN-y production and
induce dendritic cell maturation and neutrophil recruitment (7,
8). However, ISG15 has not been investigated in the context of
macrophage differentiation.

Microbial infection causally accounts for more than 20% of
malignancies worldwide (9). EBV-encoded RNAs are detected
exclusively in tumor cells but not in normal nasopharyngeal
epithelium, suggesting that EBV activation is necessary in the
pathogenesis of NPC (10).Tumor initiation and progression

Abbreviations: CCL18, C-C motif chemokine ligand 18; CTL, cytotoxic leukocyte; CM,
culture medium; DFS, disease-free survival; HLA-DR, Human Leukocyte Antigen-
DR isotype; IFN, interferon; IHC, immunohistochemistry; IL-10, Interleukin 10; ISG,
Interferon-stimulated gene; LFA-1, leukocyte function-associated antigen-1; NK, natural
killer; NPC, nasopharyngeal carcinoma; OS, overall survival; PBMC, peripheral blood
mononuclear cell; SFKs, SRC family kinases; TAM, tumor-associated macrophage; TGF-
B, transforming growth factor beta; TMA, tissue microarray; TNF-o, tumor necrosis
factor-ot.

caused by viral infections reflect properties that are intrinsic to
tumor cells, including expression of viral oncoproteins and
nontranslated viral RNAs that directly contribute to tumor
growth (11), metastasis (12), and treatment resistance (13). In
addition, several soluble unregulated EBV factors favor the
escape of lymphoma cells from antitumor immune responses
while promoting the creation of niches in which tumor cells may
find support for their growth and survival (14). Emerging
evidence has indicated that persistent viral infections can foster
chronic inflammatory microenvironments that extrinsically
promote malignant transformation, but their role in NPC is
not well established.

Macrophages are major producers of proinflammatory
cytokines and are pivotal infiltrates into tumors. Macrophages in
tumor tissues have been referred to as tumor-associated
macrophages (TAMs), which usually harbor a M2 polarization
and confer a protumor phenotype (15). Mounting evidence has
indicated that TAMs have complicated dual functions in their
interaction with neoplastic cells and are closely associated with poor
prognosis in various tumor types (16). TAMs are predominantly
detected in both the stroma and tumor cell islets in NPC specimens
and are significantly correlated with the survival of NPC patients
(17). However, little is known about how macrophages infiltrated
into the NPC microenvironment acquire protumor phenotype, and
subsequently affect tumor cells and contribute to the progression of
NPC. In addition, the interaction between chronic EBV infection
and the tumor-promoting inflammatory microenvironment in
NPC remains elusive.

We had reported that ISG15 expressed on nasopharyngeal
carcinoma (NPC) cell and relates to poor prognosis of patients
with NPC (18). Further study indicated ISG15 can be secreted by
NPC cells and expressed on the macrophages in NPC tissues,
suggesting the regulatory role of ISG15 on tumor-associated
macrophages. In this study, we showed that NPC cells released
ISG15, which activates macrophages and subsequent CCL18
secretion through LFA-1 and SRC family kinases (SFKs). ISG15-
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treated macrophages promoted NPC cell migration and were
inhibited by a CCL18 neutralizing antibody and LFA-1 or SFK
inhibitors. Clinically, ISG15-expressing TAMs related to impaired
prognosis in NPC patients. In addition, ISG15-treated
macrophages impaired cytotoxic T lymphocyte (CTL) response.
These findings suggest that ISG15 might be a microenvironmental
(TME) factor linking chronic EBV infection and tumor
progression in NPC.

MATERIALS AND METHODS

NPC Specimens

The tissue microarray (TMA) of 90 NPC biopsy specimens
between September 2016 and November 2018 were obtained
from the Department of Otolaryngology, Head ANeck Surgery,
Sun Yat-sen Memorial Hospital of Sun Yat-sen University. This
cohort of NPC specimens was used for IHC double staining of
ISG15 and CD163 to identify the prognostic prediction of ISG15

expressing TAMs in NPC. The informed consent was obtained
from each patient prior to biopsy and the study was approved
from the Institute Research Ethics Committee. The characteristics
of the cohort of NPC patients were included in Table 1.

Cell Culture

The NPC cell lines (C666-1, HK1) were kindly provided by Prof.
Qian Zhong at SYSUCC. The cells were cultured in RPMI 1640
(Invitrogen) supplemented with 10% fetal bovine serum (FBS;
HyClone) in a humidified 5% CO, incubator at 37°C. All the cells
were tested for mycoplasma contamination and authenticated
with STR profiling, which was described in Supplementary
Table 1. Human peripheral blood mononuclear cells (PBMCs)
were isolated from the donated anticoagulated peripheral blood by
density gradient centrifugation. PBMC-derived monocytes/
macrophages were obtained from the CD11b*"* cells by using
magnetic cell sorting with CD11b microbeads (Miltenyi Biotec,
catalog no. 130-049-601). After culturing in RPMI 1640
(Invitrogen) at a concentration of 1x10° cells/ml for 24 h, the
adherent cells were macrophages and continued to be cultured in

TABLE 1 | Univariate and multivariate analysis of different prognostic variables in 90 patients with nasopharyngeal carcinoma.

Variable All Overall survival Disease-free survival
cases
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
Mean p value Hazards ratio (95% CI)  p value Mean p value Hazards ratio (95% CI) p value
survival survival
(months) (months)

Sex 0.678 - 0.572 -
Female 21 36.3 - 36.3 -
Male 69 36.9 39.1

Age 0.303 0.469
<45 39 38.4 37.3
>45 51 38.5 38.3

T classification 0.206 1.121 (0.772-2.093) 0.346 0.121 1.176 (0.698-1.984) 0.542
T 15 38.3 38.3
T2 39 41.8 41.8
T3 26 36.9 34.8
T4 10 32.5 32.5

N classification 0.051 2.159 (1.195-3.901) 0.011 0.013 2.576 (1.388-4.78) 0.003
NO 12 46.8 46.8
N1 22 39.3 39.3
N2 45 36.2 35.9
N3 11 35.5 31.5

Clinical stage 0.161 0.396 (0.098-1.596) 0.193 0.042 0.584 (0.142-2.405) 0.456
1=l 7 413 41.3
\% 19 35.7 32.6

Distant metastasis 0.003 1.987 (0.547-7.22) 0.297 0.003 2.148 (0.624-7.394) 0.225
No 83 41.3 40.7
Yes 7 31.9 29

CD163" cells 0.058 1.679 (0.524-5.378) 0.383 0.033 2.178 (0.706-6.719) 0.176
Low 45 42.5 39.2
High 45 35.4 37.7

ISG15* cells 0.032 0.298 (0.028-3.198) 0.318 0.02 0.433 (0.046-4.091) 0.465
Low 44 425 42.5
High 46 35.9 34.6

ISG15°CD163" cells 0.021 2.812 (1.083-7.301) 0.034 0.011 3.244 (1.253-8.398) 0.015
Low 45 42.1 421
High 45 35.4 341
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RPMI 1640 supplemented with 10% fetal bovine serum (FBS;
HyClone) and 40 ng/ml M-CSF (Novoprotein, catalog no. CB34)
in a humidified 5% CO2 incubator at 37°C for 5 days. At this
point, the macrophages are mature and used in subsequent
experiments. The M1 phenotype was induced by culturing
matured macrophages for 2 days in the presence of 1x10° U/ml
human IEN-y (Procell, catalog no. PCK062) prior to the treatment
of 25 ng/ml LPS for the last 24 h. The M2 phenotype was
generated using 10 ng/ml IL-4 (Novoprotein, catalog no. CD88)
for 2 days. CD8 microbeads (Miltenyi Biotec, catalog no. 130-045-
201) were used for positive selective of human CD8" T cells from
PBMCs. CD8" cells were cultured in the pre-bound plate with
5 ng/ml anti-human CD3 SAFIRE Purified (Biogems, Catalog no.
05121-25-500) for 24 h, subsequently primed in the presence of
5 ng/ml anti-human CD28 SAFIRE Purified (Biogems, Catalog no.
10311-25-500) for 2 days, and then treated with conditional media
of ISG15-treated macrophages for 24 h. Induced CD8+ cells were
activated with 10 ng/ml BFA for 6 h prior to fluorescence
activated cell sorting (FACS) analyses. Recombinant full length
ISG15 (Abcam, catalog no. ab78929) was added into the
conditional media of macrophages at a dose with range from 0.1
to 0.5 ug/ml. The concentration of LPS in recombinant ISG15 is
0.56 EU/pg and less than requirement of 1 EU/ug in vitro cell
experiment. Heat-inactivated recombinant ISG15 protein was
boiled within 100°C for 15 min and served as a control setting.

Isolation of Single Cells From Human NPC
Samples

Single tissue cells were isolated by using a previously reported method
with modification (19). Briefly, human NPC biopsy samples were
carefully cleaned and cut into small pieces (<0.5 cm). The tissue
fragments were digested with an enzyme mixture of 1 mg/ml
collagenase D (Roche Diagnostic), 100 ug/ml DNase I (Sigma-
Aldrich), and 0.6 U/ml dispase (Roche Diagnostic) in complete
DMEM containing 2% FBS for 60 min. Then, the fragments were
filtered, counted and stained for flow cytometric analyses.

Quantitative Real-Time PCR
Total RNA was extracted using TRIzol (Invitrogen) according to
the manufacturer’s instructions. RT-PCR was performed with a
Light Cycler 480 system (Roche Diagnostics) using a SYBR
Premix ExTaq kit (Takara). The oligonucleotide sequences of
quantitative real-time PCR (qRT-PCR) primers are listed below.

IFN-o: forward AACTCCCCTGATGAATGCGG, reverse
AGTGTAAAGGTGCACATGACG

IFN-B: forward GCGACACTGTTCGTGTTGTC, reverse
GCCTCCCATTCAATTGCCAC

IL-10: forward CGAGATGCCTTCAGCAGAGT, reverse
GGCAACCCAGGTAACCCTTA

TGF-B: forward CACGTGGAGCTGTACCAGAA, reverse
AGTGAACCCGTTGATGTCCA

iNOS: forward CGCATGACCTTGGTGTTTGG, reverse
CATAGACCTTGGGCTTGCCA

Western Blot Analysis
Protein extracts were resolved by 10% SDS-PAGE, transferred to
PVDF membranes (Roche), and probed with antibodies directed

against human ISG15 (1:1,000; Abnova, catalog no. A155801),
SRC (1:1,000; CST, catalog no. 9935T), and B-actin (1:3,000;
Abcam, catalog no. ab69512). Peroxidase-conjugated secondary
antibodies (1:3,000; CST) were used.

Immunoprecipitation

The conditional culture medium (CM) of HK1 and C666-1 NPC
cells was filtered with a 0.45 pm syringe filter. An antibody
against human ISG15 (Abnova, catalog no. A155801) was added
to the filtered CM at a ratio of 1ug:2 ml and shaken for 2 h at 4°C.
Protein A/G beads (Pierce protein A/G agarose) were used to
precipitate the anti-ISG15 complexes, which were centrifuged,
denatured, and analyzed using Western blotting to determine
ISG15 expression.

Double Immunostaining of NPC
Specimens

Core tissues that were 2 mm in diameter were obtained from
the representative formalin-fixed paraffin-embedded NPC
samples were sectioned at 4-pum thickness. Antigen retrieval
was performed using a pressure cooker for 30 min in 0.01 mol/L
citrate buffer (pH 6.0). The specimens were incubated with
antibodies specific for CD163 (1:200; Abcam, catalog no.
ab182422) and ISG15 (1:100; Novus, catalog no. NB600-891).
Two independent pathologists (T-Z Zhang, L Zhang)
who were blind to the clinical status of the patients counted
the stained numbers of CD163", ISG15", and ISG15'CD163"
cells in the intratumoral area under a microscope. For
immunofluorescence staining, the formalin-fixed paraffin-
embedded specimens of NPC were incubated with antibodies
specific for CD163 (1:100; Abcam, catalog no. ab182422) and
ISG15 (1:100; Novus, catalog no. NB600-891), or the
macrophages slide were incubated with antibodies specific for
ISG15 (1:100; Novus, catalog no. NB600-891) and CD11+CD18
(1:100; Abcam, catalog no. ab13219) overnight at 4°C, followed
by incubation with Alexa Fluor 555 donkey anti-rabbit IgG and
Alexa Fluor 488 donkey anti-mouse IgG (Life Technologies).
Cells stained with the indicated antibody were imaged using a
confocal laser-scanning microscope (Carl Zeiss) with a core
data acquisition system.

Flow Cytometry Staining

Macrophages with or without rISG15 treatment for 12 h were
stained with PE mouse anti-human CD163 (BD Bioscience,
catalog no. 556018) and FITC mouse anti-human HLA-DR
(BD Bioscience, catalog no. 560944). After gating the
macrophages, a two-parameter density blot was used to
distinguish M2 and M1 cells by creating a plot on CD163
(PE) and HLA-DR (FITC). For detecting the effectors of CD8"
cells, CD8" cells were stained with PE anti-human CD8a
(Biolegend, catalog no. 344705) prior to the intracellular
staining with PE/Cyanine 7 anti-human IFN-y (Biolegend,
catalog no. 502527), or FITC anti-human/mouse Granzyme
B (Biolegend, catalog no. 515403), or APC anti-human Perforin
(Biolegend, catalog no. 308111). The intracellular staining
permeabilization wash buffer (Biolegend, catalog no. 421002)
is used to permeabilize CD8" cells and following fixation
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with fixation buffer (Biolegend, catalog no. 420801). All data
were collected using a cytoFLEX flow cytometer (BD
Biosciences, USA) and analyzed using FlowJo software (BD
Biosciences, USA).

In Vivo Tumorigenesis and Treatment

To determine the in vivo tumorigenicity of ISG15-treated
macrophages in NPC, we used a mixture of NPC cells and
macrophages to develop a tumor model. A total of 125 pl of a
mixture of RPMI 1640 (Invitrogen) and basement membrane
matrix (at a ratio of 2:1, Matrigel; Corning, catalog no. 354248)
containing 1.5x10° HK1 NPC cells and 0.5x10° human PBMC-
derived macrophages was injected subcutaneously into the
flanks of female BALB/c mice (5-6 weeks old, Beijing Vital
River Laboratory Animal Technology Co., Ltd.). The treatment
protocol followed the guidelines for animal experimentation
adopted by SYSUCC, and meets the standards required by the
UKCCCR guidelines (20). The animal experiments were
approved by the Institutional Animal Care and Use
Committee at SYSUCC. Macrophages were induced with or
without 295 uM rISG15 for 24 h before inoculation. Mice were
euthanized using Isoflurane (Batch No. 217150301, RWD Life
Science. Co. Ltd, Shenzhen, China) inhalation in their home
cages, followed by cervical dislocation to ensure death on two
weeks after tumor cell injection. Further information was
described in Supplementary File.

Cytokine Array and Cytokine Detection

The supernatants of macrophages treated with or without
rISG15 were incubated with detection membranes at 4°C
overnight. The procedure was performed according to the
manufacturer’s protocol for the RayBio Human Cytokine
Antibody Array (Raybiotech, catalog no. AAH-CYT-1000).
The protein levels of M1- and M2-polarizing cytokine were
detected by using Human TH1/TH2/TH17 Cytokine CBA Kit
(BD Bioscience, Catalog no. 560484), which contained a
cytokine panel of IL-2, IL-4, IL-6, IL-10, TNF-o, and IFN-y.
The protein level of CCL18 was measured by using Human
CCL18/PARC DuoSet ELISA Kit (R&D, Catalog no. DY394-
05). The procedures were performed according to the
manufacturer’s protocols.

Statistical Analysis

Student’s t-test was used to compare two independent groups of
data. Survival distributions were estimated using the Kaplan-
Meier method and the relationship between survival and
parameter was analyzed with the log-rank test. Cox
proportional hazard regression analyses were performed to
identify predictors of prognosis, including factors with a p-
value 0.15 in univariate analyses. P<0.05 was considered
significant. Statistical analyses were performed using SPSS
version 25.0 (SPSS, Chicago, IL, USA) statistical software.

Data Availability

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

RESULTS

Nasopharyngeal Carcinoma Cells
Released ISG15 Into the Extracellular
Environment, and ISG15 Has the Potential
to Become a Microenvironment Factor for
NPC

We reported that ISG15 mRNA was upregulated in NPC tissue
(18). ISG15 induced the stemness phenotype in NPC cells and
was associated with an inferior prognostic of NPC patients (18).
As ISG15 is an antiviral protein and induced by type I interferon,
we measured the expression of IFN-o and IFN-3 mRNA in NPC
samples. The results showed that IFN-o and IFN- mRNA were
increased in NPC tissues and suggested that the upregulated
ISG15 in NPC tissue may be a response to the increased level of
type I IFN (Figure 1A). We further detected the ISG15 protein
level in NPC cells treated with IFN-[3 and observed an increased
ISG15 in IFN-B-induced NPC cells (Figure 1B). ISG15 is a well-
known intracellular ubiquitin-like molecule involved in
ISGylation. Moreover, free ISG15 can be released into the
extracellular space and serves as a cytokine. We detected ISG15
protein in the supernatants of HK1 and EBV" C666-1 NPC cells.
SDS-PAGE analysis of immunoprecipitation (IP) in the
supernatants suggested that ISG15 can be released by NPC
cells (Figure 1C). Free ISG15 has been reported to active NK
cells (21) and T cells (22), but its effect on macrophages is not
known. In nasopharyngeal carcinoma tissues, the number of
ISG15" CD163" macrophages were significantly higher than that
of non-cancerous nasopharyngeal epithelium (Figure 1D),
suggesting the infiltration of ISG15" CD163" macrophages
relate to the development of NPC. Our results provide
evidence for secreted ISG15 from NPC cells has potential to
become a microenvironmental factor and have a regulatory effect
on macrophages. Next, we study the role of secreted ISG15 on
macrophages and acquisition of protumor phenotype.

ISG15 Induced M2-Like Phenotype and
Promoted the Migration and
Tumorigenicity of NPC Cells

Macrophages differentiate into two polarization, M1 and M2. In
the tumor microenvironment, tumor-associated macrophages
(TAMs) often exhibit the M2 polarization and are associated
with malignant transformation of tumor cells and poor
prognosis of patients. First, free recombinant ISG15 protein
was added into the supernatant of human macrophages
derived from peripheral blood mononuclear cells (PBMCs).
The surface markers of M2/M1 macrophages, the CD163/
HLA-DR ratio, were measured by flow cytometry. Increased
ratio of CD163/ HLA-DR by human macrophages were observed
with rISG15 treatment (Figure 2A), suggesting ISG15 treatment
induces the M2-like phenotype. In addition, ISG15 treatment
significantly upregulated the mRNA expression of M2-related
cytokines IL-10, TGF-, but not the M1-related cytokine iNOs in
human macrophages (Figure 2B). Accordingly, ISG15 treatment
increased the secretion of IL-4 (the prototypical M2-polarizing
cytokine), without any effector on M1-polarizing cytokines such
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as IL-6 and TNF-a (Figure 2C). Furthermore, the supernatants
from the macrophages treated with rISG15 markedly promoted
the migration of HK1 NPC cells (Figure 2D). Moreover,
enhanced tumorigenicity was indicated within BALB/c mice
through subcutaneous inoculation of a mixture of NPC cells
and ISG15-pretreated macrophages (Figure 2E). Taken together,
ISG15-activated macrophage enhanced the migration and
tumorigenicity of NPC cells.

ISG15-Treated Macrophages Promoted
NPC Cell Migration Through CCL18
Secretion

To determine how the ISG15-treated macrophages promote
NPC cell migration, the cytokine profile in the supernatants of
macrophages treated with ISG15 was examined by using a
cytokine array (Supplementary Tables 2 and 3). The results
indicated that CCL18 is the cytokine with the highest increase in
the supernatants of ISG15-treated macrophages compared with
that of the control (Figure 3A). We confirmed the increased
secretion of CCL18 in ISGI15-treated macrophages by ELISA
(Figure 3B). These results suggested that secreted ISG15 is a
CCL18-inducing molecule in macrophages. CCL18 has
been shown to be exclusively secreted by myeloid-derived cells
and is one of the most abundantly produced cytokines of TAMs
(23, 24). TAM-derived CCL18 has been reported to promote
cancer cell invasion by inducing the epithelial-mesenchymal
transition (EMT) (23, 25, 26). Recently, CCL18 was confirmed
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FIGURE 1 | Interferon-stimulated gene 15 (ISG15) is released from nasopharyngeal carcinoma (NPC) cells and functions as a cytokine for macrophages in NPC.
(A) Upregulated interferon (IFN)-o. and B mRNA were detected in NPC biopsy tissues. (B) Increased ISG15 protein was determined in HK1 and C666-1 NPC cells
treated with IFN-B. (C) SDS-PAGE analysis of immunoprecipitated free ISG15 protein from conditional media (CM) of NPC cells. Control as RPMI-1640 CM, and
HK1-IFN-B as HK1 cells treated with 50 unit/ml IFN-B for 16 h, and C666-1 as EBV-positive NPC cells. (D) Representative confocal images showing double staining
of ISG15 and CD163" in NPC and non-cancerous nasopharyngeal epithelium (NPE) sample (left panel). Scale bars, 20 um in 40X or 10 um in 100X. The
quantification of the number of ISG15" CD163" cells in NPC (n=6) and in NPE (n=3) (right panel). Data are expressed as mean + SD. Statistical significance was
calculated using two-tailed Student’s t test and is indicated by *p < 0.05, **p < 0.01, and **p < 0.001.

to induce EMT in NPC (27). In our study, the enhanced
migration of NPC cells induced by the supernatants of ISG15-
treated macrophages was abolished in the presence of polyclonal
anti-CCL18 antibodies (Figure 3C). Taken together, ISG15-
treated macrophages promoted NPC cell migration through
CCL18 secretion.

ISG15-Induced CCL18 Secretion by
Macrophages Was Dependent on the
ISG15 Receptor, Leukocyte Function-
Associated Antigen-1 (LFA-1), and SRC
Family Kinase Signaling

CDl1la (oL integrin) forms a heterodimeric complex with CD18
(B2 integrin) to form the leukocyte function-associated antigen-1
(LFA-1) integrin receptor. In NK cells, LFA-1 has been reported to
be the receptor for ISG15 and that the ol domain of CD11a contains
the binding site for ISG15 (21). We determined whether LFA-1 is
the same receptor for ISG15 in macrophages. LFA-1 expression was
detected on the membranes of human macrophages treated with
ISG15 (Figure 4A). A small molecular inhibitor of LFA-1, A286982,
inhibited CCL18 secretion by macrophages (Figure 4B). These
results verified that the ISG15-induced CCL18 secretion by
macrophages was dependent on LFA-1, the receptor for ISG15.
As ISG15 treatment increased the IL-10 secretion of NK cells by
SRC signaling (21), we examined whether ISG15-treated
macrophages consistently activate SRC signaling. We observed
small molecular inhibitors of LFA-1 and SRC, A286982 and PP2,
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hindered the activation of ISG15-induced SRC signaling (Figure
4C). The activation of SRC signaling by phosphorylation of Tyr416
in a time-dependent manner in ISG15-treated macrophages
(Supplementary Figure 1A). Moreover, PP2 reduced the CCL18
secretion by ISG15-treated macrophages in a dose-dependent
manner (Figure 4D). Taken together, the ISG15-induced CCL18
secretion by macrophages was dependent on the ISG15 receptor
LFA-1 and SRC signaling. In addition, the enhanced migration of
NPC cells induced by the supernatants of ISG15-treated
macrophages was impeded in the present of LFA-1 inhibitor
(Supplementary Figure 1B). These observations suggested
ISG15-treated macrophages promote NPC cell migration depend
on the LFA-1-SRC-CCL18 axis.

ISG15-Treated Macrophages Exhibited
Increased Intracellular ISG15 Expression
and ISG15" CD163" TAMs Predicted Poor
Survival of NPC Patients

We were intrigued whether extracellular ISG15 may upregulate
intracellular ISG15 expression in macrophages. The results revealed
that intracellular expression of ISG15 increased with the treatment
of rISG15 (Figure 5A). Furthermore, the increased intracellular
ISG15 was mainly in free ISG15 manner, rather than conjugated
ISG15, and ISG15 treatment did not activate ISGytion by
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FIGURE 3 | Interferon-stimulated gene 15 (ISG15)-treated macrophages promoted nasopharyngeal carcinoma (NPC) cell migration through CCL18 secretion.

(A) Cytokine array of the CM of macrophages induced with rlSG15 at the indicated doses for 24 h. The lower table summarizing the relative signal intensity of the
indicated cytokines is presented. The red marker box indicates the site of CCL18. (B) Increased level of CCL18 in the supernatant of ISG15-treated macrophages
was confirmed by ELISA. Macrophages were treated with the indicated dose of 1SG15 for 24 h. The CCL18-inducing effect of ISG15 was blocked by pretreatment
with a CCL18 neutralizing antibody, and was not observed in heat-inactivated rISG15. (C) The increased number of infiltrated NPC cells, as measured by transwell
assay, in the presence of CM from ISG15-treated macrophages. The enhancement was abolished by anti-CCL18 antibody. Data are expressed as mean + SD of

upregulating E1 activating enzyme (UBEIL1) and E2 enzyme
(UBE2L2) in macrophages (Figure 5A). Thus, secreted ISG15
treatment upregulated intracellular free ISG15 expression
in macrophages.

Immunohistochemistry (IHC) was performed in an independent
formalin fixed, paraffin-embedded-based (FFPE-based) TMA
consisting of 90 NPC biopsy samples. The included NPC patients
were diagnosed at Sun Yat-sen Memorial Hospital of Sun Yat-sen
University between September 2016 to November 2018 with
complete follow-up until February 2020. Sixty-nine (76.7%)
patients were alive at last follow-up. The median OS for all patients
from diagnosis was 31 months (range, 8-49 months). The median
DFS for all patients was 31 months (range, 8-49 months). The OS
and DFS curves of all NPC patients were presented in Figure 5B. The
2-, 3-year OS rates are 91.6% and 76.9%, respectively; the 2-, 3- year
DFS rates are 88.1% and 74%, respectively.

CD163 is a specific marker for TAMs (16, 28). We performed
double immunostaining of ISG15 and CD163 in the cohort of
NPC biopsy samples for analyzing the correlation between
numbers of ISG15" TAM and NPC patients’ prognosis. Out of
90 NPC cases, 87 specimens (96.6%) expressed CD163" cells, 57
specimens (63.3%) stained ISG15 mainly in tumor cells and
infiltrating immune cells, and 49 specimens (54.4%) expressed
ISG15" CD163" cells, which suspected to be macrophages based

Frontiers in Immunology | www.frontiersin.org

December 2020 | Volume 11 | Article 594775


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Chen et al.

ISG15 Induces TAM Phenotype

ratio of p-Tyr416/pan 0.37 1.07 0.02 0.32
p-SRC(Tyrd 16 & == ==

P-SRC(Tyr527 i SR

pan-SRC - EEG—

actin

by ELISA. *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001.

on their morphology as well (Figure 5C). The median number of
CD163", ISG15", ISG15" CD163" cells per 1 mm?* were 132.5
(range 0-506), 6 (range 0-95), 2.5 (range 0-78), respectively.

The median number was used as cutoff to divide specimens
into high and low expression groups. As shown in Table 1,
patients with high ISG15" cells or high ISG15" CD163" TAMs
showed a significant worse overall survival (OS) in univariant
analysis (p=0.032; p=0.021, respectively), and patients with high
CD163" TAMs tended to have an impaired OS (p=0.058). In
addition, increased CD163", ISG15", and ISG15" CD163" cells
were associated with worse disease-free survival (DFS) in
univariant analysis (p=0.033; p=0.02; p=0.011, respectively).
Further analysis with a Cox proportional hazards model was
performed to determine whether ISG15" CD163" TAMs could
serve as an independent prognostic predictor. A series of
predictive factors, including T classification, N classification,
distant metastasis, expression level of CD163", ISG15" and
ISG15" CD163" cells, were included in the multivariate Cox
regression analysis. The multivariate analysis model showed that
ISG15" CD163" cells were the predominant independent
predictors of OS (Hazards ratio, 4.5; p=0.034) and DEFS
(Hazards ratio, 5.9; p=0.015) (Figure 5D). Other survival
predictors were summarized in Table 1.
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FIGURE 4 | Interferon-stimulated gene 15 (ISG15)-induced CCL18 secretion by macrophages was dependent on the ISG15 receptor, leukocyte function-associated
antigen-1 (LFA-1), and SRC family kinase (SFK) signaling. (A) Immunofluorescence demonstrated that the ISG15 receptor CD11a/CD18, also called LFA-1, was
expressed on the membranes of human macrophages. Macrophages were treated with 295nM rlISG15 for 24 h. Scale bars, 10 um. (B) ELISA results showed small
molecular inhibitors of LFA-1, A286982, inhibited CCL18 secretion by macrophages. (C) Small molecular inhibitors of LFA-1 and SRC, A286982 and PP2, hindered
the ISG15-induced activation of SFK signaling. (D) PP2 reduced the CCL18 secretion by ISG15-treated macrophages in a dose-dependent manner, as determined

The number of ISG15" CD163" TAMs was significantly
associated with advanced clinical stage, IV stage of NPC as
compared with I-III stage (p=0.016). However, there were no
evident correlations with tumoral (T) stage, lymph nodal (N) stage
and distant metastasis (M) stage (p>0.05) (Supplementary Figure 2).

Higher Expression of ISG15* CD163*
Macrophages in NPC Inhibited Antitumor
CD8" Cells Responses

Accumulation of macrophages in many types of tumors are thought
to regulate every step of tumor development, including antitumor T
cell responses. Since cytotoxic CD8" T cell has cytotoxic activity
against tumor cells, we determined whether ISG15" TAMs may
impair the intrinsic functionality of CTLs. The total frequency of
ISG15" CD163" cells in suspension of NPC tissues varied from 1%
to 9.7% among all live cells in the tumor microenvironment. We
used the median frequency of ISG15" CD163" cells as cut-off value
to divide NPC tissues into high or low expression of ISG15" TAMs
groups (Figure 6A). We found that the production of IFN-v,
perforin, and Granzyme B by CD8" T cell is significantly lower in
high ISG15" TAMs group as compared with low ISG15" TAMs
group (Figure 6B). This result suggests ISG15" TAMs infiltrated in
the microenvironment of NPC could inhibit the antitumor
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responses of cytotoxic CD8" cells. Next, we determined the effect of
ISG15-treated macrophages on the production of IFN-y, perforin
and Granzyme B by CD8" T cells derived from PBMCs after
stimulating with plate-bound anti-CD3 and anti-CD28 antibodies
for 24 h. We found that the production of IFN-y, perforin and
Granzyme B by CD8" T cells was markedly reduced in the settings
of conditional culture medium of ISG15-treated macrophages as
compared with non-ISG15-treated macrophages, indicating
impaired effector differentiation (Figure 6C and Supplementary
Figure 3). Together, our phenotypic analysis demonstrated that
ISG15" TAMs in NPC inhibited the antitumor CTL responses.

DISCUSSION

ISG15 is released by fibroblasts, monocytes, lymphocytes and
neutrophils, and in some of these cell types, secretion may be
induced in an IFN-o/B-dependent or IFN-o/B-independent
manner (22). Human ISG15-induced PBMCs secrete substantial
amounts of IFN-y, IL-2 and IL-12 (7) and are considered to have
cytokine-inducing activity. Moreover, human ISG15 enhances the
proliferation and lytic capability of NK cells (7). These findings
suggest that ISG15 has extracellular immunomodulating activity.
Recently, individuals with ISG15 deficiency have been identified (22,
29). Contrary to expectations, no particular susceptibility to viral
infections was observed in these ISG15-deficient patients. The lack
of secreted free ISG15 resulted in lower levels of lymphocyte IFN-y

production (22), and the impaired IFN-y production by blood
leukocytes from ISG15-deficient patients leads to susceptibility to
environmental mycobacteria (29). These findings suggested that
ISG15 is a secreted molecule with a functional role in immunity.

ISG15 can be released as an extracellular molecule in response
to type I IEN (7). In this study, NPC cells released ISG15 into the
extracellular environment. The mechanism of free ISG15 release
or secretion has not been fully elucidated. We observed increased
free ISG15 protein in IFN-B-induced NPC cells, possibly
suggesting the NPC cells that secreted ISG15 may respond to
the increased free intracellular ISG15 under the induction of type
I IFN. Furthermore, Sainz and colleagues observed macrophages
increase the expression and secretion of ISG15 when cocultured
with cancer stem cells (30). This observation indicated that
beyond the tumor cells, infiltrated macrophages within cancer
microenvironment may release ISG15.

TAMs participate in the initiation and progression of tumors.
TAMs secrete ISG15, which contributes to the formation of cancer
stem cells of pancreatic ductal adenocarcinoma (30). However, the
function of ISG15 in macrophages is not well understood. In this
study, secreted ISG15 upregulated intracellular ISG15 expression in
macrophages. This phenomenon indicates ISG15-labeled
macrophages can be served as a biomarker for further study the
clinical implication that ISG15 acts on macrophages. We observed
that ISG15-expressing TAMs related to poor prognosis and more
advanced stage in NPC patients. In vitro studies revealed that ISG15
switches the HLA-DR/CD163 ratio and increases the expression of
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TAM:-like cytokines. These results suggested the functional role of
human ISG15 on macrophages. Furthermore, ISG15-treated
macrophages promoted the migration and tumorigenicity of NPC
cells, either in vitro or in vivo. These findings confirmed the
malignant phenotype of ISG15-treated macrophages.

It has been previously delineated that ISG15 is an alarmin that
induces tissue alert by extracellular matrix remodeling, myeloid
cell infiltration, and inflammation in mice. ISG15 produced at the
vaccination site promoted the vaccine-specific CTL response by
enhancing expansion, short-lived effector and effector/memory
differentiation of CD8" T cells (31). Another in vivo study
indicates that ISG15 encoded by a DNA vaccine can promote
the CTL response in mice (32). In our observation, free ISG15 acts
on macrophage subsequently results in a diverse effect on CTL
response. ISG15 expressing TAMs impaired antitumor CTL
response according to effector production by the digested live
cells from tumor samples and in vitro activated CD8" cells treated
with ISG15-treated macrophages, suggesting ISG15-treated
macrophages may contribute to malignant transformation
through suppressive regulation on CTL response to tumor.

Cytokines are canonical signals that directly link immune cells
and tumor cells. In this study, a cytokine array demonstrated that
CCL18 was the cardinal secreted molecule in the medium of
ISG15-treated macrophages. CCL18 from TAMs promoted tumor
cell EMT and functioned as a crucial microenvironmental factor
involved tumor progression (23, 25). Our work reinforced the
protumor role of CCL18 on NPC cell migration. This result was
consistent with the findings established by Huang et al (27).
CCL18 closely correlated with serum EBV infection titers and
tumor progression in two cohorts of NPC patients. EBV* NPC cell
lines exhibited superior capacity to attract monocytes and skew
them to differentiate to a M2 macrophage (27). These findings
demonstrated a link between tumor cell migration and EBV-
induced chronic infection. Given the antiviral nature of ISG15, it is
presumed to be a predominant microenvironmental factor that
links EBV-induced chronic infection and TAMs. Moreover,
CCL18 from ISG15-treated TAMs may establish a loop between
viral infection, TAMs and tumor progression.

LFA-1 has been recently determined as the membrane receptor of
ISG15 in NK cells (21). Our work demonstrated the expression of
LFA-1 on macrophages, and the inhibition of LFA-1 abolished CCL18
secretion from ISG15-treated macrophages. These results identified
that ISG15 functions on macrophages similarly via the surface
receptor LFA-1. Furthermore, ISG15 engagement of LFA-1 led to
the activation of SRC family kinases (SFKs) (21). In our study, ISG15
induced the activation of SRC signaling by phosphorylation of Tyr416
in a time-dependent manner. In addition, the SFK-blocking agent
inhibited CCL18 secretion by ISG15-treated macrophages. These
findings revealed that LFA-1-SFK signaling is the pathway by which
ISG15 functions in TAMs and induces subsequent CCL18 secretion.

In summary, chronic infection with EBV and increased
expression of IFN-o. and IFN-f may contribute to the
upregulation of ISG15 in NPC cells. NPC cells can release
ISG15 in an autocrine manner, which promotes the M2-like
phenotype. ISG15-treated macrophages secrete CCL18, which
promotes the migration of NPC cells. Tumor cells secrete ISG15,

and ISG15-activated TAMs promote cancer cell migration which
develops a feed-forward loop between NPC cells and TAMs.
These findings show a potential link between chronic viral
infection and tumor progression.
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