
Journal of Immunology Research

Tissue-Speci�c Immunity in
Homeostasis and Diseases

Lead Guest Editor: Ning Wu

Guest Editors: Erwei Sun, Dongfang Liu, and Di Yu

 



Tissue-Specific Immunity in Homeostasis and
Diseases



Journal of Immunology Research

Tissue-Specific Immunity in Homeostasis and
Diseases

Lead Guest Editor: Ning Wu
Guest Editors: Erwei Sun, Dongfang Liu, and Di Yu



Copyright © 2019 Hindawi Limited. All rights reserved.

is is a special issue published in “Journal of Immunology Research.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Chief Editor
Martin Holland, United Kingdom

Editorial Board

Bartholomew D. Akanmori, Congo
Jagadeesh Bayry, France
Kurt Blaser, Switzerland
Dimitrios P. Bogdanos, Greece
Eduardo F. Borba, Brazil
Federico Bussolino, Italy
Nitya G. Chakraborty, USA
Cinzia Ciccacci, Italy
Robert B. Clark, USA
Mario Clerici, Italy
Nathalie Cools, Belgium
Marco de Vincentiis, Italy
M. Victoria Delpino, Argentina
Roberta Antonia Diotti, Italy
Lihua Duan, China
Nejat K. Egilmez, USA
eodoros Eleheriadis, Greece
Eyad Elkord, United Kingdom
Elizabeth Soares Fernandes, Brazil
Steven E. Finkelstein, USA
Maria Cristina Gagliardi, Italy
Luca Gattinoni, USA
Alvaro González, Spain
Antonio Greco, Italy
eresa Hautz, Austria
Douglas C. Hooper, USA
Eung-Jun Im, USA
Hidetoshi Inoko, Japan
Juraj Ivanyi, United Kingdom
Ravirajsinh Jadeja, USA
Peirong Jiao, China
Youmin Kang, China
Taro Kawai, Japan
Alexandre Keller, Brazil
Sung Hwan Ki, Republic of Korea
Hiroshi Kiyono, Japan
Bogdan Kolarz, Poland
Natalie Lister, Australia
Herbert K. Lyerly, USA
Mahboobeh Mahdavinia, USA
Giuliano Marchetti, Italy
Eiji Matsuura, Japan
François Meurens, Canada
Cinzia Milito, Italy

Chikao Morimoto, Japan
Paola Nistico, Italy
Enrique Ortega, Mexico
Carlo Perricone, Italy
Patrice Petit, France
Somchai Pinlaor, ailand
Luis Alberto Ponce-Soto, Brazil
Massimo Ralli, Italy
Pedro A. Reche, Spain
Eirini Rigopoulou, Greece
Ilaria Roato, Italy
Luigina Romani, Italy
Aurelia Rughetti, Italy
Francesca Santilli, Italy
Takami Sato, USA
Giuseppe A. Sautto, USA
Senthamil R. Selvan, USA
Naohiro Seo, Japan
Benoit Stijlemans, Belgium
Jacek Tabarkiewicz, Poland
Hiroshi Tanaka, Japan
Mizue Terai, USA
Ban-Hock Toh, Australia
Joseph F. Urban, USA
Shariq M. Usmani, USA
Shengjun Wang, China
Paulina Wlasiuk, Poland
Baohui Xu, USA
Huaxi Xu, China
Xiao-Feng Yang, USA
Qiang Zhang, USA
Jixin Zhong, USA



Contents

Tissue-Specific Immunity in Homeostasis and Diseases
Ning Wu  , Erwei Sun  , Dongfang Liu, and Di Yu
Editorial (2 pages), Article ID 7616509, Volume 2019 (2019)

Infiltration of Blood-Derived Macrophages Contributes to the Development of Diabetic Neuropathy
Jing-Jing Sun  , Lin Tang, Xiao-Pei Zhao  , Jun-Mei Xu, Yang Xiao  , and Hui Li 

Research Article (8 pages), Article ID 7597382, Volume 2019 (2019)

Human Lung Microbiome on the Way to Cancer
Olga V. Kovaleva, Daniil Romashin, Irina B. Zborovskaya, Mikhail M. Davydov, Murat S. Shogenov, and
Alexei Gratchev 

Review Article (6 pages), Article ID 1394191, Volume 2019 (2019)

Similar Transition Processes in Synovial Fibroblasts from Rheumatoid Arthritis and Osteoarthritis: A
Single-Cell Study
Shaozhe Cai  , Bingxia Ming  , Cong Ye  , Shengyan Lin  , Peng Hu  , Jungen Tang  , Fang
Zheng  , and Lingli Dong 

Research Article (11 pages), Article ID 4080735, Volume 2019 (2019)

Effect of TNF-α-Induced Sclerostin on Osteocytes during Orthodontic Tooth Movement
Fumitoshi Ohori, Hideki Kitaura  , Aseel Marahleh, Akiko Kishikawa, Saika Ogawa, Jiawei Qi, Wei-Ren
Shen, Takahiro Noguchi, Yasuhiko Nara, and Itaru Mizoguchi
Research Article (10 pages), Article ID 9716758, Volume 2019 (2019)

STAT3 Genotypic Variant rs744166 and Increased Tyrosine Phosphorylation of STAT3 in IL-23
Responsive Innate Lymphoid Cells during Pathogenesis of Crohn’s Disease
Ying Tang  , Sanda A. Tan  , Atif Iqbal, Jian Li, and Sarah C. Glover 

Research Article (10 pages), Article ID 9406146, Volume 2019 (2019)

Decreased Expression of CD14 in MSU-Mediated Inflammation May Be Associated with Spontaneous
Remission of Acute Gout
Lihua Duan  , Jiao Luo, Qiang Fu, Ke Shang, Yingying Wei, Youlian Wang  , Yan Li  , and Jie Chen 

Research Article (7 pages), Article ID 7143241, Volume 2019 (2019)

Exhausted and Senescent T Cells at the Maternal-Fetal Interface in Preterm and Term Labor
Rebecca Slutsky, Roberto Romero, Yi Xu, Jose Galaz, Derek Miller, Bogdan Done, Adi L. Tarca, Sabrina
Gregor, Sonia S. Hassan, Yaozhu Leng, and Nardhy Gomez-Lopez 

Research Article (16 pages), Article ID 3128010, Volume 2019 (2019)

Sjogren’s Syndrome and TAM Receptors: A Possible Contribution to Disease Onset
Richard Witas  , Ammon B. Peck, Julian L. Ambrus  , and Cuong Q. Nguyen 

Review Article (12 pages), Article ID 4813795, Volume 2019 (2019)

https://orcid.org/0000-0001-7485-0436
https://orcid.org/0000-0001-5664-513X
https://orcid.org/0000-0003-4012-4748
https://orcid.org/0000-0001-6195-5044
https://orcid.org/0000-0003-3927-1839
https://orcid.org/0000-0002-0959-455X
https://orcid.org/0000-0003-2137-1866
https://orcid.org/0000-0001-6778-9745
https://orcid.org/0000-0003-4861-4864
https://orcid.org/0000-0001-5478-7361
https://orcid.org/0000-0003-4035-4666
https://orcid.org/0000-0001-8615-0111
https://orcid.org/0000-0002-2462-7102
https://orcid.org/0000-0002-0655-9652
https://orcid.org/0000-0003-2017-1125
https://orcid.org/0000-0003-3249-4247
https://orcid.org/0000-0003-4357-2343
https://orcid.org/0000-0002-3462-4503
https://orcid.org/0000-0002-9899-0473
http://orcid.org/0000-0002-1631-4675
http://orcid.org/0000-0003-3363-5486
http://orcid.org/0000-0002-5587-2784
http://orcid.org/0000-0002-6808-1076
http://orcid.org/0000-0002-3406-5262
http://orcid.org/0000-0001-8694-1925
http://orcid.org/0000-0003-4505-796X
http://orcid.org/0000-0001-5633-4075


Soluble Markers of Antibody Secreting Cell Function as Predictors of Infection Risk in Rheumatoid
Arthritis
Maria J. Gutierrez  , Stephen V. Desiderio, Nae-Yuh Wang, Erika Darrah, Laura Cappelli, Gustavo Nino,
Michelle Jones  , and Clion O. Bingham III
Research Article (10 pages), Article ID 3658215, Volume 2019 (2019)

Immunity in the Cervix: Interphase between Immune and Cervical Epithelial Cells
Jorgelina Barrios De Tomasi, Michael Makokha Opata, and Chishimba Nathan Mowa 

Review Article (13 pages), Article ID 7693183, Volume 2019 (2019)

Intrapulmonary Autoantibodies to HSP72 Are Associated with Improved Outcomes in IPF
Ross Mills  , Abhinav Mathur, Lisa M. Nicol, Jeremy J. Walker, Alexander A. Przybylski, Alison C.
Mackinnon, Sarah E. M. Howie  , William A. H. Wallace, Ian Dransfield, and Nik Hirani 

Research Article (11 pages), Article ID 1845128, Volume 2019 (2019)

Cell Counts, rather than Proportion, of CD8/PD-1 Tumor-Infiltrating Lymphocytes in a Tumor
Microenvironment Associated with Pathological Characteristics of Chinese Invasive Ductal Breast
Cancer
Qingkun Song  , Feng Shi, Maya Adair, Hong Chang, Xiudong Guan, Yanjie Zhao, Yuchen Li, Guangjiang
Wu, and Jiangping Wu
Research Article (8 pages), Article ID 8505021, Volume 2019 (2019)

Automated and Reproducible Detection of Vascular Endothelial Growth Factor (VEGF) in Renal Tissue
Sections
Nayana Damiani Macedo, Aline Rodrigues Buzin, Isabela Bastos de Araujo, Breno Valentim Nogueira, Tadeu
Uggere Andrade, Denise Coutinho Endringer, and Dominik Lenz 

Research Article (7 pages), Article ID 7232781, Volume 2019 (2019)

CD38 Deficiency Downregulates the Onset and Pathogenesis of Collagen-Induced Arthritis through the
NF-κB Pathway
Yuna Du, Qianqian Dai, Huiqing Zhang  , Qi Li  , Kuangyu Song  , Yingyuan Fu, Weiping Min, Zhenlong
Liu, and Rong Li 

Research Article (9 pages), Article ID 7026067, Volume 2019 (2019)

Early Peritoneal CC Chemokine Production Correlates with Divergent Inflammatory Phenotypes and
Susceptibility to Experimental Arthritis in Mice
Cristiano Rossato  , Layra Lucy Albuquerque, Iana Suly Santos Katz  , Andrea Borrego  , Wafa Hanna
Koury Cabrera  , Mônica Spadafora-Ferreira  , Orlando Garcia Ribeiro  , Nancy Starobinas  , Olga
Martinez Ibañez  , Marcelo De Franco  , and José Ricardo Jensen 

Research Article (12 pages), Article ID 2641098, Volume 2019 (2019)

http://orcid.org/0000-0001-5494-5841
http://orcid.org/0000-0003-0214-9178
http://orcid.org/0000-0001-7167-8108
http://orcid.org/0000-0002-7800-1850
http://orcid.org/0000-0001-7291-3499
http://orcid.org/0000-0001-8854-3605
http://orcid.org/0000-0002-1159-257X
http://orcid.org/0000-0001-6932-401X
http://orcid.org/0000-0002-9283-1973
http://orcid.org/0000-0002-6016-9081
http://orcid.org/0000-0002-8770-0012
http://orcid.org/0000-0001-8503-7977
http://orcid.org/0000-0003-1124-0520
http://orcid.org/0000-0001-7846-5981
http://orcid.org/0000-0001-6454-9279
http://orcid.org/0000-0003-1973-4664
http://orcid.org/0000-0001-8823-9929
http://orcid.org/0000-0003-2117-2402
http://orcid.org/0000-0001-5716-3394
http://orcid.org/0000-0002-2672-4758
http://orcid.org/0000-0002-0417-8215
http://orcid.org/0000-0001-6228-2988


Editorial
Tissue-Specific Immunity in Homeostasis and Diseases

Ning Wu ,1 Erwei Sun ,2,3 Dongfang Liu,4,5 and Di Yu6

1Department of Immunology, School of Basic Medicine, Tongji Medical College, Huazhong University of Science and
Technology (HUST), Wuhan, China
2Department of Rheumatology and Immunology, The Third Affiliated Hospital, Southern Medical University, Guangzhou, China
3Department of Rheumatology and Immunology, Shunde Hospital, Southern Medical University, Foshan, China
4Department of Pathology, Immunology and Laboratory Medicine, Rutgers University-New Jersey Medical School, 185 South
Orange Avenue, Newark, NJ 07103, USA
5Center for Immunity and Inflammation, New Jersey Medical School, Rutgers-The State University of New Jersey, Newark,
NJ 07101, USA
6Department of Immunology and Infectious Diseases, The John Curtin School of Medical Research, The Australian
National University, Acton, ACT, Australia

Correspondence should be addressed to Ning Wu; wun@hust.edu.cn

Received 3 September 2019; Accepted 6 September 2019; Published 15 October 2019

Copyright © 2019 Ning Wu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Substantial evidence supports the critical role of immune
responses in nonlymphoid tissues, including the skin, liver,
lung, joint, gut, and tumor [1, 2]. Both innate and adaptive
immune cells residing in these tissues regulate local homeo-
stasis and contribute to tissue-specific diseases [3, 4]. Recent
reports have revealed distinct functions of tissue-specific
immunity under physiological and pathological conditions,
as well as its great potential as a target in clinical applications
[5, 6]. However, the underlying mechanisms remain poorly
understood, and more tissue-specific scenarios need to be
explored. In this special issue, we gathered a serial of research
and review articles focusing on tissue-specific immunity in
homeostasis and diseases.

Systemic autoimmune diseases include a wide range of
disorders, such as rheumatoid arthritis (RA) and systemic
lupus erythematosus (SLE), with the production of autoanti-
bodies as a hallmark [7]. These diseases target nonlymphoid
tissues and cause severe tissue damage as major complica-
tions. Several articles in this special issue provide new insights
into autoimmune diseases. In order to identify biomarkers
for RA, C. Rossato et al. describe the correlation between
the early production of peritoneal chemokine and the suscep-
tibility to arthritis using a pristane-induced arthritis mouse
model, which may serve as potential new biomarkers for
RA. M. J. Gutierrez et al. report antibody-secreting cells in

the peripheral blood that served as clinical biomarkers to pre-
dict infectious risk in patients with RA. Y. Du et al. discover
that CD38 is required in collagen-induced arthritis through
the NF-κB signaling pathway, suggesting that CD38 repre-
sents a potential therapeutic target in the treatment of
arthritis. Moreover, by analyzing data of single-cell RNA
sequencing (scRNA-seq), S. Cai et al. find that the transi-
tion of synovial fibroblasts in rheumatoid arthritis and oste-
oarthritis shares similar processes. Besides arthritis, L. Duan
et al. evaluate the roles of CD14, either membrane-bound
or soluble, in patients with gout. R. Witas et al. summarize
the functions of TAM receptors in innate immune cells and
their role in the development of Sjogren’s syndrome.

Apart from autoimmune diseases, several other exciting
aspects of tissue-specific immunity have been included in this
special issue, especially the interaction between microbiota
and immune cells, an emerging critical factor in human dis-
eases [8]. O. V. Kovaleva and colleagues discuss how the
microbiome interrupts the immune environment in the
lung, leading to malignant tumor progression in patients.
Immunity in the female reproductive tract, the cervix, is
reviewed by J. B. De Tomasi and colleagues. An unbalanced
cervical immune niche contributes to female reproductive
disorders. Moreover, R. Slutsky et al. report the existence
of decidual exhausted and senescent T cells, which is related
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to term labor. F. Ohori et al. describe that orthodontic tooth
movement-induced TNF-α production could trigger the
expression of sclerostin and result in enhanced osteoclast for-
mation on the compression side in the mouse model. Neu-
roimmune crosstalk is another emerging area implicated in
development and diseases [9]. The contribution of the
monocyte-derived macrophage to diabetic neuropathy dis-
covered by J.-J. Sun et al. is collected in this special issue.
Using machine learning, N. D. Macedo et al. develop a
method to detect VEGF in renal tissue sections automatically.

In addition to basic research articles, clinical evidence
signifies tissue-specific immunity in human diseases. A clin-
ical study by Y. Tang et al. discovered that the rs744166 allele
of STAT3 is associated with increased STAT3 tyrosine phos-
phorylation and higher IL-23 secretion by innate lymphoid
cells (ILCs). As a result, Crohn’s disease patients bearing this
risky allele demonstrated prolonged inflammation. Autoanti-
bodies usually cause tissue damage in autoimmune diseases.
Intriguingly, R. Mills et al. find that autoantibodies reactive
to HSP72 correlated to improved idiopathic pulmonary
fibrosis in patients. However, further study is required to
clarify the underlying mechanism. Q. Song et al. analyze Chi-
nese patients with invasive ductal breast cancer and find that
the number of CD8/PD-1 tumor-infiltrating lymphocytes is
associated with their clinical and pathologic characteristics.

Tissue-specific immunity includes vast fields in clinical
and basic research. The current issue only covers a slice of
topics, but it already reports many new discoveries and
important hypotheses. We believe this special issue provides
us new clues and will continuously motivate the community
to investigate this important topic in the future.
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Background and Objective. Diabetic neuropathic pain (DNP) is a common complication associated with diabetes. Currently, its
underlying pathomechanism remains unknown. Studies have revealed that the recruitment of blood monocyte-derived
macrophages (MDMs) to the spinal cord plays a pivotal role in different models of central nervous system injury. Therefore, the
present study aimed at exploring the infiltration and function of MDMs in DNP using a mice model. Methods. Diabetes was
induced using streptozotocin in male A/J mice. Mechanical withdrawal thresholds were measured weekly to characterize
neuropathy phenotype. Quantitative analysis of CD11b was performed and visualized by immunofluorescence. Spinal cord cells
were isolated from myelin and debris by Percoll gradient. Flow cytometry was used to label CD11b and CD45 antibodies to
differentiate MDMs (CD45highCD11b+) from resident microglia (CD45lowCD11b+). Mice were injected with clodronate
liposomes to investigate the role of MDMs in DNP. The successful depletion of monocytes was determined by flow cytometry.
Results. The DNP mice model was successfully established. Compared with nondiabetic mice, diabetic mice displayed a
markedly higher level of CD11b immunofluorescence in the spinal cord. The number of CD11b-positive microglia/macrophages
gradually increased over the 28 days of testing after STZ injection, and a significant increase was observed on Day 14 (P < 0 01)
and 28 (P < 0 01). Further analysis by flow cytometry showed that the infiltration of peripheral macrophages began to increase
in 2 weeks (P < 0 001) and reached a maximum at 4 weeks (P < 0 001) post-STZ injection compared to the control. The
depletion of MDMs by clodronate liposomes alleviated diabetes-induced tactile allodynia (P < 0 05) and reduced the infiltration
of MDMs (P < 0 001) as well as the expression of IL-1β and TNF-α in the spinal cord (P < 0 05). Conclusions. The infiltration of
blood MDMs in the spinal cord may promote the development of painful neuropathy in diabetes.

1. Introduction

Diabetic neuropathic pain (DNP) is defined as pain caused
by abnormalities in the peripheral somatosensory system
[1], occurring in nearly 40% of type 1 diabetic patients [2, 3].
However, the current therapy may be insufficient to combat
allodynia due to a limited understanding of the cellular and
molecular pathways [4].

It is well known that microglia are involved in the devel-
opment of neuropathic pain after peripheral nerve injury [5].
However, it is still a subject of intense debate whether acti-

vated microglia under different pathological conditions are
resident cells or monocyte-derived macrophages (MDMs)
that are recruited from peripheral circulation [6, 7]. The
previous understanding of the role of MDMs is limited
due to the lack of markers or morphological characteristics
to distinguish microglia and MDM. Recent work demon-
strated that MDMs display different inflammatory profiles
and function from microglia [8, 9]. MDMs in spinal cord
promotes the hyperalgesia based on different models of
chronic pain [10]. However, the role of MDMs in the devel-
opment of diabetic neuropathy has not yet been clarified.
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Using the monocyte-depletion approach, the present
study aimed at characterizing the dynamic changes and the
role of infiltrated MDMs in the spinal cord during the devel-
opment of diabetic neuropathy.

2. Methods

2.1. Animals. All experiments were approved by the Hospital
Ethics Committee of the Second Xiangya Hospital of Central
South University and carried out in accordance with the
National Institutes of Health guide for the care and use of
laboratory animals (NIH Publications No. 8023, revised
1978). Methods and results are reported according to
ARRIVE guidelines [11]. Seven-week-old male A/J mice were
obtained from the Central South University Animal Services
(Changsha, China) and were induced with diabetes at 8
weeks of age. All mice were housed in the Central South
University Animal Services, had ad libitum access to food
and water, and were maintained on a 12-hour light/dark
cycle. All mice were sacrificed at 13 weeks of age.

2.2. Induction of Diabetes by STZ Injection. Eight-week-old
male A/J mice were injected with STZ (Sigma-Aldrich, St.
Louis, MO) to induce type 1 diabetes. Mice received low
doses of STZ (40mg/kg, intraperitoneal (i.p.) injection) for
5 consecutive days. Each injection was performed after 4
hours of fasting. Mice that did not reach hyperglycemia were
excluded from the study.

Animal welfare (e.g., animal appearance and behavior)
was assessed at least weekly by an animal care technician
unaffiliated with the experimental team. During our experi-
ments, 2 animals fulfilled predefined criteria for early termi-
nation of experiments (humane endpoints) when their body
weights decreased above 20% after STZ treatment. The ani-
mals were euthanized. The replacement of animals was done
after consultation with the Animal Care and Use Committee.
All other animals survived to the end of the experiment, and
welfare assessment showed no abnormalities concerning
appearance or behavior at any time point.

2.3. Blood Glucose Measurements. Weight and blood glucose
measurements (glucose diagnostic reagents; Sigma-Aldrich,
St. Louis, MO) were collected one week after the initial injec-
tion and every week thereafter. Mice were fasted for 3 hours
prior to the collection of blood from the tail. Mice were con-
sidered diabetic when blood glucose levels were >250mg/dL.

2.4. Determination of Plasma Insulin, HbA1C, and Leukocytes.
Plasma insulin and glycated hemoglobin (HbA1C) were ana-
lyzed by using ELISA kits (Beijing BHKT Clinical Reagent
Co. Ltd., Beijing, China) as per the manufacturer’s instruc-
tion. Blood was collected in EDTA-2K tubes. The neutrophil
count and monocyte count were analyzed by automatic
cell analyzers (ARCHITECT c8000, Abbott Corporation,
Chicago, United States).

2.5. Monocyte Depletion. After the successful induction of
diabetes via STZ injection, diabetic mice were i.p. injected with
200 μL of clodronate liposomes or an equal volume of empty
liposomes (FormuMax Scientific Inc., California, 7mg/mL)

followed by 100 μL/20-25 g every three days thereafter. This
protocol ensures effective monocyte depletion from the time
of diabetic development until they are sacrificed.

2.6. Mechanical Threshold Test. The paw mechanical thresh-
old test was conducted as described previously with slight
modification [12]. In brief, mice were acclimated to the behav-
ior facility and were put into the test facility for at least 30
minutes prior to the behavior test. The plantar surface of each
hind paw was assessed at the indicated time point after STZ
injection by von Frey hairs with logarithmically increasing
stiffness (0.02–2.56g; Stoelting Co., Wood Dale, IL), presented
perpendicular to the plantar surface (2–3 seconds for each
hair). The mean mechanical withdrawal threshold of three
applications to each hind paw was calculated for each test-
ing session. The group means were calculated, and the mice
were sacrificed after behavioral testing at 6 weeks post-STZ.

2.7. Immunofluorescence. Mice were deeply anesthetized by
sevoflurane and perfused with 4% paraformaldehyde for
immunofluorescence assays. Immunofluorescences were
undertaken using anti-rabbit CD11b (Affinity, OH, US,
diluted in 1 : 400) [13]. The secondary antibody was FITC-
conjugated Affinipure Goat Anti-Rabbit IgG (Proteintech,
IL, diluted in 1 : 400). Immunofluorescence sections were
cover-slipped with mounting medium (Vector Laboratories
Inc., Burlingame, CA) and visualized by a fluorescence
optical microscope. All images were analyzed with ImageJ
software (National Institutes of Health) for automated cell
counting. The analysis was done by an investigator who
was blinded to the experimental groups.

2.8. Isolation of Spinal Cord Cells and Flow Cytometric
Analysis. Mice were killed by an overdose of sevoflurane,
and their spinal cords were harvested for flow cytometric
analysis through the perfusion with PBS. A spinal cord lum-
bar vertebra was cut from individual mice, and cells were fil-
tered through a 40 μm nylon cell strainer (BD Biosciences).
An isolation method by Percoll gradient (GE Healthcare;
70% and 30%) was used to separate cells from myelin and
debris. The cells were gently collected from the interface of
the gradient and washed for further flow cytometric analysis.
The cells were then treated with purified rat anti-mouse
CD16/32 (Fc Block; BD Pharmingen, 1 : 100) for 30min in
ice. After that, the cells were incubated with the following
antibodies or the respective isotype controls for 20min on
ice: PE-cy7-labeled rat anti-mouse CD11b (BioLegend,
1 : 100) and FITC-labeled rat anti-mouse CD45 (BioLegend,
1 : 100). The cells were finally analyzed on the FACSCalibur
cytometer (BD Biosciences) using the CellQuest software
(BD Biosciences).

To determine the effective monocyte depletion, mice
were euthanized by isoflurane overdose. Blood was collected
by cardiac puncture, and mice were then perfused with PBS,
followed by decapitation. Erythrocytes were lysed with
ammonium chloride. Leukocyte single-cell suspensions were
analyzed using the following antibodies: PE-cy7-labeled rat
anti-mouse CD11b (BioLegend, 1 : 100) and PE-labeled rat
anti-mouse F4/80 (BioLegend, 1 : 100). The cells were finally
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analyzed on the FACSCalibur cytometer (BD Biosciences)
using the CellQuest software (BD Biosciences).

2.9. Proinflammatory Cytokines in the Spinal Cord. Spinal
cord was harvested and weighed sections were homogenized
in homogenization buffer. Samples were cold centrifuged and
supernatant was used for the examination of IL-1β and
TNF-α concentration levels using the quantitative sandwich
enzyme immunoassay according to the manufacturer’s
instructions (R&D Systems, MN, USA). The levels of IL-1β
and TNF-α were determined by comparing samples to the
standard curve generated from the respective kits at 450 nm
and were expressed as pg per mg tissue (spinal cord).

2.10. Statistical Analysis. Two-way repeated measures analy-
sis of variance (2-way RM-ANOVA) with Fisher’s least sig-
nificant difference (LSD) posttest analyses were performed,
as denoted in the manuscript. Group comparisons for micro-
glia/macrophage immunoreactivity and number of MDMs
were performed using the Mann-Whitney U test. All data
are presented as mean ± SD. IBM SPSS Statistics Software
version 20 (IBM, San Francisco, CA) was used for all statisti-
cal analyses, and a P value less than 0.05 was considered to be
statistically significant.

3. Result

3.1. Development of Diabetic Neuropathy by STZ Injection. A
type 1 diabetic mouse model was established by the i.p.
administration of STZ. As shown in Figure 1, treatment with
STZ resulted in a significant increase of fasting blood glucose
levels (512 ± 38mg/dL in STZ-treated mice versus 132 ± 10
mg/dL in control mice; P < 0 001) (Figure 1(a)). The diabetic
mice had a significantly lower body weight compared to non-
diabetic mice (Figure 1(b)).

Both STZ-induced mice and nondiabetic mice received a
weekly behavioral test to analyze mechanical sensitivity in
the hind paw (Figure 1). Compared to nondiabetic mice,
the diabetic mice displayed mechanical hypersensitivity to

von Frey monofilaments at week 3 post-STZ treatment
(P < 0 05). Mechanical allodynia reached maximum levels
at four weeks and remained consistently high at five weeks
post-STZ injection.

3.2. Infiltration of Blood-Derived Monocytes in the Spinal
Cord Caused by Hyperglycemia. Previous studies have
reported the increased activation of microglia/macrophages
in the spinal cord of the diabetic rat [14]. In the present study,
STZ-treated diabetic mice displayed a significantly high
CD11b+ immunofluorescence in the spinal cord, as com-
pared with nondiabetic mice (Figure 2). This activation was
maintained for at least 4 weeks after STZ injection. Moreover,
the number of CD11b+ cells greatly increased at 2 weeks
post-STZ injection compared to the control group (P < 0 01).
These results suggest that diabetes induced the activation
of microglia/macrophages in the spinal cord.

On a microscopic level, the infiltrated MDMs and resi-
dent microglia are indistinguishable due to a lack of the
appropriate surface markers. To determine the infiltration
of MDMs in the spinal cord following the induction of diabe-
tes, flow cytometry was used to label CD11b and CD45 anti-
bodies to differentiate MDMs (CD45highCD11b+) from
resident microglia (CD45lowCD11b+) based on CD45 expres-
sion [15, 16]. As shown in Figure 3, the infiltration of periph-
eral macrophages significantly increased at 2 weeks post-STZ
injection compared to the control (P < 0 001). A representa-
tive example of CD45 and CD11b double-labeled cells in
Figure 3(a) and Figure 3(b) shows that in the spinal cord,
38.8% of the CD11b+ cells were CD45highCD11b+ and
58.9% CD11b+ cells were CD45lowCD11b+ at 4 weeks follow-
ing STZ-injection.

3.3. Depletion of MDMs Relieved Diabetic Neuropathy. To
determine whether the increased infiltration of MDMs plays
a role in diabetic neuropathy, clodronate liposomes were
used to deplete monocytes. The treatment of clodronate lipo-
some had no significant effect on blood glucose, serum insu-
lin, HbA1C, and body weights (Table 1) but greatly decreased
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Figure 1: Development of hyperglycemia andmechanical allodynia in diabetic mice. (a) Blood glucose of diabetic mice increased significantly
at each time point 1 week after STZ injection. (b) Diabetic mice did not gain weight, in contrast to their nondiabetic counterparts. (c) The
mechanical withdrawal threshold of diabetic mice started decreasing significantly 2 weeks after STZ injection and persisted throughout the
study period (∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 vs. nondiabetic mice at all time points; 2-way RM-ANOVA and LSD posttest).
n = 25‐30 mice per group.
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the infiltration of blood-derived macrophages as well as the
expression of IL-1β and TNF-α in the spinal cord in diabetic
mice (Figure 4(b) and Figure 5). Flow cytometric analysis of
peripheral blood confirmed monocyte depletion in clodro-
nate liposome-treated mice (Figure 4(a)). Treatment with
clodronate liposomes reduced monocytes but not neutro-
phils in blood (Figures 4(c) and 4(d)) (P < 0 001). The
mechanical allodynia in diabetic mice was also abolished by
clodronate liposome administration (Figure 4(e)) (P < 0 05).

4. Discussion

The specific role of MDMs in the spinal cord in diabetic neu-
ropathy is largely unknown due to difficulties in differentiat-
ing the resident microglia from infiltrated macrophages
using the traditional histochemical analysis. Here, it was
shown for the first time that numerous MDMs infiltrated
into the spinal cord throughout the development of diabetic
neuropathy, and their deletion alleviated diabetes-induced
tactile allodynia. These findings suggest that the infiltrated
peripheral MDMs contribute to mechanical allodynia in
response to the painful neuropathy in diabetes.

Microglia/macrophages in the spinal cord, one of the
most susceptible sensors upon injury, have been reported to
contribute to the development of DNP recently [14, 17–19].
In DNP mice, the microglia/macrophages are activated and
undergo amoeboid hypertrophic changes. The administra-
tion of the selective microglia inhibitor minocycline alleviates
thermal and mechanical hypersensitivity in early diabetic
pain neuropathy [20]. Moreover, Cheng et al. reported that
the activation of microglia/macrophages was present early
in the spinal cord and was positively correlated with mechan-
ical allodynia induced by STZ injection-induced diabetic rats
[21]. In the present study, STZ i.p. administration rendered
the persistent increase of blood glucose level suggesting the
successful establishment of diabetic mice. The pain threshold
decreased starting at week 2 post-STZ injection indicating
the development of painful neuropathy. Consistent with the
previous studies, CD11b positive staining was also increased
in the spinal cord suggesting a global activation of microglia/-
macrophages in the spinal cord.

It is well known that the peripheral infiltrated macro-
phages and activated resident microglia can be differentiated
by CD45highCD11b+ (for MDM) and CD45lowCD11b+
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Figure 2: Hyperglycemia increases the microglia/macrophage activation in the spinal cord. (a–d) Photomicrographs show
immunofluorescence of the microglia/macrophage marker CD11b in the spinal cord after STZ injection. Scale bar = 100μm for (a) and
(b), 200 μm for (c) and (d). (e) Quantification of microglia/macrophage immunoreactivity showing a significant increase in CD11b
expression during 4 weeks. Numbers of animals: control, n = 6; D7, n = 6; D14, n = 6; D28, n = 6. Mann-Whitney U test was used. Data
are means SEMs; ∗∗P < 0 01 vs. control.
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staining in the FACs assay [15, 16, 22]. A recent study by
Stranahan et al. found that infiltrated CD45highCD11b+

MDM cells in the brain in leptin receptor mutant (db/db)
mice and the blockage of blood-brain barrier breakdown by
the protein kinase C β inhibitor reversed the number of
blood-derived macrophages [23]. However, the infiltration
and function ofMDM in the spinal cord of mice with diabetic
neuropathy remain unclear. In the present study, the popula-
tion of MDMs took around 38.8% of the CD11b+ leuko-
cytes in the spinal cord in the DNP mice. These findings
suggest that a large population of MDMs infiltrated into
the spinal cord. However, the role of the infiltrated MDMs
in DNP is still unknown.

The functions of the infiltratedMDMsmay vary in differ-
ent models of central nervous system (CNS) injury. For

example, blood MDMs exert an anti-inflammatory function
in recovery in spinal cord injury [24]. In contrast, some stud-
ies have shown that these cells initiate secondary injury in
models of ischemic stroke and traumatic brain injury
[25, 26]. Notably, in CNS injury, the MDMs directly infiltrate
into the local injured zone, likely together with other inflam-
matory cells such as neutrophils or immune cells. Peripheral
neuropathy-related inflammationmay be different from CNS
injury since the spinal cord is not subjected to direct damage.
Thus, the infiltrated MDMs may also have distinct functions
from those in CNS injury. Previous studies have shown that
clodronate liposome-mediated depletion of MDMs pro-
longed the hyperalgesic response to intraplantar IL-1β injec-
tion [27]. Monocyte depletion also delayed the resolution of
carrageenan-induced thermal and mechanical hyperalgesia
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Figure 3: Hyperglycemia increases the infiltration of blood-derived macrophages in the spinal cord. (a, b) Examples of flow cytometry
analysis of the spinal cord are shown, identifying monocyte-derived macrophages (MDMs) and microglia as CD45+CD11bhigh and
CD45+CD11blow, respectively. (c) Spontaneous infiltration of circulating monocytes to the spinal cord increases after STZ injection.
Numbers of animals: control, n = 9; D7, n = 9; D14, n = 9; D28, n = 9. Mann-Whitney U test was used. Data are means SEMs; ∗∗∗P < 0 001
vs. control.

Table 1: Body weights and blood concentration of experimental groups after liposome treatment.

Experimental groups Body weight (g) Blood glucose concentration (mg/dL) Serum insulin (pmol/L) HbA1C

Control 24 3 ± 4 8 115 8 ± 28 5 574 6 ± 35 2 4 9 ± 0 2
STZ+empty liposomes 16 1±3 3∗∗ 485 5±46 3∗∗∗ 12 2±2 7∗∗∗ 8 1±0 3∗∗∗

STZ+clodronate liposomes 16 8±3 6∗∗ 401 6±45 8∗∗∗ 12 8±2 1∗∗∗ 7 9±0 2∗∗∗

Mean values ± standard error of themean (S.E.M.). STZ: streptozotocin. n = 6‐8mice per group. One-way ANOVA and LSD posttest were used. ∗∗P < 0 01 and
∗∗∗P < 0 001 vs. control.
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[27]. These findings suggested that blood MDMs may exert
antihyperalgesia effects in the inflammatory pain. In the
present study, clodronate liposome injection greatly cleared
the population of monocytes as indicated by a FACs assay.
Interestingly, the depletion of the monocytes greatly attenu-
ated the development of mechanical allodynia in the DNP
mice, without significantly affecting systemic characteristics

including blood glucose, serum insulin, HbA1C, and body
weights. These results strongly indicated that the infiltrated
MDMs exacerbated the diabetic neuropathy induced by
STZ injection. These results also imply that persistent hyper-
glycemia not only leads to the damage of the peripheral
nerves but may also affect the central nervous system. This
assumption is supported by the activated CD11b positive
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Figure 4: Alleviation of diabetes-induced tactile allodynia and infiltration of blood MDMs by clodronate liposomes. (a) Flow cytometric
analysis showing successful depletion of monocytes in peripheral blood after treatment of clodronate liposomes. (b) Infiltration of blood-
derived macrophages in the spinal cord decreased in diabetic mice injected with clodronate liposomes as compared with empty liposomes.
(c) Treatment with clodronate liposomes reduced monocytes but not neutrophils (d) in blood. (e) The mechanical withdrawal thresholds
in control (a group of age-matched nondiabetic control mice) and STZ-induced diabetic mice after the injection of the empty liposomes
or clodronate liposomes. n = 6‐8 mice per group. One-way ANOVA and LSD posttest were used. Data are means SEMs; ∗P < 0 05
and ∗∗∗P < 0 001 vs. control.
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staining, the increased number of MDMs, and the expression
of IL-1β and TNF-α in the spinal cord from diabetic mice.
However, the exact functions of MDMs in the spinal cord
require further studies in the future.

There are several concerns in the present study. Firstly,
the reduction of body weight in the DNPmay be a confound-
ing factor for pain behavior. A recent clinical study shows
that abnormal body weight (underweight and obese)
decreased the pain threshold [28]. These findings suggest that
the reduction of body weight may contribute to pain hyper-
sensitivity. However, in the present study, monocyte deple-
tion did not greatly affect the body weight but inhibited
pain hypersensitivity in the diabetic mice. These findings
argue that monocyte activation, but not body weight, medi-
ates pain hypersensitivity induced by hyperglycemia. Sec-
ondly, recent studies have shown that diabetic mice have a
defect in the mobilization of stem/progenitor cells after
directly stimulating bone marrow with growth factors [29].
Diabetes may also impair the interactions between long-
term hematopoietic stem cells and osteopontin-positive cells
in the endosteal niche of mouse bone marrow [30]. However,
no direct evidence demonstrates the impact of hyperglycemia
on hemopoietic stem cell proliferation and differentiation.
Furthermore, diabetic patients do not suffer from an excess
risk of hematological malignancies. All these findings
strongly indicate that the effect of diabetes on MDM activa-
tion and infiltration is not through its impact on the hemo-
poietic stem cell proliferation and differentiation.

5. Conclusions

It was proposed that peripheral infiltration of MDMs in
the spinal cord increased over time during the develop-
ment of diabetic neuropathy and may work in concert
with resident microglia towards the etiopathology of pain-
ful diabetic neuropathy.
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Recent research on cancer-associated microbial communities led to the accumulation of data on the interplay between bacteria,
immune and tumor cells, the pathways of bacterial induction of carcinogenesis, and its meaningfulness for medicine. Microbial
communities that have any kind of impact on tumor progression and microorganisms associated with tumors have been defined
as oncobiome. Over the last decades, a number of studies were dedicated to Helicobacter pylori and its role in the progression of
stomach tumors, so this correlation can be regarded as proven. Involvement of bacteria in the induction of lung cancer has been
largely ignored for a long time, though some correlations between this type of cancer and lung microbiome were established.
Despite the fact that in the present the microbial impact on lung cancer progression has many confirmations, the underlying
mechanisms are poorly understood. Microorganisms can contribute to tumor initiation and progression through production of
bacteriotoxins and other proinflammatory factors. The purpose of this review is to organize the available data on lung cancer
microbiome and its role in malignant tumor progression.

1. Introduction

A vast amount of highly diverse microorganisms inhabits the
human organism. Microorganisms are present in all mucous
membranes and participate in various physiological processes.
The totality of microorganisms living in a human body
(microbiome) appears to have a strong impact on human
health. Recent studies demonstrate correlations between a
particular composition of microbiome and a broad spectrum
of diseases including autoimmune diseases, obesity, and even
mental disorders [1].

Today much attention is focused on the investigation of
human commensal microbiome. It is traditionally believed
that human microbiome most strongly affects intestinal, skin,
and mucous membranes. The smaller number of studies is
dedicated to the investigation of lung microbiome, since the
lung was supposed to be sterile for a long time due to the dif-

ficulties in cultivation of lung-specific microorganisms [2].
With the development of methods that do not require micro-
organism cultivation, a number of researches have demon-
strated that there is a unique microbial community that
inhabits the lungs [3]. PCR screening of bacterial 16S RNA
showed that a much lower number of bacteria in comparison
with upper airways inhabit the lungs and lower respiratory
systems. Nevertheless, a lung mucous membrane has its own
resident microbiome [4]. There are three existing key factors
defining healthy lung microbiome: migration of microorgan-
isms down from the upper airways, disposal of microorgan-
isms by human organism, and local growth conditions [5].

2. Normal Lung Microbiome

Lung microbiome is a relatively new research area and
remains to be poorly studied. Taking into account the high-
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throughput sequencing data analysis recently presented by
separate research groups, it can be concluded that lung
microbiome is phylogenetically diverse [6, 7]. According to
several studies, there are two main phyla—Bacteroidetes and
Firmicutes—that constitute lung microbiome [8, 9]. Some
genera such as Prevotella and Veillonella prevail in a healthy
lung [7]. In addition, the lower respiratory system is predom-
inantly represented by genera Pseudomonas, Streptococcus,
Fusobacterium, Megasphaera, and Sphingomonas [7, 10].

3. Lung Microbiome in Nononcology Disease

The relationship between microorganisms and various
inflammatory lung diseases is a well-established issue. Tuber-
culosis remains to be one of the most significant diseases
caused by bacteria—Mycobacterium tuberculosis. Tuberculo-
sis is the leading cause of mortality among infectious diseases
worldwide and is still a major challenge for the medicine.
According to the WHO, the mortality of tuberculosis in
2015 was around 1.4 million. One of the reasons of such a
high burden is a strong treatment resistance of Mycobacte-
rium tuberculosis (MT) provided by a specific composition
of its cell containing mycolic acid coverage and unique
glycopeptidolipids—mycosides. Mycosides prevent MT cell
from elimination by macrophages. Even after phagocytosis,
MT cells are able to continue its vital functions inside
macrophage’s endosomes. Moreover, MT has a capacity to
develop L-forms, which are significantly less virulent and
often cause asymptomatic disease [11]. MT causes chronical
inflammation of lung tissues related to phagocyte prolifera-
tion that leads to fibrosis development. Fibrosis can occur
due to any type of inflammation independently of whether
it was induced by infection or not. A number of histological
studies demonstrate the correlation between lung cancer and
fibrosis promoted by MT [12, 13]. The following bacteria are
also associated with chronic lung inflammation though less
frequently: Haemophilus influenzae, Moraxella catarrhalis,
Streptococcus pneumoniae, Haemophilus parainfluenzae,
Staphylococcus aureus, and Pseudomonas aeruginosa [14].
Constant persistence of these species turns the disease into
a chronic form and chronic inflammation. During the inflam-
mation, the microbial community of the lungs becomes
unstable and its species composition changes frequently
due to immune system activity. Such events result in a leak-
age of cell lysis products into a microenvironment increasing
concentration of proteins, lipopolysaccharides (LPS), and
peptidoglycans [15]. Pathogenic bacteria (i.e. Haemophilus
influenza) often produce lipopolysaccharides (LPSs) that
affect the immune system as a strong proinflammatory fac-
tor. Another example of microbiome involved in inflamma-
tory lung pathology is COPD. Significant differences
between lung microbiome of healthy and COPD patients
were found using 16S RNA sequencing analysis. Notably,
the presence of Pseudomonas, Streptococcus, Prevotella, and
Haemophilus genera is mostly typical for patients with
COPD [16]. Since chronic inflammation is now accepted as
an important carcinogenic factor, the role of bacteria in the
development of lung cancer attracts significant attention of
researchers worldwide.

4. Lung Cancer Microbiome

In the past decade, numerous studies were published inves-
tigating microbiome in cancer patients. Some strong asso-
ciations between different types of cancer and specific
microorganisms were established [17] (Table 1).

Lung cancer is one of the most common types of cancer,
and it is leading in the mortality rate among cancer patients.
It can be promoted by a variety of factors including chemical
carcinogens, chronic inflammation, bacterial and viral infec-
tions, periodontal diseases, and many others. Pathogenic and
opportunistic pathogenic microorganisms are indeed capable
to drive inflammation of lung tissues. This was demon-
strated for suchmicroorganisms likeHaemophilus influenzae,
Enterobacter spp., E. coli, Pneumococcus [27], Legionella [1],
andMoraxella genera [21, 28]. Moreover, in some cases, these
microorganisms are associated with lung cancer. There is also
some specific association with a particular histologic type
of tumor observed. For instance, generaAcidovorax,Klebsiella,
Rhodoferax, Comamonas, and Polarmonas are more fre-
quently found in small-cell carcinoma (SCC) and are not
detected in adenocarcinoma cases [20].

Studies of infection-associated diseases including lung
cancer have high priority for medicine. However, it should
be noticed that sometimes lung cancer might be driven not
by an infection itself, but by a significant shift in its microbial
community. The diversity of lung microbiome is an impor-
tant indicator of malignant transformation. Two types of
diversity are distinguished—alpha and beta biodiversity.
Alpha diversity (the number of species in one habitat) tends
to be lower in lung cancer patients. Beta diversity (the diver-
sity between habitats) in opposite does not differ significantly
in healthy and cancer patient lungs [29].

The recent studies in this area confirm that microbiome
should be considered an important diagnostic and preventive
indicator. Lee and colleagues showed the difference between
microbiomes of patients with benign and malignant tumors
via high-throughput NGS sequencing of 16S rRNA. The
authors suggested that genera Veillonella and Megasphaera
may be potentially considered lung cancer biomarkers

Table 1: Associations between different cancer types and
pathogenic microorganisms.

Organ Microorganisms

Oral
Fusobacterium nucleatum, Porphyromonas

gingivalis [17, 18]

Lung

Haemophilus influenza, Acidovorax, Klebsiella,
Moraxella catarrhalis, Mycobacterium
tuberculosis, Granulicatella adiacens

[19–21]

Stomach,
esophagus

Helicobacter pylori [22]

Pancreas
Streptococcus mitis, Helicobacter pylori,

Porphyromonas gingivalis [18, 23]

Liver Helicobacter hepaticus [24]

Intestine
Escherichia coli, Fusobacterium nucleatum,

Bacteroides fragilis, Enterococcus faecalis [25, 26]
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[30]. Greathouse with colleagues demonstrated a correlation
between Acidovorax genus and small-cell carcinoma. The
authors established that this genus is predominant for this
histological type of tumor and is undetectable in adenocarci-
noma cases. Pseudomonas genus shows a correlation with
adenocarcinoma. A similar pattern can be seen in COPD
patients [6].

Another research group revealed the involvement of
Granulicatella adiacens in lung tumor development. In ear-
lier works, the authors described the association between
Granulicatella adiacens and other opportunistic pathogen-
s—Enterococcus sp., Streptococcus intermedius, Escherichia
coli, Streptococcus viridans, Acinetobacter junii, and Strepto-
coccus sp. However, such correlation only can be observed
in lung cancer cases and does not emerge in healthy patients.
The authors also reported the correlation between the titer of
Granulicatella adiacens and the disease status. Noteworthy,
Granulicatella adiacens presence is more common in non-
smoker samples that in smoker samples [26].

Capnocytophaga, Selenomonas, Veillonella, and Neis-
seria genera can be highlighted inter alia of potential lung
cancer biomarkers. Increasing titer of these microorganisms
correlates with both small-cell carcinoma (SCC) and ade-
nocarcinoma (AC). These results were obtained with 16S
RNA sequencing of saliva samples of 30 patients (10 SCC,
10 AC, and 10 healthy donors) and confirmed with real-time
PCR [31].

Other studies demonstrated that the presence of emphy-
sema in lung cancer patients affects lung microbiome. Thus,
prevailing Firmicutes (Streptococcus) and Bacteroidetes (Pre-
votella) can characterize microbial composition of cancer
and emphysema patients rather than emphysema-only
patients. Proteobacteria phylum (i.e., Acinetobacter and Acid-
ovorax) is in contrast less commonly in lung cancer cases
independently of emphysema presence. According to the
authors, these results confirm the importance of lung micro-
biome analysis [32].

During the recent years, many works were dedicated to
the investigation of microbiome and its role in anticancer

immunotherapy efficiency testing. Kaderbhai and coauthors
demonstrated antibiotic impact during non-small-cell carci-
noma treatment with nivolumab and showed that antibiotics
does not affect the therapy [33]. Another group demon-
strated that resistance to checkpoint inhibition therapy may
result from abnormal composition in microbial communi-
ties. Efficiency of this therapy decreased dramatically upon
antibiotic use [34]. Identification of correlations between
antibiotic therapy and immune status may drastically change
the approach of antibiotic use in cancer patients. In a Lewis
lung cancer murine model, it was established that therapy
with ampicillin, vancomycin, neomycin sulfate, and metro-
nidazole intensifies susceptibility to tumor progression.
The authors suggest that commensal balanced microbiome
contributes to antitumor response and cotreatment with
probiotics may facilitate cisplatin growth inhibitory and
proapoptotic effects [35].

At the present time, the literature provides contradic-
tory data regarding the antibiotic effect on anticancer ther-
apy, underlining the importance of further investigations in
this area.

5. Microbiome and Lung Cancer:
Underlying Mechanisms

Mechanisms of potential bacterial impact on cancer initia-
tion and progression are investigated for several decades
now. These include direct effects via bacteriotoxins, inflam-
matory stimulation of immune cells, and direct effects on
epithelial cells (Figure 1). Clearly, Helicobacter pylori is the
best example of bacteria inducing gastritis, stomach ulcer,
and cancer [36]. Helicobacter pylori toxin best known as
CagA plays the key role in these processes. This toxin coded
by the CagA gene interacts with epithelial cells facilitating
bacterial cells to penetrate epithelium. Not all the Helicobac-
ter pylori strains are capable of CagA synthesis. Thus, all
strains are separated according to these criteria into CagA-
positive and CagA-negative strains. It was reported that
CagA-positive strains double the chances of stomach cancer

Lymphocytes

Cytokine production
Inflammatory response

Proliferation Carcinogenesis

Epithelial cells
Bacteria

Mutagenesis
DNA damage

Cell cycle dysregulation

Toxins, pathogen
associated molecular

patterns, TNF

Figure 1: Interaction of microorganisms with epithelial cells and immune system cells, leading to carcinogenesis.
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in comparison to CagA-negative strains [22]. The specificity
of carcinogenesis driven by Helicobacter pylori is remark-
able. Ye et al. established that patients infected with CagA-
positiveHelicobacter pylori strains have a lower risk of esoph-
agus adenocarcinoma than patients with CagA-negative
strains [37].

A similar situation is described for colorectal carcinoma
cases (CRC) where bacteriotoxin FadA promotes tumor
development. FadA is a bacterial adhesin produced by Fuso-
bacterium nucleatum. This protein binds E-cadherin and
activatesWnt/β-catenin signaling which induces carcinogen-
esis [38]. Fusobacterium nucleatum is also capable of inhibit-
ing apoptosis in tumor cells such as via Toll-like receptors
and microRNA, which leads to tumor progression [39].
However, stomach cancer is not the only type of cancer
related to H. pylori. A growing number of evidences suggest
that H. pylori also induces oncology in the lungs [40]. Lipo-
polysaccharides ofH. pylorimay induce production of proin-
flammatory factors including IL-1, IL-6, and TNF. This
inflammation may develop into chronic bronchitis that fre-
quently accompanies lung cancer [41].

Commensal lung microbiome is crucial for immune
homeostasis of a lung mucosal membrane. Disruptions in a
lung microenvironment have an impact on susceptibility to
several diseases including oncology. Cheng et al. demonstrated
that mice exposed to oral antibiotic therapy had disruptions in
γδT17 T-cell functioning. Such disorders appear to increase
receptivity to artificially induced B16/F10 melanoma and
Lewis lung carcinoma (LLC). Meanwhile, antibiotic-resistant
strains were not found and the total bacteria number
decreased drastically. According to the authors, this work
demonstrates that commensal microbiome is crucial for
immune cell (γδT17 cells) functioning [42].

Bacteriotoxins appear to play a significant role in tumor
development. Cytolethal distending toxin (CDT), cytotoxic
necrotizing factor 1, and Bacteroides fragilis toxin disrupt
the DNA repair system which could lead to carcinogenesis
[43–45]. Another in silico study showed that microcystin
toxin of Cyanobacteria is related to decreasing of CD36 pro-
tein level and increasing concentration of PARP1 enzyme.
Provided results were verified in a mouse model with NSCLC
(A427) mice with bacteria-positive lung cancer [46]. Another
research group established that TLR4 stimulation with heat-
inactivated E. coli increases adhesion, migration, and meta-
static spreading of non-small-cell lung cancer (NSCLC) cells
in vivo. Such effects are particularly mediated by p38 MAPK
and ERK1/2 signaling [47].

Apart from bacteriotoxins and direct influence of bacte-
rial products, more general potentially carcinogenic mecha-
nisms are known. Reactive oxygen species (ROS) is known
to cause DNA damage. Recent studies demonstrate that shifts
in microbiome composition may result in increasing ROS
rates. Such event increases the DNA damage risk and predis-
position to tumor development. It is important to mention
that tumors carrying TP53 mutations tend to associate with
unique microbial communities. The latest studies indicate
that mutations in TP53 correlate with the presence of Acid-
ovorax genus in the microenvironment. Acidovorax rates
prevail in smokers’ samples [20].

6. Conclusions

Lung microbiome investigations are a highly important
challenge of modern biomedical science. It is well established
that the lung contains specific microbial community regard-
less of population and geographic conditions. Lung micro-
biome is obviously correlated to a range of respiratory
diseases. Certain spectrum of pathogenic microorganisms,
in which amount and activity increases in the case of lung
tumors, is already described, and new species are being
added constantly. This provides a solid background for fur-
ther investigation of lung cancer microbiome. Despite accu-
mulating data, the mechanism of lung microbiome, immune
system, and tumor interactions remains to be elusive.
Understanding of this mechanism is indispensable of under-
standing the pathogenesis of lung cancer.
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Rheumatoid arthritis (RA) and osteoarthritis (OA) are common rheumatic disorders that primarily involve joints. The
inflammation of the synovium can be observed in both of the two diseases. Synovial fibroblasts (SFs) play an important role in
the inflammatory process of the synovium. The functional states of synovial fibroblasts are heterogeneous, and the detailed
transition process of their functional states is still unclear. By using transcriptomic data of SFs at a single-cell level, we found a
similar transition process for SFs in RA and OA. We also identified the potential regulatory effects of the WNT signaling
pathway, the TGF-β signaling pathway, the FcεRI signaling pathway, and the ERBB signaling pathway on modifying the SFs’
functional state. These findings indicate potentially overlapped pathogenic mechanisms in these two diseases, which may help
uncover new therapeutic targets to ameliorate disease progression.

1. Introduction

Rheumatoid arthritis (RA) and osteoarthritis (OA) are com-
mon rheumatic disorders that primarily involve joints. RA is
an autoimmune disease, and an immune-mediated etiology
associated with stromal tissue dysregulation can together
propagate chronic inflammation and articular destruction
[1]. OA has long been viewed as a degenerative disease
of the cartilage, but accumulating evidence indicates that
inflammation has a critical role in its pathogenesis [2].
The synovium consists of the synovial lining and the subja-
cent vascular and areolar tissue up to the capsule. Synovial
fibroblasts (SFs) are dominant cells in normal synovium
[3]. In synovitis, SFs play an important role in the local
immunoinflammatory responses [2, 4]. Recently, several
studies revealed the existence of different subsets of synovial
fibroblasts [5, 6]. Insights into the transition process of syno-
vial fibroblasts can help us better understand the pathophys-
iological role of SFs in both RA and OA. However, no study

has explored the transitional process of the synovial fibro-
blasts of these 2 diseases in vivo in humans. Here, by using
the single-cell RNA-sequencing data of RA and OA synovial
fibroblasts (Figure 1), we aim to explore the potential transi-
tion process of SFs in vivo and elucidate their corresponding
functional states.

2. Materials and Methods

2.1. Single-Cell mRNA Sequencing Data. Gene pseudocount
data (reported by Kallisto 0.42.4) of 384 CD45-CD235a-
CD31-podoplanin (PDPN)+ synovial fibroblasts (SFs) in
GSE109449 were downloaded from the Gene Expression
Omnibus Dataset (GEO Dataset: http://www.ncbi.nlm.nih
.gov/geo/). From a total of 384 SFs, 192 SFs were obtained
from OA patients, while the other 192 SFs were obtained
from RA patients. Expression levels of mRNA in this dataset
were assayed with the Smart-Seq2 protocol [5].
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2.2. Data Reprocessing and Quality Control. Pseudocounts of
genes were imported and normalized with the R package
tximport [7]. The numbers of expressed genes (with at least
1 read count) were calculated for all 384 SFs. 39 low-quality
cells were discarded because the numbers of their expressed
genes were smaller than the medians of all cells minus 3 ×
median absolute deviation MAD ; thus, 345 cells remained
(Supplementary Figure 1).

2.3. Data Analysis. Differently expressed genes (DEGs)
were analyzed with the R package limma [8]. Dimension
reduction via t-distributed stochastic neighbor embedding
(t-SNE), unsupervised clustering, and developmental tra-
jectory construction was realized with the R package Mono-
cle [9]. Gene set enrichment analysis (GSEA) was analyzed
with the Java-based GSEA Desktop program (version
2.2.4) [10, 11]. Normalized counts of genes were used for
dimension reduction, developmental trajectory construction,
and GSEA analysis. Log2-transformed normalized counts of
genes were input to get DEGs. For DEG detection, genes with
a p value <0.01 and a ∣ log 2FoldChange∣ ∣logFC ∣ value >
1 5 were regarded as DEGs. For GSEA analysis, terms with
NOM p val <0.05, FDR q val <0.25, and ∣NES∣ > 1 were
regarded as significantly enriched.

Heatmaps in this study were plotted with the R package
pheatmap (version 1.0.10). Other plots were drawn with the
R package ggplot2 (version 3.1.0) or ggpubr (version 0.2).

3. Results

3.1. RA and OA SFs Show Similar Developmental
Trajectory. In order to address the similarity and heteroge-
neity among synovial fibroblasts with RA and OA origins,
we firstly used the t-SNE method to visualize their distri-

bution (Figure 2(a)). Unsupervised clustering showed poten-
tially different cell clusters (Supplementary Figure 2). The
majority of the cells were distributed in different areas
with origin predisposition, while colocalization of several RA
and OA SFs can also be observed. These two phenomena
indicated that, besides the existence of heterogeneity in SFs,
several SFs in RA and OA may share similarities. The
heterogeneity of SFs may represent their underlying different
functional status. To understand the transition of SFs’
functional status, we applied the unsupervised inference
method Monocle [9] to construct the potential developmental
trajectories of SFs. Five states can be identified with Monocle
(Figure 2(b)), and SFs from RA and OA showed a similar
pattern of developmental trajectory (Figure 2(c)).

3.2. RA and OA SFs Show Similar Development Orientation
Regardless of Anatomical Localization. PDPN and CD248
are surface markers of synovial fibroblasts. In vitro, the
expression level of PDPN in synovial fibroblasts increases
after stimulation with TNFα and IL-1β, while that of
CD248 increases after stimulation with TGF-β [6]. In order
to investigate the orientation of the developmental trajectory,
we compared the gene expression levels of PDPN and CD248
in each state. For PDPN, the lowest expression level was
observed in state 4, while the highest was observed in state
2 or state 1, in both OA and RA SFs (Figure 3(a)). The expres-
sion level of PDPN in state 3 or state 5 was also comparable.
For CD248, the lowest expression level was also observed in
state 4 (Figure 3(b)). In RA SFs, CD248 levels were similar
across states 1, 2, 3, and 5, while in OA SFs, CD248 levels
were comparable between state 3, state 4, and state 5. Thus,
SFs in state 4 might be unstimulated, while SFs in the other
states represented cells that had been influenced by inflam-
matory microenvironments. Based on the results from Ref.

Import and normalization Dimension reduction and construction
of developmental trajectory

CD45-CD235a-CD31-PDPN+ 

Gene pseudocount data  of
384 synovial fibroblasts (SFs)
isolated from 2 OA and 2 RA
patients in GSE109449 were
obtained from GEO dataset

39 low-quality cells were discarded
for their low number of expressed genes

5 developmental states were identified Gene expression and functional
enrichment analysis 

1

2

3

4

5 6

Discarded

Figure 1: Overall design of this study. Firstly, scRNA-seq data of 384 CD45-CD235a-CD31-PDPN+ synovial fibroblasts were downloaded
from GEO dataset (GSE109449, Ref. [5]). After data import and normalization, 39 low-quality data were discarded. Then, dimension
reduction was made and developmental trajectory was constructed, and 5 developmental states were identified. DEGs and functional
enrichment analyses were made to illustrate the similarity and heterogeneity of SFs between RA and OA, and among different states.
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[6] which showed that the expression level of PDPN and
CD248 on SFs are time-dependent, we assumed that the
potential transitional process of SFs may have 2 branches
based on the developmental trajectory pattern presented in
Figure 2(b): from state 4 to state 5 or from state 4 to state 3
to state 1 or state 2. SFs in state 1 and state 2 may possess a
higher invasive and destructive ability compared with SFs
in states 3 or 5.

According to the study from Brenner et al., CD34-THY1+
fibroblasts in RA and OA were observed in sublining areas,
and CD34-THY1- fibroblasts were mostly observed in lining
areas, while CD34+ fibroblasts were observed in both super-
ficial lining and deeper sublining areas of the synovium [5].
In order to understand the potential anatomical predispo-
sition of SFs in different states with different origins, we
further analyzed their expression level of CD34 and THY1
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Figure 2: Clustering and developmental trajectory of RA and OA synovial fibroblasts. (a) t-SNE visualization of SFs from RA and OA
patients. OA SFs: red; RA SFs: blue. (b) Developmental trajectory constructed by the R package Monocle. Different colors represent
different states recognized by Monocle. (c) Distribution of SFs’ origin in the developmental trajectory. SFs from OA (red) and SFs from
RA (blue) show similar distribution patterns.
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Figure 3: Continued.
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(Figures 3(b)–3(f)). SFs from RA and OA showed different
patterns of CD34 and THY1 expression: more cells in RA
expressed higher levels of CD34 or THY1, while in SFs from
OA, the majority of the cells were CD34-THY1- (Figures 3(c)
and 3(d)). SFs that expressed CD34 and/or THY1 could be
observed across states 1 to 5, while most CD34-THY1+
cells were observed in states 1 to 3, particularly in RA SFs
(Figures 3(e) and 3(f)). These results indicated that SFs in
a different state could be observed in both the lining and
sublining areas of the synovium, while the localization pat-
tern of SFs in each state might vary between RA and OA.

3.3. Similarities and Heterogeneities among Different States
Revealed by GSEA Analysis. Compared with synovial fibro-
blasts in state 4, SFs in states 1, 2, 3, and 5 showed stimulated
characters. We first selected several key genes related to sev-
eral biological processes based on reported researches to view
the functional patterns of all these 5 states [5, 6, 12–15].
Genes that favor invasion and migration were expressed at
the highest levels in state 1 and state 2, while genes of some
proinflammatory interleukins and interleukin receptors had
the predisposition to express more in state 5 (Figure 4(a)).
For genes related to chemotaxis, higher levels of CXCL12
were observed in states 1, 2, and 3, and similar expression
levels of CXCR2 were observed between states 2 and 5
(Figure 4(a)). We also focused on the gene expression pattern
of major histocompatibility complex (MHC) molecules,
toll-like receptors (TLRs), and adhesion molecules: TLRs
and MHC class II molecules were highly expressed in states
2 and 5, while the expression level of MHC class I molecules
were higher in states 1 to 3; ICAM1 and VCAM1 were higher
in SFs of states 1 to 3, while ICAM2 was higher in state 5
(Supplementary Figure 3). These results supported our
previous assumption that SFs in state 1 and state 2 may
possess a higher invasive and destructive ability compared
to SFs in states 3 or 5, and it also indicated the potential of
SFs in different states to interact with different types of cells.

Next, we applied gene set enrichment analysis to help us
elucidate the different functional states along the previously
assumed transition process. Considering the impossibility
to list all known pathways or biological processes, we selected
24 Kyoto Encyclopedia of Genes and Genomes (KEGG)
terms related to several important pathophysiological path-
ways to present the functional similarity and heterogeneity
of SFs. In order to simplify the illustration, we divided the
assumed transition process into 2 parts: part 1 consisted of
the transition from state 4 to states 3 or 5, while part 2 con-
sisted of the transition from state 3 to state 1 or 2. Part 1:
compared with state 4, nearly all these 24 terms were
enriched in both state 3 and state 5, except that the enrich-
ment of the FcεRI signaling pathway and the ERBB signaling
pathway existed only in state 5 (Figure 4(b)). Although
terms related to invasive capacity, like the WNT signaling
pathway and the TGF-β signaling pathway, were enriched in
both states 3 and 5, higher NES and lower nom p value were
observed in state 3 [16]. SFs in state 5 enriched terms about
enhancing inflammatory process (the terms calcium signaling
pathway, FcεRI signaling pathway, and ERBB signaling path-
way, and the term VEGF signaling pathway) (Figure 4(b),
Supplementary Figure 4A) [17–19]. Part 2: compared with
state 3, nearly all terms were enriched in state 2, while fast
no terms were enriched in state 1 (Figure 4(b)). Interestingly,
the WNT signaling pathway and the TGF-β signaling
pathway were only enriched in the transition from states 3 to
2 in RA.

Comparisons among states 1, 2, and 5 were also made.
Compared with state 1, most terms were enriched in state 2
and state 5 (Figure 4(c)). The difference between state 2 and
state 5 is that SFs in state 2 enriched more terms related to
the ability of invasion and proliferation (the terms WNT sig-
naling pathway and the TGF-β signaling pathway and the
term cell cycle). For RA SFs, the FcεRI signaling pathway,
the ERBB signaling pathway, the calcium signaling pathway,
the VEGF signaling pathway, the chemokine signaling
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Figure 3: Prediction of transition orientation and localization of SFs. Average expression level (log2 transformed) of PDPN (a) and CD248
(b) in SFs of states 1 to 5. OA SFs: red; RA SFs: blue. Expression level of CD34 and THY1 in RA (c) and OA (d) SFs. Plots represent SFs.
Density plots show the distribution of expression level (log10 transformed) of CD34 (upper) and THY1 (right) in the corresponding plot.
Different colors represent different states. Composition of cell subsets divided by CD34 and THY1 across states 1 to 5 in both RA (e) and
OA (f) SFs. Blue: CD34-THY1+; dark blue: CD34+THY1+; green: CD34+THY1-; red: CD34-THY1-. CD34+/THY1+: lg normalized read
counts of CD34/THY1 + 1 ≥ 1 5. Bars show means, and error bars show standard deviations. ∗p < 0 01, ∗∗p < 0 001, and ∗∗∗p < 0 0001;
ns = not significant.
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pathway, and the cytokine-cytokine receptor interaction
were enriched in state 5, while for OA SFs, only the FcεRI sig-
naling pathway was enriched in state 5 (Figure 4(c)).

These results indicated that SFs in state 2 and state 5 were
more pathogenic compared with SFs in states 1 and 3. SFs in
state 5 possessed stronger proinflammatory ability, while SFs
in state 2 were more invasive. The enriching predisposition
of the FcεRI signaling pathway, the ERBB signaling pathway,
the calcium signaling pathway, and the VEGF signaling
pathway in state 5 and the WNT signaling pathway and
the TGF-β signaling pathway in state 3 indicated that these
signaling pathways may contribute to the branching of the
transition process, which would lead to different functional
phenotypes of SFs.

Although SFs from different origins showed a similar
enrichment pattern in the comparisons above, the functional
state of SFs from OA and RA in each state were not identical.
When compared with OA SFs, genes related to antigen pro-
cessing and presentation, cytokine-cytokine receptor interac-
tion, and focal adhesion were enriched in RA SFs in states 1,

2, and 3, and the WNT signaling pathway and the TGF-β
signaling pathway were enriched in RA in states 1 and 2
(Supplementary Figure 4B). The gene expression level of
many proinflammatory proteins were also lower in OA
SFs (Figure 4(a)). These indicated that stimulated SFs in
RA might have received stronger stimulation and also
exhibit stronger proinflammatory and invasive ability. Genes
related to cell survival (e.g., mTOR signaling pathway) also
had a predisposition to be enriched in several states in RA.
No terms were enriched in state 3 and state 4. These results
reflected the low-grade inflammation in OA.

4. Discussion

Compared with gene expression studies that use bulk RNA
samples and provide only a virtual average of the mix of cells,
single-cell studies enable the molecular distinction of all cell
types within a complex population composition which can
contribute to improve the understanding of how histologi-
cally identical, adjacent cells make different differentiation
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Figure 4: Similarity and heterogeneity among different states in RA and OA SFs. (a) Gene expression pattern of key effector molecules to
predict the function of fibroblast subsets. Expression level of each gene is presented with Z-score. (b) Enriched KEGG terms via GSEA
analysis along the assumed transition process. (c) Enriched KEGG terms via GSEA analysis among states 1, 2, and 5. In (b) and (c),
OriginSavsSb means the enrichment state of the corresponding term in state a when compared with state b in Origin SFs. For example,
RAS2vsS1 means the terms enriched in state 2 when compared with state 1 in RA SFs.
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decisions during development [20]. Here, we focused on
synovial fibroblasts, which are important components of
the synovium and may exert important effects in the patho-
genesis of RA and OA.

Understanding the transition process of SFs may help
identify the pathological subsets of SFs and reveal the poten-
tial targets to help the treatment of RA and OA. Our study
revealed a similar transition process in both RA and OA
SFs: from an unstimulated state (state 4) to activated states
with different functional patterns (states 1, 2, 3, and 5). The
elevated expression level of PDPN can be observed after
stimulation with TNFα or IL-1β in a time-dependent man-
ner [6]. The lower expression level of PDPN in state 3 and
state 5 indicated that SFs in these 2 states seem to be the “pro-
genitor” of SFs in states 1 and 2. GSEA analysis revealed that
most terms related to inflammation responses were enriched
in state 3 when compared with state 1, while the other terms
were enriched in state 2 when compared with state 3. These
pointed out that the lack of proinflammatory environments
may lead to the transition of SFs from state 3 to state 1, while
enhanced stimulation may lead to the development to state 2.
Interestingly, SFs in state 2 and state 5 seem to be highly acti-
vated; while SFs in state 2 showed a higher invasive capabil-

ity, SFs in state 5 might exert stronger proinflammatory
effects. Compared with SFs in state 2, the lower expression
level of ICAM1 and VCAM1, the higher expression level of
ICAM2 (similar in OA), and the enrichment of the FcεRI sig-
naling pathway and the ERBB signaling pathway could be
observed in SFs in state 5. The high expression pattern of
TLRs could be observed in SFs of both state 5 and state 2.
ICAM1 and VCAM1 are essential for the interaction between
SFs and T/B lymphocytes, while the stimulation of SFs
inducted by CD28- T cells is primarily mediated by ICAM2,
not ICAM1 [15, 21–23]. The ERBB signaling pathway is
essential for the signaling of several TLRs in some conditions
[24, 25]. The FcεRI in DCs and monocytes may contribute to
allergic diseases via enhancing T cell immunity and inflam-
mation [19]. All these indicated that SFs in state 5 might be
a subset of SFs with a stronger capacity to interact with rest-
ing T cells, and TLRs, the FcεRI signaling pathway, and the
ERBB signaling pathway may participate in the stimulation
of SFs in this state, while SFs in state 2 might have more
capacity to interact with activated T and B cells. A similar
expression pattern of CXCR2 between SFs in states 2 and 5
indicated that SFs in state 5 might have the potential to be
recruited to the surrounding SFs in state 2 and be further
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Figure 5: Enrichment of KEGG terms along the developmental trajectory. GSEA analysis revealed that several biological processes may take
part in the transition of SFs from state 4 to states 1, 2, 3, or 5, and different combinations of these biological process in different active states
may lead to distinct transition processes. S, state; ↑ enhanced; ↓ attenuated.

8 Journal of Immunology Research



influenced by the microenvironment promoting transition to
state 2 (Figure 5).

Heterogeneity between RA SFs and OA SFs was also
observed. Besides lower grade inflammation in OA, another
obvious difference between SFs from OA and RA is the het-
erogeneity of composition and anatomical localization of
SFs among different states. In RA, the ratio of the CD34-
THY1+ SF subsets were significantly elevated in states 1 to
3, while most SFs in OA were lining cells (CD34-THY1-),
which may verify the results that CD34-THY1+ SFs might
be important subsets with pathological behavior in rheuma-
toid arthritis [5]. However, in our study, CD34-THY1+ cells
could be observed in all transition states in RA. These
pointed out the underlying heterogeneity in CD34-THY1+
SFs, while also raising the following question: Where did
the CD34-THY1+ cells in the sublining area of the RA syno-
vium come from? Several studies have revealed that CD34-
THY1+ cells in the RA synovium may possess characteristics
of mesenchymal stem cells (MSCs), which also shared simi-
larity with MSCs with bone marrow origin (BM-MSCs)
[26]. It is possible that the expanding synoviocyte population
resulted from the migration of mesenchymal stem cells from
the circulation or from the expansion of a stem cell pool in
the synovium [27–29]. The enrichment of genes related to
the WNT signaling pathway and the TGF-β signaling path-
way along the transition branch from state 4 to state 2 or 1
in RA indicated the potentially high TGF-β level in the sur-
rounding environments of these SFs (Figure 5). TGF-β can
mediate the migration of MSCs from the peripheral blood
or surrounding tissue to be integrated into the injured tissues,
and accompanied with theWNT signaling pathway, can pro-
mote the proliferation of MSCs [30]. Thus, one reason for the
accumulation of CD34-THY1+ cells in the sublining area of
the synovium in RA might be the expansion of recruited
MSCs from circulation, partly mediated by the TGF-β and
WNT signaling pathways. CD34+ cells from bone marrow
can be the progenitor of CD34-THY1+ MSC via culture
in vitro, and the transition of the expression pattern from
CD34+ to CD34-THY1+ in fibroblasts could also be
observed in dermal fibroblasts in several diseases [31, 32].
Thus, the transition from CD34+ cells might be another ori-
gin of the CD34-THY1+ cells. However, the CD34- MSCs in
Ref. [32] were derived mainly from CD34- populations.
Thus, another question is whether there is a possibility that
CD34-THY1+ cells were transited from CD34-THY1- cells
or CD34+ cells. WGCNA analysis revealed that the coex-
pression pattern of genes related to MHC class I molecules
mediated the antigen presentation process and several
infectious processes to the expression of CD34 and THY1
(data not shown). However, we cannot figure out the causal
relationship between them. Cells from different origins may
respond to a similar stimulus in different ways. Thus, the
heterogeneity of the proinflammatory microenvironment
and the potential heterogeneity of the SFs’ origins can both
contribute to the heterogeneity between SFs from RA and
OA patients. These can also point out the inappropriate-
ness of the concept that SFs from OA can be regarded as
a control of SFs from RA, which has existed in several
related studies.

There are still some limitations in our study. Although
the scRNA-seq data of 345 SFs were used in this analysis,
they came from only 4 patients, which may lead to results
biased by the individual characteristics of the limited number
of patients. Also, the detailed effects of the pathways previ-
ously described need to be verified.

In conclusion, our study revealed the similar transition
processes of SFs in both RA and OA, described the corre-
sponding changes of the functional states in the transition
process, and indicated the potential regulatory effects of
the WNT signaling pathway, the TGF-β signaling path-
way, the FcεRI signaling pathway, and the ERBB signaling
pathway on the transition of synovial fibroblasts in both
RA and OA, which may provide potential therapeutic tar-
gets to both conditions.

Data Availability

Previously reported RNA-seq data of synovial fibroblasts
at the single-cell level were used to support this study and
are available at the webpage (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE109449). This dataset is cited at
relevant places within the text as references [5].
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Supplementary Materials

Supplementary Figure 1: assessing the quality of single-cell
RNA-seq data. The numbers of the expressed gene (with
at least 1 read count) were calculated for all 384 SFs. 39
low-quality cells were discarded because their number of
expressed genes were smaller than the threshold (dash line,
medians of all cells minus 3 ×median absolute deviation),
and 345 cells remained. The color of the plot represents its
corresponding origin documented by GSE109449. Supple-
mentary Figure 2: unsupervised clustering showing different
potential cell clusters. This is based on the study from Rodri-
guez and Laio (Rodriguez, A. and A. Laio, Machine learning.
Clustering by fast search and find of density peaks. Science,
2014. 344(6191): p. 1492-6). On the left panel, for each data
point, ρ represents local density and δ represents its distance
from points of higher density. On the right panel, the γ value
(γ = ρδ) of each point on the left panel were plotted in
decreasing order. Supplementary Figure 3: gene expression
pattern of major histocompatibility complex (MHC) mole-
cules, toll-like receptors (TLRs), and adhesion molecules
across states 1 to 5 in RA and OA SFs. The higher expression
level of TLRs and MHC class II molecules were observed in
states 2 and 5, while that of the MHC class I molecules were
observed in states 1 to 3; ICAM1 and VCAM1 were higher in
SFs of states 1 to 3, while ICAM2 was higher in state 5 (for
OA, in both state 2 and state 5). Supplementary Figure 4:
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GSEA analysis among states 1, 3, and 5 (A) and between RA
and OA SFs across states 1 to 5 (B). (A) Similar enrichment
patterns in state 5 were observed in both RA and OA SFs.
The VEGF signaling pathway, the Fcγ and FcεRI signaling
pathway, the ERBB signaling pathway, the calcium signal-
ing pathway, the chemokine signaling pathway, and the
cytokine-cytokine receptor interaction were enriched in
state 5 in both RA and OA. In OA, terms related to proin-
flammatory and invasive capacity were enriched in SFs in
state 3, while in RA, only genes related to the FcεRI signal-
ing pathway, the calcium signaling pathway, the chemokine
signaling pathway, and the cytokine-cytokine receptor inter-
action were enriched in state 3. The JAK-STAT signaling
pathway was enriched in state 5 in RA and in state 3 in
OA when compared with state 3 and state 2, respectively.
(B) Except for the fact that no terms were enriched in RA
SFs in state 3 and state 4, the enrichment pattern in RA SFs
reflected a high-grade inflammation status in the RA syno-
vium. (Supplementary Materials)
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Osteocytes are abundant cells in bone, which contribute to bone maintenance. Osteocytes express receptor activator of nuclear
factor kappa-B ligand (RANKL) and regulate osteoclast formation. Orthodontic tooth movement (OTM) occurs by osteoclast
resorption of alveolar bone. Osteocyte-derived RANKL is critical in bone resorption during OTM. Additionally, tumor necrosis
factor-α (TNF-α) is important in osteoclastogenesis during OTM. Sclerostin has been reported to enhance RANKL expression
in the MLO-Y4 osteocyte-like cell line. This study investigated the effect of TNF-α on sclerostin expression in osteocytes during
OTM. In vitro analysis of primary osteocytes, which were isolated from DMP1-Topaz mice by sorting the Topaz variant of
GFP-positive cells, revealed that SOST mRNA expression was increased when osteocytes were cultured with TNF-α and that
RANKL mRNA expression was increased when osteocytes were cultured with sclerostin. Moreover, the number of TRAP-
positive cells was increased in osteocytes and osteoclast precursors cocultured with sclerostin. In vivo analysis of mouse calvariae
that had been subcutaneously injected with phosphate-buffered saline (PBS) or TNF-α revealed that the number of TRAP-
positive cells and the percentage of sclerostin-positive osteocytes were higher in the TNF-α group than in the PBS group.
Furthermore, the level of SOST mRNA was increased by TNF-α. As an OTM model, a Ni-Ti closed-coil spring connecting the
upper incisors and upper-left first molar was placed to move the first molar to the mesial direction in wild-type (WT) mice and
TNF receptor 1- and 2-deficient (TNFRsKO) mice. After 6 days of OTM, the percentage of sclerostin-positive osteocytes on the
compression side of the first molar in TNFRsKO mice was lower than that in WT mice. In this study, TNF-α increased
sclerostin expression in osteocytes, and sclerostin enhanced RANKL expression in osteocytes. Thus, TNF-α may play an
important role in sclerostin expression in osteocytes and enhance osteoclast formation during OTM.

1. Introduction

Osteocytes, derived from osteoblasts, comprise 90%–95% of
cells within bone tissue; they are stellate shaped and construct
an intercellular network [1]. Multiple studies have shown
that osteocytes play a central role as mechanosensory cells
within bone [2, 3]; notably, osteocytes regulate bone remod-
eling by sensing mechanical stimulation and expression of
various genes and proteins [4, 5].

Osteoclasts are large multinucleated cells derived from
hematopoietic stem cells, which are responsible for bone
resorption. Receptor activator of nuclear factor kappa-B

ligand (RANKL) and macrophage colony stimulating factor
(M-CSF) are known as essential factors for osteoclastogenesis
[6]. Tumor necrosis factor-α (TNF-α) also affects osteoclas-
togenesis and can induce differentiation of osteoclast precur-
sors into osteoclasts both in vitro [7–9] and in vivo [10, 11].
TNF-α is reportedly detected in response to excessive ortho-
dontic force in rat periodontal tissues [12]. Moreover, TNF-α
has been shown to play an important role in osteoclastogen-
esis during orthodontic tooth movement (OTM) [13–15].

Recently, two research groups found that osteocytes
express RANKL and have a major role in osteoclastogenesis
[16, 17]. Therefore, they have been proposed as a new
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therapeutic target for the treatment of osteoporosis [18–20].
In OTM, osteoclastic bone resorption occurs on the com-
pression side, whereas osteoblastic bone formation occurs
on the tension side [21]. In a study of OTM in transgenic
mice, osteocytes were ablated by injecting diphtheria toxin
into transgenic mice expressing diphtheria toxin receptors
on the surface of osteocytes; subsequently, both the tooth
movement distance and the number of osteoclasts in the
compression side significantly decreased [22]. Recent investi-
gations have demonstrated that osteocyte RANKL expression
plays a key role in alveolar bone remodeling during OTM,
using mice that specifically lack RANKL in osteocytes [23].

Sclerostin, which is encoded by the SOST gene, is a
secreted glycoprotein that is primarily expressed in osteo-
cytes; notably, it is an important negative regulator of bone
homeostasis through inhibition of bone formation by osteo-
blasts [24]. Sclerostin binds to LRP5/6 as an antagonist of
canonical Wnt signaling, thereby leading to inhibition of
bone formation [25]. Sclerostin has been reported to increase
RANKL expression in the MLO-Y4 osteocyte-like cell line,
thereby promoting osteoclast formation [26]. TNF-α has
been shown to upregulate sclerostin expression in MLO-
Y4 cells [27]; consistent with this finding, the use of a
TNF-α antagonist was able to diminish RANKL and scler-
ostin expression in the osteocytes of diabetic rats with peri-
odontitis [28]. In general, mechanical stimulation to the
bone is thought to reduce sclerostin expression in osteocytes
[29]. However, some studies have shown that sclerostin
expression can be increased by mechanical stimulation in
mouse models of OTM [30–32]. The interaction between
mechanical stimulation and sclerostin expression in osteo-
cytes remains unclear. In addition, there has been no report
regarding the effect of TNF-α on the expression of sclerostin
in primary osteocytes.

In the present study, we investigated the influence of
TNF-α on the expression of sclerostin in primary osteocytes,
then examined how TNF-α affects the expression of scleros-
tin in osteocytes during OTM.

2. Materials and Methods

2.1. Mice and Reagents. C57BL/6J (wild-type: WT) mice were
purchased from CLEA Japan Inc. (Tokyo, Japan). B6;129S-
Tnfrsf1atm1Imx (p55, TNFR1-deficient) Tnfrsf1btm1Imx/J
(p75, TNFR2-deficient) (TNFRsKO) mice and C57BL/6-
Tg(Dmp1-Topaz)1lkal/J mice were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA). The protocols
for all animal procedures were performed in accordance with
Tohoku University regulations.

Recombinant mouse TNF-α for in vivo experiments was
prepared in our laboratory as previously described [10].
Recombinant mouse TNF-α and recombinant human scler-
ostin (rhSCL) for in vitro experiments were purchased from
R&D Systems (Minneapolis, MN, USA).

2.2. Preparation of Osteocytes. We followed a previously
described method for osteocyte isolation, with minor modifi-
cations [33]. Calvariae of 5–6-day-old Dmp1-Topaz mice
were dissected. A 0.2% (w/v) collagenase (Wako, Japan) solu-

tion was prepared immediately before use in isolation buffer
(70mM NaCl, 10mM NaHCO3, 60mM sorbitol, 3mM
K2HPO4, 1mM CaCl2, 0.1% (w/v) bovine serum albumin
(BSA), 0.5% (w/v) glucose, and 25mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)). A 5mM ethyl-
enediaminetetraacetic acid (EDTA; Wako) solution was pre-
pared with 0.1% BSA in phosphate-buffered saline (PBS) and
sterilized by filtration through a 0.2 μm filter. Calvariae were
incubated in collagenase solution for 20min or in EDTA
solution for 15min at 37°C with agitation, and the digests
were collected. Incubations were performed as follows:
collagenase (fraction 1), EDTA (fraction 2), collagenase
(fraction 3), collagenase (fraction 4), and EDTA (fraction
5). Cell fractions 2–5 were cultured overnight, and adherent
cells were collected with a trypsin-EDTA solution (Sigma-
Aldrich, Japan). The cell suspension was then filtered
through a 40 μm nylon cell strainer (Falcon, USA). Topaz-
positive osteocytes were isolated from cell fractions 2–5 by
using a cell sorter (FACSAria II). Cell fraction 2 was used,
as it comprised the osteoblast-rich fraction. Cells were
cultured in alpha minimum essential medium (α-MEM)
(Wako, Japan) containing 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (PS; 100 IU/mL penicillin G
and 100 μg/mL streptomycin).

2.3. Preparation of Osteoclast Precursors. C57BL/6J mice were
sacrificed; then, femora and tibiae were immediately dis-
sected. The epiphyses of these bones were cut, and the bone
marrow was then flushed out with α-MEM (Wako, Japan).
The cell suspension was filtered through a 40 μm nylon cell
strainer (Falcon). The obtained cells were cultured in α-
MEM containing 10% FBS, 1% PS, and M-CSF for 3 days.
Adherent cells were collected with a trypsin-EDTA solution
(Sigma-Aldrich) and used as osteoclast precursors [34].

2.4. Preparation of RNA and Real-Time Reverse Transcription
Polymerase Chain Reaction (RT-PCR) Analysis. For in vitro
analysis, osteocytes were incubated in 24-well plates in cul-
ture medium that was supplemented with TNF-α (0 ng/mL
and 100ng/mL) for 1 day or 3 days, and with rhSCL
(0 ng/mL, 1 ng/mL, 10 ng/mL, and 100 ng/mL) for 2 days.
Total RNA from osteocytes was isolated with an RNeasy
Mini Kit (Qiagen, USA).

For in vivo analysis, PBS or TNF-α (3.0 μg/day) was
injected into the supracalvarial region of C57BL/6J mice,
once daily for 5 days. After 5 days, the mice were sacri-
ficed and calvariae were immediately removed and frozen
in liquid nitrogen. Subsequently, calvariae were homoge-
nized using a Micro Smash MS-100R (TOMY SEIKO
Co. Ltd., Japan) and then centrifuged in TRIzol Reagent
(Invitrogen, USA). Total RNA was extracted from samples
with an RNeasy Mini Kit (Qiagen), in accordance with the
manufacturer’s protocol.

cDNA was synthesized by using SuperScript IV
Reverse Transcriptase (Invitrogen). Gene expression levels
were analyzed by real-time RT-PCR in a Thermal Cycler
Dice Real Time System (Takara, Japan) using TB Green
Premix Ex Taq II (Takara, Japan). The PCR cycling condi-
tions were as follows: initial denaturation stage (95°C for
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30 sec), amplification stage (50 amplification cycles with each
cycle composed of a denaturation step of 95°C for 5 s and an
annealing step of 60°C for 30 s), and final dissociation stage (a
cycle composed of 95°C for 15 s, 60°C for 30 s, and 95°C for
15 s). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNA was used to normalize each gene expression levels.
The primers were as follows: GAPDH, 5′-GGTGGAGCC
AAAAGGGTCA-3′ and 5′-GGGGGCTAAGCAGTTGGT-
3′; DMP1, 5′-ACCACACGGACAGCAGTGAATC-3′ and
5′-CCTCATCGCCAAAGGTATCATCTC-3′; SOST, 5′-A
GCCTTCAGGAATGATGCCAC-3′ and 5′-CTTTGGCGT
CATAGGGATGGT-3′; RANKL, 5′-CCTGAGGCCAGCC
ATTT-3′ and 5′-CTTGGCCCAGCCTCGAT-3′; and OPG,
5′-ATCAGAGCCTCATCACCTT-3′ and 5′-CTTAGGTC
CAACTACAGAGGAAC-3′.

2.5. Coculture of Osteocytes and Osteoclast Precursors for
Osteoclast Formation. Osteocytes (2 × 104 cells) and osteo-
clast precursors (5 × 104 cells) were cocultured in 200 μL α-
MEM containing 10% FBS and 1% PS in a 96-well plate, in
the presence of 10-8M 1,25-dihydroxyvitamin D3 (Sigma-
Aldrich) and 10-6M prostaglandin E2 (Sigma-Aldrich) with
and without rhSCL (100 ng/mL). Medium was changed on
the second day.

After 5 days, cell cultures were fixed in a 4% parafor-
maldehyde solution for 30min, then permeabilized with
0.2% Triton X-100 for 1 h at room temperature. Tartrate-
resistant acid phosphatase (TRAP) staining solution was
prepared to visualize osteoclasts by mixing acetate buffer
(pH5.0), naphthol AS-MX phosphate (Sigma-Aldrich), Fast
Red Violet LB Salt (Sigma-Aldrich), and 50mM sodium
tartrate. TRAP-positive cells with three or more nuclei were
regarded as osteoclasts and were counted under a light
microscope [34].

2.6. Experimental Tooth Movement. OTM was performed as
described previously [35]. In brief, 8–12-week-old male WT
mice and TNFRsKOmice were anesthetized and a nickel tita-
nium (Ni-Ti) closed-coil spring (TOMY SEIKO Co. Ltd.)
was attached between the upper incisor and left first molar.
The appliance was fixed with a stainless-steel wire (0.01mm
diameter) to the hole drilled in the upper anterior alveolar
bone, then tied to the first molar. The first molar was moved
in the mesial direction with a force of 10 g.

2.7. Preparation for Histological Observation. Harvested
calvariae and maxillae were fixed overnight in 4% parafor-
maldehyde at 4°C. Samples were decalcified in 14% EDTA
for 3 days (calvariae) or 1 month (maxillae) at 4°C. After
dehydration, samples were embedded in paraffin and cut
in coronal sections of 5 μm (calvariae) and horizontal sec-
tions of 4μm (maxillae) thickness. Maxillae sections were
taken at approximately 150μm from the root branch of
the upper-left first molar.

To confirm osteoclast formation, calvariae paraffin sec-
tions were stained with TRAP solution, then counterstained
with hematoxylin. TRAP-positive cells with three or more
nuclei were regarded as osteoclasts. The numbers of TRAP-

positive cells were counted and averaged within the suture
of sagittal sutures [34].

For immunohistochemistry, paraffin sections were
deparaffinized, rehydrated, and then treated with 3% H2O2
for 15min. Thereafter, sections were blocked with 5% skim
milk for 30min at 37°C and treated with anti-SOST poly-
clonal goat antibody AF1589 (1 : 50 diluted in blocking
buffer; R&D Systems) overnight at 4°C. After sections had
been rinsed, they were processed with VECTASTAIN Elite
ABC Kit PK-6105 (Vector Laboratories Inc., USA) and
treated with 3,3′-diaminobenzidine (DAB). Hematoxylin
was used for counterstaining [36]. We confirmed that the
percentage of sclerostin-positive osteocytes was within the
range of 400 μm× 200 μm from the mesial periodontal liga-
ment on the compression side of the distobuccal root of the
upper-left first molar.

2.8. Statistical Analysis. All values are presented as mean ±
standard deviation. Statistical analyses were performed using
Student’s t-test. P < 0 05 was considered to be statistically
significant.

3. Results

3.1. Isolation and Characterization of Osteocytes. To isolate
high-purity osteocytes, we sorted Topaz-positive and nega-
tive cells from cell fractions 2–5 from calvariae of Dmp1-
Topaz mice (Figure 1(a)). Topaz-positive cells exhibited a
stellate-shaped morphology (Figure 1(b)). We confirmed
that expression of osteocyte-specific genes, such as Dmp1
and SOST, was higher in Topaz-positive cells than in osteo-
blasts (Figure 1(c)).

3.2. TNF-α Enhances Sclerostin Expression of Osteocytes and
Sclerostin Promotes Osteoclastogenesis In Vitro. We per-
formed real-time RT-PCR to analyze SOST mRNA expres-
sion of osteocytes that were treated with TNF-α in vitro.
Compared with control (untreated) osteocytes, SOSTmRNA
expression increased in 1-day culture of TNF-α-treated oste-
ocytes; however, there was no significant difference in 3-day
culture (Figure 2(a)). Furthermore, to investigate the rela-
tionship between sclerostin and osteoclastogenesis, we cul-
tured osteocytes with rhSCL (0 ng/mL, 1 ng/mL, 10 ng/mL,
and 100 ng/mL) for 2 days. Compared with osteocytes treated
with 0ng/mL rhSCL, RANKL mRNA expression was signifi-
cantly increased in osteocytes treated with 100ng/mL rhSCL;
in contrast, OPG mRNA expression showed no significant
difference on the basis of rhSCL treatment (Figures 2(b)
and 2(c)). RANKL/OPG ratio was significantly increased in
osteocytes treated with 100ng/mL rhSCL (Figure 2(c)). The
effect on osteoclast formation was analyzed by coculture of
osteocytes and osteoclast precursors. The number of TRAP-
positive cells increased among osteocytes that were treated
with rhSCL (Figure 2(d)).

3.3. TNF-α Induced Osteoclastogenesis and Sclerostin
Expression of Osteocytes In Vivo. To investigate the effect of
TNF-α in vivo, we subcutaneously injected PBS or TNF-α
into mice cranial part for 5 days. The number of TRAP-
positive cells in the suture of histological sections from mice
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in the TNF-α-injected group was significantly increased,
compared with that of mice in the PBS-injected group
(Figure 3(a)). Immunohistochemical analysis showed that
the percentage of sclerostin-positive osteocytes was higher
in sections from mice in the TNF-α group than in sections
from mice in the PBS group (Figure 3(b)). Real-time RT-
PCR results also revealed that SOSTmRNA expression levels
were higher among mice in the TNF-α group than among
mice in the PBS group (Figure 3(c)).

3.4. TNF-α Affects Sclerostin Expression in Osteocytes during
OTM. As an OTM model, a Ni-Ti closed-coil spring was
fixed between the upper anterior alveolar bone and the
upper-left first molar to move the first molar in the mesial

direction in both WT and TNFRsKO mice (Figures 4(a)
and 4(b)). Sections underwent immunohistochemical stain-
ing, and sclerostin-positive osteocytes were evaluated under
an optical microscope. This analysis revealed that the per-
centage of sclerostin-positive osteocytes in TNFRsKO mice
was less than that of WT mice after 6 days of OTM, whereas
there was no significant difference between groups after 2
days of OTM (Figures 4(c) and 4(d)).

4. Discussion

In this study, we found that stimulation with TNF-α
increased sclerostin expression in primary osteocytes. In
addition, sclerostin enhanced RANKL-induced osteoclast
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Figure 1: Characteristics of isolated Topaz-positive cells. (a) Sorting of Topaz-positive cells with the FACSAria II Cell Sorter. (b) Morphology
of Topaz-positive cells. (c) Expression levels of DMP1 and SOST mRNA in the osteoblast-rich fraction (fraction 2) and in all Topaz-positive
cells (n = 4; ∗P < 0 05 and ∗∗P < 0 01).
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formation in vitro. Furthermore, stimulation with TNF-α
enhanced the expression of sclerostin in osteocytes in vivo.
Notably, we evaluated the effect of TNF-α on the expression
of sclerostin in osteocytes during OTM; we showed that
sclerostin was increased in WT mice but not in TNFRsKO
mice during OTM. Our findings suggest that TNF-α plays
an important role in increasing the expression of sclerostin
in osteocytes and enhancing osteoclast formation during
OTM. This experiment is the first to demonstrate an interac-

tion between TNF-α stimulation and sclerostin expression in
osteocytes during OTM.

Osteocytes are the most abundant cells in bone tissue, but
their role in bone remodeling has been unclear because they
are embedded in a mineralized matrix and are difficult to iso-
late. Notably, the murine long bone osteocyte Y4 (MLO-Y4)
cell line was generated to study osteocyte function [37].
While MLO-Y4 cells are osteocyte-like, they do not nec-
essarily reproduce similar reactions to osteocytes in vivo.
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Figure 2: Tumor necrosis factor alpha (TNF-α) enhanced sclerostin expression in primary osteocytes, and sclerostin enhanced
osteoclastogenesis in vitro. (a) Expression of SOST mRNA in osteocytes, analyzed by real-time reverse transcription polymerase
chain reaction (RT-PCR). Total RNA in osteocytes was isolated from osteocytes cultured with or without TNF-α for 1 or 3 days
(n = 4; ∗∗P < 0 01). (b) Expression of RANKL mRNA in osteocytes, analyzed by real-time RT-PCR. Total RNA from osteocytes was
isolated from osteocytes cultured with recombinant human sclerostin (rhSCL) (0 ng/mL, 1 ng/mL, 10 ng/mL, and 100 ng/mL) for 2 days
(n = 4; ∗P < 0 05). (c) Expression levels of RANKL and OPG mRNA, as well as RANKL/OPG ratio in osteocytes, analyzed by real-time RT-
PCR. Total RNA was isolated from osteocytes cultured with or without rhSCL (100 ng/mL) for 2 days (n = 4; ∗P < 0 05 and ∗∗P < 0 01).
(d) Microscopic photos and the numbers of tartrate-resistant acid phosphatase- (TRAP-) positive cells within a coculture of
osteocytes and osteoclast precursors, with or without rhSCL, in the presence of vitamin D3 and prostaglandin E2. Scale bars = 100 μm
(n = 4; ∗P < 0 05).

5Journal of Immunology Research



Although there is an established method for isolation of pri-
mary osteocytes—the so-called “conventional method”—it
produces approximately 60% osteocytes [38]. Recently, a
new method for isolating primary osteocytes was established
using mice with osteocyte-specific expression of GFP [16];
this method enabled isolation of osteocytes with greater
purity than that demonstrated by the conventional method.
Therefore, we used this new method to isolate primary oste-
ocytes from DMP1-Topaz mice, which express the Topaz
variant of GFP under the direction of the mouse Dmp1 pro-
moter. In the conventional method, fraction 5 is considered
to be the osteocyte-rich fraction [38]. We evaluated the
ratio of Topaz-positive cells in fraction 5, and found that it
was <10%. In addition, we evaluated the characteristics of
Topaz-positive cells by assessment of the osteocyte markers
Dmp1 and SOST, and found high expression of osteocyte
markers. These results suggested that the use of Dmp1-
Topaz mice enables purification of more osteocytes than that
enabled by the conventional method. Therefore, the Topaz-
positive cells purified as osteocytes may closely represent
the properties of osteocytes.

A few studies have reported the effect of TNF-α on scler-
ostin expression in osteocytes; for example, an increased level

of TNF-α is associated with estrogen deficiency, which may
stimulate sclerostin expression in osteocytes [39]. TNF-α
has also been shown to upregulate sclerostin expression in
MLO-Y4 cells [27]. In addition, treatment with a TNF-α
antagonist could reduce sclerostin expression in osteocytes
in diabetic rats with periodontitis [28]. In the present study,
we cultured Topaz-positive cells as primary osteocytes,
with or without TNF-α. Notably, 1-day culture with TNF-α
increased sclerostin expression in primary osteocytes, com-
pared with control osteocytes; however, 3-day culture with
TNF-α did not increase sclerostin expression. Thus, we
concluded that stimulation with TNF-α increased scleros-
tin expression in primary osteocytes in the initial stage
of culture. Next, to analyze the effect of sclerostin on
RANKL-induced osteoclastogenesis in vitro, we cultured
primary osteocytes with various concentrations of sclerostin
(0 ng/mL, 1 ng/mL, 10 ng/mL, and 100ng/mL), and found a
significant increase in the expression of RANKL mRNA with
100 ng/mL sclerostin. In the present study, RANKL mRNA
expression was slightly increased with 10 ng/mL sclerostin,
but there was no significant difference between 0ng/mL
and 10ng/mL sclerostin. However, at 100 ng/mL sclerostin
RANKL mRNA was significantly increased. This is in
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Figure 3: TNF-α enhanced osteoclastogenesis and sclerostin expression in osteocytes in vivo. (a) Images: histological sections of calvariae
were obtained from wild-type mice after 5 days of daily supracalvarial administration of phosphate-buffered saline (PBS) or 3.0 μg/day
tumor necrosis factor alpha (TNF-α). Sections were stained with tartrate-resistant acid phosphatase (TRAP); cells stained red are regarded
as TRAP-positive. Scale bars = 100 μm. Graph: the numbers of TRAP-positive cells on the calvariae (n = 4; ∗∗P < 0 01). (b) Images:
sections were immunolocalized with antibodies specific for sclerostin, then counterstained with hematoxylin. Scale bars = 100μm. Graph:
the numbers of sclerostin-positive osteocytes on the calvariae (n = 4; ∗∗P < 0 01). (c) SOST mRNA levels in mouse calvariae detected using
real-time reverse transcription polymerase chain reaction.
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contrast to what was reported by Wijenayaka et al., where
RANKL mRNA expression was significantly increased with
10 ng/mL sclerostin when added to culture of osteocyte-like
cells compared to untreated control [26]. We can attribute
the difference in response strength to the method used in
obtaining osteocytes; while this study relied on primary
osteocytes obtained from DMP1-Topaz mice through cell
sorting, others used osteocytes differentiated from normal

human bone-derived cells (NHBC) [26]. Other factors that
can contribute to the variation in the strength of response
are different culture conditions and different sources from
which osteocytes were obtained. Moreover, the ratio of
RANKL/OPG significantly increased upon stimulation with
100 ng/mL sclerostin. Sclerostin has been reported to stimu-
late RANKL expression in MLO-Y4 cells [26, 31]. Our exper-
iments have revealed similar results in analyses of both
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Figure 4: Tumor necrosis factor alpha (TNF-α) affects sclerostin expression in osteocytes during orthodontic tooth movement (OTM). (a)
Intraoral photograph of the OTM appliance. (b) Schematic diagram of orthodontic tooth movement of the upper-left first molar to the
mesial side. The black arrow indicates the direction of orthodontic force. (c, d) Images: the percentage of sclerostin-positive osteocytes was
examined in the range of 400μm× 200μm from the mesial periodontal ligament on the compression side around 150μm from the
distobuccal root branch of the upper-left first molar after 2-day (c) or 6-day OTM (d). Arrowheads indicate the sclerostin-positive cells.
Black arrows indicate the direction of orthodontic force. M, mesial side; D, distal side; a, alveolar bone; p, periodontal ligament; r, root.
Scale bars = 100 μm. Graphs: corresponding percentages of sclerostin-positive osteocytes during OTM (n = 4; ∗∗P < 0 01).
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primary osteocytes and MLO-Y4 cells. Moreover, when pri-
mary osteocytes and osteoclast precursors were cocultured,
the number of TRAP-positive cells increased in the presence
of sclerostin. Finally, sclerostin reportedly promotes osteo-
clast formation via RANKL expression in MLO-Y4 cells
[26, 31]. Our results regarding primary cells in this study sup-
port the previous in vitro findings.

We previously reported that osteoclasts can be induced in
calvariae in the presence of TNF-α in vivo [10, 11]. In the
present study, we analyzed osteoclast formation and scleros-
tin expression in osteocytes by subcutaneous injection of
TNF-α into mice cranial part for 5 days. First, we confirmed
that stimulation with TNF-α induced osteoclast formation in
calvariae by using TRAP staining, as in our previous studies
[10, 11]. Next, we investigated the effect of TNF-α on scleros-
tin expression in osteocytes by using immunohistochemical
analysis. We found that the percentage of sclerostin-positive
osteocytes and the expression level of SOST mRNA both
increased in the TNF-α group. Thus, TNF-α may enhance
sclerostin expression in osteocytes in vivo.

The levels of TNF-α have been reported to increase in the
gingival sulcus in humans during OTM [40, 41]. We previ-
ously showed that OTM was mediated by TNF-α, in studies
of TNFRsKO mice [13, 15]. Here, we used TNFRsKO mice
to assess the role of TNF-α in the induction of sclerostin in
osteocytes during OTM. Orthodontic force was applied to
the upper-left first molar in the mesial direction for 2 or 6
days. The percentage of sclerostin-positive osteocytes in the
compression side was significantly reduced in TNFRsKO

mice in the 6-day OTM group. Several studies have shown
that high sclerostin expression is maintained for 5–7 days
after the initiation of tooth movement [31, 32]. Importantly,
our results indicated that TNF-α influenced sclerostin
expression in osteocytes on day 6 of OTM. Moreover, recent
investigation has shown that RANKL expression and osteo-
clast formation were decreased in SOST-deficient mice com-
pared to wild-type mice at the compression side during OTM
[31]. These results suggest that sclerostin affects osteoclasto-
genesis at the compression side during OTM.

5. Conclusions

We found that TNF-α enhanced the expression of sclerostin
in osteocytes, and that sclerostin-induced RANKL expression
in osteocytes enhanced osteoclastogenesis during OTM. In
conclusion, we have obtained evidence that TNF-α plays an
important role on sclerostin expression in osteocytes on the
compression side during OTM (Figure 5).
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(OTM). TNF-α enhances sclerostin expression in osteocytes;
then, sclerostin increases the expression of receptor activator of
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Crohn’s disease (CD) results from dysregulated immune responses to gut microbiota in genetically susceptible individuals, affecting
multiple areas of the gastrointestinal tract. Innate lymphoid cells (ILCs) are tissue-resident innate effector lymphocytes which play
crucial roles in mucosal immune defense, tissue repair, and maintenance of homeostasis. The accumulation of IFN-γ-producing
ILC1s and increased level of proinflammatory cytokines produced by ILCs has been observed in the inflamed terminal ileum of
CD patients. To date, the precise mechanisms of ILC plasticity and gene regulatory pathways in ILCs remain unclear. Signal
transducer and activator of transcription 3 (STAT3) regulates gene expression in a cell-specific, cytokine-dependent manner,
involving multiple immune responses. This study proposes the positive correlation between the prevalence of STAT3 rs744166
risky allele “A” with the severity of disease in a cohort of 94 CD patients. In addition, the results suggest an increased STAT3
activity in the inflamed ileum of CD patients, compared to unaffected ileum sections. Notably, IL-23 triggers the differentiation
of CD117+NKp44- ILC3s and induces the activation of STAT3 in both CD117+NKp44- and CD117-NKp44- ILC subsets,
implying the involvement of STAT3 in the initiation of ILC plasticity. Moreover, carriage of STAT3 “A” risk allele
exhibited a higher basal level of STAT3 tyrosine phosphorylation, and an increased IL-23 triggered the pSTAT3 level. We
also demonstrated that there was no delayed dephosphorylation of STAT3 in ILCs of both A/A and G/G donors. Overall,
the results of this study suggest that IL-23-induced activation of STAT3 in the CD117-NKp44- ILC1s involves in ILC1-to-
ILC3 plasticity and a potential regulatory role of ILC1 function. Those genetically susceptible individuals carried STAT3
rs744166 risky allele appear to have higher basal and cytokine-stimulated activation of STAT3 signal, leading to prolonged
inflammation and chronic relapse.

1. Introduction

Crohn’s disease (CD) is one type of inflammatory bowel
disease (IBD) that involves a chronic relapsing inflammation
of the gastrointestinal tract, causing abdominal pain and
diarrhea and can eventually lead to severe strictures or fistu-
lae which enhance the need for surgical intervention [1]. The
pathogenesis of CD involves a complex interaction between
genetic factors, environmental factors, and dysregulated
immune responses [2]. To date, the precise mechanisms

behind the disease initiation and progression remain unclear.
However, it is widely accepted that CD involves an inappro-
priate and continuing mucosal inflammatory immune
response to intestinal microflora in genetically susceptible
individuals [3, 4]. Historically, the dysfunctional adaptive
immune responses were investigated in terms of Th1/Th17
responses in CD patients, and results suggested that T cells
are responsible for the increased production of proinflamma-
tory cytokines, such as IFN-γ and IL-17A [5]. Recently,
increasing evidence suggests that innate immunity also plays
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a significant role in the pathogenesis of CD [6, 7]. Innate lym-
phoid cells (ILCs) have been identified as innate effector cells
that are involved in bacterial defense, induction of inflamma-
tion, and the maintenance of homeostasis [8]. The nomen-
clature of ILCs is based on their signature cytokines and the
transcriptional factors that regulate their differentiation.
They are classified into natural killer (NK) cells, group 1 ILCs
(ILC1s), group 2 ILCs (ILC2s), group 3 ILCs (ILC3s), and
lymphoid tissue inducer (LTi) cells [9]. In contrast to T cells,
ILCs lack antigen-specific receptors and are constitutively
located in barrier tissues, responding to alarmins as well as
cytokine signals released following tissue damage or mucosal
infection [10, 11]. As tissue-resident innate compartments of
T helper cells, ILCs undergo transdifferentiation, also known
as plasticity, in response to cytokine cues in the surrounding
tissue microenvironment [12]. Specifically, in Crohn’s
disease patients, we and other researchers have identified
the accumulation of IFN-γ-producing ILC1s at the expense
of IL-17/IL-22-producing ILC3s in the inflamed intestinal
tissues of Crohn’s disease patients, implying this ILC3-to-
ILC1 plasticity may be involved in the CD pathogenesis
[13, 14]. Moreover, researchers have identified that the differ-
entiation toward ILC1s was driven by IL-12, and conversely,
IL-23 promoted polarization toward ILC3s in vitro and
in vivo [15]. Notably, IL-23 responsive ILCs have been
recently recognized as the important cell population that
associates with the pathogenesis of colitis in several murine
models [16].

Genome-wide association studies (GWAS) have identi-
fied 170 disease susceptibility gene loci that are associated
with Crohn’s disease [17]. In 2014, a meta-analysis indicated
that the STAT3 rs744166 polymorphism was highly associ-
ated with CD susceptibility, especially among Caucasians
[18]. Additionally, the STAT3 rs744166 risk allele “A” has
been associated with increased cellular STAT3 activation in
leukocytes in pediatric Crohn’s disease patients [19]. Signal
transducer and activator of transcription 3 (STAT3) is a cru-
cial transcription factor which regulates cells associated with
both innate and adaptive mucosal immunity in a cell-specific,
cytokine-dependent manner [20]. Particularly, STAT3 plays
a central role in Th17 commitment through its direct regula-
tion of RORγt and regulates Th17-cytokine production in
response to IL-23 [21]. In addition, it has been shown that
STAT3 is essential for ILC3s to produce IL-22 against intes-
tinal infection in mice [22, 23]. Recent improvements in
genetic analysis in human studies have revealed the distinct
gene regulatory mechanisms in adaptive and innate lym-
phoid cells [24, 25]. Although ILC3s are the innate analog
of Th17 cells, the exact regulation of STAT3 in ILC3 develop-
ment and plasticity remains unclear. In this study, we inves-
tigate the role of STAT3 in the pathogenesis and progression
of Crohn’s disease, and more specifically, we examine the
STAT3 signaling involving in innate lymphoid cell plasticity.

2. Materials and Methods

2.1. Human Intestinal Lamina Propria Mononuclear Cell
(LPMC) Isolation. All the surgical resections of the terminal
ileum from Crohn’s disease patients were obtained from

UF Health Shands Hospital, following an approved
IRB#201500440. LPMCs were isolated by epithelial elimi-
nation and enzyme digestion. Briefly, the surgical resec-
tions were cut into 1-2 mm pieces after removal of the
outer fat tissue and muscle layer. The epithelial layer was
removed by 1X Hanks’ Balanced Salt Solution (HBSS)
with phenol red and glucose, no calcium, and no magne-
sium, containing 2% FBS (Gibco®), 100 U/ml penicillin,
100 μg/ml streptomycin, 25 μg/ml gentamycin, and 0.5
mM DTT. Tissues were then digested with 1X HBSS con-
taining 1% FBS (Gibco®), 100 U/ml collagenase XI
(Roche), 20 μg/ml Dispase neutral protease II (Roche),
and 10 μg/ml deoxyribonuclease I (StemCell Technolo-
gies). The remaining tissues were mechanically dissociated
and were passed through 70 μm cell strainers (Corning®).
All cells were then slowly cryopreserved in CryoStor®
CS10 (StemCell Technologies) and transferred into liquid
nitrogen for future use.

2.2. Human Peripheral Blood Mononuclear Cell (PBMC)
Isolation. Donor blood was purchased from LifeSouth
Community Blood Center, and patient blood was obtained
from UF Health Shands Hospital, following an approved
IRB#201500440. PBMCs were isolated by gradient centrifu-
gation. Briefly, whole blood samples were diluted 1 : 1 ratio
with 1XPBS containing 2% FBS. Diluted blood samples were
carefully transferred into SepMate™-50 tubes containing 15
ml of Lymphoprep™ (StemCell Technologies). Samples were
then centrifuged at 1,200xg for 10 mins, and the cell suspen-
sions above the insert in SepMate™-50 tubes were transferred
into new 50 ml conical tubes. PBMCs were collected by
centrifuging at 300xg for 8 mins. All cells were then slowly
cryopreserved in CryoStor® CS10 (StemCell Technologies)
and transferred into liquid nitrogen for future use.

2.3. Genotyping of STAT3 rs744166. Genomic DNA was
extracted from whole blood using the Gentra Puregene Kit
(QIAGEN). Patients were genotyped for the STAT3
rs744166 (assay ID: C___3140282_10, Cat. No. 4351379,
TaqMan) single nucleotide polymorphism (SNP) using the
TaqMan system, running on the QuantStudio 7 Flex Real-
Time PCR System (Applied Biosystems).

2.4. Quantitative RT-PCR. Total RNA was isolated from
intestinal tissues of Crohn’s disease patients using QIAzol
Lysis Reagent (QIAGEN) or from whole blood of CD
patients using the RNeasy Kit (QIAGEN). A two-step RT-
PCR was performed using the SuperScript® VILO cDNA
Synthesis Kit (Thermo Fisher Scientific) for reverse tran-
scription (RT), and PCR was done using the QuantStudio 7

Table 1: STAT3 rs744166 genotyping in a cohort of Crohn’s disease
patients.

Genotype Number Frequency

GG 12 12.8%

GA 41 43.6%

AA 41 43.6%
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Flex Real-Time PCR System (Applied Biosystems). The PCR
was performed using a 20 μl reaction volume containing the
cDNA, 2× TaqMan® Gene Expression Master Mix, nuclease-
free water, and 1× TaqMan Gene Expression Assay for
STAT3 (Thermo Fisher Scientific). The housekeeping gene
GAPDH was used as an endogenous control to normalize
target gene expression levels. 2^-ΔΔCt value was calculated
and used to represent the gene expression fold change.

2.5. Immunohistochemistry. The immunohistochemistry
staining followed the manufacturer’s protocols, and the
heat-induced epitope retrieval method with citrate buffer
was used for antigen retrieval. Primary antibodies, specifi-
cally anti-STAT3 (Y705) antibody (rabbit polyclonal,
ab214465 (dilution 1:500), Abcam), were added and incu-
bated at 4°C overnight. The primary antibodies were detected
using a mouse and rabbit specific HRP/DAB IHC detection
kit (ab236466, Abcam) following the manufacturer’s
instructions.

2.6. Flow Cytometry. Single-cell suspensions isolated from
intestinal tissues of CD patients were stained with FITC-
conjugated anti-human lineage cocktail 3 (Lin3) (CD3,
CD14, CD19, and CD20; clone: MφP9, L27, SK7, and
SJ25C1; BD Biosciences), PerCP-conjugated anti-human
CD45 (clone: HI30, BioLegend), APC-conjugated anti-
human CD127 (clone: A019D5, BioLegend), PE-conjugated
anti-human NKp44 (clone: P44-8, BioLegend), PE-Cy7-
conjugated anti-human CD117 (clone: 104D2, eBioscience),
Brilliant Violet 421-conjugated anti-human CRTH2 (clone:
BM16, BioLegend), and Alexa Fluor 647-conjugated anti-
STAT3 Phospho-Tyr705 (clone: 13A3-1, BioLegend). Viabil-
ity was assessed by Fixable Yellow Dead Cell Stain (Thermo
Fisher Scientific). For phosphoflow staining, cells were stim-
ulated with 20 ng/ml of recombinant human IL-23 (carrier
free, R&D) for 15 mins and were permeabilized by True-
Phos™ Perm Buffer (BioLegend) following the manufac-
turer’s protocol. AbC™ Total Antibody Compensation Beads
(Cat. No. A10497, Life Technologies) and ArC™ Amine
Reactive Compensation Beads (Cat. No. A10346, Life Tech-
nologies) were used for compensation. Data were acquired
on an LSRFortessa™ flow cytometer (BD Biosciences) using
BD FACSDiva™ software in the Cytometry Core at the Uni-
versity of Florida and analyzed by FlowJo software (Version
10, Tree Star Inc.).

2.7. Histology. The surgical tissues containing the structures
of mucosa, submucosa, and muscular layer were fixed in
10% neutral-buffered formalin (Fisher Scientific) for at least
18 hrs. The fixed tissues were then embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin.

2.8. Gene Expression Heatmap. Total RNA was isolated from
intestinal tissues of Crohn’s disease patients using QIAzol
Lysis Reagent (QIAGEN), and a two-step RT-PCR was per-
formed using the SuperScript® VILO cDNA Synthesis Kit
(Thermo Fisher Scientific) for reverse transcription (RT).
Quantitative RT-PCR was done using TaqMan® Gene
Expression Array Plates (96-well Standard Human Immune
Response Array, Cat. No. 4414073, TaqMan) on the Quant-
Studio 7 Flex Real-Time PCR System (Applied Biosystems).
The expression levels of each gene were calculated using the
2^-ΔΔCt value, and GAPDH was used as endogenous con-
trol gene whereas normal unaffected tissue sample was used
as reference control. Heatmap of RT-PCR data was generated
using R programming.

2.9. Statistical Analysis. The correlation of surgery number
and STAT3 rs744166 risk allele was tested by a GENMOD
procedure in SAS with the adjustment of age at diagnosis.
Statistical analysis was performed using GraphPad Prism 6
software (GraphPad Software, CA), and all comparisons
between experimental groups were evaluated by the unpaired
Mann-Whitney t test. Differences with a value of p < 0 05
were considered as significant and were indicated by an
asterisk.

3. Results

3.1. STAT3 rs744166 Risk Allele “A” Carriage Positively
Correlates with Clinical Outcomes of Crohn’s Disease
Patients. Surgery is not commonly required for CD patients;
however, depending on disease severity and chronic
relapse of inflammation, surgical removal of the inflamed
tissues is needed in certain cases. Even though the carriage
of STAT3 rs744166 risk “A” allele is relatively high in
healthy individuals, which is 56.4% compared to 63.6%
carriage in CD patients [26], it has been indicated in sev-
eral studies that STAT3 rs744166 is associated with
Crohn’s disease susceptibility [18, 27]. Herein, we first
genotyped our cohort of 94 CD patients and found that
87.2% of this cohort carried STAT3 rs744166 risk allele
“A,” heterozygous or homozygous (Table 1). In order to

Table 2: Surgery numbers in risky allele carrier and nonrisky allele carrier among the cohort of Crohn’s disease patients.

Genotype
Surgery numbers

Total
0 1 2 3 4 5 6

GG
Number 9 3 0 0 0 0 0 12

Percentage 9.57% 3.19% 0% 0% 0% 0% 0% 12.77%

AA+GA
Number 26 21 11 9 8 6 1 82

Percentage 27.66% 22.34% 11.70% 9.57% 8.57% 6.38% 1.06% 87.23%

Total
Number 35 24 11 9 8 6 1 94

Percentage 37.23% 25.53% 11.70% 9.57% 8.51% 6.38% 1.06% 100%

3Journal of Immunology Research



investigate whether this STAT3 single nucleotide polymor-
phism (SNP) was associated with clinical outcomes (Sup-
plementary Table 1), we used the number of surgeries
that these patients received after diagnosis to represent
disease severity (Table 2). We observed that more than
60% of patients do not respond well to drug treatment
and eventually need surgery. Moreover, 37.22% of patients
have received multiple surgeries (surgery numbers ≥2). In
addition, 57.45% of patients have strictures located in var-
ious sites, and 48.94% of patients suffered from fistula at

different locations (Figures 1(a) and 1(b)). However, there
is no correlation between STAT3 rs744166 and the pres-
ence of stricture or fistula. Furthermore, a statistical corre-
lation test of numbers of surgeries and the SNP was
performed, and we found that there was a positive corre-
lation between STAT3 rs744166 risky allele carriage (G/A
or A/A) and surgery numbers (Figure 1(c)). Taken
together, these results implied a potential involvement of
dysfunctional STAT3 activity in the chronic relapse of
Crohn’s disease patients.

5.32% anal
8.51% colon
1.06% duodenum
1.06% ileocecal
35.11% ileum

1.06% ileum+anus
2.13% ileum+colon
2.13% ileum+jejunum
1.06% jejunum
42.55% none

Location of stricture

Total = 94

(a)

1.06% anal 14.89% perianal
1.06% colon 1.06% perianal+ileum
1.06% colovaginal 2.13% perianal+ileum+colon
2.13% duodenal+colon 4.26% perianal+rectum
8.51% ileum 1.06% perirectal
1.06% ileum+colon 6.38% rectum
1.06% ileum+rectum 2.13% rectum+perianal
1.06% ileum+rectum+perianal 51.06% none
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Figure 1: STAT3 rs744166 risky allele “A” positively correlates with surgery numbers in Crohn’s disease patients. Patients in this study suffered
stricture and fistula at various sites of the gastrointestinal tract. The locations of strictures was shown in (a), and (b) demonstrated various
locations of fistula in this cohort of patients. (c) The correlation of surgery numbers and carriage of risky allele “A” was tested by a
GENMOD procedure in SAS with the adjustment of age of diagnosis. Different surgery numbers were represented as different colors.
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3.2. Increased stat3 and Its Target Gene Expression in the
Inflamed Ileum of Crohn’s Disease Patients. To further inves-
tigate STAT3 activity in the disease state, we evaluated stat3
mRNA levels in the inflamed ileum tissues from CD patients
who received more than 2 surgeries. Based on distinct histo-
logical features, for instance, ulceration, crypt abscesses, lym-
phoid aggregates, and architectural distortion, we defined
surgical resections from CD patients as microscopic unaf-
fected ileum and inflamed ileum (Figure 2(a)). We observed
a significantly increased level of stat3 mRNA expression in

the inflamed ileums, compared to unaffected ileum of CD
patients (Figure 2(b)), suggesting STAT3 activity was upreg-
ulated under inflammation. In addition, the stat3 expression
level was also increased in the peripheral blood of CD
patients, compared to healthy donors (Supplementary
Figure 1). Furthermore, an altered expression pattern of
inflammatory genes was observed in the inflamed ileum of
CD patients, compared to unaffected ileum (Figure 2(c), A).
Among those inflammatory genes, we further evaluated the
STAT3-related genes, such as Il-17a, tnf, and Il-10, and
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Figure 2: Increased STAT3 target gene expression and stat3 mRNA expression in the inflamed ileum of Crohn’s disease patients. (a)
Representative H&E staining illustrates histological appearance in unaffected and inflamed terminal ileum of CD patients. Compared
to unaffected ileum, the inflamed ileum showed distinct histological signs of inflammation, including increased infiltration of
immune cells in the lamina propria, loss of intact small intestinal architecture, and ulceration. Images were obtained under 20x
magnification. Scale bar = 50μm. (b) stat3 mRNA expression was upregulated in the inflamed ileum of CD patients (n = 10), compared to
unaffected ileum tissues (n = 5). The gene expression fold change was calculated as 2^-ΔΔCt value, using GAPDH as endogenous control.
Statistical analysis was done by the unpaired Mann-Whitney t test, α = 0 05. (c) Altered expression pattern of inflammatory genes in the
inflamed tissues of CD patients. Among these genes, an increased STAT3-related gene expression was observed in the inflamed ileum of
CD patients. GAPDH was used as endogenous control.
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found increased expression levels of those STAT3 target
genes in inflamed ileum tissues (Figure 2(c), B). The
evaluated gene IDs were listed in Supplementary Table 2,
and the calculated expression levels of each gene were
reported in Supplementary Table 3. In order to investigate
whether STAT3 rs744166 associates with the increase of
STAT3-related gene expression during inflammation, we
then genotyped these patients. As the result, the genotype
of sample 1, 2, and 5 was A/A, and the genotype of sample
6 was GG. Samples 3 and 4 were the same individual before
and after treatment of 5-month Ustekinumab (anti-IL12/23
p40 antibody), and this patient was a heterozygous “A”
carrier. However, the data implied this increased
proinflammatory gene expression level was not associated
with STAT3 rs744166 risk allele “A” but correlated with the
inflammation level.

3.3. Increased Activation of STAT3 Signaling in the Inflamed
Ileum of Crohn’s Disease Patients. To examine the activation
of STAT3 signaling, we performed IHC staining of pSTAT3-
Y705 on paraffin-embedded tissue sections of CD patients.
The phosphorylated STAT3 signal was detected mainly in
those immune cells located in the lamina propria, as well as
intestinal epithelial cells for tissue repair in the inflamed
ileum [28] (Figure 3(a)). pSTAT3+ cells were counted per
high-power field (HPF) in unaffected tissues and inflamed
tissues of CD patients, and an increased activation of STAT3
was observed in the inflamed ileum (Figure 3(b)).

3.4. Activation of STAT3 Signaling in Innate Lymphoid Cells.
STAT3 has been shown that plays a critical role in Th17
development and function, responding to IL-6 and IL-23 sig-
nals. As the innate compartment of T helper cells, ILCs also
respond to IL-23 stimulation, and the activation of STAT3
was crucial to the IL-22 production of ILC3s [22]. However,
it is unknown whether STAT3 involves in ILC1-to-ILC3
transdifferentiation as IL-23 is the driving cytokine for this
plasticity [15]. We have observed differential frequency of
Lineage−CRTH2−CD45+NKp44−CD117−CD127+ILC subset
in the inflamed terminal ileum of CD patients [13], suggest-

ing there was a dysregulated ILC plasticity in CD patients.
Herein, we evaluated pSTAT3 levels in ILC subsets in
response to IL-23 stimulation using PBMCs from healthy
donor, and we also desired to investigate whether the carriage
of STAT3 rs744166 “A” allele correlates with the altered acti-
vation level of STAT3 in ILCs. As the result, the NCR-ILC3s
(Lin-CD45+CD56-CD127+CRTH2-CD117+NKp44- cells)
responded rapidly to IL-23 stimulation (Figure 4(a)), and
these cells are more progenitor-like cells which are able to
differentiate to NCR+ILC3s [29]. We then examined the
phosphorylation level of STAT3 following IL-23 in each
ILC subset (Figure 4(b)). To our surprise, the pSTAT3 signal
was also detected in the Lin-CD45+CD56+CD127+-

CRTH2-CD117-NKp44- ILC1s, which were reported accu-
mulated in the inflamed ileum of CD patients [13]. This
result suggested that the activation of STAT3 signaling
may be the first step of a signaling cascade for ILC1-to-
ILC3 plasticity and implied that STAT3 potentially has a
regulatory role for ILC1 functioning. Furthermore, we
eager to investigate whether the STAT3 genotypic variant
has impact on cellular STAT3 activation in ILCs in
response to IL-23. Here, we used PBMCs from donors
with A/A and G/G genotypes to evaluate the potential
effect of STAT3 “A” risk allele carriage on the phosphory-
lation of STAT3 in ILCs. Notably, the result revealed that
donors carrying STAT3 rs744166 “A” risk allele exhibited a
higher basal level of STAT3 tyrosine phosphorylation as
well as an increased IL-23-stimulated pSTAT3 level in
Lin-CD45+CD56+CD127+CRTH2- ILCs (Figure 4(c), A:
A/A donor; B: G/G donor). By examination of pSTAT3
after 15 mins and 2 hrs of IL-23 stimulation, we illustrated
that there was no delayed dephosphorylation of STAT3 in
ILCs. In addition, the carriage of “A” allele did not impact
the dephosphorylation of STAT3.

4. Discussion

Despite the introduction of numerous biological agents,
including anti-TNFs, anti-integrin blockers, and more
recently, anti-IL12/23 drugs, for Crohn’s disease patients in
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Figure 3: Increased activation of STAT3 signaling in the inflamed ileum of Crohn’s disease patients. (a) Representative images of pSTAT3-
Y705 IHC staining on unaffected (n = 6) and inflamed ileum of CD patients (n = 10). pSTAT3+ cells were shown as brown dots. Images were
obtained under 20x magnification. Scale bar = 50 μm. (b) Statistical analysis of pSTAT3-Y705+ cells per HPF in unaffected and inflamed ileum
of CD patients. Unpaired Mann-Whitney t test was performed, α = 0 05.
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Figure 4: Activation of STAT3 signaling in innate lymphoid cells in response to IL-23 stimulation. (a) PBMCs from healthy donor were
stimulated by 20 ng/ml of IL-23 for 15 minutes. After gating Lin-CD45+CD127+CRTH2- cells, the ILC population was further gated based
on CD117 and NKp44 expression. The CD117+NKp44- ILC3 population (NCR-ILC3 phenotype) was induced by IL-23 stimulation. (b)
IL-23 activated STAT3 signaling in both the CD117-NKp44- ILC1 and CD117+NKp44- ILC3 subsets. (c) After gating
Lin-CD45+CD56+CD127+CRTH2- ILCs, the tyrosine phosphorylation level of STAT3 was evaluated in ILCs. Donor with A/A genotype
was shown in (A), and donor with G/G genotype was demonstrated in (B). The pSTAT3 level after 15 mins or 2 hrs stimulation of IL-23
indicated there was no delayed dephosphorylation in donors, suggesting risky allele “A” carriage does not affect the dephosphorylation of
STAT3 in ILCs.
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remission, relapse rates at one, two, five, and ten years are
estimated at 20%, 40%, 67%, and 76%, respectively [30].
Therefore, a better understanding of CD pathogenesis is
needed in order to select more specific and effective treat-
ment regimens. There are several newly approved small mol-
ecule inhibitors targeting JAK-STAT signaling; however, the
responsiveness varies by individual [31]. This study was
mainly focused on investigating the role of STAT3 in the
pathogenesis and progression of Crohn’s disease. We
positively correlated the prevalence of the STAT3 rs744166
risky allele “A” with disease severity in terms of surgery num-
bers (Figure 1). In addition, we observed an increased level of
stat3 mRNA, STAT3-related gene expression, as well as acti-
vation of STAT3 signaling (phosphorylated STAT3) in
inflamed ileum tissues of CD patients compared to unaf-
fected ileum (Figures 2 and 3). To investigate STAT3
activity in the innate lymphoid cells of particular interest,
we then specifically examined pSTAT3 in each of the
ILC subsets in response to IL-23 stimulation (Figure 4).
Notably, we found that STAT3 signaling was not only
activated in the NCR-ILC3 subset but also activated in
Lin-CD45+CRTH2-CD127+CD117-NKp44- cells. Moreover,
we illustrated the carriage of STAT3 genotypic variant
results in an increased basal and IL-23-stimulated STAT3
tyrosine phosphorylation, but it does not affect the
dephosphorylation of STAT3 in ILCs.

Previous studies have focused largely on the role of
adaptive immunity and how it drives the pathogenesis as well
as progression of Crohn’s disease. The research on innate
immune responses have been continuously expanded over
the past two decades [32]. As the important tissue-resident
guardian, innate lymphoid cell has been investigated in both
steady state and diseased state, suggesting the important role
of ILCs in mucosal immunity [33]. Specifically in Crohn’s
disease patients, our previously published study showed that
the accumulation of IFN-γ-producing Lin-CD45+-

CRTH2-CD127+CD117-NKp44- cells in the inflamed termi-
nal ileum of CD patients correlates with disease severity
[13]. However, the paradox we have observed is an increased
STAT3 activity along with decreased ILC3 numbers in the
inflamed tissues of CD patients. Bernink et al. not only
proposed that IL-23 triggered ILC1-to-ILC3 transdifferen-
tiation but also pointed out that sustained exposure of
IL-23 was able to promote the reverse conversion [15].
Other groups also pointed out that IL-23 responsive ILC3s
induced pathogenesis of neonatal intestinal inflammation
[34]. Additionally, it has been shown that STAT3
phosphorylation in ILC3s was suppressed by the presence
of Treg and Th17 cells [35]. In this study, we revealed that
the STAT3 genotypic variant rs744166 risk allele “A” was
associated with increased basal and IL-23 triggered the
pSTAT3 level in ILCs, but there was no impact on the
dephosphorylation of STAT3 in those genetically susceptible
individuals. Taken together, we suggested that investigation
of STAT3 signaling in a cell-specific manner is needed for
future researches. IL-23-induced activation of STAT3
signaling in CD117-NKp44- ILC subset suggested that STAT3
plays a role in the initiation of ILC plasticity and also poten-
tially involves in regulating Lin-CD45+CRTH2-CD127+-

CD117-NKp44- ILC1 function. More in depth investigation
on exact gene regulation of STAT3 in ILCs is necessary to fur-
ther explore the exact molecular mechanism of ILC plasticity
and heterogeneity property.

5. Conclusion

Overall, this study illustrated that increased STAT3 activity
was associated with the pathogenesis and progression of
Crohn’s disease. Particularly, activated STAT3 signaling in
IL-23 responsive ILCs may lead to the chronic relapse of
CD. Notably, individuals carrying STAT3 rs744166 “A” risk
allele exhibited increased basal and IL-23-stimulated STAT3
tyrosine phosphorylation in the peripheral ILCs. The results
provide a novel concept of a potential mechanism of ILC
plasticity and also contribute to potential mechanistic strate-
gies for use in personalized medicine in the treatment of
Crohn’s disease patients.
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Gout is a common metabolic disease in humans, and it is due to persistently elevated levels of uric acid in the blood. At high levels,
uric acid crystallizes and the crystals deposit in joints and surrounding tissues, resulting in an attack of gout. Interestingly, the gout
attack can spontaneously resolve within a few days. However, the self-limited mechanism of gout remains elusive. It has been
demonstrated that CD14 plays an important role in self-remission of gout. In this study, we found that the proportion of CD14-
positive PBMCs was decreased in gout patients when compared with healthy controls and the serum sCD14 level was also
considerably decreased in gout patients in comparison to healthy controls. In addition, sCD14 levels were positively correlated
with CRP levels. Furthermore, the effect of MSU on the levels of CD14 in healthy volunteer’s PBMC was explored in in vitro
experiment. The results showed that CD14 expression on macrophage and sCD14 levels in the culture supernatants were
significantly decreased after MSU treatment. However, there was no significance in the levels of membrane CD14 and sCD14 in
healthy volunteer’s PBMC stimulated by LPS. Taken together, these results suggest that CD14 might play an important role in
self-remission of gout.

1. Introduction

Gout is a common metabolic disease in humans, which is
caused by the purine metabolism disorder [1]. The patholog-
ical feature of gout is chronic deposition of monosodium
urate (MSU) crystals in joints and surrounding tissues, which
results from serum uric acid concentration rise above the
physiological saturation [2] [3]. The deposition of MSU in
joints and surrounding tissues activates the resident tissue
macrophage, leading to an acute inflammatory response
[4]. The activated macrophages produce abundant amounts
of TNF-α, IL-1β, IL-6, IL-8, and chemotactic factors. Recent
studies have demonstrated that IL-1β is the critical cytokine
in the development of MSU-induced inflammation [5, 6].
However, IL-1β indirectly recruits a marked number of
neutrophils into the joint cavity through promoting the

production of adherence molecules of endothelial cells [7, 8].
This process is associated with the clinical manifestation of
an acute gout attack. Interestingly, acute gout attack is an
acute inflammatory disease characterized by self-limiting
inflammation in response to the deposition of MSU crystals
in the joints or tissues [9]. Until recently, the reason for the
spontaneous rapid resolution of inflammation in gout was
still unclear.

CD14, aGPI-anchored protein, is constitutively expressed
on the surface of various cells, including monocytes, macro-
phages, polymorphonuclear neutrophils [10], B cells [11],
and dendritic cells [12]. CD14 is the specific coreceptor for
lipopolysaccharide (LPS) which is a compound of the outer
cell wall of Gram-negative bacteria [13]. CD14 has two
forms, membrane-bound (mCD14) and a circulating soluble
(sCD14) [14, 15]. On the cell surface of monocyte, LPS
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interacts with mCD14 and the LPS-binding protein (LBP)
and forms a high-affinity trimolecular complex which result
in the intracellular signaling pathway activation and lots of
inflammatory cytokines, including IL-1β and IL-6 [16–18].
sCD14 is the form of CD14 without glycosylphosphatidyli-
nositol tail and can be detected in serum [14, 19]. It was dem-
onstrated that sCD14 is released from cellular membrane
CD14 through the protease-dependent mechanism [14, 20].
Actually, sCD14 also play an important role in LPS-
mediated activation of cells that lack membrane-bound
CD14 such as endothelial and epithelial vascular [21, 22].

Previous studies have shown that MSU crystals activate
macrophage in a manner that requires the canonical signal-
ing pathway via TLR4 and TLR2. In addition, TLR2 and
TLR4 mediate macrophage uptake of MSU crystals in vitro.
Furthermore, the TLR signaling pathway recruits the intra-
cellular adapter protein myeloid differentiation factor
(MyD88), which also plays a critical role in the MSU uptake
and NF-κB activation [23, 24]. As a pattern molecule, CD14
is also crucial for MSU crystal uptake, caspase-1 activation,
and IL-1β production. A decreased uptake of MSU was
observed in CD14 knockout mice [25]. However, the acute
attack of gout is usually self-limited, and the reason for the
spontaneous rapid resolution of MSU-induced inflammation
was rather enigmatic. Some studies showed that a switch
from proinflammatory to anti-inflammatory macrophages
and increased production of anti-inflammatory mediators
TGF-β and IL-10 have been discussed as potential factors
responsible for the resolution of inflammation in gout [26].
Recently, neutrophil extracellular trap formation (NETosis)
was also involved in the self-limited inflammation. It is
highly potent to trap and cleave MSU-induced inflammatory
cytokines within minutes [27]. In this study, we demon-
strated that CD14 might play an important role in self-
remission of gout.

2. Materials and Methods

2.1. Patients’ Characteristics and Controls. 40 adult patients
(2 females, aged 57 25 ± 19 62 years) with a diagnosis of gout
based on the American College of Rheumatology/European
League Against Rheumatism criteria [28] were consecutively
enrolled in the study after providing informed consent. All
patients were referred from the Department of Rheumatol-
ogy and Clinical Immunology at the Jiangxi Provincial Peo-
ple’s Hospital and the First Affiliated Hospital of Xiamen
University. The control group consisted of 31 healthy vol-
unteers (3 females, aged 56 75 ± 12 36 years) that were
enrolled after giving informed consent. Additional blood
for PBMC isolation was harvested from 26 patients and 20
controls. Table 1 depicts the demographic and clinical char-
acteristics of all patients and controls. All clinical manifesta-
tions and laboratory findings were recorded on the day of
blood withdrawal.

2.2. Flow Cytometry Analysis. The peripheral blood of
gout patients and healthy controls was collected in coagu-
lant tubes. Peripheral blood mononuclear cells (PBMCs)
were isolated by standard Ficoll-Hypaque density gradient

centrifugation for 30 min. PBMC was stained by anti-human
CD14 or CD68 (BioLegend).

2.3. ELISA. Four milliliters of blood was collected in sterile
coagulant tubes and was then centrifuged at 3,500 rpm for
5 min at ambient temperature to obtain serum, which was
immediately frozen and stored at -80°C until batch analysis.
Concentrations of sCD14 were determined by ELISA kits
(R&D) according to the manufacturer’s protocols.

2.4. Cell Culture. PBMCs of healthy volunteers were stimu-
lated with 30 μg, 100 μg, and 300 μg/mL of MSU for 16 h.
As a contrast, PBMCs from healthy volunteers were stimu-
lated with 100 ng, 1 μg, and 10 μg/mL of LPS for 16 h. The
cells and culture supernatants were harvested for flow cytom-
etry and ELISA analysis, respectively.

2.5. Statistical Analysis. All data were analyzed using Graph-
Pad Prism 5. Statistical significance was determined by
unpaired Student’s t-test, Mann-Whitney U test, and
Spearman’s correlation analysis which were used to calcu-
late significance.

3. Results

3.1. Clinical Characteristics of Gout Patients. The clinical
characteristics of gout patients (Table 1) were summarized
for this study. 40 patients with gout and 31 healthy controls
from Southern Chinese population were enrolled. The mean
age for gout patients was 57 25 ± 15 62 years, and there were
38 males and 2 females. The mean ± SD of CRP, ESR, and
UA is 75 21 ± 70 29mg/L, 51 76 ± 29mm/h, and 492 80 ±
148 3 μmol/L, respectively. Among these 40 patients, 35
patients (87.5%) had acute gout attack, 15 patients (37.5%)
had tophi, 13 patients (32.5%) had gouty kidney damage,
and 4 patients (10%) had fever. It was remarkable that 27
patients (67.5%) had hyperuricemia.

3.2. Decreased CD14 Expression in Gout Patients. To explore
the role of CD14 in the spontaneous remission of gout,
PBMC and serum were harvested to analyze the membrane
and soluble CD14 in the gout patients and healthy controls
by flow cytometry and ELISA. In comparison with healthy
controls, the expression of mCD14 on PBMC was signifi-
cantly lower in gout patients (Figure 1(a)). Consistently,
sCD14 in serum from gout patients was also markedly lower
than that from healthy controls (Figure 1(b)).

3.3. Correlation between sCD14 in Serum and Laboratory
Parameters in Gout Patients. C-reactive protein (CRP) is
an acute phase and inflammatory marker for the disease
activity index in patients with gout. To evaluate the role
of CD14 in the development of acute gout, the relationship
between sCD14 levels and inflammatory marker CRP in
gout patients was analyzed. As shown in Figure 2(a), we
found that the sCD14 levels were positively correlated with
CRP levels (r = 0 48, p = 0 0026). However, no significantly
negative correlation was observed between serum sCD14
and UA (r = −0 3126, p = 0 0495). In keeping with previous
study, our result pinpointed that CD14 was also linked to
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Table 1: Demographic data and clinical characteristics of subjects in the study.

Gout patients (n = 40) Healthy controls (n = 31)
Age (year, mean ± SD) 57 25 ± 15 62 56 75 ± 12 36
Male sex (%) 95% 92%

CRP (C-reactive protein) (mg/L, mean ± SD) 75 21 ± 70 29 —

UA (uric acid) (μmol/L, mean ± SD) 492 80 ± 148 3 —

ESR (erythrocyte sedimentation rate) (mm/h, mean ± SD) 51 76 ± 29 00 —

Acute phase (%) 87.5% —

Hyperuricemia (%) 67.5% —

Tophi (%) 37.5% —

Gouty kidney damage (%) 32.5% —

Fever (%) 10% —

p < 0.0001
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Figure 1: The CD14 expression was decreased in gout patient. (a) The PBMCs from gout patients (n = 26) and healthy controls (HC) (n = 20)
were harvested and stained with the anti-CD14 antibody and then subjected to flow cytometry to detect the mCD14 expression. The CD14-
positive cells were gated for analysis. (b) The serum levels of sCD14 in gout patients (n = 40) and HC (n = 31) were detected by ELISA. The
Mann-Whitney U test was conducted to evaluate the significant difference of patients and controls. Each symbol represents an individual
sample; horizontal lines indicate median values.
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Figure 2: The correlation of sCD14 with inflammatory marker CRP and uric acid in gout patients. The relationships between sCD14 levels
and CRP and UA in gout patients were analyzed. (a) sCD14 was positively correlated with CRP in gout patients (r = 0 48, p = 0 0026). (b)
sCD14 was negatively correlated with UA in gout patients (r = −0 3126, p = 0 0495). Spearman’s correlation analysis was used to evaluate
significance.
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the development of gout inflammation. In addition, it is
worth noting that the decreased CD14 in the gout patients
might be implicated in the process of resolution of inflam-
mation in gout.

3.4. MSU Downregulates Membrane CD14 Expression on
PBMCs. To further ascertain that the CD14 expression was
downregulated by MSU stimulation, we harvested the
PBMCs from healthy controls and treated them with differ-
ent doses of MSU. Although low MSU concentration has
no obvious effect on the mCD14 expression of PBMCs, a sig-
nificantly reduced CD14 expression was observed in PBMCs
stimulated with high MSU concentration (Figure 3(a)). Next,
CD68, the specific marker of monocytes/macrophage, were

labeled and subjected to flow cytometry to analyze the CD14
expression. In parallel with the above result, the CD14 expres-
sions on CD68+ monocytes/macrophages were markedly
reduced in PBMCswith higherMSU concentration treatment
(Figure 3(b)). However, LPS has no obvious effect on CD14
expression in PBMC and CD68+ monocytes/macrophages
(Figures 3(c) and 3(d)).

3.5. MSU Reduces the Level of Soluble CD14. Next, we tested
the level of sCD14 in the culture supernatant of PBMCs
treated with different concentrations of MSU or LPS. Consis-
tently, sCD14 levels on the PBMCs with PBS and 30 μg/mL
MSU treatment were not reduced. However, a significantly
decreased sCD14 production was observed in PBMC
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Figure 3: MSU directly reduced mCD14 expression on PBMCs. (a, b) PBMCs were harvested from healthy volunteers and stimulated
with with PBS, MSU (30 μg/mL, 100 μg/mL, and 300 μg/mL), or LPS (0.1 μg/mL, 1 μg/mL, and 10 μg/mL) for 16 h. CD14 expression
on PBMCs was detected by flow cytometry (a, c), and the CD68-positive cells were also gated to analyze the CD14 expression by flow
cytometry (b, d). Data from three independent experiments are presented as mean. The unpaired Student t-test was used to calculate
the significance.
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stimulated with 100 μg/mLMSU (p = 0 0006) and 300 μg/mL
MSU (p = 0 0003) (Figure 4(a)). In keeping with mCD14
expression, the sCD14 productions in the culture supernatant
of PBMC stimulated with LPS (0.1 μg/mL, 1 μg/mL, and
10 μg/mL) were not reduced (Figure 4(b)). Therefore, our
data suggested that MSU reduced the CD14 production
during the development of MSU-induced inflammation.

4. Discussion

In the present study, we demonstrated the CD14 expression
and its potential role in the process of spontaneous remis-
sion of acute gout. mCD14 expression was significantly
decreased on the PBMCs from gout patients when compared
with those from healthy control subjects. In addition, the
serum sCD14 level was also considerably decreased in gout
patients. Furthermore, we found that MSU directly reduced
the CD14 expression in the PBMCs from healthy volunteers.
However, there is no significant effect in mCD14 and sCD14
production by PBMCs which were treated with LPS. Previ-
ous studies have shown the critical role of CD14 in the
development of acute gout; we also observed a positive
correlation between sCD14 and CRP levels. Therefore,
the reduced CD14 production in MSU-induced inflamma-
tion might contribute to spontaneous rapid resolution of
inflammation.

It is well known that many mechanisms contribute to the
process of inflammatory resolution [29]. The reason for the
spontaneous rapid resolution of inflammation in gout was
still unclear. It has been demonstrated that macrophages clear
the cellular apoptotic remnants to help stop the inflammatory
cascade through upregulating the anti-inflammatory cyto-
kines, such as TGF-β and IL-10 [26]. Similarly, phagocytosis
of crystals not only initiates the acute gout attack but also

makes it possible to evolve into spontaneous resolution of
acute gout attack by producing TGF-β and IL-10 [30]. These
anti-inflammatory cytokines play an important role in inhi-
biting the inflammatory process, including inhibition of the
receptor expression on the surface of leukocytes [26]. Fur-
thermore, numerous research also demonstrated that the
pathologic potential of MSU can be modified by proteins
and other agents, which might be the explanation for why
crystals are not always inflammatory [31, 32]. Recently, neu-
trophil extracellular trap formation (NETosis) was also
involved in the self-limited inflammation. It is highly potent
to trap and cleave MSU-induced inflammatory cytokines
within minutes [27]. In this study, we found that CD14 was
positively correlated with the inflammatory marker CRP.
The glucocorticoid (GC) treatment was often used in con-
trolling sepsis, which was associated with the downregulation
of CD14 production in monocytes and macrophage [33].
Because MSU crystals taken by phagocytes were dependent
on TLR4, TLR2, and CD14 [23–25], glucocorticoid was often
used to restrain the inflammatory response induced by MSU
[34]. Although CD14 was important for the development of
gout, we observed a decreased CD14 production in the gout
patients. It indicated that CD14 might contribute to sponta-
neous rapid resolution of inflammation.

Previous study showed that acute gouty inflammation is
triggered by cellular recognition of the naked MSU crystal
which was dependent on CD14 [25], and the detection of
monocytes and macrophages having ingested MSU crystals
is the gold standard clinical procedure to identify gout.
However, the phagocytosis of crystals will promote naive
macrophages to a mature type, which can produce lots of
anti-inflammatory cytokine TGF-β. Consistently, nonin-
flammatory deglutition of MSU crystals was observed in
the mature macrophages and macrophage cell lines in vitro

PB
S

16
 h

-m
su

-3
0 
𝜇

g

16
 h

-m
su

-1
00

 𝜇
g

16
 h

-m
su

-3
00

 𝜇
g

0

5000

10000

15000

20000

25000
ns

p = 0.0006

p = 0.0003

sC
D

14
 (p

g/
m

L)

(a)

PB
S

16
 h

-lp
s-

0.
1 
𝜇

g

16
 h

-lp
s-

1 
𝜇

g

16
 h

-lp
s-

10
 𝜇

g

0

10000

5000

15000

20000

25000
ns

ns

ns

sC
D

14
 (p

g/
m

L)

(b)

Figure 4: Decreased sCD14 in supernatants of PBMCs stimulated with MSU treatment. PBMCs from healthy volunteers were stimulated
with PBS, MSU (30 μg/mL, 100 μg/mL, and 300 μg/mL) (a), and LPS (0.1 μg/mL, 1 μg/mL, and 10 μg/mL) (b). After 16 h, the culture
supernatants were harvested and subjected to ELISA analysis. Data from three independent experiments are presented as mean ± SD.
The unpaired Student t-test was used to calculate the significance.
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[35]. Therefore, blockage of MSU ingestion by downregulat-
ing CD14 expression might be a potential therapy for acute
gout attack. Furthermore, some studies also showed that
the self-limitation of gout can be induced by phagocytosis
of crystals by macrophages, leading to the suppression of cel-
lular inflammatory signaling pathway activation. Our study
here demonstrated that both mCD14 and sCD14 expres-
sions were decreased in gout patients when compared with
healthy control subjects. Interestingly, mCD14 can be cleaved
into sCD14 form, which can be served as a macrophage activ-
ity marker. The serum sCD14 levels were increased in
patients with multiple sclerosis [36], and sCD14 is thought
to be an early diagnostic and prognostic marker for patients
with systemic infections [37]. However, sCD14 was decreased
in MSU-induced inflammation in our study. These data
provide a novelty mechanism in the regulation of CD14
expression, and further study should be conducted to certify
the mechanism of decreased CD14 production in the devel-
opment of gout.

In conclusion, these results suggested that CD14 might
play a vital role in the mechanism of spontaneous remission
of gout. The understanding of the detailed mechanism will
provide us a novel opportunity to interfere with inflamma-
tion induced by MSU. Certainly, further studies are required
to explore the specific regulation mechanism between CD14
and gout.
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Successful pregnancy requires a tightly-regulated equilibrium of immune cell interactions at the maternal-fetal interface (i.e., the
decidual tissues), which plays a central role in the inflammatory process of labor. Most of the innate immune cells in this
compartment have been well characterized; however, adaptive immune cells are still under investigation. Herein, we performed
immunophenotyping of the decidua basalis and decidua parietalis to determine whether exhausted and senescent T cells are
present at the maternal-fetal interface and whether the presence of pathological (i.e., preterm) or physiological (i.e., term) labor
and/or placental inflammation alter such adaptive immune cells. In addition, decidual exhausted T cells were sorted to test their
functional status. We found that (1) exhausted and senescent T cells were present at the maternal-fetal interface and
predominantly expressed an effector memory phenotype, (2) exhausted CD4+ T cells increased in the decidua parietalis as
gestational age progressed, (3) exhausted CD4+ and CD8+ T cells decreased in the decidua basalis of women who underwent
labor at term compared to those without labor, (4) exhausted CD4+ T cells declined with the presence of placental inflammation
in the decidua basalis of women with preterm labor, (5) exhausted CD8+ T cells decreased with the presence of placental
inflammation in the decidua basalis of women who underwent labor at term, (6) both senescent CD4+ and CD8+ T cells declined
with the presence of placental inflammation in the decidua basalis of women who underwent preterm labor, and (7) decidual
exhausted T cells produced IFNγ and TNFα upon in vitro stimulation. Collectively, these findings indicate that exhausted and
senescent T cells are present at the human maternal-fetal interface and undergo alterations in a subset of women either with
labor at term or preterm labor and placental inflammation. Importantly, decidual T cell function can be restored upon stimulation.

1. Introduction

Successful pregnancy requires that the mother and semiallo-
geneic fetus coexist, which involves systemic and local (i.e.,

maternal-fetal interface) immune interactions [1–9]. The
maternal-fetal interface (i.e., the decidua) is formed after
the endometrium undergoes morphological and functional
changes (“decidualization”), allowing for invasion of fetal
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trophoblast and forming the area of contact between the
endometrium and the placenta (decidua basalis) or chor-
ioamniotic membranes (decidua parietalis) [10, 11]. The
major immune cell types present at the maternal-fetal inter-
face [7, 12] include components of the innate limb such as
natural killer (NK) cells [13–17], macrophages [18–27], neu-
trophils [28, 29], and the recently described innate lymphoid
cells [30–35]. The adaptive immune cells, T cells [36–50] and
B cells [51–54], are also present at the maternal-fetal inter-
face. A tightly-regulated equilibrium between these immune
cells is required for pregnancy maintenance [6, 7], and a dis-
ruption of this balance may lead to pregnancy complications
such as preterm labor and birth [55, 56], the leading cause of
neonatal mortality and morbidity worldwide [57–59]. Specif-
ically, we have recently shown that a pool of effector and acti-
vated decidual T cells leads to pathological inflammation
resulting in spontaneous preterm labor and birth [60, 61].
However, whether decidual T cells undergo a process of
exhaustion (exhausted T cells [62–69]) or senescence (senes-
cent T cells [70–72]), which leads to a loss of function, is
unknown. To date, there is no evidence of exhausted or
senescent T cells at the human maternal-fetal interface.

T cell exhaustion results from continuous exposure to
antigen and occurs as a progressive loss of function, charac-
terized by increased coexpression of multiple inhibitory
receptors (e.g., TIM-3, PD-1, CTLA-4, and LAG-3),
changes in the expression of transcription factors, distinc-
tive patterns of cytokine receptors, loss of effector cytokine
secretion, and metabolic alterations [68, 69, 73]. A key hall-
mark of exhausted T cells is the lack of canonical memory
T cell properties and maintenance [73]. In humans, T cell
exhaustion was described during chronic viral infections
[e.g., human immunodeficiency virus (HIV), hepatitis B
virus (HBV), and hepatitis C virus (HCV)] as well as in
cancer [68, 69, 73, 74]. T cell exhaustion has also been
implicated in the mechanisms of allograft or transplant
tolerance [75–77]. However, whether T cell exhaustion is
implicated in pregnancy complications such as preterm
labor and birth is unknown.

T cell exhaustion has been related to T cell senescence as
both processes involve cell dysfunction [78]. However, it is
now clear that these cell fates are distinct and regulated inde-
pendently of each other [78]. Senescent T cells lose their
proliferative capacity while maintaining effector functions
(i.e., cytokine production and cytotoxicity) [78], whereas
exhausted T cells have typically lost both proliferative capac-
ity and the majority of their functions [65]. In addition,
senescent T cells express high levels of CD57 and KLRG-1
[79, 80], while expression of these markers is low on
exhausted T cells [65, 68]. Moreover, exhausted T cells have
high expression of inhibitory receptors, whereas senescent
cells do not [73]. Given that T cell exhaustion is being inves-
tigated herein, we also determined whether senescent T cells
are present at the maternal-fetal interface and whether such
cells are associated with preterm labor and birth.

In the current study, we performed immunophenotyping
of the maternal-fetal interface (i.e., the decidua basalis and
decidua parietalis; Figure 1(a)) to determine whether
exhausted and senescent T cells are present in preterm and

term gestations. In addition, we investigated whether the
presence of pathological (i.e., preterm) or physiological (i.e.,
term) labor and/or placental inflammation alter exhausted
and senescent T cells at the maternal-fetal interface. Lastly,
decidual exhausted T cells were sorted and their functionality
was tested in vitro.

2. Materials and Methods

2.1. Human Subjects, Clinical Specimens, and Definitions.
Human placental basal plate (decidua basalis) and chorioam-
niotic membrane (amnion, chorion, and decidua parietalis)
samples were collected from patients within 30min after
delivery at Hutzel Women’s Hospital in the Detroit Med-
ical Center, Detroit, MI, USA, in partnership with Wayne
State University School of Medicine and the Perinatology
Research Branch, an intramural program of the Eunice
Kennedy Shriver National Institute of Child Health and
Human Development, National Institutes of Health, US
Department of Health and Human Services (NICHD/-
NIH/DHHS), Detroit, MI, USA. The collection and utiliza-
tion of biological materials for research purposes were
approved by the Institutional Review Boards of Wayne State
University and NICHD. All participating women provided
written informed consent prior to sample collection. The
study groups included women who delivered at term with
(TIL) or without (TNL) labor and women who delivered
preterm with (PTL) or without (PTNL) labor. Preterm
birth was defined as delivery before 37 weeks of gestation,
and term birth was defined as delivery after 37 weeks of ges-
tation. Labor was defined by the presence of regular uterine
contractions at a frequency of at least 2 contractions every
10min with cervical changes resulting in delivery. The TIL
and PTL study groups were subdivided based on the presence
of placental inflammation (PI) in the chorioamniotic mem-
branes (see Placental Histopathological Examination for
diagnostic criteria). The clinical and demographic character-
istics of the study population are shown in Tables 1 and 2.

2.2. Placental Histopathological Examination. Placentas were
examined histologically by a perinatal pathologist blinded to
clinical diagnoses and obstetrical outcomes according to
standardized Perinatology Research Branch protocols [81].
Briefly, three to nine sections of the placenta were examined,
and at least one full-thickness section was taken from the
center of the placenta; others were taken randomly from
the placental disc. Inflammatory lesions of the placenta were
diagnosed according to established criteria [82–84]. Placental
inflammation was defined by the infiltration of neutrophils
into the chorion and amnion [83].

2.3. Isolation of Decidual Leukocytes. Decidual leukocytes
were isolated from the decidua basalis and decidua parietalis
as previously described [85]. Briefly, the decidua basalis was
collected from the basal plate of the placenta and the decidua
parietalis was separated from the chorioamniotic membranes
(Figure 1(a)). The decidual tissues were homogenized using
a gentleMACS Dissociator (Miltenyi Biotec, San Diego,
CA, USA) in StemPro Accutase Cell Dissociation Reagent
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(Life Technologies, Grand Island, NY, USA). Homoge-
nized tissues were incubated for 45min at 37°C with gentle
agitation. After incubation, tissues were washed in sterile

1X phosphate-buffered saline (PBS) (Life Technologies)
and filtered through a 100μm cell strainer (Falcon, Corning
Life Sciences Inc., Durham, NC, USA). The resulting cell
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Other T cells
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Figure 1: Immunophenotyping of exhausted and senescent T cells in the decidua basalis and decidua parietalis. (a) Representation of the
spatial localization of the decidua basalis and decidua parietalis. (b) Schematic representation of select markers expressed by exhausted
and senescent T cells. (c) Flow cytometry gating strategy used to identify exhausted and senescent T cells in the decidual tissues. T cells
were gated as CD3+CD56- cells within the viability and lymphocytic gates, followed by gating for the CD4+ and CD8+ subsets. Exhausted
T cells were gated for expression of PD-1, TIM-3, CTLA-4, and LAG-3. Since expression of CTLA-4 and LAG-3 was low, exhausted T
cells were defined as PD-1+TIM-3+ cells within the CD4+ or CD8+ gates. Senescent T cells were gated as KLRG-1+CD57+ cells within the
CD4+ or CD8+ gates. (d) A representative t-distributed stochastic neighbor embedding (t-SNE) dot plot visualizing exhausted and
senescent CD4+ and CD8+ T cells among decidual T cells. Blue—CD4+ exhausted T cells, red—CD4+ senescent T cells, turquoise—CD8+

exhausted T cells, pink—CD8+ senescent T cells, and grey—other T cells.

Table 1: Clinical and demographic characteristics of the patient population used to perform immunophenotyping of exhausted and senescent
T cells in the decidua basalis.

Term without labor
(n = 17)

Term with labor
(n = 20)

Preterm without labor
(n = 8)

Preterm with labor
(n = 10) p value

Maternal age (years; median (IQR))a 26 (25-32) 23.5 (21-26.3) 28 (25.3-30.8) 22.5 (21-31.8) 0.04

Body mass index
(kg/m2; median (IQR))a

30.1 (26-36.1)c 24.7 (23.1-33.5) 32.9 (22.7-42.9) 25.7 (20.5-27.4)c 0.3

Primiparityb 11.8% (2/17) 35% (7/20) 12.5% (1/8) 20% (2/10) 0.3

Raceb 0.1

African-American 68.8% (11/16)c 90% (18/20) 75% (6/8) 90% (9/10)

Caucasian 18.8% (3/16)c 0% (0/20) 12.5%(1/8) 0% (0/10)

Asian 12.5% (2/16)c 0% (0/20) 0% (0/8) 0% (0/10)

Other 0% (0/16)c 10% (2/20) 12.5% (1/8) 10% (1/10)

Gestational age at delivery
(weeks; median (IQR))a

39.1 (39-39.3) 39.2 (38.5-40) 27.6 (26.1-34.5) 35.5 (32.1-36.2) <0.001

Birthweight (g)a 2960 (2775-3285) 3195 (2925-3693.8) 728.5 (595-2078.8) 2305 (1656.3-2446.3) <0.001
Cesarean sectionb 100% (17/17) 35% (7/20) 100% (8/8) 40% (4/10) <0.001
Data are given as the median (interquartile range) and percentage (n/N). aKruskal-Wallis test. bFisher’s exact test. cOne missing data.
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suspension was centrifuged at 300 x g for 10min at 4°C.
Decidual leukocytes were then separated using a density
gradient (Ficoll-Paque Plus; GE Healthcare Biosciences,
Uppsala, Sweden), following the manufacturer’s instructions.
The cells collected from the mononuclear layer of the density
gradient were washed with 1X PBS and immediately used
for immunophenotyping.

2.4. Immunophenotyping of Decidual T Cells. Isolated
decidual mononuclear cells were incubated with BD Fixable
Viability Stain 575V (Cat#565694; BD Biosciences, San Jose,
CA, USA) for 30min at 4°C, then washed with 1X PBS. Next,
the cells were resuspended in 50μL of stain buffer (BD
Biosciences) and incubated with fluorochrome-conjugated
anti-human monoclonal antibodies (Supplementary Table 1)
for 30min at 4°C in the dark. After extracellular staining, the
cells were washed with 1X PBS to remove excess antibody,
resuspended in 0.5mL of stain buffer, and acquired using
the BD LSRFortessa Flow Cytometer (BD Biosciences) and
BD FACSDiva 6.0 software (BD Biosciences). The analysis
and figures were performed using FlowJo software version
10 (FlowJo, LLC, Ashland, OR, USA). The cell surface
markers used to identify exhausted and senescent T cells
were selected based on a literature review (Supplementary
Table 2). The effector memory status of exhausted and
senescent T cells was determined by the expression of
CD45RA and CCR7.

2.5. Cytokine Production by Decidual Exhausted T Cells.
Decidual mononuclear cells were isolated as described above
and incubated with BD Fixable Viability Stain 510
(Cat#564406; BD Biosciences) for 30min at 4°C, then washed
with 1X PBS. The cellswere then resuspended in50μLof stain
buffer and incubated with fluorochrome-conjugatedanti-
human monoclonal antibodies (Supplementary Table 1) for
30min at 4°C in the dark. After extracellular staining, the
cells were washed with 1X PBS to remove excess antibody,
resuspended in 0.5mL of presort buffer (Cat#563503;

BD Biosciences), and exhausted CD4+ (CD45+CD3+CD4+

Tim-3+PD-1+ cells) and CD8+ (CD45+CD3+CD8+Tim-3+

PD-1+ cells) T cells were sorted using the BD FACSMelody
cell sorter (BD Biosciences) and BD FACSChorus version
1.3 software (BD Biosciences). For the determination of T
cell function, sorted exhausted T cells were stimulated for
4 h with 2μL/mL of Cell Stimulation Cocktail [phorbol 12-
myristate 13-acetate (PMA), ionomycin, brefeldin A, and
monensin (Cat#00-4975; Life Technologies)]. Stimulated
exhausted T cells were then collected, fixed, and
permeabilized using the BD Cytofix/Cytoperm Fixation and
Permeabilization Solution (BD Biosciences) and incubated
with specific monoclonal antibodies against IFNγ and
TNFα (Supplementary Table 1). Nonstimulated sorted
exhausted T cells were used as controls. Stained exhausted
T cells were acquired using the BD LSRFortessa Flow
Cytometer and BD FACSDiva 6.0 software. The analysis
and figures were performed using FlowJo version 10
software (FlowJo).

2.6. Statistical Analysis. Data were analyzed using IBM
SPSS version 19.0 (IBM Corporation; Armonk, NY,
USA). For patient demographics, the Fisher’s exact test
was used to compare proportions among groups and the
Kruskal-Wallis test was used to compare continuous vari-
ables among groups. Experimental data were compared
between study groups using the Mann-Whitney U-test.
Two-tailed (p values without an asterisk) and one-tailed
(p values with an asterisk) p values were reported. The t
-distributed stochastic neighbor embedding (t-SNE) plot
was generated using FlowJo version 10 software. The asso-
ciation between exhausted and senescent T cells and gesta-
tional age was assessed using a Spearman’s correlation test.
p values were adjusted across the T cell subsets using the
false discovery rate method [86]. Nonparametric local
weighted regression (LOESS) [87] was used to estimate the
average percentage of each T cell subset as a function of

Table 2: Clinical and demographic characteristics of the patient population used to perform immunophenotyping of exhausted and senescent
T cells in the decidua parietalis.

Term without labor
(n = 16)

Term with labor
(n = 21)

Preterm without labor
(n = 8)

Preterm with labor
(n = 10) p value

Maternal age (years; median (IQR))a 27 (25-32.3) 24 (21-26) 28 (25.3-30.8) 22.5 (21-31.8) 0.05

Body mass index
(kg/m2; median (IQR))a

30.1 (27-36.9)c 23.5 (23-32.8) 32.9 (22.7-42.9) 25.7 (20.5-27.4)c 0.2

Primiparityb 12.5% (2/16) 38.1% (8/21) 12.5% (1/8) 20% (2/10) 0.3

Raceb 0.09

African-American 66.7% (10/15)c 90.5% (19/21) 75% (6/8) 90% (9/10)

Caucasian 20% (3/15)c 0% (0/21) 12.5% (1/8) 0% (0/10)

Asian 13.3% (2/15)c 0% (0/21) 0% (0/8) 0% (0/10)

Other 0% (0/15)c 9.5% (2/21) 12.5% (1/8) 10% (1/10)

Gestational age at delivery
(weeks; median (IQR))a

39.1 (39-39.3) 39.3 (38.6-40) 27.6 (26.1-34.5) 35.5 (32.1-36.2) <0.001

Birthweight (g)a 2972.5 (2763.8-3290) 3295 (2935-3675) 728.5 (595-2078.8) 2305 (1656.3-2446.3) <0.001
Cesarean sectionb 100% (16/16) 33.3% (7/21) 100% (8/8) 40% (4/10) <0.001
Data are given as the median (interquartile range) and percentage (n/N). aKruskal-Wallis test. bFisher’s exact test. cOne missing data.
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gestational age. The R statistical package was used for anal-
ysis [88]. A p value ≤ 0.05 was considered statistically
significant.

3. Results

3.1. Exhausted and Senescent T Cells Are Present at the
Maternal-Fetal Interface. Figure 1(a) shows the spatial local-
ization of the decidua basalis and decidua parietalis. The
markers for the identification of exhausted and senescent
T cells are shown in Figure 1(b). The gating strategy used

to identify exhausted and senescent CD4+ and CD8+ T cells in
the decidua basalis and decidua parietalis is shown in
Figure 1(c). In the decidual tissues, exhausted CD4+ and
CD8+ T cells expressed PD-1 and TIM-3, but lacked expres-
sion of LAG-3 and CTLA-4. We considered exhausted T cells
as those expressing both PD-1 and TIM-3 (Figure 1(c)). In the
decidual tissues, we considered senescent CD4+ and CD8+ T
cells as those expressing both KLRG-1 and CD57
(Figure 1(c)). A t-SNE plot representing the abundance of
exhausted and senescent CD4+ and CD8+ T cells among
decidual T cells is shown in Figure 1(d).
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Figure 2: Proportions of exhausted and senescent CD4+ and CD8+ decidual T cells within the effector memory subsets. (a) Flow cytometry
gating strategy used to identify exhausted and senescent decidual CD4+ and CD8+ T cells within the naïve, central memory (TCM), effector
memory (TEM), and terminally differentiated effector memory (TEMRA) subsets. (b) Proportions of exhausted CD4+ and CD8+ T cells
within the naïve, TCM, TEM, and TEMRA subsets in the decidua basalis and decidua parietalis. (c) Proportions of senescent CD4+ and CD8+

T cells within the naïve, TCM, TEM, and TEMRA subsets in the decidua basalis and decidua parietalis. N = 55. Data are shown as the means
with a standard error of the mean.

6 Journal of Immunology Research



The majority of exhausted CD4+ and CD8+ T cells belong
to the effector memory T cell subset (TEM) in the decidua
basalis and decidua parietalis (Figures 2(a) and 2(b)). Yet,
some of the exhausted CD8+ T cells were also found in the
central memory (TCM) and terminally differentiated effec-
tor memory (TEMRA) subsets (Figure 2(b)). Most of the
senescent CD4+ T cells belonged to the TEMRA subset,
whereas senescent CD8+ T cells were found in both the
TEM and TEMRA subsets in the decidua basalis and decidua
parietalis (Figures 2(a) and 2(c)).

Together, these findings indicate that exhausted and
senescent T cells are found at the maternal-fetal interface,
where most of them express an effector memory phenotype.

3.2. Exhausted CD4+ and CD8+ T Cells Increase in the
Decidua Parietalis as Gestational Age Progresses. Next, we
determined whether the abundance of exhausted or senes-
cent T cells changes as gestational age advances, given that
the T cell repertoire undergoes alterations throughout gesta-
tion [12]. The Spearman correlations between the propor-
tions of exhausted or senescent CD4+ and CD8+ T cells and
gestational age are shown in Figure 3. In the decidua basa-
lis, no significant correlations were observed between
exhausted or senescent CD4+ and CD8+ T cells and gesta-
tional age (Figures 3(a)–3(d)). In the decidua parietalis,
exhausted CD4+ T cells significantly increased from preterm
to term gestation (p < 0 001; Figure 3(e)). The same positive
correlation was observed for exhausted CD8+ T cells, yet this

did not reach a statistical significance (Figure 3(f)). In the
decidua parietalis, senescent CD4+ and CD8+ T cells did
not vary as gestational age progressed (Figures 3(g) and
3(h)). These data show that the abundance of exhausted
CD4+ and CD8+ T cells in the decidua parietalis increases
as gestational age progresses.

3.3. Exhausted CD4+ and CD8+ T Cells Decrease in the
Decidua Basalis of Women with Labor at Term. Our previous
studies have suggested that T cells participate in the physio-
logical [45, 46, 89, 90] and pathological [56, 60, 61, 91, 92]
processes of labor (i.e., labor at term and preterm labor).
Therefore, we investigated whether exhausted and senescent
T cells were altered with the presence of labor at term or
preterm labor. In the decidua basalis, exhausted CD4+ and
CD8+ T cells were reduced in women who underwent labor
at term compared to those who delivered at term without
labor (Figures 4(a) and 4(b)). However, this reduction was
not observed when comparing the preterm labor and pre-
term without labor groups (Figures 4(a) and 4(b)). In the
decidua basalis, senescent CD4+ and CD8+ T cells did not
vary between the labor and nonlabor groups (Figures 4(c)
and 4(d)). In the decidua parietalis, exhausted and senes-
cent CD4+ and CD8+ T cells did not vary between the
labor and nonlabor groups at term and preterm gesta-
tions (Figures 4(e)–4(h)). Consistent with our previous
results, in the absence of labor, exhausted CD4+ T cells were
more abundant in the term than in the preterm groups
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(Figures 4(a) and 4(e)). Similar differences in exhausted and
senescent T cells between the study groups were observed
when such cells were gated within the effector memory sub-
sets (Supplementary Figure 1A–1L). Taken together, these
data indicate that the physiological process of labor at
term, but not the pathological process of preterm labor, is
accompanied by a decline in exhausted CD4+ and CD8+

T cells at the maternal-fetal interface.

3.4. The Impact of Placental Inflammation on Exhausted and
Senescent CD4+ T Cells in the Decidual Tissues. Pathological
inflammation is associated with an imbalance between
immune cells at the maternal-fetal interface [56]. Thus, we
next evaluated whether inflammation in the placenta of
women who underwent preterm labor or labor at term
impacted the abundance of exhausted or senescent T cells
in the decidual tissues.

Exhausted CD4+ T cells, but not exhausted CD8+ T cells,
were reduced in the decidua basalis of women who under-
went preterm labor with placental inflammation compared
to those without this condition (Figures 5(a) and 5(c)). In
contrast, exhausted CD8+ T cells, but not exhausted CD4+

T cells, were decreased in the decidua basalis of women
who underwent labor at term with placental inflammation
compared to those without inflammation (Figures 5(b) and
5(d)). Both senescent CD4+ and CD8+ T cells were reduced
in the decidua basalis of women who underwent preterm
labor with placental inflammation compared to those
without this condition (Figures 5(e) and 5(g)). However,

senescent CD4+ and CD8+ T cells in the decidua basalis
did not vary between term labor women with and without
placental inflammation (Figures 5(f) and 5(h)). Placental
inflammation did not alter the abundance of exhausted
or senescent CD4+ and CD8+ T cells in the decidua parie-
talis (Figures 5(i)–5(p)). These findings show that placental
inflammation can selectively impact the abundance of
exhausted and senescent T cells in the decidua basalis of
women who underwent preterm labor or labor at term.

3.5. Decidual Exhausted T Cells Are Functional upon In
Vitro Stimulation. Exhausted T cells lose their effector
functions, whereas senescent T cells do not [78]. Therefore,
we sorted exhausted T cells from the decidual tissues and
tested their functionality upon in vitro stimulation. The
purity of sorted exhausted T cells is shown in Figure 6(a).
Functionality was tested by the production of IFNγ and
TNFα (Figure 6(a)). Consistent with our in vivo data (e.g.,
reduction of exhausted T cells in placental inflammation),
exhausted T cells produced inflammatory cytokines upon
in vitro stimulation, suggesting the restoration of an effector
phenotype (Figure 6(b)). These data imply that exhausted T
cells restore their functional-effector phenotype during
inflammatory conditions at the maternal-fetal interface.

4. Discussion

4.1. Principal Findings. The principal findings of this
study are as follows: (1) exhausted and senescent T cells were
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present at the human maternal-fetal interface and pre-
dominantly expressed an effector memory phenotype;
(2) exhausted CD4+ T cells increased in the decidua parieta-
lis as gestational age progressed; (3) exhausted CD4+ and
CD8+ T cells decreased in the decidua basalis of women
who underwent labor at term compared to those without
labor; (4) exhausted CD4+ T cells declined with the presence
of placental inflammation in the decidua basalis of women
with preterm labor; (5) exhausted CD8+ T cells decreased
with the presence of placental inflammation in the decidua
basalis of women who underwent labor at term; (6) both
senescent CD4+ and CD8+ T cells declined with the presence
of placental inflammation in the decidua basalis of women
who underwent preterm labor; and (7) decidual exhausted
T cells produced IFNγ and TNFα upon in vitro stimulation.
Together, these findings indicate that exhausted and senes-
cent T cells are present at the maternal-fetal interface and
undergo alterations in a subset of women either with labor
at term or preterm labor and placental inflammation, yet
can restore their functionality upon stimulation.

4.2. Exhausted T Cells at the Maternal-Fetal Interface in
Term and Preterm Labor. Herein, for the first time, we iden-
tified exhausted CD4+ and CD8+ T cells at the human
maternal-fetal interface. Such cells display an effector mem-
ory phenotype, consistent with that of other tissue-resident
exhausted T cells [93, 94]. Recent studies have identified
decidual T cells expressing PD-1 and TIM-3 during the first
trimester [95, 96] and in term pregnancy [50, 97]. However,
the abovementioned studies did not identify such cells as
exhausted T cells. It is thought that T cells expressing
PD-1 and TIM-3 participate in the mechanisms leading to
immune tolerance [76, 77, 98–100]; therefore, such

molecules have been implicated in the pathophysiology of
pregnancy loss [101–105]. The fact that decidual exhausted
T cells expressing PD-1 and TIM-3 are more abundant in
term than in preterm gestations suggests that T cell dysfunc-
tion represents a regulatory mechanism to prevent exacer-
bated cellular responses toward the end of pregnancy.

We and others have found that the lack of functionality
by decidual T cells can be restored in vitro [50], suggesting
that the inflammatory milieu that accompanies the physio-
logical process of labor at term [106–113] reinvigorates T cell
responses (i.e., reversal of T cell exhaustion [114]) at the
maternal-fetal interface. This concept could explain why
women who underwent labor at term had reduced propor-
tions of exhausted T cells compared to those who delivered
at term without labor.

In the current study, no differences in exhausted T
cells were found in the decidual tissues of women who
underwent preterm labor compared to those who delivered
preterm without labor. This finding supports the hypothe-
sis that the pathological process of preterm labor is dis-
tinct from the physiological process of labor at term
[115–119] and that, in most cases, occurs in the absence
of a reduction in T cell exhaustion. However, acute placental
inflammation (the only causal link to spontaneous preterm
labor [120–127] and present in a subset of women who
deliver preterm [128–131]) decreased the abundance of
exhausted T cells at the maternal-fetal interface, suggesting
that T cell exhaustion is reduced solely in some cases of
preterm labor associated with exacerbated placental inflam-
mation. The mechanisms whereby placental inflammation
can reduce T cell exhaustion at the maternal-fetal interface
may involve cytokines, given that such inflammatory medi-
ators can reverse T cell dysfunction [73, 132–135].
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Figure 5: Proportions of exhausted and senescent CD4+ and CD8+ T cells in the decidua basalis and decidua parietalis with placental
inflammation. The proportions of exhausted and senescent CD4+ and CD8+ T cells in the decidua basalis (a–h) and decidua parietalis
(i–p) of women who underwent preterm labor with (PTL+PI) or without (PTL) placental inflammation or labor at term with (TIL+PI)
or without (TIL) placental inflammation. N = 4 – 11. Midlines—medians, boxes—interquartile ranges, and whiskers—minimum and
maximum ranges. PI: placental inflammation.

9Journal of Immunology Research



Therefore, we surmise that placental inflammation boosts
effector T cell function by dampening T cell exhaustion at
the maternal-fetal interface in a subset of women who
undergo preterm labor.

A central question that arises from this study is whether
T cell exhaustion at the maternal-fetal interface can be aug-
mented in order to ameliorate effector T cell responses that
lead to pathological inflammation and preterm labor and
birth. T cell exhaustion has been manipulated by targeting
the TCR and inhibitory receptors (e.g., PD-1, TIM-3,
CTLA-4, and LAG-3) as well as by treatment with soluble
mediators (e.g., anti-inflammatory cytokines such as IL-10
and TGFβ) and suppressive cells [67, 68, 135–141]. Further

research is required to investigate which of the abovemen-
tioned strategies could be safely utilized during pregnancy.

4.3. Senescent T Cells at the Maternal-Fetal Interface in
Preterm Labor. To our knowledge, we are the first to identify
senescent T cells at the human maternal-fetal interface.
Decidual senescent T cells express an effector memory phe-
notype consistent with that displayed by these cells in other
tissues [80]. Unlike exhausted T cells, senescent T cells can
release proinflammatory mediators such as IFNγ, TNFα,
granzyme B, and perforin [80, 142, 143]. We and others
have shown that T cells can release such inflammatory
mediators at the maternal-fetal interface [50, 61],
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suggesting that senescent T cells may contribute to the
inflammatory milieu in this microenvironment.

We also found that senescent T cells were reduced in
women who underwent preterm labor associated with pla-
cental inflammation. This finding is in line with the hypoth-
esis that cellular senescence is implicated in the mechanisms
of disease for preterm labor and birth [55, 144, 145].
The mechanisms whereby placental inflammation reduces
senescent T cells at the maternal-fetal interface of women
with preterm labor may involve the p53 pathway, mitogen-
activated protein kinase p38 (MAPKp38), and the cyclin-
dependent kinase inhibitors p16 and p21 [78], all of which
are implicated in the process of parturition [144–150].
Given that T cells can undergo reversible senescence [71,
78, 143, 151–153], additional research is required to inves-
tigate the mechanisms implicated in such a process at the
maternal-fetal interface.

It is worth mentioning that the effect of gestational age
was observed in the decidua parietalis, whereas the impact
of the process of labor and placental inflammation was
mainly observed in the decidua basalis. This finding exem-
plifies the complexity of the maternal-fetal interface and
highlights the importance of considering both the maternal
(i.e., decidua parietalis is in contact with the endometrium)
and fetal (i.e., decidua basalis is attached to the placenta)
sides when studying maternal-fetal interactions.

5. Conclusion

In the current study, exhausted and senescent effector
memory T cells were identified at the human maternal-
fetal interface, where they are more abundant as term
approaches. To our knowledge, this is the first time that
exhausted T cells have been identified at the human
maternal-fetal interface. While the physiological process
of labor at term was associated with a decline in exhausted
T cells, the pathological process of preterm labor with pla-
cental inflammation was linked to a reduction in both
exhausted and senescent T cells. Moreover, we show that
exhausted T cells restore their functionality upon in vitro
stimulation. Collectively, these data suggest that exhausted
and senescent T cells are physiological components of the
maternal-fetal interface and that such cells play a role in
homeostasis and disease during pregnancy.

Data Availability

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

Conflicts of Interest

The authors declare no potential conflicts of interest.

Acknowledgments

This research was supported, in part, by the Perinatology
Research Branch (PRB), Division of Obstetrics and
Maternal-Fetal Medicine, Division of Intramural Research,

Eunice Kennedy Shriver National Institute of Child Health
and Human Development, National Institutes of Health, U.S.
Department of Health and Human Services (NICHD/-
NIH/DHHS), and, in part, with federal funds from theNICHD/-
NIH/DHHS under Contract No. HHSN275201300006C.
This research was also supported by the Wayne State Uni-
versity Perinatal Initiative in Maternal, Perinatal and Child
Health. We thank the physicians and nurses from the
Center for Advanced Obstetrical Care and Research and
the Intrapartum Unit, as well as the research assistants
from the PRB Clinical Laboratory, for their help in collect-
ing the samples. We also thank the staff members of the
PRB Histology/Pathology Unit for the processing and
examination of the pathological sections.

Supplementary Materials

Supplementary Table 1: antibodies used for immunopheno-
typing and cell sorting. Supplementary Table 2: literature
review performed to select markers for identifying exhausted
and senescent T cells. Supplementary Figure 1: exhausted
and senescent CD4+ and CD8+ T cells display an effector
memory phenotype in the decidua basalis and decidua parie-
talis. The proportions of exhausted and senescent CD4+ and
CD8+ T cells within the effector memory (TEM) (A-H) or
terminally differentiated effector memory (TEMRA) (I-L) T
cell subsets in the decidua basalis and decidua parietalis from
women who delivered preterm with labor (PTL) or without
labor (PTNL) and women who delivered at term with labor
(TIL) or without labor (TNL). N = 8 – 21 per group. Red
midlines and whiskers indicate medians and interquartile
ranges, respectively. (Supplementary Materials)

References

[1] P. B. Medawar, “Some immunological and endocrinological
problems raised by the evolution of viviparity in vertebrates,”
Symposia of the Society for Experimental Biology, vol. 7,
pp. 320–337, 1953.

[2] R. Finn, C. A. St Hill, J. C. Davis, L. J. Hipkin, and M. Harvey,
“Feto-maternal bidirectional mixed lymphocyte reaction and
survival of fetal allograft,” The Lancet, vol. 2, no. 8050,
pp. 1200–1202, 1977.

[3] G. Chaouat, J. P. Kolb, and T. G. Wegmann, “The murine
placenta as an immunological barrier between the mother
and the fetus,” Immunological Reviews, vol. 75, no. 1,
pp. 31–60, 1983.

[4] R. D. Hunziker and T. G. Wegmann, “Placental immuno-
regulation,” Critical Reviews in Immunology, vol. 6, no. 3,
pp. 245–285, 1986.

[5] M. G. Petroff, “Immune interactions at the maternal-fetal
interface,” Journal of Reproductive Immunology, vol. 68,
no. 1-2, pp. 1–13, 2005.

[6] A. Erlebacher, “Immunology of the maternal-fetal interface,”
Annual Review of Immunology, vol. 31, no. 1, pp. 387–411,
2013.

[7] N. Gomez-Lopez, D. StLouis, M. A. Lehr, E. N. Sanchez-
Rodriguez, and M. Arenas-Hernandez, “Immune cells in
term and preterm labor,” Cellular & Molecular Immunol-
ogy, vol. 11, no. 6, pp. 571–581, 2014.

11Journal of Immunology Research

http://downloads.hindawi.com/journals/jir/2019/3128010.f1.pdf


[8] M. PrabhuDas, E. Bonney, K. Caron et al., “Immune mecha-
nisms at the maternal-fetal interface: perspectives and chal-
lenges,” Nature Immunology, vol. 16, no. 4, pp. 328–334,
2015.

[9] E. A. Bonney, “Immune regulation in pregnancy: a matter of
perspective?,” Obstetrics and Gynecology Clinics of North
America, vol. 43, no. 4, pp. 679–698, 2016.

[10] B. Gellersen, I. Brosens, and J. Brosens, “Decidualization
of the human endometrium: mechanisms, functions, and
clinical perspectives,” Seminars in Reproductive Medicine,
vol. 25, no. 6, pp. 445–453, 2007.

[11] M. Mori, A. Bogdan, T. Balassa, T. Csabai, and
J. Szekeres-Bartho, “The decidua-the maternal bed embrac-
ing the embryo-maintains the pregnancy,” Seminars in
Immunopathology, vol. 38, no. 6, pp. 635–649, 2016.

[12] N. Gomez-Lopez, L. J. Guilbert, and D. M. Olson, “Invasion
of the leukocytes into the fetal-maternal interface during
pregnancy,” Journal of Leukocyte Biology, vol. 88, no. 4,
pp. 625–633, 2010.

[13] A. Moffett-King, “Natural killer cells and pregnancy,” Nature
Reviews Immunology, vol. 2, no. 9, pp. 656–663, 2002.

[14] B. A. Croy, J. Zhang, C. Tayade, F. Colucci, H. Yadi, and A. T.
Yamada, “Analysis of uterine natural killer cells in mice,”
Methods in Molecular Biology, vol. 612, pp. 465–503, 2010.

[15] V. Male, A. Sharkey, L. Masters, P. R. Kennedy, L. E. Farrell,
and A. Moffett, “The effect of pregnancy on the uterine NK
cell KIR repertoire,” European Journal of Immunology,
vol. 41, no. 10, pp. 3017–3027, 2011.

[16] L. M. Gaynor and F. Colucci, “Uterine natural killer cells:
functional distinctions and influence on pregnancy in
humans and mice,” Frontiers in Immunology, vol. 8, p. 467,
2017.

[17] R. Vento-Tormo, M. Efremova, R. A. Botting et al., “Sin-
gle-cell reconstruction of the early maternal-fetal interface
in humans,” Nature, vol. 563, no. 7731, pp. 347–353, 2018.

[18] J. S. Hunt, L. S. Manning, and G. W. Wood, “Macrophages in
murine uterus are immunosuppressive,” Cellular Immunol-
ogy, vol. 85, no. 2, pp. 499–510, 1984.

[19] O.W. Tawfik, J. S. Hunt, and G.W.Wood, “Partial character-
ization of uterine cells responsible for suppression of murine
maternal anti-fetal immune responses,” Journal of Reproduc-
tive Immunology, vol. 9, no. 3, pp. 213–224, 1986.

[20] C. Gustafsson, J. Mjösberg, A. Matussek et al., “Gene expres-
sion profiling of human decidual macrophages: evidence for
immunosuppressive phenotype,” PLoS One, vol. 3, no. 4,
article e2078, 2008.

[21] U. Repnik, T. Tilburgs, D. L. Roelen et al., “Comparison of
macrophage phenotype between decidua basalis and decidua
parietalis by flow cytometry,” Placenta, vol. 29, no. 5,
pp. 405–412, 2008.

[22] J. Svensson, M. C. Jenmalm, A. Matussek, R. Geffers, G. Berg,
and J. Ernerudh, “Macrophages at the fetal-maternal inter-
face express markers of alternative activation and are induced
by M-CSF and IL-10,” The Journal of Immunology, vol. 187,
no. 7, pp. 3671–3682, 2011.

[23] B. L. Houser, T. Tilburgs, J. Hill, M. L. Nicotra, and J. L.
Strominger, “Two unique human decidual macrophage
populations,” The Journal of Immunology, vol. 186, no. 4,
pp. 2633–2642, 2011.

[24] S. Y. Kim, R. Romero, A. L. Tarca et al., “Methylome of
fetal and maternal monocytes and macrophages at the

feto-maternal interface,” American Journal of Reproductive
Immunology, vol. 68, no. 1, pp. 8–27, 2012.

[25] S. Hamilton, Y. Oomomian, G. Stephen et al., “Macrophages
infiltrate the human and rat decidua during term and preterm
labor: evidence that decidual inflammation precedes labor,”
Biology of Reproduction, vol. 86, no. 2, p. 39, 2012.

[26] J. Svensson-Arvelund, R. B. Mehta, R. Lindau et al., “The
human fetal placenta promotes tolerance against the semial-
logeneic fetus by inducing regulatory T cells and homeostatic
M2 macrophages,” The Journal of Immunology, vol. 194,
no. 4, pp. 1534–1544, 2015.

[27] Y. Xu, R. Romero, D. Miller et al., “An M1-like macrophage
polarization in decidual tissue during spontaneous preterm
labor that is attenuated by rosiglitazone treatment,” The
Journal of Immunology, vol. 196, no. 6, pp. 2476–2491,
2016.

[28] H. Amsalem, M. Kwan, A. Hazan et al., “Identification of a
novel neutrophil population: proangiogenic granulocytes in
second-trimester human decidua,” The Journal of Immunol-
ogy, vol. 193, no. 6, pp. 3070–3079, 2014.

[29] S. Nadkarni, J. Smith, A. N. Sferruzzi-Perri et al., “Neutro-
phils induce proangiogenic T cells with a regulatory pheno-
type in pregnancy,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 113, no. 52,
pp. E8415–E8424, 2016.

[30] P. Vacca, E. Montaldo, D. Croxatto et al., “Identification of
diverse innate lymphoid cells in human decidua,” Mucosal
Immunology, vol. 8, no. 2, pp. 254–264, 2015.

[31] J. M. Doisne, E. Balmas, S. Boulenouar et al., “Composition,
development, and function of uterine innate lymphoid cells,”
The Journal of Immunology, vol. 195, no. 8, pp. 3937–3945,
2015.

[32] E. Montaldo, P. Vacca, L. Chiossone et al., “Unique Eomes+

NK cell subsets are present in uterus and decidua during early
pregnancy,” Frontiers in Immunology, vol. 6, p. 646, 2016.

[33] D. Croxatto, A. Micheletti, E. Montaldo et al., “Group 3
innate lymphoid cells regulate neutrophil migration and
function in human decidua,” Mucosal Immunology, vol. 9,
no. 6, pp. 1372–1383, 2016.

[34] Y. Xu, R. Romero, D. Miller et al., “Innate lymphoid cells at
the human maternal-fetal interface in spontaneous preterm
labor,” American Journal of Reproductive Immunology,
vol. 79, no. 6, article e12820, 2018.

[35] D. Miller, K. Motomura, V. Garcia-Flores, R. Romero, and
N. Gomez-Lopez, “Innate lymphoid cells in the maternal
and fetal compartments,” Frontiers in Immunology, vol. 9,
article 2396, 2018.

[36] M. L. Vargas, J. L. Såntos, C. Ruiz et al., “Comparison of the
proportions of leukocytes in early and term human decidua,”
American Journal of Reproductive Immunology, vol. 29, no. 3,
pp. 135–140, 1993.

[37] E. A. Bonney, J. Pudney, D. J. Anderson, and J. A. Hill,
“Gamma-delta T cells in midgestation human placental
villi,” Gynecologic and Obstetric Investigation, vol. 50, no. 3,
pp. 153–157, 2000.

[38] A. P. Sindram-Trujillo, S. A. Scherjon, P. P. H. V. Miert, H. H.
H. Kanhai, D. L. Roelen, and F. H. J. Claas, “Comparison of
decidual leukocytes following spontaneous vaginal delivery
and elective cesarean section in uncomplicated human term
pregnancy,” Journal of Reproductive Immunology, vol. 62,
no. 1-2, pp. 125–137, 2004.

12 Journal of Immunology Research



[39] T. Tilburgs, D. Roelen, B. Vandermast et al., “Differential dis-
tribution of CD4+CD25bright and CD8+CD28− T-cells in
decidua and maternal blood during human pregnancy,” Pla-
centa, vol. 27, Supplement, pp. 47–53, 2006.

[40] C. M. Constantin, D. Masopust, T. Gourley et al.,
“Normal establishment of virus-specific memory CD8 T
cell pool following primary infection during pregnancy,”
The Journal of Immunology, vol. 179, no. 7, pp. 4383–
4389, 2007.

[41] T. Tilburgs, S. A. Scherjon, D. L. Roelen, and F. H. J. Claas,
“Decidual CD8+CD28- T cells express CD103 but not per-
forin,” Human Immunology, vol. 70, no. 2, pp. 96–100,
2009.

[42] T. Tilburgs, B. J. van der Mast, N. M. A. Nagtzaam, D. L.
Roelen, S. A. Scherjon, and F. H. J. Claas, “Expression of
NK cell receptors on decidual T cells in human preg-
nancy,” Journal of Reproductive Immunology, vol. 80,
no. 1-2, pp. 22–32, 2009.

[43] M. T. Norton, K. A. Fortner, K. H. Oppenheimer, and E. A.
Bonney, “Evidence that CD8 T-cell homeostasis and function
remain intact during murine pregnancy,” Immunology,
vol. 131, no. 3, pp. 426–437, 2010.

[44] T. Tilburgs, D. Schonkeren, M. Eikmans et al., “Human
decidual tissue contains differentiated CD8+ effector-
memory T cells with unique properties,” The Journal of
Immunology, vol. 185, no. 7, pp. 4470–4477, 2010.

[45] N. Gomez-Lopez, L. Vadillo-Perez, A. Hernandez-Carbajal,
M. Godines-Enriquez, D. M. Olson, and F. Vadillo-Ortega,
“Specific inflammatory microenvironments in the zones of
the fetal membranes at term delivery,” American Journal of
Obstetrics and Gynecology, vol. 205, no. 3, pp. 235.e15–
235.e24, 2011.

[46] N. Gomez-Lopez, R. Vega-Sanchez, M. Castillo-Castrejon,
R. Romero, K. Cubeiro-Arreola, and F. Vadillo-Ortega, “Evi-
dence for a role for the adaptive immune response in human
term parturition,” American Journal of Reproductive Immu-
nology, vol. 69, no. 3, pp. 212–230, 2013.

[47] M. T. Shepard and E. A. Bonney, “PD-1 regulates T cell pro-
liferation in a tissue and subset-specific manner during
normal mouse pregnancy,” Immunological Investigations,
vol. 42, no. 5, pp. 385–408, 2013.

[48] E. A. Bonney, “Alternative theories: pregnancy and immune
tolerance,” Journal of Reproductive Immunology, vol. 123,
pp. 65–71, 2017.

[49] R. M. Powell, D. Lissauer, J. Tamblyn et al., “Decidual T cells
exhibit a highly differentiated phenotype and demonstrate
potential fetal specificity and a strong transcriptional
response to IFN,” The Journal of Immunology, vol. 199,
no. 10, pp. 3406–3417, 2017.

[50] A. van der Zwan, K. Bi, E. R. Norwitz et al., “Mixed signature
of activation and dysfunction allows human decidual CD8+

T cells to provide both tolerance and immunity,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 115, no. 2, pp. 385–390, 2018.

[51] F. Jensen, D. Muzzio, R. Soldati, S. Fest, and A. C.
Zenclussen, “Regulatory B10 cells restore pregnancy toler-
ance in a mouse model,” Biology of Reproduction, vol. 89,
no. 4, p. 90, 2013.

[52] A. C. Zenclussen, “Adaptive immune responses during preg-
nancy,” American Journal of Reproductive Immunology,
vol. 69, no. 4, pp. 291–303, 2013.

[53] F. Fettke, A. Schumacher, S. D. Costa, and A. C. Zenclussen,
“B cells: the old new players in reproductive immunology,”
Frontiers in Immunology, vol. 5, p. 285, 2014.

[54] Y. Leng, R. Romero, Y. Xu et al., “Are B cells altered in
the decidua of women with preterm or term labor?,”
American Journal of Reproductive Immunology, article
e13102, 2019.

[55] R. Romero, S. K. Dey, and S. J. Fisher, “Preterm labor:
one syndrome, many causes,” Science, vol. 345, no. 6198,
pp. 760–765, 2014.

[56] M. Arenas-Hernandez, R. Romero, D. St Louis, S. S. Hassan,
E. B. Kaye, and N. Gomez-Lopez, “An imbalance between
innate and adaptive immune cells at the maternal–fetal inter-
face occurs prior to endotoxin-induced preterm birth,” Cellu-
lar & Molecular Immunology, vol. 13, no. 4, pp. 462–473,
2016.

[57] H. Blencowe, S. Cousens, M. Z. Oestergaard et al., “National,
regional, and worldwide estimates of preterm birth rates in
the year 2010 with time trends since 1990 for selected coun-
tries: a systematic analysis and implications,” Lancet,
vol. 379, no. 9832, pp. 2162–2172, 2012.

[58] L. Liu, S. Oza, D. Hogan et al., “Global, regional, and national
causes of child mortality in 2000–13, with projections to
inform post-2015 priorities: an updated systematic analysis,”
The Lancet, vol. 385, no. 9966, pp. 430–440, 2015.

[59] T. A. Manuck, M. M. Rice, J. L. Bailit et al., “Preterm neonatal
morbidity and mortality by gestational age: a contemporary
cohort,” American Journal of Obstetrics and Gynecology,
vol. 215, no. 1, pp. 103.e1–103.e14, 2016.

[60] N. Gomez-Lopez, R. Romero, M. Arenas-Hernandez et al.,
“In vivo T-cell activation by a monoclonal αCD3ε anti-
body induces preterm labor and birth,” American Journal
of Reproductive Immunology, vol. 76, no. 5, pp. 386–390,
2016.

[61] M. Arenas-Hernandez, R. Romero, Y. Xu et al., “Effector and
activated T cells induce preterm labor and birth that is pre-
vented by treatment with progesterone,” The Journal of
Immunology, vol. 202, no. 9, pp. 2585–2608, 2019.

[62] A. J. Zajac, J. N. Blattman, K. Murali-Krishna et al., “Viral
immune evasion due to persistence of activated T cells with-
out effector function,” The Journal of Experimental Medicine,
vol. 188, no. 12, pp. 2205–2213, 1998.

[63] A. Gallimore, A. Glithero, A. Godkin et al., “Induction and
exhaustion of lymphocytic choriomeningitis virus-specific
cytotoxic T lymphocytes visualized using soluble tetrameric
major histocompatibility complex class I-peptide com-
plexes,” The Journal of Experimental Medicine, vol. 187,
no. 9, pp. 1383–1393, 1998.

[64] D. L. Barber, E. J. Wherry, D. Masopust et al., “Restoring
function in exhausted CD8 T cells during chronic viral infec-
tion,” Nature, vol. 439, no. 7077, pp. 682–687, 2006.

[65] E. J. Wherry, S. J. Ha, S. M. Kaech et al., “Molecular signature
of CD8+ T cell exhaustion during chronic viral infection,”
Immunity, vol. 27, no. 4, pp. 670–684, 2007.

[66] S. D. Blackburn, H. Shin, W. N. Haining et al., “Coregulation
of CD8+ T cell exhaustion by multiple inhibitory receptors
during chronic viral infection,” Nature Immunology, vol. 10,
no. 1, pp. 29–37, 2009.

[67] J. S. Yi, M. A. Cox, and A. J. Zajac, “T-cell exhaustion: char-
acteristics, causes and conversion,” Immunology, vol. 129,
no. 4, pp. 474–481, 2010.

13Journal of Immunology Research



[68] E. J. Wherry, “T cell exhaustion,” Nature Immunology,
vol. 12, no. 6, pp. 492–499, 2011.

[69] A. Schietinger and P. D. Greenberg, “Tolerance and exhaus-
tion: defining mechanisms of T cell dysfunction,” Trends in
Immunology, vol. 35, no. 2, pp. 51–60, 2014.

[70] F. J. Plunkett, O. Franzese, H. M. Finney et al., “The loss
of telomerase activity in highly differentiated CD8+-

CD28−CD27− T cells is associated with decreased Akt
(Ser473) phosphorylation,” The Journal of Immunology,
vol. 178, no. 12, pp. 7710–7719, 2007.

[71] A. Lanna, S. M. Henson, D. Escors, and A. N. Akbar, “The
kinase p38 activated by the metabolic regulator AMPK and
scaffold TAB1 drives the senescence of human T cells,”
Nature Immunology, vol. 15, no. 10, pp. 965–972, 2014.

[72] S. M. Henson, A. Lanna, N. E. Riddell et al., “p38 signaling
inhibits mTORC1-independent autophagy in senescent
human CD8+ T cells,” The Journal of Clinical Investigation,
vol. 124, no. 9, pp. 4004–4016, 2014.

[73] E. J. Wherry andM. Kurachi, “Molecular and cellular insights
into T cell exhaustion,” Nature Reviews Immunology, vol. 15,
no. 8, pp. 486–499, 2015.

[74] K. Catakovic, E. Klieser, D. Neureiter, and R. Geisberger,
“T cell exhaustion: from pathophysiological basics to
tumor immunotherapy,” Cell Communication and Signal-
ing, vol. 15, no. 1, p. 1, 2017.

[75] U. Steger, C. Denecke, B. Sawitzki, M. Karim, N. D. Jones,
and K. J. Wood, “Exhaustive differentiation of alloreactive
CD8+ T cells: critical for determination of graft acceptance
or rejection,” Transplantation, vol. 85, no. 9, pp. 1339–
1347, 2008.

[76] B. Sarraj, J. Ye, A. I. Akl et al., “Impaired selectin-dependent
leukocyte recruitment induces T-cell exhaustion and pre-
vents chronic allograft vasculopathy and rejection,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 111, no. 33, pp. 12145–12150, 2014.

[77] E. B. Thorp, C. Stehlik, andM. J. Ansari, “T-cell exhaustion in
allograft rejection and tolerance,” Current Opinion in Organ
Transplantation, vol. 20, no. 1, pp. 37–42, 2015.

[78] A. N. Akbar and S. M. Henson, “Are senescence and exhaus-
tion intertwined or unrelated processes that compromise
immunity?,” Nature Reviews. Immunology, vol. 11, no. 4,
pp. 289–295, 2011.

[79] J. M. Brenchley, N. J. Karandikar, M. R. Betts et al.,
“Expression of CD57 defines replicative senescence and
antigen-induced apoptotic death of CD8+ T cells,” Blood,
vol. 101, no. 7, pp. 2711–2720, 2003.

[80] W. Xu and A. Larbi, “Markers of T cell senescence in
humans,” International Journal of Molecular Sciences,
vol. 18, no. 8, article 1742, 2017.

[81] R. Romero, Y. M. Kim, P. Pacora et al., “The frequency and
type of placental histologic lesions in term pregnancies with
normal outcome,” Journal of Perinatal Medicine, vol. 46,
no. 6, pp. 613–630, 2018.

[82] R. W. Redline, “Inflammatory responses in the placenta and
umbilical cord,” Seminars in Fetal and Neonatal Medicine,
vol. 11, no. 5, pp. 296–301, 2006.

[83] C. J. Kim, R. Romero, P. Chaemsaithong, N. Chaiyasit, B. H.
Yoon, and Y. M. Kim, “Acute chorioamnionitis and funisitis:
definition, pathologic features, and clinical significance,”
American Journal of Obstetrics and Gynecology, vol. 213,
no. 4, Supplement, pp. S29–S52, 2015.

[84] R. W. Redline, “Classification of placental lesions,” American
Journal of Obstetrics and Gynecology, vol. 213, no. 4, pp. S21–
S28, 2015.

[85] Y. Xu, O. Plazyo, R. Romero, S. S. Hassan, and
N. Gomez-Lopez, “Isolation of leukocytes from the human
maternal-fetal Interface,” Journal of Visualized Experiments,
no. 99, article e52863, 2015.

[86] Y. Benjamini and R. Heller, “Screening for partial conjunc-
tion hypotheses,” Biometrics, vol. 64, no. 4, pp. 1215–1222,
2008.

[87] W. S. Cleveland, E. Grosse, and W. M. Shyu, “Local regres-
sion models,” in Statistical Models, J. M. Chambers and T. J.
Hastie, Eds., Wadsworth & Brooks/Cole, 1992.

[88] Team, RC, R: A Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, 2016.

[89] N. Gomez-Lopez and E. Laresgoiti-Servitje, “T regulatory
cells: regulating both term and preterm labor?,” Immunology
and Cell Biology, vol. 90, no. 10, pp. 919-920, 2012.

[90] N. Gomez-Lopez, D. M. Olson, and S. A. Robertson, “Inter-
leukin-6 controls uterine Th9 cells and CD8+ T regulatory
cells to accelerate parturition in mice,” Immunology and Cell
Biology, vol. 94, no. 1, pp. 79–89, 2016.

[91] N. Gomez-Lopez, R. Romero, M. Arenas-Hernandez et al.,
“In vivo activation of invariant natural killer T cells induces
systemic and local alterations in T-cell subsets prior to pre-
term birth,” Clinical & Experimental Immunology, vol. 189,
no. 2, pp. 211–225, 2017.

[92] M. Frascoli, L. Coniglio, R. Witt et al., “Alloreactive fetal T
cells promote uterine contractility in preterm labor via IFN-γ
and TNF-α,” Science Translational Medicine, vol. 10, no. 438,
article eaan2263, 2018.

[93] J. Boldison, C. J. Chu, D. A. Copland et al., “Tissue-resident
exhausted effector memory CD8+ T cells accumulate in the
retina during chronic experimental autoimmune uveoretini-
tis,” The Journal of Immunology, vol. 192, no. 10, pp. 4541–
4550, 2014.

[94] J. Reiser and A. Banerjee, “Effector, memory, and dysfunc-
tional CD8+ T cell fates in the antitumor immune response,”
Journal of Immunology Research, vol. 2016, Article ID
8941260, 14 pages, 2016.

[95] S. C. Wang, Y. H. Li, H. L. Piao et al., “PD-1 and Tim-3 path-
ways are associated with regulatory CD8+ T-cell function in
decidua and maintenance of normal pregnancy,” Cell Death
& Disease, vol. 6, no. 5, article e1738, 2015.

[96] S. Wang, X. Y. Zhu, Y. Y. Xu et al., “Programmed cell death-1
(PD-1) and T-cell immunoglobulin mucin-3 (Tim-3) regu-
late CD4+ T cells to induce type 2 helper T cell (Th2)
bias at the maternal-fetal interface,” Human Reproduction,
vol. 31, no. 4, pp. 700–711, 2016.

[97] M. Solders, L. Gorchs, S. Gidlöf, E. Tiblad, A. C. Lundell, and
H. Kaipe, “Maternal adaptive immune cells in decidua parie-
talis display a more activated and coinhibitory phenotype
compared to decidua basalis,” Stem Cells International,
vol. 2017, Article ID 8010961, 15 pages, 2017.

[98] L. M. Francisco, P. T. Sage, and A. H. Sharpe, “The PD-1
pathway in tolerance and autoimmunity,” Immunological
Reviews, vol. 236, no. 1, pp. 219–242, 2010.

[99] M. Baas, A. Besançon, T. Goncalves et al., “TGFβ-dependent
expression of PD-1 and PD-L1 controls CD8+ T cell anergy
in transplant tolerance,” eLife, vol. 5, article e08133,
2016.

14 Journal of Immunology Research



[100] A. C. Anderson, N. Joller, and V. K. Kuchroo, “Lag-3, Tim-3,
and TIGIT: co-inhibitory receptors with specialized functions
in immune regulation,” Immunity, vol. 44, no. 5, pp. 989–
1004, 2016.

[101] T. Nagamatsu, D. J. Schust, J. Sugimoto, and B. F. Barrier,
“Human decidual stromal cells suppress cytokine secretion
by allogenic CD4+ T cells via PD-1 ligand interactions,”
Human Reproduction, vol. 24, no. 12, pp. 3160–3171, 2009.

[102] S. Sayama, T. Nagamatsu, D. J. Schust et al., “Human decidual
macrophages suppress IFN-γ production by T cells through
costimulatory B7-H1:PD-1 signaling in early pregnancy,”
Journal of Reproductive Immunology, vol. 100, no. 2,
pp. 109–117, 2013.

[103] X. H. Hu, M. X. Tang, G. Mor, and A. H. Liao, “Tim-3:
expression on immune cells and roles at the maternal-fetal
interface,” Journal of Reproductive Immunology, vol. 118,
pp. 92–99, 2016.

[104] Y. Y. Xu, S. C. Wang, Y. K. Lin, D. J. Li, and M. R. Du, “Tim-3
and PD-1 regulate CD8+ T cell function to maintain early
pregnancy in mice,” Journal of Reproduction and Develop-
ment, vol. 63, no. 3, pp. 289–294, 2017.

[105] X. Zhuang, X. Xia, L. Liu, Y. Zhang, X. Zhang, and C. Wang,
“Expression of Tim-3 in peripheral blood mononuclear cells
and placental tissue in unexplained recurrent spontaneous
abortion,” Medicine, vol. 97, no. 38, article e12099, 2018.

[106] J. A. Keelan, K. W. Marvin, T. A. Sato, M. Coleman, L. M. E.
McCowan, and M. D. Mitchell, “Cytokine abundance in
placental tissues: evidence of inflammatory activation in
gestational membranes with term and preterm parturition,”
American Journal of Obstetrics and Gynecology, vol. 181,
no. 6, pp. 1530–1536, 1999.

[107] A. Young, A. J. Thomson, M. A. Ledingham, F. Jordan,
I. A. Greer, and J. E. Norman, “Immunolocalization of
proinflammatory cytokines in myometrium, cervix, and
fetal membranes during human parturition at term,” Biol-
ogy of Reproduction, vol. 66, no. 2, pp. 445–449, 2002.

[108] I. Osman, A. Young, M. A. Ledingham et al., “Leukocyte den-
sity and pro-inflammatory cytokine expression in human
fetal membranes, decidua, cervix and myometrium before
and during labour at term,”Molecular Human Reproduction,
vol. 9, no. 1, pp. 41–45, 2003.

[109] R. Haddad, G. Tromp, H. Kuivaniemi et al., “Human sponta-
neous labor without histologic chorioamnionitis is character-
ized by an acute inflammation gene expression signature,”
American Journal of Obstetrics and Gynecology, vol. 195,
no. 2, pp. 394–405.e12, 2006.

[110] N. Gomez-Lopez, G. Estrada-Gutierrez, L. Jimenez-Zamudio,
R. Vega-Sanchez, and F. Vadillo-Ortega, “Fetal membranes
exhibit selective leukocyte chemotaxic activity during human
labor,” Journal of Reproductive Immunology, vol. 80, no. 1-2,
pp. 122–131, 2009.

[111] C. L. Nhan-Chang, R. Romero, A. L. Tarca et al., “Character-
ization of the transcriptome of chorioamniotic membranes at
the site of rupture in spontaneous labor at term,” American
Journal of Obstetrics and Gynecology, vol. 202, no. 5,
pp. 462.e1–462.e41, 2010.

[112] S. A. Hamilton, C. L. Tower, and R. L. Jones, “Identification
of chemokines associated with the recruitment of decidual
leukocytes in human labour: potential novel targets for pre-
term labour,” PLoS One, vol. 8, no. 2, article e56946, 2013.

[113] R. Bukowski, Y. Sadovsky, H. Goodarzi et al., “Onset of
human preterm and term birth is related to unique

inflammatory transcriptome profiles at the maternal fetal
interface,” PeerJ, vol. 5, article e3685, 2017.

[114] A. Saeidi, K. Zandi, Y. Y. Cheok et al., “T-cell exhaustion in
chronic infections: reversing the state of exhaustion and rein-
vigorating optimal protective immune responses,” Frontiers
in Immunology, vol. 9, article 2569, 2018.

[115] G. Gross, T. Imamura, S. K. Vogt et al., “Inhibition of
cyclooxygenase-2 prevents inflammation-mediated preterm
labor in the mouse,” American Journal of Physiology-Regula-
tory, Integrative and Comparative Physiology, vol. 278, no. 6,
pp. R1415–R1423, 2000.

[116] E. Hirsch, Y. Filipovich, and M. Mahendroo, “Signaling via
the type I IL-1 and TNF receptors is necessary for bacterially
induced preterm labor in a murine model,” American Journal
of Obstetrics and Gynecology, vol. 194, no. 5, pp. 1334–1340,
2006.

[117] J. M. Gonzalez, H. Xu, J. Chai, E. Ofori, and M. A. Elovitz,
“Preterm and term cervical ripening in CD1 mice (Mus
musculus): similar or divergent molecular mechanisms?,”
Biology of Reproduction, vol. 81, no. 6, pp. 1226–1232,
2009.

[118] R. Holt, B. C. Timmons, Y. Akgul, M. L. Akins, and
M. Mahendroo, “The molecular mechanisms of cervical rip-
ening differ between term and preterm birth,” Endocrinology,
vol. 152, no. 3, pp. 1036–1046, 2011.

[119] A. R. Willcockson, T. Nandu, C. L. Liu, S. Nallasamy,
W. L. Kraus, and M. Mahendroo, “Transcriptome signa-
ture identifies distinct cervical pathways induced in
lipopolysaccharide-mediated preterm birth,” Biology of
Reproduction, vol. 98, no. 3, pp. 408–421, 2018.

[120] M. G. Ferguson, P. G. Rhodes, J. C. Morrison, and C. M.
Puckett, “Clinical amniotic fluid infection and its effect on
the neonate,” American Journal of Obstetrics and Gynecology,
vol. 151, no. 8, pp. 1058–1061, 1985.

[121] R. Romero, M. Mazor, Y. K. Wu et al., “Infection in the path-
ogenesis of preterm labor,” Seminars in Perinatology, vol. 12,
no. 4, pp. 262–279, 1988.

[122] R. Gomez, R. Romero, S. S. Edwin, and C. David, “Patho-
genesis of preterm labor and preterm premature rupture of
membranes associated with intraamniotic infection,” Infec-
tious Disease Clinics of North America, vol. 11, no. 1,
pp. 135–176, 1997.

[123] R. Romero, R. Gomez, T. Chaiworapongsa, G. Conoscenti,
J. Cheol Kim, and Y. Mee Kim, “The role of infection in pre-
term labour and delivery,” Paediatric and Perinatal Epidemi-
ology, vol. 15, Supplement 2, pp. 41–56, 2001.

[124] B. H. Yoon, R. Romero, J. B. Moon et al., “Clinical significance
of intra-amniotic inflammation in patients with preterm
labor and intact membranes,” American Journal of Obstetrics
and Gynecology, vol. 185, no. 5, pp. 1130–1136, 2001.

[125] R. Romero, F. Gotsch, B. Pineles, and J. P. Kusanovic,
“Inflammation in pregnancy: its roles in reproductive physi-
ology, obstetrical complications, and fetal injury,” Nutrition
Reviews, vol. 65, Supplement_3, pp. S194–S202, 2007.

[126] M. W. Kemp, “Preterm birth, intrauterine infection, and
fetal inflammation,” Frontiers in Immunology, vol. 5,
p. 574, 2014.

[127] J. A. Keelan, “Intrauterine inflammatory activation, func-
tional progesterone withdrawal, and the timing of term
and preterm birth,” Journal of Reproductive Immunology,
vol. 125, pp. 89–99, 2018.

15Journal of Immunology Research



[128] R. Romero, J. Miranda, T. Chaiworapongsa et al., “Prevalence
and clinical significance of sterile intra-amniotic inflamma-
tion in patients with preterm labor and intact membranes,”
American Journal of Reproductive Immunology, vol. 72,
no. 5, pp. 458–474, 2014.

[129] R. Romero, J. Miranda, P. Chaemsaithong et al., “Sterile
and microbial-associated intra-amniotic inflammation in
preterm prelabor rupture of membranes,” The Journal of
Maternal-Fetal & Neonatal Medicine, vol. 28, no. 12,
pp. 1394–1409, 2015.

[130] K. J. Oh, S. M. Kim, J. S. Hong et al., “Twenty-four percent of
patients with clinical chorioamnionitis in preterm gestations
have no evidence of either culture-proven intraamniotic
infection or intraamniotic inflammation,” American Journal
of Obstetrics and Gynecology, vol. 216, no. 6, pp. 604.e1–
604.e11, 2017.

[131] N. Gomez-Lopez, R. Romero, B. Panaitescu et al., “Inflamma-
some activation during spontaneous preterm labor with
intra-amniotic infection or sterile intra-amniotic inflamma-
tion,” American Journal of Reproductive Immunology,
vol. 80, no. 5, article e13049, 2018.

[132] J. N. Blattman, J. M. Grayson, E. J. Wherry, S. M. Kaech, K. A.
Smith, and R. Ahmed, “Therapeutic use of IL-2 to enhance
antiviral T-cell responses in vivo,” Nature Medicine, vol. 9,
no. 5, pp. 540–547, 2003.

[133] M. Ejrnaes, C. M. Filippi, M. M. Martinic et al., “Resolution
of a chronic viral infection after interleukin-10 receptor
blockade,” The Journal of Experimental Medicine, vol. 203,
no. 11, pp. 2461–2472, 2006.

[134] S. D. Blackburn and E. J. Wherry, “IL-10, T cell exhaustion
and viral persistence,” Trends in Microbiology, vol. 15, no. 4,
pp. 143–146, 2007.

[135] G. Ni, T. Wang, S. Walton et al., “Manipulating IL-10 signal-
ling blockade for better immunotherapy,” Cellular Immunol-
ogy, vol. 293, no. 2, pp. 126–129, 2015.

[136] G. J. Freeman, E. J. Wherry, R. Ahmed, and A. H. Sharpe,
“Reinvigorating exhausted HIV-specific T cells via
PD-1-PD-1 ligand blockade,” The Journal of Experimental
Medicine, vol. 203, no. 10, pp. 2223–2227, 2006.

[137] P. Penaloza-MacMaster, A. O. Kamphorst, A. Wieland et al.,
“Interplay between regulatory T cells and PD-1 in modulat-
ing T cell exhaustion and viral control during chronic LCMV
infection,” The Journal of Experimental Medicine, vol. 211,
no. 9, pp. 1905–1918, 2014.

[138] S. L. Topalian, C. G. Drake, and D. M. Pardoll, “Immune
checkpoint blockade: a common denominator approach to
cancer therapy,” Cancer Cell, vol. 27, no. 4, pp. 450–461,
2015.

[139] Y. Jiang, Y. Li, and B. Zhu, “T-cell exhaustion in the tumor
microenvironment,” Cell Death &Disease, vol. 6, no. 6, article
e1792, 2015.

[140] J. Lee, E. Ahn, H. T. Kissick, and R. Ahmed, “Reinvigorating
exhausted T cells by blockade of the PD-1 pathway,” Forum
on Immunopathological Diseases and Therapeutics, vol. 6,
no. 1-2, pp. 7–17, 2015.

[141] H. M. Zarour, “Reversing T-cell dysfunction and exhaustion
in cancer,” Clinical Cancer Research, vol. 22, no. 8,
pp. 1856–1864, 2016.

[142] J. P. Chou and R. B. Effros, “T cell replicative senescence in
human aging,” Current Pharmaceutical Design, vol. 19,
no. 9, pp. 1680–1698, 2013.

[143] A. N. Akbar, S. M. Henson, and A. Lanna, “Senescence of T
lymphocytes: implications for enhancing human immunity,”
Trends in Immunology, vol. 37, no. 12, pp. 866–876, 2016.

[144] Y. Hirota, T. Daikoku, S. Tranguch, H. Xie, H. B. Bradshaw,
and S. K. Dey, “Uterine-specific p53 deficiency confers pre-
mature uterine senescence and promotes preterm birth in
mice,” Journal of Clinical Investigation, vol. 120, no. 3,
pp. 803–815, 2010.

[145] N. Gomez-Lopez, R. Romero, O. Plazyo et al., “Preterm labor
in the absence of acute histologic chorioamnionitis is charac-
terized by cellular senescence of the chorioamniotic mem-
branes,” American Journal of Obstetrics and Gynecology,
vol. 217, no. 5, pp. 592.e1–592.e17, 2017.

[146] Y. Hirota, J. Cha, M. Yoshie, T. Daikoku, and S. K. Dey,
“Heightened uterine mammalian target of rapamycin com-
plex 1 (mTORC1) signaling provokes preterm birth in mice,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 108, no. 44, pp. 18073–18078, 2011.

[147] M. Phillippe, “Cell-free fetal DNA, telomeres, and the sponta-
neous onset of parturition,” Reproductive Sciences, vol. 22,
no. 10, pp. 1186–1201, 2015.

[148] W. Deng, J. Cha, J. Yuan et al., “p53 coordinates decidual
sestrin 2/AMPK/mTORC1 signaling to govern parturition
timing,” The Journal of Clinical Investigation, vol. 126,
no. 8, pp. 2941–2954, 2016.

[149] E. A. Bonney, “Mapping out p38MAPK,” American Journal
of Reproductive Immunology, vol. 77, no. 5, article e12652,
2017.

[150] L. Richardson, C. L. Dixon, L. Aguilera-Aguirre, and
R. Menon, “Oxidative stress-induced TGF-beta/TAB1-
mediated p38MAPK activation in human amnion epithelial
cells,” Biology of Reproduction, vol. 99, no. 5, pp. 1100–
1112, 2018.

[151] K. J. Warrington, A. N. Vallejo, C. M. Weyand, and J. J.
Goronzy, “CD28 loss in senescent CD4+ T cells: reversal
by interleukin-12 stimulation,” Blood, vol. 101, no. 9,
pp. 3543–3549, 2003.

[152] S. R. Fauce, B. D. Jamieson, A. C. Chin et al., “Telomerase-
based pharmacologic enhancement of antiviral function of
human CD8+ T lymphocytes,” The Journal of Immunology,
vol. 181, no. 10, pp. 7400–7406, 2008.

[153] D. Di Mitri, R. I. Azevedo, S. M. Henson et al., “Reversible
senescence in human CD4+CD45RA+CD27– memory T
cells,” The Journal of Immunology, vol. 187, no. 5, pp. 2093–
2100, 2011.

16 Journal of Immunology Research



Review Article
Sjogren’s Syndrome and TAM Receptors: A Possible
Contribution to Disease Onset

Richard Witas ,1 Ammon B. Peck,2 Julian L. Ambrus ,3 and Cuong Q. Nguyen 1,2,4

1Department of Oral Biology, College of Dentistry, University of Florida, Gainesville, FL, USA
2Department of Infectious Diseases and Immunology, College of Veterinary Medicine, University of Florida, Gainesville, FL, USA
3Division of Allergy, Immunology and Rheumatology, SUNY at Buffalo School of Medicine, Buffalo, NY, USA
4Center for Orphan Autoimmune Diseases, University of Florida, Gainesville, FL, USA

Correspondence should be addressed to Cuong Q. Nguyen; nguyenc@ufl.edu

Received 22 January 2019; Revised 17 April 2019; Accepted 28 April 2019; Published 13 May 2019

Guest Editor: Erwei Sun

Copyright © 2019 Richard Witas et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Sjogren’s syndrome (SS) is a chronic, progressive autoimmune disease featuring both organ-specific and systemic manifestations,
the most frequent being dry mouth and dry eyes resulting from lymphocytic infiltration into the salivary and lacrimal glands. Like
the related autoimmune disease systemic lupus erythematosus (SLE), SS patients and mouse models display accumulation of
apoptotic cells and a Type I interferon (IFN) signature. Receptor tyrosine kinases (RTKs) of the Tyro3, Axl, and Mer (TAM)
family are present on the surface of macrophages and dendritic cells and participate in phagocytosis of apoptotic cells
(efferocytosis) and inhibition of Type I IFN signaling. This review examines the relationship between TAM receptor dysfunction
and SS and explores the potential contributions of TAM defects on macrophages to SS development.

1. Overview of Sjogren’s Syndrome

Sjogren’s syndrome (SS) is an autoimmune disorder charac-
terized by a dysfunction of the salivary and lacrimal glands
that can be associated with various systemic manifestations
and other autoimmune diseases, such as rheumatoid arthri-
tis (RA) and systemic lupus erythematosus (SLE). It is con-
sidered the second most common autoimmune disease,
after rheumatoid arthritis. Its prevalence is estimated at 1%
(0.1–4.8%) with an incidence of 7 per 100,000 in the United
States. It is estimated that roughly 4 million Americans have
SS with 90% of them being women and 50% of them having
SS in association with another autoimmune disease [1–3].
The incidence of SS is found to be lower in China and higher
in Japan [4]. There is a great deal of clinical. variability such
that some patients may only have dry eyes and/or dry
mouth, while others may have systemic manifestations
including lung disease, kidney disease, and lymphoma. The
2016 American College of Rheumatology (ACR)–European
League Against Rheumatism (EULAR) criteria for SS
include symptoms of oral and/or ocular dryness or extra

glandular manifestation along with object indicators includ-
ing a minor salivary gland biopsy showing lymphocytic infil-
tration, anti-Ro antibodies, positive ocular staining score,
reduced Schirmer’s test, and/or reduced unstimulated salivary
flow [5]. These criteria have undergone and will continue to
undergo revision as more is learned about the disease and its
protean manifestations.

Involvement of the eyes is one of the defining features
of SS. In the United States, as many as 25% of the patients
who present with dry eyes have SS. In China, one study
estimated that only 1.9% of the dry eye patients had SS
[6, 7]. The lack of lacrimal gland secretions can result in
corneal ulceration and perforation, conjunctivitis, uveitis,
scleritis and episcleritis, optic neuritis, and orbital inflam-
mation all of which can be infectious and/or “autoimmune”
[6]. Involvement of the salivary glands is the second defin-
ing feature of SS. Patients with SS experience dry mouth,
burning sensation in their mouth, loss of sense of taste
and smell, inability to eat, chew and swallow food, speaking
difficulty, and weight loss. Complications of SS in the oral
cavity include dental caries, gingivitis, dry and cracked lips,
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depapillation of the tongue, oral ulcers, and infections espe-
cially with fungi [8].

Many patients with SS will have other systemic mani-
festations. Lung involvement occurs in 9–75% of patients
with SS [9, 10]. The most common lung finding in SS
patients, which occurs in roughly 1% of patients, is lympho-
cytic interstitial pneumonia (LIP) [11]. Kidney involvement
occurs in approximately 5% of patients with primary SS
(pSS) [12–14]. The majority of SS patients have lymphocyte
predominant tubulointerstitial nephritis (TIN) although
some patients have glomerular disease. Almost all patients
with SS will have some issues with the gastrointestinal tract.
Besides dry mouth, patients can have difficulty swallowing
and gastrointestinal dysmotility including gastroesophageal
reflux, constipation, and diarrhea [15–18]. Peripheral ner-
vous system manifestations occur in 16% of patients with
SS and include pure sensory neuropathy, sensorimotor neu-
ropathy, cranial nerve involvement, mononeuritis multiplex,
and polyradiculoneuropathy [19, 20]. The involvement of the
genitourinary tract is one of the most disabling manifesta-
tions of SS for women. Vaginal dryness has been identified
in 53% of SS patients and is often associated with dyspareu-
nia and sexual dysfunction [21, 22]. Musculoskeletal com-
plaints occur in most patients with SS. The most common
complaints are arthralgias without frank arthritis although
synovitis can occur in 15-35% of patients [23, 24]. The most
typical joint involvement is the knees and the small joints of
the hands and wrists. Arthritis tends to be nondeforming and
not associated with erosions.

The most life-threatening manifestation of SS is lym-
phoma, which occurs in 5-10% of patients [25, 26]. The lym-
phomas are generally non-Hodgkin’s B cell lymphomas that
may be various histological subtypes including follicular lym-
phoma (FL), large B cell lymphoma (LBCL), and marginal
zone lymphoma (MCL) [27]. Interestingly, the tumors may
start not only in the salivary glands but also in other mucosal
lymphoid tissues, such as Peyer’s patches.

2. Lessons Learned from the C57BL/6.NOD-
Aec1Aec2 Mouse Model of SS

The first murine model identified to naturally develop sali-
vary and lacrimal gland dysfunction consistent with human
SS was the NOD mouse [28]. While these mice develop both
a type 1 diabetes (T1D) and SS-like disease, the two autoim-
mune diseases were shown to result from different genetic
regulations. The T1D phenotype has a strong dependence
on a single MHC haplotype, whereas the SS-like phenotype
is far more permissive and a feature that has permitted sep-
aration of the two diseases. This was first demonstrated in
the NOD.B10Sn-H2b/J mouse derived by replacing the
MHC locus of the NOD mouse first with the H-2b MHC
of the C57BL/6 strain [29], then later with the H-2q MHC
[30]. These recombinant inbred mice do not develop T1D,
but continue to develop SS-like disease characterized by
lymphocytic infiltration of the salivary and lacrimal glands,
as well as pulmonary disease, renal disease, and autoanti-
bodies [31, 32]. C57BL/6.NOD-Aec1Aec2 was generated by
breeding the combination of insulin-dependent diabetes

(Idd) susceptibility interval 3 and 5 loci derived from the
NOD mouse strain on the C57BL/6 background, which fully
recapitulated the SjS phenotype [33, 34].

Based on an extensive published literature describing the
pathology and accompanying histology of SS in human
patients and SS-like disease in mouse models, there is a
strong consensus that SS is a systemic autoimmune disease.
However, like most autoimmune diseases, the causative
agents and apparent dysregulated immune responses remain
an unresolved mystery. As discussed, SS patients present in
clinics with a wide range of symptoms and usually years
after onset only confound diagnosis and potential for
research into the various underlying etiologies. Nevertheless,
the presence of autoantibodies, macrophages, T and B lym-
phocytes, and natural killer (NK) cells within the salivary
and lacrimal glands of CD57BL/6.NOD-Aec1Aec2 mice at
the time of dysfunction supports the concept that an adap-
tive immune response is a major feature, particularly in the
later stages of disease. This concept is strongly supported
by the molecular studies by Delaleu et al. [35, 36] in the
C57BL/6.NOD-Aec1Aec2 mouse model indicating the pres-
ence of a classical MHC-dependent, T and B cell-mediated
immune response. Interestingly, these molecular studies also
indicate participation of mast cells, an intriguing finding that
thus far has been ignored.

Autoimmunity is generally simplified as an interaction
between an inducing environmental trigger and a host’s
genetic predisposition. Attempts to identify genetic factors
that impose a predisposition to specific autoimmune dis-
eases when the environmental triggers remain undefined
represent a herculean task. Since individual autoimmune
diseases, e.g., ankylosing spondylitis and T1D, have been
shown to associate well with specific MHC haplotypes, it is
assumed that SS disease susceptibility will also have an asso-
ciation with specific MHC haplotypes as well. Unfortunately,
the underlying molecular, biological, and cellular processes
involved in progression from a normal immune response
to anapparentlyuncontrolled autoimmune response, revealed
by the appearance of the covert clinical disease, remain
poorly defined. Mutations and/or altered activities within
any element involved in these response processes may affect
downstream signaling even after normal antigen recognition
by MHCmolecules. Although data from the Sjögren Big Data
Project [37] are beginning to identify MHC haplotypes asso-
ciated with a predisposition for SS, the wide range of haplo-
types being observed suggests a permissive association or
the existence of multidisease subtypes or both. Again, data
emerging from the various mouse models of SS are consistent
with this concept.

The fact that SS, like SLE and other rheumatoid diseases,
has been marked as disease with a strong Type I interferon
(IFN) signature suggests a possible viral etiology. However,
support for this possibility is complicated by the fact that
the various viral diseases examined thus far are highly preva-
lent in normal human populations. Viruses studied include
hepatitis B, hepatitis C, human T-cell leukemia virus type 1
(HTLV-1), mumps, and cytomegalovirus (CMV), but none
of these have received widespread support as an environmen-
tal trigger. On the other hand, in-depth molecular analyses of
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genes and signaling pathways activated during the early
inflammatory stage of SS-like disease development in
C57BL/6.NOD-Aec1Aec2 mice are consistent with an
immune response towards a dsRNA virus, possibly of the
Picornaviridae family (e.g., coxsackie, encephalomyocarditis,
and rhinoviruses) or the Reoviridae family (e.g., rotovirus)
[38]. Support for this conclusion rests in three distinct,
yet interactive, observations. First, the three PRRs activated
in the innate phase of disease (i.e., Tlr3, Tlr4, and Mda-5)
are receptors involved in the downstream activation of
the IFN-based response against dsRNA viruses. Second,
genes associated with the various innate cell-autonomous
immune effector mechanisms exhibit upregulated expres-
sions totally consistent with an anticytoplasmic viral
response. Third, expressions of Trim and Socs molecules
that regulate IFN promote an activation, not a downregula-
tion, of innate immunity. While we currently favor this
viral etiology hypothesis in the C57BL/6.NOD-Aec1Aec2
mouse model, whether these data are translatable to human
SS remains unknown.

2.1. Stages of SS Development.One of the attractive features of
mouse models in the study of human disease is the ability to
manipulate both the environment and the genetics of the test
animals. Temporal studies of disease in animal models per-
mit detailed investigations into what changes are occurring
in both molecular and cellular processes during initiation,
development, and subsequent onset of the disease. Temporal
genome-wide microarray studies of the C57BL/6.NOD-
Aec1Aec2 mice from predisease to a full overt clinical SS-
like disease have revealed that large numbers of molecular
processes are either activated or downregulated and these
processes are in constant flux [36]. Most importantly, these
changing processes correspond to the advancing pathology
observed in the salivary and lacrimal glands, as well as lung
and kidney tissues, and identify heretofore unknown biopro-
cesses involved in disease development that have not been
known in human SS patients. Extensive studies into its
pathology have permitted graphing the temporal progression
of disease, including the elements of the immunological
attack against the salivary and lacrimal glands. This process
is presented in Figure 1.

The procedure of combining the developing pathology in
the exocrine glands with differential gene expression profiles
that identify gene sets defining functional cellular processes
permits the ability to compare the cellular pathology versus
molecular events. This procedure has shown that multiple
disease susceptibility loci-dependent aberrations are occur-
ring in salivary and lacrimal gland integrity and subsequent
homeostasis prior to onset of detectable disease. These
changes in glandular integrity, including increased cellular
apoptosis, occur just ahead of the inflammatory and innate
responses characterized by the definable Type I IFN signa-
ture. This phase of covert disease is predominantly depen-
dent on genes located outside of the SS-predisposing Aec1
and Aec2 loci [36]. However, following a quiescent phase of
transcriptional stability, a new set of genes that clearly iden-
tifies the clinical onset of an active SS disease emerges exhi-
biting a relatively sudden and sustained upregulation. This

gene set defines T-, B-, and NK cell-specific signal transduc-
tion pathways, alterations in lymphoid cell-associated focal
adhesions, and cell-cell junctions, as well as the loss of neuro-
transmitter receptor activities [35, 36]. Overall, these pathol-
ogy profiles verify the molecular profile and vice versa, while
at the same time, indicating a complexity beyond a simple
adaptive immune response.

3. The Role of Tyro3, Axl, and Mer Receptor
Tyrosine Kinases

Tyro3, Axl, and Mer make up the TAM family of receptor
tyrosine kinases. Like other receptor tyrosine kinases, TAMs
receive an extracellular signal and respond by inducing auto-
phosphorylation of tyrosine residues, recruiting downstream
signaling molecules, and initiating intracellular transcrip-
tional changes. TAM receptors are attracting increasing
research interest due to their potential involvement in auto-
immunity, cancer, and facilitation of viral infection through
apoptotic mimicry [39–44]. TAM receptors are related
through both sequence and functional homologies. Each
member possesses two extracellular immunoglobulin-like
domains at the amino terminus, two fibronectin type III
domains, a hydrophobic transmembrane domain, and an
intracellular tyrosine kinase domain at the carboxy terminus
[45–47]. The human TAM receptors share 31-36% of their
amino acid sequences within the extracellular portions and
54-59% homology within the intracellular tyrosine kinase
domain [48]. While protein sizes of 97, 98, and 110 kilodal-
tons were expected for human Tyro3, Axl, and Mer, respec-
tively, proteins of 100-140 for Axl and 165-205 for Mer
were actually detected, as a result of posttranslational modifi-
cations to these proteins [46, 49–51]. A wide variety of out-
comes can result from activation of TAM receptors. TAM
receptor signaling has been implicated in regulation of
inflammatory cytokine release, apoptotic cell phagocytosis
(efferocytosis), cell proliferation and survival, and platelet
stabilization [51–53].

3.1. TAM Receptor Interaction with Gas6 and Pros1. Growth
arrest-specific protein 6 (Gas6) and protein S (Pros1) are well
characterized TAM ligands. Both ligands are approximately
80 kilodaltons in size and are about 40% identical to one
another at the protein level [54–56]. Structurally, Gas6 and
Pros1 possess two laminin domains making up the carboxy
terminal sex hormone-binding globulin domain (SHBG).
The laminin domain binds to the immunoglobulin domain
of the TAM receptor, causing dimerization and activation
of the receptor. The Gla domains exist at the amino terminus
of Gas6 and Pros1, and four epidermal growth factor-related
domains (EGF) are present between the Gla and laminin
domains. The Gla domains are characterized by a dense con-
centration of glutamic acid residues. These glutamic acid res-
idues are posttranslationally modified into gamma carboxy
glutamic acid (Gla) by gamma glutamyl carboxylase in a vita-
min K-dependent reaction [57–59]. Ca2+ ions bind the Gla
domains, facilitating folding, enhancing stability, and per-
mitting binding to phosphatidylserine (PtdSer) [60].
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Gas6 and Pros1 act as bridging molecules between TAM
receptors and PtdSer exposed on the surface of apoptotic
cells. Upon binding the immunoglobulin-like domain, Gas6
and Pros1 cause dimerization of TAM receptors and auto-
phosphorylation of tyrosine residues within the tyrosine
kinase domain, thereby recruiting additional molecules for
downstream signaling. It has been observed that all three
TAM receptors are activated by Gas6; however, Axl cannot
be activated by Pros1 [61]. Additionally, while Mer and
Tyro3 show limited activation in response to Gas6 without
PtdSer, Axl absolutely requires both Gas6 and PtsSer for
phagocytic activity within the retina and testes of mice [61].

3.2. TAM Receptor Expression. The TAM Gas6/Protein S sys-
tem is an evolutionarily recent development found in verte-
brates and prevertebrate chordates but lacking in sea urchin
and Drosophila [62]. All 3 TAM receptors have been discov-
ered in vertebrate embryonic tissue [25–27]. However, TAM
knockout (KO) mice, including triple knockouts, are viable at
birth and can survive for up to a year, suggesting that TAM
receptor activity is not necessary during embryonic develop-
ment [12]. TAM receptors are expressed nearly ubiquitously
and have been discovered in tissues as diverse as the retinal
pigmented epithelium (RPE) of the eye, Sertoli cells of the
male reproductive system, platelets, and cells of the vascular
and nervous system [40, 63]. This diversity in tissue expres-
sion is alluded to the origin of the name for the gene so-
called mer, because mRNA for this gene was discovered in
monocytes, epithelial cells, and reproductive cells [64].
Despite expression in an abundant array of tissues, much
of the interest on TAMs has been focused on their role
within the phagocytes of the immune system. Mer in partic-
ular is closely associated with macrophages. Mer has been

determined to be a core macrophage antigen and a useful
marker to distinguish macrophages from dendritic cells in
both humans and mice [65, 66]. Axl is found on both mac-
rophages and dendritic cells (DC) [67]. Whereas Tyro3 is
expressed at low levels in these cells but is more highly
expressed within the cells of the nervous system [68].

3.3. TAM Receptor Signaling in Efferocytosis. Efferocytosis is
a critically important process for normal tissue mainte-
nance. It has been estimated that approximately 150 billion
cells (0.4% of the cellular mass of the human body) are
turned over daily [69, 70]. Failure to properly remove apo-
ptotic cells creates dire consequences for tissue function.
The critical role for TAMs in efferocytosis was observed in
several experiments involving TAM-deficient mice. Mer-
deficient mice were found to develop blindness due to death
of the photoreceptors (PR) in the retina. Mer was observed
to be critical for daily pruning of the distal membrane seg-
ments of PRs by RPEs. Failure to perform this limited form
of apoptotic engulfment leads to apoptosis of the PRs, reti-
nal degeneration, and eventual blindness [71–74]. A similar
phenomenon was observed within the testes of TAM-
deficient mice. Normally, TAM-expressing Sertoli cells
remove apoptotic cells generated within the testes. Sertoli
cells from TAM-deficient mice have no ability to clear the
apoptotic germ cells generated during meiosis, triggering
death of germ cells and infertility [50].

Efferocytosis in other tissues of the body is largely carried
out by phagocytes of myeloid origin. Macrophages primarily
rely on Mer for phagocytosis of apoptotic cells, but the
absence of Axl and/or Tyro3 also impairs efferocytosis [75].
In contrast, Axl and Tyro3 are critical for DC-mediated effer-
ocytosis [75]. The mechanism of TAM contributions to
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Figure 1: The temporal development and onset of pSS-like disease and pathology of the C57BL/6.NOD-Aec1Aec2 mouse model. During
Phase I (0-8 weeks), increased acinar cell apoptosis is detected along with elevated IFN signaling. Phase II (8-16 weeks) is characterized by
an innate immune response and lymphocytic infiltration into the exocrine glands. Phase III (over 16 weeks) features an adaptive immune
response with production of M3R autoantibodies and measurable loss in exocrine function. M: macrophage; Tmem: memory T cells; TH17:
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efferocytosis has been characterized for Mer. Mer binds Gas6
or Pros1 bound to PtdSer on the surface of an apoptotic cell,
Mer dimerizes, and autophosphorylates tyrosine residues
within its tyrosine kinase domain. Two different mechanistic
variations have been proposed where either Mer phosphory-
lates Vav1 leading to interaction with Rac1 and cdc42 [76]
or Mer acts through Src and FAK also allowing Rac1 activa-
tion but in an αVβ5 integrin-dependent manner [77]. In
both models, Rac1 activation enables reorganization of the
actin cytoskeleton to facilitate phagocytic engulfment of
the apoptotic cell.

3.4. TAM Receptor Signaling in Dampening the Interferon
Response. TLRs are pattern recognition receptors expressed
on the surface of sentinel cells of the immune system. Each
variant of TLR recognizes a conserved molecular pattern
associated with bacteria, viruses, or fungi. Activation of TLRs
by their ligand causes receptor dimerization and interaction
with signaling adaptors, leading to the activation of several
possible signaling pathways and the production of proin-
flammatory cytokines including Type I IFNs [78]. Type I
IFNs are pleiotropic cytokines that initiate an antiviral state
by impacting many aspects of the immune system. Type I
IFNs facilitate antigen presentation by promoting DC matu-
ration, migration, and cross presentation and boost both the
cellular and humoral arms of the adaptive immune system
[79]. Like many other cytokines, transcriptional changes
brought about by Type I IFN signaling occur though Janus
kinase/signal transducers and activators of transcription
(JAK/STAT) signaling. Type I IFN binds the Type I IFN
receptor (IFNAR) causing receptor dimerization and subse-
quent phosphorylation through JAKs. STATs bind the phos-
phorylated receptor and are then themselves phosphorylated
by JAKs. The phosphorylated STATs dimerize, enter the
nucleus, and initiate transcription of interferon-stimulated
genes (ISGs) [79, 80]. TLR activation and Type I IFN sig-
naling constitute important early steps in mobilizing the
immune response against pathogen invasion.

Due to their powerful inflammatory effects, TLR signal-
ing must be tightly regulated to avoid host damage. TAM
receptors have been discovered to be critical regulators of
TLR signaling as evidenced by TAM-deficient mice which
develop profound autoimmunity and hyperresponsiveness
to TLR ligands [81]. Regulation of TLR signaling has been
best characterized for Axl in DCs [82]. Axl is normally
expressed at low levels and induced in response to TLR3,
TLR4, and TLR9 activation [82]. Triggering these TLRs stim-
ulates the release of Type I IFN, and Axl is one of the many
genes upregulated in response to this cytokine. Axl forms a
physical complex with IFNAR, enabling the expression of
the negative-regulatory SOCS1 and SOCS3 proteins [82].
The specific events permitting this shift from proinflamma-
tory to immunosuppressive signaling of IFNAR have yet to
be described.

SOCS proteins are a family of 8 proteins (CIS-SOCS7)
that are induced by signaling through cytokine receptors
and negatively regulate the same cytokine signaling pathways
that induced their expression, composing a classical negative
feedback loop [83, 84]. SOCS-mediated regulation occurs

through two main mechanisms. First, the C terminal SOCS
Box allows SOCS proteins to function as E3 ubiquitin
ligases, resulting in the ubiquitination and subsequent deg-
radation of JAKs and cytokine receptors through the pro-
teasome [83, 85–88]. Second, unlike other SOCS family
members, SOCS1 and SOCS3 possess a kinase inhibitory
region (KIR) capable of directly binding to JAKs. This
interaction blocks the catalytic site of JAKs, thereby pre-
venting phosphorylation of STATs and inhibiting cytokine
signaling [89, 90]. SOCS1 and SOCS3 possess much weaker
ubiquitin ligase activity than the other SOCS proteins and
primarily act through the second mechanism [84, 91]. Both
methods, degradation of signaling components and block-
ing catalytic activity of JAKs, produce a similar outcome
which is the inhibition of specific cytokine signaling path-
ways. Therefore, TAMs act as a set of brakes on the innate
immune response that activate only after the response
has already begun. Figure 2 summarizes SOCS3 induction
through TAM receptors.

4. Apoptosis in Sjogren’s Syndrome

Salivary gland dysfunction can be mediated by various bio-
logical and immunological factors. One of the compelling
factors is the role of glandular apoptosis or programmed
cell death (PCD) in the initiation of the disease. Earlier
works in the field have shown that acinar epithelial cells
in SS expressed Fas (TNFRSF6) and FasL (TNFSF6) and
underwent Fas-mediated apoptosis [92]. DNA strand breaks
were detected mostly in the ductal epithelium and less in
acinar tissues of patient salivary glands [93]. Salivary epithe-
lial cells are constantly exposed to various biological and
environmental stimuli, and some of these stimuli might
have a detrimental effect on the cells, as demonstrated by
Manoussakis et al. in which polyI:C which mimics viral
dsRNA were able to induce anoikis and apoptosis via
TLR3 [94]. And TLR3-mediated apoptosis can be mitigated
by activating the peroxisome-proliferator-activated recep-
tor-γ (PPARγ) which was downregulated in salivary glands
of SS patients [95]. Okuma et al. have shown SS-like signs
like dacryoadenitis and anti-SSA/SSB autoantibodies can
develop when genetically knockout the transcriptional regu-
lator IκB-ζ and apoptosis of epithelial cells can be observed
in the absence of infiltrating lymphocytes [96]. Similarly,
using the NOD animal model, Humphreys-Beher et al.’s
group determined that Fas was highly expressed in only lac-
rimal and salivary glands at mice at the diseased age and
double-stranded DNA (dsDNA) breaks were identified only
on the epithelial cells in the absence of B and T cell infil-
trates [97]. The group further determined that matrix
metalloproteinase (MMP) 9 was expressed in the parotid
and submandibular glands, suggesting a rampant break-
down of epithelia which results in uncontrolled PCD [98].
We have shown that cleaved products of caspase-3 can be
detected as early as 4 weeks of age in the submandibular
glands of SjS-susceptible C57BL/6.NOD-Aec1Aec2 mice
[99]. Interestingly, this mouse model also exhibited sexual
dimorphism in apoptosis by which males and females
undergo the apoptotic cellular event differently. Female SjS
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mice developed profound salivary gland apoptosis as evi-
denced by dsDNA breaks and cleaved caspases-3. In contrast,
diseased male mice were able to impede the severe progres-
sion of PCD [100]. The result suggests that female SjS mice
might have an intrinsic defect in apoptotic clearance allowing
for the spread of unregulated cellular cell death. The factors
that lead to salivary PCD and defect in apoptotic clearance
in SjS remain speculative. Further investigations are needed
to address these important mechanistic issues.

4.1. TAM Receptors in Autoimmune Diseases. The inability
to remove dead cells and defects in negatively regulating
IFN signaling has implications in autoimmunity. Apoptotic
cells that are not promptly removed via phagocytes can
progress to secondary necrosis, resulting in the leakage of
intracellular contents. The DNA and other self-antigens
released by these dying cells can act as damage-associated
molecular patterns (DAMPS) and trigger the TLRs of innate
immunity [101–104]. The activated TLRs then generate an
inflammatory immune response, creating an escalating cycle
of damage to self-tissue, leading to autoimmunity. Alterna-
tively and perhaps synergistically, TLRs activated in
response to normal microbial stimuli in the absence of neg-
ative regulation can also present a danger to the host. The
cytokines produced through the Type I IFN response can
generate host damage through chronic inflammation, fur-
ther contributing to autoimmunity [78, 80].

Some of the earliest functional studies of TAM recep-
tors exposed the critical role of TAM receptors in regulat-
ing the immune response. TAM-deficient mice feature

hyperproliferation of lymphocytes and systemic autoimmu-
nity including production of autoantibodies and antibody
deposition in kidney glomeruli [81]. In fact, TAM-deficient
mice have been described as acquiring a SLE-like phenotype
[40]. SLE and SS are both chronic autoimmune diseases
with systemic inflammatory profiles. SLE and SS both pri-
marily affect women and share many similarities such as
the development of SSA/Ro60 and SSB/La-reactive autoan-
tibodies; the two diseases can occur together in secondary
SS [105–108]. Both diseases also display impaired phago-
cytic activity. High levels of soluble TAM receptors have
been reported in the sera of SLE and juvenile onset SLE
patients [109, 110]. Soluble TAM receptors have been
observed to inhibit TAM-mediated phagocytosis [49]. Both
of these findings have been hypothesized to contribute to
the failure of efferocytosis and the subsequent presentation
of self-antigens and contribution to autoimmunity.

Due to the similarities in disease profile, it has been
hypothesized that a similar mechanism involving a failure
to remove apoptotic cells may be involved in the develop-
ment of autoimmunity in SS [111]. SS is also characterized
by high levels of Type I IFN in peripheral blood and activa-
tion of IFN-stimulated genes, further suggesting a role for
TAM signaling dysfunction in the onset of SS [112–114].
Interestingly, activation of TLR3 has been demonstrated to
incur salivary gland hypofunction through Type I IFN and
IL-6 signaling in C57BL/6 mice [115]. NOD.B10Sn-H2bmice
lacking the TLR signaling adaptor MyD88 were protected
from developing both local and systemic manifestations of
SS [32]. There is limited information on the role of TAM
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Figure 2: TLR and TAM receptor pathways in SS (1). Activation of TLR3 elicits the production of Type I IFN through the following
transcription factors: interferon regulatory factors (IRF) 3/7, NFκB, and AP-1 (2). Type I IFN initiates Janus kinase/signal transducer
and activator of transcription (JAK/STAT) signaling through the IFNAR, stimulating the expression of interferon-stimulated genes
(ISGs) including TAM receptors (3). TAM receptors form a complex with IFNAR, resulting in the upregulation of SOCS3 through
JAK/STAT signaling.
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and TAM ligand in SS compared to what is known in SLE;
however, several studies have been reported. Reduced levels
of TAMmRNAs were detected in peripheral blood mononu-
clear cells (PBMCs) of pSS patients, and increased levels of
soluble Mer correlated with the incidence of SSA/SSB auto-
antibodies and disease severity, as indicated by the SS disease
activity index (SSDAI) score [116]. TAM ligand expression
in SS remains controversial, with one group reporting no dif-
ferences in Gas6 and ProS expression between pSS and con-
trol patient PBMCs and plasma [116] and Chen et al. finding
plasma Gas6 concentrations to be lower in pSS patients than
controls in the plasma and labial salivary gland [117]. Using
microarray analysis, we have shown that salivary glands of
C57BL/6.NOD-Aec1Aec2 mice expressed significantly lower
levels of Socs2 and Socs3. Furthemore, we have found that
Tyro3 was upregulated, whereas Axl, Mer, and Gas6 were
downregulated at the clinical disease stage in comparison to
age- and sex-matched C57BL/6 mice [111]. These conflicting
results concerning TAM ligand expression in SS are also
reflected in SLE where one study reported higher levels of
Gas6 and lower Pros1 in the plasma of SLE patients [118],
while other groups have detected decreased Gas6 in the
plasma of SLE patients [119], or little difference in plasma
Gas6 and Pros1 between controls and SLE patients [120]. It
has been observed that while SOCS3 is upregulated in
PBMCs and labial salivary gland of pSS patients, negative
regulation of cytokine signaling fails to occur [121], suggest-
ing that SOCS3-mediated reductions in inflammatory signal-
ing are defective in SS. Together, these results suggest that the
crucial TAM activities of suppressing IFN signaling and
efferocytosis may be impaired in SS.

4.2. TAMs and Macrophages in SS. If the aberrant efferocyto-
sis and unrestrained IFN signaling observed in SS involve
TAM receptor signaling, it might suggest that the phagocytes
of the immune system are likely to be intimately involved in
these processes within the disease. As crucial participants in
both efferocytosis and the initiation, maintenance, and reso-
lution of inflammatory signaling, macrophages may play an
underappreciated role in development of SS [104, 122, 123].
Macrophages are known to be among the early infiltrates into
the salivary glands of NOD mice, preceding the arrival of
DCs and B and T lymphocytes [124]. Furthermore, macro-
phage infiltration has been positively correlated with disease
progression [125]. Macrophages present in the submandibu-
lar gland of NOD/ShiLtJ mice have been shown to produce
high levels of the B cell chemokine CXCL13, potentially con-
tributing to the development of ectopic germinal centers
within the salivary glands [126]. The proinflammatory phe-
notype of macrophages in SS has led to the interest in the
IFN signature within monocytes from pSS patients. Mono-
cytes from pSS patients exhibit a strong Type I IFN signature
that correlates with markers of disease activity [127]. Addi-
tionally, expression of the ISG MxA was elevated enough in
monocytes of pSS patients to serve as a biomarker for the
activation of the systemic IFN response in SS [128]. Interest-
ingly, monocytes collected from PBMCs provided by pSS
patients were determined to have lower phagocytic activity
than those taken from healthy controls [129], similar to a

phenomenon observed in macrophages from SLE patients
[130]. From these data, it seems apparent that macrophages
are primarily proinflammatory in SS and are failing to ade-
quately perform their TAM-associated roles in efferocytosis
and resolution of IFN signaling. A recent paper has
reported that regulatory T cells (Tregs) stimulate macro-
phage efferocytosis by production of IL-13 which in turn
stimulates macrophages to release IL-10 which acts in an
autocrine-paracrine manner to upregulate Vav1 and acti-
vate Rac1, enabling apoptotic cell engulfment [131]. While
the role of Tregs in SS remains understudied and character-
ized by conflicting reports [132–134], the ability of SS mac-
rophages to respond to IL-13 and IL-10 represents a new
aspect of efferocytosis to be investigated in SS. Further
investigation will need to be performed to explore the rela-
tionship of TAM receptors, phagocytes, and the onset of
autoimmunity in SS.

5. Conclusion

SS is a rheumatic disease with a well-characterized role for
the adaptive immune system but a poorly understood
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Aberrant level/
activity:
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Figure 3: Summary of potential contributions of defective TAM
signaling to SS. The etiology of SS is multifactorial, but it is known
that innate immune dysfunction precedes adaptive immune
dysfunction in the salivary glands. Here, we hypothesize that the
TAM family of tyrosine kinases is involved in SS pathology
through the TAM-mediated efferocytosis and Type I IFN
regulatory pathways. We speculate that aberrations in TAM
expression coupled with increased soluble Mer may account for
the reported efferocytosis impairment, while downstream elements
of efferocytosis signaling including Vav1 and Rac1 activation are
unknown, as is SS macrophage response to IL-10 in the context of
efferocytosis. Furthermore, we suggest that dysregulation of SOCS
1 and SOCS3 expression and activity may contribute to the
overactive IFN signaling observed in SS. We postulate that these
two failures in TAM signaling may be initial events in SS
pathology that eventually lead to autoantibody generation,
lymphocytic infiltration, and gland secretory dysfunction.
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etiology. Two aspects of SS that have gained significant atten-
tion in the last decade using human patients and animal
models are the involvement of the Type I IFN system and
unregulated glandular apoptosis. As discussed, TAM recep-
tors are well-characterized molecules that contribute to both
efferocytosis and dampening of the IFN response as illus-
trated in Figure 2. SOCS3 is an essential negative regulatory
component in the proinflammatory process; however, its
level and/or activity appeared to be significantly reduced in
SS [111, 121]. While the status of SOCS3 expression in SS
requires further clarification, lack of SOCS3 expression or
SOCS3 activity represents an appealing mechanism to
account for the failure to rein in inflammatory signaling in
SS. Likewise, the observation that acinar epithelial cell apo-
ptosis precedes lymphocytic infiltration and that SS macro-
phages exhibit reduced efferocytic activity presents another
possible contribution of TAM dysfunction to SS through
the accumulation of apoptotic debris and subsequent gener-
ation of a proinflammatory environment (unpublished data).
As summarized in Figure 3, the two arms of TAM signaling
appear to be disrupted in SS, potentially promoting the devel-
opment of autoantibodies, lymphocytic infiltration, and
overt disease. To fully understand the role of TAM receptors
in SS, further studies will be needed to discern the innate
response which involves in the activation of TLRs and the
eventual upregulation of the TAM function. More impor-
tantly, additional studies will have to address the dysregula-
tion of this complex process, specifically the role of SOCS
proteins in the disease.
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Background. Rheumatoid arthritis (RA) is a systemic autoimmune disease associated with immune dysregulation and increased risk
of infections. The presence of autoantibodies and immunoglobulin abnormalities indicates B-cell and antibody-secreting cell (ASC)
dysfunction. We hypothesize that soluble factors associated with B-cell and ASC activity are decreased in RA patients and that this
is linked to higher susceptibility to infections.Methods. Using the Johns Hopkins Arthritis Cohort and Biorepository, we contrasted
serum protein levels of soluble factors involved in B-cell activation (CD40, CD40L) and B-cell/ASC homing (CXCL10, CXCL11,
and CXCL13) or survival (BAFF, APRIL, TACI, and BCMA) in 10 healthy subjects and 23 adult RA patients (aged 24-65 years).
We subdivided RA patients into those with (n = 17) and those without infections (n = 6) within a 2-year period. In order to
reduce the effect of RA treatment, we only included patients receiving methotrexate monotherapy or no RA treatments at
baseline. Soluble serum protein levels of B-cell/ASC factors were quantified by multiplex immunoassays. Results. We identified
that (1) serum levels of soluble BCMA, APRIL, CD40, and CD40L were significantly decreased in RA patients relative to healthy
individuals; (2) serum soluble BCMA, predominantly released by ASC, correlated with serum concentrations of class-switched
immunoglobulins, IgG and IgA; and (3) RA patients with a history of infections had significantly lower soluble BCMA levels
compared with healthy donors and with RA patients without infections. Conclusions. Our study using soluble factors linked to
B-cell/ASC activation and survival suggests that there is a paucity of ASC in a subset of RA patients and that this may be linked
to altered antibody production and increased risk of infections. Further delineating the link between ASC and infection
susceptibility in RA may optimize disease management and provide novel insights into disease pathogenesis that are susceptible
to intervention.

1. Introduction

Rheumatoid arthritis (RA) is the most common systemic
autoimmune disease, affecting approximately 0.5-1% of
adults worldwide [1]. It is characterized by synovial inflam-
mation, autoantibody production, and systemic features

[1, 2]. Although inflammatory manifestations predominate
in RA, some affected individuals also have an intrinsically
increased susceptibility to infections [2–4]. Indeed, a higher
incidence of bronchitis and pneumonia, sometimes preced-
ing joint disease [4, 5], higher frequency of tuberculosis
(TB) [6], and increased mortality due to infections [3, 7]
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are described before steroids and immunomodulators were
used. This is particularly concerning since RA patients
usually require medications that further suppress pathways
integral to immune function, and as a consequence, infec-
tions remain a leading complication in RA [8].

Although the association between RA and increased
susceptibility to infections has long been recognized [4], the
causes underlying this phenomenon remain poorly defined.
Some patients with RA have hypogammaglobulinemia
[9–13] suggesting that impaired production of antibodies
could accompany the disease. Antibodies against infections
are produced by antibody-secreting cells (ASC) including
plasmablasts and plasma cells [14, 15]. However, autoimmu-
nity can also result from anomalous production of autoanti-
bodies by self-reactive ASC [2, 16, 17]. Therefore, ASC
defects may play a dual role in the production of pathogenic
autoantibodies as well as in deficient responses to infections
in RA [14, 16, 17]. Additional support for this notion is pro-
vided by the study of primary antibody immunodeficiencies,
in which RA and other autoantibody-associated diseases are
more common [18–20].

To produce antibodies, B-cells must first mature into
ASC, which may be short-lived effectors in early antibody
responses or prolonged lifespan plasma cells that produce
long-lasting, class-switched, highly specific antibodies (e.g.,
immunoglobulins A, G) [14, 15, 21]. Short-lived ASC are
produced upon direct antigen stimulation or during early
T-cell-dependent responses [14]. Long-lived ASC are gener-
ated in a complex process triggered by cell-to-cell interac-
tions with follicular T-helper cells via CD40 and CD40
ligands (CD40L), followed by extensive proliferation of
activated B-cells to generate germinal centers [14, 22, 23].
During this process, class-switch recombination (CSR) in
B-cells occurs to produce antibody isotypes (e.g., IgA, IgG,
and IgE) [14, 15, 22]. Germinal center reactions under
T-cells help also cause the proliferation and selection of
activated B-cells to produce highly specific antibodies against
encountered antigens [14, 15]. After these processes, long-
lived ASC producing antibodies of high affinity and variable
isotypes are generated. During ASC generation, B-cells
and ASC migrate in processes controlled by B-cell traf-
ficking molecules such as CXCL9, CXCL10, and CXCL11
that, among other functions, home cells to inflamed tissues or
CXCL13 that directs B-cell/ASC in germinal centers [14, 21].
Most newly differentiated B-cells undergo apoptosis unless
survival signals are delivered by two members of the TNF
receptor superfamily, BAFF (B-cell-activating factor) and
APRIL (a proliferation-inducing ligand) via binding to their
receptors TACI (transmembrane activator and calcium
modulator and cyclophilin ligand interactor) [14, 24] and
BAFF-R (BAFF receptor) [24, 25]. Another BAFF/APRIL
receptor, BCMA (B-cell maturation antigen), is predomi-
nantly expressed by ASC and is essential to ensuring the pro-
longed lifespan of plasma cells [26, 27].

Although humoral immune responses have been exten-
sively studied in RA, studies often focus on the role of
ASC in the production of autoantibodies [1, 2, 28, 29]. It
remains unclear whether ASC abnormalities in RA also
alter normal protective antibody responses against infections

or immunizations. The study of human ASC in rheumato-
logic diseases is limited by the fact that most, especially
long-lived, plasma cells reside in the bone marrow and are
usually not accessible in peripheral blood [14, 15, 21].
Thus, our knowledge about the mechanisms regulating
the development and function of ASC in individuals with
RA is incomplete.

The goal of this study was to study whether individuals
with RA exhibit abnormalities in serum levels of soluble
factors linked to critical steps for ASC generation, including
those for B-cell activation and B-cell/ASC survival and
trafficking. Specifically, we aimed to characterize differences
in such factors between patients with RA and healthy indi-
viduals. We also sought to examine associations between
some of those factors and clinical outcomes linked to ASC
function, such as antibody production and infections.

2. Methods

2.1. Subjects. We conducted a retrospective evaluation of
clinical data from patients included in the Johns Hopkins
Arthritis Cohort (JHAC) [30]. The JHAC has detailed longi-
tudinal clinical information in over 730 active RA patients
followed during clinical visits and a biorepository containing
serum samples from approximately 80% of enrolled subjects.
For the present study, our patient population was drawn
from individual RA subjects enrolled in the JHAC since
2012 (n = 277) with serum samples collected on the same
day as a clinical assessment. We included all patients aged
18 to 65 years old, with a provisional RA diagnosis (physician
assessment and use of disease-modifying antirheumatic
drugs (DMARD)) or meeting American College of Rheuma-
tology 2010 criteria for RA [31], receiving monotherapy with
methotrexate (MTX) or taking no immunomodulators at
serum sample collection. Serum samples were part of the
JHAC biorepository. Demographic information and stored
serum from 10 healthy control volunteers were also
used. All samples and data were collected after informed
written consent approved by the Johns Hopkins Institutional
Review Board.

2.2. Clinical Data. Basic demographic and clinical character-
istics (sex, age of onset, autoantibody status, disease duration,
disease activity, medication use, and MTX dose) at the time
of the baseline visit (when serum sample was collected) were
extracted from the JHAC clinical database. Seropositive
arthritis was defined as RA associated with positive rheuma-
toid factor (RF) or anticitrullinated protein antibodies
(ACPA) as previously described. RA activity was determined
using the Clinical Disease Activity Index (CDAI), classified
as remission (CDAI ≤ 2 8), low disease activity (CDAI > 2 8
and ≤10), moderate disease activity (CDAI > 10 and ≤22),
and high disease activity (CDAI > 22) as previously defined
[32]. Disease onset was defined as the age at which RA
symptoms started, and disease duration was established as
the time since the onset of RA symptoms to the date of sam-
ple collection in years. Infectious events were self-reported
using a patient questionnaire inquiring about joint/bursa,
cellulitis/skin, sinusitis, diverticulitis, sepsis, pneumonia,
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bronchitis, gastroenteritis, meningitis/encephalitis, upper
respiratory infections (URI), an urinary tract infection
(UTI) at every visit. Infections not included in these catego-
ries were self-reported under “other infection.” Information
on whether hospitalization and/or parenteral antibiotics
associated with these infectious events was also recorded.

2.3. Measurement of B-Cell/ASC-Soluble Serum Factors and
Immunoglobulins. Measurements of soluble factors involved
in B-cell/ASC activation, survival, and homing as well as
serum immunoglobulin concentrations were performed on
serum samples from the JHAC biorepository. We quantified
serum protein levels of soluble factors involved in B-cell
activation (CD40, CD40L) and B-cell/ASC survival (APRIL,
BAFF, sTACI, and sBCMA) or homing (CXCL10, CXCL11,
and CXCL13) using a magnetic bead-based multiplex
immunoassay (R&D Human Magnetic Luminex Assay). All
samples, including healthy control samples, were processed
simultaneously. Serum concentrations of immunoglobulins
A (IgA), G (IgG), and M (IgM) in RA patients were assessed
by nephelometry at the Johns Hopkins Hospital Clinical
Immunology laboratory.

2.4. Statistical Analyses. Data were analyzed using the
software STATA version 14 (StataCorp. Stata Statistical
Software: Release 14. College Station, TX. 2015), R studio
version 1.10.153 (RStudio Team (2018). RStudio: Integrated
Development for R. RStudio Inc., Boston, MA), and Minitab
Student version 14 (Minitab 14 Statistical Software (2018).
Minitab Inc., State College, PA). Basic clinical characteristics
of all RA patients were extracted from the JHAC clinical
database. Age, age of onset, disease duration, disease activity
(Clinical Disease Activity Index score (CDAI) score), and
MTX dose are summarized as medians and interquartile
ranges (IQR) as distributions were non-Gaussian and were
compared using the Wilcoxon rank-sum test. Differences
in sex, ethnicity, and autoantibody status between RA

subgroups were contrasted using Fisher’s exact test. Differ-
ences in B-cell/ASC activation, survival, and homing factors
between RA patients and healthy controls (HC) were
examined using a Wilcoxon rank-sum test, and Spearman’s
correlations were used to evaluate the relationship between
sBCMA, serum immunoglobulins (IgA, IgG, and IgM) and
selected B-cell/ASC activation, and survival factors (APRIL,
CD40, and CD40L). Differences between HC and the two
RA subgroups (RA with and without infections) were com-
pared using nonparametric methods (Kruskal-Wallis tests
to assess differences among groups and Wilcoxon rank-sum
tests for pair-wise comparisons) or a chi-square test as
indicated. Finally, since controls and RA patients were not
age-matched, we built linear regression models to evaluate
whether differences in B-cell/ASC activation, homing, and
survival factors (using log-transformed values) between
healthy controls and RA patients persisted after adjusting
by age at baseline.

3. Results

3.1. Study Population. Clinical data from 277 patients
enrolled in the JHAC database and biorepository were
screened for eligibility. There were 205 subjects at serum
sample collection who met age eligibility criteria (Figure 1).
We excluded 53 patients receiving systemic corticosteroids,
72 receiving biologic DMARDs, and 42 treated with more
than one conventional DMARD. We also removed patients
taking sulfasalazine, as it can be associated with hypogamma-
globulinemia or monotherapy with a conventional DMARD
other than methotrexate (MTX). After excluding 4 eligible
subjects with insufficient serum specimens, we included 23
RA patients in the final analysis (Figure 1).

The main demographic and clinical characteristics of
subjects included are displayed in Table 1. The median age
of RA patients was 55 years (IQR 16, range 24-64 years), with

277 RA patients enrolled in
the JHAC

205 RA patients

Age >65 years (n = 72)

RA patients receiving 
methotrexate (n = 14)

RA patients receiving 
no DMARDs (n = 9)

38 RA patients

27 RA patients

Receiving DMARD monotherapy 
other than methotrexate (n = 11)

Missing serum correlative specimens (n = 4)

Receiving systemic corticosteroids (n = 53), 
biologic DMARDs (n = 72), or more than 

2 conventional DMARDs (n = 42)

Figure 1: Flow diagram shows selection of patients included in our study. A total of 23 RA patients from the JHAC were included in
the final analysis. Abbreviations: RA= rheumatoid arthritis; JHAC= Johns Hopkins Arthritis Cohort; DMARDs = disease-modifying
antirheumatic drugs.
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19 females (83%) and 4 males (17%). Patients in our sample
were predominantly Caucasian (n = 16, 70%). The median
age of disease onset was 39 years (IQR 26), and median
disease duration was 7 years (IQR 11). In regards to disease
activity, patients had a median CDAI of 3.9 (IQR 9.5). Nine
patients were in remission, six had low disease activity, and
six had moderate (n = 4) or high disease activity (n = 2).
There were two patients with no disease activity scores
available (n = 2). We identified 14 patients treated with
MTX only (61%) and 9 patients receiving no DMARDs
(39%) at the time of serum sample collection. Healthy donors
for this study included 10 healthy volunteers (n = 10) of both
sexes aged 21 to 62 years (median 41 years, IQR 23) without
history of significant medical conditions. No differences in
age were detected among the three groups (p = 0 09);
however, RA patients as a group were older when compared
with healthy subjects (p = 0 03).

3.2. B-Cell Activation and Survival Factors Were Significantly
Decreased in RA Patients Compared with Healthy
Individuals. In order to examine differences in soluble factors
released during ASC generation in RA patients, we evaluated
serum levels of soluble factors involved in B-cell/ASC
activation, survival, and homing in RA subjects (n = 23)
and healthy individuals (n = 10). We identified significantly
reduced levels of APRIL (median levels RA = 1,807 8 pg/ml
vs. controls = 2,544 9 pg/ml, p = 0 009) and sBCMA (median

levels RA = 16,535 2 pg/ml vs. controls = 20,487 8 pg/ml,
p = 0 008), the ligand-receptor duo responsible for main-
taining ASC survival, in the serum RA subjects relative to
controls. We also found reduced serum levels of soluble
CD40 (median levels RA = 482 3 pg/ml vs. controls =
608 3 pg/ml, p = 0 02) and CD40L (median levels RA =
4,446 3 pg/ml vs. controls = 12,450 5 pg/ml, p < 0 0001).
Differences in sBCMA, CD40 and CD40L, and APRIL per-
sisted after adjusting by age (Figure S1). Serum levels of
soluble BAFF were slightly decreased in RA patients but
were nonsignificantly different from healthy subjects in a
bivariate analysis (median levels RA = 913 9 pg/ml vs.
controls = 1128 0 pg/ml, p = 0 21) or after adjusting by age
(p = 0 52) (Figure S1). In contrast with other survival
factors, the soluble receptor TACI was increased in RA.
Differences with healthy donors failed to achieve statistical
significance in an unadjusted analysis (median levels RA =
26 56 pg/ml vs. controls = 16 9 pg/ml, p = 0 13) and after
adjusting by age (p = 0 42) (Figure S1). There were
nonsignificant increases in CXCL13 (median levels RA =
68 34 pg/ml vs. controls = 51 89 pg/ml, p = 0 24), in CXCL10
(median levels RA=34.73 pg/ml vs. controls = 24.09 pg/ml,
p = 0 07), and in CXCL11 (median levels RA = 47 30 pg/ml
vs. controls = 61 90 pg/ml, p = 0 07) in the unadjusted
comparison (Figure 2). However, the small increases seen
in CXCL10 and CXCL13 in RA patients became statistically
significant when adjusting by age (Figure S1).

Table 1: Basic demographic and clinical characteristics of RA patients and RA subgroups.

Healthy donors
N = 10

RA patients without infections
N = 17

RA patients with infections
N = 6 p value

Gender

Male/female 1/9 4/13 0/6 0.54

Ethnicity, n (%)

White/Caucasian 6 13 (76.5) 3 (50)

Non-white 4 4 (23.5) 3 (50) 0.33

Age in years

Median (IQR) 41 (26) 54 (15) 55.5 (9) 0.09

Disease duration in years

Median (IQR) 5 (6) 10.5 (11) 0.32

Age of onset

Median (IQR) 39 (25) 41.5 (20) 0.97

Autoantibody status

Seropositive/seronegative RA 14/3 4/2 0.57

Disease activity (CDAI score)

Median (IQR) [range] 2.95 (10.2) [0-37] 8.5 (4.0) [0-22] 0.34

Number of patients 16 5

RA medication category

MTX-treated/no DMARD 10/7 4/2 1.0

Methotrexate dose (mg/week)

Median (IQR) 17.5 (10) 22.5 (2.5) 0.30

Number of patients 9 3

Abbreviations: RA = rheumatoid arthritis; IQR = interquartile range; CDAI score = Clinical Disease Activity Index score.
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3.3. Serum Soluble BCMA Protein Concentrations Had a
Positive Correlation with Serum Levels of Class-Switched
Immunoglobulins in RA Patients. Because of CD40/CD40L
interactions, APRIL and BCMA mediate critical steps in
ASC generation and survival; we examined correlations
between serum levels of the above factors and of class-
switched immunoglobulins, IgG and IgA, as well as IgM.
Median IgA, IgG, and IgM for RA patients were 207mg/dl
(range 4.9-472mg/dl), 1110mg/dl (range 599-2290mg/dl),
and 112mg/dl (range 37-284mg/dl), respectively. Only
serum sBCMA showed significant correlations with serum
concentrations of class-switched immunoglobulins IgG
(Spearman’s rho = 0 6, p < 0 01) (Figure 3(b)) and IgA
(Spearman’s rho= 0.6, p < 0 001) (Figure 3(c)). There was
also a strong correlation between serum IgA and IgG levels
(rho = 0 8, p < 0 001). Conversely, there were no significant
correlations between sBCMA and IgM (Spearman’s rho =
0 0, p = 0 9 (Figure 3(d)) which is produced before class-
switching. Finally, to a lesser degree, moderate correlations
were found between sBCMA, CD40, and CD40L and
between APRIL, CD40, and CD40L (Figure 3). Of note, there
were three RA patients with mild IgG hypogammaglobuline-
mia (IgG < 640mg/dl) [33] and one subject with undetect-
able IgA serum levels (IgA < 5mg/dl). These four subjects
had sBCMA measurements in the lowest quartile for RA
patients and below the minimum serum sBCMA level found
in normal subjects. There were also two subjects with ele-
vated IgG and IgA levels defined as serum concentrations
above 1349mg/dl [33] and 312mg/dl [33], respectively, in
spite of having sBCMA levels below the lowest level found
in healthy donors (17,420 pg/ml). These two patients were
characterized by having seropositive disease with high titers
of ACPA antibodies (>200 IU).

3.4. Patients with RA and Infections Had Lower Serum
sBCMA Levels Compared with RA Subjects without
Infectious Events and Healthy Subjects. To investigate the
clinical relevance of decreased serum sBCMA and its
correlation with serum IgA and IgG levels, we examined

the relationship between sBCMA and infections among
RA patients. We subdivided the RA group into patients
with a history of infections (n = 6) and those without infec-
tions (n = 17) within 2 years after collection of baseline
serum samples. There were 10 infectious events reported
during the follow-up period in six patients: 4 sinopulmon-
ary infections, 2 influenza infections, 3 soft-tissue/mucosal
infections, and 1 herpes zoster infection. We compared
median serum sBCMA levels among the three groups (RA
patients with infections (n = 6), RA patients without infec-
tions (n = 17), and healthy individuals (n = 10)). The median
serum sBCMA level was 14,669.7 pg/ml (IQR 2553pg/ml) in
the RA subgroup with infections, 17,979.8 pg/ml (IQR
5777.3 pg/ml) in the uninfected RA subgroup, and 20,487.8
(IQR 2561.3 pg/ml) in healthy individuals, with statistically
significant difference (p = 0 004) among these subgroups.
Pair-wise comparisons revealed that RA patients with infec-
tions had significantly lower serum sBCMA levels compared
with RA patients without infections (p < 0 05) and with
healthy controls (p < 0 01) (Figure 4). The levels of serum
sBCMA in uninfected RA patients compared with healthy
controls were not significantly different (p = 0 063). To
examine whether this pattern persisted in the absence of
methotrexate, we conducted a similar analysis in untreated
patients (Figure S2) and continued to observe significantly
decreased sBCMA levels in RA patients with infections
(n = 2) compared with healthy controls (n = 10) (p = 0 03).
Serum sBCMA levels also were lower in patients with
infections than in those without infections (n = 7), although
this difference was not significant (p = 0 07).

3.5. Serum Immunoglobulins Were Not Associated with
Infection Events in RA Patients. As serum immunoglobulin
is clinically used to evaluate the production of antibodies
[33, 34], we evaluated whether serum levels of IgG, IgA,
and IgM predicted infectious events in RA patients. We com-
pared serum concentrations of IgG, IgA, and IgM between
the two patient groups (RA patients with infections (n = 6),
RA patients without infections (n = 17)) and evaluated the
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Figure 2: Box plots comparing serum B-cell factor protein levels in RA patients and healthy controls. Levels of each protein are indicated for
healthy controls (HC, top yellow box; n = 10) and RA patients (RA, bottom red box; n = 23). The median value is indicated with a vertical line,
with the box comprising the IQR, and whiskers representing the maximum and minimum values within the fences (±1.5 IQR). ∗∗p < 0 01 and
∗p < 0 05. Serum levels of B-cell activation factors (CD40, CD40L) and B-cell/ASC survival elements (sBCMA, APRIL) were significantly
decreased in RA patients compared with healthy controls.
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number of infections recorded within the subsequent 2 years
after the initial immunoglobulin measurements. Patients
with infections had median IgG, IgA, and IgM levels of
909mg/dL (IQR 501), 152mg/dl (IQR 177), and 115.5mg/dl
(IQR 36), respectively. Median serum IgG, IgA, and IgM
were 1190mg/dl (IQR 390), 210mg/dl (IQR 111), and
107mg/dl (IQR 71) in the group of RA patients without
infections. As shown on Figure 5, there were a few subjects
with IgG levels below normal adult ranges (<639mg/dl)
[33] in both groups and one subject with undetectable IgA
levels in the group of RA patients without infections. IgM
levels were all within normal adult range concentrations.
Importantly, when median levels of the three immunoglobu-
lin isotypes (IgG, IgA, and IgM) were compared between the
two RA groups, no statistically significant differences were
found (Figure 5).

4. Discussion

Rheumatoid arthritis is a disorder of immune dysregulation
characterized by enhanced inflammation and increased

susceptibility to infections [1, 2]. Autoantibody production
suggests ASC dysfunction and is central to RA disease path-
ogenesis [1, 2, 35]. However, how ASC are dysregulated in
RA remains inadequately defined. Our study is aimed at
studying this phenomenon by examining soluble receptors
and immune factors involved in critical steps of ASC genera-
tion and survival as a means to evaluate ASC activity in RA.

As most membrane-bound receptors and ligands of the
TNF-receptor superfamily (e.g., CD40, CD40L, BAFF,
APRIL, TACI, and BCMA) are cleaved from cell surfaces
upon binding by their ligands, serum levels of these soluble
factors are often interpreted as markers of cell activation
[25, 27]. Most studies investigating factors involved in B-
cell/ASC activation and survival in RA describe that they
are often upregulated [25, 36–40]. In keeping with these
observations, we identified several patients with soluble
levels of the above markers exceeding the measurements
seen in healthy subjects in our study. However, a group
of RA patients had significantly decreased serum measure-
ments of CD40, CD40L, BCMA, and APRIL, but not of
BAFF, TACI, or B-cell homing factors in comparison with
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Figure 3: Correlation of B-cell factors and immunoglobulins in RA patients. (a) Spearman correlation matrix of soluble B-cell factors and
Ig levels in RA. (b-d) Scatter plots demonstrating individual correlations between sBCMA and IgA (b), IgG (c), and IgM (d). Serum
sBCMA (but not CD40, CD40L, or APRIL) had a positive correlation with serum IgG (rho = 0 6, p < 0 01) and IgA (rho = 0 6, p < 0 001),
both ASC-derived class-switched antibodies, but not with IgM levels which is produced without class-switching. Moderate correlations
were also seen between B-cell activation factors (CD40, CD40L) and sBCMA levels. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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healthy controls. Considering the biological function of
these elements, these findings suggested that key steps in
mature B-cell activation and/or ASC survival could be
impaired in a subset of RA patients.

To determine the clinical significance of the above
findings, we next sought to examine the relationship of the
above markers of B-cell activation and ASC survival with
immunoglobulin production and occurrence of infections,
two clinical outcomes related to ASC function [14]. Interest-
ingly, we found that serum sBCMA, but not CD40, CD40L,
or APRIL, correlated with serum levels of IgG and IgA,
class-switched antibodies, usually produced by long-lived
plasma cells [14], but not with serum IgM, which is produced
before class-switching, and it is the major antibody of short-
lived, primary antibody responses [14]. In turn, decreased
serum sBCMA levels were also associated with increased fre-
quency of infections in RA patients. Indeed, all RA patients
with an infection in our dataset had serum sBCMA levels
below the lowest level observed in healthy subjects and were
significantly decreased compared to RA subjects without
infectious events. In spite of the small sample, we continued
to observe this trend among untreated RA patients show-
ing that low serum sBCMA levels occur even in the
absence of medications. Taken together, since sBCMA is
released predominantly by ASC, and in its membrane-
bound form, it is the main survival receptor on the sur-
face of long-lived plasma cells [15, 26, 27]; these findings
suggested that a paucity in ASC activity and possibly in
ASC survival could underlie deficient production of pro-
tective antibodies and increased susceptibility to infections
in the subgroup of RA patients characterized by lower
serum sBCMA.

Defects in ASC function in RA may result from primary
disease pathogenesis, secondary to the disease course or to

treatments or as a combination of the above. For instance,
if low serum sBCMA levels reflect paucity of BCMA at the
cell level, ASC survival could be compromised [26]. Alterna-
tively, BCMA could be the result of impaired ASC generation
and hence a consequence of decreased cell counts [27].
Specifically, as suggested by the observed decrease in soluble
CD40L levels, anomalous CD40L-mediated costimulation by
T-helper cells could impair ASC formation and production
of IgG and IgA [23, 41]. Intrinsic B-cell defects at anti-
gen recognition, signaling through the B-cell receptor, or
at B-cell costimulatory checkpoints could result in deficient
B-cell activation and ASC generation [14, 21, 42]. The dem-
onstration of decreased sBCMA serum levels in patients with
primary antibody deficiencies and inherited defects in these
pathways lend support to this notion [43]. Later in the pro-
cess, failure to complete ASC differentiation can result from
dysregulation of transcription factors that preserve B-cell
identity (e.g., PAX5, PU.1-IRF-8, and BACH2) [14, 44] or
that promote B-cell transformation into ASC (e.g., BLIMP1,
XBP1, or IRF4) [14, 44]. Previous descriptions of RA risk loci
on genes involved in the regulation of ASC generation (e.g.,
IRF4, IRF8, and BLIMP1) [45, 46] support a role for these
factors in RA. On the other hand, changes occurring in the
natural history of RA or in response to RA treatment could
affect ASC activity and impact serum sBCMA release. For
instance, cell exhaustion as a consequence of chronic inflam-
matory disease may blunt B-cell activation and ASC activity
[47, 48]. Likewise, methotrexate, as a folate antagonist, may
contribute through impairment of B-cell proliferation [49].
In summary, our findings that serum sBCMA is differentially
expressed in a subset of patients with RA prompt multiple
considerations of how these changes occur and underscores
the need for additional investigation into the mechanisms
governing ASC generation and survival as well as secondary
events affecting ASC function in RA.

We note that serum immunoglobulin concentrations,
including those of IgG and IgA, were not associated with
the occurrence of infectious events in patients with RA. A
possible explanation for this observation is that autoanti-
bodies represent a constitutive fraction of serum immuno-
globulins [28, 50] in RA; thus, total IgG and IgA levels may
rise if high levels of autoantibodies are present [51]. This idea
is supported by our finding that patients with high serum IgG
and IgA levels in the setting of low sBCMA had high titers of
ACPA antibodies. This observation raises the question as to
whether serum immunoglobulin concentrations may not
accurately reflect the production of protective antibodies
against infections in patients with circulating autoantibodies
and additional functional testing of humoral immune
responses (e.g., measurements of immunizations responses)
and/or additional measurements of ASC activity such as
sBCMA should be used to evaluate humoral immunity
against infections in RA.

Our study has several limitations. The main caveat of
our approach is that the detection of soluble mediators in
serum does not necessarily imply that they are functional
[25], and additional studies at the cellular level are required
to establish the origins of the observed changes. As a cross-
sectional study, temporal and causal relationships cannot
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Figure 4: Box plots comparing serum sBCMA protein levels among
RA patients with and without infections and healthy donors. Levels
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be established, and our retrospective analysis of cohort data
may also be at risk of selection, recall, and attrition bias.
Additionally, because of the small sample, our analyses did
not include additional factors that modify immune responses
in RA such as disease activity or medication use. Nonetheless,
we describe significant differences in biologically relevant
mediators of B-cell activation (CD40 and CD40L) and ASC
survival (sBCMA) and suggest that these findings may be
common in RA. Moreover, we have demonstrated an associ-
ation between a marker of ASC activity, serum sBCMA, and
relevant outcomes that are biologically and clinically associ-
ated with ASC function such as production of class-
switched immunoglobulins and occurrence of infections.
These findings prompt further investigation into ASC
biology in RA, as these clinically relevant outcomes may
relate to anomalies at the cellular level that are susceptible
to intervention [25].

5. Conclusion

Our study suggests that deficient ASC generation or survival
occurs in a subset of RA patients, a novel finding. Elucidat-
ing how ASC are regulated in RA may offer novel insights
into disease pathogenesis. We establish if soluble immune
receptors and factors linked to ASC activity may be used
to predict ASC-related clinical events (e.g., infection risk,
vaccination responses, and autoantibody production) and
inform personalized strategies to modify those outcomes.
Furthermore, examining the interplay between ASC func-
tion and immunomodulatory drugs may guide a better
choice of immunosuppressants and, in the future, provide
the basis upon which new preventive and therapeutic
approaches are developed.
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The cervix is divided into two morphologically and immunologically distinct regions, namely, (1) the microbe-laden ectocervix,
which is proximal to the vagina, and (2) the “sterile” endocervix, which is distal to the uterus. The two cervical regions are
bordered by the cervical transformation zone (CTZ), an area of changing cells, and are predominantly composed of cervical
epithelial cells. Epithelial cells are known to play a crucial role in the initiation, maintenance, and regulation of innate and
adaptive response in collaboration with immune cells in several tissue types, including the cervix, and their dysfunction can lead
to a spectrum of clinical syndromes. For instance, epithelial cells block progression and neutralize or kill microorganisms
through multiple ways. These (ways) include mounting physical (intercellular junctions, secretion of mucus) and immune
barriers (pathogen-recognition receptor-mediated pathways), which collectively and ultimately lead to the release of specific
chemokines and or cytokines. The cytokines subsequently recruit subsets of immune cells appropriate to a particular immune
context and response, such as dendritic cells (DCs), T, B, and natural killer (NK) cells. The immune response, as most biological
processes in the female reproductive tract (FRT), is mainly regulated by estrogen and progesterone and their (immune cells)
responses vary during different physiological phases of reproduction, such as menstrual cycle, pregnancy, and post menopause.
The purpose of the present review is to compare the immunological profile of the mucosae and immune cells in the ecto- and
endocervix and their interphase during the different phases of female reproduction.

1. Introduction

The female reproductive tract (FRT) can be divided into two
immunological regions, namely, the upper (endocervix,
uterus, and oviduct) and lower (vagina and ectocervix) FRT
[1]. While the lower FRT is associated with a heavy microbial
presence, the upper area is considered “sterile,” although this
theory has been recently challenged [2] (Figures 1 and 2).
Thus, each of the two regions has unique tissue-specific
immunological features and they both undergo specific alter-
ations during different physiological conditions (menstrual,
pregnancy, postpartum, and age), and collectively, they cre-
ate an immune response spectrum with two “opposite” ends

[3]. On one end of the spectrum, an immune response essen-
tial for protection against infection and other noxious envi-
ronmental insults is generated. On the other end of the
spectrum, and simultaneously, a symbiotic mutualism with
commensal microbes and immunological tolerance to allo-
genic sperm, as well as semiallogeneic fetus, is maintained
during pregnancy [3]. These complex immune responses
are largely orchestrated and regulated by the sex steroid hor-
mones, and dysregulation of these immune responses can
lead to various clinical complications, such as bacterial vagi-
nosis, vaginal candidiasis, cervical cancer, urinary tract infec-
tions, and preterm labor [4, 5]. The present review largely
focuses on the tissue-specific immunological alterations that
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take place in the ecto- and endocervix under different physi-
ological conditions.

The human cervix is a barrel-shaped structure with a
central canal and measures approximately 2 cm long. The
proximal end of the cervix is called internal os and opens
into the uterus without any obvious features to mark the
borders of the two tissues, whereas the distal end is called
external os and opens into the vagina [6]. The cervical
tissue has two dominant cell types in both endo- and ecto-
cervix consisting of (a) stromal and (b) epithelial cells.
These two cell types are separated by a basement mem-
brane [7]. The stromal tissue is predominantly made up
of fibroblasts, with smooth muscle, and scattered immune

cells, embedded in a collagen-rich extracellular matrix con-
taining hyaluronan and proteoglycans [8]. The present
review focuses on the two cell types that play a predomi-
nant role in local immune responses, namely, the cervical
epithelial and immune cells. Overall, both the cervical epi-
thelial and immune cells from the ecto- and endocervix
protect the upper FRT from bacterial infiltration through
various mechanisms. (a) The cervical epithelial cell mounts
a physical barrier through mucus and epithelial sheets.
These cells (epithelial) also generate specific immune
responses and collaborate with regular immune cells. (b)
The immune cells (resident and nonresident) orchestrate
both innate and adaptive immune responses [3, 9, 10].

Upper FRT

Lower FRT

Columnar 
epithelial Cervical transformation zone

Basal cellsSquamous stratified epithelial
(Ectocervix)

Simple columnar epithelial
(Endocervix)

Figure 1: Histology of the female reproductive tract (FRT). This figure illustrates the two immunologically distinct regions of FRT (see left
side), i.e., the pathogen-laden lower FRT, shown by the yellow arrow, and the “sterile” upper FRT (see blue arrow) and their respective
histological sections (see images in the middle and right side). Image credit of histological section: Human Protein Atlas, available from
http://v18.1.proteinatlas.org.

Squamous epithelium

Epithelial stem or stem-like cell

] Superficial layers
] Suprabasal layers
] Parabasal layer
] Basal layer

+ Microbial load

Endocervix CTZ Ectocervix
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Smooth muscle cell
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Basal membrane

Submucosa

Muscular

Serosae

Figure 2: Microscopic illustration of the cervix. The cervix is divided into the two main compartments, namely, the microbe-laden ectocervix
and “sterile” endocervix, which are bordered by the cervical transformation zone (CTZ) and their associated immune cells. The ectocervix
(and vagina, not shown) has squamous stratified epithelia, while endocervix (and uterus, not shown) has simple columnar epithelia.
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2. The Multi-Immune Facets of Cervical
Epithelial Cells

2.1. General Overview. Epithelial cells are the “first
responders” to come in direct contact with potential patho-
gens that infiltrate the FRT. As such, they have to be flexible,
nimble, and adaptive. Also, an effective communication
between epithelial and immune cells is critical in mounting
an effective protection against infection. For instance, FRT
epithelia, including that of the cervix, are capable of mount-
ing diverse innate and adaptive immune functions. Essen-
tially, the cervical epithelial cells have several immune
capabilities that are used to block ascension of pathogens to
the upper FRT. Notably, these include (1) mounting a phys-
ical immune barrier, (2) secreting antimicrobial, cytokine,
and chemokine factors, and (3) exhibiting some of the more
specialized innate and adaptive immune functions, such as
antigen presentation.

2.2. Cervical Epithelial Cell Mounts Physical Barrier against
Pathogens. The upper FRT is lined with a single layer of
columnar cells, while the ectocervix has a stratified layer of
cells covered by squamous epithelial cells. The two types of
epithelia (ecto versus endo) are separated by a junction with
squamocolumnar cells. The barrier properties of the mucosal
epithelia are regulated in part by adhesion molecules which
seal off the intercellular space between adjacent cells [11].
Thus, the integrity of epithelial barrier is maintained by inter-
cellular junctions that prevent the invasion of microbes. The
intercellular junctions present in the lateral membrane of
epithelial cells can be classified into three main types, namely,
tight or occluding junctions, adherent junctions (including
desmosome and hemi-desmosomes), and gap junctions
(communicating junctions). The second physical barrier
mounted by the cervical epithelia is the secreted mucus [12].

2.2.1. Cell Junctions in the Cervical Epithelia. An electron
microscopy study has demonstrated that classical tight
junctions comprise the principal intercellular junctions
between the simple columnar epithelial cells in the endo-
cervix [13, 14]. In contrast, the uppermost layers of the
stratified squamous ectocervical epithelium are devoid of
organized intercellular junctions [13, 14]. Moreover, junc-
tional molecules thought to be key regulators of epithelial
permeability, junctional integrity, and leukocyte infiltra-
tion, such as F11R (or JAM-A), E-cadherin, occludin, clau-
din-1, and TJP1 (or ZO-1), are abundant in the human
endocervix [13]. A lack of tight junctions in the lower
FRT does not only allow movement of small molecules
and pathogens between epithelial cells but also enables
immune cells, such as epithelial cervicovaginal Langerhans
cells or dendritic cells (DC), to do the same. Unsurprising
is the fact that the ectocervix and the vagina share a con-
tinuous morphologically identical mucosa layer, and there-
fore, the distribution of junctional molecules is similar in
both tissues. According to Blaskewicz et al., the most
robust junctions in the stratified squamous epithelium of
the ectocervix and vagina lie in the parabasal epithelium,
just above the basal layer in contact with the basement

membrane [13]. Adherent junctions were particularly
abundant within these cells. The integrity of the junctions
progressively lessens toward the apical surface, where epi-
thelial cells become cornified, lose all cellular contacts, and
are sloughed into the lumen [13]. The structure of tight
junctions is affected by hormones [15] as well as cytokines
[11]. For instance, our group has demonstrated that exoge-
nous vascular endothelial growth factor (VEGF), a potent
angiogenic factor, promotes paracellular permeability in cer-
vical epithelial cells during pregnancy [16]. Besides, tumor
necrosis factor-α (TNF-α), a signaling molecule, decreases
transepithelial resistance in uterine epithelial cells [17]. The
presence of gap junctions in cervical epithelial cells has been
scarcely studied [18, 19] (Figures 1 and 3).

2.2.2. Mucus as the Second Physical Barrier with
Antimicrobial Activity. The cervical mucus is produced by
goblet cells from pseudoglands and undergoes marked mod-
ifications that results in signature biochemical and biophysi-
cal characteristics at different stages of the cycle [12, 20].
Mucus is a mixture of various factors whose composition
and concentration vary across the cycle and during preg-
nancy. These factors include water, lipids, cholesterol, carbo-
hydrates, inorganic ions, and proteins (immunoglobulins,
plasma proteins, mucins, and enzymes) [12]. The changes
in mucus consistency during the menstrual cycle and or
pregnancy vary mucus’s ability to physically block ascen-
dancy of bacteria while permitting entry of sperm to the
upper FRT. For instance, the upper FRT is vulnerable to
infection during menstruation and childbirth when the
cervix opens to allow passage of menstrual flow and the
baby. Therefore, the immune response generated by the
cervix has to be flexible and nimble under the varying
physiological reproductive conditions, enabling the cervix
to play various key roles in female reproduction, notably
being the key immune “gate keeper” of the “sterile” upper
FRT (Figure 4).

Mucins are large glycoproteins that serve as the gel or
glue of the mucus and are, therefore, able to entrap and
immobilize pathogens, among other things, depending on
the thickness of the mucus [20]. There are more than 20 dif-
ferent mucins and are differentially expressed by goblet cells
depending on the location and menstrual status [20].
MUC4 and MUC5 (5AC, 5B) and MUC6 are the major
mucin proteins of the endocervical mucus, and their quan-
tity changes during the cycle [21]. Overall, the cervical
mucus acts as a semipermeable and antimicrobial barrier,
preventing access of pathogens to the upper genital tract
while simultaneously permitting sperm entry prior to ovu-
lation [20, 21] (Figure 4).

The antimicrobial and immune constituents of mucus
compliment the physical barrier mounted by cervical mucus.
These constituents cited earlier include immunoglobulins,
complement, antibodies, cytokines, antimicrobial proteins,
and immune cells [22], and their concentrations or levels dis-
play cyclic fluctuations [22, 23], whereas other molecules,
such as IL-6, IL-4, IL-12, IFN-γ, and T cell activity, do not
have cyclic variation [23, 24]. While these cyclic variation
in mucus composition increases vulnerability of the upper

3Journal of Immunology Research



FRT as they may result in ascendance of pathogens, the thin-
ning of the mucus during ovulation also allows for easier pas-
sage of sperm [12]. The combination of a physical and
immune barrier mounted by the mucus and epithelial sheet
is perhaps compensatory and potentiate the immune func-
tion by for instance slowing particle diffusion while allowing
time for biological defense [12].

2.3. Cervical Epithelial Cells Secrete Antimicrobial, Cytokine,
and Chemokines. Epithelial cells are known to secrete a con-
coction or cocktail of regulatory factors that either synergize
or complement each other, such as cytokines and chemo-
kines and a spectrum of antimicrobials, including lactoferrin,
lysozyme, complement, and defensins, along with immuno-
globulins A (IgA) and IgG that confer protection against

Ectocervix CTZ Endocervix

MUC1, MUC5AC, MUC5B, MUC6, 
MUC16

MUC4, MUC5AC, MUC5B, MUC6

Main ingredients of mucous
Water, lipids, cholesterol, carbohydrates, inorganic ions & proteins (immunoglobulins, mucins, plasma proteins, enzymes)

�훾

Figure 4: Profile and distribution of cervical mucus. This figure shows the main ingredients of cervical mucus and common and distinct
distribution of mucin in the ecto- and endocervix. Mucus provides a physical and chemical barrier against pathogens.

Ectocervix Endocervix

Claudin
Occludin
F11R (JAM-A)

Desmosomes
linked to 
intermediate 
filaments

Adherens 
junctions (AJ)
linked to actin 
filaments

TJ
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Figure 3: Profile of intercellular junctions in the cervix. This figure shows the profile and intercellular localization of interepithelial adhesion
molecules in the ecto- and endocervix. The most “potent” junctions in the stratified squamous epithelium of the ectocervix (and vagina),
namely, adherens junctions (AJ), are located in the parabasal layer, just above the basal layer. As epithelial cells transition toward the
apical surface, the junctions get “more loose.” In contrast, endocervical epithelia contain tight junctions (TJ) located close to the apical
surface and AJ just below the TJ. Desmosomes are the most basal junctions.
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pathogens [25–27]. For instance, the secretion of antimicro-
bial molecules in the cervical mucus provides an interesting
example of the synergy or interdependence between the
innate and adaptive immune functions. Several species of
bacteria in the mouse uterine lumen bind complement C3
produced by epithelial cells, which (complement C3), in turn,
facilitates the binding of IgA and IgG antibodies to the bacte-
ria, ultimately leading to a more efficient phagocytosis of bac-
teria by neutrophils [28]. Therefore, while the production of
complement components is an innate process, the antibodies
are part of the adaptive process that leads to protection [9]. It
has been shown that the expression of IgA and IgG in uterine
tissue is hormonally regulated [27]. The distribution of com-
plement receptor 3 (CR3) on the epithelia of the human
female genital tract has been described previously, as well as
the production of alternative complement components in
primary human ecto- and endocervical cells, which subse-
quently allows C3b deposition and its rapid conversion to
iC3b [29–32].

Generally, there appears to be a distinction in the compo-
sition of the antimicrobial of the lower FRT compared to the
upper FRT, a likely reflection of the unique functions of the
two tracts [4]. For instance, the upper FRT epithelial cells
secrete a battery of antimicrobial peptides, such as human
β-defensins (hBDs), secretory leukocyte protease inhibitor
(SLPI), lysozyme, tracheal antimicrobial peptide, macro-
phage inflammatory protein-3 (MIP3α/CCL20), trappin-
2/elafin, and cathelicidin [14], whereas the proteomic profile
of the pathogen-laden lower FRT includes SLPI, hBD-2,
human neutrophil peptide 1 (HNP1), HNP2, HNP3, lyso-
zyme, lactoferrin, surfactant A, and elafin (also known as
peptidase inhibitor 3) [4, 33] (Figure 5). Other common cer-
vical secretions include cytokines, such as IL-1β, IL-6, IL-10,
IL-18, CC-chemokine ligand 2 (CCL2), and vascular endo-
thelial growth factor (VEGF), whose levels are markedly
higher in the lower FRT, while IL-12, IL-15, macrophage
migration inhibitory factor (MIF), and dickkopf homolog 1

(DKK1) levels are very low in cervical secretions compared
to endometrial secretions [25]. Cytokines modulate diverse
physiological, inflammatory, and noninflammatory pro-
cesses and development, but they also modulate paracellular
permeability by restructuring tight junctions through a vari-
ety of different signaling pathways. For example, the proin-
flammatory cytokine tumor necrosis factor alpha (TNF-α),
transforming growth factor beta (TGF-β), and hepatocyte
growth factor (HGF) directly impaired tight junctions in a
number of epithelial and endothelial cell lines [11], including
uterine epithelium [17]. Recently, the current theory on the
immune specificity and distinctiveness between the two com-
partments of the FRT has been challenged [34] since many of
the proteins differentially secreted in the upper and lower
FRT, such as CCL2, IL-6, IL-10, IL-15, and IL-1β, are also
involved in immune cell migration and phenotype devel-
opment [25]. Consequently, the observed differences in
the secretion of specific proteins may regulate the varia-
tions in immune cell populations across the FRT [4]
(Figures 6 and 7).

2.4. Cervical Epithelial Cell as an Antigen-Presenting Cell. A
typical antigen-presenting cell (APC) has a major histocom-
patibility complex (MHC) class II molecule located on its
surface and exposes a processed antigen to CD4+ T cell,
which is the basis for driving T cell activation, proliferation,
and differentiation into effector cells [35]. APCs are bone
marrow-derived and include dendritic cells, macrophages,
and monocytes [36]. However, other cell types with demon-
strated antigen-presenting capacity include skin Langerhans
cells, liver Kupffer cells, and spleen dendritic cells [36]. Anti-
gen presentation by epithelial cells has been demonstrated at
several mucosal surfaces, including uterine epithelial cells
[37], as well as in uterine stroma and vagina [35]. Within
the FRT, epithelial cells express MHC class II molecules
[37, 38]. Sex hormones may play a role in regulating anti-
gen presentation [38], which is also regulated by epithelial
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peptide, MIP3�훼/CCL20, 
trappin-2/elafin and 

cathelicin

Figure 5: Antimicrobial peptide (AMP) profile and distribution in the ecto- and endocervix. Full names of abbreviations: human β-defensins
(hBDs), secretory leukocyte protease inhibitor (SLPI), lysozyme, macrophage inflammatory protein-3 (MIP3α/CCL20), surfactant A, and
elafin (also known as peptidase inhibitor 3).
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cell-derived cytokine, as demonstrated by the fact that
uterine epithelial cells produce transforming growth factor-
β (TGF-β) that suppresses underlying APCs in the uterine
stroma, in response to estradiol (E2) [39].

2.5. Cervical Epithelial Cells Express Various Pattern
Recognition Receptors. We have described earlier how the
epithelia of the FRT play a role against pathogens by (a)
mounting a physical barrier formed by cell junctions and
secreting mucus containing specific proteins, (b) secreting
cytokines, chemokines, and antimicrobials, and (c) as
antigen-presenting cells. Cervical epithelial cells also recog-
nize pathogen-associated molecular patterns (PAMPs) on
microbes (bacteria, parasites, and viruses) through pattern
recognition receptors (PRR) such as toll-like receptor (TLR)
family, retinoic acid-inducible gene 1 (RIG-I)-like receptors
(RLRs), and NOD-like receptors (NLRs) [40–42]. TLR2 and

TLR4 detect signals from gram-positive and gram-negative
bacteria, respectively [40–42], while NOD1 and NOD2medi-
ate signals from peptidoglycan moieties derived from gram-
positive and gram-negative bacteria, as well as from nonbac-
terial pathogens, such as viruses and protozoan parasites
[43]. RLRs mediate signals from a variety of viruses which
leads to the production of IFN-1 and induction of antiviral
responses [44]. The level of expression of these receptors is
higher in the upper FRT, considered “sterile” compared to
the lower FRT, which is pathogen-laden [4, 40]. Specific
bacteria-derived ligands (peptidoglycan, lipopolysaccharide)
bound to TLR increase the expression of inflammation medi-
ators, such as cytokines and chemokines (mentioned before)
[40]. Further, it has been shown that E2 alters the profile of
cytokine secretion in cultured cervical epithelial cells when
TLR2 and TLR4 signaling pathways are activated [40, 42],
and the nature of the response varies based on the type of
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Figure 6: Cytokine profile, distribution, and expression pattern in the ecto- and endocervix. Full names of abbreviations: interleukin
(1β, 6, 10, 12, 15, 18), vascular endothelial growth factor (VEGF).
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cytokine and duration of the coincubation of cells with E2
and TLR ligands [40]. The authors conclude that a complex
immune-modulatory role of E2 exists at the epithelial surface
and that such a role likely enables the mucosal layer of the
lower FRT to discriminate between commensals and patho-
gens and mount appropriate host defense against ascending
infection [40]. By contrast, TLR7, TLR8, and TLR9 are evenly
expressed throughout the upper and lower FRT. These recep-
tors detect single-stranded RNA (TLR7 and TLR8) and DNA
(TLR9). However, the exact signaling mechanisms remain to
be elucidated.

2.6. The Vaginal Microbiome. The vagina has been compared
to a nutrient-rich chamber for microbes [45]. These microbes
composed of different species (bacteria, viruses, fungi, and
protozoa) play a critical role in maintaining the overall health
of the vagina and prevent infections [45–47]. Disruption of
this microbial community could lead to vaginal infections,
as well as other urogenital complications and adverse preg-
nancy outcomes, among others [45, 48]. Factors that can
change the composition of vaginal microbiota are diverse
and include age, hormonal levels, genital infections, and
hygiene practices [45, 49]. To date, more than 50 microbial
species have been described in the vaginal tract, dominated
by Lactobacillus species (70% of the total) [50]. The key
members of the lactobacillus species include L. crispatus, L.
gasseri, L. inners, and L. jensenii [46]. This species (Lactoba-
cillus) has received considerable attention because of their
protective and probiotic properties [51], which in part is
exerted by producing factors that lower pH below 4.5 and
inhibit overgrowth of normal facultative anaerobes, namely,
lactic acid [52–55]. Other key species found in the vagina
include anaerobes (Gardnerella, Atopobium, Mobiluncus,
Prevotella, Streptococcus, Staphylococcus, Ureaplasma, and
Megasphaera) and commensal microorganisms, such as the
opportunistic fungus, Candida albicans [56]. Further studies
are needed to understand the underlying mechanism of the
interdependence between the FRT microbiota and the host,
which will be critical in promoting the reproductive health
of women.

3. Region-Specific Distribution and Function of
Immune Cells in the Mucosae of the Cervix

3.1. General Overview. As stated earlier, the vagina and ecto-
cervix, which constitute the lower FRT, are characteristically
heavily laden with microbes because they are directly
exposed to the external environment, in contrast to the “ster-
ile” upper FRT. As such, it should be expected that these two
regions will have different immunological profiles. Further,
immune cells in the two regions are overall believed to be pri-
marily regulated by sex hormones during menstrual cycle [4],
pregnancy, and postpartum [10] in a site-specific manner,
which is dependent on the type of factors present in the local
tissue microenvironment, such as growth factors, cytokines,
and chemokines [4, 10]. Generally, consistent with mucosae
of other tissues of the body, T lymphocytes are much more
abundant than B cells in the mucosae of the human cervix
[57, 58], and approximately 40% of the cervical T cells are

CD4+ T cells, the other 60% being CD8+ T cells [58]. Within
the CD4+ T cells located in the cervix, the majority (70%)
exhibit an effector memory or effector phenotype, compared
to about 60% of the CD8+ expressing an effector cell pheno-
type, which is consistent with the cervix being an effector site
for cell-mediated immunity and the tissue residency of cervi-
cal CD4+ and CD8+ T cells [10, 58]. In contrast, natural killer
(NK) cells are only 2.7% of the CD45+ of total immune cells
[3] and CD19+ B cells are only 0.9% of the immune cells [3,
58]. However, while Trifonova et al. attest that CD8+ T cells
are more numerous than CD4+ T cells, the specific local dis-
tribution of CD4+ and CD8+ T cells is still debatable [58].
The discrepancies between some studies in the specific pro-
portion of each leukocyte population could, in part, be attrib-
uted to the differences in the experimental designs of the
studies [57, 58], such as reproductive phase (menstrual cycle
vs. menopausal vs. gestation) and sample size [3].

Macrophage, dendritic cells (DCs), and other lymphocyte
lineage-negative cells (CD3, CD20, CD56, and CD16) are the
major immune cells in the cervix, ranging from 37 to 55% of
CD45+ mononuclear cells [58]. CD11+ macrophages are the
dominant cells at approximately 30% of CD14+ cells in
the cervix. The cervical DCs are slightly more prevalent
than peripheral blood DCs, which are less than 1% of
CD45+ cells [58].

3.2. Immune Cells in the Mucosae of the Ectocervix. T cells
(CD3+) are the most abundant leukocytes in the FRT and
are concentrated more in the lower FRT than the upper
FRT [4]. In the lower FRT, most T cells are believed to have
effector memory phenotype [58] and 35% of CD45+ mono-
nuclear cells are CD3+ T cells. Also, CD4+ T and CD1a+

immature DCs are significantly more abundant in the ecto-
cervix than in the vagina [58]. On the other hand, the
CD4+ and CD8+ T cells are equally abundant in the ectocer-
vix, in contrast to the endometrium where CD8+ T cells pre-
dominate [4]. Although NK and B cells are also present in the
ectocervix, they are much less prevalent than T cells [4]. NK
and granulocytes (CD66b+) are more abundant in the upper
FRT than in the lower FRT [4]. Both T and B cells are more
abundant in the ectocervix than the endocervix, correlating
positively with the microbial load [10, 58] (Figure 8).

Because the number of CD8+ T, B, and NK cells decrease
after menopause, immune cells in the human cervix are likely
regulated by hormones [59]. Myeloid APCs are also preva-
lent in both the human ecto- and endocervix [10]. In the
APC compartment, CD14+ cells are the most abundant, with
the largest populations being CD11c- macrophages followed
by CD11c+ cells, which encompass tissue DCs and/or mono-
cytes that have not yet been fully differentiated into macro-
phages [58]. Conventional DC subsets are also detected in
the CD14- subset of APCs; however, their abundance,
although greater than in the peripheral blood, is much lower
than that of the CD14+ cells [58]. Despite the characteriza-
tion of these human cervical immune cells, the underlying
regulatory mechanisms of their differentiation and functions
by systemic and local immune signals remain to be studied.
The fact that Pudney et al. were able to detect higher concen-
trations of CD8+ and TIA1+ T lymphocytes in the ectocervix
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and cervical transformation zone (CTZ) suggests that these
could be major effector sites of cytotoxic T lymphocyte
responses [60]. Also, because the ectocervix and CTZ contain
the highest number of antigen-presenting cells, they could
also likely be the best location for the induction of cell-
mediated immune responses in the lower FRT [60].
Although B cells are a minor cell population throughout
the female reproductive tract, IgG- and IgA-producing
plasma cells are predominantly localized in the cervix and,
to a lesser extent, the vagina. Specifically, cervicovaginal
secretions are characterized by greater amounts of IgG than
IgA, and both are hormonally regulated [14].

DCs are the most potent antigen-presenting cells and as
such play a major role in the uterine defense [61] by activat-
ing naïve T cells, an essential step in initiating adaptive
immune response [61]. DCs have been predominantly seen
in the basal and suprabasal regions, and their dendritic
nature was more prominent in the basal layers of the strati-
fied squamous epithelia of the ectocervix and the CTZ [61].
DCs have also been described in the intermediate layer
with no typical dendritic processes [62]. Although the spe-
cific function of these cells remain unknown, Rabi et al.
have proposed that they maybe nondendritic accessory
antigen-presenting cells [62]. The distribution of DCs in
the subepithelium is not uniform, and they (DCs) migrate
from this location to the epithelium where they encounter
the antigens [62].

3.3. Immune Cells in the Cervical Transformation Zone
(CTZ). The CTZ represents an abrupt transition between
the immunologically distinct regions of the lower and upper

FRT, namely, the ecto- and endocervix [60, 63]. It (CTZ)
appears to be an immunocompromised region as it is a site
of multiple pathogenic conditions, including HIV and meta-
plastic squamous epithelium, which both develop at the
squamocolumnar junction. It is, therefore, rather surprising
that few studies have specifically examined cells from this
immunologically strategic region. Indeed, it has been shown
as a preferential localization of lymphocytes and APCs to
the cervical CTZ, in essence, mounting the “last” line of
defense and “drawing the line” between the pathogen-laden
ectocervix (lower) and the “sterile” endocervix (upper FRT)
[60]. Specifically, it has been shown that CD8+ and TIA1+

T cells accumulate in the CTZ, implying that the CTZ func-
tions as the “last” immunological barrier to ascending
microbes. However, and surprisingly, this site, which has a
higher concentration of CD4+, is the preferred site of
HIV-1 infection [60] and greater than 90% of cervical can-
cers originate from it [64]. It is still unclear why such an
immune cell-rich region and strategic immunological “bor-
der” or landmark is highly susceptible to diseases and
malignant tumor (Figure 8).

3.4. Immune Cells in the Mucosae of the Endocervix. The pop-
ulation density of T cells and macrophages in the endocervix
is much lower than that of the ectocervix, where CD8+ pre-
dominates [4, 60]. The endocervix contains numerous IgA+

and IgM+ plasma cells that mediate humoral immune
response [60]. Furthermore, no CD1A+ dendritic cells are
observed or localized in the epithelia, glands, or lamina pro-
pria of the endocervix [60]. Also, interestingly, no differences
were observed in the number and pattern of leucocyte
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localization during the proliferative versus secretory phases
of the menstrual cycle or in postmenopausal women [60].
Nonetheless, sex hormones are believed to influence the
functions of immune cells [60] (Figure 8).

As stated earlier, the ecto- (or lower FRT) and endocervix
(or upper FRT) are two immunologically distinct regions,
with some variation in the profile of immune cell subpopula-
tions. For instance, CD3+ and B cells are twice as much in the
ectocervix compared to the endocervix [58], and addition-
ally, both CD4+ and CD8+ T cells are more prevalent in the
ectocervix than the endocervix [58]. However, there are also
some similarities between the two regions. For instance, the
number of NK cell subsets of CD56brightCD16- and
CD56dimCD16+ is not significantly different between the
endo- and ectocervix, and generally, the IL-22-producing
NK cells, known to play a key role in mucosal immunity,
are very rarely detected in the cervix [58]. A summary of
the review is provided in Figure 8.

4. Immune Profile in the Ecto- and
Endocervix during Different
Reproductive Phases

4.1. General Overview. Estradiol (E2) and progesterone (P),
which are secreted by the ovaries during menstrual cycle
and pregnancy, are the primary regulators of the cellular
function (epithelial, fibroblasts, myometrial, and immune)
of the FRT [57, 65]. The immune cells, which include natural
killer (NK) cells, macrophages, dendritic cells, and T cells, are
the main cells responsible for fighting infections, while simul-
taneously ensuring a successful conception and subsequent
development and birth of the fetus [4, 40, 66]. Specifically,
the immunological effects of the two hormones (E2 and P)
are contradictory, i.e., while P exerts anti-inflammatory
effects by inducing the transcription of proteins and growth
factors that mitigate inflammation and promote repair in
mucosae [66], E2, on the other hand, regulates the activity
of different inflammatory transcriptional factors, such as
AP-1, SP1, STAT, and vitamin D receptor in human uterine
cells [44], as well as alters the immune response of cervical
epithelial cells [40].

4.2. Menstrual Cycle. The menstrual cycle is divided into two
main phases: (1) the proliferative (FRT) or follicular phase
(ovarian) and (2) the secretory (FRT) or luteal phase
(ovarian) [67]. As stated earlier, the changes and fluctua-
tions in hormonal levels during the menstrual cycle have a
profound region-specific effect on the functional status of
the immune system of the FRT, including the cervix [4].

For instance, at midcycle (ovulation), when E2 levels
are high, the production of antimicrobial peptides is inhib-
ited in the lower FRT, thus creating a window of vulnera-
bility for infection [68]. On the other hand, the activity of
cytotoxic cells in the upper FRT is reduced at a time when
the production of antimicrobial peptides is enhanced, thus
optimizing conditions for successful implantation [58, 68].
Furthermore, during the proliferative stage of the men-
strual cycle (prior to ovulation), cervical/vaginal secretions
contain higher levels of antimicrobial peptides compared

to other phases of the cycle [68], thus complementing
and reinforcing its defense barrier capabilities against
microorganisms, besides its immunomodulatory effects.

The proliferative phase is also characterized by angio-
genesis and the regeneration of the endometrial and cervi-
cal tissue and the concentration of immune cells in the
endometrium diminish during this time [65]. In contrast,
in the lower FRT, fluctuations in the levels of sex hor-
mones do not affect the number of immune cells, which
remain constant throughout the cycle [60]. Around the
midcycle, when uterine angiogenesis peaks, recruitment
of innate immune cells such as NK cells, neutrophils,
and macrophages in the uterus is facilitated [4]. This
recruitment is mediated by cytokines, chemokines, and
growth factors, which are mainly produced by uterine
endometrial cells and fibroblasts under the influence of
both sex steroids [65]. Overall, 40-50% of leukocytes in
the FRT are T cells [57, 58, 69], and during the prolifera-
tive phase, most T cells in the endometrium are dispersed
or are concentrated in small aggregates in the stroma or as
epithelial lymphocytes [4]. Lymphoid aggregates (LA)
structurally have a core of B cells in the center surrounded
by CD8+ T cells and encapsulated by macrophages [70].
These immunoaggregates are formed in the endometrium
but not in the ectocervix or the lower FRT, in the absence
of an infection [70]. They (LAs), however, peak in size
midcycle and persist during the secretory phase and may
provide protection against secondary infections or may
play a role in maintaining the T cell repertoire and pre-
vent the loss of resident memory cells during menstrua-
tion [4, 70].

During the late secretory phase and menstruation,
which is associated with a decrease in sex steroids and
subsequent initiation of inflammatory response, the num-
ber of immune cells increases in the endometrium [57,
65, 71]. These inflammatory responses include decreased
prostaglandin metabolism, loss of protection from reactive
oxygen species (ROS), and increased synthesis of proin-
flammatory prostaglandins, cytokines, chemokines, and
matrix metalloproteinases (MMP), which result in recruit-
ment of leukocytes. Collectively, these actions lead to tis-
sue breakdown and the characteristic bleeding associated
with menstruation [71].

Macrophages on the other hand only represent about 10-
20% of the FRT leukocytes [4, 57, 58]. However, they are
more abundant in the stroma of the endometrium than the
endocervix or the ectocervix, and their number remains sta-
ble during the proliferative phase [4]. Uterine NK cells repre-
sent around 30% of leukocytes during the window of
implantation and increase in number during the secretory
phase and populate the endometrium before pregnancy [65,
72]. It is still unclear how exactly the number of NK cells
increases [4]. Overall, a plethora of immune cells, including
neutrophils, NK cells, macrophages, eosinophils, and DCs,
migrate into the uterus in response to hormonal changes
[71, 73]. For instance, P withdrawal triggers menstruation
and an inflammatory response in the endometrium, leading
to an influx of leukocytes that mediate tissue breakdown
and repair [4].
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4.3. Postmenstrual Cycle. During menopause, the fluctuation
of sex hormones declines and their levels remain low and
constant [74]. These hormonal alterations lead to various
changes, notably a progressive dysregulation of the systemic
immune system that leads to increased susceptibility to infec-
tions and malignancies and reduced responses to vaccination
and increased general inflammation [75]. Moreover, women
appear to lose their immunological advantage after meno-
pause, since in aging, they are more susceptible to infections
and to develop inflammatory diseases [68]. The specific
changes in the systemic immune system include a decreased
CD4+ : CD8+ cell ratio, increased number of differentiated
effector and memory T cells, depletion of naive T cells, and
decreased frequency of B cells [75]. Natural killer (NK) cells,
which fight against viral pathogens and tumors, increase with
age [75]. However, they (NK cells) exhibit a decrease in cyto-
toxicity and in their ability to produce cytokines [75, 76].
Aging is also associated with increase in levels of proinflam-
matory cytokines, which consequently leads to an increased
inflammatory state [75]. Specifically, in postmenopausal
women, there are higher levels of serum proinflammatory
cytokines, such as monocyte chemoattractant protein 1
(MCP1/CCL2), tumor necrosis factor alpha (TNFα), and
IL-6 and free radicals [59]. On the other hand, CD4+ T and
B lymphocytes and cytotoxic activity of NK cells typically
decrease [59] (Table 1).

A plethora of immune factors, dependent on estrogen,
are downregulated during menopause. These include loss of
toll-like receptor (TLR) function, decreased secretory antimi-
crobial components, lack of cervical mucus production, alter-
ations in commensal lactobacilli and acidity of vaginal
microenvironment [75], and a general senescence of immune
cells [77]. Specific changes in the cervix associated with
senescence of immune cells include loss of dendritic cells
and resident memory T cells [77]. Further investigation is
needed to evaluate the immune response of postmenopausal
woman in the cervix.

5. Conclusions

The cervix plays a complex balancing act in female reproduc-
tion under the influence of sex steroid hormones, by acting as
the pathogen and germ/fetal “gatekeeper,” i.e., on the one
hand it blocks ascension of pathogens to the upper FRT,
while allowing that of the sperm and elimination of
menstrual fluid and fetal passage at birth. Dysfunction of this
complex role could lead to serious gynecological and obstet-
rical complications, such as development of polyps and cysts,
dysplasia, cancer and cervical incompetence, urinary tract
infections, bacterial vaginosis, candidiasis, and viral infec-
tions. Development of effective therapies to these disorders
will depend on a comprehensive understanding of the under-
lying molecular mechanisms governing the immune
response of local mucosal and immune cells during the dif-
ferent female reproductive phases. New technologies, such
as metagenomics, metabolomics, and transcriptomics,
should help delineate these complexities.
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Rationale. Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic interstitial lung disease, with high mortality. Currently, the
aetiology and the pathology of IPF are poorly understood, with both innate and adaptive responses previously being implicated in
the disease pathogenesis. Heat shock proteins (Hsp) and antibodies to Hsp in patients with IPF have been suggested as therapeutic
targets and prognostic biomarkers, respectively. We aimed to study the relationship between the expression of Hsp72 and
anti-Hsp72 antibodies in the BAL fluid and serum Aw disease progression in patients with IPF. Methods. A novel indirect
ELISA to measure anti-Hsp72 IgG was developed and together with commercially available ELISAs used to detect Hsp72
IgG, Hsp72 IgGAM, and Hsp72 antigen, in the serum and BALf of a cohort of IPF (n = 107) and other interstitial lung
disease (ILD) patients (n = 66). Immunohistochemistry was used to detect Hsp72 in lung tissue. The cytokine expression
from monocyte-derived macrophages was measured by ELISA. Results. Anti-Hsp72 IgG was detectable in the serum and
BALf of IPF (n = 107) and other ILDs (n = 66). Total immunoglobulin concentrations in the BALf showed an excessive
adaptive response in IPF compared to other ILDs and healthy controls (p = 0 026). Immunohistochemistry detection of C4d
and Hsp72 showed that these antibodies may be targeting high expressing Hsp72 type II alveolar epithelial cells. However,
detection of anti-Hsp72 antibodies in the BALf revealed that increasing concentrations were associated with improved
patient survival (adjusted HR 0.62, 95% CI 0.45-0.85; p = 0 003). In vitro experiments demonstrate that anti-Hsp72
complexes stimulate macrophages to secrete CXCL8 and CCL18. Conclusion. Our results indicate that intrapulmonary
anti-Hsp72 antibodies are associated with improved outcomes in IPF. These may represent natural autoantibodies, and
anti-Hsp72 IgM and IgA may provide a beneficial role in disease pathogenesis, though the mechanism of action for this
has yet to be determined.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is the most common
interstitial lung disease (ILD) with an estimated prevalence
of 10-60 cases per 100,000 people worldwide [1]. IPF is
characterised by irreversible and progressive fibrosis, with a
specific histological feature, namely, usual interstitial pneu-
monia (UIP). Compared to other ILDs, IPF has the poorest
prognosis but a highly variable clinical course [2–4]. A mul-
tidisciplinary approach to diagnosis is required, and a
confident diagnosis may require patients to undergo lung

biopsy. Currently, the mechanisms underpinning disease
progression are poorly understood, but it is thought that an
unidentified inflammatory incident may lead to a continuous
and disruptive immune response with excessive alveolar
epithelial cell (AEC) death and aberrant reepithelisation with
type II AECs [5].

A role for IgG in IPF pathology was originally postulated
when detection of complement activation through the classi-
cal pathway was seen in the pleural space [6] and immune
complexes were shown in the alveolar fluid of IPF patients
[7]. Both humoral and cell-mediated immunity have been
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implicated in the pathogenesis of IPF. Heightened circulating
concentrations of CXCL13 [8] and lung parenchymal prolif-
erative B cell aggregates with dendritic cells forming germinal
centers [9, 10] indicate the presence of an active humoral
response. This has led to the hypothesis that B cells con-
tribute to the pathogenesis UIP and is the rationale for
B cell-targeted therapies in IPF [11]. It has been further
hypothesised that this humoral response may be autoim-
mune in nature. Previous studies have demonstrated that T
cells isolated from IPF patients can proliferate in response
to lung-derived autoantigens indicating a breakdown in
self-tolerance [12–15]. Further to this, it was observed that
CD4+ T cells only proliferated in response to protein samples
prepared from IPF lung tissue and not healthy tissue [15].
Circulating autoreactive IgG, against a 70-90 kDa alveolar
epithelial cell (AEC) antigen, was first detected in IPF
patients by Wallace et al. [16, 17]. More recently, circulating
antibodies to Hsp72 were shown to be associated with poorer
outcomes in IPF [14] but have not yet been validated in
independent cohorts. A number of other autoreactive IgG
antibodies have been described that similarly target AEC
antigens including annexin-1 [18] and cytokeratins-8 and
-19 [19, 20], periplakin [21], and vimentin [22] BPIFB1
[23]. Certain autoantibodies detected in IPF have also been
described as having functional effects, with anti-Hsp72 IgG
from IPF patients inducing the secretion of CXCL8 and
expression of CD69 in monocytes [14]. The transfer of auto-
antibodies to BPIFB1 into Rag-/- mice did not result in ILD.
However, the transfer of BPIFB1-specific CD4+ cells led to
spontaneous ILD induction which was not observed in mice
with intact immune systems [23]. This suggests that a break
in T cell tolerance could lead to the development of ILD.
However, others have suggested that autoantibodies in ILD
may be epiphenomenal [24].

The presence of IgG autoantibodies is generally consid-
ered to represent a breakdown of self-tolerance and is
associated with pathological consequences. Alternatively,
these antibodies may instead represent IgG “natural” autoan-
tibodies that have been described in healthy individuals [25]
and may have a role in maintaining homeostasis. Natural
autoantibodies are recognised as being polyreactive with
low affinities [26] and recognise highly conserved molecules
[27]. In COPD, natural autoantibodies have been seen to
target similar antigens as those previously detected in
IPF, including cytokeratin-18, as well as disease-specific
autoantibodies such as against collagen 5 [28]. Therefore,
there is some evidence for the presence of natural autoanti-
bodies in ILD. The compartment, circulating versus tissue,
in which these postulated natural IgGs are expressed, may
provide insights into their role. In addition, the presence of
autoantibodies in the serum of IPF patients may provide a
novel means of prognosticating IPF patients. Detection of
anti-Hsp72 [14] and anti-periplakin IgG [21] have been
(independently) linked to poorer outcomes in IPF; however,
anti-Hsp72 IgG has yet to be validated and anti-periplakin
IgG was undetectable in a different cohort of IPF patients
[29]. We hypothesise that elevated anti-Hsp72 IgG will asso-
ciate with IPF disease progression and will induce immune
cells to promote a fibrotic response.

2. Methods

2.1. Patient Demographic and Ethical Consent. Ethical
permission was granted from the NHS Lothian Research
ethics board (LREC 07/S1102/20 06/S0703/53). Participants
were incident cases attending the Edinburgh Lung Fibrosis
Clinic. Serum samples were obtained at first presentation to
the clinic, and BAL was obtained within the first 12 months
of first presentation, patient demographics used in this study
are in Table 1. All diagnoses of ILD were made by multi-
disciplinary consensus according to ATS/ERS consensus cri-
teria [30]. “Other ILD” comprises a group of non-IPF ILD
patients with the disease breakdown of 13 patients with
hypersensitivity pneumonitis (HP), 11 patients with idio-
pathic nonspecific interstitial pneumonia (NSIP), and 42
patients with “unclassifiable” disease. “Unclassifiable” ILD
refers to disease that (i) was idiopathic, (ii) did not fulfil CT
criteria for definite IPF or possible IPF and have a radiologi-
cal pattern that is compatible but not diagnostic of at least
one of the recognised forms of interstitial pneumonia, and
(iii) is not biopsied. These unclassifiable entities are further
divided into those with and without fibrosis based on CT
imaging [4]. Serum and bronchoalveolar lavage (BAL) sam-
ples were taken with permission from 157 ILD patients; IPF
disease progression was defined as a decrease of ≥10% in lung
function as measured by vital capacity (VC) or pulmonary-
related death in the twelve months postsampling [2, 3].
“Control” bronchoalveolar lavage and serum were obtained
from subjects that required bronchoscopy for isolated hae-
moptysis but had no evidence of lung disease based on CT
imaging and are referred to as “healthy controls.”

2.2. Immunoassays. Commercial anti-Hsp72 IgG assays
were not available at the time of study; thus, anti-Hsp72
IgG was measured using an in-house optimised indirect
ELISA, using the ILD patient serum as a source for the
anti-Hsp72 IgG standard. The serum from 5 patients was
pooled to generate the anti-Hsp72 IgG standard and was
determined using the method described below and identified
by the increased 450nm OD readings measured. To briefly
describe, 100 ng/ml recombinant (r)Hsp72 (SignalChem,
H34-54H) was incubated overnight at 4°C in an ELISA plate.
Between each of the following steps, 3 washes were made
using PBS with 0.1%Tween. ELISA plates were blocked using
RD (R&D DY995, 10x reagent diluent diluted 1 : 10 in PBS).
Patient samples were optimised for the assay; serum samples
were diluted 1 : 1000 and BALf samples 1 : 100 in RD and
incubated for one hour (samples outside the standards were
reanalysed with more appropriate dilutions as required).
Detection of anti-Hsp72 IgG was performed using a biotin-
conjugated anti-human IgG (Vector Laboratories, BA-
3000), incubated for 2 hours. HRP-conjugated streptavidin
(R&D Systems, sourced from other commercial ELISA kits)
was incubated at the appropriate concentrations, and TMB-
HRP reactions were measured using a BioTek Synergy H1
Hybrid Plate Reader.

ELISAs for CXCL8 (DY208), Hsp72 (DY1663), and
CCL18 (DY394) were sourced from R&D (Abingdon, UK).
ELISA for total IgG (88-50550), total IgA (88-50600),
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and total IgM (88-50620) was sourced from Affymetrix
eBioscience (High Wycombe, UK). ELISAs for anti-
Hsp72 IgGAM (ADI-EKS-750) were sourced from Enzo
Life Sciences (Exeter, UK). These ELISAs were used fol-
lowing the manufacturers’ protocol.

2.3. Protein G Isolation of IPF Patient IgG. BALf IgG from 6
IPF patients was purified using Protein G (Thermo Fisher
Scientific, #20398). For each patient, 4ml of BALf was diluted
1 : 1 with Protein G binding buffer (Thermo Fisher Scientific,
#21011) and allowed to gravity filter through Protein G
agarose. Purified IgG was eluted using 2ml elution buffer
(Thermo Fisher Scientific, #21004), and the pH was stabilised
with 100μl Tris (pH8).

2.4. MDM Cell Culture. PBMCs were isolated from whole
blood using a standard Ficoll-Paque isolation method.Whole
blood was diluted 1 : 1 with sterile PBS. Diluted whole blood
was then layered over Ficoll at a 3 : 1 ratio of volume (3ml
of blood per 1ml of Ficoll). Samples were then centrifuged
at 1500g for 20 minutes without braking. After centrifuga-
tion, cells were collected, washed in PBS, and counted prior
to monocyte isolation.

CD14+/CD16-, CD14-/CD16+, andCD14+/CD16+mono-
cytes were negatively selected from the PBMCs using a
Pan-monocyte isolation kit (Miltenyi Biotec, 130-096-537)
following the manufacturer’s protocol. Isolated monocytes
were differentiated into MDMs by culturing them for 4 days
in a 96-well culture plate in IMDM supplemented with 10%
FBS, 1% L-glutamine, 100μg/ml penicillin, 100 IU/ml strep-
tomycin, 2% AB serum, and 5ng/ml M-CSF. Following
4 days of culture, MDMs were treated with the following
conditions for 24 hours: untreated, 100 ng/ml Hsp72 (Sino
Biological, 11660-H07B), 1μg/ml and 10μg/ml monomeric
Hsp72 IgG (mouse monoclonal IgG1, Abcam, ab47455),
1μg/ml and 10μg/ml of monomeric isotype IgG1 (Abcam,
ab91353), 1μg/ml and 10μg/ml Hsp72-IgG complex (gener-
ated by incubating the Hsp72 and Hsp72 IgG1 antibody at a
1 : 3 ratio for 20 minutes prior to MDM treatment), 50 ng/ml

LPS, and 1μg/ml IPF patient BALf IgG (with and without
preincubation with 100 ng/ml Hsp72). Cell culture super-
natant was retrieved after 24 hours of MDM cell treatment
for analysis.

2.5. Immunohistochemistry. Immunohistochemistry for Hsp72
and C4d was performed on UIP and chronic HP lung
biopsies. Hsp72 staining was performed by the SURF
Immunohistochemistry using a BOND-MAX Automated
Immunostainer at the QMRI, Little France, Edinburgh.
C4d staining was performed using a BOND-MAX Auto-
mated Immunostainer by NHS Lothian at Edinburgh
Royal Infirmary. Hsp72 staining used a peroxidase-DAB
method, and C4d staining used an alkaline phosphatase
staining method.

2.6. Statistical Analysis. Nonparametric statistical tests were
used where indicated. Kaplan-Meier (KM) survival and a
Cox proportional hazard regression analysis were used for
patient survival analysis, and hazard ratios (HR) adjusted
for patient clinical data were made.

3. Results

3.1. Total IgG Is Elevated in IPF Patient BALf but Decreased
in the Serum Compared to Healthy Controls. IPF is not
considered a classical autoimmune disease; however, it has
been reported that IPF patients express some features of
classical autoimmunity such as elevated CXCL13 expression
[8]. Increased titre of circulating IgG is a feature of classical
autoimmune diseases such as systemic lupus erythematosus
and rheumatoid arthritis [31, 32]. Therefore, we measured
total IgG and IgA in the serum and BAL fluid (BALf) of a
cohort of IPF patients; non-IPF ILD patients, henceforth
referred to as “other ILD”; and healthy controls. IPF patients
were found to have elevated IgG compared to both other ILD
patients and healthy controls (Figure 1(a), p = <0 0001). Both
IPF and other ILD patients had elevated serum IgA com-
pared to healthy controls (Figure 1(b), p = 0 016). In the
IPF cohort, patients can be split into “progressor” and

Table 1: Patient demographics.

All IPF patients
(n = 107)∗

IPF progressors
(n = 30)

IPF nonprogressors
(n = 52)

Other ILDs
(n = 66)

Healthy controls
(n = 19)

Sex (% male) 73.8 83.3 67.3 57.6 42.1

Median age at BAL (+range) 73 (51-87) 71.5 (51-85) 73 (57-85) 64 (41-81) 66 (44-70)

BAL tested (%) 63.6 76.7 71.1 56 36.8

BAL baseline % predicted vital capacity (VC)
mean ± SEM 89 7 ± 2 7 83 5 ± 4 5 92 4 ± 3 3 88 7 ± 3 1 99 3 ± 5 3

BAL baseline % predicted TLCO mean ± SEM 53 8 ± 1 8 51 0 ± 2 7 55 5 ± 2 3 57 0 ± 2 4 n/a

Median age at serum (+range) 74 (51-89) 74 (51-89) 74 (52-87) 65 (31-85) 66 (44-87)

Serum tested (%) 76.6 93.3 94.2 78.8 79.0

Serum baseline % predicted vital capacity (VC)
mean ± SEM 86 4 ± 2 4 79 7 ± 3 7 90 2 ± 3 1 87 1 ± 2 8 99 3 ± 5 3

Serum baseline % predicted TLCO mean ± SEM 53 4 ± 1 8 46 1 ± 3 4 49 1 ± 1 9 57 6 ± 2 2 n/a
∗At the time of analysis, 25 of the 107 IPF subjects had not been followed up for at least 12 months; hence, there are 30 progressors, 52 nonprogressors,
and 25 not determined at the time of analysis.
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“nonprogressor” subgroups, with IPF progression defined as
≥10% loss in VC or IPF-related death within 12 months of
sampling. When the IPF cohort was split into these two
subgroups, it was found that IPF progressors had an ele-
vated concentration of serum IgG (p = 0 043). Conversely,
in the BALf, elevated concentrations of IgG and IgA were
found in IPF patients compared to healthy controls
(Figures 1(c) and 1(d), IgG p = <0 0001, IgA p = 0 026).
IPF patients were also found to have elevated IgG, but
not IgA, compared to other ILDs. When comparing IPF
patient subgroups, no differences were found in the BALf
immunoglobulin concentrations.

3.2. The Distribution of Hsp72 Expression in IPF. Previous
work has demonstrated the presence of anti-Hsp72 antibod-
ies in IPF patients [14]; therefore, we measured concentra-
tions of the target antigen in the serum and BALf of ILD
patients and healthy controls (Figures 2(a) and 2(b)).
Hsp72 was found to be elevated in the serum of IPF and other

ILD patients compared to controls (Figure 2(a) p = 0 002),
with no difference between ILD patient subgroups. Hsp72
concentrations measured in the BALf were not signifi-
cantly different between ILD patients and healthy controls
(Figure 2(b)).

Lung biopsies of 8 IPF patients showed high expression
of Hsp72 in type II hyperplastic AECs near fibrotic foci
(Figure 2(d)). Hsp72 was detectable in all samples but varied
between patients. Hsp72 expression was also detected in
bronchial cells, immune cells (macrophage and lymphoid
cells), and the extracellular compartment.

C4d is a downstream product of the IgG-activated
complement classical pathway and has previously been used
as a marker of antibody-mediated rejection in transplants
[33]. Therefore, detection of C4d deposition can be used to
indicate the presence of IgG. We found a similar pattern of
detection of C4d compared to Hsp72 in the IPF patient lung
biopsies. This may therefore suggest the presence of anti-
Hsp72 antibodies in IPF patient lungs.
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Figure 1: Total IgG and IgA concentrations in the serum and BALf were elevated in IPF. Total IgG was found to be significantly elevated in
the serum of IPF patients compared to other ILD patients and healthy controls ((a) p = <0 05). IPF and other ILD patients had elevated IgA
compared to healthy controls ((b) p = 0 016). BALf concentrations of IgG were elevated in IPF compared to other ILDs and healthy controls
((c) p = <0 001 and p = <0 0001, respectively; other ILDs to healthy controls not significant by Kruskal-Wallis). BALf concentrations of IgA
were elevated in IPF compared to healthy controls ((d) p = 0 026; other ILDs to healthy controls not significant by Kruskal-Wallis). IPF
progressors had elevated serum IgG compared to nonprogressors (p = 0 043). No differences were seen between IPF subgroups in serum
IgA or BALf IgG or IgA. Statistical analysis between patient cohorts and healthy controls was performed using the Kruskal-Wallis test
with Dunn’s posttest. Comparison between IPF progressors and nonprogressors was analysed with the Mann-Whitney U test.
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3.3. Decreased BALf Anti-Hsp72 IgG and IgGAM Is
Associated with Disease Progression. To test whether
increased anti-Hsp72 antibody expression could be a deter-
mining factor in IPF progression, we measured anti-Hsp72
IgG concentrations in the serum and BALf using both an
in-house optimised ELISA and a commercially available
anti-Hsp72 IgGAM ELISA (Figure 3). No significant differ-
ence was observed between IPF patients, other ILD patients,
and healthy controls in anti-Hsp72 IgG serum concentra-
tions (Figure 3(a), p = 0 72) or anti-Hsp72 IgGAM concen-
trations (Figure 3(b), p = 0 24). There was no difference in
anti-Hsp72 IgG or IgGAM serum concentrations when
patients were split into progressors and nonprogressors
(Figures 3(a) and 3(b)).

No significant difference was observed in BALf anti-
Hsp72 IgG between IPF and other ILD patients (Figure 3(c),
p = 0 084). Anti-Hsp72 IgGAM was not measured in other
ILD patient serum and BALf. We observed significantly
lower concentrations of anti-Hsp72 IgG (Figure 3(c), p =
0 014) and anti-Hsp72 IgGAM (Figure 3(d), p = 0 005) in
IPF progressors compared to nonprogressors.

3.4. Increased Concentrations of BALf Anti-Hsp72 IgGAM,
but Not Anti-Hsp72 IgG, Are Associated with Increased
Patient Survival. Antibody concentrations did not associate
with disease severity (as measured by patient percentage
predicted VC and TLCO values, supplementary Figure 1).
However, anti-Hsp72 antibodies in the BALf were elevated
IPF patients who were nonprogressors compared to
progressors. We analysed the association between BALf
anti-Hsp72 antibody (and total IgG and IgA) concentrations
and patient survival.

Patients were dichotomised into high expressing and low
expressing patients according to the median value to generate
a Kaplan-Meier (KM) survival curve (Figure 4). In the unad-
justed model, lower concentrations of IgA but higher concen-
trations of anti-Hsp72 IgGAM were found to associate with
increased patient survival (Figure 4; IgA HR=2.085, p =
0 048; anti-Hsp72 IgGAM HR=0.44, p = 0 018).

Using a Cox proportional hazard model, and after
adjusting for age, sex, smoking status, percentage-predicted
VC, and percentage-predicted TLCO, no significant associa-
tion was identified for total BALf IgA and survival but
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Figure 2: Elevated expression of Hsp72 in IPF patients occurred in lung epithelia and coincided with C4d deposition. IPF patient serum and
BALf was measured for Hsp72 using a commercial ELISA (IPF n = 82, other ILDs n = 38, healthy controls n = 22). Serum concentrations of
Hsp72 were elevated in ILD patients compared to healthy controls ((a) p = 0 002). Hsp72 concentrations in the BALf were normalised to total
albumin content, and no difference was seen between ILD and healthy controls ((b) p = 0 059). Immunohistochemistry detection of Hsp72
and C4d was performed on 8 IPF biopsies with UIP ((c) unstained control, (d) Hsp72 detection, and (e) C4d detection). Detection of
Hsp72 and C4d was seen in hyperplastic alveolar epithelia (denoted by blue arrows) near areas of fibrotic foci (FF). Statistics was
performed using a Kruskal-Wallis test with Dunn’s posttest.
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increased BALf anti-Hsp72 IgGAM was associated with
improved patient survival (adjusted HR 0.62, 95% CI
0.45-0.85; p = 0 003).

3.5. MDM Response to Hsp72-IgG Complexes. Hypothesising
that increased survival through anti-Hsp72 antibodies is
mediated by immune cells, we isolated IgG from the BALf
of IPF patients and cultured the IgG on MDMs with or with-
out prior coincubation of IgG with Hsp72 (Figure 5). MDMs
secreted CXCL8 when induced with IPF patient BALf IgG

coincubated with 100ng/ml Hsp72 (Figure 5(a), p = 0 031).
CCL18 secretion had no changes when cultured with IPF
patient BALf IgG with and without Hsp72; under both
conditions, there was a 4-fold increase in CCL18 secretion
compared to untreated cells (Figure 5(b)).

4. Discussion

The role of autoimmunity and specifically immunoglobu-
lins, in the pathogenesis of IPF, is unclear. Our initial
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Figure 3: Anti-Hsp72 IgG and IgGAM concentrations are elevated in the BALf of IPF patient nonprogressors compared to progressors.
Anti-Hsp72 IgG was measured in the serum and BALf using the in-house optimised anti-Hsp72 IgG ELISA and commercial anti-Hsp72
IgGAM ELISA (IPF n = 82, other ILDs n = 46, healthy controls n = 17). BALf concentrations of anti-Hsp72 IgG and IgGAM are
standardised to BALf total IgG. Between ILD subgroups and healthy controls, no significant difference was seen in the serum anti-Hsp72
IgG ((a) p = 0 72) or anti-Hsp72 IgGAM ((b) p = 0 24). No significant difference was seen between IPF progressor and nonprogressor
patient serum anti-Hsp72 IgG ((a) p = 0 83) or serum anti-Hsp72 IgGAM ((b) p = 0 95) concentrations. Elevated concentrations of BALf
anti-Hsp72 IgG ((c) p = 0 014) and anti-Hsp72 IgGAM ((d) p = 0 005) were seen in IPF nonprogressors compared to progressors.
Statistical analysis was performed using Kruskal-Wallis with Dunn’s posttest and Mann-Whitney U tests.
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observations focussed on total immunoglobulin concentra-
tions as increased titres of circulating IgG are normally
reported in classical autoimmune diseases such as systemic
lupus erythematosus and rheumatoid arthritis [31, 32]. In
this study, we found that BALf IgG (and IgM, supplementary
Figure 3) levels were significantly elevated in IPF patients
compared with other ILDs, which in turn were higher than
controls (significantly higher with respect to IgG and a
trend seen with IgA and IgM). BALf IgA was seen to be
significantly elevated in IPF with respect to controls but
comparable to other ILDs. In the serum, only IgG, but not
IgA or IgM, levels were higher in IPF versus other ILD
patients. These data suggest a heightened humoral response
in the lungs of IPF patients compared to other ILD
patients, which is consistent with previous observations of
organised B cells in IPF lungs [9, 10]. Elevated serum IgG
can be associated with autoimmune disorders such as
rheumatoid arthritis, and so, this IgG response in IPF could
be due to the loss of self-tolerance seen in IPF [12–15].

Indeed, the presence of various autoantibodies supports this
hypothesis [14, 18–23].

Having found supporting evidence for a potential auto-
immune process in IPF, we sought to investigate anti-
Hsp72 antibodies in our patients. Various autoantibodies
have been described in IPF [18–23], but our group has in
the past described putative Hsp72 autoantigen expression
in IPF [16, 17], and others have shown circulating anti-
Hsp72 antibody to be associated with poor outcome in IPF
[14] We therefore initially hypothesised that anti-Hsp72
IgG would be elevated in the serum and BAL and associate
with disease progression and poorer survival. However, we
found that serum anti-Hsp72 antibodies were similar in the
IPF progressor versus nonprogressors and indeed no differ-
ent to patients with other ILDs and controls. These results
seem to contradict previous findings [14]. However, a crucial
methodological difference in the detection of anti-Hsp72 IgG
may be responsible for this discrepancy; we assayed anti-
Hsp72 IgG targeted to rHsp72 in native form, and Kahloon
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Figure 4: IPF patients with raised concentrations of BALf anti-Hsp72 IgGAM have longer survival rates. Total BALf IgG, IgA and anti-Hsp72
IgG IgGAM were split between high (red lines) and low (black lines) expression rates by the median value. A Kaplan-Meier survival
curve from the date of the BAL sample was made to either death or the census date. No association with survival was seen in total
IgG ((a) HR 0.82, 95% CI 0.45-1.49, p = 0 51) or anti-Hsp72 IgG ((c) HR 1.38, 95% CI 0.50-1.74, p = 0 33). Total IgA ((b) HR 2.09,
95% CI 1.01-4.32, p = 0 048) and anti-Hsp72 IgGAM ((d) HR 0.44, 95% CI 0.20-0.92, p = 0 018) associated with improved patient
survival. Total IgA and anti-Hsp72 IgGAM were reanalysed using a Cox proportional hazard model adjusting for age, sex, smoking, and
percentage predicted VC and TLCO. After adjustment, total IgA showed no association with patient survival (adjusted HR 0.85, p = 0 77),
whilst elevated anti-Hsp72 IgGAM did show a significant association with survival (adjusted HR 0.62, 95% CI 0.45-0.85, p = 0 003).
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et al. found that detection using nondenatured rHsp72 had
no associations to clinical outcomes [14]. Furthermore, and
contrary to our hypothesis, we found higher levels of anti-
Hsp72 IgG and IgGAM in the BALf in IPF nonprogressors
compared to progressors, and for Hsp72 IgGAM, higher
BALf expression was associated with increased survival in
an adjusted multivariate analysis model.

Given these data, we speculate that Hsp72 antibodies
are natural in origin in IPF. Hsp72 fits the archetypal role
of a natural autoantibody antigen. Natural autoantibodies
are hypothesised to mediate immune responses typically,
though not exclusively through autoreactive IgM, with
anti-leukocyte IgM regulating innate and adaptive immune
mechanisms (reviewed by Lobo et al. [34]). It has been
observed that the presence of anti-dsDNA IgM may reduce
the severity of lupus nephritis in SLE patients [35]. However,
in our studies, total IgM did not associate with ILD disease
or with IPF patient survival (Supplementary Figure 3).
Natural autoreactive IgG has also been demonstrated to
have a mediating role in inflammation in other disease
models [36, 37]. We observed no association of total BALf
immunoglobulin with IPF outcomes; however, the presence
of various antibodies in IPF including Hsp72 [18–22, 38]
supports the possibility of antigen-specific natural antibodies
modulating disease pathogenesis and impacting patient
outcomes.

The provenance of anti-Hsp72 antibodies in the lungs of
IPF patients is uncertain. We speculate that anti-Hsp72
immunoglobulins in the lung are natural, as they are
detectable in healthy controls, but we cannot rule out that
the pulmonary antibodies in particular do not arise until
after disease onset. The establishment of organised and

proliferative B cell germinal centers in IPF lungs [9, 10] and
the elevation of immunoglobulins seen in the BALf in this
study support a reactive process. It may be possible that the
lung expression of anti-Hsp72 IgG arises due to the impair-
ment of TReg lymphocytes [13]. The presence of serum
anti-Hsp72 IgG may be due to leakage from the diseased
lung, but no correlation between the serum and BALf IgG
or anti-Hsp72 IgG was seen (data not shown).

Macrophages are reportedly activated in IPF [10, 39, 40],
and as they express a suite of Fcγ receptors, it seems highly
likely they would be cardinal cells to respond to a functional
antibody in IPF. We found that MDMs treated with IgG
isolated from patient BALf secreted more CXCL8 when
exposed to Hsp72 than those cells treated with the IgG
alone. This was also true using commercial anti-Hsp72-
derived antibodies (supplementary Figure 4). Macrophages
have previously been suggested to be a major source of
CCL18 in IPF [40], which our data also supports and
shows this may be due to IgG stimulation of macrophages.
Polymorphisms in FcγRIIa and FcγRIIIb in IPF patients
may alter macrophage responses [41, 42]. Further work is
required to fully determine the repertoire of antibodies in
IPF and their functional relevance to macrophages and
other FcγR expressing cells, such as neutrophils.

The focus of autoimmunity in IPF, often targeting epithe-
lial antigens, has conventionally been hypothesised as being
pathological in nature. Here, we report that elevated serum
IgG is a feature of IPF, in keeping with other classical autoim-
mune diseases. However, the intrapulmonary autoantibody
to Hsp72 may have a protective role. We speculate that
anti-Hsp72 IgG is natural in origin and promotes a homeo-
static immune response.
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Figure 5: Hsp72-IgG complexes induce CXCL8 secretion from in vitro MDM culture. MDM cell culture supernatant was analysed for
CXCL8 (a) and CCL18 (b) by ELISA after treatment with 1 μg/ml IgG isolated from BALf of IPF patients ± 100 ng/ml Hsp72 (IPF
patient n = 6, repeated twice) for 24 hours. 1 μg/ml of BALf IgG did not lead to any overt fold change in CXCL8 secretion in comparison
to untreated cells, but preincubation of IgG with Hsp72 led to increased CXCL8 secretion ((a), p = 0 031). A 4-fold increase in MDM
CCL18 secretion was seen in response to BALf IgG, with Hsp72 preincubation having no effect ((b), p = 0 84). Statistical tests to compare
BALf IgG with preincubated BALf IgG used a Wilcoxon test; no statistical comparison was made with untreated cells.
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Supplementary Materials

Supplementary 1. Supplementary Table 1: shows the break-
down of the 3 groups of patients who constituted the “other
ILD” patient group used for analysis in this study.

Supplementary 2. Supplementary Figure 1: the concentra-
tions of serum and BALf anti-Hsp72 IgG and IgGAM did
not correlate with decreased percentage predicted values of
VC or TLCO. BALf anti-Hsp72 antibody concentrations are
not a marker of disease severity in IPF. BALf anti-Hsp72
IgG (a, b) and IgGAM (c, d) concentrations were correlated
against the percentage predictive values of VC and TLCO in
IPF patients. Correlations were performed using a Spearman
rank. BALf Anti-Hsp72 IgG concentrations were standar-
dised to BALf total IgG concentrations. BALf anti-Hsp72
IgG had no correlation with VC ((a) r = 0 083, p = 0 54) or
TLCO ((b) r = −0 058, p = 0 69). BALf anti-Hsp72 IgGAM
had no correlation to VC ((c) r = 0 11, p = 0 40) or TLCO
((d) r = 0 13, p = 0 35).
Supplementary 3. Supplementary Figure 2: BALf anti-Hsp72
IgG normalised to total protein is elevated in IPF compared
to healthy controls. BALf anti-Hsp72 IgG was normalised
to total protein concentrations measured by BCA. IPF
progressors (p = <0 001) and nonprogressors (p = <0 0001)
were elevated compared to healthy controls, and nonprogres-
sors had elevated concentrations compared to other ILDs
(p = <0 0001). A nonsignificant elevation in anti-Hsp72 IgG
was seen in nonprogressors compared to progressors
(p = 0 096).
Supplementary 4. Supplementary Figure 3: serum IgM had no
difference between all ILD patients and healthy controls
(p = 0 30). BALf IgM was significantly elevated in IPF
patients compared to other ILD patients (p = 0 003). Serum
((b) HR=1.03, 95% CI 0.58-1.82) and BALf ((d) HR 0.99,
95% CI 0.49-2.02) IgM levels were not associated with IPF
patient outcomes or survival.

Supplementary 5. Supplementary Figure 4: Hsp72-IgG
complexes induce CXCL8 secretion from in vitro MDM
culture. MDM cell culture supernatant was analysed for
CXCL8 (a, c) and CCL18 (b, d) by ELISA after treatment with

100 ng/ml Hsp72, 1μg/ml anti-Hsp72 IgG, 1μg/ml Hsp72-
IgG complex, or 50 ng/ml LPS ((a, b) n = 7) for 24 hours.
Elevated CXCL8 secretion was seen in response to 10μg/ml
mouse monomeric Hsp72 IgG and Hsp72-IgG complexes
((a) p = <0 05 and p = <0 001, respectively). No secretion
of CCL18 was seen in response to mouse anti-Hps72 IgG
((b) p = 0 24, LPS excluded). (c) and (d) show the measured
concentrations of CXCL8 and CCL18 after MDM culture
with 1μg/ml isolated BALf IgG with and without preculture
with 100ng/ml Hsp72. A significant difference was observed
in CXCL8 ((c) p = 0 012) and CCL18 ((d) p = 0 032) secre-
tion; however, poststats failed to identify the difference
which is likely due to the experiment being underpowered.
CXCL8 secretion was induced by BALf IgG preincubated
with 100ng/ml Hsp72 in a nonsignificant trend compared
to BALf IgG alone ((c) p = 0 063).
Supplementary 6. Supplementary Figure 5: the in-house
optimised and commercial ELISA had a correlation in anti-
Hsp72 antibody detection in the BALf. Serum concentrations
of anti-Hsp72 antibodies did not correlate between the two
ELISAs ((a) p = 0 24, Spearman r = 0 16). BALf concentra-
tions were used normalised to total IgG as nonnormalised
data for anti-Hsp72 IgGAM is unavailable. BALf concentra-
tions of anti-Hsp72 antibodies correlated between ELISAs
((b) p = 0 0009, Spearman r = 0 48). Anti-Hsp72 IgG con-
centrations not normalised to total IgG had a near significant
correlation with total IgG normalised anti-Hsp72 IgGAM
concentrations (not shown, p = 0 051, Spearman r = 0 30).
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Objective. This study is aimed at investigating the association of exhausted CD8+ tumor-infiltrating lymphocytes with clinic-
pathological factors. Methods. 133 patients diagnosed with primary invasive ductal breast cancer were recruited into the
cross-sectional study consecutively. Immunohistochemistry was used to detect biomarker expression on formalin-fixed and
paraffin-embedded sections. Double staining of CD8 and PD-1 was conducted on lymphocytes. Results. The proportion of
CD8+/PD-1- TILs was 16% among patients with axillary lymph node metastasis, significantly lower than those without
metastasis (24%). The expression of CK7, CK20, or Ki-67 was not related with the proportion of phenotypes of CD8/PD-1 TILs.
Younger patients had more cell counts of CD8+/PD-1- TILs than elderly patients (18/HPF vs. 9/HPF, p < 0 05). Patients with
axillary lymph node metastasis had less CD8+/PD-1- TILs than those without metastasis (11/HPF vs. 27/HPF, p < 0 05). Median
counts of CD8+/PD-1- TILs among patients with CK20 and E-Cad expression were 33/HPF and 14/HPF, significantly higher
than those among patients with negative CK20 (16/HPF) and E-Cad expression (6/HPF). Ki-67 index had a significant
correlation with cell counts of CD8+/PD-1+ TILs and CD8+/PD-1- TILs, and the correlation coefficients were 0.19 and 0.21
(p < 0 05), respectively. Conclusion. The proportion of CD8+/PD-1- TILs was related with metastatic status of the axillary lymph
node but cell counts of CD8+/PD-1- TILs were related with metastatic status of the axillary lymph node and expression of CK7,
CK20, E-Cad, and Ki-67. Absolute cell counts, not proportion of CD8/PD-1 TILs, were more likely to distinguish clinic and
pathologic characteristics of breast cancer.
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1. Introduction

Breast cancer (BC) is the most common female cancer in
China, with the incidence and mortality rate increasing to
28.77/105 (279,000 new cases) and 6.35/105 (66,000 new
cases) in 2014, respectively [1]. Though the incidence rate
in China was lower than that in the United States, Chinese
patients have a lower hormone receptor and higher human
epidermal growth factor receptor 2 (HER2) than Western
women [2]. BC in Chinese women is more aggressive, and
a clinical study is significant in Chinese BC patients.

Tumor-infiltrating lymphocytes (TILs) improved the
clinical efficacy of chemotherapy [3] and showed a correla-
tion with a better prognosis of BC [4, 5]. CD8+ T lympho-
cytes are effector T cells that present a cytotoxic function
and tie to a longer survival among BC patients [5]. However,
programmed cell death protein 1 (PD-1) is an inhibitory
molecular T cell and suppresses immune functions of effector
T cells [6]. The interaction between PD-1 and programmed
cell death ligand 1 receptor (PD-L1) activated the inhibition
of immunity [7], and the T cells with a positive PD-1 expres-
sion were termed as “exhausted T cells” [8]. A poorer prog-
nosis of BC was reported to be related with a high level of
PD-1+ TILs [9]. Compared with normal tissues, malignant
tissues had a higher PD-1 expression on T cells and PD-
1+/CD8+ TILs displayed an impaired antitumor immunity
that produces less IL-2 and IFN-γ and compromises the con-
trol of tumor growth [10, 11]. This study is aimed at investi-
gating the status of exhausted and unexhausted CD8+

effector TILs and the correlation with clinic-pathological
characteristics among Chinese BC patients.

2. Methods

2.1. Ethical Approval and Informed Consent. All procedures
performed in this study involving human participants were
approved by the ethical committee of Beijing Shijitan Hos-
pital, Capital Medical University, in accordance with the
ethical standards of the 1964 Helsinki declaration and its
later amendments.

As a retrospective study, the informed consent was
waived.

2.2. Patients. 133 patients diagnosed with invasive ductal BC
were recruited into this cross-sectional study. Patients
received surgeries at the Department of Breast Surgery,
Beijing Shijitan Hospital, Capital Medical University, from
January 1, 2012, to December 31, 2013, consecutively. All
of the cases were pathologically confirmed with primary
invasive BC at an operable stage.

2.3. Tissue Collection. The surgical specimen was prepared
after operation, fixed in 4% neutral formaldehyde, and
embedded in paraffin (FFPE), and the staining of hematoxy-
lin and eosin was processed. The histopathological features
were determined on a series of 4μm thick sections from each
specimen, and Nottingham modification of the Bloom–Rich-
ardson system was used to classify the histological grade of
BC at diagnosis.

2.4. Immunohistochemistry (IHC). IHC was used to detect
the biomarkers on FFPE sections, and the detailed proce-
dures were described previously [12]. Monoclonal antibod-
ies against PD-1 (mouse anti-human, # UMAB199), CD8
(rabbit anti-human, # SP16), CK7 (rabbit anti-human,
#EP16), CK20 (rabbit anti-human, #EP23), Ki-67 (mouse
anti-human, #MIB1), and E-Cadherin (E-Cad) (mouse
anti-human, #NCH-38) were purchased from Beijing Zhong-
shan Golden Bridge Biotechnology Co. Ltd. Sections were
baked for dehydration at 60°C in an oven for 60min,
dewaxed for 20min, and washed in 100%, 100%, 95%, and
75% alcohol for 2min, respectively, then washed with PBS
by 5 times, 2min each time. Antigen retrieval was carried
out using the EnVision™ FLEX Target Retrieval Solution
for 2min and 30 sec; cooled to room temperature for
20min; washed with PBS by 5 times, 2min each time; and
then incubated with 3% H2O2 at room temperature for
15min, washed with PBS by 5 times, 2min each time; sealed
with 5% serum at 37°C for 15min; discarded with a moderate
primary antibody added at 4°C for a night; washed with PBS
by 5 times, 2min each time; and added with DAB for 5-
10min (PD-1, CK7, CK20, Ki-67, and E-Cad) and AP-red
for 10-15min (CD8). The counterstain was conducted on
slides with hematoxylin.

2.5. IHC Scoring. Two pathologists evaluated the average
TILs within the borders of the invasive tumor. TILs in areas
of crush artifacts, necrosis, regressive hyalinization, and core
biopsy were excluded. The pathologists evaluated mononu-
clear cells including lymphocytes and plasma cells, but not
the polymorphonuclear leukocytes. 10 high-power fields
(HPF, ×400) were randomly selected on IHC sections to
count the average number of TILs.

A positive expression of CK7 and CK20 was defined as a
clear brown cytoplasm of BC cells. Positive E-Cad expression
was presented as a brown cytomembrane of BC cells. Ki-67
expression was defined as a brown nucleus in BC cells, and
the Ki-67 index was measured as the proportion of Ki-67
expression among 1000 BC cells. Positive CD8 expression
was classified as a red cytomembrane of lymphocytes. The
proportion of CD8+ TILs was estimated among 1000 TILs.
A positive PD-1 expression was recorded as a brown cyto-
plasm in lymphocytes. The expression rate of PD-1 was
estimated with 1000 TILs. Double staining of CD8/PD-1
was presented as a red cytomembrane and brown cyto-
plasm of lymphocytes. The expression rate of CD8/PD-1
was estimated among 100 CD8+ TILs in both intratumoral
and stromal locations.

3. Statistical Analysis

All analyses were conducted with SPSS software (version
17.0). The median and interquartile range (IQR) were used
to describe TIL counts. Age was transformed in categorical
scale by a median of 55. The difference in TIL phenotypes
was estimated by Wilcoxon tests between age, nerve inva-
sion, vascular invasion, and axillary lymph node metastasis
groups. The association of TIL phenotypes with histological
grade was estimated by Spearman correlation tests. Wilcoxon
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tests were used to estimate the difference of TIL phenotypes
between positive and negative expressions of CK7, CK20,
and E-Cad. The Spearman correlation test was used to mea-
sure the relationship between Ki-67 index and cell counts of
TIL phenotypes. All analyses were two-sided, and the signif-
icance level was 0.05.

4. Results

The average age of included patients was 57.8 years (Table 1).
11.3% patients were diagnosed at histological grade I, 32.3%
patients had vascular invasion, 17.3% patients had nerve
invasion, and 54.2% patients had axillary lymph node metas-
tasis (Table 1). The average Ki-67 index was 30% (Table 1).
The expression rate of E-Cad, CK20, and CK7 was 94.9%,
8.2%, and 86.8%, respectively (Table 1).

Median cell counts of TILs were 80/HPF, with the IQR
being 70/HPF (Figure 1). The proportion of CD8+ TILs had
a significant association with axillary lymph node metastasis
that the proportion of CD8+/PD-1- TILs was 16% among
patients with axillary lymph node metastasis, significantly
lower than that among those without metastasis (24%,
p < 0 05, Table 2). Age had a significant relationship with
cell counts of CD8+ TILs: the median of CD8+ TILs was
24/HPF and 12/HPF in the groups of age equal to or younger
than 55 and older than 55, respectively (p < 0 05, Table 3).
However, the association was significant with cell counts of
CD8+/PD1- TILs, but not CD8+/PD1+ TILs (Table 3). The
median count of CD8+/PD1- TILs was 18/HPF among cases
equal to or younger than 55 and 9/HPF among cases older
than 55 (p < 0 05, Table 3). Occurrence of axillary lymph
node metastasis was significantly related with cell counts of
CD8+/PD1- TILs, median cell counts being 27/HPF among
cases with axillary lymph node metastasis, significantly
higher than those among cases without axillary lymph node
metastasis (11/HPF, Table 3). Histological grade, vascular
invasion, and nerve invasion metastasis did not have any
significant associations with cell counts of phenotypes of
CD8/PD-1 TILs (Table 3).

Expressions of CK7, CK20, E-Cad, or Ki-67 were not
associated with proportions of phenotypes of CD8/PD-1
TILs (Table 4).

The expression of CK7 was not associated with cell
counts of any phenotypes of CD8+ TILs (Table 5). The E-
Cad expression percentile had a significant association with
CD8+ TIL counts; patients with a positive E-Cad expression
had 18 CD8+ TILs/HPF, and patients with a negative E-Cad
expression had 7 CD8+ TILs/HPF (p < 0 05, Table 5). Cell
counts of CD8+/PD1- TILs, not CD8+/PD1+ TILs, were
significantly related with E-Cad expression percentile, and
there were 14 CD8+/PD1- TILs in BC patients with a positive
E-Cad expression (Figure 2(a)) and 6 CD8+/PD1- TILs in
BC patients with a negative E-Cad expression (p < 0 05,
Figure 2(b), Table 5). The correlation coefficient was 0.23
(p < 0 05) between the Ki-67 index and count of CD8+ TILs
(Table 5). Regarding the PD-1 expression, the Ki-67 index
was significantly related with both cell counts of CD8+/PD1+

TILs and CD8+/PD1-TILs (Table 5). The correlation coeffi-
cients were 0.19 and 0.21, respectively (p < 0 05, Table 5).

Patients with a Ki-67 expression had more counts of
CD8+/PD1+ TILs and CD8+/PD1- TILs in the tumor micro-
environment (Figures 2(c) and 2(d)). The CK20 expression
percentile had a significant relationship with cell counts of
CD8+ TILs; patients with a positive CK20 expression have
39 CD8+ TILs/HPF, higher than in patients with a negative
expression (20/HPF, p < 0 05, Table 5). Though the CK20
expression percentile was not correlated with cell counts of
CD8+/PD1+TILs, the correlation was significant with cell

Table 1: The characteristics of patients.

Items

Age, mean ± SD (n = 133) 57 8 ± 13 6
Histological grade, n (%)

I 14 (11.3)

II 82 (66.1)

III 28 (22.6)

Vascular invasion, n (%)

No 86 (67.7)

Yes 41 (32.3)

Nerve invasion, n (%)

No 101 (82.1)

Yes 22 (17.3)

Axillary lymph node metastasis, n (%)

No 22 (45.8)

Yes 26 (54.2)

E-Cadherin expression, n (%)

No 6 (5.1)

Yes 112 (94.9)

Ki-67 index, mean ± SD (n = 125) 30%±25%
CK20 expression, n (%)

No 56 (91.8)

Yes 5 (8.2)

CK7 expression, n (%)

No 9 (13.2)

Yes 59 (86.8)
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Figure 1: Distribution of TILs in the microenvironment of breast
cancer.
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counts of CD8+/PD1- TILs and the median cell counts were
33/HPF and 16/HPF for positive and negative CK20 expres-
sions, respectively (p < 0 05, Figures 2(e) and 2(f), Table 5).

5. Discussion

BC development, prognosis, and treatment efficacy were
associated with the tumor microenvironment. CD8+/PD-
1+ and CD8+/PD-1- TILs had associations with different

clinic-pathological characteristics. Cell counts of CD8+/-
PD-1- TILs had a significant relationship with younger
age and negative axillary lymph node metastasis. CK20 and
E-Cad expression was associated with a higher number
of CD8+/PD-1- TILs. The Ki-67 index was correlated with
both CD8+/PD-1+ and CD8+/PD-1- TILs. The BC immune
microenvironment had a variety of TIL phenotypes, and
each phenotype had particular biological functions and
prognostic features.

Table 2: The relationship between the proportion of CD8/PD-1 TILs and clinical characteristics.

Proportion of CD8+

TILs (%)
p

Proportion of CD8+/PD-1+

TILs (%)
p

Proportion of
CD8+/PD1-TILs (%)

p

Age, median (IQR)∗

0.135 0.430 0.139≤55 30 (10) 3 (5) 20 (13)

>55 20 (20) 2 (6) 18 (15)

Histological grade, median (IQR)∗∗

0.452 0.322 0.749
I 30 (32) 3 (10) 26 (22)

II 20 (20) 2 (6) 18 (14)

III 30 (20) 4 (6) 24 (17)

Vascular invasion, median (IQR)∗

0.122 0.156 0.237No 20 (20) 3 (5) 20 (17)

Yes 20 (15) 2 (4) 18 (13)

Nerve invasion, median (IQR)∗

0.706 0.982 0.706No 20 (20) 3 (5) 18 (17)

Yes 20 (10) 3 (5) 19 (11)

Axillary lymph node metastasis,
median (IQR)∗

0.032 0.335 0.018
No 30 (23) 4 (8) 24 (16)

Yes 20 (20) 2 (5) 16 (13)
∗Wilcoxon test. ∗∗Spearman correlation test.

Table 3: The relationship between cell counts of CD8/PD-1 TILs and clinical characteristics.

CD8+ TILs p CD8+/PD1+TILs p CD8+/PD1-TILs p

Age, median (IQR)∗

0.01 0.104 0.008≤55 24 (27) 3 (7) 18 (22)

>55 12 (18) 2 (4) 9 (14)

Histological grade, median (IQR)∗∗

0.096 0.14 0.158
I 14 (19) 2 (7) 12 (13)

II 18 (24) 2 (4) 14 (20)

III 26 (24) 3 (13) 20 (23)

Vascular invasion, median (IQR)∗∗

0.965 0.372 0.823No 16 (26) 3 (6) 13 (21)

Yes 18 (23) 2 (4) 15 (18)

Nerve invasion, median (IQR)∗

0.459 0.628 0.567No 18 (23) 22 (6) 14 (18)

Yes 24 (27) 2 (10) 12 (25)

Axillary lymph node metastasis, median (IQR)∗

0.051 0.159 0.049No 33 (38) 4 (9) 27 (31)

Yes 15 (23) 2 (5) 11 (16)
∗Wilcoxon test. ∗∗Spearman correlation test.
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PD-1 is a member of the CD28/CTLA-4 family of
costimulatory receptors, transmits an inhibitory signal to
the T cell, suppresses immune responses, and commits to
the immune tolerance and functional exhaustion on T cells
[8, 13]. Helper T cells, cytotoxic T cells, regulatory T cells,
follicular T and B cells, and antigen-presenting cells all had
a PD-1 expression on the cytomembrane [14]. CD8+ T cells
from chronic lymphocytic leukemia patients had a signifi-
cantly higher PD-1 expression than healthy controls [15].
In addition, the activated CD8+ T cells from chronic lym-
phocytic leukemia patients had a higher PD-1 expression
significantly [15]. The number of CD8+ TILs was similar
between pancreatic tumor tissues and adjacent nontumor
tissues; however, the number of CD8+/PD-1+ TILs was sig-
nificantly higher in tumor tissues [16]. Additionally, a high
PD-1 expression on CD8+ TILs was related with node
metastasis, distant metastasis, and clinical stage [16]. The
exhausted CD8+ T lymphocytes produced low levels of IL-
2, TNF-α, and IFN-γ and experienced a lower proliferation
activity [17, 18]. The PD-1/PD-L1 crosstalk contributed to
the low production of cytokines from CD8+ T cells, and
blocking of the crosstalk by the anti-PD-L1 antibody
increased the secretion [15]. The PD-1/PD-L1 signaling

pathway maintained an immunosuppressive tumor micro-
environment, which contributed to T cell dysfunction and
attenuated antitumor immunity.

Ki-67 is a proliferative cell nuclear antigen, and the
Ki-67 index correlates with the cell mitotic cycle. Ki-67
was expressed in all phases except G0 and early G1 and
had the peak level in the M period [19]. The Ki-67 index
was an indicator of malignant degree and proliferation
activity and an independent prognostic factor for BC recur-
rence and survival [20]. PD-1 expression on effector T cells
exhausted the antitumor immunity, modulated the cytokine
secretion, and compromised the control of tumor growth
[11]. PD-1 signaling affected the tumor chemoresistance
and metastasis [21]. CD8+/CD103+/PD-1+ TILs were corre-
lated with a high expression of Ki-67 in non-small-cell lung
carcinoma [22]. In this study, CD8+/PD-1+ TILs were cor-
related with a high Ki-67 index. BC expressing high levels
of Ki-67 had more exhausted CD8+ T cells in the tumor
microenvironment and was related with a suppressive
immune microenvironment.

A higher level of PD-1+ TIL was associated with poor
prognosis in human BC [9]. A high expression level of PD-
1 on CD8+ TILs was significantly correlated with poor

Table 4: Correlation between proportion of CD8/PD-1 TILs and other molecules in breast cancer.

Proportion of CD8+

TILs (%)
p

Proportion of CD8+/PD-1+

TILs (%)
p

Proportion of
CD8+/PD1-TILs (%)

p

CK7, median (IQR)∗

0.940 0.549 0.971No 30 (20) 3 (7) 21 (18)

Yes 20 (10) 4 (7) 20 (14)

CK20, median (IQR)∗

0.229 0.868 0.114No 20 (10) 4 (7) 20 (13)

Yes 30 (10) 4 (5) 24 (12)

E-Cad, median (IQR)∗

0.271 0.606 0.262No 15 (15) 2 (7) 12 (13)

Yes 20 (10) 2 (5) 18 (17)

Ki-67 index, correlation
coefficient†

0.10 0.289 0.10 0.292 0.06 0.482

∗Wilcoxon test. †Spearman correlation test.

Table 5: Correlation between cell counts of CD8/PD-1 TILs and other molecules in breast cancer.

CD8+ TILs p CD8+/PD1+TIL s p CD8+/PD1-TILs p

CK7, median (IQR)∗

0.993 0.745 0.856No 27 (40) 4 (7) 19 (36)

Yes 20 (30) 3 (7) 16 (24)

CK20, median (IQR)∗

0.042 0.362 0.025No 20 (27) 3 (7) 16 (24)

Yes 39 (50) 8 (10) 33 (41)

E-Cad, median (IQR)∗

0.043 0.211 0.045No 7 (11) 2 (4) 6 (8)

Yes 18 (24) 3 (6) 14 (21)

Ki-67 index, correlation coefficient† 0.23 0.009 0.19 0.036 0.21 0.022
∗Wilcoxon test. †Spearman correlation test.
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survival of pancreatic ductal adenocarcinoma patients [16].
High CD8+/PD-1+ TILs were associated with a poor survival
time for non-small-cell lung carcinoma; however, high
CD8+/PD-1- TILs were associated with a longer survival time
[23]. In this study, we found that BC patients with high
CD8+/PD-1- TILs were more likely to be young and free of

axillary lymph node metastasis. It indicated the dysfunctional
effector cells of CD8+/PD-1+ TILs and functional effector
cells of CD8+/PD-1- TILs. The patients receiving nivolumab
treatment had a reduction in CD8+/PD-1+ TILs, and lower
CD8+/PD-1+ TILs correlated with a prolonged progression-
free survival [23].

(a) (b)

(c) (d)

(e) (f)

Figure 2: Expression of E-Cad, Ki-67, and CK-20 and counts of phenotypes of CD8/PD-1 TILs. (a) Patients with negative E-Cad expression
(IHC, ×400); (b) patients with positive E-Cad expression (IHC, ×400); (c) patients with negative Ki-67 expression (IHC, ×400); (d) patients
with positive Ki-67 expression (IHC, ×400); (e) patients with negative CK20 expression (IHC, ×400); (f) patients with positive CK20
expression (IHC, ×400). → (red) CD8+/PD-1+ TILs; → (black) CD8+/PD-1- TILs. CD8+/PD1+ TILs showed a red cytomembrane and
brown cytoplasm, and CD8+/PD1- TILs showed a red cytomembrane. Patients with negative E-Cad had less CD8+/PD-1- TILs than
positive patients; patients with negative Ki-67 had less CD8+/PD-1+ and CD8+/PD-1- TILs than positive patients; and patients with
negative CK20 expression had less CD8+/PD-1- TILs than positive patients.
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E-Cad was responsible for calcium-mediated cell-to-cell
adhesion [24]. E-Cad promoted intercellular adhesion
between homogeneous cells and inhibited the infiltration
and metastasis of tumor cells [25]. Downregulation of E-
Cad contributed to exacerbation of tumor grade and stage
and promoted the transition from adenoma to carcinoma
[26]. E-Cad was a marker of epithelial phenotype, and
downregulation of E-Cad was a marker of epithelial-
mesenchymal transition (EMT) [27]. In esophageal cancer
cell lines, PD-1 binding to PD-L1 reduced E-Cad expres-
sion and enhanced the EMT process [28]. Mesenchymal
and epithelial-mesenchymal phenotypes of lung adenocar-
cinoma had a higher number of PD-1+ TILs than epithe-
lial phenotypes [29]. We found that BC patients with E-
Cad expression had more CD8+/PD-1- TILs and an active
immune microenvironment.

A small sample size was one limitation of our study. Sec-
ondly, we did not analyze intratumoral and stromal TILs sep-
arately. Third, IHC was the sole detection method and flow
cytometry was not performed to detect TIL phenotypes.
The number of CD8+/PD1+ TILs was too small. Some vari-
ables including CK7, CK20, and axillary lymph node metas-
tasis missed the value in analysis.

6. Conclusion

The Ki-67 index had a significant correlation with both cell
counts of functional and dysfunctional CD8+ TILs. E-Cad
and CK20 expression was correlated with cell counts of func-
tional CD8+ TILs. Further studies were warranted to explore
the causal relationship.
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Background. Manual analysis of tissue sections, such as for pathological diagnosis, requires an analyst with substantial knowledge
and experience. Reproducible image analysis of biological samples is steadily gaining scientific importance. The aim of the present
study was to employ image analysis followed by machine learning to identify vascular endothelial growth factor (VEGF) in
kidney tissue that had been subjected to hypoxia. Methods. Light microscopy images of renal tissue sections stained for
VEGF were analyzed. Subsequently, machine learning classified the cells as VEGF+ and VEGF- cells. Results. VEGF was
detected and cells were counted with high sensitivity and specificity. Conclusion. With great clinical, diagnostic, and research
potential, automatic image analysis offers a new quantitative capability, thereby adding numerical information to a mostly
qualitative diagnostic approach.

1. Introduction

The manual analysis of tissue sections, such as the analysis
performed for pathological diagnosis, requires an analyst
with substantial knowledge and experience [1, 2]. Usually,
the tissue sections are stained to unequivocally identify
nuclei and cytoplasm [3]. In most biological tissue analyses,
e.g., immunohistochemistry, cells are counted manually [4].

However, manual tissue analysis and cell counting are
considered subjective, tedious, and time consuming, result-
ing in intra-analyst variance [4–8]. In pathology, a rather
qualitative diagnostic science, the need for quantitative anal-
ysis of histopathological images has been recognized [9], and
pathologists have been aiming to combine the quantitative
nature of the analysis with reproducibility and precision [10].

For biological analyses of tissue, many cells should be
observed to correlate a certain cellular morphology with a

biological process. In terms of image analysis of biological
samples, many images are needed [11]. The importance of
reproducible image analysis of biological samples, i.e., an
automated process for identifying objects of interest and
performing a subsequent quantitative per-object analysis, is
steadily being recognized by the scientific community [11, 12].

The use of software for automated analysis of tissue
enables fast analysis and cell counting [4]. The available
software includes CellProfiler (CP) and CellProfiler Analyst
(CPA) for image analysis and statistical processing, respec-
tively. Both programs are freely available. CP allows auto-
mated cellular identification and the analysis of hundreds
of parameters to gain a plethora of information about
intensity, morphology, and texture [13]. Furthermore, the
software offers simultaneous analysis of different images
(Carpenter et al., 2006) and a reproducible analysis [14,
15]. The CPA software has a machine learning-based
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classifier that can be used, e.g., to identify and count different
cell types or cells in different phases of the cell cycle [13].

The classification and subsequent counting of cells
using machine learning are steadily gaining scientific atten-
tion [16]. As a further advantage, the use of open software
allows the verification of results by almost every laboratory
in the world [17].

The aim of the present study was to employ image
analysis and subsequent machine learning to identify vas-
cular endothelial growth factor (VEGF) in kidney tissue
that had been subjected to hypoxia.

2. Methods

2.1. Ethical Approvement and Consent. Ethical approval was
obtained by the Federal University of Espírito Santo (UFES)
(CEUA/UFES (Protocol no. 050/2013)).

2.2. Preparation of Slides

2.2.1. Immunohistochemistry Staining. Four-micrometer
serial paraffin sections of the kidney were stained with
monoclonal mouse anti-rat VEGF (ab1316) antibody
(Abcam, UK, 1 : 200). The staining was visualized with the
peroxidase reaction with 3,3′-diaminobenzidine tetrahydro-
chloride (DAB; Sigma Chemical Co., USA). The specimens
were then lightly counterstained with Mayer’s hematoxylin,
dehydrated, and mounted in xylene under glass cover slips.
The human placenta was used for the positive control
sample, while the sample material incubated with antibody
diluent only was used for the negative control.

2.2.2. Material. Seven slides with tissue sections were used
for the present study. The tissue was hypoxic kidney
tissue sections of Wistar rats that had been subjected
to hypoxia.

2.2.3. Animals. The rats were randomly divided for the
experimental set-up (control or sham and hypoxic kidneys).
During the entire experiment, the cages were housed in a
controlled environment: temperature (20-22°C), light/dark
cycle (12 h), and ventilation at UFES animal facility. The
animals had free access (ad libitum) to water and food
(Labina, Purina®).

In order to induce hypoxia, intraperitoneal (ip) admin-
istration of ketamine and xylazine (1.0ml/kg) was given
according to the weight of each animal. Once the pain
reflexes were absent (tested by squeezing the toes with
tweezers), the rat was placed on a temperature-controlled
heating surgical table (37°C) and had its arms and legs fixed
by tapes. Immediately before the operation, Temgesic® (sc)
was administrated (0.1mg/kg). Following disinfection and
shaving of the skin, an incision of approximately 2.0 cm
was made in the abdomen. The visceral organs were placed
by side and covered with surgical gaze moisture in NaCl
0.9%. The kidney was carefully exposed and decapsulated,
and the entire renal pedicle (artery, vein, and nerve) was
gently isolated from the adjacent tissues close to its
take-off from the abdominal aorta with fine 45° angled for-
ceps (tip width 0.40mm, 9 cm) and fine curved serrated
forceps (tip width 0.60mm, 7 cm). Thoroughly, the pedicle
was faintly suspended assisted by a blunt hook 12 cm and a
nonabsorbable sterilized 4/0 silk black suture was placed
slowly under it by using 45° angled forceps as a leading
guide. The blood flow occlusion was done by ligating the
pedicle for 40 minutes, causing the ischemia phenomena.
Successful obstruction is confirmed by a color change from
vivid red to pale, at first instance, and later dark red. Dur-
ing this time, the incision was temporarily closed to prevent
drastic temperature changes and dehydration. Additionally,
100-200μl of prewarmed (37°C) NaCl was given.

The rats were sacrificed at the 3rd day after they
underwent surgeries (control or hypoxia) with overdose of
ketamine (10.0mg/ml) and xylazine (2.0 g/ml) solution.

Table 1: Pipeline programmed for image analysis with CP.

Module Operation

(1) LoadImages Identify and load images in .tiff

(2) ColorToGray Conversion method: split

(3) Morph Operation: invert

(4) IdentifyPrimaryObjects

(a) Identify an object of interest: core
(b) Maximum and minimum area: 13-40
(c) Threshold strategy: adaptive
(d) Threshold method: MCT

(5) IdentifySecondaryObjects

(a) Object name: cell
(b) Method to identify the secondary objects: propagation
(c) Threshold strategy: adaptive
(d) Threshold method: kapur

(6) IdentifyTertiaryObjects Object name: cytoplasm

(7) MeasureObjectSizeShape Measurement object: cytoplasm

(8) MeasureObjectIntensity Measurement object: cytoplasm

(1) Load user-defined images. (2) Convert the original images to grayscale images. (3) Invert intensities to have bright nuclei. (4) Identify the primary object of
interest (in this case, the nucleus). (5) Identify the secondary object (in this case, the entire cell). (6) Create the tertiary object (cytoplasm) by subtracting
the primary object from the secondary object, i.e., subtracting the nucleus from the cell. (7) Analyze morphologic parameters in the object called
cytoplasm. (8) Calculate intensity parameters in the object called cytoplasm.
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2.3. Imaging. Images of the slides were taken using a
ZeissAxioVert. A1 microscope (40x objective) equipped
with a digital camera (AxioCam MRC Zeiss). Images were
manually taken without defining an exposure time; no
filters were used. The NA of the objective was 0.85. Images
were saved in ∗.tiff-format using appropriate names.

2.4. Image Analysis. Image analysis was conducted using CP
(version 2.1.1) [18].

CellProfiler has different modules, and the combination
of different modules used to conduct image analysis is
called a pipeline. Table 1 depicts the pipeline used for the
present study, which contains eight modules.

VEGF protein is expressed in the cytoplasm; therefore,
VEGF is the only object that is the subject of analysis.
Figure 1 shows the identification or creation of the three
objects (nucleus, cell, and cytoplasm).

2.5. Machine Learning. After the image analysis was
finished, the data were exported to a database (SQLite

format) for further analysis using CPA (version 2.0), which
was previously downloaded from the homepage of the
developers [19].

The machine learning process was supervised, i.e., the
user assembled the training set actively. To this end, single
objects displayed by the CPA software showed single iden-
tified objects. By double-clicking a single object, the entire
image was displayed with the object of interest being
highlighted. This process enabled a control of every identi-
fied/classified object.

The classification was based on grouping the objects
based on their similarities, i.e., VEGF+ cells were grouped,
and VEGF- cells were grouped. Initially, randomly shown
objects were separated (VEGF+ and VEGF- cells) to create
a training set (Figure 2). With the objects distributed into
their respective classes, the “train classifier” tool was acti-
vated to initiate the machine learning process (boosting)
with the goal of automated identification and subsequent
counting of the objects of the different classes (Sommer
and Gehrlich, 2013). After adding new cells to the training

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 1: Identification of the objects: the pipeline of CellProfiler. (a) Original image. (b) Image (a) converted to grayscale. (c) Image (b) with
inverted intensities. (d) Identified nuclei. (e) Identified nuclei. Different colors indicate different objects. (f) Identified cells. Different colors
indicate different objects. (g) Identified cytoplasm (i.e., cellular area minus nuclear area). Different colors indicate different objects.
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set, the “train classifier” tool was used to improve the
automated classification. Another tool to evaluate the
progress of the machine learning is the “check progress”
tool (Figure 3). An accuracy above 80% is considered
appropriate [20].

The machine learning process can also be assessed with
the “score image” tool, which shows the classification of the
machine of each identified object on an entire image
(Figure 4).

3. Results

More than 18,000 objects were identified; approximately
74% were classified as VEGF+ and 26% as VEGF-. The sen-
sitivity and specificity are listed in Table 2. The positive
predictive value (PPV) was 0.95 and the negative predictive
value (NPV) was 0.88.

A Bland-Altman test (Figure 5) was used to assess the
similarity between the manual and automated counts. The
mean difference between the two counts was -70 (middle
line). A large number of events were within ±1.96 standard
deviations of the average (lower and upper lines). There were
no systematic biases in the comparisons because there were

both positive and negative results, i.e., the automated count
was either the same, higher, or lower than the manual count.

The receiver operating characteristic (ROC) curve
(Figure 6) was generated to assess the machine learning
process. Initially, 10 objects from each group were added
to the training set. Ten more objects were added to each
class of the training set, and the sensitivity was recalculated.
This process was repeated until the training set contained
100 objects in each group. The area under the curve
(AUC) was 86%.

4. Discussion

Automated analysis of cells and/or tissue is gaining scien-
tific importance. Görtler et al. [21] stated about the func-
tion of automated analysis as a tool to enhance medical
doctors’ work. Kayser et al. [22] highlighted the importance
of automated analysis in time-related measurements in
order to describe and interpret biological functions in living
organisms at the cellular level. An increasing number of
studies have highlighted the importance of automated
image analysis and subsequent image classification [23–
26]. According to Deroulers et al. [27], quantitative histol-
ogy is a promising new area that combines cellular mor-
phometry, computers, and statistical analysis of tissues. A
quantitative approach is important not only for clinical
and diagnostic applications (e.g., to reduce intra-analytic
variations) but also for understanding specific diagnoses
and for research purposes [9].

Automated quantitative image analysis has recently
gained substantial attention [28]. This new approach nota-
bly differs from most of the microscopy approaches used in
the last few years [29]. This computational approach is
effective and able to objectively analyze images and subse-
quently recognize patterns. According to Shamir et al.
(2008), the machine learning-based recognition of patterns
allows the differentiation of different groups of cells.

Krajewska et al. [30] characterized cellular processes
associated with cell death using image analysis. Dordea
et al. [17] automatically quantified rat retinal ganglion cells
using the free open-source software programs CP and CPA.
The authors found that the automated method made their
analyses approximately 10 times faster.

For the present study, the programs CP and CPA were
used because the software offers image analysis, machine
learning, and subsequent classification (i.e., diagnosis)
without the need to download and install further plug-ins
and is relatively easy to use (Carpenter et al., 2006).

The present study demonstrated that automatic image
analysis can be used to identify and quantify VEGF in tis-
sue. Other studies identified HIF1a-positive cells [31] and
TUNEL-positive cells [32] in renal tissue sections. Diem
et al. [4] used automatic image analysis to count CD4+

and CD8+ T cells in human tissue and stated that even
for images with a high cell density the automated counting
was approximately 10 minutes faster than manual counting.
Notably, automatic counting provides faster processing and
analysis of samples. Images appropriately saved on hard

Figure 2: Interface of CellProfiler Analyst. Objects on the left side of
the training set were classified as VEGF-, and objects on the right
side were considered VEGF+.
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disks can be reanalyzed numerous times, which may be
important for forensic purposes.

5. Conclusion

With great clinical, diagnostic, and research potential, auto-
matic image analysis offers a new quantitative capability,
thereby adding numerical information to a mostly qualitative
diagnostic approach.

This technique, as already described, provides the user
with a fast, accurate, and reproducible analysis and is capable
of greatly reducing intra-analytic variability.

Abbreviations

AUC: Area under the curve
CP: CellProfiler
CPA: CellProfiler Analyst
ROC: Receiver operating characteristic
TUNEL: TdT-mediated dUTP-biotin nick end labeling
VEGF: Vascular endothelial growth factor.

(a) (b)

Figure 4: “Score image” classifier of CellProfiler Analyst. (a) Original image stained with Harris hematoxylin and DAB. Orange indicates
VEGF+ cells. (b) Classification of the “score image” tool. Objects with blue points are classified as VEGF+, and objects with orange points
are identified as VEGF-.

Table 2: Results of the machine learning-based classification in
terms of sensitivity and specificity.

Sample ID Sensitivity Specificity % VEGF+ % VEGF-

1 0.86 0.92 69% 31%

2 0.95 0.88 79% 21%

3 0.98 0.89 75% 25%

4 1 0.84 83% 17%

5 0.97 0.87 59% 41%

6 0.99 0.91 83% 17%

7 1 0.81 73% 27%
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Aim. The RelB gene plays an important role in guiding the progression of arthritis. We have previously demonstrated that the
expression of the RelB gene is decreased significantly in bone marrow DCs of CD38-/- mice. In this study, we demonstrate that
the cluster of the differentiation (CD38) gene could be a potentially therapeutic target for autoimmune arthritis. Method.
Collagen-induced arthritis (CIA) models were generated with both the wild-type (WT) C57BL/6 and CD38-/- mice. The
expression of the RelB gene and maturation of bone marrow-derived dendritic cells (DCs) from the WT and CD38-/- mice were
detected. Antigen-specific T cell responses, joint damage, and expression of proinflammatory cytokines were assessed. The
effects of the Nuclear Factor Kappa B (NF-κB) transcription factor and its mechanisms were characterized. Results. We
demonstrated that in CD38-/- mice, the expression of the RelB gene and major histocompatibility complex II (MHC II) was
decreased, accompanied with the inhibited T cell reaction in a mixed lymphocyte reaction (MLR) in bone marrow-derived DCs.
Compared to the serious degeneration of the cartilage and the enlarged gap of the cavum articular in WT CIA mice, joint
pathological changes of the CD38-/- CIA mice revealed marked attenuation, while the joint structures were well preserved. The
preserved effects were observed by the inhibition of proinflammatory cytokines and promotion of anti-inflammatory cytokines.
Furthermore, decreased phosphorylation of NF-κB was also observed in CD38-/- CIA mice. Conclusion. We demonstrate that
CD38 could regulate CIA through NF-κB and this regulatory molecule could be a novel target for the treatment of autoimmune
inflammatory joint disease.

1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
and afflicts 1% of the world’s population [1]. The character-
istic of RA is nonspecific, symmetric inflammation of the
joint accompanied with destruction of the cartilage and bone
[2]. RA synovial fibroblasts (RASFs) are a specialized cell
type which is located in synovial joints [1, 3]. When
activated, RASFs can produce proinflammatory cytokines,
such as TNF-α and IL-1β [4, 5] and play an important role
in both initiation and development of RA [6]. Disease-
Modifying Antirheumatic Drug (DMARD) therapy has a

greater beneficial impact on the RA outcome [7, 8], but none
of the currently available treatments provide a drug-free and
long-lasting remission of RA [9]. Moreover, serious side
effects such as infections were shown in some patients [10].

Autoimmunity can be prevented by active silencing of
autoreactive T cells and inhibiting the central role of DCs.
Because of the important role of DCs in adjusting adaptive
immune responses, current immunotherapeutic approaches
aim at achieving restoration of immune tolerance by treat-
ment with tolerogenic DCs (Tol-DCs) [11]. Generally,
immature DCs act primarily as tolerogenic cells: they can
promote the generation of T regulatory cells and cause
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deviation of cytokines from Th1 to Th2, whereas mature
DCs act as immune stimulators [12]. RelB, a member of
the NF-κB family, plays an important role in the matura-
tion and functions of dendritic cells [4, 13, 14]. And the
antigen-specific T cell responses were blunted in both
RelB-silenced DCs [13] and splenic DCs of RelB mutant
mice [14]. We have previously demonstrated in the animal
model of collagen-induced arthritis (CIA) that treatment
with a synthetic RelB inhibitor or RelB gene-silenced
Tol-DCs can prevent disease progression. The decreased
expression of maturation markers, i.e., CD40, CD80, and
CD86 in those Tol-DCs, was confirmed [4, 15].

On the other hand, CD38 is a cyclic ADP ribose hydro-
lase glycoprotein with molecular weight of 42 kD, and
CD38 is located on the cell surface with a variety of functions:
CD38 can transduce the intracellular proliferative signals and
ectoenzymatic activity related to the catabolism of extracellu-
lar nucleotides [16]. CD38 plays a variety of regulatory effects
on cardiovascular diseases, metabolic diseases, and tumors
[17]. But, the role of CD38 in autoimmune diseases remain
largely unknown.

Our previous data showed that the expression of the RelB
gene significantly decreased in bone marrow DCs (BMDCs)
of CD38-/- mice. Thus, this study aims at investigating the
effects of the CD38 gene on the development of RA and at
exploring the underlying molecular mechanism.

2. Materials and Methods

2.1. Animals. The male C57BL/6 (WT), BALB/c, and CD38-/-

mice were obtained from The Jackson Laboratory (Bar Har-
bor, ME) and maintained in sterile filter-top cages in SPF
Animal Facility at Laboratory Animal Center of Nanchang
University. The experimental procedures on use and care of
animals had been approved by the Ethics Committee of Nan-
chang University, and the ethical approval number is SYXK
2015-0001. All animals were used at the age of 8 weeks.

2.2. PCR. Tails (1 cm) were taken from the WT and CD38-/-

mice, respectively, and treated with a 400μl lysis buffer and
10μl proteinase K (20mg/ml). After being incubated over-
night at 56°C, DNA was extracted with a quick genotyping
assay kit for the mouse tail (Beyotime). Polymerase chain
reaction (PCR) was performed in a 13μl of reaction volume
containing 0.2μM primers and 1U Taq DNA polymerase
under the following conditions: 94°C for 30 sec, 60°C for
30 sec, and then 72°C for 30 sec (30 cycles). PCR products
were visualized with Safe Green on 1.5% agarose gels.
Primers used for the amplification of murine CD38, Neo-
mycin- (Neo-) resistant gene, and GAPDH were as follows:
CD38, 5′-CAATGTCCCAATCTGCCAAG-3′ (forward);
Neo, 5′-GCTGCGATTCGGGAGGGATAC-3′ (forward);
both CD38 and Neo, 5′-AAAGGGGAGAACAGGAAGGA
(reverse); and GAPDH, 5′-GAAGGTGGTGAAGCAGG
CATC-3′ (forward) and 5′-GTGGGAGTTGCTGTTGAAG
TCG-3′ (reverse).

2.3. CIA Model. The male WT and CD38-/- mice, 8 weeks of
age, were immunized (day 0) intradermally at the base of the

tail with 100μg/100μl chicken type II collagen (CII)
(Sigma-Aldrich, St. Louis, MO) and mixed with 500μg/
100μl of complete Freund’s adjuvant (CFA) (Sigma-Al-
drich). On day 21, after priming, the mice received an intra-
dermal booster injection with the same mixture of CII with
CFA. Mice were examined visually three times per week by
the double-blind method, and the different appearance of
peripheral joints were observed.

2.4. DC Cultures. Bone marrow cells were flushed from the
tibias and femurs of the WT and CD38-/- mice, respectively,
on day 0, and 4 × 106 cells/well were cultured in 6-well plates
(Corning, NY) in 4ml of a complete medium (RPMI 1640
supplemented with 2mM L-glutamine, 100U/ml penicillin,
100μg of streptomycin, and 10% FCS (Invitrogen, USA) sup-
plemented with recombinant mouse IL-4 (10 ng/ml; Pepro-
Tech) and recombinant GM-CSF (10ng/ml; PeproTech)).
All cultures were incubated at 37°C in 5% humidified CO2.
48 hrs later, nonadherent cells were removed and a fresh
medium was added every 48 hrs [7].

2.5. RT-qPCR. Total RNA was extracted from cells using
Trizol (Invitrogen). cDNA was synthesized with 1μg total
RNA, oligdT, and reverse transcriptase (Invitrogen) in
20μl reaction volume. Primers used for the amplification
of murine RelB, IL-1β, TNF-α, IL-4, IL-10, and GAPDHwere
as follows: RelB, 5′-AATGCTGGCTCCCTGAAGAACC-3′
(forward) and 5′-ATGTCCCTGCTGGTCCCGATAG-3′
(reverse); IL-1β, 5′-TTTTCCTCCTTGCCTCTGAT-3′ (for-
ward) and 5′-GAGTGCTGCCTAATGTCCCC-3′ (reverse);
TNF-α, 5′-AGCCGATGGGTTGTACCTTG-3′ (forward)
and 5′-GTGGGTGAGGAGCACGTAGTC-3′ (reverse);
IL-4, 5′-AGCTAGTTGTCATCCTGCTCTTCT-3′ (forward)
and 5′-CGAGTAATCCATTTGCATGATGCT-3′ (reverse);
IL-10, 5′-GCTCTTACTGACTGGCATGAG-3′ (forward)
and 5′-CGCAGCTCTAGGAGCATGTG-3′ (reverse); and
GAPDH, 5′-GAAGGTGGTGAAGCAGGCATC-3′ (for-
ward) and 5′-GTGGGAGTTGCTGTTGAAGTCG-3′ (reve
rse). Quantitative real-time PCR was performed in 20μl of
reaction volume containing 1U Taq DNA polymerase
and 0.2μmol/l primers under PCR conditions consisted
of 30 sec at 95°C followed by 40 cycles of 5 sec 95°C and
30 sec at 60°C.

2.6. FACS Staining and Analysis of BMDCs. DCs were gener-
ated from bone marrow progenitor cells of the WT and
CD38-/- mice as previously described [7]. Seven days after
culture, DCs were harvested and stained with anti-CD11C-
Per CP (0.5μg/test), anti-MHC II FITC (0.5μg/test), anti-
CD40-PE (0.125μg/test), and anti-CD80 APC (0.06μg/test)
antibodies (Bioscience, USA). Flow cytometry analysis was
performed with FlowJo software in a FACSCanto II (BD Bio-
sciences) system.

2.7. Mixed Leukocyte Reaction (MLR). 10 days after CII
booster injection, DCs were generated from bone marrow
progenitor cells of the WT and CD38-/- mice as described
above. Seven days after culture, DCs from 2 groups were
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Figure 1: Alteration of the RelB gene expression and phenotype of BMDCs generated over 7 days from CD38-/- mice. (a) Genotyping of CD38
gene deficiency in CD38-/- mice (n = 3/group). DNA was extracted from tails of CD38-/- mice as described in Materials and Methods. The
CD38 and Neo gene expressions were determined by PCR. (b) Alteration of RelB gene expression in DCs from CD38-/- mice (n = 3
/group). DCs were cultured from the bone marrow of the WT and CD38-/- mice as described in Materials and Methods. Gene expressions
of CD38 and RelB were detected by RT-qPCR. (c) Phenotypes of DCs in CD38-/- mice (n = 3/group). DCs were stained with antibodies
against MHC II, CD40, and CD 80, respectively; the expression of above molecules was detected by flow cytometry. The data presented
one of three independent experiments (∗∗p < 0 01).
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seeded in a flat-bottom 96-well plate (Corning) for use in
triplicate as stimulator cells. Spleen T cells from BALB/c mice
were isolated with Ficoll-Paque (GE Healthcare Bio-sciences
AB) by gradient centrifugation and added as responders
(5 × 105 cells/well). The mixed lymphocytes were cultured
in 200μl of RPMI 1640 (supplemented with 10% FCS,
100μg/ml of streptomycin, and 100U/ml of penicillin) at
37°C for 72hrs. 72 hrs after incubation, 20μl CCK-8 was
added to each well for 2 hrs. The OD of each well was mea-
sured in an ELISA plate reader at a wavelength of 450nm.

2.8. Histology. The paws from the normal WT, WT CIA, and
CD38-/- CIA mice were removed, and joint tissues were fixed
in 10% (wt/vol) neutral-buffered formalin in 0.15M PBS (pH
7.4). Joint tissues were decalcified with decalcifier solution for
2 weeks and accompanied with dehydration in a gradient of
alcohols subsequently; tissues were processed for paraffin
embedding in paraplast by classic procedure. Serial paraffin
sections throughout the joint were cut at 7μm thickness on
a microtome, heated at 60°C for 30min, and deparaffinized.
Hydration was done by transferring the sections through
the following solutions: triple to xylene for 6min and then
twice to 100% ethanol twice, 95% ethanol, and 70% ethanol
for 2min. Sections were stained with H&E and mounted on
glass slides.

2.9. Western Blot. DCs were generated from bone marrow
progenitor cells of the WT and CD38-/- CIA or healthy mice
as described above 5 weeks after CII booster injection. After 7
days of culture, cells were harvested, washed twice with
ice-cold PBS, resuspended in the protein lysis buffer with a
protease inhibitor, and then kept on ice for 30min. Lysed
cells were centrifuged at 15000 rpm for 20min at 4°C; the
supernatant was collected and preserved at -80°C for future
use. Protein concentration was determined by Bio-Rad pro-
tein assay, and 30μg lysate was separated on 12% SDS-
PAGE; transferred to a nitrocellulose membrane; blocked
with 5% fat-free milk and 3% BSA in TBST, anti-NF-κB
p65 Rabbit mAb (1 : 1000), anti-Phospho-NF-κB p65 Rabbit
mAb (1 : 500), anti-NF-κB1 p105/p50 Rabbit mAb (1 :
1000), anti-Phospho-NF-κB p105 Rabbit mAb (1 : 500),
anti-RelB Rabbit mAb (1 : 1000), and anti-GAPDH mAb
(1 : 5000) (CST, USA) according to the manufacturer’s
instructions; and visualized by an ECL assay (Sage Creation).

2.10. Statistical Analysis. Data are expressed as mean ± SEM.
Differences between groups of mice were compared using the
t-test for parametric data. A P value less than 0.05 was con-
sidered significant.

3. Results

3.1. Maturation of DCs Inhibited by the Knockout of CD38 In
Vivo. It has been reported that Tol-DCs play an important
role in suppressing immune responses [9]. RelB is a main
factor controlling the maturation and function of DCs [4].
In this study, we used CD38-/- mice in which genotyping
showed the expression of the CD38 gene is deficient while
the expression of the Neo gene is positive (Figure 1(a)). The
DCs generated from CD38-/- mice also demonstrated that

the expression of the CD38 gene is deficient (Figure 1(b)).
Interestingly, the expression of the RelB gene in DCs of
CD38-/- mice is decreased significantly, when compared to
WT mice (P < 0 05) (Figure 1(b)).

We previously reported that silencing of the RelB gene in
bone marrow-derived DCs can enhance tolerogenic proper-
ties [4]. To test if the decreased expression of the RelB gene
in CD38-/- DCs is associated with DC maturation, we
detected the DC maturation markers MHC II, CD40, and
CD80 on DCs of CD38-/- mice. We found that the expression
of MHC II is decreased significantly (P < 0 01) (Figure 1(c)).
Taken together, these data suggest that the maturation of
DCs in CD38-/- mice was inhibited accompanied with the
repression of RelB.

3.2. Immunorepressed Antigen Presentation Ability of BMDCs
in CD38-/- Mice. Our previous data show that silencing IL-12
or the RelB gene in DCs inhibited the antigen presentation
ability of DCs. At the meantime, Tol-DCs have low Ag-
specific T cell recall responses. To test DC function, we
assessed the MLR using BMDCs from the WT or CD38-/-

mice with allogeneic T cells from BALB/c mice. MLR in
which there was stimulation by CD38-/- BMDCs showed
impaired T cell proliferations (Figure 2).

3.3. Attenuation of Joint Damage in CD38-/- CIA Mice. Joint
damage in RA results in adverse effects on cartilage degener-
ation and bone remodeling [1, 18]. To confirm the modula-
tory effect of CD38 on joint damage in CIA, we further
sought to examine microscopic histological differences in
CD38-/- CIA mice. CIA mice were sacrificed 5 weeks follow-
ing the onset of arthritis, and joints were examined by serial
sectioning. We observed that, compared with normal mice
(Figure 3(a)), CIA mice possessed serious degradation of
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Figure 2: Inhibition of allogeneic stimulatory function of BMDCs
generated over 7 days from CD38-/- mice. DCs cultured from the
bone marrow of the WT and CD38-/- mice (n = 3/group, DCs in
each group were combined and distributed into 3 wells
independently) were used as stimulator cells and incubated with
allogeneic T cells from BALB/c mice for 3 days in an MLR. T cell
proliferation was detected by CCK-8 assay. The data presented one
of three independent experiments (∗p < 0 05, ∗∗p < 0 01).
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the cartilage and presented the enlarged cavum articular
(Figure 3(b)). In contrast, joint pathological changes of the
CD38-/- CIA mice revealed noticeable attenuation although
the joint structures were well preserved (Figure 3(c)). These
data imply that CD38 deficiency is beneficially associated in
the context of the onset and pathogenesis of CIA.

3.4. Suppression of Proinflammatory Cytokines in BMDCs
Generated over 7 Days from CD38-/- CIA Mice. There are
some evidences showing that proinflammatory cytokines
play important roles in the onset and progression of autoim-
mune arthritis [9, 18]. To assess if CD38 can influence the
expression of cytokines in CIA mice, we tested cytokine pro-
duction of BMDCs isolated from the WT and CD38-/- CIA
mice. As shown in Figure 3, the mRNA level of IL-1β was
considerably decreased, although there is no significant
change of TNF-α transcripts. Compared with BMDCs from
WT CIA mice, mRNA levels of IL-4 and IL-10 were signifi-
cantly increased in CD38-/- CIA mice (Figures 4(a)–4(d)).
These data also give us a hint that the inflammatory reaction
might be suppressed when CD38 is deficient.

3.5. Reduced Phosphorylation of NF-κB in BMDCs from
CD38-/- CIAMice.NF-κB is an important regulator of inflam-
mation and immune response [19]. Activation of NF-κB
influences the expression of proinflammatory genes, such as
growth factors, cytokines, and chemokines [20]. To explore
the mechanisms whether CD38 gene deficiency can reduce
the expression of proinflammatory genes, we detected the
expression of NF-κB and their phosphorylation. Five weeks

following the onset of arthritis, BMDCs generated over 7 days
were isolated from the WT and CD38-/- mice with or without
collagen stimuli, and the expression of NF-κB in BMDCs was
detected. Our results show that NF-κB p65 (RelA)
(Figure 5(a)), NF-κB P-p65 (Figure 5(b)), and NF-κB1 p105
(Figure 5(c)) were not changed in CD38-/- CIA mice com-
pared to WT CIA mic and that the phosphorylation of
NF-κB1 p105 is greatly decreased in CIA mice when the
CD38 gene is deficient (Figure 5(d)), whereas, compared to
WT mice, the phosphorylation of NF-κB1 p105 in healthy
CD38-/- mice was not changed (Figures 5(e) and 5(f)). In
addition, RelB (Figure 5(g)) was greatly decreased in
BMDCs of CD38-/- CIA mice, which means NF-κB1 p105
phosphorylation and RelB expression were reduced in CD
38-/- CIA mice.

4. Discussion

Rheumatoid arthritis (RA) is a chronic disease of the joints
characterized by leukocyte infiltration, progressive destruc-
tion of articular structures, and degeneration of the cartilage.
It is reported that an abnormal autoimmune response is
important in RA development, but the exact causes of RA
are still unknown. CD38 is expressed on various hematolog-
ical tissues, such as B cells, NK cells, and monocytes [21], and
the CD38 gene may regulate a variety of diseases. For exam-
ple, the increased expression of the CD38 gene is related to
poor prognosis in chronic granulocytic leukemia. Moreover,
the impaired immune system caused by CD38 gene defi-
ciency is also accompanied with poor prognosis. However,

(a) (b) (c)
Normal WT CD38-/- CIAWT CIA

4x

20x

Figure 3: Attenuated joint damage in CD38-/- CIA mice. CIA mice were generated from the WT and CD38-/- mice, as described in Materials
and Methods. The knees of mice were collected from the normal WT,WT CIA, and CD38-/- CIA mice at the end point (5 weeks postboosting
of the CII antigen). Histological sections of joints were stained with H&E. Pathological changes in the joints of normal WTmice (a), WT CIA
mice (b), and CD38-/- CIA mice (c) are displayed (n = 3 per group/experiment).
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the function of the CD38 gene in DCs still remains unclear.
The well-established experimental system used to study RA
is the CIA model, in which heterogeneous CII proteins are
used in the presence of an adjuvant to stimulate antisynovial
autoimmunity. To test the effects of CD38 gene deficiency on
RA, we employed this model as done previously [22].

DCs are specialized cells that link the innate and adaptive
immune systems. The involvement of DCs in autoimmunity
has been reported in patients as well as in animal models.
When activated, DCs upregulate costimulatory molecules,
produce cytokines, promote the priming of T cells, and acti-
vate various types of immune cells. Without activation, DCs
show a low antigen presentation ability that might lead to
unresponsiveness of T cells and play an important role in
promoting immune tolerance [23, 24]. Silencing of DCs
results in suppression of the immune response both in vivo
and in vitro. The mature DCs express high levels of MHC

II, T cell costimulatory molecules on the plasma membrane,
and proinflammatory cytokines [25]. Tol-DCs have been
developed as a cellular therapy, where T cell proliferation
and IL-2 production were inhibited. NF-κB is a transcript
family which plays a vital role in regulating immune
responses; the subunits of NF-κB include RelA, RelB, c-Rel,
p50/p105, and p100/p52 [26, 27]. RelB appears to be a key
molecule that regulates the maturation, differentiation, and
functions of DCs [13, 14, 26]. Shih et al. reported that si
RNA-mediated silencing of RelB expression radically altered
the DC maturation process and resulted in blunted antigen-
specific T cell responses in vitro and in vivo [13]. Wu et al.
reported that little T cell stimulating capacity is shown in
splenic DCs of RelB mutant mice [14, 26]. We reported that
the silencing of IL-12 [7] or RelB [4] in DCs leads to the
expansion of Treg cells and tolerance induction [4, 7]. In this
experiment, compared with WT CIA mice, the expression of
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Figure 4: Alteration of proinflammatory cytokines in BMDCs generated over 7 days from CD38-/- CIA mice. DCs were cultured from the
bone marrow of the WT and CD38-/- CIA mice, and the mRNA was extracted from the WT and CD38-/- DCs. The expressions of IL-1β
(a), TNF-α (b), IL-4 (c), and IL-10 (d) were detected by RT-qPCR. Results show average levels of those genes expressed as OD (n = 3 per
group/experiment) (∗∗p < 0 01).
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RelB in CD38-/- CIA mice decreased significantly; this reduc-
tion might influence BMDCs and lead to alleviate inflamma-
tion. In other studies, we demonstrated that ex vivo silencing
of CD40 in DCs can ameliorate RA [28] and allergic diseases
[29]. In this study, we demonstrated that the expression of
the RelB gene is significantly decreased, accompanied with
the inhibited maturation of DCs in CD38-/- mice.

As discussed above, the involvement of DCs in tolerance
and autoimmunity is bidirectional. DCs are professional
APCs which have a potent ability to activate naive T cells
and promote effective responses of T cell. DCs might also
induce tolerance through the generation of Treg cells and
through the inhibition of T cell responsiveness [30]. This
dual function of DCs can be explained partly by the different
maturation stages of DCs [31, 32]. T cell immune responses
to self-antigens also play important roles in the development
and ongoingness of RA. Supporting this possibility, data
shows that CD38 gene deficiency is able to inhibit antigen-

presenting function and CII-specific T cell responses. IL-10
is an anti-inflammatory cytokine and it can promote the
tolerogenic function of DCs [33, 34]. Autoreactive T cells
can cause an autoinflammatory immune response; however,
the tolerogenic DCs show decreased ability in inducing an
autoreactive T cell response. In this study, we suggested that
the expression of the IL-4 and IL-10 genes is significantly
increased, accompanied with the significantly decreased
expression of IL-1β when the CD38 gene is deficient. How-
ever, compared with WT mice, the expression of TNF-α
has no statistical difference. The reason might be that the
mice used to set CIA models are usually DBA/1 (H-2q) mice,
whereas the CD38-/- mice we used in this study are C57BL/6
(H-2b) mice which are less sensitive to collagen II.

Phosphorylation of NF-κB subunits leads to an increase
in NF-κB transcription activity and inducing production of
cytokines. Inhibiting the expression or function of NF-κB is
crucial for maintaining DCs in an immature state [35–37],
with the decreased expression of various cytokines, such as
IL-1β, IL-6, and TNF-α [38, 39], which further amplify the
inflammatory responses [40].

Tolerogenic DCs might also be induced either by pro-
moting the expression of IL-4, IL-10, Fas, or TRAIL [41–
43] or, conversely, by inhibiting the expression of immunos-
timulatory molecules [44, 45]. In this study, we identified that
the phosphorylation of NF-κB is greatly decreased in CIA
mice when the CD38 gene is deficient. So, our results have
shown that without stimuli, the phosphorylation of NF-κB1
p105 shows no difference in the WT and CD38-/- healthy
mice, whereas, in the CIA mice model, the phosphorylation
of NF-κB1 p105 is CD38-dependent. In the current study,
we generated a CIA model in both the WT and CD38-/- mice.
We have been able to demonstrate that the CD38 gene can be
used as an effective target for suppressing autoimmune
arthritis, although the mechanism behind this needs further
identification. This finding could be used to develop new
CD38-based therapies for autoimmune arthritis.

5. Conclusion

We demonstrate that the maturation and immunorepression
of DCs were inhibited in CD38-/- mice. We further delineate
that the joint damage accompanied with suppression of
proinflammatory cytokines attenuated, simultaneously, the
phosphorylation of NF-κB decreased in CD38-/- CIA mice.
This is the first demonstration that CD38 could be a potential
target for the treatment of RA.
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The data used to support the findings of this study are avail-
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generated over 7 days from CD38-/- CIA mice. The protein was
extracted from DCs in the WT and CD38-/- mice with or without
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The inflammatory and autoimmune events preceding clinical symptoms in rheumatoid arthritis (RA) and other autoimmune
diseases are difficult to study in human patients. Therefore, animal models that share immunologic and clinical features with
human RA, such as pristane-induced arthritis (PIA), are valuable tools for assessing the primordial events related to arthritis
susceptibility. PIA-resistant HIII and susceptible LIII mice were injected i.p. with pristane, and peritoneal lavage fluid was
harvested in the early (7 days) and late (35 days) preclinical phases of PIA. Chemokine and cytokine levels were measured in
lavage supernatant with ELISA, peritoneal inflammatory leukocytes were immunophenotyped by flow cytometry, and gene
expression was determined by qRT-PCR. Leukocyte recruitment was quantitatively and qualitatively divergent in the
peritoneum of HIII and LIII mice, with an early increase of CC chemokines (CCL2/CCL3/CCL5/CCL12/CCL22) in the
susceptible LIII strain. Also, cytokines such as IL-12p40, IL-23, and IL-18 were elevated in LIII mice while IL-6 was increased in
HIII animals. The results show that an early peritoneal CC chemokine response is an important feature of arthritis susceptibility
and defines potential biomarkers in this model.

1. Introduction

Understanding the immunological basis of complex auto-
immune diseases such as rheumatoid arthritis is compli-
cated by the fact that patients are almost invariably
symptomatic at the time of enrollment in clinical studies.
Despite the existence of serological markers such as antici-
trullinated peptide antibodies (ACPA), which might be
detectable before disease onset (reviewed in [1]), their
main value resides in predicting the severity of established
disease [2]. As a result, little is known about the early trig-
gers of RA initiation and development.

Therefore, animal models that allow for assessment of
the primordial inflammatory and immune events associ-
ated with arthritis susceptibility are highly valuable.
Pristane-induced arthritis (PIA) [3] is a chronic autoim-
mune inflammatory disease that shares many immunolog-
ical and pathological features with human RA. The
histology is similar, with thickening of the synovial mem-
brane, pannus, and bone/cartilage destruction in the late
stages of the disease [4]. PIA is also characterized by
hypergammaglobulinemia, positivity for rheumatoid factor
(RF), and antibody/T cell reactivity against a wide range of
both joint and ubiquitous antigens [5].
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The peritoneal cavity (PerC)—site of pristane injection
in mouse PIA—is composed of a complex array of leukocyte
populations [6]; their early response to pristane stimulation
might diverge in resistant and susceptible mouse strains,
resulting in different outcomes of subsequent autoimmune
reactions. Pristane injection in the PerC induces chronic
IL-6 production by peritoneal cells [7]; however, the role of
this cytokine in PIA is not clear. Increased IL-6 is observed
in rheumatoid arthritis and murine PIA, but also in mice
protected from the disease by prior gamma irradiation [8].
Pristane also induces a lupus-like syndrome characterized
by type I interferon production by peritoneal-infiltrating
immature monocytes [9].

Early studies on PIA demonstrated that increased num-
bers of CD4+ T cells are recruited to the PerC of the suscep-
tible CBA/Igb mice 20-80 days postpristane injection and
susceptibility was restored to irradiated mice only when
spleen T cells—more specifically CD4+ lymphocytes—were
transferred during the first 3 weeks after pristane injection.
This suggests that the early preclinical phase is crucial to dis-
ease development [10]. The intestinal microbiota is impor-
tant in the PIA model, as susceptible mice housed under
SPF conditions are refractory to arthritis development,
regaining susceptibility after transfer to the conventional
environment [11].

Several cytokines and chemokines had their roles estab-
lished in clinical RA, as well as in PIA and other murine
arthritis models. However, their function in the early inflam-
matory and immune events leading to arthritis IS less well
understood, because gene knockout affects their function
both before and after the disease.

Mouse strains phenotypically selected for extremely high
(HIII) or low (LIII) antibody production against complex
antigens [12] or acute inflammation [13] have been success-
fully used for mapping genetic loci regulating their respec-
tive selection phenotypes [14, 15]. These strains also
diverge in other traits, such as cancer [16] and PIA [17,
18]. Susceptibility of HIII and LIII mice to PIA is extremely
divergent (HIII mice are resistant, while 100% of LIII ani-
mals develop severe arthritis within 45-120 days postpris-
tane injection [17]), allowing the study of inflammatory
events to take place in the PerC during the preclinical phase.
In this regard, previous experiments showed that spleno-
cytes from PIA-susceptible LIII mice produce more
IL-12p40 and IL-1β than HIII early (4-15 days) after pris-
tane injection [17]. This is possibly the result of a divergent
peritoneal inflammatory response to pristane in these mice.

Therefore, we studied the early peritoneal inflammatory
events induced by pristane in HIII and LIII mice, aiming at
mediators potentially associated with the extreme divergence
of these strains in PIA susceptibility. We show that the ability
to mount an early chemokine-driven recruitment of inflam-
matory cells to the PerC correlates with divergent peritoneal
cytokine production profiles and severe arthritis in LIII mice.

2. Materials and Methods

2.1. Animals. Male and female inbred HIII and LIII mice
from selection III [14] were used. Mice were 2-4 months

old at the time of pristane injection and were bred under
conventional conditions at the animal facility of the Immu-
nogenetics Laboratory, Butantan Institute. All procedures
were approved by the Institutional Animal Care and Use
Committee of the Butantan Institute (CEUAIB protocol
nos. 655/09 and 1110/13), and all animals received humane
care, according to the criteria outlined in the “Guide for
the Care and Use of Laboratory Animals” published by the
National Academy of Sciences and the National Institutes
of Health.

2.2. Pristane Injection. Mice (N = 4 − 6 per group) were
injected i.p. with 0.5mL pristane (TMPD) (2,6,10,14-tetra-
methyl pentadecane, Sigma Chemical Company, Saint Louis,
MO). For clinical arthritis induction, two doses were given
with a 60-day interval and animals were observed for 120
days after the first injection, while a single dose was given
for assessment of the preclinical phase. Control animals were
injected with saline.

2.3. Peritoneal Lavage. After euthanasia in a CO2 chamber,
the peritoneal cavity of each mouse was washed with 3mL
unsupplemented RPMI1640 medium. The lavage was centri-
fuged at 400 × g for 5min/4°C, and the pristane layer was
removed by aspiration. The supernatant was aliquoted and
stored at -80°C until being used. An aliquot of the cells was
counted in Malassez hemocytometric chambers and another
was cytospun onto glass slides with a Cytospin™ 4 Cytocen-
trifuge (Thermo Fisher, Cheshire, UK) and Giemsa-stained
for differential counts. The remaining cells were either pre-
served in RNAlater solution for RNA extraction or resus-
pended in RPMI+2%FBS for flow cytometry.

2.4. Real-Time PCR. Total RNA was extracted from perito-
neal cells with the Illustra™ RNAspin Mini Kit (GE Health-
care Lifesciences, Buckinghamshire, UK). Quantification
and purity of the samples were measured in a NanoVue
spectrophotometer (GE Healthcare Lifesciences), and integ-
rity was determined in the Bioanalyzer 2100 instrument with
the RNA 6000 Nano Kit (Agilent, Waldbronn, Germany).
Samples were used if their RIN (RNA Integrity Number)
was at least 7.0. RNA (250ng) was reverse transcribed with
GoScript Reverse Transcriptase (Promega, Madison, USA)
and oligo dT18 primers. qRT-PCR reactions were carried out
in a StepOnePlus real-time detector using SYBR FASTmaster-
mix (Life Technologies, Foster City, USA) in a final volume of
10μL. The expression levels of several reference genes (Rps29,
Tbp, Gapdh, Ppia, and B2m) were analyzed for stability with
the geNorm VBA applet [18], and the combination of Ppia
and B2m was determined as the most stable. Primer pair
sequences are described in Table 1 and were designed with
Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/), with the exception of Mx1, which was obtained from
PrimerBank (https://pga.mgh.harvard.edu/primerbank/; Pri-
merBank ID 6996929c1).

Normalized (2−ΔCt) gene expression [19] was calculated
with DataAssist Software (Thermo Fisher Scientific, Foster
City, USA) using the mean of Ppia and B2m Ct values
as reference.
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2.5. ELISA. Cytokine and chemokine levels were quantified
in peritoneal lavage fluid with either OptEIA ELISA sets
(BD Biosciences Pharmingen, San Diego, USA), Ready
SET-Go! ELISA kits (Affymetrix eBioscience, San Diego,
USA) or DuoSets (R&D Systems, Minneapolis, USA) as
per manufacturers’ instructions. Plates were read in a
μQuant Spectrophotometer (BioTek Instruments, Winooski,
USA), and the standard curves were determined by
4-parameter logistic equations.

2.6. Flow Cytometry. Freshly harvested PerC cells were incu-
bated with ACK red cell lysis buffer, counted in the presence
of Trypan Blue, and 5X105 viable cells were incubated with
marker-specific antibodies, purchased from BD Biosciences:
anti-CD11b (clone M1/70), anti-CD11c (clone HL3),
anti-CD3e (clone 145-2C11), anti-CD23 (clone B3B4),
anti-CD19 (clone 1D3), and anti-CD5 (clone 53-7.3). Non-
conjugated monoclonal antibodies were used as isotype con-
trols. Acquisition was carried out in a FACSCanto™ II
cytometer (BD Biosciences), and a minimum of 10000 live
events (excluding propidium iodide-positive cells) were ana-
lyzed with FlowJo software (FlowJo, Ashland, USA).

2.7. Statistical Analyses. Unless otherwise stated, group dif-
ferences were compared with two-way ANOVA, followed
by Bonferroni posttests in Prism v.5.0 (GraphPad Software,
La Jolla, USA).

3. Results

3.1. Early Pristane-Induced Peritoneal Inflammation Is
Distinct in PIA-Susceptible and Resistant Mice. The PerC of
HIII and LIII control mice is similar in total numbers
(Figure 1(a)) and composed by macrophages and lympho-
cytes, with lower numbers of mast cells and nearly absent
neutrophils (Figure 1(b)). Pristane injection induced an early
and dramatic shift in the proportions of cells, with striking
differences between HIII and LIII mice. The inflammatory
infiltrate peaked 7 days postpristane injection in LIII mice,

while total cell numbers were similar in pristane-injected
and control HIII animals. Mast cells were not detected in
the peritoneal lavage of HIII- or LIII-injected mice. In LIII
mice, all other cell populations increased significantly, while
in HIII mice, despite numerical variation, differences were
not significant (Figure 1(b)).

3.2. Peritoneal Cell Populations. Cytospin preparations
showed that alterations in the peritoneal cell populations
occurred early after pristane injection. Then, we further
investigated whether specific cell subpopulations were
enriched or depleted at the 7-day time point, using flow
cytometry. Proportions of CD11b+/CD11c+ dendritic cells
(Figure 2(a)) increased only in LIII mice postpristane injec-
tion, and while the numbers of CD3+ T cells (Figure 2(b))
also increased in this strain, the difference was not signifi-
cant. The proportions of B2 (CD19+/CD23+/CD5-) and
B1b (CD19+/CD23-/CD5-) cells were similar to those in con-
trol mice, while B1a (CD19+/CD23-/CD5+) cell percentages
were higher in LIII than HIII. Pristane injection reduced
the proportion of B2 cells in LIII mice only, while B1a and
B1b cell numbers were unaltered (Figure 2(c)).

3.3. The Peritoneal CC Chemokine Profile Is Divergent in HIII
and LIII Mice during the Preclinical Phase of PIA.Differences
in the PerC mononuclear cell infiltrate of HIII and LIII mice
suggested that chemokines might be involved. Then, we
investigated peritoneal CC chemokine levels of HIII and
LIII mice in the early (7 days postpristane injection) and
late (35 days) preclinical phases of PIA. In the early
period, levels of all chemokines were significantly elevated
in injected LIII mice. On the other hand, only CCL2 and
CCL6 levels increased in HIII mice Figures 3(a) and
3(d)), while the levels of the other chemokines were simi-
lar to those of the controls.

At 35 days, CCL2 levels rose sharply in both strains,
being higher in LIII than in HIII mice (Figure 3(a)). In
pristane-treated LIII mice, CCL3, CCL5, and CCL12 levels
remained elevated and CCL22 decreased to control levels.

Table 1: Primer pairs used in qRT-PCR assays.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)
Ppia AGCGTTTTGGGTCCAGGAAT AAATGCCCGCAAGTCAAAAG

B2m CCCCACTGAGACTGATACATACG CGATCCCAGTAGACGGTCTTG

Rps29 TCTACTGGAGTCACCCACGGAAGT GTCAGTCGAATCCATTCAAGGTCGC

Gapdh AGACGGCCGCATCTTCTTGTGC TACGGCCAAATCCGTTCACACCG

Tbp GACCAGAACAACAGCCTTCCACCT TGTGGAGTAAGTCCTGTGCCGTAAG

Ccr1 ACTCTGGAAACACAGACTCACTG GTTGTGGGGTAGGCTTCTGT

Ccr2 TTGACCACCTTCCAGGAATC CTGCATGGCCTGGTCTAAGT

Ccr3 TGTTATCTCTGTTTCATTAGCAGTG CATAGGGTGTGGTCTCAAAGC

Ccr4 AGAAGAGCAAGGCAGCTCAA GGTGGTGTCTGTGACCT

Ccr5 CCAGAGGAGGTGAGACATC GCAGGGTGCTGACATACCA

Cxcr2 AGCCACTCTGCTCACAAACA CCACCTTGAATTCTCCCATC

Ccl2 GCCTGCTGTTCACAGTTGC TCATTGGGATCATCTTGCTG

Mx1 GACCATAGGGGTCTTGACCAA AGACTTGCTCTTTCTGAAAAGCC
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In HIII mice, CCL5 and CCL12 levels were similar to those
of LIII mice, while CCL3 and CCL22 did not increase above
control levels. Elevated CCL6 levels were only observed in
HIII mice at this time point (Figure 3(d)).

We also measured the peritoneal levels of the
PMN-specific chemokine CXCL1. Pristane induced a signif-
icant increase in CXCL1 levels, with similar intensity in HIII
and LIII mice (Suppl. Figure 1a).

3.4. Chemokine Receptor Gene Expression in Peritoneal
Leukocytes. We measured the gene expression of chemo-
kine receptors bound by the chemokines induced by pris-
tane in leukocytes recruited to the PerC of HIII and LIII
mice. Ccr1 expression was similar in injected and control
animals (Figure 4(a)), and Ccr4 transcripts were unde-
tected in any strain irrespective of treatment (results not
shown). Ccr2 and Ccr3 expression increased in HIII and
LIII pristane-injected animals to a similar extent, while

Ccr5 expression increased only in LIII mice 7 days post-
pristane injection (Figures 4(b) and 4(c)).

We also measured the expression of Cxcr2, receptor
for the granulocyte-targeting chemokine CXCL1. The
expression of this gene increased with similar intensity in
both HIII and LIII mice 7 days postpristane injection
(Suppl. Figure 1b).

3.5. Peritoneal Cytokine Production in HIII and LIII Mice.
Peritoneal levels of IL-1 family cytokines (IL-1α, IL-1β,
IL-18, and IL-1Ra) diverged in pristane-injected mice during
the preclinical phase of PIA. IL-1β levels were not altered 7
and 35 days after pristane injection. IL-1α levels were higher
in HIII animals, while IL-18 production increased in LIII
mice only, at 7 days (Figures 5(a) and 5(c)). IL-1Ra levels
increased in all injected mice at 7 and 35 days
(Figure 5(d)). In pristane-injected mice, IL-6 levels were
similar to controls at 7 days; however, at 35 days, levels in
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Figure 1: (a) Total leukocyte numbers in the peritoneal cavity of pristane- (TMPD-) injected HIII and LIII mice in the preclinical (7 and 35
days) and clinical (120 days) phases of PIA. (b) Peritoneal leukocyte populations in the early (7 day) preclinical phase of PIA. Bars represent
mean ± 95% confidence interval (N = 4-6 animals/group; two-way ANOVA followed by Bonferroni posttests). ∗p < 0 05, ∗∗p < 0 01, and
∗∗∗p < 0 001.
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HIII mice were significantly higher than those in LIII ani-
mals (Figure 5(e)). On the other hand, IL-12p40 levels
increased only in PIA-susceptible LIII mice, at 7 days
(Figure 5(f)). IL-12p40 is a subunit of both IL-23 and
IL-12p70; therefore, both cytokine levels were also mea-
sured. IL-12p70 levels were unaffected by pristane treatment,
while IL-23 levels were elevated at 35 days in LIII mice
(Figures 5(g) and 5(h)).

TNF-α levels were higher in HIII than LIII mice at 35
days (Suppl. Figure 2c). However, this difference may be
attributed to two samples with very high values. IL-4, IL-17,
and IFN-γ levels were unaltered by pristane treatment
(Suppl. Figure 2a-b-d).

4. Discussion

PIA is a late onset arthritis model. However, early
pristane-induced production of inflammatory mediators by
resident and infiltrating peritoneal cells likely shapes the
subsequent autoimmune response by recruiting and activat-
ing inflammatory cells. These cells would in turn migrate to
secondary lymphoid organs and activate autoreactive helper
T cells. On the other hand, resistance would be associated

with a quantitatively or qualitatively divergent response to
pristane. We characterized the early peritoneal inflamma-
tory response in mouse strains with extreme divergence in
PIA susceptibility to investigate this hypothesis.

Our results showed that, during the early preclinical
phase of PIA, the levels of several CC chemokines increased
in the PerC of LIII mice only. This differential response cor-
related with distinct inflammatory infiltrates, altered expres-
sion of chemokine receptor genes, and divergent production
of inflammatory cytokines by infiltrating leukocytes. The CC
chemokines target predominantly nongranulocyte cells [20],
which might explain the intense monocyte/macrophage,
DC, and lymphocyte infiltrate in LIII animals in this early
phase. On the other hand, the neutrophil recruitment
observed in HIII mice is likely the result of a predominant
CXCL1 response.

CCL2 recruits monocytes, macrophages, DCs, eosino-
phils, and various T cell subsets via CCR2 or CCR4. The
CCL2 levels increased similarly in both HIII and LIII mice
during the early preclinical phase of PIA, as well as Ccr2
expression by infiltrating cells, while Ccr4mRNA levels were
unaltered. CCL2 and CCR2 are extensively studied in rheu-
matoid arthritis [21, 22]. Increased joint CCL2 levels are also
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Figure 2: Changes in peritoneal cell subpopulations 7 days postpristane injection in HIII and LIII mice. (a) CD11b+/CD11c+ DCs, (b) CD3+
T cells, and (c) B1 and B2 Lymphocytes. Data represent two independent experiments (N = 4), and bars represent mean ± 95% confidence
interval (Kruskal-Wallis test, ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001).
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Figure 3: Peritoneal chemokine levels in the preclinical phase of PIA. Chemokine levels were determined in the peritoneal lavage fluid at 7
and 35 days post i.p. pristane injection in HIII and LIII mice. Data are from groups of 4-6 mice (for CCL6, two experiments were combined).
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detected in murine arthritis models [23–25]. In collagen-
induced arthritis (CIA), CCR2 and CCL2 are elevated in
joints but CCR2 neutralization exacerbates disease in this
model [26].

CCL12, a mouse-specific chemokine, also binds specifi-
cally to CCR2, and little is known about the role of this che-
mokine in clinical RA and murine experimental arthritis.
CCL12 is produced by RANKL-induced osteoclasts [27]
and expressed in the synovium of DA rats with PIA [28].
Levels of this chemokine increased in the 7-day peritoneal
lavage fluid of LIII mice only, a finding not previously
reported to our knowledge.

CCL3 targets diverse cell types, with the exception of
neutrophils, by binding CCR1/4/5. Anti-CCL3 treatment
did not reduce CIA severity in mice but decreased bone
resorption, possibly by impairing osteoclast differentiation
[29]. Therefore, CCL3 seems to play a role in the later phases
of this model. Early production of CCL3, as well as CCL2
and cytokines such as IL-1β, IL-6, IL-12, and IL-1Ra, was
observed in an acute antigen-induced peritonitis model
[30], showing that peritoneal-resident cells are an important

source of these mediators. The increased CCL3 levels and
higher Ccr5 expression in LIII mice suggest that this chemo-
kine also plays a role in early arthritis development, at least
in the PIA model.

CCL22, secreted by monocytes, macrophages, and den-
dritic cells, has been recently described as one abundant che-
mokine in the synovium of clinical RA, as opposed to
non-RA synovium [31]. CCL22 levels increased only in sus-
ceptible LIII animals, indicating that this chemokine should
be further studied in animal models and in RA.

CCL6, homolog to human CCL23, is a potent macro-
phage chemoattractant during skin wound healing [32], is
expressed in the bone, attracting osteoclasts [33], and is also
involved in angiogenesis [34]. mCCL6/hCCL23 is secreted
by mouse and human eosinophils [35, 36], cells that were
recruited to the PerC of pristane-injected mice. CCL6 levels
increased in both HIII and LIII mice at 7 days but only
remained elevated in HIII, after 35 days. Serum CCL23
has been described as a RA activity biomarker [37]; how-
ever, murine CCL6 has not been ascribed a role in murine
arthritis models.
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CCL5 binds CCR1/3/4/5 and is elevated, together with
CCL2 and other chemokines, in human RA synovium [38].
This chemokine induces metalloproteinases such as MMP-1
and MMP-13 in RA synovial fibroblasts and thus is involved
in cartilage destruction in the late stages of human disease
[39]. On the other hand, mice deficient for CCR5, one impor-
tant CCL5 receptor, showed exacerbated proteoglycan-induced
arthritis [40]. CCL5 production 7 days postpristane injection
was more intense in the peritoneum of LIII mice, and
infiltrating leukocytes also expressed more Ccr5 mRNA at
this timepoint.

In short, several CC chemokines with established roles in
clinical human RA also participate in the early preclinical
phase of PIA.

Inflammatory and immune cells infiltrating the PerC of
LIII mice may express more than one chemokine receptor,
usually in a sequential fashion for extravasation into tissues
and homing to secondary lymphoid tissues, in a steady state
and inflammatory conditions [41]. Ccr2 and Ccr3 expression
increased in both strains, while Ccr5 increased in LIII mice
only. These analyses are limited in that expression was mea-
sured in the whole peritoneal cell infiltrate. Further immu-
nophenotyping of sorted cell populations would address
this issue.

Mice selected for maximal acute inflammation, homozy-
gous for Slc11a1 R (AIRmaxRR) or S (AIRmaxSS) alleles, also
differ in PIA susceptibility [42]. Slc11a1 is involved in mac-
rophage activation, and the S allele is associated with upreg-
ulation of chemokine and chemokine receptor genes in
peritoneal macrophages of AIRmaxSS mice during the late
clinical phase of PIA [43]. The PerC of pristane-injected LIII
mice shared a similar CC chemokine profile to AIRmaxSS,
suggesting that these mediators may be relevant throughout
PIA development. On the other hand, levels of the
PMN-specific chemokine CXCL1 increased in both HIII
and LIII mice in the early preclinical phase, while expression
was downregulated in peritoneal macrophages of both

AIRmaxSS and AIRmaxRR mice. This may reflect the early
acute phase analyzed in HIII and LIII mice, as opposed to
the late, chronic phase of PIA studied in AIRmaxSS and
AIRmaxRR. HIII and LIII mice both carry the Slc11a1 R
allele (unpublished results), suggesting that their genetic
background contains factors with more profound effects
in PIA susceptibility.

In pristane lupus, resident and pristane-elicited perito-
neal macrophages from BALB/c mice secrete CCL2, CCL3,
CXCL1, and IL-6 when stimulated with TLR7 or TLR4
ligands [44]. In our model, pristane induced similar CCL2
and CXCL1 levels in both HIII and LIII mice. However,
CCL3 was only produced by LIII mice, while IL-6 levels were
higher in HIII animals, suggesting that the peritoneum of
the two strains contains functionally distinct cell popula-
tions. Also, joint damage was assessed in this work using
BALB/c mice. Pristane induced only mild signs of arthritis
after 6 months, in contrast to the severe arthritis of LIII mice
observed as early as 45 days [17]. Expression of
interferon-induced genes (ISGs) such as Ccl2 and Mx1
increases before the onset of pristane lupus symptoms [45].
In our work, mRNA levels of these ISGs increased in both
HIII and LIII strains during the preclinical phase, suggesting
that type I interferon activity may be an intrinsic effect of
pristane. Thus, the importance of the type I interferon signa-
ture, which is still under debate for human RA [46], could
not be established in the present study for PIA.

Our results showed a significant divergence in mononu-
clear (macrophage and DC) numbers in the PerC of HIII
and LIII mice 7 days postpristane injection. While we did
not define the proportion of resident (LPMs) and infiltrating
monocytes and macrophages (SPMs), HIII macrophages
were depleted 7 days after pristane, similar to C57BL/6 mice
[47], a strain not reported as PIA susceptible.

IL-6, a pleiotropic cytokine, is involved in numerous
immune and inflammatory processes, as well as in processes
that resolve or counteract inflammation, due to dual
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Figure 5: Peritoneal cytokines in the preclinical phase of PIA. Cytokine levels were determined in the peritoneal lavage fluid at 7 and 35 days
postpristane injection in HIII and LIII mice. Bars represent mean ± 95% confidence intervals of 1-2 experiments with N = 4-6 mice/group
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signalling—classic and trans—mediated by membrane-
bound and soluble IL-6R, respectively (reviewed in [48]).
Arthritis in TNF-α transgenic mice was not affected by
IL-6 deficiency, while CIA was abolished [49], possibly
involving inhibition of Treg differentiation by this cytokine
in the latter model [50]. High PerC IL-6 levels were detected
in BALB/c mice, 1-4 months postpristane injection [51]. In
agreement with these results, peritoneal IL-6 increased only
35 days postpristane injection, however, with much higher
intensity in the PIA-resistant HIII strain.

IL-1 family cytokines are involved in acute inflamma-
tion, resistance to microbial pathogens, and among other
functions, and act in clinical human RA, which may be
treated with Anakinra (recombinant IL-1Ra, reviewed in
[52]). Our results showed that IL-1Ra levels were highly ele-
vated in both HIII and LIII mice and the cytokines antago-
nized by IL-1Ra (IL-1β and IL-1α) were either unaltered or
slightly elevated in HIII mice. On the other hand, IL-18,
which is not antagonized by IL-1Ra, increased in susceptible
LIII mice, suggesting a role for this cytokine in the early
events of PIA development.

IL-12 family members such as IL-12p40, IL-12p70, and
IL-23 are produced by activated leukocytes including macro-
phages, neutrophils, and DCs [53]. The role of IL-12p70 in
CIA, depends on the phase of the disease, exacerbating
symptoms in the preclinical phase and showing an
“anti-inflammatory” effect during established disease [54].
Contrary to this finding, peritoneal IL-12p70 levels were
unaltered by pristane in HIII and LIII mice, suggesting a
minor role for this cytokine in early PIA development. The
relative effect of IL-12p70 and IL-23, which may be consid-
ered a proxy for the Th1-IFN-γ/Th17-IL-17 balance, as well
as direct actions of IL-23 on osteoclastogenesis and
IL-1β/IL-6 production, might determine the fate of the joints
[55]. IL-23 was slightly elevated in LIII mice, suggesting that
this balance would favor IL-17, IL-1β, and IL-6 production.
However, neither IL-17 nor IL-1β levels increased in the
PerC of HIII and LIII mice and IL-6 increased more
intensely in the resistant HIII strain. IL-12p40, which is
known to be produced in excess over IL-12p70 [53], may
act as an IL-12 antagonist but, as the IL-12p80 homodimer,
may promote the homing of activated DCs to lymph nodes
[56]. This mechanism could facilitate DC-mediated activa-
tion of autoimmune T cells in LIII mice.

5. Conclusions

In summary, the unique HIII and LIII strains, with extreme
divergence in PIA susceptibility, are useful tools for unravel-
ling the fundamental early events that determine the fate of
the joints in this model. Despite the complexity of the
peritoneal microenvironment and the reaction induced by
pristane, our results show that early production of CC che-
mokines, which shape the peritoneal inflammatory pheno-
type of LIII mice, may play an important role in the
subsequent autoimmune responses leading to PIA suscepti-
bility, and are potential biomarkers. These results also might
provide novel insights into the etiology of disease in this
model and eventually in human disease.
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