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Abstract

Interleukin (IL)-38, a novel member of the IL-1 cytokine family, is homologous to IL-1 recep-
tor antagonist (IL-1Ra) and IL-36Ra, and has been reported to act as an antagonist. IL-38
expression is found in tonsil, placenta, and spleen, and recent studies suggest an associa-
tion between IL-38 and autoimmune diseases. However, whether IL-38 plays a role in carci-
nogenesis or cancer growth is unclear. In the present study, we identified increases in IL-38
expression by immunohistochemistry in multiple types of cancer cells. In the examination of
417 surgically resected primary lung adenocarcinomas, Fisher’s exact tests showed signifi-
cant associations between high IL-38 expression and high tumor grades, an advanced T
status, advanced N status, advanced stage, and the presence of pleural and vessel inva-
sions. Survival analyses by the Kaplan-Meier method showed that patients with high expres-
sion of IL-38 had significantly shorter disease-free survival and shorter overall survival after
surgery than patients with low expression of IL-38 (log-rank test: P=0.0021 and P=0.0035,
respectively). Moreover, programmed cell death-ligand 1 (PD-L1)-positive cases showed
higher expression of IL-38 than PD-L1-negative cases (Wilcoxon rank-sum test: P <
0.0001). In conclusion, IL-38 was expressed in tumor cells of various cancers, and IL-38
expression was associated with poor survival of lung adenocarcinoma patients. IL-38 may
affect host immunity or the tumor microenvironment, and contribute to the progression of
lung adenocarcinoma.

Introduction

Immunotherapy targeting programmed cell death-1 (PD-1) and programmed cell death-
ligand 1 (PD-L1) has recently been shown to improve prognoses of multiple cancer types [1,
2]. Notably, in non-small cell lung cancer (NSCLC) patients, PD-1 inhibitors, such as
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nivolumab in CheckMate and pembrolizumab in KEYNOTE studies, and PD-L1 inhibitors,
including atezolizumab in POPLAR and OAK studies, have exhibited a survival benefit com-
pared with conventional standard therapy [3-8]. PD-1 inhibitors have become standard treat-
ment for NSCLC patients after failure of first-line chemotherapy. PD-L1 expression on tumor
cells, which might serve as a predictive marker for PD-1/PD-L1 inhibitors, is regulated by
endogenous antitumor immunity and reflects an immune-active microenvironment [9, 10].
Expression of PD-L1 on tumor cells might be mainly regulated by the microenvironment
around tumor cells, such as various cytokines from tumor-infiltrating immune cells and
immunosuppressive factors. Therefore, many researchers are interested in the tumor microen-
vironment, and many studies concerning the tumor microenvironment have been reported.

Interleukin (IL)-38 is a novel cytokine of the IL-1 family, and its expression has been
reported in skin, tonsil, thymus, spleen, fetal liver, placenta, and salivary glands [11-15]. IL-38
shares 41% homology with IL-1 receptor antagonist (IL-1Ra) and 43% homology with IL-
36Ra, and may act as an IL-1 family antagonist [11-14]. It may participate in a network of IL-1
family members to regulate adaptive and innate immune responses. IL-38 plays a role in the
pathogenesis of inflammatory diseases, exerting a protective effect against some autoimmune
diseases or nonneoplastic diseases [16-24]. However, whether IL-38 plays a role in carcinogen-
esis or cancer growth is unclear. IL-38 may affect host immunity or the tumor microenviron-
ment because it is a negative regulator functionally related to receptor antagonists and
involved in human inflammation and autoimmunity.

In this translational study, we identified increases in IL-38 expression of tumor cells in mul-
tiple cancer types, including NSCLC, by immunohistochemistry. Therefore, we examined IL-
38 expression in 417 surgically resected primary lung adenocarcinomas by immunohistochem-
istry, and investigated the associations of IL-38 expression with clinicopathological features
and patient outcomes. Moreover, we investigated the relationship between PD-L1 and IL-38
expression. This study is the first report concerning the relevance between IL-38 expression
and the prognosis of malignant tumors.

Materials and methods
Patients and samples

We retrospectively examined patients who underwent surgical resection of their primary lung
adenocarcinoma between January 2003 and December 2012 at the Department of Surgery and
Science, Graduate School of Medical Sciences, Kyushu University. Thirteen patients who had
received neoadjuvant therapy and five patients with stage IV disease were excluded. Finally, 417
paraffin-embedded specimens were available and retrieved from the registry of the Department
of Anatomic Pathology, Graduate School of Medical Sciences, Kyushu University. Clinico-
pathological features, including age at surgery, sex, smoking history, tumor differentiation,
pathological tumor-node-metastasis (TNM) stage (seventh edition of the lung cancer staging
system), pleural or lymphovascular invasion, histological subtype (World Health Organization
Classification 2015), surgical procedure, and epidermal growth factor receptor (EGFR) mutation
status, were examined. EGFR status had been determined in tumor tissues using the peptide
nucleic acid-locked nucleic acid (PNA-LNA) polymerase chain reaction clamp method (Mitsu-
bishi Chemical Medience, Tokyo, Japan) in 235 specimens [25]. Briefly, systemic dissection of
hilar and mediastinal lymph nodes was performed at the same time as pulmonary lobectomy.
Selected lymph node sampling was performed during sublobar resection. Perioperative therapy,
which was selected by the physician, was performed within the clinical practice guidelines for
lung cancer in Japan. An EGFR-tyrosine kinase inhibitor was used after recurrence in patients
with tumors harboring EGFR-sensitive mutations. After surgery, routine checkups, including a
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physical examination, blood tests (including serum tumor markers), and chest x-ray, were per-
formed at 3 month intervals for the first 3 years and at 6 month intervals thereafter. Computed
tomography was performed twice a year for the first 3 years and then at least annually thereafter.
Adjuvant chemotherapy was administered to some patients when the treatment was required.
The eligibility criteria for patients receiving adjuvant chemotherapy were as follows: (i) p-stage
IB to IITA disease, (ii) less than 76 years of age, (iii) performance status of 0 or 1, and (iv) pro-
vided written informed consent. The regimen for p-stage IB disease was uracil-tegafur, and that
for p-stage I1A to IIIA disease was a platinum-based combined regimen in principle. Clinical
information and follow-up data were obtained from medical records. This study was approved
by our institutional review board (Kyushu University, IRB No. 27-131).

Immunohistochemical analysis

To determine the expression of IL-38 and PD-L1 in human tumors tissues immunohisto-
chemically, we used formalin-fixed and paraffin-embedded (FFPE) tumor tissue sections. The
immunohistochemical analysis was conducted using a non-commercial antibody against IL-
38 (mouse monoclonal, clone H127C, 0.5 pg/ml, kindly provided by T. Hoshino, Kurume Uni-
versity, Fukuoka, Japan) [26] and a commercial antibody against PD-L1 (rabbit monoclonal,
clone SP142, 1:100 dilution, Spring Bioscience, Ventana, Tucson, AZ, USA). Immunohisto-
chemical staining of PD-L1 was performed as described previously [27-29]. For immunobhisto-
chemical staining of IL-38, sections were prepared (4 um thick), dewaxed with xylene, and
rehydrated through a graded series of ethanol solutions. After inhibition of endogenous perox-
idase activity by treatment with 3% H,O, in methanol for 30 min, the sections were treated
with pH 6.0 citrate buffer in a decloaking chamber at 110°C for 15 min. Protein blocking was
performed with Dako serum-free protein block for 20 min, and then the sections were incu-
bated with monoclonal antibodies at 4°C overnight. Immune complexes were detected with a
DAKO EnVision Detection System (Dako). The sections were finally reacted in 3,3’-diamino-
benzidine, counterstained with hematoxylin, and mounted. Sections from human tonsil, pla-
centa, and spleen tissues were used as positive controls for IL-38, and the diluted solution
containing both the antibody against IL-38 and IL-38 recombinant protein (60 pg/ml) was
used in place of that containing only the antibody against IL-38 for the negative staining
control.

Immunohistochemical evaluation of PD-L1 was conducted as described previously [29].
Cases with less than 5% tumor membrane staining were considered as negative in this study.
In terms of IL-38, cytoplasm or membrane immunostaining were quantified in all tumor cells
of all cases, and immunohistochemical evaluation was performed as follows. Briefly, the inten-
sity was scored from 1 to 3 (1, weak staining; 2, moderate staining; 3, strong staining), and
cases with score 2 or 3 were judged as high expression because IL-38 protein was expressed
in all tumor cells with the same intensity in a case and the proportion was 100% in all cases.

All immunohistochemical results in this study were judged by three investigators who were
blinded to the clinical status of the patients. A consensus judgment was adopted as the final
result.

Statistical analysis

Associations between IL-38 expression and patient characteristics were analyzed using Fisher’s
exact test. Univariate and multivariate analyses of the relationship between IL-38 expression
and other patient characteristics were performed by logistic regression analysis with the back-
ward elimination method. Disease-free survival (DFS) was defined as the period between sur-
gery and the date of recurrence, and overall survival (OS) was defined as the period between
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surgery and the date of the last follow-up or death. These rates were estimated using the
Kaplan-Meier method with the log-rank test. Cox proportional hazards regression analysis
was performed to estimate the hazard ratios for positive risk factors with the backward elimi-
nation method. The association between PD-L1 and IL-38 expression was examined with the
Wilcoxon rank-sum test. All statistical analyses were performed using JMP Statistical Discov-
ery Software (version 11.0; SAS Institute, Cary, NC). Results were considered as statistically
significant at P < 0.05.

Results
Expression of IL-38 in tumor cells of multiple cancer types

First, we conducted a pilot study using FFPE tumor tissue sections (lung adenocarcinoma, lung
squamous cell carcinoma, lung small cell carcinoma, esophageal cancer, gastric cancer, colon
cancer, hepatocellular carcinoma, and breast cancer) with positive and negative controls. We
examined IL-38 expression in 10 cases each (total 80 cases) by immunohistochemistry, and
identified increases in IL-38 expression of tumor cells in multiple cancer types (Fig 1, S1 Fig).

Association between IL-38 expression and clinicopathological
characteristics in patients with primary lung adenocarcinoma

Based on the above results, we speculated that IL-38 may affect host immunity or the tumor
microenvironment. We focused primary on lung adenocarcinomas and examined IL-38 expres-
sion in 417 surgically resected primary lung adenocarcinomas by immunohistochemistry.

A total of 417 patients with primary lung adenocarcinoma who underwent surgical resec-
tion were included in the present study (Table 1). Two hundred and five (49.2%) patients were
male, and 218 (52.3%) had never smoked. The median age of all patients was 69 years (range,
29-85 years). EGFR status was available for 235 patients of which 123 (52.3%) had wild-type
EGFR and 112 (47.7%) had mutant EGFR.

Immunohistochemical staining for IL-38 was detected in the cytoplasm or membrane of
carcinoma cells (Fig 2A). Table 2 shows the associations between IL-38 expression and patient
clinicopathological characteristics. The samples from 184 (44.1%), 184 (44.1%), and 49
(11.8%) patients were judged to be score 1, 2, and 3, respectively, and the samples from 233
(55.9%) patients were high expression. Fisher’s exact tests showed that high expression of IL-
38 was significantly associated with high tumor grades, an advanced T status, advanced N sta-
tus, advanced stage, and the presence of pleural and vessel invasions. Multivariate analysis
revealed that a high pathological grade and the presence of vessel invasion were independent
predictors for high expression of IL-38 (Table 3).

Univariate and multivariate survival analyses of surgically resected
primary lung adenocarcinoma according to IL-38 expression

We assessed the associations between IL-38 expression and postoperative survival of patients.
Survival analyses by the Kaplan-Meier method showed that patients with higher expression of
IL-38 had significantly shorter DFS and shorter OS after surgery (log-rank test: P = 0.0064 and
P =0.0112, respectively, Fig 2B and 2C). Furthermore, patients with high expression of IL-38
had significantly shorter DFS and shorter OS after surgery than patients with low expression
of IL-38 (log-rank test: P = 0.0021 and P = 0.0035, respectively, Fig 2D and 2E).

In the multivariate analysis, age, stage, and lymphatic invasion remained as predictors for
both DFES and OS, but high expression of IL-38 did not remain as a predictor for DES and OS
(Table 4).
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A. Tonsil

HE IL-38 Negative control

B. Placenta

HE IL-38 Negative control

HE IL-38 Negative control

Fig 1. Representative images of (left panel) HE staining, (middle panel) IL-38 staining, and (right panel) negative
controls. (A) Human tonsil tissue. (B) Human placenta tissue. (C) Human spleen tissue. HE: Hematoxylin-eosin, IL-38:
interleukin-38. Scale bar: 100 ym.

https://doi.org/10.1371/journal.pone.0181598.9001

Association between PD-L1 and IL-38 expression in patients with
primary lung adenocarcinoma

Next, we investigated the association between PD-L1 and IL-38 expression. PD-L1-positive
cases showed higher expression of IL-38 than PD-L1-negative cases (Wilcoxon rank-sum test:
P < 0.0001, Fig 3A). Fig 3B shows representative images of PD-L1 and IL-38 staining in a PD-
L1-negative case and PD-L1-positive case.
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Table 1. Clinicopathological characteristics of patients with primary lung adenocarcinoma.

Factors Value or no. of patients
Age (years) Median 69
Range 29-85
Sex Male 205
Female 212
Smoking status Never smoked 218
Smoker 199
Grade G1 202
G2 158
G3 57
T T1 247
T2 138
T3 22
T4 10
N NO 337
N1-3 80
Stage | 305
Il 63
1] 49
[\ 0
pl No 323
Yes 94
ly No 357
Yes 60
v No 300
Yes 117
Histological subtype AAH/AIS/MIA 42
Lepidic predominant 26
Papillary predominant 307
Acinar predominant 7
Micropapillary predominant 1
Solid predominant 26
Variants 8
Surgical procedure Lobectomy 310
Bilobectomy 4
Pneumonectomy 3
Sublobar resection 100
EGFR* Wild-type 123
Mutant 112

*cases for which data were available.

pl: pleural invasion, ly: lymphatic invasion, v: vascular invasion, EGFR: epidermal growth factor receptor
gene, AAH: atypical adenomatous hyperplasia, AlS: adenocarcinoma in situ, MIA: minimally invasive
adenocarcinoma.

https://doi.org/10.1371/journal.pone.0181598.t001
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Fig 2. Representative images of IL-38 expression and Kaplan-Meier curves according to IL-38 expression in
patients with primary lung adenocarcinoma. (A) Representative images of IL-38 expression showing (left panel) score
1, (middle panel) score 2, and (right panel) score 3 in primary lung adenocarcinoma. (B—E) Kaplan-Meier curves showing
the (B, D) disease-free and (C, E) overall survival of primary lung adenocarcinoma patients according to IL-38 expression.
IL-38: interleukin-38. Scale bar: 100 pm.

https://doi.org/10.1371/journal.pone.0181598.9002
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Table 2. Association between IL-38 expression and clinicopathological factors in patients with primary lung adenocarcinoma.

Factors N IL-38, N (%) P-value
Low High

Age (years) <70 222 99 (53.8) 123 (52.8) 0.8440
>70 195 85 (46.2) 110 (47.2)

Sex Male 205 85 (46.2) 120 (51.5) 0.3240
Female 212 99 (53.8) 113 (48.5)

Smoking status Never smoked 218 106 (57.6) 112 (48.1) 0.0607
Smoker 199 78 (42.4) 121(51.9)

Grade G1 202 108 (58.7) 94 (40.3) 0.0003
>G2 215 76 (41.3) 139 (59.7)

T T1 247 119 (64.7) 128 (54.9) 0.0456
>T2 170 65 (35.3) 105 (45.1)

N NO 337 161 (87.5) 176 (75.5) 0.0025
>N1 80 23 (12.5) 57 (24.5)

Stage | 305 149 (81.0) 156 (67.0) 0.0018
>11(1/11) 112 (63/49) 35(19.0) 77 (33.0)

pl No 323 153 (83.2) 170 (73.0) 0.0135
Yes 94 31(16.8) 63 (27.0)

ly No 357 162 (88.0) 195 (83.7) 0.2609
Yes 60 22 (12.0) 38 (16.3)

v No 300 149 (81.0) 151 (64.8) 0.0003
Yes 117 35 (19.0) 82 (35.2)

Histological subtype Micropapillary/solid 27 8(4.3) 19(8.2) 0.1599
Others 390 176 (95.7) 214 (91.8)

Surgical procedure >Lobectomy 317 138 (75.0) 179 (76.8) 0.7292
Sublobar resection 100 46 (25.0) 54 (23.2)

EGFR* Wild-type 123 45 (50.6) 78 (53.4) 0.6882
Mutant 112 44 (49.4) 68 (46.6)

*cases for which data were available.
P-values for Fisher’s exact test.
IL-38: interleukin-38, pl: pleural invasion, ly: lymphatic invasion, v: vascular invasion, EGFR: epidermal growth factor receptor gene.

https://doi.org/10.1371/journal.pone.0181598.t1002

Disease-free and overall survival according to IL-38 expression in
PD-L1-negative and PD-L1-positive cases

Finally, we assessed the associations between IL-38 expression and postoperative survival of
patients in PD-L1-negative and PD-L1-positive cases, respectively. Survival analyses by the
Kaplan-Meier method showed that patients with high expression of IL-38 had significantly
shorter DFS and shorter OS after surgery than patients with low expression of IL-38 in the anal-
ysis of PD-L1-negative cases (log-rank test: P = 0.0064 and P = 0.0090, respectively, Fig 4A and
4B). However, in the analysis of PD-L1-positive cases, there was no significant association
between IL-38 expression and postoperative survival of patients (log-rank test: DFS, P = 0.8971;
OS, P =0.8228, Fig 4C and 4D)

Discussion

In present study, we identified increases in IL-38 expression of tumor cells in multiple cancer types
and revealed that high expression was associated with poor prognoses of lung adenocarcinoma
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Table 3. Univariate and multivariate analyses of the relationship between IL-38 expression and other patient characteristics.

Factors Univariate analysis Multivariate analysis
OR (95% Cl) P-value OR (95% Cl) P-value
Age (years) >70/<70 1.04 (0.71-1.54) 0.8366
Sex Male/female 1.24 (0.84—1.82) 0.2817
Smoking status Smoker/never smoked 1.47 (0.99-2.17) 0.0525
Grade >G2/G1 2.10(1.42-3.12) 0.0002 1.65 (1.05-2.59) 0.0300
Stage >/l 2.10(1.34-3.35) 0.0012
pl Yes/no 1.83 (1.14-2.99) 0.0125
ly Yes/no 1.43 (0.82-2.56) 0.2056
v Yes/no 2.31(1.48-3.68) 0.0002 1.75 (1.04-2.96) 0.0351
Histological subtype Micropapillary or solid/others 1.95 (0.86—4.83) 0.1102
Surgical procedure >Lobectomy/sublobar resection 1.10(0.70-1.73) 0.6652
EGFR* Wild-type/mutant 1.12 (0.66-1.90) 0.6700

*cases for which data were available.
P-values for logistic regression analysis.

IL-38: interleukin-38, pl: pleural invasion, ly: lymphatic invasion, v: vascular invasion, EGFR: epidermal growth factor receptor gene, OR: odds ratio, Cl:

confidence interval.

https://doi.org/10.1371/journal.pone.0181598.t003

patients. This is the first report concerning the relevance between IL-38 expression and the prog-
nosis of malignant tumors.

IL-6 is another cytokine expressed in tumor cells, and its dysregulation has been impli-
cated in many diseases including malignant tumors for which it has been associated with
tumor progression, drug resistance, and poor prognoses [30-36]. Huang et al. reported that
the Janus kinase (Jak) 2/Signal transducer and activator of transcription (Stat) 3 pathway
regulates autocrine production of IL-6 in lung cancer cells, and an IL-6 feed-forward loop
plays an important role in the pathogenesis of inflammation-induced cancer [30]. However,
in terms of IL-38, a mechanistic link between IL-38 expression and carcinogenesis, cancer
growth, and poor prognoses remains unclear. IL-38 binds to the IL-36 receptor and inhibits
its effect [11-14]. IL-36, which is constitutively and inducibly expressed on macrophages,
dendritic cells, lymphocytes, skin, bronchial epithelium, and synovial fibroblasts, binds to
the receptor constitutively expressed on dendritic cells and naive CD4" T cells, resulting in
cell proliferation, survival of naive T cells, and T helper (Th) 1 polarization [14, 37]. There-
fore, Th1 differentiation may be downregulated in cases with high expression of IL-38,
resulting in poor survival. Weinstein et al. proposed that IL-36 is involved in the formation
of tertiary lymphoid organs in the tumor microenvironment [38]. The presence of tertiary
lymphoid organs has been shown to be a biomarker for a good prognosis for cancer pati-
ents [38]. Moreover, some other previous reports have shown that IL-36 may have an anti-
tumor activity and active CD8" T cell responses [39, 40]. Therefore, IL-38 overexpression,
which inhibits the effect of IL-36, may affect the tumor microenvironment and lead to a
poor prognosis. We should examine the relationship between IL-38 expression and the
infiltration of immune-related cells such as CD3", CD4", and CD8" cells to confirm the
above points in future studies. Additionally, Lv et al. have recently reported that tumor-
associated transcriptional factors c-Fos, activator protein-1, c-Jun, and nuclear factor kB
bind to the upstream region of the IL-36RN gene that encodes the anti-inflammatory cyto-
kine IL-36Ra [41]. This finding may indicate that IL-38 is involved in carcinogenesis and
tumor progression through the regulation of tumor-associated transcriptional factors.
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Table 4. Univariate and multivariate analyses of DFS and OS in patients with primary lung adenocarcinoma.

Factors DFS oS
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

HR (95%Cl) Pvalue HR (95%Cl) Pvalue HR (95%Cl) Pvalue HR (95%Cl) Pvalue
Age (years) >70/<70 1.46 (1.04-2.05) | 0.0288 | 1.67 (1.19-2.36) | 0.0030 | 2.71(1.72-4.37) | <0.0001 | 3.67 (2.30-6.00) | <0.0001
Sex Male/female 1.91 (1.36-2.72) | 0.0002 2.42(1.54-3.90) | 0.0001 | 2.33(1.47-3.78) | 0.0003
Smoking status Smoker/never smoked 1.52 (1.08-2.15) | 0.0159 1.78 (1.15-2.80) | 0.0097
Grade >G2/G1 4.03 (2.73-6.13) | <0.0001 | 2.31 (1.51-3.63) | <0.0001 | 3.80 (2.30-6.60) | < 0.0001
Stage >/ 5.28 (3.75-7.47) | <0.0001 | 3.30 (2.27—4.81) | <0.0001 | 4.23 (2.73-6.59) | <0.0001 | 2.78 (1.69-4.61) | <0.0001
pl Yes/no 3.47 (2.44-4.90) | <0.0001 3.65 (2.34-5.65) | <0.0001
ly Yes/no 4.95 (3.42-7.06) | <0.0001 | 2.60 (1.75-3.82) | <0.0001 | 4.28 (2.68—6.70) | <0.0001 | 2.76 (1.65—4.53) | 0.0001
v Yes/no 3.08 (2.19-4.33) | <0.0001 3.58 (2.31-5.56) | <0.0001 | 1.83(1.11-3.03) | 0.0183
Histological subtype | Micropapillary or solid/others | 2.06 (1.15-3.40) | 0.0166 1.14 (0.44-2.42) | 0.7572
Surgical procedure | >Lobectomy/sublobar resection | 1.60 (1.04—2.56) | 0.0322 1.66 (0.95-3.14) | 0.0787
EGFR* Wild-type/mutant 1.76 (1.10-2.89) | 0.0185 2.21(1.18-4.40) | 0.0128
1L-38 High/low 1.75(1.23-2.52) | 0.0018 2.00 (1.26-3.26) | 0.0030

*cases for which data were available.

P-values for Cox proportional hazards regression analysis.

DFS: disease-free survival, OS: overall survival, pl: pleural invasion, ly: lymphatic invasion, v: vascular invasion, EGFR: epidermal growth factor receptor
gene, IL-38: interleukin-38, HR: hazard ratio, Cl: confidence interval.

https://doi.org/10.1371/journal.pone.0181598.1004
We investigated the relationship between PD-L1 and IL-38 expression. PD-L1-positive

cases showed higher expression of IL-38 than PD-L1-negative cases. PD-1 is a receptor
expressed on the surface of activated T cells, mainly CD8* T cells, and PD-1/PD-L1

A B

PD-L1-negative case PD-L1-positive case

3
T P <0.0001
B 2.5
g ]
o 2] —
I s PD-L1
0 J
01
=| ]

0.5

0 Negative " Positive

PD-L1

IL-38 IL-38

Fig 3. Association between PD-L1 and IL-38 expression. (A) PD-L1-positive cases showed higher expression of IL-38 than
PD-L1-negative cases (Wilcoxon rank-sum test: P < 0.0001). (B) Representative images of (upper panel) PD-L1 staining and (lower
panel) IL-38 staining in a (left panel) PD-L1-negative case and (right panel) PD-L1-positive case. IHC: immunohistochemistry,
PD-L1: programmed cell death-ligand 1, IL-38: interleukin-38. Scale bar: 100 ym.

https://doi.org/10.1371/journal.pone.0181598.9003
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Fig 4. Kaplan-Meier curves according to IL-38 expression in the analysis of PD-L1-negative cases and
PD-L1-positive cases. Kaplan-Meier curves showing (A, C) disease-free and (B, D) overall survival of primary lung
adenocarcinoma patients according to IL-38 expression in the analysis of (A, B) PD-L1-negative cases and (C, D)
PD-L1-positive cases. IL-38: interleukin-38, PD-L1: programmed cell death-ligand 1.

https://doi.org/10.1371/journal.pone.0181598.9004

interactions act as an immune checkpoint signal, suppressing the effector functions of acti-
vated T cells [1, 42, 43]. PD-L1-expressing cases may also express IL-38 and suppress not only
CD8" T cells, but also CD4" T cells. In the present study, multivariate analysis did not show
that high expression of IL-38 remained as a predictor for DFS and OS (Table 4). Furthermore,
survival analyses by the Kaplan-Meier method showed that patients with high expression of
IL-38 had significantly shorter DFS and shorter OS after surgery than patients with low expres-
sion of IL-38 in the analysis of PD-L1-negative cases. However, in the analysis of PD-L1-posi-
tive cases, there was no significant association between IL-38 expression and postoperative
survival of patients (Fig 4). Based on these findings, the prognostic significance of IL-38 may
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be weaker than that of PD-L1. However, IL-38 expression may be a new biomarker for PD-1/
PD-L1 inhibitors.

The present study had several limitations. First, this was a single institutional retrospective
study and not a trial-based correlative study. However, this is the first report concerning the
relevance between IL-38 expression and the prognosis of malignant tumors. The second limi-
tation was that we examined IL-38 expression only in lung adenocarcinomas. Further study of
the association between IL-38 expression and clinicopathological characteristics and progno-
ses of other histological types of lung cancers and other cancer types is therefore required.

In conclusion, IL-38 was expressed in tumor cells of various cancers including primary
lung adenocarcinoma. Moreover, IL-38 expression was significantly associated with poor sur-
vival of lung adenocarcinoma patients. IL-38 may affect host immunity or the tumor microen-
vironment, and contribute to the progression of lung adenocarcinoma.

Supporting information

S1 Fig. Representative images of (left panel) HE staining, (middle panel) IL-38 staining,
and (right panel) negative controls. (A) Lung adenocarcinoma. (B) Lung squamous cell car-
cinoma. (C) Lung small cell carcinoma. (D) Esophageal cancer. (E) Gastric cancer. (F) Colon
cancer. (G) Hepatocellular carcinoma. (H) Breast cancer. These results indicated expression of
IL-38 in tumor cells of multiple cancer types. HE: Hematoxylin-eosin, IL-38: interleukin-38.
Scale bar: 100 um.

(TIF)

Acknowledgments

We are grateful to biostatistician, Mototsugu Shimokawa (Clinical Research Institute, National
Kyushu Cancer Center, Fukuoka, Japan), for helpful comments about statistical analysis.

Author Contributions

Conceptualization: Kazuki Takada, Tatsuro Okamoto, Koji Teraishi, Masaki Okamoto,
Tomoaki Hoshino, Yoshihiko Maehara.

Data curation: Kazuki Takada, Tatsuro Okamoto, Koji Teraishi.
Formal analysis: Kazuki Takada, Koji Teraishi.
Investigation: Kazuki Takada, Tatsuro Okamoto.

Methodology: Kazuki Takada, Tatsuro Okamoto, Masaki Tominaga, Koji Teraishi, Masaki
Okamoto.

Project administration: Kazuki Takada, Tatsuro Okamoto, Masaki Tominaga, Gouji Toyo-
kawa, Fumihiro Shoji, Masaki Okamoto, Tomoaki Hoshino, Yoshihiko Maehara.

Resources: Kazuki Takada, Takaki Akamine, Shinkichi Takamori, Masakazu Katsura, Yoshi-
nao Oda.

Supervision: Gouji Toyokawa, Fumihiro Shoji, Yoshihiko Maehara.

Visualization: Gouji Toyokawa, Fumihiro Shoji.

Writing - original draft: Kazuki Takada, Tatsuro Okamoto.

Writing - review & editing: Yoshinao Oda, Tomoaki Hoshino, Yoshihiko Maehara.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181598  July 20, 2017 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181598.s001
https://doi.org/10.1371/journal.pone.0181598

@° PLOS | ONE

IL-38 expression in lung adenocarcinoma

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nature reviews Cancer.
2012; 12(4):252-64. Epub 2012/03/23. https://doi.org/10.1038/nrc3239 PMID: 22437870.

Postow MA, Callahan MK, Wolchok JD. Immune Checkpoint Blockade in Cancer Therapy. J Clin Oncol.
2015; 33(17):1974-82. https://doi.org/10.1200/JC0O.2014.59.4358 PMID: 25605845.

Rittmeyer A, Barlesi F, Waterkamp D, Park K, Ciardiello F, von Pawel J, et al. Atezolizumab versus doc-
etaxel in patients with previously treated non-small-cell lung cancer (OAK): a phase 3, open-label, multi-
centre randomised controlled trial. Lancet (London, England). 2016. https://doi.org/10.1016/s0140-
6736(16)32517-x PMID: 27979383.

Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, et al. Pembrolizumab versus
Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer. The New England journal of medicine.
2016. https://doi.org/10.1056/NEJMoa1606774 PMID: 27718847.

Herbst RS, Baas P, Kim DW, Felip E, Perez-Gracia JL, Han JY, et al. Pembrolizumab versus docetaxel
for previously treated, PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-010): a rando-
mised controlled trial. Lancet (London, England). 2016; 387(10027):1540-50.
WOS:000373741600030.

Fehrenbacher L, Spira A, Ballinger M, Kowanetz M, Vansteenkiste J, Mazieres J, et al. Atezolizumab
versus docetaxel for patients with previously treated non-small-cell lung cancer (POPLAR): a multicen-
tre, open-label, phase 2 randomised controlled trial. Lancet (London, England). 2016; 387
(10030):1837—46. WOS:000375056100032.

Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt WE, Poddubskaya E, et al. Nivolumab versus
Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. The New England journal of med-
icine. 2015; 373(2):123-35. Epub 2015/06/02. https://doi.org/10.1056/NEJMoa1504627 PMID:
26028407.

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al. Nivolumab versus Docetaxel in
Advanced Nonsquamous Non-Small-Cell Lung Cancer. The New England journal of medicine. 2015;
373(17):1627-39. Epub 2015/09/29. https://doi.org/10.1056/NEJMoa1507643 PMID: 26412456.

Taube JM, Klein A, Brahmer JR, Xu H, Pan X, Kim JH, et al. Association of PD-1, PD-1 ligands, and
other features of the tumor immune microenvironment with response to anti-PD-1 therapy. Clinical can-
cer research: an official journal of the American Association for Cancer Research. 2014; 20(19):5064—
74. Epub 2014/04/10. https://doi.org/10.1158/1078-0432.ccr-13-3271 PMID: 24714771; PubMed Cen-
tral PMCID: PMCPmc4185001.

Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al. Predictive correlates of
response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 2014; 515(7528):563—7.
Epub 2014/11/28. https://doi.org/10.1038/nature14011 PMID: 25428504.

Akdis M, Aab A, Altunbulakli C, Azkur K, Costa RA, Crameri R, et al. Interleukins (from IL-1 to IL-38),
interferons, transforming growth factor beta, and TNF-alpha: Receptors, functions, and roles in dis-
eases. The Journal of allergy and clinical immunology. 2016. Epub 2016/09/01. https://doi.org/10.1016/
j.jaci.2016.06.033 PMID: 27577879.

Yuan X, Peng X, Li Y, Li M. Role of IL-38 and Its Related Cytokines in Inflammation. Mediators of inflam-
mation. 2015; 2015:807976. Epub 2015/04/16. https://doi.org/10.1155/2015/807976 PMID: 25873772;
PubMed Central PMCID: PMCPmc4383490.

van de Veerdonk FL, Netea MG. New Insights in the Immunobiology of IL-1 Family Members. Frontiers
in immunology. 2013; 4:167. Epub 2013/07/13. https://doi.org/10.3389/fimmu.2013.00167 PMID:
23847614; PubMed Central PMCID: PMCPmc3703542.

Garlanda C, Dinarello CA, Mantovani A. The interleukin-1 family: back to the future. Immunity. 2013; 39
(6):1003-18. Epub 2013/12/18. https://doi.org/10.1016/j.immuni.2013.11.010 PMID: 24332029;
PubMed Central PMCID: PMCPmc3933951.

Lin H, Ho AS, Haley-Vicente D, Zhang J, Bernal-Fussell J, Pace AM, et al. Cloning and characterization
of IL-1HY2, a novel interleukin-1 family member. The Journal of biological chemistry. 2001; 276
(23):20597-602. Epub 2001/03/30. https://doi.org/10.1074/jbc.M010095200 PMID: 11278614.

Wang M, Wang B, Ma Z, Sun X, Tang Y, Li X, et al. Detection of the novel IL-1 family cytokines by QAH-
IL1F-1 assay in rheumatoid arthritis. Cellular and molecular biology (Noisy-le-Grand, France). 2016; 62
(4):31—4. Epub 2016/05/18. PMID: 27188731.

Hahn M, Frey S, Hueber AJ. The novel interleukin-1 cytokine family members in inflammatory diseases.
Current opinion in rheumatology. 2016. Epub 2016/12/08. https://doi.org/10.1097/bor.
0000000000000361 PMID: 27926540.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181598  July 20, 2017 13/15


https://doi.org/10.1038/nrc3239
http://www.ncbi.nlm.nih.gov/pubmed/22437870
https://doi.org/10.1200/JCO.2014.59.4358
http://www.ncbi.nlm.nih.gov/pubmed/25605845
https://doi.org/10.1016/s0140-6736(16)32517-x
https://doi.org/10.1016/s0140-6736(16)32517-x
http://www.ncbi.nlm.nih.gov/pubmed/27979383
https://doi.org/10.1056/NEJMoa1606774
http://www.ncbi.nlm.nih.gov/pubmed/27718847
https://doi.org/10.1056/NEJMoa1504627
http://www.ncbi.nlm.nih.gov/pubmed/26028407
https://doi.org/10.1056/NEJMoa1507643
http://www.ncbi.nlm.nih.gov/pubmed/26412456
https://doi.org/10.1158/1078-0432.ccr-13-3271
http://www.ncbi.nlm.nih.gov/pubmed/24714771
https://doi.org/10.1038/nature14011
http://www.ncbi.nlm.nih.gov/pubmed/25428504
https://doi.org/10.1016/j.jaci.2016.06.033
https://doi.org/10.1016/j.jaci.2016.06.033
http://www.ncbi.nlm.nih.gov/pubmed/27577879
https://doi.org/10.1155/2015/807976
http://www.ncbi.nlm.nih.gov/pubmed/25873772
https://doi.org/10.3389/fimmu.2013.00167
http://www.ncbi.nlm.nih.gov/pubmed/23847614
https://doi.org/10.1016/j.immuni.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24332029
https://doi.org/10.1074/jbc.M010095200
http://www.ncbi.nlm.nih.gov/pubmed/11278614
http://www.ncbi.nlm.nih.gov/pubmed/27188731
https://doi.org/10.1097/bor.0000000000000361
https://doi.org/10.1097/bor.0000000000000361
http://www.ncbi.nlm.nih.gov/pubmed/27926540
https://doi.org/10.1371/journal.pone.0181598

@° PLOS | ONE

IL-38 expression in lung adenocarcinoma

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chu M, Chu IM, Yung EC, Lam CW, Leung TF, Wong GW, et al. Aberrant Expression of Novel Cytokine
IL-38 and Regulatory T Lymphocytes in Childhood Asthma. Molecules (Basel, Switzerland). 2016; 21
(7). Epub 2016/07/22. https://doi.org/10.3390/molecules21070933 PMID: 27438823.

Rudloff I, Godsell J, Nold-Petry CA, Harris J, Hoi A, Morand EF, et al. Brief Report: Interleukin-38 Exerts
Antiinflammatory Functions and Is Associated With Disease Activity in Systemic Lupus Erythematosus.
Arthritis Rheumatol. 2015; 67(12):3219-25. Epub 2015/09/01. https://doi.org/10.1002/art.39328 PMID:

26314375.

Rudloff I, Godsell J, Nold-Petry CA, Harris J, Hoi A, Morand EF, et al. Interleukin 38 exerts anti-inflam-
matory functions and is associated with disease activity in systemic lupus erythematosus. Arthritis
Rheumatol. 2015. Epub 2015/09/01. https://doi.org/10.1002/art.39328 PMID: 26314375.

Palomo J, Dietrich D, Martin P, Palmer G, Gabay C. The interleukin (IL)-1 cytokine family—Balance
between agonists and antagonists in inflammatory diseases. Cytokine. 2015. Epub 2015/07/18. https://
doi.org/10.1016/j.cyt0.2015.06.017 PMID: 26185894.

Keermann M, Koks S, Reimann E, Abram K, Erm T, Silm H, et al. Expression of IL-36 family cytokines
and IL-37 but not IL-38 is altered in psoriatic skin. J Dermatol Sci. 2015. Epub 2015/09/01. https://doi.
org/10.1016/j.jdermsci.2015.08.002 PMID: 26319074.

Boutet MA, Bart G, Penhoat M, Amiaud J, Brulin B, Charrier C, et al. Distinct Expression of IL-36alpha,
beta, gamma, their antagonist IL-36Ra and IL-38 in psoriasis, rheumatoid arthritis and Crohn’s disease.
Clinical and experimental immunology. 2015. Epub 2015/12/25. https://doi.org/10.1111/cei. 12761
PMID: 26701127.

Zhang L, Yan JW, Wang YJ, Wan YN, Wang BX, Tao JH, et al. Association of interleukin 1 family with
systemic sclerosis. Inflammation. 2014; 37(4):1213-20. Epub 2014/02/18. https://doi.org/10.1007/
$10753-014-9848-7 PMID: 24531856.

Kohno M, Okamoto T, Suda K, Shimokawa M, Kitahara H, Shimamatsu S, et al. Prognostic and thera-
peutic implications of aromatase expression in lung adenocarcinomas with EGFR mutations. Clin Can-
cer Res. 2014; 20(13):3613—-22. https://doi.org/10.1158/1078-0432.CCR-13-2683 PMID: 24803578.

Takenaka S- |, Kaieda S, Kawayama T, Matsuoka M, Kaku Y, Kinoshita T, et al. IL-38: A new factor in
rheumatoid arthritis. Biochem Biophys Rep. 2015; 4:386-91.

Toyokawa G, Takada K, Haratake N, Takamori S, Akamine T, Katsura M, et al. Favorable Disease-free
Survival Associated with Programmed Death Ligand 1 Expression in Patients with Surgically Resected
Small-cell Lung Cancer. Anticancer research. 2016; 36(8):4329-36. Epub 2016/07/29. PMID:
27466552.

Takada K, Toyokawa G, Okamoto T, Akamine T, Takamori S, Katsura M, et al. An Immunohistochemi-
cal Analysis of PD-L1 Protein Expression in Surgically Resected Small Cell Lung Cancer Using Different
Antibodies and Criteria. Anticancer research. 2016; 36(7):3409—12. Epub 2016/06/30. PMID:
27354600.

Takada K, Okamoto T, Shoji F, Shimokawa M, Akamine T, Takamori S, et al. Clinical Significance of
PD-L1 Protein Expression in Surgically Resected Primary Lung Adenocarcinoma. Journal of thoracic
oncology: official publication of the International Association for the Study of Lung Cancer. 2016; 11
(11):1879-90. Epub 2016/10/25. https://doi.org/10.1016/}.jtho.2016.06.006 PMID: 27346415.

Huang WL, Yeh HH, Lin CC, Lai WW, Chang JY, Chang WT, et al. Signal transducer and activator of
transcription 3 activation up-regulates interleukin-6 autocrine production: a biochemical and genetic
study of established cancer cell lines and clinical isolated human cancer cells. Molecular cancer. 2010;
9:309. Epub 2010/12/03. https://doi.org/10.1186/1476-4598-9-309 PMID: 21122157; PubMed Central
PMCID: PMCPMC3027602.

Sullivan NJ, Sasser AK, Axel AE, Vesuna F, Raman V, Ramirez N, et al. Interleukin-6 induces an epi-
thelial-mesenchymal transition phenotype in human breast cancer cells. Oncogene. 2009; 28
(33):2940-7. Epub 2009/07/08. https://doi.org/10.1038/onc.2009.180 PMID: 19581928.

Grivennikov S, Karin M. Autocrine IL-6 signaling: a key event in tumorigenesis? Cancer cell. 2008; 13
(1):7-9. Epub 2008/01/03. https://doi.org/10.1016/j.ccr.2007.12.020 PMID: 18167335.

Schafer ZT, Brugge JS. IL-6 involvement in epithelial cancers. The Journal of clinical investigation.
2007; 117(12):3660-3. Epub 2007/12/07. https://doi.org/10.1172/JCI34237 PMID: 18060028; PubMed
Central PMCID: PMCPMC2096452.

Hong DS, Angelo LS, Kurzrock R. Interleukin-6 and its receptor in cancer: implications for translational
therapeutics. Cancer. 2007; 110(9):1911-28. Epub 2007/09/13. https://doi.org/10.1002/cncr.22999
PMID: 17849470.

Yeh HH, Lai WW, Chen HH, Liu HS, Su WC. Autocrine IL-6-induced Stat3 activation contributes to the
pathogenesis of lung adenocarcinoma and malignant pleural effusion. Oncogene. 2006; 25(31):4300—
9. Epub 2006/03/07. https://doi.org/10.1038/sj.onc.1209464 PMID: 16518408.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181598  July 20, 2017 14/15


https://doi.org/10.3390/molecules21070933
http://www.ncbi.nlm.nih.gov/pubmed/27438823
https://doi.org/10.1002/art.39328
http://www.ncbi.nlm.nih.gov/pubmed/26314375
https://doi.org/10.1002/art.39328
http://www.ncbi.nlm.nih.gov/pubmed/26314375
https://doi.org/10.1016/j.cyto.2015.06.017
https://doi.org/10.1016/j.cyto.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26185894
https://doi.org/10.1016/j.jdermsci.2015.08.002
https://doi.org/10.1016/j.jdermsci.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26319074
https://doi.org/10.1111/cei.12761
http://www.ncbi.nlm.nih.gov/pubmed/26701127
https://doi.org/10.1007/s10753-014-9848-7
https://doi.org/10.1007/s10753-014-9848-7
http://www.ncbi.nlm.nih.gov/pubmed/24531856
https://doi.org/10.1158/1078-0432.CCR-13-2683
http://www.ncbi.nlm.nih.gov/pubmed/24803578
http://www.ncbi.nlm.nih.gov/pubmed/27466552
http://www.ncbi.nlm.nih.gov/pubmed/27354600
https://doi.org/10.1016/j.jtho.2016.06.006
http://www.ncbi.nlm.nih.gov/pubmed/27346415
https://doi.org/10.1186/1476-4598-9-309
http://www.ncbi.nlm.nih.gov/pubmed/21122157
https://doi.org/10.1038/onc.2009.180
http://www.ncbi.nlm.nih.gov/pubmed/19581928
https://doi.org/10.1016/j.ccr.2007.12.020
http://www.ncbi.nlm.nih.gov/pubmed/18167335
https://doi.org/10.1172/JCI34237
http://www.ncbi.nlm.nih.gov/pubmed/18060028
https://doi.org/10.1002/cncr.22999
http://www.ncbi.nlm.nih.gov/pubmed/17849470
https://doi.org/10.1038/sj.onc.1209464
http://www.ncbi.nlm.nih.gov/pubmed/16518408
https://doi.org/10.1371/journal.pone.0181598

@° PLOS | ONE

IL-38 expression in lung adenocarcinoma

36.

37.

38.

39.

40.

41.

42,

43.

Barton BE. IL-6: insights into novel biological activities. Clinical immunology and immunopathology.
1997; 85(1):16—20. Epub 1997/11/05. PMID: 9325064.

Vigne S, Palmer G, Martin P, Lamacchia C, Strebel D, Rodriguez E, et al. IL-36 signaling amplifies Th1
responses by enhancing proliferation and Th1 polarization of naive CD4+ T cells. Blood. 2012; 120
(17):3478-87. Epub 2012/09/13. https://doi.org/10.1182/blood-2012-06-439026 PMID: 22968459.

Weinstein AM, Storkus WJ. Therapeutic Lymphoid Organogenesis in the Tumor Microenvironment.
Advances in cancer research. 2015; 128:197-233. Epub 2015/07/29. https://doi.org/10.1016/bs.acr.
2015.04.003 PMID: 26216634; PubMed Central PMCID: PMCPMC4853818.

Tsurutani N, Mittal P, St Rose MC, Ngoi SM, Svedova J, Menoret A, et al. Costimulation Endows Immu-
notherapeutic CD8 T Cells with IL-36 Responsiveness during Aerobic Glycolysis. Journal of immunol-
ogy (Baltimore, Md: 1950). 2016; 196(1):124—34. Epub 2015/11/18. https://doi.org/10.4049/jimmunol.
1501217 PMID: 26573834; PubMed Central PMCID: PMCPMC4685023.

Solahaye-Kahnamouii S, Farhadi F, Rahkare-Farshi M, Pakdel F, Kashefimehr A, Pouralibaba F, et al.
The effect of interleukin 36 gene therapy in the regression of tumor. Iranian journal of cancer prevention.
2014; 7(4):197-203. Epub 2015/01/30. PMID: 25628840; PubMed Central PMCID: PMCPMC4307102.

Lv Z, Fan J, Zhang X, Huang Q, Han J, Wu F, et al. Integrative genomic analysis of interleukin-36RN
and its prognostic value in cancer. Molecular medicine reports. 2016; 13(2):1404—12. Epub 2015/12/18.
https://doi.org/10.3892/mmr.2015.4667 PMID: 26676204.

Gatalica Z, Snyder C, Maney T, Ghazalpour A, Holterman DA, Xiao N, et al. Programmed cell death 1
(PD-1) and its ligand (PD-L1) in common cancers and their correlation with molecular cancer type. Can-
cer epidemiology, biomarkers & prevention: a publication of the American Association for Cancer
Research, cosponsored by the American Society of Preventive Oncology. 2014; 23(12):2965-70. Epub
2014/11/14. https://doi.org/10.1158/1055-9965.epi-14-0654 PMID: 25392179.

Patel SP, Kurzrock R. PD-L1 Expression as a Predictive Biomarker in Cancer Immunotherapy. Molecu-
lar cancer therapeutics. 2015; 14(4):847-56. Epub 2015/02/20. https://doi.org/10.1158/1535-7163.
MCT-14-0983 PMID: 25695955.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181598  July 20, 2017 15/15


http://www.ncbi.nlm.nih.gov/pubmed/9325064
https://doi.org/10.1182/blood-2012-06-439026
http://www.ncbi.nlm.nih.gov/pubmed/22968459
https://doi.org/10.1016/bs.acr.2015.04.003
https://doi.org/10.1016/bs.acr.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/26216634
https://doi.org/10.4049/jimmunol.1501217
https://doi.org/10.4049/jimmunol.1501217
http://www.ncbi.nlm.nih.gov/pubmed/26573834
http://www.ncbi.nlm.nih.gov/pubmed/25628840
https://doi.org/10.3892/mmr.2015.4667
http://www.ncbi.nlm.nih.gov/pubmed/26676204
https://doi.org/10.1158/1055-9965.epi-14-0654
http://www.ncbi.nlm.nih.gov/pubmed/25392179
https://doi.org/10.1158/1535-7163.MCT-14-0983
https://doi.org/10.1158/1535-7163.MCT-14-0983
http://www.ncbi.nlm.nih.gov/pubmed/25695955
https://doi.org/10.1371/journal.pone.0181598

