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The immune system is the host defense against infection,
inﬂammation, tumor, and other diseases. The regulatory
arm of immune system, including regulatory immune cells,
regulatory complement, and regulatory cytokines, plays
important roles in controlling immune responses and
shutting down inﬂammation. However, cancer and some
pathogens may escape and/or limit immune responses by
driving immune regulatory cells. The balance of regulatory
arm and eﬀector arm of immune system maintains immune
homeostasis. The recent advance has greatly increased our
understanding of immune regulatory cells in health and
pathogenesis of inﬂammation, infection, tumor, and other
diseases. Immune regulatory cells are a large group of cells,
such as regulatory T cells, myeloid-derived suppressor cells,
mesenchymal stromal/stem cells, regulatory dendritic cells,
and regulatory eosinophils. One of the keys to control
infection, inﬂammation, tumor, and other diseases is to
improve the understanding of immune regulatory cells in
these situations.
In this special issue, we present original research articles
as well as review papers on the role of immune regulatory
cells with other immune cells in inﬂammation, infection,
tumor, and other diseases. Leishmania (L.) infantum chagasi
causes both visceral leishmaniasis and nonulcerated or
atypical cutaneous leishmaniasis (NUCL). NUCL is characterized by mononuclear inﬂammatory inﬁltration of the
dermis. By far, little is known about the pathogenesis of

NUCL. G. V. A. Flores et al. evaluated the regulatory
response in situ in skin lesions of patients aﬀected by
NUCL. By immunohistochemistry, CD4+, FoxP3+, TGF-β+,
and IL-10+ cells were found in the dermis with inﬂammatory
inﬁltration in all studied cases and at higher densities compared to the normal skin controls. A strong correlation was
observed between CD4+ and FoxP3+ cells, and a moderate
correlation was observed between FoxP3+ and TGF-β+, suggesting that T regulatory FoxP3+ cells and the regulatory
cytokines, especially TGF-β, play an important role in the
immunopathogenesis of NUCL, modulating a cellular
immune response in the skin, avoiding tissue damage, and
leading to low tissue parasitic persistence.
In recent years, studies have generated an accumulating
wealth of evidence on the role of IL-17-producing cells in
protective immunity to intracellular bacterial pathogens,
such as Mycobacterium tuberculosis and Chlamydia trachomatis, which are one of the most important types of pathogens that inﬂict signiﬁcant socioeconomic burden across
the globe. Y. Li et al. summarized the recent progress on
the functions and mechanisms by which Th17/IL-17
responds to intracellular bacterial infections. L. Sun et al.
showed that Vγ1+ T and Vγ4+ T cells were the major proliferative cell subsets of γδ T cell during Chlamydia muridarum lung infection in mice; moreover, Vγ4+ T cells
were the major IL-17 and IFNγ-producing γδ T cell subsets
at the early period of Chlamydia muridarum lung infection.
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These ﬁndings provide new insights into the mechanisms
bridging innate and adaptive immunity during lung chlamydial infections.
Recent advances have demonstrated that microbiota play
important roles in many kinds of diseases. Q. Li et al.
summarized how changes of the gut microbiota aﬀect the
physiological and pathological properties of the intestinal
immunomodulatory cells, thus regulating diabetes mellitus.
Understanding this bridge role of intestinal immunomodulatory cells may clarify the mechanisms by which the gut
microbiota contributes to diabetes mellitus. Periodontitis
is a chronic immunoinﬂammatory disease, in which the
disruption of the balance between host and microbiota
interactions is the key to the onset and progression of
the disease. The immune homeostasis associated with periodontal health requires a regulated immunoinﬂammatory
response, during which the presence of regulatory T cells
(Treg) is essential to ensure a controlled response that
minimizes collateral tissue damage. C. Alvarez et al. presented a comprehensive summary of regulatory T lymphocytes in periodontitis from bench to bedside.
Understanding the phenotypic and functional properties
of tumor inﬁltrating Treg is essential to eﬀectively and specifically target these cells in cancer therapy without compromising immune homeostasis in general. G. R. Lee summarized
recent advances relating to tumor-inﬁltrating Treg in the
tumor microenvironment, with particular emphasis on their
accumulation, phenotypic, and functional properties, and
targeting to enhance the eﬃcacy of antitumor treatment.
Accumulating evidence suggests that neuroinﬂammation
plays a critical role in postoperative cognitive dysfunction
(POCD). Y. Liu and Y. Yin summarized the roles of immune
regulatory cells with other immune cells and crosstalk
between them in the pathogenesis of POCD, which may
uncover promising therapeutic targets for POCD treatment
and prevention.
Monocytes play an essential role in the pathogenesis of
acute exacerbation of chronic obstructive pulmonary disease
(AECOPD). J. Yang et al. analyzed monocyte subpopulation
in the peripheral blood of healthy volunteers and AECOPD
patients at the stages of admission and remission after clinical
therapy, and they found a dramatic increase of a previously
unreported population of large circulating atypical monocytes in AECOPD patients, characterized by higher forward
scatter and lower side scatter, higher expression of CD16,
intercellular adhesion molecule 1 (ICAM-1) and chemotactic
protein-1 receptor-2 (CCR2), and lower expression of MHC
class II antigen (HLA-DR) than typical monocytes. Further,
it was found that the percentage of circulating atypical monocytes in total monocytes correlated with the length of hospital
stay and disease duration. The circulating atypical monocytes
might have the potential to serve as a biomarker in the diagnosis and prognosis of AECOPD.
Y. Wang et al. showed that the expression of mitochondrial
protein nicotinamide adenine dinucleotide dehydrogenase
(ubiquinone) Fe-S protein 3 (NDUFS3) was signiﬁcantly
decreased in the sperm of patients with Asthenozoospermia
(AS), and DJ-1 may play a role in maintaining mitochondrial
function by means of the association with NDUFS3 during
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spermatogenesis in the testes. The interaction between DJ-1
and NDUFS3 in rat testes was weakened by ornidazole
treatment. It showed that downregulation of DJ-1 and
NDUFS3 expression likely contributes to mitochondrial
dysfunction, which may underlie AS pathogenesis.
Overall, we believe that these articles may contribute
to improve our knowledge of immune regulatory cell and
other immune cell-mediated immune mechanisms in infection, inﬂammation, tumor, and other diseases, to provide
insights into designing of eﬀective immunodiagnostic tools,
and to present rational basis for the development of potential
therapeutic strategies.
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Acute exacerbation of chronic obstructive pulmonary disease (AECOPD) is closely associated with airway inﬂammation including
monocytes, lymphocytes, and neutrophils. Monocytes play an essential role in the pathogenesis of chronic obstructive pulmonary
disease (COPD). To elucidate the association of circulating monocyte alteration with AECOPD, we analyzed monocyte
subpopulation in the peripheral blood of 16 healthy volunteers and 22 AECOPD patients at the stages of admission and
remission after clinical therapy. We found a dramatic increase of a previously unreported population of large size circulating
atypical monocytes (A Mo) in AECOPD patients, characterized by higher forward scatter and lower side scatter values than the
typical monocytes (T Mo) which were observed predominantly in healthy individuals. Further analysis showed that A Mo
expressed higher levels of CD16, intercellular adhesion molecule 1 (ICAM-1), and chemotactic protein-1 receptor-2 (CCR2)
than T Mo. In contrast, the expression of class II antigen (HLA-DR) by A Mo was lower than T Mo. More importantly, we
observed that the percentage of circulating A Mo among total monocytes correlated with the length of hospital stay (time to
remission) and disease duration. The data suggest that circulating A Mo might have the potential to serve as a biomarker in the
diagnosis and prognosis of AECOPD.

1. Introduction
COPD is deﬁned as a progressive and irreversible decline in
lung function caused by airﬂow obstruction which is associated with chronic airway inﬂammation in response to
cigarette smoke or other noxious particles. The chronic
inﬂammation often persists despite smoking cessation.
Altered innate immune cell function appears to play a key
role in the development and progression of COPD [1, 2].
On the one hand, increased numbers of monocytes, macrophages, and neutrophils traﬃc prominently into a patient
airway; on the other hand, these invasive leukocytes exhibit
defective function resulting in chronic bacterial colonization

and perpetual infection. The dysregulation of the innate
immune system in COPD is even more serious in the status
of acute exacerbation [3].
AECOPD could have signiﬁcant detrimental eﬀects on
patients, leading to the loss of lung function [4] and a
reduced quality of life [5, 6] with a poorer survival rate [7].
The exacerbations are often caused by viral and/or bacterial
infections in the respiratory tract accompanied by extravagant inﬂammatory responses [8, 9]. The inﬂux of leukocytes
in the lung of COPD/AECOPD patients is comprised of a
variety of cells, including lymphocytes, neutrophils, and cells
from the mononuclear phagocytic system (MPS), including
monocytes, macrophages, and DCs [10]. Macrophages are
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professional antigen-presenting cells and are specialized to
maintain airway sterility. However, monocytes/macrophages
in COPD patients, although increasing in number, show
reduction in the phagocytic and killing function for clearing
infectious agents and apoptotic cells [11–13], resulting in
persistent bacterial colonization, necrotic material accumulation, and subsequent perpetuation of inﬂammation.
Accumulated macrophages in the airway originate from
both tissue-resident macrophages and alveolar macrophages
and from monocyte-derived macrophages recruited from the
circulation [14, 15]. Blocking CC chemokine receptor 2
(CCR2), a critical regulator of monocyte traﬃcking, reduced
monocyte accumulation and neutrophil inﬂux in the airway
in a mouse model [16], suggesting that newly recruited
monocytes might participate in the inﬂammatory process.
Similarly, the depletion of monocytes but not neutrophils
could prevent lung emphysema induced by cigarette smoke
exposure in rats [17]. The relationship between the circulating monocytes and airway inﬂammation raises the question
whether it is possible to predict the inﬂammation in the lung
by studying peripheral blood. Recent studies have established
the heterogeneity and plasticity of circulating monocytes in
animals and humans [18, 19]. Data from several groups also
indicated that the varying patterns of monocyte subsets were
associated with disease progression or prognosis [20–22].
However, it remains unclear for the changes in macrophage
subpopulations especially circulating monocytes in a relationship with COPD or AECOPD.
In the present study, we evaluated the number, size, granularity, and surface markers of circulating monocytes in the
peripheral blood of AECOPD patients in comparison with
healthy controls. Our data show a dramatic increase of a
novel A Mo population of monocytes in AECOPD patients.
This novel A Mo population is characterized by a larger size
and higher expression of surface CD16, ICAM, and CCR2
markers than T Mo in the healthy controls. About 60% of
the monocytes in AECOPD patients were A Mo while A
Mo was nearly negligible in the healthy controls. In addition,
the A Mo population appeared expressing lower levels of
HLA-DR, suggesting alteration in immune function. More
importantly, we found that the percentage of A Mo in
AECOPD patients correlated with hospital stay and disease duration of the patients. The ﬁnding suggests a novel
classiﬁcation strategy for monocyte subsets in the blood of
AECOPD patients and provides the ﬁrst proposal regarding the presence and deﬁnition of atypical monocytes,
which provides new insights into the underlying roles of
monocytes in the pathogenesis and prognosis of AECOPD.
It also suggests that A Mo in circulation might have the
potential to be a biomarker for the diagnosis and prognosis
of COPD/AECOPD.

2. Materials and Methods
2.1. Study Subjects. This study population consisted of
16 healthy never-smoking donors (H), 22 hospitalized
AECOPD patients at admission (Admission) and 17
AECOPD patients at remission (Remission) in Tianjin
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Nankai Hospital. All subjects provided fully informed
consent in this study.
Cases of COPD were deﬁned according to the Global
Initiative for Chronic Obstructive Lung Disease (GOLD)
guidelines [23]. AECOPD was diagnosed as acute altered
respiratory symptoms requiring additional treatments
including oxygen, antibiotics, or systemic corticosteroids to
meet the Anthonisen diagnostic criteria [24]. Lung function
and chest radiography results were obtained for all participants. None of the patients had other serious diseases, such
as asthma, allergic rhinitis, tuberculosis, or cancer. General
data including age, gender, routine blood tests, and serum
C-reactive protein (CRP) levels were recorded (Table 1).
2.2. Sample Preparation and Flow Cytometry Analysis.
Peripheral venous blood samples were collected from healthy
donors and AECOPD patients. Flow cytometric analysis of
monocyte subsets was performed according to the forward
scatter (FSC) and side scatter (SSC) as well as surface marker
expression. Brieﬂy, 100 ml whole blood was collected from
each individual into an anticoagulant-coated tube (EDTA).
Subsequently, the following antibodies were added into the
blood sample and incubated for 15 minutes at room temperature in the dark: anti-CD14-PercP-Cy™5.5 (clone MφP9),
anti-CD16-FITC (clone 3G8), and anti-CD54-APC (ICAM1) (clone HA58), and Ig-matched isotypes were all purchased
from BD Pharmingen; anti-HLA-DR-PE (clone LN3) and
the corresponding isotype were purchased from eBioscience;
anti-CCR2-APC (clone K036C2) and the corresponding
isotypes were purchased from BioLegend. Then, 1 ml of lysis
solution (BD Biosciences) was added to lyse erythrocytes.
Finally, harvested cells were washed and analyzed with ﬂow
cytometry immediately. The four-color analysis was performed, and the expression levels of the surface markers
mentioned above were measured on a FACSCalibur ﬂow
cytometer (BD Biosciences) equipped with 488 nm blue and
633 nm red lasers and analyzed by FlowJo software (Tree Star
Inc., Ashland, OR). Surface molecule levels were expressed
as the percentages and mean ﬂuorescence intensity (MFI)
values. A minimum of 100,000 events of the total cells
was acquired.
2.3. Collection and Analysis of Laboratory and Inﬂammatory
Parameters. Venous blood samples were collected and centrifuged for 10 min at 3000 rpm/min at 4°C. Serum CRP levels
were determined by an ADVIA2400 Chemistry System
(Siemens AG, Germany) according to the manufacturer’s
instructions. A routine test of blood leukocytes was done
using the Sysmex XE-2100-automated blood cell counter
(Sysmex, Kobe, Japan). Serum cytokine levels of IL-6 and
IL-8 were measured by a Cytometric Bead Array kit (CBA,
BD Pharmingen) according to the instructions. Brieﬂy,
serum samples (50 μL) were inoculated with 50 μL of capture
microbeads and 50 μL of PE-conjugated detection reagents
(anti-human IL-6 and anti-human IL-8) in the dark at room
temperature. Three hours later, samples were washed and
collected. Data were analyzed using the BD FCAP Array Software version 1.0.1 (BD Biosciences). All AECOPD patients
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Table 1: Study population.
Healthy

Admission

Remission

Age (yr)
Gender (M/F)

56.23 ± 8.60
8/8 (16)

74.83 ± 8.92
13/9 (22)

72.35+ 7.98
9/8 (17)

FEV1/FVC (%)

80.39 ± 7.50

52.10 ± 12.45∗∗∗

FEV1/pred (%)

90.57 ± 7.01

49.53 ± 11.63∗∗∗

WBC (×109/L)

5.48 ± 1.50

9.60 ± 3.58∗∗

8.10 ± 2.01∗

4.51 ± 1.07

7.46 ± 3.27∗∗

5.77 ± 2.14∗∗

0.33 ± 0.10

∗

0.64 ± 0.30

0.59 ± 0.21∗

Lymphocyte (×109/L)

1.97 ± 0.73

Neutrophil (%)

51.10 ± 6.30

1.38 ± 0.95
76.46 ± 14.44∗∗∗

68.00 ± 9.94∗∗∗ ,▲

6.57 ± 3.39
15.92 ± 10.93∗∗∗

21.65 ± 8.19∗∗ ,▲
9.94 ± 7.91▲▲
11.75 ± 9.79∗
70.08 ± 33.44∗∗

Neutrophil (×109/L)
9

Monocyte (×10 /L)

Monocyte (%)

5.54 ± 1.01

Lymphocyte (%)

32.14 ± 5.38

IL-6 (pg/mL)

3.76 ± 1.21

39.93 ± 28.89
14.24 ± 11.07∗∗

IL-8 (pg/mL)

25.43 ± 4.75

77.12 ± 37.96∗∗∗

CRP (mg/L)

<8.3

1.80 ± 0.51
7.61 ± 2.17

M: male; F: female; FEV1/pred: forced expiration volume in one second % predicted FEV1; FEV1/FVC: forced expiratory volume in one second/forced vital
capacity; CRP: C-reactive protein; WBC: white blood cells. Data are expressed as the mean ± SD. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 versus
healthy. ▲ P < 0 05 and ▲▲ P < 0 01 versus AECOPD.

underwent chest radiography to characterize the nature of
their lung disease.
2.4. Statistical Analysis. The data are represented as the mean
± standard deviation (SD). For comparing distributions
between groups, the nonparametric Newman-Keuls test was
used, and for two independent groups, Student’s t-test was
performed. A P value less than 0.05 was considered to be statistically signiﬁcant. A linear regression analysis was performed to examine the relationship between atypical
monocyte count and total monocytes. All initial statistical
calculations were done with GraphPad Prism 5 (GraphPad
Software Inc., La Jolla, CA).

3. Results
3.1. Patients with AECOPD Exhibit Systemic Inﬂammation.
Clinical features, spirometric data, and laboratory parameters of AECOPD patients and healthy controls are detailed
in Table 1. Compared to the values in healthy controls, the
forced expiratory volume in one second/forced vital capacity
(FEV1/FVC) and forced expiration volume in one second %
predicted FEV1 (FEV1% predicted) values were dramatically
lower in patients with AECOPD (P < 0 001). All patients
were given routine blood examination twice, once at admission (AECOPD) and again at remission (Remission). The
results showed that at admission, the absolute numbers of
white blood cells (WBCs), neutrophils, and monocytes, as
well as the percentages of neutrophils, were signiﬁcantly
increased in AECOPD patients compared with healthy controls, while the percentage of lymphocytes was lower in
patients compared to controls (P < 0 01). Additionally,
serum C-reactive protein (CRP) and IL-6 and IL-8 levels
were also signiﬁcantly higher in AECOPD patients than in

the control group. At remission, the increased neutrophil
count and percentage of neutrophils observed in AECOPD
patients were decreased signiﬁcantly compared to the
values at admission (neutrophil count: 5.77 ± 2.14 versus
7.46 ± 3.27, resp., P < 0 05; neutrophil %: 68.00 ± 9.94 versus
76.46 ± 14.44, resp., P < 0 05). In contrast, the previously
decreased lymphocyte percentage was elevated at remission
compared to at admission (lymphocyte %: 21.65 ± 8.19 versus
15.92 ± 10.93, resp., P < 0 05), although it had still not
returned to normal levels. Notably, although the number of
monocytes was signiﬁcantly increased in AECOPD patients
compared with healthy controls (P < 0 01), there was no
marked decline in monocyte numbers at remission. Additionally, the serum CRP level was reduced nearly ﬁve folds
at remission compared to at admission (9.94 ± 7.91 versus
39.93 ± 28.89, resp., P < 0 01).
3.2. Atypical Monocytes Expand Dramatically in Patients
with AECOPD. We further focused on the monocytes in
AECOPD patients at admission and at remission after clinical therapy. As shown in Figure 1, scatter proﬁling clearly
distinguished monocytes from bigger neutrophils (Neu)
and smaller lymphocytes (Lym) by ﬂow cytometry. Unlike
the healthy controls that showed a rather universal monocyte
population (T Mo), the monocytes in AECOPD patients
were divided into two subpopulations of diﬀerent sizes. The
larger one with higher forward scatter (FSC) values was designated as “atypical monocytes or A Mo,” and the smaller
one which was similar as those in healthy controls was designated as “typical monocytes or T Mo.” When we gated
CD14+ cells (monocytes) for scatter proﬁling, it also showed
the separate A Mo population in AECOPD patients which
was not seen in healthy controls (Figure 2(a)). We also
examined the percentages and absolute numbers of these
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Figure 1: Gating strategy for the characterization of monocyte population. Representative dot plot of the whole blood cells from normal
healthy donors and patients with AECOPD at admission by ﬂow cytometry. Mo: monocytes; Neu: neutrophils; Lym: lymphocytes.

subpopulations (T Mo and A Mo) in AECOPD patients
before (Admission) and after (Remission) successful clinical
therapy in comparison with healthy subjects. As summarized
in Figure 2(b), about 60% of monocytes in AECOPD patients
were A Mo while virtually all the monocyte healthy controls
were T Mo. When the absolute number of monocyte subsets
was examined, it was found that the T Mo population in
AECOPD was similar to that in healthy controls, so the difference of monocytes between the patient and the control
was mainly in the A Mo population. The results suggest that
expansion of A Mo is a characteristic change in the blood of
AECOPD patients. Furthermore, although the patients at
remission have achieved clinical improvement, the percentage of A Mo among total monocytes, on average, had no signiﬁcant changes (Figure 2(c)). Although some individuals
had changes in the percentage of Mo at remission, the trend
was not consistent, namely, both increases and decreases
being found (Figure 2(d)).
3.3. Diﬀerential Surface Marker Expression by A Mo and T
Mo. To unravel the diﬀerence in the phenotypic signature
between T Mo and A Mo, we compared the levels of CD14,
CD16, ICAM-1, CCR2, and HLA-DR on these two subpopulations in patients and controls (Figure 3(a), Table 2). The
expression levels of these molecules on the typical monocytes
of healthy controls (H T Mo) were taken as baselines to

which the levels on T Mo and A Mo of AECOPD patients
at admission and at remission were compared (Figure 3(b)).
The data showed that the density (MFI) of CD14 was
lower on T Mo and A Mo of AECOPD patients compared
with monocytes (T Mo) from the healthy group (P < 0 01).
The expression level of CD16 (% and MFI) increased dramatically on A Mo but not on T Mo of patients with AECOPD
compared with those from healthy controls.
Reduced expression of HLA-DR molecules on monocytes is associated with a depressed immune status, especially in critically ill patients [25]. We found that both
the percentage and the MFI of HLA-DR on T Mo were
signiﬁcantly lower in AECOPD patients than in healthy
donors. Similar results could be observed for A Mo, but
to a relatively lower degree. Increased ICAM-1 levels (MFI)
on both subpopulations were found in patients compared
with controls, and this upregulation was more pronounced
on A Mo than on T Mo (P < 0 001).
CCR2 is an important chemokine receptor that is
involved in the chemotaxis of speciﬁc monocyte subsets
[26, 27]. We observed that only A Mo expressed higher levels
of CCR2 than T Mo from healthy controls.
Notably, there were no signiﬁcant diﬀerences in the expression of CD14, CD16, ICAM-1, HLA-DR, and CCR2 on any
subset when cells from the same patient were compared before
(at admission) and after clinical treatment (at remission).
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Figure 2: Light scatter distribution for T Mo and A Mo of healthy donors and AECOPD patients at admission and remission. (a) T Mo and A
Mo in the CD14+ population of AECOPD patients. (b) Summary of monocyte subsets in AECOPD patients and control subjects. The
percentage (left) and absolute number (right) of T Mo (open bar) and A Mo (black bar) monocyte subset from the healthy control group,
and patients at admission and remission are shown as the mean ± SD. Comparisons were performed by ANOVA with the nonparametric
Newman-Keuls test. ∗ P < 0 05, compared with T Mo of healthy individuals. ### P < 0 001, compared with A Mo of healthy subjects. (c)
Frequency of A Mo in total CD14+ monocytes from AECOPD patients (n = 17) at admission and remission. (d) Comparison of the
percentage of A Mo in total CD14+ monocytes from each AECOPD patient at admission and remission. The results were analyzed by
Student’s t-test.

6

Mediators of Inﬂammation
Isotype

H T Mo

A A Mo
R T Mo
R A Mo
150
120
300
90
0.2%
100
91.0%
94.2%
97.4%
95.7%
400 93.7%
200
60
60
50
200
100
30
30
0
0
0
0
0
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
CD14
80
250
100
120
50
300
80
200
60
40
90
0.4%
8.8%
12.7%
25.5%
27.7%
60
150
48.6%
200
30
40
60
40
100
20
100
20
30
20
50
10
0
0
0
0
0
0
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
CD16

Count

Count

Count

Count

120

400
300
200
100
0

0.8%

100 101 102 103 104

1200
900
600
300
0

0.1%

100 101 102 103 104

250
200
150
100
50
0

120
90
60
30
0

250
200
150
100
50
0

400

120
100
80
90
59.5%
76.7%
60
60
40
50
100
30
20
0
0
0
0
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
HLA-DR
150

79.8%

200
150
100
50
0

15.4%

100 101 102 103 104

300

52.3%

100

75.3%

200

600
23.4%

39.3%

400
200

100 101 102 103 104

0

100 101 102 103 104

250
200
150
100
50
0

250
200
150
100
50
0

38.6%

100 101 102 103 104

50.2%

100 101 102 103 104
ICAM-1

300
500
300
1000
400
400 87.1%
97.2%
800 98.2%
92.0%
300 97.6%
200
200
300
600
200
200
400
100
100
500
100
100
200
0
0
0
0
0
0
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
100 101 102 103 104
CCR2

1500
Count

A T Mo

600

80

0.1%

1000

(a)

150
100

⁎⁎⁎

⁎

⁎
⁎⁎⁎

T Mo
A Mo

T Mo
A Mo
Remission

%

MFI

H T Mo
T Mo
A Mo

%

MFI

H T Mo
T Mo
A Mo

⁎⁎

⁎⁎

150
100

%

Remission

Admission

0

T Mo
A Mo
T Mo
A Mo

50
H T Mo
T Mo
A Mo
Remission
T Mo
A Mo

Remission

Admission

T Mo
A Mo
T Mo
A Mo

50

P < 0.05
200

Admission

100

CCR2

% of H T Mo value

ICAM-1
P < 0.001 P < 0.001
P < 0.001
P < 0.01
⁎⁎⁎ ⁎⁎⁎
⁎⁎
⁎
⁎⁎

150

0

⁎⁎

Admission

0

MFI

Admission

% of H T Mo value

200

⁎⁎⁎

50

H T Mo
T Mo
A Mo

250

P < 0.05
P < 0.001
P < 0.001P < 0.001

H T Mo
T Mo
A Mo
Remission
T Mo
A Mo

T Mo
A Mo
Remission

%

H T Mo
T Mo
A Mo

HLA-DR
200

Admission

T Mo
A Mo

Admission

T Mo

0

A Mo

T Mo

100

Remission

Admission

60

A Mo

80

200

H T Mo
T Mo
A Mo
Remission
T Mo
A Mo

⁎⁎

H T Mo
T Mo
A Mo
Remission
T Mo
A Mo

⁎⁎

300
% of H T Mo value

100

H T Mo

MFI
% of H T Mo value

120

Admission

P < 0.05

CD16
P < 0.01
P < 0.05
⁎⁎
⁎

% of H T Mo value

CD14

MFI

H T Mo
T Mo
A Mo

(b)

Figure 3: Surface phenotype of T Mo and A Mo from AECOPD patients at admission (n = 22) and at remission (n = 17) as well as from the
control group (n = 16). (a) Representative shows altered expression of surface markers of CD14/CD16/HLA-DR/ICAM-1/CCR2 in T Mo of
healthy donors (H T Mo), from AECOPD patients at admission (A T Mo) and remission (R T Mo), as well as in A Mo of AECOPD patients at
admission (A A Mo) and remission (R A Mo). (b) Mean data of the percentage and MFI of surface marker expression of T Mo (white bar) and
A Mo (black bar) from patients at admission and at remission are represented. Values are expressed as the mean ± SD, and Student’s t-test and
the nonparametric Newman-Keuls test were used for comparisons between groups. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001, compared
with T Mo of healthy subjects.
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Data are expressed as the mean ± SD, and Student’s t-test and a nonparametric Newman-Keuls test were used for comparisons between groups. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 versus healthy.
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Table 2: Surface marker expression of A Mo and T Mo from AECOPD patients and controls.
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Figure 4: Relationships between A Mo and total monocytes. (a) Frequency (left panel) and absolute number (right panel) of circulating CD14
+ monocytes in AECOPD patients at admission (n = 17) and remission (n = 17). The normal range of the percentage and the absolute number
of monocytes were labeled in red line. (b) Correlation analyses of the proportion of A Mo with CD14+ monocytes in the peripheral blood of
patients with AECOPD at admission (n = 22) and remission (n = 17). Each dot represents one individual. Simple linear regressions are shown.

Taking together, the phenotypic analysis showed
increased expression of CD16, ICAM-1, and CCR-2, but
decreased CD14 (density) and HLR-DR on A Mo.
3.4. Correlation of A Mo Amounts (Percentage and Absolute
Number) with Disease Duration. To study the relationship
between circulating monocytes and the disease status, we
examined total and A Mo monocytes with several parameters. First, we examined the total monocyte (CD14+) levels
of AECOPD patients at admission and remission. As shown
in Table 1 and Figure 4(a), there was no signiﬁcant diﬀerence
in the frequency and absolute number of CD14+ total monocytes in AECOPD patients before and after clinical treatment. Not surprisingly, a simple linear regression analysis
revealed that there was a trend for a positive correlation
between the percentage of A Mo among total monocytes
and the frequency of total monocytes among blood nuclear
cells (P = 0 0631). There was additionally a strong positive
correlation between the percentage of A Mo among monocytes and the absolute number of monocytes (P = 0 0119,

Figure 4(b)). The results conﬁrm the ﬁnding in Figure 2(b)
that the predominant increase of monocytes in AECOPD
patients was the A Mo subpopulation.
We further examined the relationship of total monocyte
and A Mo with patient hospital stay and disease duration.
Interestingly, we found that the proportion of A Mo among
total CD14+ monocytes, but not the proportion of total
monocytes or the monocyte count, among the blood
nuclear cells correlated positively with the length of hospital stay (r = 0 4836, P = 0 0492) and the length of disease
duration (r = 0 4952, P = 0 0433). The results suggest that
A Mo proportion might be a better marker for predicting
AECOPD outcomes, particularly hospital stay and disease
duration (Figure 5).

4. Discussion
In this study, for the ﬁrst time, we demonstrated a high count
of a population of large size monocytes, termed A Mo in the
blood of AECOPD patients. These cells can be distinguished

Mediators of Inﬂammation

9

20

50
40
Diseases duration (y)

Hospital stay (d)

15

10

5

0

30
20
10
0

0

5

10

15

0

5

Total Mo (%)

10

15

Total Mo (%)
(a)

r = 0.3440
P = 0.1763
20

50
40
Diseases duration (y)

Hospital stay (d)

15

10

5

30
20
10
0

0
0.0

0.5

1.0

1.5

0.0

0.5

Total Mo count (×109/L)

1.0

1.5

Total Mo count (×109/L)
(b)

r = 0.4836
P = 0.0492

20

10

5

P = 0.0433

50

Diseases duration (y)

15
Hospital stay (d)

r = 0.4952

40
30
20
10
0

0
0

20

40

60

80

100

0

A Mo (%) of total monocytes

20

40

60

80

100

A Mo (%) of total monocytes
(c)

Figure 5: Correlations between numbers of A Mo and clinical parameters of patients with AECOPD. Relationships between the
percentage of total monocytes (a) and total monocyte counts (b) and the percentage of A Mo in total monocytes (c) with the length of
stay in the hospital of current acute exacerbate of COPD patients and duration of COPD (n = 17). Each dot represents one individual.
Simple linear regressions are shown.
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from the smaller typical monocytes that prevail in healthy
individuals. About 60% of the monocytes in AECOPD
patients were A Mo, which was negligible in healthy controls.
In comparison with T Mo, A Mo exhibited higher levels of
surface marker expression (CD14, CD16, HLA-DR, ICAM1, and CCR2) in AECOPD patients, suggesting higher biological activity of A Mo. More importantly, we found that
the proportion of A Mo showed a signiﬁcantly positive correlation with the length of hospital stay and the years (duration) of the COPD history of AECOPD patients, which
suggested that A Mo might be a predictive parameter for disease assessment of AECOPD in diagnosis and prognosis, at
least for short-term outcomes.
In the 1980s, after monocytes were puriﬁed by density
gradient, several groups found that human monocytes were
comprised of two populations that diﬀered in size and density [28–30]. Recently, based on the recognition of surface
antigens by CD14 and CD16 monoclonal antibodies, three
monocyte subsets were identiﬁed: a CD14++CD16− classical
subset, a CD14++CD16+ intermediate subset, and a CD14+CD16++ nonclassical subset [31]. Using two-color ﬂuorescence and morphological analysis, Ziegler et al. found that
the three subsets diﬀered in size: CD14++CD16− > CD14++CD16+ > CD14+CD16++ [32]. Another more recent study of
an animal model also demonstrated that the Ly-6Chigh subset
was larger than the Ly-6Clow subset with higher FSC/SSC
values [33]. Correspondingly, our study conﬁrmed the inhomogeneous size of monocytes. In addition, we found that A
Mo and T Mo in AECOPD patients were diﬀerent not only
in physical properties (size and granularity) but also in surface marker expression.
CD14, CD16, and CCR2 are the best-known surface
markers for circulating monocyte identiﬁcation. The proportion of CD16+ monocytes is less than 5% in healthy individuals but rises with age [34], during infections [35, 36], and in
patients with coronary artery disease [37] or periodontitis
[38]. The interaction of chemokine receptor CCR2 with its
ligand chemoattractant protein-1 (MCP-1, CCL2) is responsible for the migration of monocytes from circulation into a
local inﬂammatory site [39–41]. ICAM-1 is constitutively
expressed at low levels on the surface of epithelial cells, endothelial cells, and human monocytes under normal conditions
but is increased during infection and inﬂammation, one of
the primary functions of which is to regulate leucocyte inﬁltration and migration during respiratory infections [42, 43].
In this study, we found that the expression of CD16, CCR2,
and ICAM-1 increased signiﬁcantly on the surface of A Mo
in patients with AECOPD compared with healthy controls,
which implied that A Mo but not T Mo from AECOPD
patients might exhibit stronger migratory ability. Therefore,
we postulate that in contrast to the smaller T Mo that circulate in the peripheral blood, A Mo might contribute to the
mobilization and migration of monocytes into local lung
tissues in AECOPD. In fact, there are some clues to support
our hypothesis. For example, a group described the percentage of a population of small macrophages that was signiﬁcantly increased in induced sputum of COPD patients;
these cells were considered monocyte/macrophage lineage
cells based on the presence of CD14 and HLA-DR antigens

Mediators of Inﬂammation
[44]. This was consistent with the study by Rosseau et al.,
who reported that alveolar cells in acute respiratory distress
syndrome (ARDS) patients were newly settled from the
blood and shared a phenotype with circulating monocytes
[45]. Correspondingly, several groups have demonstrated
higher MCP-1 concentrations in sputum, plasma, and
bronchoalveolar lavage (BAL) of both acute exacerbation
and stable stage COPD patients compared to healthy controls [46, 47], and MCP-1 and CCR2 polymorphisms are
considered new risk factors for COPD [48].
The expression of HLA-DR on monocytes/macrophages
as measured by ﬂow cytometry has been considered to be
an indicator for predicting the occurrence of infections and
to be related with outcomes [49]. Therefore, it is likely that
monocytes, both T Mo and A Mo, are defective in AECOPD
patients, and decreased HLA-DR level might contribute, at
least in part, to the immunosuppressed or immune tolerant
status of COPD patients [50] and even result in the frequent
occurrence of AECOPD.
Considering the positive correlation between the percentage of A Mo and the total CD14+ monocytes in circulation,
our data indicate the possibility that increased total monocytes in the blood of AECOPD patients might be due to the
occurrence of atypical monocytes. A question is then raised:
where do atypical monocytes originate from? Are they
released directly from the bone marrow or from other reservoirs such as the spleen, or do they diﬀerentiate from circulating monocytes in the blood? We cannot yet propose a
conclusive answer to this question in the present research.
It is well known that monocytes do not proliferate. In an
inﬂammatory condition, the inﬂux of monocytes in the
bloodstream and lung might likely depend on mobilization
from the bone marrow mediated by some critical molecules,
such as CCR2 [39–41, 51]. Additionally, there has been a
general agreement that monocytes develop from the haematopoietic stem and progenitor cells in the bone marrow via
several sequential steps [52, 53]. Compared with mature
monocyte in circulation, immature precursors such as monoblasts and promonocytes, which could not be observed in the
peripheral blood of healthy individuals, are larger and exhibit
lower granularity [54, 55], which seemed in line with the
features of A Mo in our study. Notably, after clinical management, neither the increased number nor the altered expression levels of surface molecules on A Mo were observed to
recover. These data might possibly explain why COPD
patients with a history of AECOPD seem more inclined to
frequently experience exacerbations [56].
However, there are no eﬀective biomarkers to distinguish
the diagnosis and outcome predictions of COPD/AECOPD.
Molecular changes and gene expression proﬁling in the lung
tissue might directly reﬂect lung pathology in the progression
of COPD; however, lung tissue samples are not routinely
accessible [57]. Hence, until now, the best predictor of exacerbations in stable COPD has been based on previous exacerbation events [58]. Whether inﬂammatory biomarkers can be
applied in evaluating or predicting exacerbation events or
outcomes in AECOPD patients is still a topic of debate. Previous studies have determined that some inﬂammatory biomarkers such as CRP, inﬂammatory cells, and ﬁbrinogen
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are associated with poor outcomes and an increased onset
risk of exacerbations in patients with AECOPD [59–61]. In
contrast, other studies have found that these biomarkers are
helpful in clinical practice but are far from ideal in AECOPD
assessments and prognoses, because most of them are nonspeciﬁc. However, the combination of several inﬂammatory
biomarkers is still important and has been recommended
[58]. Unlike the other two inﬂammatory immune cells that
are predominant in the circulation, neutrophils that are
related to innate immune response to bacterial infection
and lymphocytes related to adaptive immune responses
against the detailed biological eﬀects of monocytes remain
relatively ambiguous [62]. Additionally, there is still controversy regarding whether monocytes can be used as a valuable
clinical indicator. Similarly, we also found that the numbers
of total monocytes varied in AECOPD patients, but dramatically elevated A Mo numbers could be seen in nearly all the
patients enrolled in this study. More importantly, A Mo but
not total monocytes were positively associated with shortterm outcomes (the length of hospital stay and disease duration) in AECOPD patients. A Mo might be a more sensitive
and speciﬁc biomarker than total monocytes.
Although the ﬁnding of the predominant expansion of A
Mo as a potential biomarker in predicting AECOPD hospital
stay is encouraging, much more study is needed before it
becomes a reality in clinical use. One of the major limitations
of the study is the relatively small size of the samples, especially the control group, which were from healthy donors of
younger ages than the patients. Second, although the phenotypic changes have provided some clue of the functional difference of A Mo from T Mo of healthy individuals and
patients, there was no experimental study to conﬁrm this.
Thirdly, further characterization including the transcriptome
study of the novel A Mo population is needed for its origin,
function, migration, and distribution. Notably, we found that
there are no signiﬁcant correlations between the percentage
of A Mo among monocytes with the systemic inﬂammatory
parameters in the stages of admission and remission. As
shown in Table 1, many of the inﬂammation parameters
were improved at remission, but the A Mo population in
average had no signiﬁcant changes including their tested surface markers. The phenomena in one way might suggest the
lack of correlation between A Mo with systemic inﬂammation but in the other way might be because of the smaller
sample size of the study. Indeed, nearly half of the patients
showed a reduction of A Mo at remission compared to
admission (Figure 2(d)), which might be more consistent
when large samples are tested. Therefore, further study is
needed to properly assess the signiﬁcance of the ﬁnding.

5. Conclusion
In conclusion, in this human study, through the comparison
of a healthy individual with AECOPD patients at the time of
hospital admission and remission, we observed a dramatic
expansion of a novel monocyte population, A Mo, in the
peripheral blood of AECOPD patients. More importantly,
we found the percentage of the A Mo population at admission correlated with hospital stay and disease duration of
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AECOPD patients. The results suggest that A Mo level
may potentially be a biomarker in disease diagnosis and
short-term outcome prediction in AECOPD patients. In
addition to a much larger size and multicenter study to
conﬁrm the ﬁnding, further studies should focus on the
signature and biological function of A Mo in patients, as
well as the relationship of A Mo with disease progression
and long-term outcome.
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Asthenozoospermia (AS), an important cause of male infertility, is characterized by reduced sperm motility. Among the aetiologies
of AS, inﬂammation seems to be the main cause. DJ-1, a conserved protein product of the PARK7 gene, is associated with male
infertility and plays a role in oxidative stress and inﬂammation. Although our previous studies showed that a reduction in DJ-1
was accompanied by mitochondrial dysfunction in the sperm of patients with AS, the speciﬁc mechanism underlying this
association remained unclear. In this study, we found that compared to the patients without AS, the expression of
mitochondrial protein nicotinamide adenine dinucleotide dehydrogenase (ubiquinone) Fe-S protein 3 (NDUFS3) was also
signiﬁcantly decreased in the sperm of patients with AS. Similarly, decreased expression of DJ-1 and NDUFS3 and reduced
mitochondria complex I activity were evident in a rat model of AS. Moreover, we showed that the interaction between DJ-1 and
NDUFS3 in rat testes was weakened by ORN treatment. These results suggest that the impaired mitochondrial activity could be
due to the broken interaction between DJ-1 and NDUFS3 and that downregulation of DJ-1 in sperm and testes contributes to
AS pathogenesis.

1. Introduction
Asthenozoospermia (AS) is a common cause of human male
infertility [1], characterized by reduced sperm motility (grade
A + B sperm motility < 50% or A < 25%). It is involved in
more than 40% of infertility in men [2]. Inﬂammation is a
largely reversible cause of male infertility. Neutrophils and
macrophages can damage spermatozoa by generating proinﬂammatory cytokines and reactive oxygen species (ROS),
which leads to oxidative stress and DNA fragmentation
that may aﬀect sperm motility and metabolism, consequently
causing infertility [3, 4]. Mitochondria have been proposed as
major contributors to oxidative stress, which can result in
defective sperm in humans [5]. Electron microscopy showed
that sperm from patients with AS have disordered mitochondria, with signiﬁcantly shorter midpieces and fewer

mitochondrial gyres than their normozoospermic counterparts [6]. Furthermore, sperm quality, particularly motility,
is positively correlated with the enzymatic activity of electron
transfer chain (ETC) complexes [7, 8] and the expression of
ETC subunits [9]. Mitochondrial protein nicotinamide adenine dinucleotide dehydrogenase (ubiquinone) Fe-S protein
3 (NDUFS3) is a core component of complex I (CI) in the
respiratory chain of the mitochondrial matrix for CI assembly and activity [10] and was found to be associated with
DJ-1 in NIH3T3 and HEK293 cells [11].
DJ-1, the PARK7 gene product, is a ubiquitous protein
of 189 amino acids that belongs to the Thi/PfpI protein
superfamily of molecular chaperones. It is highly conserved
in a variety of mammalian tissues, and mutations or deletions in PARK7 have been found associated with many
diseases, including male infertility. DJ-1 has been proposed
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to function as a survival factor and antioxidant [12, 13].
Furthermore, the function of DJ-1 in inﬂammation has been
elucidated. DJ-1 regulates the expression of proinﬂammatory
cytokines by regulating NF-κB transcriptional activity in
macrophages [14]. Additionally, DJ-1 has been shown to play
a pivotal modulatory role by triggering inﬂammation and
subsequently enhancing the secretion of IL-6 and TNF-α in
liver progenitor cells [15].
DJ-1 and its homologues, sperm protein 22 (SP22) and
contraception-associated protein 1 (CAP1), were the ﬁrst
proteins found to be correlated with male infertility
[16–18]. DJ-1 is expressed after second spermatocytes
appear during spermatogenesis and is ultimately mainly
located in the sperm head, suggesting an important
function for DJ-1 in spermatogenesis [17, 18]. Downregulation of DJ-1 was found in ejaculated sperm from Chinese
patients with AS, and DJ-1 was shown to translocate into
sperm mitochondria during oxidative stress to maintain
mitochondrial structure [19, 20].
Ornidazole- (ORN-) treated rats have been a common
animal model to study AS in the last several decades [21].
This model is established by daily intragastric administration
of ORN to rats for 10~14 days [22]. Although DJ-1 has been
found to be associated with NDUFS3 in some somatic cells,
this interaction in male germ cells has not yet been reported,
and its expression during spermatogenesis in AS is still
unknown. In this study, we analyzed changes in the expression of and interaction between DJ-1 and NDUFS3 in sperm
and testes to understand AS pathogenesis.

2. Material and Methods
2.1. Ethics Statement
2.1.1. Participants. We enrolled 10 males (aged 21~45 years)
diagnosed with infertility in the Department of Andrology,
Peking University Third Hospital, Beijing, China, and 10
age-matched control subjects with normal semen parameters. Semen samples of patients with pyospermia or varicocele or with a history of smoking were not obtained for
this study. All participants provided informed consent for
participation in the study, and the study was approved
by the Ethics Institutional Review Board of Peking University
Third Hospital, under protocol number 2011SZ016.
2.1.2. Animals. Sexually mature male Sprague-Dawley rats
weighing 330~370 g at the beginning of the experiment were
obtained from Charles River Laboratories Inc. (SCXK (Jing)
2012-0001, Beijing, China). The rats were maintained at a
controlled temperature (24 ± 2°C) and housed by group in
separate cages (12 h light/dark cycle) with access to food
and water ad libitum. All experimental procedures involving
the use of animals were approved by the Animal Care and
Use Committee of Peking University.
2.2. Experimental Procedures with Human Sperm
2.2.1. Western Blotting. Total sperm protein was extracted
as described previously [19]. In brief, the sperm were washed
twice with Hanks balanced salt solution with 4.2 g/L
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hydroxyethyl piperazine ethanesulfonic acid (HEPES),
0.35 g/L NaHCO3, 0.9 g/L D-glucose, 0.1 g/L sodium pyruvate, 0.025 g/L soybean trypsin inhibitor, and freshly added
EDTA-free halt protease inhibitor cocktail (Thermo Fisher
Scientiﬁc Inc., Rockford, USA) by centrifugation (2500 ×g,
10 min). The combined sperm pellets, resuspended in
80 mM Tris-HCl buﬀer (pH 7.4) with 150 mmol/L NaCl,
2 mmol/L ethylenediamine tetraacetic acid, 0.4 mmol/L
dithiothreitol, and 0.1% sodium dodecyl sulfate (SDS), were
ultrasonically oscillated and then homogenized for 1 h on
ice. Finally, the mixtures were centrifuged at 12,000 ×g for
20 min to remove insoluble debris, and the supernatant fraction was frozen at −80°C until use. The protein concentration
was measured using an enhanced bicinchoninic acid (BCA)
assay kit (Beyotime, Shanghai, China). Proteins (60 μg) were
separated by 10% SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred to a polyvinylidene diﬂuoride
(PVDF) membrane (Millipore, Billerica, USA). Membrane
was blocked with 5% nonfat milk in Tris-buﬀered solution
with Tween-20 under agitation. Proteins were sequentially
incubated with anti-NDUFS3 monoclonal antibody
(1 : 3000, Abcam, Cambridge, UK) and horseradish peroxidase- (HRP-) conjugated IgG (1 : 5000, KPL, Gaithersburg,
USA). GAPDH was used as an internal standard. Protein
bands were visualized using an enhanced chemiluminescence
detection kit (ECL; Applygen Technologies Inc., Beijing,
China) and a Molecular Imager ChemiDoc XRS+ Imaging
System (Bio-Rad, Hercules, USA). Quantity One software
(Bio-Rad, Hercules, USA) was used to quantify the optical
density of each band, and the amount of NDUFS3 was normalized to that of GAPDH.
2.2.2. Immunoﬂuorescence Assay. Spermatozoa were collected by density gradient centrifugation, using Percoll
solution (Sigma, St. Louis, USA) as a medium [23]. All
Percoll solutions were buﬀered with Biggers, Whitten,
and Whittingham medium (BWW). Following centrifugation, sperm that accumulated at the bottom of the tube
were collected.
According to the operation manual recommended by
Life Technologies Corporation, spermatozoa were resuspended in prewarmed (37°C) BWW containing 200 nM
MitoTracker Deep Red FM (MT-DR FM) (Invitrogen,
Carlsbad, USA) and incubated at 37°C for 45 min. After
staining, the spermatozoa were washed, spotted on glass
slides, and air-dried. These preparations were ﬁxed with 4%
paraformaldehyde and then permeabilized with ice-cold
acetone. After blocking with 10% goat serum, spermatozoa
were sequentially incubated with anti-DJ-1 monoclonal
antibody (1 : 200, Abcam, Cambridge, UK) or anti-NDUFS3
monoclonal antibody (1 : 200, Abcam, Cambridge, UK) and
then goat anti-rat lgG secondary antibody (1 : 200, Alexa
Fluor 555 conjugate) or goat anti-mouse lgG secondary
antibody (1 : 200, Alexa Fluor 488 conjugate) (Thermo Fisher
Scientiﬁc Inc., Rockford, USA). Normal rabbit or mouse IgG
was used as a negative control. Nuclei were counterstained
with Hoechst 33342. All samples were observed by laser
scanning confocal microscopy (TCS SP8-Confocal-MPFLIM, Leica, Mannheim, Germany).

Mediators of Inﬂammation

3
Table 1: General seminal parameters.

Age

pH

Ejaculate volume (mL) Sperm density (106/mL) Grade A sperm (%) Grade A + B sperm (%)

Control 29.90 ± 1.233 7.420 ± 0.08406

4.140 ± 0.4110

57.23 ± 6.306

30.30 ± 1.221 7.390 ± 0.05859

3.640 ± 0.4031

59.53 ± 11.85

AS
∗∗∗∗

37.75 ± 1.984
11.95 ± 1.753∗∗∗∗

60.39 ± 2.951
22.47 ± 2.139∗∗∗∗

P < 0 0001, one-way ANOVA test, n = 10 in each group.

2.3. Experimental Procedures with Rat Samples
2.3.1. Rat Model of AS. A rat model of AS was generated
by intragastric administration of ORN, according to a
previously described method with some modiﬁcations [24].
Brieﬂy, twenty sexually mature (330~370 g) male SpragueDawley rats were randomly assigned to two groups (ORN
and control) with ten rats per group. In the ORN group,
ORN was dissolved in 1% (w/v) sodium carboxymethylcellulose (CMC-Na) in water, and a dose of 400 mg/kg body
weight was fed to adult male rats once a day by oral gavage
for a period of 14 days. The control rats received 1% (w/v)
CMC-Na in water without ORN throughout the experiment.
2.3.2. Sperm Motility and Count. After the last intragastric
administration of ORN or the control solution on day 14,
the animals were anesthetized with intraperitoneal (i.p.)
administration of 0.6% pentobarbital sodium (10 mL/kg).
To assess sperm motility, sperm in the cauda epididymides
were collected and prepared as described elsewhere [25]. In
brief, each caudal epididymis was placed in 4 mL of saline
prewarmed to 34°C and then incised in several places to allow
the semen to ooze out. After this, an aliquot of 10 μL was
transferred to a histological slide. Under a light phase contrast microscope (200x magniﬁcation, Binocular, Olympus
IX71, Tokyo, Japan), 400 sperm were analyzed and classiﬁed
into three types on the basis of their motility: progressive
motility (PR), nonprogressive motility (NP), and immotility
(IM). Sperm motility data were expressed as the percentage
of sperm that were progressively motile.
Sperm counts were evaluated according to an established
method [26]. Semen obtained from cauda epididymides was
diluted, thoroughly mixed, and transferred to a hemocytometer with a cover slip overlay. The semen was observed under
a light microscope at 200x, and the sperm in each specimen
were counted.
2.3.3. Western Blotting. Rats were deeply anesthetized with
0.6% pentobarbital sodium (10 mL/kg i.p.) and cardiac
perfused with normal saline. The testes and sperm were
immediately homogenized in ice-chilled lysis RIPA buﬀer.
The following steps were the same as those used for patients’
samples. β-Actin was used as an internal standard. The
standardized ratio of DJ-1 and NDUFS3 to β-actin band
density was used to indicate change in expression.
2.3.4. Sperm Mitochondrial Membrane Potential (MMP)
Analysis. Spermatozoa collected from cauda epididymides
were resuspended in prewarmed (37°C) phosphate-buﬀered
saline (PBS) containing 200 nM MT-DR FM and incubated
at 37°C for 45 min. After staining, the sperm were pelleted
again by centrifugation and resuspended in prewarmed

PBS. This spermatozoon suspension was spotted on glass
slides and air-dried. The nuclei of cells on the slides were
counterstained with Hoechst 33342 and mounted with antifade mounting medium. All samples were observed by laser
scanning confocal microscopy (TCS SP8-Confocal-MPFLIM, Leica, Mannheim, Germany).
2.3.5. CI Enzyme Activity Assay. The analysis of CI enzyme
activity in sperm and testes was performed using a CI
Enzyme Activity Microplate Assay Kit (Abcam, Cambridge,
UK) following the kit protocol. In short, CI was extracted
and introduced into a microplate. After incubation at room
temperature for 3 h, the microplate was washed, and assay
solution was added. Absorbances of samples were tested at
450 nm for 30 min with an interval of 20 s, following the
kinetic program in a FlexStation 3 Multi-Mode Microplate
Reader (Molecular Devices, Sunnyvale, USA). Activity was
expressed as the change in absorbance per minute per
amount of sample loaded into a well. The data are shown as
the standardized ratio of the activity in the ORN-treated rats
to that in the control animals.
2.3.6. Coimmunoprecipitation (Co-IP). Using the method
described above, the testes of rats were removed and
homogenized in a glass homogenizer. The protein extract
was preincubated with Protein A/G PLUS-Agarose beads
(Santa Cruz Biotechnology) and normal goat IgG (M&C
Gene Technology Ltd.) to remove nonspeciﬁcally adhered
proteins. One milliliter of the above tissue lysate (approximately 500 μg total cellular protein) was transferred to a
microcentrifuge tube, and goat antibody to DJ-1 (1 : 100,
Abcam, Cambridge, UK) was added for co-IP. Another
1.0 mL of lysate with normal goat IgG was used as the
negative control group. The samples were incubated for 4 h
at 4°C, and then Protein A/G PLUS-Agarose was added to
each. After incubation on a rotating device at 4°C overnight,
the immunoprecipitates were collected by centrifugation.
The pellets were then washed and resuspended in electrophoresis sample buﬀer. After boiling, the samples were centrifuged to obtain the supernatant for SDS-PAGE analysis.
2.4. Statistical Analysis. Statistical analyses were performed
with GraphPad Prism 6 for Windows. All data were
expressed as means ± standard errors of the mean (SEM).
One-way analysis of variance (ANOVA) was used to make
comparisons between groups. P values < 0.05 were considered indicative of signiﬁcant diﬀerences.

3. Results
3.1. General Parameters of Semen from Participants. General
parameters, including age of participants, ejaculate volume,
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Figure 1: Downregulation of NDUFS3 in the sperm of patients with AS. (a) Representative immunoblot showing NDUFS3 expression in
human sperm. (b) Quantiﬁcation of “a.” NDUFS3 expression was normalized to that of GAPDH as a loading control. The results showed
that NDUFS3 expression was reduced signiﬁcantly in the sperm of patients with AS. (c) Immunoﬂuorescence of DJ-1 (green) and
NDUFS3 (red) in sperm from patients with and without AS. Sperm nuclei were stained with Hoechst 33342 (blue). Note that NDUFS3
were both downregulated in the sperm of patients with AS and their colocalization in the midpiece of sperm. ∗ P < 0 05, one-way ANOVA
test, n = 10 in each group. Scale bar = 7.5 μm. AS: asthenozoospermia.

sperm density, and percentage of grade A and grade A + B
sperm, are listed in Table 1. Ten males (aged 21~45 years),
diagnosed with infertility as described above, were enrolled,
and 10 age-matched males with normal semen parameters
were registered as control subjects. No participants exhibited
pyospermia or varicocele or had a history of smoking.
3.2. Change in NDUFS3 Expression in Sperm of Participants
with AS. Our previous studies conﬁrmed the signiﬁcant
reduction in DJ-1 in the sperm of patients with AS [19, 20].
NDUFS3 was identiﬁed as a single band of approximately
~30 kDa by Western blot (Figure 1(a)). Quantiﬁcation of the
NDUFS3 bands revealed that NDUFS3 expression decreased
along with DJ-1 expression in patients with AS compared to
that in control subjects (NDUFS3/GAPDH: 0.40 ± 0.07 versus
0.23 ± 0.04, P < 0 05; Figure 1(b)). In the immunoﬂuorescence images, we found that both DJ-1 and NDUFS3 were
expressed mostly in the midpiece of sperm (Figure 1(c)).
These results suggested that the expression of DJ-1 and
NDUFS3 correlated positively with low motility in AS sperm.
3.3. MMP Analysis in the Sperm of Participants. In human
sperm, the mitochondrial sheath is organized in a helix
of approximately 13 gyres surrounding the axoneme in
the midpiece. Mitochondria in sperm were stained by
MT-DR FM (Figure 2(a)). The percentage of MT-DR
FM-positive sperm was measured in each of the two
groups (72.13 ± 5.05% for normal samples, 42.90 ± 7.08%

for AS samples, Figure 2(b)). The AS group contained a
lower percentage of MT-DR FM-positive sperm than that
in the normal group (P < 0 001), indicating that mitochondrial function was damaged in patients with AS.
3.4. Sperm Motility and Concentration in the AS Rat Model.
Sperm motility and concentration were analyzed to determine whether the AS rat model was successfully established.
A statistically signiﬁcant decrease in the proportion of sperm
with progressive motility was found in the ORN-treated
rats (19.8 ± 3.3%) compared to that in the control rats
(47.7 ± 3.1%, P < 0 001; Figure 3(a)). Moreover, we found
that ORN had no inﬂuence on rat sperm concentrations
(Figure 3(b)). These results showed that ORN-treated rats
displayed characteristics of AS [27, 28].
3.5. Reduced Expression of DJ-1 and NDUFS3 in AS Rats. To
investigate whether ORN-treated AS in rats was associated
with DJ-1 and NDUFS3 expression during spermatogenesis,
we examined DJ-1 and NDUFS3 expression levels in AS and
control rats. In the Western blotting analysis, DJ-1 was
identiﬁed as a single band at ~20 kDa (Figure 4(a)). Quantiﬁcation of the DJ-1 bands revealed that the level of DJ-1
was reduced in the testes of AS rats (1.66 ± 0.07) compared
to those in control rats (3.13 ± 0.18, P < 0 01; Figure 4(b)).
Western blotting analysis detected DJ-1 as a single band at
~30 kDa in the rat testes (Figure 4(c)). The relative intensity
of NDUFS3 protein was also deceased in the testes of ORN-
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Figure 3: Analysis of sperm motility and concentration in control and ORN-treated rats. (a) Progressive motility (grade A + B) of sperm. The
percentage of sperm with progressive motility was quantiﬁed and is showed in the histogram. Note that ORN induced a statistically signiﬁcant
reduction in the progressive motility of sperm. (b) Sperm concentration. There was no diﬀerence in the eﬀect of ORN treatment on sperm
concentration between the two groups. ∗∗∗ P < 0 001, one-way ANOVA test, n = 10 rats in each group.

treated rats (1.00 ± 0.11) compared to that in the control
group (1.62 ± 0.20, P < 0 05; Figure 4(d)). DJ-1 was also identiﬁed as a single band at ~20 kDa in rat sperm (Figure 4(e)).
The relative intensity of DJ-1 protein was decreased in the
sperm of ORN-treated rats (0.50 ± 0.12) compared to that
in the control group (1.00 ± 0.12, P < 0 05; Figure 4(f)). These
results indicated that DJ-1 and NDUFS3 were aﬀected
by ORN treatment during spermatogenesis in rat sperm
and testes.
3.6. Deceased MMP in the Sperm of AS Rats. Similar to the
results of the MMP assay of human samples, the mitochondria in the midpiece of sperm showed diﬀerent amounts of
staining (Figure 5(a)). An analysis of the images showed
that the percentage of MT-DR FM-positive sperm in
ORN-treated rats (88.85 ± 4.81) was statistically signiﬁcantly
reduced compared to that in the control group (13.75 ± 6.49,
P < 0 001; Figure 5(b)), suggesting mitochondrial dysfunction in the sperm of AS rats.
3.7. Depressed CI Activity in the Sperm and Testes of AS Rats.
Mitochondrial CI is the ﬁrst catalytic system in the respiratory chain. A speciﬁc reduction in mitochondrial CI activity

inhibits sperm motility by regulating the NAD+/NADH
redox balance. Thus, we tested CI enzyme activity in sperm
and testes of AS rats using an assay kit. The CI activity in
the sperm of AS rats (37.93 ± 21.51) was signiﬁcantly reduced
compared to that in the control rats (100.0 ± 15.92, P < 0 05;
Figure 6(a)). The CI activity in the testes of AS rats showed
the same tendency toward decrease (9.91 ± 5.54), unlike that
observed in normal rats (100.0 ± 16.97, P < 0 05; Figure 6(b)).
The data showed reduced mitochondrial activity in the
sperm and testes of AS rats.
3.8. Weakened Interaction between DJ-1 and NDUFS3 in
Rat Testes. To assess the endogenous association of DJ-1
with the mitochondria complex, proteins from the rat testes
were immunoprecipitated with anti-DJ-1 antibody, and the
precipitates were analyzed by Western blotting with antiNDUFS3 and anti-DJ-1 antibodies. Western blotting analysis
identiﬁed DJ-1 as a single band at ~20 kDa and NDUFS3 as a
single band at ~30 kDa (Figure 7(a)). The result conﬁrmed
NDUFS3 to be a DJ-1-binding protein in the rat testes. Moreover, the interaction between these proteins was weakened in
the AS rat testes (0.37 ± 0.095) compared to that in normal
rats (0.046 ± 0.022, P < 0 05; Figure 7(b)). Thus, DJ-1, an
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one-way ANOVA test, n = 3 rats in each group. Scale bar = 50 μm. MT-DR FM: MitoTracker Deep Red FM.
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Figure 7: Direct interactions between DJ-1 and NDUFS3 demonstrated by coimmunoprecipitation. (a) The protein extracts were
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integral mitochondrial protein, appears to play a role in
maintaining CI activity, in conjunction with NDUFS3, in
the rat testes.

4. Discussion
In the present study, we found that the expression of
NDUFS3 and DJ-1 was both decreased in the sperm of
patients with AS. We established an AS rat model to investigate this association further. CI activity was decreased in the
testes and sperm of AS rats. DJ-1 and NDUFS3 expression
levels were similarly reduced in the AS rat testes. The
expression of DJ-1 was decreased in AS rat sperm. Moreover,
a protein interaction between DJ-1 and NDUFS3 was
demonstrated in the rat testes for the ﬁrst time, and this
interaction was weakened in AS.

Although the exact etiology of diminished sperm motility
is still generally unexplained, ultrastructural defects of the
sperm ﬂagellum due to congenital defects and sperm degeneration caused by genital infections, oxidative stress, antisperm antibodies, cryopreservation, or metabolic disorders
have been implicated [29]. Among the possible causes of
AS, mitochondrial dysfunction in sperm is one of the most
relevant causes, because sperm need large amounts of energy
for mobility of their ﬂagella and activity during fertilization.
The generation of cellular energy for sperm motility can be
accomplished through both oxidative phosphorylation and
glycolysis in various regions of the sperm ﬂagellum [30].
MMP is a key parameter that represents mitochondrial
function. Its decrease can imply the disruption of the mitochondrial electron transport chain, which results in cellular
dysfunction and even death [31, 32]. Our results showed
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mitochondrial dysfunction in the sperm of patients with AS.
Several other researchers have found defects in mitochondrial respiratory activity in idiopathic as well as varicocelerelated cases of AS [33, 34]. Very recently, less motile sperm
from infertile patients were shown to exhibit lower MMP.
With an increase in sperm MMP, sperm motility and fertility
potential also increase [35]. In our study, ORN-treated rat
sperm as well as testes showed decreased mitochondrial
activity compared to that in the control group, suggesting
that mitochondrial dysfunction in AS sperm might occur in
the testes during spermatogenesis.
DJ-1, a protein related to male reproduction and infertility, has pleiotropic functions, ranging from a role as a
chaperone with protease activity to that of a transcriptional
regulator, redox sensor, and antioxidant scavenger [36]. In
1997, DJ-1 was ﬁrst identiﬁed as a putative oncogene product
that transformed mouse NIH3T3 cells in cooperation with
activated ras [37]. Studies conducted in rats and mice have
shown that DJ-1 expression is highly correlated with male
infertility. When exposed to sperm toxicants such as ORN
or epichlorohydrin, male rats and mouse showed reversible infertility, with reduced sperm motility and decreased
expression of DJ-1 in sperm and epididymides [17, 38]. The
fact that DJ-1 can serve as a biomarker for male fertility in
both of these animals and in humans has been noted previously [39]. In 2011, downregulation of DJ-1 in sperm
ejaculated from patients with AS was identiﬁed in a proteomic study comparing normal motile human sperm and
that in idiopathic AS [19, 40]. Another study suggested
that oxidation modiﬁcation of DJ-1 was intensiﬁed in
sperm from patients with AS compared to that in subjects
without AS [20]. The distribution of DJ-1 in ejaculated
sperm is in the surface of the posterior part of the head,
the anterior part of the midpiece, and spermatozoa ﬂagella.
Our study showed that downregulation of DJ-1 may occur
during spermatogenesis because decreased levels of DJ-1
were observed in the testes of AS rats by Western blotting.
And the localization of DJ-1 in the midpiece of sperm indicated its function in mitochondria of sperm. These ﬁndings
suggest that DJ-1 plays an essential role in sperm motility
and AS.
Mitochondria generate adenosine triphosphate by oxidative phosphorylation (OXPHOS) via the mitochondrial
respiratory chain, which consists of ﬁve multisubunit complexes (CI–V) composed of at least 75 nuclear DNAencoded and 13 mitochondrial DNA- (mtDNA-) encoded
proteins [41]. A high correlation between sperm motility
and the activity of some mitochondrial enzymes (citrate synthase and respiratory CI, II, I + III, II + III, and IV) has been
found [42]. NDUFS3 is a poorly characterized component
of CI in the mitochondrial respiratory chain that is localized
in the matrix portion of this multisubunit complex. Cleavage
of NDUFS3, caused by lymphocyte protease granzyme A
(GzmA), can lead to the production of ROS and ultimately
cell death [43]. This study is the ﬁrst to show the involvement
of NDUFS3 in AS. We discovered reduced NDUFS3 expression in the sperm of patients with AS and in the testes of AS
rats for the ﬁrst time. This phenomenon suggests that a
reduction in NDUFS3 in the testes and sperm may be to
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blame for low sperm motility. The reduced expression of
NDUFS3 may inhibit the normal function of mitochondrial
CI in spermatogenic cells of the testes, leading to decreased
CI activity and sperm motility in AS.
The similar trends in the expression of NDUFS3 and
DJ-1 in the sperm of patients with AS and the testes of
AS rats indicated a correlation between these proteins in
germ cells. In fact, colocalization of DJ-1 and NDUFS3
has been shown in NIH3T3 and HEK293 cells [11]. However, mitochondria in sperm are signiﬁcantly diﬀerent
from those in somatic cells. The diﬀerence between mitochondria in sperm and somatic cells is reﬂected in both
their morphology and biochemistry [44]. In our study,
the protein interaction between DJ-1 and NDUFS3 was
ﬁrst conﬁrmed in rat testes by coimmunoprecipitation.
Moreover, this interaction was reduced in AS. Decreased
expression of DJ-1 after knockdown of PARK7 results in
reduced CI activity in cells [45], and numerous studies
have supported the role of DJ-1 in protecting cells against
oxidative stress and maintaining mitochondrial structure.
Recently, DJ-1 was found to translocate into sperm mitochondria in conditions of oxidative stress in Chinese
patients with AS [20]. Thus, mitochondrial dysfunction
caused by decreased levels of DJ-1 in sperm is a possible
etiology of AS. DJ-1 can maintain mitochondrial function
during oxidative stress by working with Pink1/Parkin
pathway. An increase in mitochondrial DJ-1, regulated by
Pink1/Parkin, can reduce ROS-induced damage in mitochondria [46]. Protection against mitochondrial damage of
DJ-1 protein is probably promoted by the oxidation of
C106, a cysteine residue in DJ-1 [47]. The correlation of
DJ-1 and NDUFS3 suggests that NDUFS3 is a target of CI
that assists DJ-1 in protecting mitochondria function.
Decreased expression of DJ-1 as well as reduced DJ-1 and
NDUFS3 binding in AS may lead to the loss of DJ-1 protection of CI, ultimately reducing sperm motility.
Animal models, historically, have played a critical role in
the exploration and characterization of disease pathophysiology, identiﬁcation of drug targets, and evaluation of novel
therapeutic agents and treatments in vivo [48]. In this study,
we established a classical ORN-treated rat model to investigate the function of DJ-1 and NDUFS3 in AS. The signiﬁcantly reduced sperm motility and unchanged sperm
concentration exhibited in this rat model conformed to
observations in typical AS [22]. Although the AS rat
model has been used in other studies, the results obtained
here should be veriﬁed in the testes of humans. In addition,
the sample size and types of human sperm samples used in
this study were limited, and this study should be expanded
to diﬀerent types of AS pathogenesis.

5. Conclusions
In summary, we have shown a statistically signiﬁcant reduction in DJ-1 and NDUFS3 expression in patients with AS and
in a rat model. Interactions between DJ-1 and NDUFS3 in
the testes were demonstrated and suggest that DJ-1 may play
a role in maintaining mitochondrial function by means of the
association with NDUFS3 during spermatogenesis in the
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testes. This protective function may be weakened in AS
because of a reduction in binding ability as well as a
decrease in the amount of DJ-1. This study suggests that
downregulation of DJ-1 and NDUFS3 expression likely
contributes to mitochondrial dysfunction, which may underlie AS pathogenesis, since current treatments for AS involve
in vitro fertilization techniques rather than treatment of male
infertility. These ﬁndings contribute to a deeper understanding of mitochondrial function in spermatogenesis in AS and
may lead to the identiﬁcation of a new therapeutic target for
drug discovery.
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Periodontitis is a chronic immuno-inﬂammatory disease in which the disruption of the balance between host and microbiota
interactions is key to the onset and progression of the disease. The immune homeostasis associated with periodontal health
requires a regulated immuno-inﬂammatory response, during which the presence of regulatory T cells (Tregs) is essential to
ensure a controlled response that minimizes collateral tissue damage. Since Tregs modulate both innate and adaptive immunity,
pathological conditions that may resolve by the acquisition of immuno-tolerance, such as periodontitis, may beneﬁt by the use
of Treg immunotherapy. In recent years, many strategies have been proposed to take advantage of the immuno-suppressive
capabilities of Tregs as immunotherapy, including the ex vivo and in vivo manipulation of the Treg compartment. Ongoing
research in both basic and translational studies let us gain a better understanding of the diversity of Treg subsets, their
phenotypic plasticity, and suppressive functions, which can be used as a substrate for new immunotherapies. Certainly, as our
knowledge of Treg biology increases, we will be capable to develop new therapies designed to enhance the stability and function
of Tregs during periodontitis.

1. Introduction
Periodontitis is a chronic immuno-inﬂammatory disease in
which the disruption of the balance between host and
microbiota interactions plays a pivotal role in the onset and
progression of the disease. The host immune response is disturbed by key pathogens, such as Porphyromonas gingivalis
and Aggregatibacter actinomycetemcomitans, and further
sustained by pathogenic microorganisms [1]. During periodontitis, the immuno-inﬂammatory inﬁltrate invades deep
compartments of the periodontium, causing the destruction
of the tooth supporting tissues: radicular cement, periodontal
ligament, and alveolar bone. In severe cases of the disease, the
tissue destruction leads to tooth mobility and ultimately
tooth loss [2]. The immune homeostasis associated with periodontal health requires a regulated immuno-inﬂammatory
response, during which the presence of immune regulatory

cells is essential to ensure a response that minimizes collateral
tissue damage [3]. Tregs are a subset of CD4+ T lymphocytes
that play an essential role in the maintenance of self-tolerance
and immune homeostasis [4]. Although diﬀerent T cell
types with regulatory functions have been identiﬁed, the
most physiologically relevant Treg population is characterized as CD4+ T lymphocytes that constitutively express the
IL-2 receptor α-chain, CD25, and the transcription factor
Foxp3, comprising approximately 10% of the CD4+ T cell
compartment [5]. Since Tregs modulate both innate and
adaptive immunity, pathological conditions that may resolve
by the acquisition of immuno-tolerance, such as autoimmune diseases, organ transplantation, and overall inﬂammatory diseases—including periodontitis—may beneﬁt by the
use of Treg immunotherapy [6]. In this context, increasing
evidence about ex vivo strategies to isolate, preserve, expand,
and transfer Tregs, and new protocols to manipulate the
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Treg pool in vivo, have led the way to new promising
therapeutic approaches that may be eventually suitable for
clinical use.

2. Treg Biology
2.1. Development. The two main subsets of Tregs are classiﬁed accordingly to their site of development. Firstly, natural
or thymic Tregs (nTregs or tTregs) develop in the thymus
through intermediate strength interactions between a selfreacting T cell receptor (TCR) and their cognate antigens,
presented by medullary thymic epithelial cells and hematopoietic antigen-presenting cells, leading to upregulation of
CD25 [7, 8]. In addition, costimulatory molecules such as
CD28, GITR, OX40, and TNFR2 contribute to Treg development [9]. Most intercellular signals converge to the NF-κB
pathway, which appears to be the main transcription factor
involved in thymic generation of Tregs [10]. At the terminal
stage of diﬀerentiation, the transcription factor Foxp3 is
upregulated by the action of IL-2 through CD25, whose signalization induces further CD25 production and high
expression of suppressor genes, rendering regulatory functions [7]. Compared with induced Tregs, nTregs exhibit a
higher expression of PD-1 (programmed cell death-1), neuropilin 1 (Nrp1), Helios, and CD73 [11].
The second route for Treg generation is the diﬀerentiation from naïve CD4+ T lymphocytes at the periphery,
named induced or peripheral Tregs (iTregs or pTregs).
iTregs are mostly present in the mucosal interface, by the
action of tolerogenic antigen-presenting cells [12]. TGF-β is
a major inductor of Foxp3 expression through phosphorylation and activation of the transcription factors Smad2 and
Smad3, which bind the intronic enhancer CNS1 in the foxp3
gene locus. In the gut, TGF-β is produced by CD103+ mucosal dendritic cells (DCs) that also produce retinoic acid (RA),
which in turn induces the binding of RA receptor (RAR) and
retinoic X receptor (RXR) to CNS1, leading to increased
binding of Smad3 [12, 13]. Moreover, gut commensal bacteria also promote the iTreg generation by metabolites, such as
short-chain fatty acid (SCFA), secreted from bacterial fermentation of dietary ﬁbers [13–16].
2.2. Phenotypic Characterization. The transcription factor
Foxp3 is considered the main Treg phenotype marker. Foxp3
stabilized the Treg canonical genetic proﬁle, controlling
its diﬀerentiation, maintenance, and suppressive functions
[17, 18]. However, Foxp3 expression is not exclusive of Tregs,
especially in humans, since activated conventional T cells
may transiently upregulate Foxp3 without the acquisition of
suppressive functions [19]. Besides, Foxp3 is a nuclear protein that cannot be used as a marker to purify viable Tregs;
thus, a number of surface phenotypic markers have been
characterized to deﬁne Tregs and its subsets [20]. In humans,
the markers CD25high and CD127low/− are frequently used
for Treg sorting from peripheral blood and tissues [21].
Postsorting analysis of this population shows a Foxp3
expression above 87%, indicating a reliable strategy to purify
viable Tregs [22]. In addition, several studies have identiﬁed
phenotypic markers within the CD25high CD127low Foxp3+
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population that are diﬀerentially expressed by discrete
Treg subsets, according to activation and memory status
(CD45RA naïve and CD45RO memory), chemotactic
proﬁle (chemokine receptors like CCR4 and CCR9),
suppressive functions (CTLA-4, CD39, and CD73), and
more [20]. Deﬁnitely, human Tregs are phenotypically
complex, and, as technology advances, even more new Treg
subtypes have been identiﬁed, reaching up to 22 distinct
subpopulations [22].
2.3. Phenotypic Plasticity. Recent studies suggest that Tregs
retain lineage plasticity, the ability to switch their cell fate
to other eﬀector T cell subset under particular environmental
conditions, such as sustained inﬂammation or lymphopenia
[23]. iTregs have been shown to be more unstable than
nTregs. Epigenetic changes in the CNS2 region of the foxp3
locus explain at least in part this diﬀerence. In nTregs, CpG
islands of the Treg-speciﬁc demethylated region (TSDR)
from the CNS2 region are hypo-methylated, but in freshly
generated iTregs, this region is heavily methylated; thus,
important transcription factors cannot be recruited to the
site, and Foxp3 expression becomes unstable [13]. Also,
homeostatic proliferation in the periphery depends on cytokines, particularly IL-2 [7]. Pathogenic conversion of Foxp3+
T cell into Th17 cells has been demonstrated under inﬂammatory conditions enriched in IL-6 in vivo, where CD25low
Foxp3+ CD4+ T cells lose Foxp3 expression and transdiﬀerentiate into Th17 lymphocytes [24]. Moreover, under
certain circumstances, Foxp3+ T cells may acquire eﬀector
T cell-like features without losing Foxp3 expression, with
“hybrid” phenotypes. For example, Foxp3+ RORC2+ IL-17+
cells have been identiﬁed in human intestine and Foxp3+ Tbet+ IFN-γ+ cells in patients with chronic inﬂammatory diseases, although in most cases those Foxp3+ T cells retain suppressive functions [23].

3. Treg Suppressive Mechanisms
The main function of Tregs is the suppression of naïve T cell
activation and expansion; however, they can also inhibit
activated eﬀector T cells, memory CD4+ T cells, CD8+ T cells,
NKs, NKTs, APCs, and B cells [7].
Tregs present a battery of suppressive mechanisms that
may proceed by four distinctive ways: (1) modulation of
antigen-presenting cell (APC) maturation or function, (2)
suppression by killing targeted cells, (3) suppression by
metabolic disruption, and (4) suppression by inhibitory
cytokines [25]. An example of APC inhibition is the Treg
expression of CTLA-4, an inhibitory receptor relative to the
T cell costimulatory molecule CD28. While CD28 signaling
promotes T cell activation, CTLA-4 suppresses the T cell
response by interacting with costimulatory receptors CD80
and CD86, expressed at the APC surface. This contact leads
to the downregulation and sequestration of both costimulatory molecules [26]. Additionally, CTLA-4 induces the
expression of the enzyme indoleamine 2,3-dioxygenase
(IDO) by DCs, which catalyzes degradation of the essential
amino acid tryptophan to kynurenine, leading to eﬀector T
cell starvation [25]. Tregs may also kill their target cells
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through cell contact-dependent cytolysis by granzymes A and
B, in both perforin-dependent and perforin-independent
manner, or induce apoptosis via the tumor necrosis factorrelated apoptosis-inducing ligand-death receptor 5 (TRAILDR5) pathway, among other means [25]. Tregs mediate
suppressive metabolic disruption of eﬀector T cells by consumption of local IL-2, which limits T cell proliferation [27].
Another suppressive mechanism is the expression of surface
ectoenzymes, CD39 and CD73, which catalyze extracellular
ATP hydrolysis to ADP, AMP, and adenosine. Adenosine
signals may inhibit APCs as well as activated T lymphocytes
by elevation of intracellular cAMP [7, 28]. A contactindependent suppressive mechanism is the production of
inhibitory cytokines, such as IL-10, IL-35, and TGF-β, which
interact with their speciﬁc receptors in a wide range of cell
phenotypes [7].
Another immuno-suppressive function of Tregs is the
inhibition of osteoclast diﬀerentiation and their boneresorptive activity [29]. In vitro studies, with human or
murine Tregs, have shown that these cells can inhibit the differentiation of monocytes/macrophages to osteoclasts by the
secretion of TGF-β, IL-4, and IL-10, and by the interaction of
CTLA-4 with CD80/86 receptors present in osteoclasts and
their precursors [30, 31]. In an in vivo study of osteoporosis,
it was reported that the adoptive transfer of murine Tregs to
Rag1−/− mice, deﬁcient of T cells, increases the total bone mass
associated with the decrease in the number of osteoclasts [32].
In addition, in patients with rheumatoid arthritis, nTregs
secrete low levels of regulatory cytokines and have defects in
the expression of CTLA-4, which is associated with increased
bone destruction [29]. Therefore, Treg may present important
suppressive functions during inﬂammation-mediated bone
destruction, as well as in bone homeostasis.
Besides the immuno-suppression activity, it has been
postulated that Tregs may have the capacity to directly exert
tissue-repairing functions by promoting the wound healing
processes at multiple tissue sites [33]. Tregs, exposed to
inﬂammatory conditions during skin injury, express the epidermal growth factor receptor (EGFR), which plays a major
role in skin wound healing by stimulating epidermal and dermal regeneration. Speciﬁc ablation of Tregs early after the
skin injury resulted in delayed wound reepithelialization
and closure, increased granulation tissue, and bigger overlying eschar [34]. Also, in a murine model of infectious lung
injury, Tregs produce amphiregulin, an EGFR ligand, in
response to the inﬂammatory cytokines IL-18 and IL-33.
This Treg eﬀect is independent of TCR signaling and dispensable for their suppressive functions, indicating a distinct
tissue-protective function that is evoked in response to speciﬁc cues, diﬀerent from those that induce suppressive functions [35] (Figure 1).

4. Tregs in Periodontitis
Although the microorganisms that comprise the pathogenic
subgingival bioﬁlm are the primary etiological agents of
periodontitis, the determinant of the disease progression
and clinical outcome is the host’s immune response, which
includes the formation of the periodontal inﬂammatory
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inﬁltrate and the activation of osteoclasts [36]. During periodontitis, the immune response has to be controlled to eﬀectively avoid the pathogenic microorganism dissemination
and, at the same time, prevent collateral tissue damage.
Therefore, Tregs preferentially accumulate at infected tissues,
limiting the immune responses and promoting pathogen survival [37]. Diﬀerent studies have described the enrichment of
Tregs within the infected periodontal tissues. For instance,
there is a higher frequency of CD4+ CD25+ CTLA-4+ Tregs
in periodontitis biopsies than in gingivitis [36]. These cells
exhibited phenotypic characteristics of Tregs, conﬁrmed by
the expression of CTLA-4, GITR, CD103, CD45RO, and
Foxp3 [37]. Moreover, the migration of CD4+ CD25+ T cells
to periodontitis that aﬀected gingival tissues seemed to be
dependent on CCL17 and CCL22 expression by the local
inﬂammatory inﬁltrate, which recruits Treg expressing
CCR4 or CCR8 [37, 38]. Despite the increase in the number
of Tregs during periodontitis, it is possible that a fraction of
these cells loses their suppressive functions due to the inﬂammatory periodontal environment enriched in IL-6 [39]. For
instance, in active periodontal lesions, compared with inactive lesions, Foxp3, T-bet, RANKL, IL-17, IL-1β, and IFN-γ
mRNAs were signiﬁcantly overexpressed [40]. However,
TGF-β1 and IL-10 mRNA expression was increased within
inactive periodontal lesions compared to active ones [40].
CD25+ Foxp3+ Tregs are strikingly diminished in bone
resorption lesions from periodontitis compared to healthy
gingival tissues. Also, in periodontal tissue homogenates,
the correlation between RANKL and IL-10 protein concentrations is negative, whereas the correlation between RANKL
and the pro-inﬂammatory cytokine IL-1β is positive [41].
Furthermore, a population of Foxp3+ IL-17+ cells has been
identiﬁed in periodontal lesions of patients with periodontitis, indicating the possible conversion of Tregs to Th17 lymphocytes [42]. However, until now, it has not been conﬁrmed
whether the periodontal inﬂammatory environment modiﬁes
to some degree the phenotypic or functional stability of inﬁltrating Tregs.
Diﬀerent studies using animal models of periodontitis
have ratiﬁed the importance of Treg suppressive functions
during the late stages of the disease. For instance, the inhibition of Tregs with anti-GITR in an A. actinomycetemcomitans-induced model of periodontitis showed increased
alveolar bone loss associated with the reduction of IL-10,
CTLA-4, and TGF-β levels [43]. A similar eﬀect was observed
in an IDO knockout mouse model in conjunction with lipopolysaccharide- (LPS-) induced gingival inﬂammation [44].
In this study, the deﬁciency of IDO increased the number of
IL-17+ cells and apoptotic or necrotic gingival cells. Also, the
number of Tregs was markedly reduced [44]. In a diﬀerent
murine study, Tregs seem to cooperate with Th2 cells, where
the coexistence and expression of IL-4, Foxp3, and IL-10 correlate with attenuation of osteolysis. For instance, IL-4 induces
CCL22 expression that modulates CCR4-dependent Treg
migration. Speciﬁcally, experimental periodontitis in IL-4
knockout mice shows an almost total reduction of Tregs and
CCL22 production/expression [38]. Therefore, Treg functionality is needed to sustain a controlled immune response
that might avoid the disease progression or reactivation.

4

Mediators of Inﬂammation

CD28

Antigen
presentation
Teﬀ

IL-35
IL-10
TGF-훽

CD80/86

Adenosine
Inﬂammation
IL-17
RANKL
TNF-훼

ATP
ADP

IL-2

DC

CD39
CD73

IDO

Treg
Foxp3

Perforin
granzyme

CD25
IL-5
GM-CSF
RANK

Th17
RORC2

IL-4
IL-10
TGF-훽1

IDO

CTLA-4

preosteoclast

Apoptosis

AREG
EGFR

RANKL
Wound
healing

Epidermal cells
Osteoclast

Figure 1: Treg suppressive functions. Tregs have several suppressive mechanisms that may inhibit diﬀerent cell types. For instance, Tregs
can directly inhibit antigen-presenting cells (APCs), such as dendritic cells (DCs), through its inhibitory receptor CTLA-4 that bounds to
the costimulatory molecules CD80 and CD86, expressed on the surface of APCs. This interaction induces the production of indoleamine
2,3-dioxygenase (IDO), which in turn may provoke apoptosis of DCs and preosteoclasts. In addition, CTLA-4 competes with the CD28
receptor present on the surface of eﬀector T cells (Teﬀ) and inhibits costimulatory signals during antigenic presentation. Similarly,
CTLA-4 directly suppresses osteoclast diﬀerentiation and activation, mechanisms potentiated by the secretion of inhibitory cytokines
such as IL-4, IL-5, IL-10, TGF-β, and GM-CSF. Furthermore, Tregs suppress the pro-inﬂammatory functions of Teﬀ, such as Th17
(CD4+ RORC2+) lymphocytes through various mechanisms such as the local consumption of IL-2; secretion of anti-inﬂammatory
cytokines such as IL-10, IL-35, and TGF-β; inhibition of antigenic presentation; transformation of ATP and ADP to adenosine by
surface ectoenzymes (CD39 and CD73), and the controlled release of perforin and granzyme. Finally, Tregs may promote tissue repair
through the production of amphiregulin (AREG), ligand of the epidermal growth factor receptor (EGFR), expressed in epidermal cells
and other resident cells.

5. Tregs as Therapeutic Tool
In recent years, many strategies have been proposed to take
advantage of the immuno-suppressive capabilities of Tregs
as immunotherapy [6]. Some of these approaches include
the ex vivo manipulation of Tregs for adoptive-transfer purposes. In this scheme, Tregs are puriﬁed from the host’s or
a donor’s peripheral or banked umbilical cord blood [45].
Subsequently, Tregs are expanded in vitro following particular protocols that may include the following: the cell
expansion in presence of anti-CD3/CD28 microbeads
and rhIL-2, which results in Tregs with polyclonal reactivity
[45]; the cell expansion in presence of donor APCs, which

generate alloantigen-speciﬁc Tregs [46]; or the cell expansion
in presence of genetically modiﬁed K562-based artiﬁcial
APCs, which may eﬃciently expand a speciﬁc Treg population [6]. Finally, the developed Tregs may be phenotyped
and infused in the patient. So far, numerous clinical trials,
most of them in pilot safety and feasibility phase, are analyzing the therapeutic eﬀects of Treg infusion in patients
with liver transplantation, graft versus host disease, type 1
diabetes mellitus (T1DM), lupus, and auto-immune hepatitis, showing promising results [21, 47, 48].
Another form of immunotherapy is the manipulation of
the Treg compartment in vivo, by the use of an array of systemically or locally delivered molecules that promote Treg
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proliferation, phenotype stability, and functionality [6]. Some
of the molecules that might aﬀect the Treg pool in vivo or
in vitro are as follows.
5.1. Cytokines. Multiple cytokines have been associated with
Treg phenotypic stability and suppressive functionality
enhancement through diﬀerent mechanisms. In mice and
humans, IL-2 maintains Treg function by stabilizing Foxp3
expression and regulating key Treg-signature molecules such
as CTLA-4 and GITR [49]. IL-2 signaling is also essential to
prevent the polarization of Tregs into pro-inﬂammatory
eﬀector cells [50]. Besides its direct eﬀect on Foxp3 expression, IL-2 acts indirectly as it is required for negative regulation of the TBX21 and RORC2 loci, which encode two
transcription factors that feedback to diminish Foxp3 expression [50]. The potential role of exogenous IL-2 for Treg survival and Foxp3 expression maintenance has led the
exploration of therapeutic approaches. Preclinical studies
have shown that the delivery of IL-2/anti-IL-2-antibody
complexes stimulates Treg expansion and reduces disease
in models of T1DM, experimental autoimmune encephalomyelitis (EAE), collagen-induced arthritis, and angiotensin
II-induced aortic stiﬀening [49–51]. In clinical trials, therapy
with low-dose IL-2 for the treatment of graft versus host disease (GVHD) and T1DM appears to successfully expand the
circulating Treg cell pool [47, 52, 53].
On the other hand, IL-33, a member of the IL-1 cytokine
family, has recently gained interest as regulator of Treg biology. It binds to ST2 receptor, whose deﬁciency is associated
with augmented inﬂammatory response [54]. IL-33 has
shown to increase the CD4+ Foxp3+ Treg pool, enhance their
suppressive activity, and boost ST2 surface expression [55]. It
supports direct and indirect Treg cell expansion through the
induction of myeloid cells to secrete IL-2, which increases
ST2 expression by T lymphocytes [56]. Moreover, IL-33 has
the ability to induce regulatory phenotype by promoting
the expansion of ST2+ Tregs [57, 58]. The upregulation of
ST2 expression on Tregs increases the expression of Foxp3,
and it has been suggested that genes encoding both of these
molecules might depend on each other [59]. In animal
models of skin transplant [60], collagen-induced arthritis
[61] treated with IL-33 showed the induction of Treg proliferation and enhancement of their immuno-suppressive
properties. Furthermore, in patients with type 1 diabetes,
in vitro IL-33 treatment induced regulatory CD4+ CD25high
FOXP3+ cell frequencies as well as upregulated the surface
expression of ST2 molecule and Foxp3 expression [55].
5.2. All-trans Retinoic Acid. All-trans retinoic acid (atRA) is
the main active metabolite of vitamin A, well known for playing a major role in various cellular functions, such as proliferation, embryogenesis, diﬀerentiation, inﬂammation, and
cell death [62]. Recent studies have revealed that atRA, after
binding to RAR, regulates reciprocal diﬀerentiation between
Tregs and Th17 lymphocytes, reinforcing the regulatory
functions of Tregs and suppressing the pro-inﬂammatory
activities of Th17 cells [63, 64]. In conjunction with TGFβ1 and IL-2, atRA has shown to improve the diﬀerentiation
of naïve T lymphocytes into Tregs, reﬂecting an increment
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in the number of these cells as well as ampliﬁed expression
of Foxp3 [65, 66]. atRA enhances the diﬀerentiation and stability of iTregs, increasing the activation of the ERK1/2 signaling pathway, resulting in a more stable Foxp3 expression
[67]. Moreover, it can increase the nTreg stability under
inﬂammatory conditions through the inhibition of the methylation of the foxp3 gene [67, 68]. In addition, atRA greatly
reduces RORγt expression and Th17 cell diﬀerentiation [69].
5.3. Rapamycin. Rapamycin (RAPA) is a macrolide immunosuppressant, widely used in the treatment of organ rejection
after transplantation, cancer, and autoimmune diseases
[70]. RAPA binds to the mammalian target of rapamycin
(mTOR) and inhibits its signaling pathway. The inhibition
of mTORC1 and mTORC2 after prolonged exposure to
RAPA allows preferential expansion and function of CD4+
CD25hi Foxp3+ Tregs [71] and blocks critical eﬀector T cell
functions such as proliferation, migration, and cytokine
production, limiting their diﬀerentiation [72]. Conversely,
Foxp3 expression by Tregs induces the serine/threonine
kinase Pim-2 pathway, which permits the evasion of many
RAPA-imposed signaling block [73].
It has been shown that both RAPA and atRA have similar eﬀects on promoting and stabilizing Tregs during their
expansion [74]. Although atRA, compared with RAPA, has
demonstrated to be more eﬃcient in stabilizing nTregs
under inﬂammatory conditions [67, 75], atRA in conjunction with RAPA promotes the expansion of functional
Tregs in the absence of exogenous TGF-β [76]. In fact, it
has been suggested that the combined use of RAPA and
atRA in Treg culture increases the percentage of Tregs with
demethylated foxp3 alleles, making them more likely to
remain as Tregs once reinfused in the patient and provide
long-lasting, eﬀective control [76]. Adoptive transfer of
Tregs after ex vivo treatments with atRA and/or RAPA
has been considered a promising strategy for cell-based
therapeutic treatment of transplant rejection and autoimmune diseases, such as T1DM [21], rheumatoid arthritis
[77], and Crohn’s disease [78].
5.4. Vitamin D. Vitamin D metabolites have long been recognized as important immuno-modulators that exert their
functions by binding to the vitamin D receptor (VDR),
expressed on many immune cells [79]. The active form of
vitamin D, 1α,25-dihydroxyvitamin D3 (1,25-[OH]2D3, calcitriol), is a secosteroid hormone that is mainly produced
by a sunlight-catalyzed biosynthesis pathway in the skin
[80]. VDR is a member of the superfamily of hormone
nuclear receptors that, after binding with calcitriol, has a conformational change that results in binding to RXR, forming a
heterodimer that translocates to the nucleus, where it binds
to vitamin D response elements [80]. Calcitriol promotes
the growth of Tregs, inhibits Th17 lymphocytes, and induces
the secretion of anti-inﬂammatory cytokines [81]. Moreover,
vitamin D also inhibits eﬀector T cell responses through
modulation of APC functionality. Treatment of human
DCs with calcitriol in vitro results in an immature phenotype,
known as tolerogenic DCs, characterized by reduced expression of CD80, CD86, and HLA-DR [80, 82]. In this context,
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Figure 2: Therapeutic approaches for Treg enrichment in vivo. There is an array of systemically or locally delivered molecules that may
promote Treg proliferation, phenotype stability, and functionality in vivo. Among them, IL-2 has been described as a major growth factor
for T cells, particularly important for Treg physiology. IL-2 binds to its receptor CD25, whose signaling pathway induces Foxp3
expression on Tregs and inhibits Th17 diﬀerentiation. Foxp3 enables the expression of canonical Treg features, such as CTLA-4, GITR,
and anti-inﬂammatory cytokines. On the other hand, all-trans retinoic acid (atRA) and calcitriol (VitD3), active metabolites of vitamins A
and D, have shown to reinforce suppressive functions of Tregs. atRA induces the binding of the RA receptor (RAR) and the retinoic X
receptor (RXR) to an intronic enhancer of foxp3 gene locus, increasing its expression. Similarly, VitD3 binds to the vitamin D receptor
(VDR), which later binds to RXR, forming a heterodimer that translocates towards the nucleus to promote Foxp3 expression. Also, VitD3
induces tolerogenic dendritic cells (DC Tol), with an immature phenotype that may drive Treg responses. Rapamycin (RAPA) inhibits
mTOR signaling pathway, allowing preferential expansion of Tregs, and blocks critical Teﬀ functions. Additionally, IL-33 binds to ST2
receptor, promoting further Foxp3 and ST2 expression on Tregs. Also, indirectly, IL-33 supports Treg expansion, inducing IL-2 secretion
by myeloid cells, which stimulates additional ST2 expression. Finally, CCL22-loaded nanoparticles may recruit CCR4+ Tregs locally,
decreasing Teﬀs and their pro-inﬂammatory functions.

pretreatment of human blood-derived myeloid DCs with calcitriol, and then coculture with T cells, inhibits the eﬀector T
cell cytokine production and promotes Treg suppressive
functions [82].
5.5. Controlled Delivery of Treg Promoters. The use of the
polymeric-nanoparticle technology has demonstrated its
biomedical potential due to its ability to encapsulate and
control the release of hydrophobic, small molecules [83].
In a recent report, biodegradable poly(ethylene glycol)poly(lactic-co-glycolic acid) (PEG-PLGA) microparticles
were engineered to release TGF-β, RAPA, and IL-2 to locally
induce Treg polarization in an in vivo model of allergic
contact dermatitis [83]. The prophylactic treatment with
these microparticles increased the Treg/Teﬀ ratio in the skin
draining lymph nodes, suppressing the T cell-mediated

delayed-type hypersensitivity and rendering systemic and
speciﬁc tolerance to contact allergens [84]. In another
study, PLGA microspheres encapsulating recombinant
mouse CCL22 were formulated to enhance local recruitment
of CCR4+ Tregs in a murine model of dry eye disease [84].
The results showed that the microsphere treatment successfully prevents the inﬂammatory symptomatology by
increasing the frequency of Tregs and decreasing the Teﬀ
in the lacrimal gland [85]. A diﬀerent approach for Treg
generation was the use of antigenic peptides conjugated
to poly(lactide-co-glycolide) nanoparticles, which provided
a platform for tolerance induction in a murine model of
multiple sclerosis (relapsing-remitting experimental autoimmune encephalomyelitis). Through this system, tolerogenic
antigen-polymer-conjugated nanoparticles can be formulated to incorporate multiple antigens responsible for the
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pathogenesis of multiple sclerosis and other diseases [86]
(Figure 2).
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6. Treg Therapeutic Potential in Periodontitis
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Treg immuno-suppressive mechanisms and tissue-repairing
functions are necessary to sustain periodontal health, which
make them an interesting potential therapeutic target. Over
the recent years, diﬀerent therapeutic approaches have been
attempted in order to increase the number of functional
Tregs in periodontal disease. One approach has been the
selective chemo-attraction of Tregs to a particular diseased
periodontal lesion by the use of CCL22-releasing microparticles [3]. This method successfully reduced bone resorption,
as it enhanced the expression of osteogenic, regenerative,
and anti-inﬂammatory markers in the periodontium, and
diminished inﬂammatory cell inﬁltration in both murine
and canine models of periodontitis [87]. Another method
employed in a murine model of periodontitis was the oral
administration of atRA. This treatment has shown to
eﬀectively regulate the Th17/Treg balance by increasing the
percentage of CD4+ Foxp3+ Tregs and reducing the CD4+
RORγt+ Th17 lymphocyte frequency [88]. Similarly, the
same group studied the eﬀects of oral administration of tamibarotene (Am80), a synthetic RAR agonist with high speciﬁcity for RARα and RARβ. Retinoid agonists have been shown
to inhibit Th17 cell polarization and to enhance Foxp3
expression during the course of inﬂammatory diseases;
besides, they do not present the atRA limitations such as
compound’s instability, poor bioavailability, and unexpected
side eﬀects. In a murine model of periodontitis, Am80
reduced the percentage of CD4+ RORγt+ Th17 lymphocytes
and increased the percentage of CD4+ Foxp3+ Tregs in the
gingival tissues, cervical lymph nodes, and spleen. Also,
Am80 downregulated the mRNA expression of IL-17A,
RANKL, MCP-1, IL-6, and IL-1β and upregulated the
expression of IL-10 and TGF-β1 in gingival tissues and
cervical lymph nodes [89].
A diﬀerent approach has been the subcutaneous vaccination with formalin-killed P. gingivalis, which protects mice
from inﬂammation and alveolar bone resorption by modulating the Th17/Treg ratio. The vaccinated mice showed significant reduction in the frequencies of total CD4+ T and CD4+
RORγt+ cells, and a signiﬁcant increase in the percentage of
Tregs from cervical lymph nodes and spleens [90]. Although
these studies showed promising results, more research is still
needed in order to apply them in humans.

Carla Alvarez and Carolina Rojas contributed equally to this
work and should be considered as joint ﬁrst authors.

7. Concluding Remarks
Treg protective functions during periodontitis have been
demonstrated in vivo. Ongoing research in both basic
and translational studies lets us gain a better understanding of the diversity of Treg subsets, their plasticity, and
their function. Certainly, as our knowledge of Treg biology
increases, we will be capable developing new therapies
designed to enhance the stability and function of Treg
during periodontitis.
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In Honduras, Leishmania (L.) infantum chagasi causes both visceral leishmaniasis (LV) and nonulcerated or atypical cutaneous
leishmaniasis (NUCL). NUCL is characterized by mononuclear inﬂammatory inﬁltration of the dermis, composed mainly of
lymphocytes followed by macrophages with discrete parasitism. Considering that little is known about the pathogenesis of
NUCL, the aim of this study was to evaluate the regulatory response in situ in skin lesions of patients aﬀected by NUCL.
Biopsies (n = 20) from human cutaneous nonulcerative lesions were collected and processed by usual histological techniques.
The in situ regulatory immune response was evaluated by immunohistochemistry using antihuman CD4, FoxP3, IL-10, and
TGF-β antibodies. CD4+, FoxP3+, TGF-β+, and IL-10+ cells were observed in the dermis with inﬂammatory inﬁltration in all
studied cases and at higher densities compared to the normal skin controls. A positive and strong correlation was observed
between CD4+ and FoxP3+ cells, and a positive and moderate correlation was observed between FoxP3+ and TGF-β+ but not
with IL-10+ cells. The data suggest that T regulatory FoxP3+ cells and the regulatory cytokines, especially TGF-β, play an
important role in the immunopathogenesis of NUCL, modulating a cellular immune response in the skin, avoiding tissue
damage, and leading to low tissue parasitic persistence.

1. Introduction
Nonulcerated cutaneous leishmaniasis (NUCL) is a rare form
of leishmaniasis described in areas of visceral leishmaniasis
(VL) transmission in Central America, including Honduras,
Costa Rica, El Salvador, and Nicaragua. Leishmania (L.)
infantum chagasi is implicated as the aetiological agent
that is transmitted by Lutzomyia longipalpis sand ﬂies that
bite the vertebrate hosts [1]. The patients do not present
clinical signs of VL, nor a previous history of visceral diseases. The lesions are characterized by small nonulcerative

erythematous papules or erythematous plaques of chronic
evolution that are between 1 to 10 mm in diameter and are
located in exposed areas of the body, especially the face and
extremities, often surrounded by a hypopigmented halo.
The main tissue features have been characterized by a granulomatous reaction with a small number of amastigote forms
of the parasite [2].
It is important to mention that the identiﬁcation of
Leishmania isolates from NUCL lesions from Honduras
showed that parasites belong to the Leishmania donovani
complex by speciﬁc monoclonal antibodies, and they were
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identiﬁed as Leishmania (L.) donovani chagasi by isoenzyme
analysis [1]. Despite NUCL, VL occurs in the same endemic
areas in Honduras, and it should be noted that NUCL is the
most common form of the clinical presentation of Leishmania (L.) infantum chagasi infection; it aﬀects children
older than 6 years and young adults more frequently, while
VL occurs mainly in children younger than 5 years [1, 3, 4].
Studies have suggested the ability of Leishmania (L.)
infantum chagasi to cause both clinical forms, while VL and
NUCL could be related to the immunological and genetic
backgrounds of the host, as well as parasite and sand ﬂy
vector characteristics [2–4]. However, little is known about
the proﬁle of human infection by Leishmania (L.) infantum chagasi in Honduras, especially of the nonulcerated
or atypical form. We have observed self-limiting and nonulcerated skin lesions independent of the disease evolution
time, characterized by mononuclear inﬂammatory inﬁltration composed mainly of lymphocytes, vacuolated macrophages associated with granulomatous reactions, and scarce
parasites, suggesting an eﬃcient cellular immune response
in the skin of individuals aﬀected by NUCL. However, the
persistence of low tissue parasitism may be related to the regulatory immune response responsible for balanced cellular
immune responses that prevent the evolution of the lesion
size and lead to lasting immunity. Therefore, the aim of the
present study was to characterize the immune regulatory
response in skin lesions of patients aﬀected by nonulcerated
or atypical cutaneous leishmaniasis in order to better understand the pathogenesis of the infection caused by this species
of parasite in Central America.

2. Material and Methods
2.1. Study Area. Two endemic areas of nonulcerated or atypical cutaneous leishmaniasis, Amapala and Orocuina municipalities, located in the southern region of Honduras, were
studied. These regions have an average annual temperature
of 30°C, with a maximum ranging between 34°C–35°C, a
minimum between 25°C–26°C, and an annual humidity of
65% [5].
2.2. Casuistry. Twenty skin biopsies from patients with
NUCL, without treatment, and with parasitological diagnosis
conﬁrmed by scraping of lesions and stained by Giemsa were
used. Patients were informed about the research protocol,
and those who agreed to participate signed the informed consent form. This work was approved by the Research Ethics
Committee of the Master of Infectious and Zoonotic Diseases
of the National Autonomous University of Honduras (Protocol number 03-2014) and by the Research Ethics Committee
of the Medical School of the University of São Paulo (CAAE:
64223917.1.0000.0065, Protocol: 1.938.092).
2.3. Histopathology. The biopsies of skin lesions from
patients, deﬁned as nonulcerative, erythematous papules,
inﬁltrative plaques, or nodules, in the presence or absence
of hypopigmented halos, were collected using a 3 mm punch
under aseptic conditions and under local anaesthesia. These
biopsies were immersed in 10% formalin solution buﬀered
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with 0.01 M phosphate and processed by the usual histological techniques to obtain the paraﬃn sections. Paraﬃn sections stained by haematoxylin-eosin (HE) were observed
under an optical microscope, with the goal of characterizing
histopathological changes. A semiquantitative comparative
analysis of the sections stained by HE was performed according to the adaptation of Ridley and Ridley [6], assigning
scores for the intensity of the diﬀerent characterized processes, where (−) is negative, (+) is discrete, (++) is moderate,
and (+++) is intense.
2.4. Immunohistochemistry. The in situ regulatory response
was assessed by immunohistochemistry using the following
markers: anti-CD4 monoclonal antibody and anti-FoxP3,
anti-TGF-β1, and anti-IL-10 polyclonal antibodies. Hyperimmune serum from a mouse chronically infected with
Leishmania (Leishmania) amazonensis was used to conﬁrm
tissue parasitism. Histological sections of 4 μm thickness
were deparaﬃnized in xylene for 15 minutes, followed by
hydration with a descending series of alcohols; endogenous
peroxidase was blocked with 3% hydrogen peroxide solution.
Antigen retrieval was conducted using 10 mM citrate buﬀer
at pH 6.0 in a boiling water bath. After this step, primary
antibodies were added to the tissues in the following dilutions:
anti-Leishmania (mouse hyperimmune serum produced in
our laboratory, Moreira et al. [7]) diluted at 1 : 2000; antiCD4 (monoclonal, NCL-L-CD4-1F6, Novocastra) diluted at
1 : 20; anti-FoxP3 (polyclonal, (H-190): SC-28705, Santa Cruz
Biotechnology) diluted at 1 : 250; anti-TGF-β1 (polyclonal,
(V): SC-146, Santa Cruz Biotechnology) diluted at 1 : 100,
and anti-IL-10 (polyclonal, ab34843, ABCAM) diluted at
1 : 1000. As a negative control, a solution containing
phosphate-buﬀered saline (PBS) and bovine serum albumin
(BSA) with the omission of the primary antibody was used.
The slides were incubated in a humidiﬁed chamber overnight
at 4°C. For all markers, the Novolink kit (RE7280-K—Leica)
was used. The chromogenic substrate, DAB + H2O2 (diaminobenzidine with hydrogen peroxide—K3468—DakoCytomation), was added to the tissue, incubated for 5 minutes, and
counterstained with Harris haematoxylin. Finally, the slides
were dehydrated in a series of ascending alcohols and mounted
with Permount and glass coverslips.
Ten skin samples obtained from healthy individuals
undergoing plastic surgery were included as controls.
2.5. Quantitative Analysis of Immunostained Cells. Images
were obtained using an optical microscope coupled to the
microcomputer, and quantiﬁcation of immunostained cells
was performed using AxioVision 4.8.2 software (Zeiss, San
Diego, CA, USA). Ten microscopic ﬁelds of each histological
section for diﬀerent markers were imaged by a 40x objective,
and the cells immunostained in brown were quantiﬁed. The
cellular density (number of cells per square millimetre) was
determined by the ratio of the immunolabelled cells to the
area of each image.
2.6. Statistical Analysis. For the statistical analysis of the
results, GraphPad Prism 5.0 software was used and to analyse the diﬀerence between the diﬀerent groups, the t test
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Figure 1: Histological section of a skin biopsy from a patient aﬀected by nonulcerated cutaneous leishmaniasis showing intense mononuclear
inﬂammatory inﬁltration in the dermis (a) and epithelioid granuloma (b).

was performed for the Gaussian distribution data, and the
Mann-Whitney test was used for the non-Gaussian distribution data.

3. Results
3.1. Histopathological Features. In the histopathological analysis, the skin lesions were characterized by mononuclear
inﬂammatory inﬁltration in the dermis, composed predominantly of lymphocytes, followed by vacuolated macrophages
and a few plasma cells. The intensity of the inﬂammatory
inﬁltration varied from discrete to intense, but in both, the
parasitism was discrete. Despite the direct parasitological
exam, the presence of the amastigote form of Leishmania
was in 100% (20/20) of the cases, while histological sections
stained by immunohistochemistry evidenced amastigote
forms of parasites in only 55% (11/20) of the cases. Granulomas were present in 60% (12/20) of the cases and were associated with moderate to intense inﬂammation (Figure 1).
3.2. Immunohistochemical Analysis. The skin lesions of
NUCL patients showed the presence of CD4+ T, FoxP3+ lymphocytes, TGF-β+, and IL-10+ cells, which were evidenced by
the immunohistochemical reaction (Figure 2).
The quantitative morphometric analysis of the skin lesions
of patients aﬀected by nonulcerated or atypical cutaneous
leishmaniasis showed that the cellular density (mean ± standard error) of CD4+ T lymphocytes was 296.60 ± 53.47, that
of FoxP3+ cells was 168.40 ± 28.71, that of TGF-β+ cells was
78.63 ± 16.54, and that of IL-10+ cells was 63.72 ± 9.70 cells/
mm2. However, in skin from healthy individuals, the number
of cells/mm2 was 46.25 ± 11.55 for CD4+ T lymphocytes,
3.79 ± 1.72 for FoxP3+ cells, 0.11 ± 0.11 for TGF-β+ cells, and
13.26 ± 5.05 for IL-10+ cells. The densities of CD4+ T cells
and IL-10+ cells were higher in NUCL patients when compared to healthy skin (p < 0 01), and the densities of FoxP3+
cells and TGF-β+ cells were higher in NUCL patients compared to healthy skin (p < 0 001) (Figure 3).
The ratio between regulatory FoxP3+ and eﬀector CD4+
T cells, as well as the ratio between positive cytokines
(TGF-β+ and IL-10+) and FoxP3+ and CD4+ T cells in
NUCL and normal skin, was assessed in order to better evaluate the participation of regulatory cells in the cutaneous

inﬂammation caused by atypical cutaneous leishmaniasis.
The ratio of FoxP3 : CD4 was six times higher in NUCL
(0.568) than in healthy skin (0.082), the ratio of TGFβ : CD4 was one hundred and thirty-two times higher in
NUCL than in healthy skin, and the ratio of TGF-β : FoxP3
was ﬁfteen times higher in NUCL (0.260 and 0.467, resp.)
than in healthy skin (0.002 and 0.029, resp.). Already, the
ratio of IL-10 : CD4 was similar between NUCL and healthy
skin, at 0.3 times higher in healthy skin (0.286) than in
NUCL (0.215), and the ratio of IL-10 : FoxP3 was eight times
higher in healthy skin (3.500) than in NUCL (0.378).
A positive and strong correlation was observed between the
density of CD4+ T cells and FoxP3+ (ρ = 0 7078, p = 0 0007),
and a positive and moderate correlation was detected between
FoxP3+ and TGF-β+ cell density (ρ = 0 6868, p = 0 00465);
however, the density of IL-10+ cells did not show correlation
with any other markers (Figure 4).

4. Discussion
Nonulcerated or atypical cutaneous leishmaniasis is a rare
clinical form of infection caused by Leishmania (L.) infantum
chagasi, and interestingly, it has been described only in
Central America. In Honduras, infection caused by Leishmania (L.) infantum chagasi is restricted to the southern
region of the country, where cases of VL and NUCL occur
in the same geographic area [1]. It is an intriguing fact that
since the ﬁrst cases of NUCL have been described in the
country, a reduction in the number of cases of the visceral
form of the disease has been noted, accompanied by an
increase in cases of the cutaneous form, suggesting an eﬃcient adaptation of the pathogen to the host that leads to a
balanced parasite-host relationship.
In our study, the main histopathological changes
observed in skin lesions of patients with NUCL were characterized by mononuclear inﬂammatory inﬁltration in the dermis formed by lymphocytes and macrophages of variable
intensity and associated with the formation of epithelioid
granulomas. The presence of a granulomatous reaction was
associated with an inﬂammatory inﬁltration ranging from
moderate to severe, mainly diﬀuse, with evidence of giant
cells and focal necrosis in some cases. Despite very few parasites being observed in 100% of cases by direct parasitological
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Figure 2: Immunohistochemistry of the skin of patients with nonulcerated or atypical cutaneous leishmaniasis evidenced in brown colour for
CD4+ T lymphocytes (a); FoxP3+ cells (b); IL-10+ cells (c), and TGF-β+ cells (d) (×400). The red arrows signal immunostained cells for the
diﬀerent markers.
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Figure 3: A dot plot showing the distribution and a box plot
showing the median, mean, quartile, maximum, and minimum
values for the number of positive cells per square millimetre for
CD4, FoxP3, TGF-β, and IL-10 markers in the skin biopsies of
nonulcerated cutaneous leishmaniasis (grey) and healthy
individuals (white). ∗∗ p < 0 01; ∗∗∗ p < 0 001 of cellular density
between NUCL and healthy controls.

exam, suggestive forms of the parasite were observed in
only 55% of the cases in histological sections stained by HE
or immunohistochemistry. These histopathological aspects

diﬀer from those that have been described in the Old
World for cutaneous lesions caused by other viscerotropic
species, such as Leishmania (L.) donovani and Leishmania
(L.) infantum [8, 9]. This reinforces the role of the parasite species in determining the clinical and immune-histopathological
aspects of the infection [10].
A previous study from our group on skin lesions of atypical cutaneous leishmaniasis showed self-limiting and nonulcerated skin lesions independent of the time of evolution,
which were characterized by the evidence of a high density
of CD8+ T lymphocytes and IFN-γ+ cells, added to the presence of iNOS+ macrophages that are rarely parasitized [11];
these results suggested that those patients had eﬃcient cellular immune responses in the skin. However, the persistence
of low tissue parasitism could be associated with a regulatory
immune response that leads to a balanced cellular immune
response [12].
Regulatory T lymphocytes represent a subpopulation of
T lymphocytes characterized phenotypically by CD4+
CD25+ cells expressing transcription factor forkhead box
P3 (FoxP3), essential for the control of excessive immune
response against microorganisms or self-antigens. Regulatory T cells (Treg) act in conjunction with eﬀector T cells
on the modulation of the cellular immune response [13–16].
Therefore, the role of Treg cells is mediated by the secretion of regulatory cytokines, such as IL-10 and TGF-β,
which directly aﬀect the activity of eﬀector T cells and
antigen-presenting cells [12–14]. The production of these
cytokines at the site of infection can compromise the
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Figure 4: Graphic of dispersion showing a positive and strong correlation between the cellular density of CD4+ cells and FoxP3+ cells (a) and
a positive and moderate correlation between FoxP3+ cells and TGF-β+ cells (b). The value of ρ is the Pearson correlation coeﬃcient, and p is
the p value.

proper proliferation of eﬀector T cells and the production
of proinﬂammatory cytokines, inhibiting full parasite elimination [12, 17].
Considering the morphology of lymphocytes, we estimated that approximately 10% of the lymphocytes were Treg
cells, characterized by FoxP3+ cells in our study. In addition,
a strong and positive correlation was observed between the
number of CD4+ T cells and the number of FoxP3+ cells
(p = 0 0007), and the ratio of FoxP3 : CD4 was six times
higher in NUCL than in healthy skin, suggesting that a significant part of the CD4+ T lymphocyte population was Treg
cells in the inﬂammatory inﬁltration in the skin lesions
caused by NUCL [18].
Moreover, there was a positive and moderate correlation
between the density of FoxP3+ cells and the density of TGFβ+ cells (p = 0 00465) but not between FoxP3+ and IL-10+
cells (p = 0 53585). Additionally, the ratios of TGF-β : CD4
and TGF-β : FoxP3 were higher in NUCL than in healthy
skin, which did not occur with IL-10. These data suggest
that in NUCL, the Treg cells could regulate an eﬀector
cellular immune response, mainly through the production
of TGF-β, a cytokine that depends on the environment and
concentration at which it is produced to present proinﬂammatory or anti-inﬂammatory properties [19–22]. Previously,
it has been shown that both Treg and T eﬀector cells are present in chronic leishmaniasis, suggesting that the persistence
of Leishmania at the site of infection is due to the activity
of Treg cells, although it has been believed that the low

number of parasites at the site of infection is important to produce long-lasting and protective immunity [12, 23]. Thus,
these cells can control the balance of the cellular immune
response established between the pathogen and its host,
mediating an equilibrium that may be mutually beneﬁcial.
An imbalance in this cellular subtype may promote lesion
progression and change in the immune cellular response,
since CD4+ CD25+ IL-10+ TGF-β+ cells could be involved
in the modulation of the eﬀector immune response in skin
lesions induced by Leishmania spp. [12, 17, 24]. In addition, it was demonstrated that the chronicity of the skin
lesions caused by Leishmania guyanensis is associated with
the immunosuppression due to the presence of Treg cells,
suggesting that Treg cells could play a role in the downregulation of Leishmania-speciﬁc immune responses [25, 26].
The lack of correlation between FoxP3+ and IL-10+ cells
suggests that other regulatory cells could be the source of
IL-10, since it has been described that IL-10-producing
CD25− Foxp3− T cells are involved in the pathogenesis
of visceral leishmaniasis [27]. Moreover, skin lesions of
patients aﬀected by cutaneous leishmaniasis caused by L.
(V.) braziliensis showed a stronger correlation between
IL-10 expression and proinﬂammatory cytokines such as
IFN-γ, IL-27, and IL-21, rather than with FoxP3+ cells [28].
Taken together, the data obtained in this study suggest
that CD4+ T lymphocytes and FoxP3+ T regulatory cells, as
well as TGF-β+ and IL-10+ cells, although discrete, play an
important role in the immunopathogenesis of nonulcerated
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or atypical cutaneous leishmaniasis. These elements could
modulate the balance in the cellular immune response,
resulting in the maintenance of low tissue parasitism necessary for protective immunity that prevents the evolution of
the lesion size.
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T helper 17 cells (Th17) constitute a distinct subset of helper T cells with a unique transcriptional proﬁle (STAT3, RORγ, and
RORα), cytokine production pattern (IL17 family), and requirement of speciﬁc cytokines for their diﬀerentiation (TGF-β, IL6,
IL21, and IL23). Recent studies involving experimental animals and humans have shown that Th17/IL17 plays a crucial role in
host defense against a variety of pathogens, including bacteria and viruses. The underlying mechanisms by which Th17
performs include dendritic cell (DC) regulation, neutrophil recruitment, Th1 modulation, and T regulatory cell (Treg) balance.
In recent years, researchers have generated an accumulating wealth of evidence on the role of Th17/IL17 in protective immunity
to intracellular bacterial pathogens, such as Mycobacterium tuberculosis and Chlamydia trachomatis, which are one of the most
important pathogens that inﬂict signiﬁcant socioeconomic burden across the globe. In this article, we reviewed the current
literature on the functions and mechanisms by which Th17/IL17 responds to intracellular bacterial infections. A better
understanding of Th17/IL17 immunity to pathogens would be crucial for developing eﬀective prophylactics and therapeutics.

1. Background
The current ﬁeld of medicine was marked not only by an
increase in the endemism of socially signiﬁcant infectious
diseases but also by an action taken to ﬁght against them
globally. Despite active antiepidemic actions, mass vaccination campaigns, and facilities of etiotropic therapy, infectious
diseases still challenge the whole world. Understanding the
essence of infectious pathogenic factors of diseases at the cellular and molecular level will allow us to form a holistic view
of the anti-infectious immune reactivity.
It is estimated that over one billion patients are infected
with intracellular bacteria that infect and replicate inside host
cells, which may be facultative or obligatory. Facultative
intracellular bacteria include Listeria monocytogenes, Salmonella spp., Francisella spp., and Legionella spp., while obligate
intracellular bacteria, such as Chlamydia spp., generally
require a host cell for survival and replication. It is believed
that the acquired resistance against intracellular bacteria
depends on CD8+ T cells. However, current scientiﬁc and

technological development has deepened our understanding
of host immunity against the intracellular bacteria.
After bacterial invasion, innate immunity provides the
initial acute inﬂammatory response to microorganisms to
prevent, control, and eliminate the infection and further
modulate and stimulate adaptive immune responses. The
acute inﬂammatory response is generally self-limiting and
results in tissue repair, while the persistent inﬂammatory
stimuli or dysregulation of immune mechanism results in
chronic inﬂammation, recognized as a diﬀerent kind of cytokine/chemokine secretion to activate and attract immune
cells into invasive sites. Antigen-presenting cells, like DC
and macrophage, are central players in the immune response.
After activation, they migrate to lymphoid organs to present
antigen to naive T cells and initiate Th cell diﬀerentiation
[1, 2]. Classically, Th1 response (IL12/IFN-γ) is crucial for
host defense against intracellular infection by activating
cellular immunity to kill bacterial and infected cells [3, 4].
Current advances in the understanding of intracellular bacterial infection indicate that immune response is more complex
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than the Th1/Th2 paradigm [5]; the recent recognition of
Th17 cells has provided new insights into the mechanisms
that are important in antimicrobial host defense [6–8].
Th17 cells potentially induce tissue damage and have
been associated with many autoimmune diseases and extracellular pathogen infection [9–11]. But several lines of
evidence suggested that Th17 cells are also required for host
defense against intracellular bacterial infection, such as L.
monocytogenes [12], M. tuberculosis [13–17], Chlamydia
[18], Salmonella [19, 20], Mycoplasma pneumoniae [21],
and Leishmania donovani [22]. Indeed, mice deﬁciency in
both IL23 and IL12 are more susceptible to M. tuberculosis
and Toxoplasma gondii infection compared to the IL12
knockout mice.
Th17 diﬀerentiation depends on the steroid receptortype nuclear receptor (RORγt), which is induced by the IL6
and IL23 through activation of signal transducer and activator of transcription (STAT3) [23]. IL21 can promote Th17
cell diﬀerentiation, survival, and expansion. In addition,
IL23, originally regarded as the key Th17 inducer, is only
required for its expansion and maintenance [24]. In addition
to STAT3 and RORγ, many other transcript factors play a
critical role in Th17 diﬀerentiation, including basic leucine
zipper ATF-like transcript factor (BATF), IRF4, fos-related
antigen 2 (FOSL2), and RORα [25–29]. Th17 cells are reciprocally related to FoxP3+ Tregs. The presence of a high dose
of TGF-β activates the transcription factor FoxP3 in naïve T
cells and thereby promotes Treg, whereas the presence of IL6
suppresses FoxP3. It, combined with TGF-β, induces RORγt
and leads to Th17 diﬀerentiation. Thus, the balance between
Th17 cells and FoxP3+ Tregs is mediated by the antagonistic
interaction of the transcription factors FoxP3 and RORγt
[30]. A recent study has added further complexity to the Th
diﬀerentiation. It indicated that the CD4+ T cells could end
with continuous cell fates, rather than a limited number of
distinct phenotypes, when exposed to numerous combinations of cytokines [31].
Th17 cells are named from IL17 secretion by the Th17.
The activation of Th17 cells results in a large amount of
inﬂammatory cytokine production, such as IL17A, IL17F,
IL21, IL22, and CCL20 [11, 32]. IL17 acts as the most critical
biological eﬀector of Th17. IL17 increases iNOS production
and induces the expression of granulocyte macrophage
colony-stimulating factor, IL1β, IL6, IL8, TNF, and several
chemokines. IL17A and IL17F have a high similarity in
sequence and share many biologic properties. Along with
IL17, Th17 cells also produce IL22, IL26, and GM-CSF.
IL22 and IL26 are members of the IL10 family with signiﬁcantly diﬀerent biological activities despite their similar
structure. IL22 and IL26 can support tissue reactions of
innate immunity and simulate the production of IFNγ and
secretion of antimicrobial peptides, including acute phase
proteins, such as serum amyloid A, A1-antichymotrypsin,
and haptoglobin. Furthermore, some study shows that IL22
is a potent stimulator of Th2 responses and can directly
upregulate the expression of epithelial-derived type 2
cytokines, such as IL-33, TSLP, and GRP, thus promoting a
strong Th2-biased systemic immune response [33]. In contrast to IL17 and TNFα, rather work on immunocompetent
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cells, IL22 acts essentially on epithelial cells and hepatocytes.
It is known that IL26 is involved in local mucosal immunity.
Monocytes stimulated with IL26 promote Th17 cell development. GM-CSF is produced by Th17 cells to activate macrophages and play a role in immunity against anti-intracellular
pathogen [34].
The biological activities of IL17 depend on their binding
to its multimeric receptors [35]. The IL17 receptor family
contains at least ﬁve members: IL17RA, IL17RB, IL17RC,
IL17RD, and IL17RE [36]. To date, IL17A and IL17F have
been shown to form either homodimers or heterodimers that
can bind to the IL17RA and IL17RC receptor complex to
activate downstream signaling cascades, whereas IL17E is
believed to signal though the IL17RA and IL17RB receptor
complex to activate its downstream pathways [37]. At
present, the IL17RA and IL17RE heterodimer is considered
the functional receptor for IL17C. And IL17RB has been suggested to be a receptor for IL17B [38]. Moreover, IL17RD was
recently found to be a positive component in IL17 signaling
and a negative suppressor for TLR signaling [39, 40]. The differences in the cytokine-receptor combination largely shape
the functional diversity of this family of cytokines at distinct
barrier surfaces. The necessary cytokines involved in the
Th17 diﬀerentiation in mice and human are not identical.
TGF-β and IL6 are required for mouse Th17 development,
whereas human naive T cells diﬀerentiate into Th17 cells in
the presence of IL1β, IL23, and possibly TGF-β [41]. The
cooperation of all inﬂammatory factors potentiates tissue
inﬂammation, and the consequences of host immune
responses depend on the pathogens.
The IL17 production is multicellular in origin. γδ T cells
have been found to contribute to the early production of IL17
in a murine model of some intracellular bacterial infection,
like M. tuberculosis [42], M. bovis, BCG [15], Listeria monocytogenes [43, 44], S. enterica [45], and S. typhimurium
[46]. Even some studies suggested that dominant cellular
source for IL17 production is γδ T cells, rather than Th17
[42, 44]. Furthermore, a αβ TCR+ CD4−CD8− double negative T cell population which produced IL17 has been found
in L. monocytogenes [43] and F. tularensis LVS infection
[47]. Invariant natural killer T (iNKT) cells were able to produce IL17 after stimulated with lipopolysaccharide [48].
iNKT cells have been reported to secrete higher quantities
of IL17, in addition to IFNγ, during Chlamydia pneumoniae
lung infections [49]. Early production of IL17 may amplify
the development of Th17 response in adaptive immunity
[50]. The mechanisms behind it have not been elucidated
even both paracrine and/or autocrine promotion of IL17
production are suggested [51].
Several studies have focused on the role of Th17/IL17 in
infectious and noninfectious diseases, while little information
is available on the contribution of IL17 and Th17 to the
immunopathogenesis of intracellular bacterial infections in
humans. In the present review, we provided an overview of
the advances of the roles and cellular mechanisms of Th17/
IL17 in the host immunity against the intracellular bacterial
infections (the major characteristics of pathogenic intracellular bacterial species, as well as the Th17/IL17 functions, were
summarized in Table 1). A better understanding of immune

Mediators of Inﬂammation

3

Table 1: The major characteristics of pathogenic intracellular bacterial species.
Serial
Bacterial species
number

Gram Facultative/
staining obligatory

Diseases

Function of Th17/IL17
(i) Recruit neutrophils,
macrophages, Th1 cells and
IFNγ-producing cells
(ii) Accelerate Th1 memory response
(i) Promote adaptive CTL responses
(ii) Enhance DC cross-presentation
(iii) Accumulate innate neutrophils

1

M. tuberculosis

Positive

Pulmonary infection, pleurisy,
Obligatory tuberculous pericarditis, bone tuberculosis,
tubercular meningitis, tuberculous arthritis

2

Listeria
monocytogenes

Positive

Facultative

3

(i) Chlamydia
trachomatis
(ii) Chlamydia
pneumoniae

Negative Obligatory

Pelvic inﬂammatory disease,
trachoma, pneumoniae

4

(i) Salmonella
enterica serovar
Enteritidis
(ii) Salmonella
typhimurium

Negative Facultative

Typhoid fever, paratyphoid fever,
Enteritidis

IL23 is required for protection
against the sublethal doses of S.
Enteritidis

Tularemia

(i) Regulate the IL12-Th1 cell
pathway
(ii) Induce IL12 and INF-γ
production

5

Septicemia, meningitis, monocytosis

Francisella tularensis Negative Facultative

complexity will contribute to the identiﬁcation of disease/
resistance biomarkers and inﬂuence the development of vaccines and immunotherapies for intracellular bacteria.

2. Th17/IL17 in Intracellular Bacterial Infection
2.1. M. Tuberculosis. It has been shown that Th17 is involved
in the immune response to M. tuberculosis [16, 52–54]. However, the exact role of IL17 in the Mtb infection is still unclear.
It seems like the roles of Th17 are dependent on the stage of
infection, bacteria strains, or its burden. And Th17 response
is dispensable for protection if predominant Th1 response is
present in the primary Mtb infection [53, 55]. In the early
developmental stage of initiating a protective immune
response during Mtb infection, Th17 cells facilitate the
recruitment of neutrophils, macrophages, and Th1 cells to
the area of inﬂammation and participate in the control of
the infection process [56]. Umemura et al. showed that
Th17 is critical not only in the early activation of lung neutrophils but also in the development of Th1 responses in Mtb
infection [15]. In addition, Khader et al. found that Th17
induced the expression of CXCl9, CXCL10, and CXCL11 chemokines, recruits IFNγ-producing cells, and thus ultimately
restricts the reproduction of mycobacteria in macrophage in
BCG vaccination model [16]. The relatively increased levels
of speciﬁc cytokines such as IL6, IL21, IL1β, and TNFα,
produced by mycobacteria-infected cells, may act as cofactors
for Th17 diﬀerentiation [10, 57, 58].
In other studies, on the contrary, some scientists believe
that Th17 response has rather pathological than protective
eﬀects because there is a connection between the progression
of pulmonary Mtb and the hyposecretion of IL17. IL17
appeared to enhance Mtb dissemination from primary pulmonary infection [53]. While, at secondary disease sites,

Promote DC functions

IL17 neutralized mice had less granulocyte in the lungs and
resulted in less bacterial load in the spleen. Their observations suggested that IL17 impaired the host’s ability to control Mtb infection [59, 60]. In contrast, mice infected with
BCG beneﬁted from IL17 protection [61]. One study emphasized the role of IL17 in the granuloma formation in the
BCG-infected lung. They found that IL17A−/− mice showed
a normal level of nascent granuloma formation on day 14
but failed to develop mature granulomas on day 28 after
the BCG infection in the lung. The observation implies that
IL17A is required for the maturation of granuloma from
the nascent to the mature stage. Furthermore, IL17A KO
mice had an impaired protective response to virulent Mtb.
So, they suggested that IL17A plays a critical role in the prevention of Mtb infection through the induction of mature
granuloma formation [59]. In addition, IL17 was necessary
for accelerated Th1 memory response and provided protection in BCG vaccinated mice [16]. IL17-produced cells
responded quickly and populated the lung. That signaling
was necessary for the traﬃcking of Th1 cells to the lungs
[16]. IL17 seems important in maintaining a long lasting
immune response [62]. However, recent studies showed that
repeated BCG vaccination after Mtb infection resulted in
increased IL17 production, which was responsible for the
inﬂux of granulocytes and neutrophils and lung tissue damage
[63, 64]. All the data suggest that more eﬀorts are necessary to
explore the mechanisms behind the discrepancy of the role of
Th17/IL17 in diﬀerent Mtb strain infections/vaccinations.
2.2. Listeria monocytogenes. L. monocytogenes is a facultative
intracellular bacterium that is one of most virulent foodborne
pathogens. In addition, L. monocytogenes has been widely
used as a model organism to illustrate the host immunity
for intracellular bacterial infection. It has been shown that

4
IL17A- and IL17A-producing γδT cells had a beneﬁcial eﬀect
against intracellular L. monocytogenes infection, not only by
expansion and accumulation of innate neutrophils but also
by promoting adaptive CTL responses through enhancing
DC cross-presentation [44, 65, 66]. IL23 signaling controls
the balance between Th1 and Th17 responses. And IL23/
IL17 axis is required for an optimal immune response against
L. monocytogenes infection [67]. IL17R−/− and IL23−/− mice
are more susceptible to L. monocytogenes infection [67, 68].
In addition, administration of exogenous rIL17A [67] or
adoptive transfer of IL17-producing cells [43] reduced bacterial burden in the liver of L. monocytogenes-infected mouse
[67]. All these data support that IL17 provides a protective
immunity against L. monocytogenes. However, in a less virulent strain infection, the host may control bacterial growth in
a fashion independent of IL17A [69].
2.3. Chlamydia. Chlamydia trachomatis (Ct) is a gramnegative pathogen which causes various diseases, including
cervicitis, pelvic inﬂammation, ectopic pregnancy, sterility,
pneumoniae, and trachoma [70]. One human study showed
that in Ct infection, both IL23 and IL17 production were dramatically increased compared to uninfected patients and
both cytokines actively participate in all processes of host
defense against infection [71]. An in vivo study showed that
IL23-deﬁcient mice exhibited normal susceptibility to infection and oviduct pathology. IL23 was required for the development of a Chlamydia-speciﬁc Th17 response in the lymph
nodes and for production of IL17 in the genital tract. It is
likely that IL23 plays a minimal role in the pathogenesis of
Chlamydia infection in the mouse model [72]. Our work
conﬁrmed that enhanced IL17 production and Th17 expansion in Ct infection was critical for host defense against Ct
infection. It suggested a signiﬁcant detrimental impact of
in vivo IL17 neutralization by anti-IL17 mAb on disease
course, immune response, and dendritic cell (DC) functions.
The DC from IL17-deﬁcient mice showed lower CD40 and
MHC II expression and IL12 production [18]. Our ﬁndings have been supported by the other studies [73, 74].
However, another Chlamydia strain, C. pneumoniae, has
been found which impaired IL17 signaling pathway
through inhibiting Act1 recruitment to the IL17R which
prevented NFκB activation [75].
2.4. Salmonella enterica. Salmonella enterica is a gramnegative bacteria species, including Salmonella enterica serovar Enteritidis (S. Enteritidis) and Salmonella typhimurium,
two most abundant serotypes that cause gastroenteritis or
systemic infection in human [76]. IL12/IFNγ and B cells contribute to host protective immunity to Salmonella [77, 78].
IL17 production is enhanced shortly after the S. enterica
infection in mice model, but IL17-associated response is
dispensable in the presence of an eﬀective Th1 response.
In contrast, in the absence of Th1 responses, IL23dependent IL22 is required for protection against the sublethal doses of S. Enteritidis, but not IL17A [79, 80], while
another exquisite study showed that Th17A were important for orchestrating early inﬂammatory responses during
S. typhimurium colitis [19, 76].
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2.5. Francisella tularensis. F. tularensis, a causative agent of
tularemia, is ranked as a category A agent of bioterrorism
by the US Center for Disease Control [81]. Inhalation is
extremely dangerous and is most likely the route of bioterrorism because low doses of airborne bacteria could cause severe
diseases [82, 83]. Numerous studies conﬁrmed that IFNγ
and Th1 cell responses are important for host control of
F. tularensis infection and implicate IL17 in the regulation
of Th1 cell immunity against Francisella tularensis [84, 85].
Further study showed that the IL23/Th17 pathway regulated
the IL12/Th1 cell pathway and was required for protective
immunity against F. tularensis live vaccine strain. Furthermore, the study found that IL17A induced IL12 production
in dendritic cells and mediated Th1 responses. And IL17A
also induced IL12 and INFγ production in macrophages
and mediated bacterial killing [86]. So, Th17 cells play a
pivotal role in immunity to F. tularensis infection.

3. Mechanisms of Th17/IL17 in the Intracellular
Bacterial Infection
3.1. Immunomodulation of DC. Dendritic cells are professional APCs in priming CD4+ and CD8+ T cells [87].
After stimulation, DC could upregulate both IL17 receptor
expression and the Th17 responses [50]. IL17 promoted
DC diﬀerentiation through upregulating cell surface
costimulatory molecule expression, such as CD40, CD80,
CD86, and MHC class II, which have been reported in
the organ allograft rejection [88] and airway inﬂammation
[89, 90]. On the other hand, an exquisite study showed
that mammalian sterile 20-like kinase 1 (MST1) signaling
from DCs negatively regulated Th17 diﬀerentiation.
MST1 deﬁciency in DCs increased IL17 production by
CD4+ T cells, whereas ectopic MST1 expression in DCs
inhibited it. Notably, MST1-mediated DC-dependent Th17
diﬀerentiation regulated experimental autoimmune encephalomyelitis and antifungal immunity. Mechanistically,
MST1-deﬁcient DCs promoted IL6 secretion and regulated
the activation of IL6 receptor α/β and STAT3 in CD4+ T cells
in the course of Th17 diﬀerentiation. Activation of the p38
MAPK signal was responsible for IL6 production in
MST1-deﬁcient DCs. Thus, the results deﬁned the DC
MST1-p38 MAPK signaling pathway in directing Th17
diﬀerentiation [91] (Figure 1).
Our lab investigated the eﬀect of IL17 on the maturation
of DC in the intracellular C. muridarum infection [18]. The
DC isolated from IL17-neutralized mice showed lower
CD40 and MHC II expression and IL12 production, but
higher IL10 production compared with those from shamtreated mice. In in vitro DC-T cell coculture systems, DC
isolated from IL17-neutralized mice showed less maturation
and induced higher IL4, but lower IFNγ production by
Ag-speciﬁc T cells than by those from sham-treated mice
in cell priming and reaction settings. Adoptive transfer of
DC isolated from IL17-neutralized mice, unlike those from
sham-treated mice, failed to protect the recipients against
challenge infection. These ﬁndings provided evidence that
IL17/Th17 can modulate DC function and thus provide
protection against Cm.
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Figure 1: Schematic depiction of Th17/IL17 immunoregulation mechanisms.

Mtb vaccine study based on liposome demonstrated
that Ag85B-ESAT-6/CAF01 can induce protective Th17
and Th1 immune response through prolonged DC uptake
and activation [92]. Ag85B-ESAT-6/CAF01 vaccination
dramatically decreased the post challenge bacterial growth
of BCG and induced strong Th1 and Th17 responses in
neonatal and adult groups. DC in the draining LN associated with protection were more mature regarding the high
expression of CD40 and CD86, and the activated DC were
recovered several days after immunization [92]. However,
they did not directly examine the relationship of IL17
and maturation of DC in their model. Another study
directly showed that Mtb induced monocyte-derived human
DC maturation through increasing the expression of CD80,
CD86, CD40, CD83, HLA-DR, and HLA-I, as well as cytokine production including IL23. Dectin-1 molecule engaged
on DC promotes Th17 response, where DC-SIGN and MR
costimulation limited Th17 generation and favored Th1
responses [93, 94].
In virulent L. monocytogenes infection, Xu et al. found
that IL17A could upregulate the MHC class I molecular
H2-Kb expressed on DC while no eﬀects on CD40, CD80,
CD86, and MHCII. They analyzed the DC phenotype and
function in IL17A-deﬁcient mice after LM infection. The
data showed that the absolute number of DC, especially
CD8+ DC as the major DC subset contributing to the crosspresentation [95], was not changed. However, DC deﬁciency
in IL17A signaling lost the potential to promote OT-I T cell
activation and proliferation [44]. They implied in their study

that IL17A, instead of IL17F, can enhance cross-presentation
of DC in vivo and in vitro [44].
Cytokine production is an important characteristic of
DC. Lin et al. compared cytokine production in F. tularensis-infected DC. They found that IL17A-treated F. tularensis
LVS-stimulated BMDCs resulted in the signiﬁcantly
enhanced IL12 production in comparison to F. tularensis
LVS treatment alone. However, IL17F and IL22 treatment
did not impact IL12 production by the BMDC [86]. Using
IL17A neutralized antibody experiment also supported that
IL17A was important to promote IL12 produced by DC in
Cm infection [18, 96].
3.2. Immunoregulatory Function of Th17. Th17 lymphocytes
perform an immunoregulatory function, which produce a
unique range of cytokines and chemokines as mentioned
before. Besides, Th17 also induces the production of proinﬂammatory cytokines (TNFα, IL1β, G-CSF, and IL6) by
macrophage and expression of CC and CXC chemokine
receptors. Therefore, Th17 contributes to the recruitment
and expansion of cells of innate immunity. Of all cytokines,
IL17 more strongly stimulates the production of human
Bd2, G-CSF, and MIP-3α, known to be the main
humoral components of the innate immunity of the
respiratory tract. It provides eﬀective protection against
pathogens. The Bd2 and MIP-3a highly expressed on
neutrophil, which was migrating from peripheral blood into
the tissue and backwards, were activated in response to
IL17A [97, 98] (Figure 1).
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3.2.1. Recruitment of Neutrophil. The crosstalk between Th17
and neutrophils has been investigated in many diseases. The
fact that transfer of IL17 cDNA to the mice liver or intraperitoneal injection of IL17 in mice increased neutrophil recruitment [99] suggested that IL17 contributed to the local
neutrophil accumulation [100]. The mechanisms behind
the IL17-mediated recruitment of neutrophil are not fully
understood, but at least three mechanisms have been
reported. Firstly, indirect chemoattraction is involved. Th17
cells or γδ T cells derived IL17 mobilize neutrophils via
induction of chemokine/cytokines secretion by epithelial
and endothelial cells. IL17 regulates granulocyte colonystimulating factor (G-CSF) produced by the epithelial cells
and thus promotes expansion of neutrophil. Secondly, IL17
can upregulate epithelial cells expressing chemokines, like
CXCL1, CXCL2, and CXCL8 [101, 102]. The biologically
active CXCL8 is a strong chemoattractant for neutrophils
[103]. In addition, a number of cytokines released by the
Th17, such as IL8, IL6, and adhesion molecule ICAM-1, are
related to the maturation and activation of neutrophils
[104, 105]. And thirdly, some studies showed that IL17
inducing STAT3 activation is a necessary step in neutrophil
recruitment, and STAT3 acts as a link between IL17mediated endothelial cell activation and neutrophil recruitment [106] (Figure 1).
The direct relationship of Th17 and neutrophil recruitment in Mtb infection has been rarely reported. And the fact
showed that both IL17 production and neutrophil recruitment have been found in Mtb infection. The role of neutrophil in tuberculosis infection is controversial. Neutrophil
might help limit bacterial spread, but intense neutrophilia is
an important factor contributing to inﬂammatory immunopathology [16, 53, 107]. Further study showed that during
chronic infection with Mtb, neutrophils were recruited to
the lung in two waves after intranasal infection with virulent
Mtb or the live attenuated vaccine strain BCG. A ﬁrst
wave of neutrophils was swiftly recruited, followed by a
subsequent adaptive wave that reached the lung together
with IFNγ- and IL17A-producing T cells. Interestingly,
the adaptive wave was critically dependent on the expression of IL17RA, the receptor for IL17A expressed in nonhematopoietic cells [108].
It is well known that neutrophils are required for elimination of the L. monocytogenes and for survival of the host.
Neutrophil-deﬁcient mice have increased bacterial loads in
their spleen and liver [109, 110]. Sieve et al. demonstrated
that IL17A induced in the Mycoplasma pulmonis infection
provided a cross protection against subsequent L. monocytogenes infection. And this IL17A-mediated protection was
mediated through increased recruitment of neutrophils
[111]. IL17 facilitated recruitment of neutrophils to the infective sites due to enhanced multitude of cytokine and chemokine production, like G-CSF, GM-CSF [112], CXCL1, and
CXCR2 [113]. Collectively, these data suggested that IL17
was required for optimal neutrophil recruitment and host
resistance in LM infection. Lin also found that similar mechanisms of IL17A recruited neutrophil to the lung through
induction of G-CSF in F. tularensis pulmonary infection
model [67, 86] (Figure 1).
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Our study of the interaction of Th17/IL17 on the recruitment of neutrophils in C. Muridarum (Cm) infected mice
showed that IL17 neutralization induced less neutrophil
inﬂammation but suﬀered more severe infections. Exogenous
IL17 treatment signiﬁcantly enhanced the neutrophil inﬁltration in the lung in response to Cm infection [73]. Neutrophil
alone may not be eﬃcient in controlling Cm pulmonary
infection [114]. The exact role of neutrophil in the control
of Cm infection is not clearly understood.
The contribution of IL17 on the neutrophil recruitment is
also reported in the S. enteria infection. S. enteria-infected
WT mice have a relatively higher portion of CD11b+Gr1+
cells than IL17A−/− mice, while the portion of CD4 T cells,
CD8 T cells, macrophages, and dendritic cells have no
changes [19]. Neutrophils contributed to the host resistance
to S. Enteritidis, too [76, 99, 115].
3.2.2. Promoting CTL Response. Cytotoxic T cells (also
known as cytotoxic T lymphocytes (CTLs)), one of T cell subsets, release perforin and/or granulysin which causes the
infected cells to burst or lyse. The role of IL17 in CTL
function is not fully clear. Some studies showed that
IL17 could activate monocytes to express B7-H1. Consequently, the B7-H1+ monocyte cell eﬀectively suppressed
cytotoxic T cell immunity in vitro. It suggested that IL17
selectively impaired the generation and functions of CLT
[116]. A similar study found that IL17 promoted the
expression of Bcl-2 and Bcl-x, and thus prevented cellular
apoptosis at a much lower concentration and inhibited
cytotoxic T cell function [117] (Figure 1).
3.3. Crosstalk of Th1 and Th17. As professional antigen presentation cells, DCs rapidly produce both IL12 and IL23
when stimulated with antigens [53]. IL12 is known for
the ability to promote Th1, while IL23 is necessary for
Th17 diﬀerentiation. IL12 is comprised of IL12p40 and
IL12p35, while IL23 shares an IL12p40 subunit with
IL12. IL12p40 is covalently bound to p19 subunit that is
implicated in the induction of Th17. The cross regulation
of these two cytokines is critical for the balance of Th1
and Th17 [118] (Figure 1).
3.3.1. IL17 Promotes Th1 Responses. IL17 induces a protective
Th1 response against intracellular pathogens [16, 18, 22, 86].
Th1 cells are essential for the host to control mycobacterial
replication by activating macrophage and CD8+ cytotoxic
cells [119–121]. But how Th17 inﬂuences Th1 in Mtb
infection is still an interesting question [16]. The dynamics
of Th1 and Th17 in Mtb infection is diﬀerent. IL17 is produced very early in Mtb infection and BCG vaccination
that IL17 recall preceded Th1 responses. And Th17 populated the lung and triggered the chemokine production
that recruited IFN-γ+ Th1 cell, which ultimately limited
bacterial growth [16]. IL17 supplement can restore the
Th1 recall response in IL23-deﬁcient mice while IL17
depletion reduced the Th1 responses.
In the absence of IL12p70, IL23 is essential for the generation of Th1 cells. There are reports showing that IL23 can
compensate for the absence of IL12p70 in both Tuberculosis
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[53] and Toxoplasma infection [122], that exogenous IL23
was able to control pathogen burden in IL12p40-deﬁcient
mice through promoting Th1 response. Both models suggested that compensatory IL23 response may protect the host
from infection. The same was in Cm-infected mice model
[18]. Our study showed that IL17-neutralized mice exhibited
reduced Th1 antigen-speciﬁc immune responses and lower
Th1-promoting cytokine production in both spleen and
dLN. A signiﬁcant contributing role of IL17/Th17 in enhancing type 1 cytokine responses in both CD4 and CD8T cells
during Cm infection is supported. Another intracellular
infection model also conﬁrmed that IL23-Th17 pathway
regulated the IL12-Th1 cell pathway [86]. They found that
Th17/IL17 was required for protective immunity against
F. tularensis live vaccine strain. Further mechanism investigation showed that IL17A, but not IL17F or IL22,
induced IL12 production in both dendritic cells and macrophages and mediated Th1 responses. Exogenous delivery
of IL17A can rescue the IFNγ levels in F. tularensisinfected lungs [86].
Th1 and Th17 pathways are compensatory to each other
in some intracellular bacterial infection. Meeks et al. proposed that both Th1 and Th17 responses are activated in
the LM infection even if they did not directly compare the
two pathways. They demonstrated that activated IL12/IFNγ
axis was essential for the macrophage activation and IL23/
IL17 axis inﬂuenced the neutrophil recruitment to the infection site. They suggested the IL17 functions as a complementary, but separate, branch of the immune system to the IL12
during LM infection [67]. Failure of either of them can
increase host susceptibility to LM infection [67]. Schulz
et al. also suggested that Th17 complements the Th1
response which is essential for protective immunity in both
human and mice in their study of the S. enterica infection.
The IL17A-deﬁcient mice showed reduced and delayed clearance of bacteria but had no impact on the Th1 responses [19].
A further study suggested that immunization of mice with S.
pneumoniae induced protective immunity that depended on
IL17A and CD4+ T cells. However, this immunity may be
short-lived since IL17A-producing CD4+ eﬀector T cells did
not survive to become memory cells [123] (Figure 1).
3.3.2. Th1/Th17 Cross Regulate Each Other. Other studies
also suggested that Th17 cells can negatively regulate Th1
in some infections. In BCG-infected mice, IL17 limits IL12
production while it enhances IL23 production. IFNγ can
increases IL12p70 but reduce IL23 [124]. Cells with the
ability to secrete IFNγ and IL17 concomitantly (TH17/
TH1 cells) have been described in inﬂammatory diseases
in mice [125] and in humans [126]. And Yeh et al.
demonstrate that IFNγ inhibits Th17 diﬀerentiation and
functions in a STAT1-dependent and Tbet-independent
manner [118]. Moreover, the transition from IL17-positive
cells to IFNγ-positive cells in the presence of IL12 has also
been reported [127, 128]. Double-positive cells have been
found recently in Cm-infected model [129]. Together, all
these ﬁndings illustrate a biological function for IL17A in
regulating Th1 cell immunity and host responses to intracellular pathogens (Figure 1).
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3.4. Interaction with Regulatory T Cells (Treg). The participation of TGF-β in the diﬀerentiation of Th17 cells makes Th17
lineage development closely related to the regulatory T cells
since TGF-β also promotes the FoxP3+ Treg diﬀerentiation.
The balance between these subpopulations of lymphocytes
is established due to the antagonistic interaction of RORγt
(encoded by RORC2 in humans) and FoxP3 transcription
factors [130, 131]. However, the antagonistic relationship
does not exclude their simultaneous expression in the CD4
T cells as demonstrated that the transcript factors for Th17
(RORγt) or Treg (FoxP3) were found coexpressed in naive
CD4+ T cells [130]. Reciprocal regulations of Th17 and Treg
cells are controlled by the presence of speciﬁc cytokines in the
diﬀerential environment [130, 132]. TGF-β is required for
the expression of both FoxP3 and RORγt. A high dose of
TGF-β can orchestrate Treg cell diﬀerentiation through preferably inducing FoxP3 expression in T cells and thus endow
their cells with regulatory/suppressor capacity [133]. IL6 also
plays a pivotal role to control FoxP3/RORγt balance, thus
directing the balance between the generation of Tregs and
Th17. The synergization of IL6 or IL21 and IL23 with TGFβ can relieve FoxP3-mediated inhibition of RORγt [130]
and promote Th17 diﬀerentiation in both in vivo and
in vitro studies [24, 132, 134–137]. It was reported that
RORC2 inhibited the FoxP3 expression due to the competition with the NFAT transcription factor, which is essential
for the FoxP3 gene activation [138]. Koenen et al. showed that
human Treg cells were capable of diﬀerentiating into IL17producing T cells [139]. It implied that human Treg cells
not only act as a suppressor but also has additional proinﬂammatory functions, even mechanisms that are currently
unknown. And IRAK is an important intracellular kinase
to direct the diﬀerentiation of naïve CD4+ T cells into
Th17 or Treg [140] (Figure 1).
The interdependent regulation of Treg and Th17 cells
is well characterized in some human inﬂammatory diseases [141, 142]. Treg may restrict the overwhelming
immune response to protect the host from tissue damage
caused by the eﬀector cells. But during Mtb infection, Treg
may be deleterious since they downregulate DC antigen
presentation and macrophage activity and therefore release
the Mtb replication control [143–145]. Th17 is activated
during early Mtb infection. But the interaction of Treg
and Th17 is inconsistent. In latent Mtb infection (deﬁned
by TST positivity), there is a study showing a clear inverse
relationship of Treg and Th17. They found that depletion
of CD4+CD25+ T cells dramatically reversed Mtb-speciﬁc
Th17 inhibition in TST-positive but not TST-negative
patients. They suggested that downregulation of Th17
responses by Treg cells played a vital role in mediating resistance to latent infection [146]. However, recent human study
showed that Treg only suppressed the activated Th1 immune
responses, while it had no eﬀect in the inhibition of the
proinﬂammatory Th17 responses in activated and latent
Mtb infection in in vitro PBMC culture [147]. A similar conclusion has been reported in LM infection. IL17A was
excluded to interfere with Treg cells [44].
It should be noted that data on the regulation of the
diﬀerentiation of Th17 and Treg now were obtained from
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animal models. In the case of infectious diseases in humans,
the regulatory mechanisms of these process, in general,
remain unclear or are not studied at all.

[8]

4. Conclusion
The new discoveries of the functions of Th17/IL17 in host
immunity have been accumulated rapidly in the last few
years. Despite the importance and functional signiﬁcance of
Th17 lymphocytes, their clinical signiﬁcance and regulatory
mechanisms in the development of anti-intracellular bacterial immunity are still not well understood. An analysis of
the role of Th17 cells in the immunopathogenesis in intracellular bacterial infections is of indisputable scientiﬁc interest.
Subsequently, understanding the Th17/IL17 responses and
its interaction and regulation with other immune repertoire
provides critical insights into the host immune defense in
infectious diseases. It would facilitate the development of
new eﬀective immunomodulatory strategies for the treatment and prophylactic in bacterial infection.
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Diabetes mellitus (DM) is one of the most familiar chronic diseases threatening human health. Recent studies have shown that
the development of diabetes is closely related to an imbalance of the gut microbiota. Accordingly, there is increasing interest in
how changes in the gut microbiota aﬀect diabetes and its underlying mechanisms. Immunomodulatory cells play important roles
in maintaining the normal functioning of the human immune system and in maintaining homeostasis. Intestinal
immunomodulatory cells (IICs) are located in the intestinal mucosa and are regarded as an intermediary by which the gut
microbiota aﬀects physiological and pathological properties. Diabetes can be regulated by IICs, which act as a bridge linking
the gut microbiota and DM. Understanding this bridge role of IICs may clarify the mechanisms by which the gut microbiota
contributes to DM. Based on recent research, we summarize this process, thereby providing a basis for further studies of
diabetes and other similar immune-related diseases.

1. Introduction
The gut microbiota is an important “organ” in the human
body; it includes extensive microbes with a wide range of
characteristics and has important physiological and pathological functions in the body. Studies of correlations between
the gut microbiota and various diseases, such as diabetes,
obesity, metabolic syndrome, liver disease, tumors, and functional constipation, have become increasingly popular, and
diabetes has been a particular focus of the recent research.
It is believed that changes in the gut microbiota signiﬁcantly
inﬂuence the onset and development of diabetes mellitus
(DM), and increasing studies have evaluated the mechanisms underlying this interaction. Recent studies have
shown that the gut microbiota has an impact on the immune
system of animals, particularly on intestinal mucosal immunity [1]. Furthermore, extensive immunological and inﬂammatory responses are involved in the physiological and

pathological processes of DM [2, 3]. Thus, we believe that
the immune system is a potential link between the gut
microbiota and DM.
Intestinal immunomodulatory cells (IICs), a kind of regulatory immune cell in the gastrointestinal system, are
believed to be particularly important. IICs control immune
responses and reduce inﬂammation [4]. The immune system
is an organic whole, composed of various factors that are
coordinated and strictly regulated. Immune eﬀector cells are
regulated and controlled by a series of complex, but precise,
regulatory networks, and IICs have important roles in maintaining the balance of these networks. Research has shown
that the gut microbiota inﬂuences IICs to alter immune
responses, and by altering the immune responses, IICs
inﬂuence diabetes development [2, 5]. The position of IICs
is critical, and we refer to this key position as the “Bridge.”
We summarize existing literature to explain how the
Bridge, that is, the IICs, functions as a link between the gut
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microbiota and diabetes. In this review, we focus on the
intensively studied immunoregulatory cells in the T lymphocyte family, including T helper 1 cells (Th1), T helper 2 cells
(Th2), T helper 17 cells (Th17), and regulatory T cells (Treg),
to explore the mechanisms by which the gut microbiota
aﬀects DM and to clarify the Bridge role of IICs.
1.1. Gut Microbiota Closely Related to Diabetes. More than
1000 species of bacteria live in the human intestinal tract.
Each species can also be classiﬁed into a number of subspecies, totaling over 1014, which is almost 10 times greater than
the number of cells in the human body. Human microbes
weigh approximately 1.275 kg in total, of which those in the
gastrointestinal tract account for about 1 kg. These bacteria
constitute the intestinal microecosystem [6, 7]. An imbalance
of the intestinal microecosystem can cause various diseases,
such as functional constipation, Crohn’s disease, ulcerative
colitis, cirrhosis, fatty liver, senile dementia, and diabetes
[8–10]. There are many kinds of intestinal microﬂora, of
which 80% to 90% of taxa are Firmicutes and Bacteroidetes,
followed by Actinobacteria and Proteobacteria [11].
Diabetes is a clinical syndrome characterized as a glucose
metabolism disorder and is caused by a combination of
genetic and environmental factors. Insulin deﬁciency and
insulin dysfunction induce disorders of sugar, fat, protein,
water, and electrolyte metabolism, alone or in combination,
and chronic hyperglycemia is the main clinical feature
[12]. As a multifactorial disease, diabetes requires multivariate treatments for a variety of risk factors. In recent years, the
microorganisms in the intestine, also known as the gut
microbiota, have been regarded as the main component of
the human internal environment and one of the primary
environmental factors that determines the improvement or
deterioration of DM [13]. Studies have found that type 2 diabetes mellitus (T2DM) is closely related to human nutritional metabolism, which is also substantially inﬂuenced by
the gut microbiota; thus, we hypothesized that diabetes and
the gut microbiota are inextricably linked [14], and this prediction is supported by increasing studies. Further in-depth
analyses may identify important indicators and targets for
future personalized treatments and methods for the prevention of diabetes.
In early studies of nonobese diabetic (NOD) mice with
congenital hypoglycemia, diabetes did not develop in normal
conditions, but when mice were kept in sterile environments,
they developed severe diabetes, and this was attributed to a
lack of beneﬁcial gut microbes [15]. In another study, compared with nondiabetic patients, Firmicutes and Clostridium
species in the gut microbiota of patients with diabetes were
signiﬁcantly reduced, and the Bacteroides/Firmicutes ratio
and Pseudobacillus/Escherichia coli ratio were positively
correlated with blood glucose levels, without any relationship
to weight. Moreover, β-Proteobacteria were signiﬁcantly
enriched and were positively related to blood glucose levels
in patients with diabetes [16]. In another study, Cani et al.
[3] showed that the combined use of antibiotics in obese
(ob/ob) mice fed a high-fat diet resulted in an obvious alteration of the gut microbiota composition, thereby reducing
the endotoxin, blood glucose, and glucose tolerance levels
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in the animal model, indicating that the regulation of the
gut microbiota may be beneﬁcial for improving diabetes.
In patients with type 1 diabetes mellitus (T1DM), the
composition of the gut microbiota exhibits substantial
changes; its alpha diversity is decreased by about 25%, indicating that the cause of T1DM is related not only to susceptibility genes but also to the internal intestinal environment
[17]. In another study of the gut microbiota of sixteen 6–8year-old Caucasian children with T1DM, compared with
those of the control group, the number of Enterobacter cloacae, Bacteroides, and Veillonella increased signiﬁcantly, the
number of Actinomyces, Firmicutes, Biﬁdobacterium, and
Lactobacillus species decreased, and the ratio of Bacteroides
to Firmicutes increased [18]. Similar changes were observed
in patients with type 2 diabetes. Larsen et al. found an obvious increase in β-Proteobacteria in patients with T2DM, with
reductions in Biﬁdobacterium, Firmicutes, and Clostridium
species; furthermore, the ratios of Bacteroides/Firmicutes
and Brevibacterium/Clostridium sphaeroides were positively
correlated with blood glucose levels, demonstrating that
changes in the gut microbiota were closely related to the
decrease in glucose tolerance [10]. Qin et al. studied fecal
samples obtained from 342 Chinese patients with T2DM by
intestinal genome sequencing and showed that the gut
microbiota of patients with diabetes was changed and some
butyric acid-producing bacteria were reduced, but pathogenic bacteria increased in frequency [12].
Additional studies have shown that the gut microbiota is
closely linked to the development of diabetes and the underlying mechanism has received increasing interest. The
inﬂammation hypothesis and energy storage hypothesis
describe two major mechanisms [19–21]. Despite extensive
research, these studies did not examine a particularly wide
array of mechanisms and the mechanism is highly complex;
accordingly, it is urgent to determine the key mediators that
allow the gut microbiota to inﬂuence DM. Based on a literature review, we found that intestinal immunoregulatory cells
(IICs) are the most common intermediate identiﬁed in most
of the proposed mechanistic pathways. IICs are immune
regulatory cells located in the human intestine, including T
lymphocytes, innate lymphoid cells, macrophages, dendritic
cells, and mesenchymal stem cells [22]. Among these, T lymphocytes could be classiﬁed from a functional point of view
into various lineages, including Th1, Th2, Th17, and Treg
cells [23]. Here, we deﬁne the IIC Bridge position and clarify
the Bridge in detail, focusing on Th1, Th2, Th17, and Treg
cells, which are the most extensively studied cell subsets.
We also demonstrate that the Bridge concept clariﬁes the
mechanism by which the gut microbiota aﬀects DM and provides new ideas and targets for future research, clinical treatments, drug development, and so on.
1.2. Eﬀects of the Gut Microbiota and Its Metabolites on
Intestinal Immunomodulatory Cells
1.2.1. Eﬀects of the Gut Microbiota and Its Metabolites on
TH1/TH2 Cells. A healthy balance of Th1/Th2 cells is essential for immune regulation. IL-12 (p35-p40) and IL-4 are the
central cytokines that control the diﬀerentiation of Th1 and
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Th2 cells. These two cytokines induce the production of their
respective T cell subsets, while suppressing the production of
opposite subsets. IL-12 can promote interferon-γ (IFN-γ)
and T-bet secretion by T cells and natural killer cells, and
these two transcription factors induce the diﬀerentiation of
Th1 cells via the signal transducer and activator of transcription 4 (STAT4) pathway. IL-4 promotes the secretion of Th2
cytokines by upregulating the expression of GATA binding
protein 3 (GATA3) via the activation of the STAT6 pathway
[24]. A large number of experiments have shown that the gut
microbiota and its metabolites have an eﬀect on the balance
of Th1/Th2 cells in the intestinal tract. An experimental
study indicated that the gram-negative anaerobic bacterium
Bacteroides fragilis and its product polysaccharide A could
promote the expression of proinﬂammatory cytokines
(IL-12 and p40) and nitrogen oxide in antigen-presenting
cells by Toll-like receptor (TLR), thereby activating NF-κB
translocation and upregulating IFN-γ levels in the body.
Under such conditions, the diﬀerentiation of Th1 cells
was induced by the activation of the STAT4 pathway and
major histocompatibility complex II (MHC II) expression
[25, 26]. Pam3 of gram-positive bacteria can combine with
TLR2 as a ligand and activate IFN-γ production via the
nuclear factor kappa B (NF-κB) and mitogen-activated protein kinase (MAPK) pathways, including JNK, p38, and
ERK. The upregulation of IFN-γ induced the diﬀerentiation
of Th1 cells [27]. The induction of the gut microbiota is
related not only to the diﬀerentiation of Th1 cells but also
to that of Th2 cells; Wu and colleagues found that commensal A4 bacteria belonging to the Lachnospiraceae family,
which produce an immunodominant microbiota CBir1 antigen, inhibit Th2 cell development and CBir1 could inhibit
Th2 cell diﬀerentiation by inducing TGF-β production by
dendritic cells [28]. In addition, recent research has indicated
that yeast β-glucan, a polysaccharide, can promote the diﬀerentiation and secretory activity of Th2 cells by upregulating
the expression of GATA3 mRNA. Additionally, yeast βglucan upregulates various additional anti-inﬂammatory
cytokines, for example, IL-4, IL-5, IL-15, and IL-33, and
downregulates proinﬂammatory cytokines, including IL-6,
TNF-α, IL-1β, and IL-18, as well as some acute phase proteins, like chemokine C-C motif receptor 2 (CCR2), serum
amyloid A3 (SAA3), and orosomucoid 2 (Orm2) [29].
1.2.2. Eﬀects of the Gut Microbiota and Its Metabolites on
Th17 Cells. Th17 cells, also known as inﬂammatory helper
T cells, are derived from natural T cell precursors. They have
independent mechanisms for diﬀerentiation and developmental regulation. Th17 cells mainly secrete IL-17, but not
IFN-γ and IL-4, and the retinoid-related orphan receptorγt (ROR-γt) is the speciﬁc transcriptional regulator of Th17
cells [30]. Recent studies have found that IL-23, TGF-β,
and IL-6 could promote the diﬀerentiation and expression
of Th17 cells; conversely, Th17 cell expression could be
inhibited by IL-12, IFN-γ, IL-4, T-bet, and Socs3. Some
research has shown that segmented ﬁlamentous bacteria
(SFB) located in the ileum could induce the diﬀerentiation
of Th17 cells; however, the induction of SFB is unrelated to
TLR, NOD-RIP2, or ATP signaling pathways based on
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analyses in a model of MyD88/TRIF double-deﬁciency and
RIP-2 mutant mice [31, 32]. In another experiment, Ivanov
and colleagues found that the main mechanism by which
SFB induced the diﬀerentiation of Th17 cells was the upregulation of serum amyloid A (SAA) levels [33]. Goto et al.
found that SFB antigen presentation by dendritic cells via a
major histocompatibility complex (MHC) II-dependent
pathway is essential for the induction of Th17 cells, although
presentation by group 3 innate lymphoid cells (ILC3) negatively regulates Th17 cell diﬀerentiation [34]. Analyses of
high-fat diet-induced ROR-γt-deﬁcient and wild-type mice
showed that the abundances of Porphyromonadaceae, Peptostreptococcaceae, Comamonadaceae, and Bacteroidaceae
were correlated with the expression of ileum IL17 cells and
ROR-γt mRNA [35].
1.2.3. Eﬀects of the Gut Microbiota and Its Metabolites on
Treg Cells. Treg cells play an important role in immunoregulation; according to surface markers, the secreted cytokines,
and mechanism of action, Treg cells can be divided into different subtypes. Recent studies of Treg cells have focused on
CD4+CD25+ Treg cells. The diﬀerentiation and function of
CD4+CD25+ Treg cells are regulated by the transcription factor Foxp3, antigen-presenting cells, and the cytokines IL-10,
IL-12, and TGF-β. Additionally, several experiments have
indicated that the gut microbiota induces the diﬀerentiation
and function of Treg cells. Bacteroides fragilis and its metabolite polysaccharide A mediate the conversion of CD4+ T
cells into Foxp3+ Treg cells, which produce IL-10 by activating the TLR2 signaling pathway [36]. Clusters IV and XIVa
of the genus Clostridium promote the expression of Foxp3+
Tregs. After the oral inoculation of Clostridium in mice,
transforming growth factor-β (TGF-β) levels and Foxp3+
Tregs increased, and systemic immunoglobulin E (IgE)
responses were inhibited [33]. Tang et al. found that Lactobacillus murinus is able to promote the expression of TGF-β
and IL-10, activating the transcription factor Foxp3 and
increasing Treg and Th17 cells in the colon [37]. In addition,
the intestinal ﬂora can induce other immune cells by aﬀecting
the diﬀerentiation of Treg cells. Early in 2009, studies showed
that Tregs could express high levels of ROR-γt [38]. SFB and
Lactobacillus casei BL23 could induce the expression of RORγt on Treg cells, and increased ROR-γt+ Treg cells induced
the diﬀerentiation and function of Th17 cells [39, 40]. Geuking et al. found that the altered Schaedler ﬂora, a collection of
eight benign intestinal symbiotic microbiota, promoted the
production of Treg cells but diminished Th1 and Th17 cell
responses [41].
In addition to the gut microbiota, metabolites, especially
short-chain fatty acids (SCFA), also aﬀect the diﬀerentiation
and function of Treg cells. Smith et al. found that SCFAs promoted the diﬀerentiation of Treg cells by activating Gprotein-coupled free fatty acid receptor 43 (GPR43) [42].
Atarashi and colleagues veriﬁed that SCFAs induce the
expression of Treg cells by stimulating epithelial cells to produce TGF-β [43]. Gpr109A (encoded by Niacr1) is a receptor
for butyrate and niacin in the colon. Butyrate is able to
induce the diﬀerentiation of Treg cells and IL 10-producing
T cells by binding to Gpr109A. Furthermore, Gpr109a was

4
essential for the butyrate-mediated induction of IL-18 in the
colonic epithelium. Animal experimental studies have
shown that colitis and colon cancer develop easily in
Niacr1−/− mice, which is a model of a lack of GPR109A
expression [44]. The SCFA butyrate also induces an increase
in ROR-γt+ Treg cells, dependent on dendritic cells and
MHC II, and thereby aﬀects the diﬀerentiation and function
of other immune cells [39].
1.3. Eﬀects of Intestinal Immunomodulatory Cells
(T Lymphocytes) on Diabetes
1.3.1. Eﬀects of Th1/Th2 Cells and Their Cytokines on
Diabetes. The diﬀerentiation of early CD4+ T cells is based
on a simple dichotomy between interferon- (IFN-) γ-dominated Th1 cell responses and IL-4-dominated Th2 cell
responses. Th1 cells can be induced by IL-12 and are key elements for macrophage activation and the clearance of intracellular pathogens, while Th2 cells defend against helminth
infections, which are related to allergic disorders, along with
IgE, mast cells, and eosinophils.
Th1 cells mainly produce IFN-γ, and IL-12 could lead to
the activation of CD8+ T cells, thus resulting in the destruction of islet β cells. The destruction of β cells occurs by the
inﬁltration by T cells and the secretion of cytotoxic factors
by Th1 cells [45]. Th1- and Th2-mediated immunities are
reciprocally regulated and maintain a balance in immunemediated diseases [46]. In Th1 cells, IFN-γ could activate
macrophages to exert cytotoxic activities by the secretion of
toxic cytokines [47]. Studies have indicated a direct role of
IFN-γ in driving the disease process. Sarvetnick et al. found
that the expression of IFN-γ under the control of the human
insulin promoter is suﬃcient to cause the development of
diabetes in mice [48] and, conversely, the blockade of IFNγ in NOD mice could prevent diabetes [49].
IL-12 is another important regulator of Th1 cell diﬀerentiation, and it is also the primary immunoregulatory factor secreted by Th1 cells. IL-12 plays a key role in the
pathogenesis of diabetes and its complications. Weaver and
Nadler found that IL-12 is able to bind to IL-12 receptors
on pancreatic islet β cells and activate proinﬂammatory
cytokines (IL-1β, TNF-α, and IFN-γ), resulting in the
induction of the apoptosis of islet β cells via the STAT4
signaling pathway [50]. In addition, IL-12 contributes to
the development of complications during type 2 diabetes,
and angiogenesis and arteriogenesis were induced in mice
with T2DM via an eNOS/Akt/VEGFR2/oxidative stress/
inﬂammation-dependent mechanism [51].
Some Th2 cell cytokines, for example, IL-10, can speciﬁcally enhance major histocompatibility complex class II
expression, thus promoting peri-insulitis. They could also
activate resident immune cells, establishing anti-β cell
immunity, leading to pancreatic inﬁltration from other types
of cells [52]. Sokolova et al. veriﬁed that the serum levels of
the Th2 cell cytokines IL-4 and IL-5 were signiﬁcantly higher
in patients with T2DM than those in a healthy control group
with a BMI of 18–24.9 kg/m2 [53]. Anand et al. detected a
mixed Th1/Th2 cytokine proﬁle in patients with T2DM,
and they also found higher serum levels of the Th2 cytokines
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IL-4 and IL-13 in T2DM patients compared with those of the
control group [54]. Kang et al. demonstrated that IL-4 is
involved in metabolic control, improving insulin sensitivity
and glucose tolerance [55]. The pathophysiological and
immunological mechanisms linking increased serum levels
of IL-4 and the occurrence of T2DM, metabolic control,
and insulin resistance are still unclear. IL-4, a major immunoregulatory factor secreted by Th2 cells, plays an important
role in protecting pancreatic β cells, reducing the inﬂammation level in insulin target organs and thus alleviating insulin
resistance. IL-4 is able to improve insulin sensitivity by
upregulating the level of Akt phosphorylation and attenuating the activation of GSK-3b, while IL-4 could regulate fat
metabolism and inhibit fat accumulation by aﬀecting the
levels of adipokines (adiponectin and leptin) and free fatty
acids [56].
IL-10 acts as an immunoregulatory factor secreted by
Th2 and Treg cells and plays an important role in regulating
autoimmunity, reducing inﬂammation levels, and alleviating
insulin resistance and metabolic disorders. Studies have
shown that IL-10 could bind to IL-10 receptor on macrophages, thus inhibiting macrophage activation and the secretion of inﬂammatory factors by activating the Jak1/STAT3 or
Tyk2/STAT3 signaling pathway [57–59]. Glucose transmembrane transport is performed by glucose transporters
(GLUTs) on the cell membrane. GLUT4 is widely expressed
in various types of cells, such as muscle and adipose tissue
cells. Skeletal muscle is an important organ of glucose metabolism, and the aggregation of lipid-mediated inﬂammatory
factors (TNF-α, IL-1β, and IL-6) is a main cause of insulin
resistance. IL-10 binds to IL-10 receptor on the membrane
of skeletal muscle cells, alleviating oxidative stress and
inﬂammation, thus promoting glucose metabolism [60].
1.3.2. Eﬀects of Th17/Treg Cells and Their Cytokines on
Diabetes. Th17 and Treg cells are two CD4+ T helper cells
that can be derived from the same naive CD4+ T cells
depending on the amounts of TGF-β and proinﬂammatory
cytokines. Treg cells regulate and control immune tolerance
in healthy individuals, while Treg cell dysfunction or a
decrease in their amount might result in excessive immune
attacks and autoimmune diseases [61]. In some animal
models, CD4+ CD25+ FoxP3+ Tregs could stop the destruction of pancreatic islets and protect against autoimmune
T1DM [62]. Yuan et al. indicated that the percentage of
CD4+ CD25+ Foxp3+ Tregs and levels of related cytokines
(mainly IL-10 and TGF-β) were precipitously decreased in
patients with newly diagnosed T2DM [63]. After 2 weeks of
treatment with Tregs, patients exhibit a signiﬁcant decrease
in the requirement of exogenous insulin and a decrease in
HbA1c levels; furthermore, an increase in the percentage of
Tregs in the peripheral blood was also observed since the
day of treatment [64].
Th17 cells mainly secrete the signature cytokine IL-17A
(commonly referred to as IL-17); they also produce IL-17F,
IL-21, IL-22, and granulocyte monocyte colony-stimulating
factor (GM-CSF) and potentially produce TNF and IL-6
[65]. The cytokines produced by Th17 cells have a wide range
of eﬀects on many types of cells and could induce the
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secretion of proinﬂammatory cytokines and chemokines.
However, in some instances, IL-17-driven inﬂammation does
not have a protective eﬀect but is a risk factor for severe
immunopathology and autoimmunity [66].
Martin-Orozco et al. evaluated a spontaneous autoimmune diabetes model and showed that IL-17A and IL-17F
expressions in islets are related to insulitis in NOD mice.
The increased expression of Th17 cells is often accompanied
by Th1 cells or IFN-γ. Moreover, islet antigen-speciﬁc Th17
cells need to be transformed into Th1-like cells to induce diabetes [67]. Arif and colleagues claimed that a feature of
T1DM is the autoreaction of IL-17+-speciﬁc CD4+ T cells,
and the inhibition of Th17 cells reduced the islet-speciﬁc
inﬂammatory T cell inﬁltration [68]. Honkanen and colleagues clearly demonstrated a Th17-based response in
patients with T1DM. The peripheral blood CD4+ T cells from
children with new onset T1DM secrete higher levels of IL-17
and IL-22 than those from healthy individuals upon polyclonal activation, and there was no increase in IFN-γ levels

or T-bet expression in patients with T1DM [69]. According
to another study, the cAMP-mediated production of
macrophage-derived prostaglandin E2 (PGE2) stimulates
Th17 cell production of IL-17A and IL-17F via the cAMPresponse element binding protein/CREB-regulated transcription coactivator 2 (CREB/CRTC2) pathway [70]. IL-17
binds to IL-17 receptor of islet β cells and upregulates the
expression of STAT1 and NF-κB in cells, which results in
the apoptosis of islet β cells [68, 71]. In addition to direct
destruction in islet cells, Saxena et al. also found that IL-17
could induce the diﬀerentiation of Th1 cells and then cooperate with Th1 cells to mediate autoimmune diseases [72].
Zhang et al. showed that the duration of diabetes was
positively related to the proportion of Th17 cells and negatively related to the proportion of Treg cells. Furthermore,
they did not detect signiﬁcant relationships between diabetes
duration and Th1 cells or Th2 cells, and they supposed that
this parameter may have an impact on the Th17/Treg paradigm, rather than the Th1/Th2 paradigm [73]. The balance
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between Th17 and Treg cells is a key factor in autoimmune
diseases, and an imbalance typically involves an increase in
Th17 cells, but a decrease in Treg cells, which leads to a failure of the regulation on ongoing immune reactions. For
example, in NOD mice, a Th17/Treg imbalance weakens
the ability of Treg cells to suppress self-reactive eﬀector T cell
activity and to stop the destruction of pancreatic islets, which
may potentially induce or aggravate T1DM [64].

2. Conclusions
DM is a common metabolic disorder with a high morbidity
and a high risk of severe complications, resulting in substantial damage to multiple organs in humans. Without any eﬀective long-term treatment, patients with diabetes usually have
a rather low quality of life, and this situation has prompted
studies of diabetes from multiple perspectives. Recently,
increasing studies have shown that the gut microbiota participates in the maintenance of human health and the development of diseases and is directly related to the occurrence and
development of diabetes. The gut microbiota and related
topics have become a focus of recent research and provide
an opportunity to make great progress in our understanding
of diabetes, with the potential to facilitate mechanistic
research, clinical trials, drug development, and improving
the eﬃcacy of treatment strategies.
Based on a number of studies, we identiﬁed a key link
between the gut microbiota and diabetes, or a Bridge material, that is, IICs. Many cell types are classiﬁed as IICs, and
this review focuses on T lymphocytes, which have been
evaluated extensively in recent research, to describe the
mechanisms by which the gut microbiota aﬀects diabetes.
We developed a ﬂow chart to clearly display the complex
mechanisms described in this review (Figure 1). As this graph
shows, many gut microbiota components regulate the differentiation and function of T lymphocytes via a variety of
pathways. T lymphocytes secrete various cytokines, and these
play important roles in regulating autoimmunity, protecting
islet cells, improving glucose and lipid metabolism, and
reducing insulin resistance, thus alleviating diabetes. Interestingly, Th1, Th2, Th17, and Treg cells come from the T
lymphocytes, and they are not only able to regulate each
other, but they also have antagonistic eﬀects depending on
their conditions, consequently alleviating or aggravating the
syndrome of diabetes. These ﬁndings provide new targets to
develop therapies. T lymphocytes are not the only IICs, and
further studies are necessary to examine a wider array of
cellular mechanisms and disease characteristics.
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Postoperative cognitive dysfunction (POCD), a long-lasting cognitive decline after surgery, is currently a major clinical problem
with no clear pathophysiological mechanism or eﬀective therapy. Accumulating evidence suggests that neuroinﬂammation plays
a critical role in POCD. After surgery, alarmins are leaked from the injury sites and proinﬂammatory cytokines are increased in
the peripheral circulation. Neurons in the hippocampus, which is responsible for learning and memory, can be damaged by
cytokines transmitted to the brain parenchyma. Microglia, bone marrow-derived macrophages, mast cells, and T cells in the
central nervous system (CNS) can be activated to secrete more cytokines, further aggravating neuroinﬂammation after surgery.
Conversely, blocking the inﬂammation network between these immune cells and related cytokines alleviates POCD in
experimental animals. Thus, a deeper understanding of the roles of immune cells and the crosstalk between them in POCD may
uncover promising therapeutic targets for POCD treatment and prevention. Here, we reviewed several major immune cells and
discussed their functional roles in POCD.

1. Introduction
Postoperative cognitive dysfunction (POCD) refers to a longlasting cognitive decline after surgery, characterized by
impaired concentration, memory, and learning, which can
be detected by a battery of neuropsychological tests [1]. The
incidence of POCD is 7 to 26% after major noncardiac surgery and even higher in patients older than 60 years [1, 2].
POCD not only diminishes the patient’s quality of life and
imposes a serious burden on healthcare costs but also
increases mortality [3]. Although several risk factors for
POCD have been identiﬁed, the pathophysiological mechanism underlying POCD remains unclear and no eﬀective
therapies have been developed to date.
A large number of studies conducted in patients have
revealed that POCD is associated with elevated levels of plasma
inﬂammatory cytokines, including tumor necrosis factor(TNF-) α and interleukin- (IL-) 6 [4–7]. IL-1β and IL-6 levels
in the cerebrospinal ﬂuid (CSF) of patients with POCD are
higher than those of patients with normal cognitive function

after surgery [8, 9]. The learning and memory function was
also impaired by surgery and anesthesia in experimental animals, accompanied by the upregulation of proinﬂammatory
cytokine levels in both the blood and the brain [10–13]. Neuroinﬂammation, particularly in the hippocampus, has been
proved to be one of the main causes of POCD [14–17]. The
activation of microglia and other blood-derived immune cells
orchestrates neuroinﬂammation and subsequent neuronal
damage [14–17]. In this review, we discuss the main types of
immune cells involved in POCD and their possible roles. We
describe their functions in neuroinﬂammation, put forth a
possible mechanism of their involvement in POCD, and point
out the ﬁelds that need further exploration.

2. Immune Cells in POCD
2.1. Microglia. Microglia are highly specialized tissueresident macrophages in the central nervous system (CNS)
and the major resident immune cells of the brain [18].
Microglia are the only CNS cells originating from
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hematopoiesis. Primitive macrophage progenitors in the yolk
sac colonize the CNS and diﬀerentiate into mature microglia,
conﬁned behind the blood-brain barrier (BBB) [19]. Unlike
other tissue macrophages, such as Kupﬀer cells in the hepatic
sinusoids, which need to be renewed from bone marrow
progenitors, microglia are capable of local expansion and
maintenance throughout life without reconstitution from
the bone marrow [20].
In healthy brains, microglia are ramiﬁed and in a resting
state, monitoring the local microenvironment and detecting
CNS damage [21]. Danger signals, including pathogen
invasion, injury, and abnormal protein accumulation, can
trigger microglia transformation into an activated amoeboid
shape. Activated microglia are both neuroprotective and
neurotoxic. Studies in adult and neonatal hypoxic-ischemic
injury models have shown that a complete blockade of
microglial activity exacerbates brain damage [22, 23]. However, activated microglia can also produce excessive proinﬂammatory cytokines, leading to neuronal dysfunction and
death. Several neurodegenerative diseases, including Alzheimer’s, Huntington’s, and Parkinson’s diseases, have been
proved to be associated with the hyperactivation of microglia
[24–26]. As a speciﬁc type of macrophages, activated microglia can have one of the two diﬀerent phenotypes: classically
activated M1 and alternatively activated M2 microglia. M1
microglia promote inﬂammation by secreting proinﬂammatory cytokines such as IL-1α, IL-1β, and TNF. M2 microglia
elicit neuroprotective eﬀects through the release of vascular
endothelial growth factor and extracellular matrix proteins
[27]. In Alzheimer’s disease (AD), amyloid β (Aβ) sensitizes
microglia to subsequent cytokine stimulation and M1 activation [28], whereas the induction of the M2 polarization of
microglia by drugs or adeno-associated viral vectors can
reduce Aβ deposition and relieve AD symptoms [29, 30].
In other neurological diseases, such as Parkinson’s disease
(PD), chronic cerebral hypoperfusion, traumatic brain
injury, and hepatic encephalopathy, the priming of microglial polarization towards the M1 phenotype plays a pivotal
role in neuroinﬂammation [31–34].
After peripheral surgery, an immune challenge is transmitted to the brain via multiple humoral and neural routes.
The integrity of the BBB can be disrupted by a systemic
inﬂammatory response or anesthesia during and after surgery [11, 35, 36]. Adenosine triphosphate (ATP), alarmins,
and cytokines, which are leaked from an injury site or
increase in response to systemic inﬂammation, enter the
brain and activate microglia [11, 36–38]. Activated microglia
may impair learning and memory via the release of proinﬂammatory cytokines, among which IL-1β and TNF-α are
particularly important [38, 39]. Mild repeated stress or
systemic endotoxin challenge can trigger microglia to secrete
IL-1β and TNF-α [38, 40–42]. After surgery, aged rats and
mice demonstrated signiﬁcant deﬁcits in memory and learning, concurrent with the activation of microglia and
increased expression of TNF-α and IL-1β in the hippocampus [43, 44]. Preemptively depleting microglia reduced
surgery-induced hippocampal inﬂammatory cytokine secretion and attenuated the cognitive decline in mice [14]. IL1β and TNF-α can cause neuronal cell death, reduction of
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acetylcholine release, and attenuation of glutamatergic
transmission, resulting in learning and memory deﬁcits
[38, 40–42]. Neuroinﬂammation and POCD were mitigated
in IL-1R knockout mice or mice pretreated with an IL-1
receptor (IL-1R) antagonist compared with control mice
[10]. Furthermore, microglia can be activated by peripheral
TNF-α [38]. Preemptive treatment of anti-TNF antibody is
able to limit the release of IL-1 in the hippocampus and prevent cognitive decline in a mouse model of POCD [11].
Therefore, microglia may respond to peripheral TNF-α,
secrete more TNF-α and IL-1β in the hippocampus, and
amplify neuroinﬂammation in POCD. Additionally, a study
also reported reduced inﬁltration of bone marrow-derived
monocytes into the hippocampus after microglial depletion,
suggesting crosstalk between microglia and bone marrowderived macrophages (BMDMs) in POCD [14].
No studies to date have reported the polarization of
microglia in POCD. However, the main cytokines
secreted by activated microglia in POCD are IL-1 and
TNF-α [14, 43, 44], suggesting the predominance of the
M1 state of microglia in POCD. Furthermore, the M2
response of microglia was impaired after brain ischemia
in aged mice [45]. Because older patients are particularly
susceptible to POCD, we speculate that the M1 phenotype of microglia plays a central role in neuroinﬂammation in POCD. Pharmacological approaches that have
been successfully used to modulate microglia polarization
in other neurological diseases may hold promise for
developing POCD treatments [32, 34].
In a synthesis of the existing microglia and POCD
research, we can draw a picture of how microglia may orchestrate postoperative neuroinﬂammation in POCD. As the resident immune cells of the brain parenchyma, microglia are
activated by proteins and other signals leaked from the injury
sites. The cytokines secreted from the microglia can directly
damage neurons and also recruit more immune cells from
the blood penetrating into the brain parenchyma, further
accelerating neuronal injury.
2.2. Bone Marrow-Derived Macrophages. Macrophages are
present in virtually all tissues. They diﬀerentiate from circulating peripheral-blood mononuclear cells, which migrate
into tissues constitutively or in response to inﬂammation
[46]. In a healthy CNS, BMDMs are divided into three
classes according to their location: choroid plexus, meningeal, and perivascular macrophages [20]. These macrophages are exterior to the brain parenchyma, and their
population homeostasis is achieved by replacement from
blood-born monocytes. In disease states, BMDMs respond
to inﬂammation and migrate into the brain parenchyma
from the circulation.
BMDMs are a major component of the inﬂammatory
immune response to CNS diseases. Similar to microglia,
BMDMs have a proinﬂammatory M1 phenotype and an
anti-inﬂammatory M2 phenotype. M2 macrophages can be
beneﬁcial for the healing of sterilized wounds, clearing
necrotic debris or abnormal proteins. In a spinal cord injury
model, macrophages played an anti-inﬂammatory role
during recovery [47]. Furthermore, numerous studies have
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suggested that BMDMs can inﬁltrate the brain, reduce the
Aβ plaque burden, and alleviate the cognitive decline in AD
[48, 49]. In a clinical study, transplantation of autologous
M2 macrophages signiﬁcantly improved motor and cognitive
activities in patients with severe cerebral palsy [50]. Other
reports, however, have indicated that macrophages mainly
play a detrimental role in CNS pathology. Penetration of
macrophages into the brain impaired spatial learning and
memory after traumatic brain injury in mice [51, 52]. In a
model of intracerebral hemorrhage, mice exhibited improved
motor function after the depletion of inﬂammatory monocytes [53]. In addition, circulating monocytes or macrophages have been implicated in the exacerbation and
relapses of experimental autoimmune encephalitis (EAE) in
mice [54, 55].
BMDMs were found in the hippocampi of mice with
POCD [56]. Depletion of BMDMs attenuated surgeryinduced increases of the IL-6 levels in serum and the hippocampus, reduced hippocampal macrophage inﬁltration, and
prevented surgery-induced memory dysfunction [15]. Inhibiting the proinﬂammatory signaling pathway in BMDMs
or preserving the integrity of the BBB can also reduce the
inﬁltration of BMDMs in the hippocampus and prevent
POCD [56]. Furthermore, mice deﬁcient in IL-6 exhibited
less IL-1β and TNF-α expression in the hippocampus and
better working memory [57]. These ﬁndings indicate that,
with the BBB integrity disrupted, BMDMs inﬁltrate into
the hippocampus and secrete proinﬂammatory cytokines,
exacerbating neuroinﬂammation in POCD.
The depletion of microglia has also been shown to prevent BMDMs inﬁltrating the hippocampus without
impairing the capacity of monocytes to penetrate into
the brain [14]. Monocyte chemotactic protein-1 (MCP-1),
also known as CCL2, is a major chemoattractant to recruit
BMDMs [58]. Postoperative hippocampal MCP-1 levels
were reduced by the depletion of microglia [14] but not
BMDMs [15], indicating that microglia are the major
source of secreted MCP-1. Taken together, these studies
show that microglia attract BMDMs into the brain via
MCP-1 secretion after injury.
High-mobility group box 1 protein (HMGB1), a ubiquitous nucleosomal protein, is passively released into the circulation from damaged necrotic cells, and circulating HMGB1
levels increase after surgery [36, 59]. Blocking the HMGB1
function with a monoclonal antibody reduced the hippocampal expression of MCP-1 and postoperative memory decline
in mice [60]. Furthermore, the depletion of BMDMs prevented an HMGB1-mediated memory decline after surgery
[60]. Together with the previous studies, these results indicate that HMGB1 may stimulate hippocampal microglia to
secrete MCP-1, enabling monocyte recruitment. Similar to
HMGB1, many cytokines can simulate microglia. In a model
of peripheral organ inﬂammation, microglia were stimulated
by peripheral TNF-α and attracted circulating monocytes
into the brain [61]. Moreover, plasma TNF-α levels were
upregulated early after aseptic surgery, and a blockade of
TNF-α prevented POCD in mice [11]. However, whether
the TNF-α/microglia/BMDM pathway is essential in the
pathogenesis of POCD is still unknown.
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In summary, the activation of microglia and BMDM
recruitment play important roles in POCD. However, the
relationship between microglia and BMDMs in POCD needs
further investigation. The possibility of BMDM inﬁltration
into the CNS after surgery through other microgliaindependent pathways also needs exploration.
2.3. Mast Cells. Mast cells (MCs) are myeloid cells originating
from CD34+/CD117+ pluripotent progenitor cells [62]. MCs
contain many cytoplasmic granules, which store a number of
preformed mediators, including histamine, heparin, serotonin, chymase, tryptase, prostaglandins, and leukotrienes.
MCs are best known for their roles in allergic disease and
host defense. Crosslinking immunoglobulin E (IgE) receptors
of MCs triggers the release of many allergic and inﬂammatory mediators [63]. MCs are abundant within tissues
exposed to the external environment, such as the skin, gut,
and the respiratory tract. MCs are also present in the
CNS, mainly located in the perivascular spaces and along
the leptomeninges [64, 65]. Upon activation, MCs can
release the mediators and inﬁltrate into the brain parenchyma, participating in the pathophysiological processes
of various neurological diseases.
It is well established that MCs contribute to general vascular permeability through the production of vasodilators,
such as histamine and serotonin. Ample evidence also exists
that the vasodilatory and proinﬂammatory mediators
released by MCs contribute to the impairment of the BBB
integrity (reviewed in [66]). For instance, histamine can open
the tight junctions between the endothelia in the BBB [67].
Proteinases secreted by MCs, including tryptase and gelatinase, can degrade protein constituents of the neurovascular
matrix, thus damaging the BBB [67]. In recent decades, studies have demonstrated that MCs play critical roles in the
disruption of the BBB and associated neurological diseases.
Acute stress increased the permeability of BBB through the
activation of MCs [68]. Furthermore, compared with wildtype mice, MC-deﬁcient mice showed decreased BBB permeability, reduced T cell inﬁltration, and, consequently, less
severe EAE [69]. In addition, in a mouse model of brain
ischemia, animals that were deﬁcient in MCs or treated with
the MC stabilizer Cromolyn exhibited improved BBB integrity and reduced brain edema [70].
Studies have suggested that MCs are the predominant
cells that initiate glial activation. In a model of perinatal hypoxia-ischemia, MCs were found to be the “ﬁrst responders,”
with their activation preceding that of microglia [71]. In
addition, the clinical conditions of depression and mild neurocognitive disorders are closely related to the malfunction of
the MC-glia crosstalk [72]. Microglia express a large variety
of proteins/receptors that can be activated by MC-secreted
mediators. For instance, tryptase can trigger microglia
activation through the proteinase-activated receptor 2
(PAR2) [73]. Furthermore, microglia express all four histamine receptors (HRs) and can be activated by MCs via HRs
[74, 75]. Astrocytes also express PAR2 and HRs and can be
activated by MCs [76, 77]. The interactions between MCs
and glial cells are not restricted to the receptors mentioned
above (reviewed in [78]), and accumulating evidence
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Figure 1: Schematic diagram of immune cells in POCD. (a) Under a normal condition, neurons are normally functioning. Microglia are
ramiﬁed and in a resting state. The BBB is intact. Monocytes, mast cells, and T cells are restricted outside the brain parenchyma. (b) After
surgery, many cytokines are released from the injured sites and damage the BBB. Microglia are triggered by these cytokines and turned
into an activated, amoeboid shape. Microglia-secreted cytokines can damage neurons and also recruit BMDMs and other inﬂammatory
cells from the blood. BMDMs and MCs inﬁltrate into the brain parenchyma and release more cytokines, which can directly damage
neurons and also activate microglia. Cytokines secreted by T cells also participate in neuroinﬂammation in POCD. The immune cells and
cytokines compose an inﬂammation network that aggravates neural damage, leading to POCD. POCD: postoperative cognitive
dysfunction; BBB: blood-brain barrier; BMDM: bone marrow-derived macrophage; MC: mast cell.
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indicates that MCs and glial cells work in concert to promote
neuroinﬂammation [78].
While numerous studies in rodents have explored the role
of MCs in neurological diseases, relatively few have focused
on MC function in POCD. Surgery was found to induce
MC degranulation in mice [79]. Rats treated with the MC stabilizer Cromolyn showed less severe cognitive deﬁcits after
surgery, accompanied by increased BBB stability [16] and
reduced microglia and astrocyte activation [79, 80]. Therefore, via disrupting BBB and activating microglia, MCs promote neuroinﬂammation in POCD. In the studies of MCs
in POCD, Cromolyn was administered intracerebroventricularly [16, 79, 80]; the therapeutic eﬃcacy of Cromolyn administered via other routes remains to be established. Masitinib,
an oral selective tyrosine-kinase inhibitor, can eﬀectively
inhibit the survival, migration, and activity of MCs. In a clinical trial, masitinib slowed the cognitive decline in patients
with AD [81]. The eﬀectiveness of masitinib in the treatment
and prevention of POCD also needs further investigation.
2.4. T Cells. The thymus-derived T cells constitute key players
in antigen-speciﬁc immune responses. T cells are divided
into three main functional subsets: CD8 cells, also known
as cytotoxic T cells; helper CD4 cells (Th cells); and regulatory CD4 cells (Treg cells). In healthy noninﬂamed CSF,
90% of the total cells are T cells, predominantly CD4 cells
[82]. In a pathological state, T cells can penetrate into the
brain parenchyma. Multiple studies have shown the importance of T cells in autoimmune and virus infectious neurological diseases, such as multiple sclerosis and herpes
simplex virus encephalitis [83]. Recently, the roles of T cells
in neurodegenerative diseases have also received much attention. The activation of Th cells enhances the loss of dopaminergic neurons in a mouse model of PD [84], while Treg cells
provide neuroprotection through the attenuation of microglial activation in this disorder [85].
There is no direct evidence of T cells participating in the
pathological process of POCD. One study demonstrated that
surgery-induced cognitive impairment in mice was accompanied by upregulation of IL-17 and downregulation of IL-10
expression, mainly in Th17 (a subset of Th cells) and Treg cells,
respectively [17]. This study proposed the possibility that a T
cell-subtype imbalance may contribute to POCD. More
evidence is needed to uncover the role of T cells in POCD.

3. Conclusion
While a plethora of studies have suggested that immune cells
trigger neuroinﬂammation in response to surgery leading to
POCD, the neurobiological basis of POCD remains
unknown (Figure 1). As the major resident immune cells in
the CNS, microglia are activated by proteins released from
the injury sites and circulating cytokines upregulated by surgery. The activation of microglia results in neuronal damage
via the release of proinﬂammatory cytokines. Circulating
BMDMs are recruited into the brain in response to surgery,
a process that may be initiated by microglia-secreted MCP1. The degranulation of MCs contributes to BBB disruption
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and the activation of microglia, further aggravating POCD.
T cells may also be involved in POCD.
These immune cells interact with one another in the
pathogenesis of POCD. Diﬀerent elements of the resulting
network of neuroinﬂammation may serve as targets in the
prevention and treatment of POCD. First, cytokines leaking
from the injury site are the primary trigger of the immune
response in the CNS. Thus, approaches that inhibit cytokine
release may prevent POCD. Second, microglia occupy the
central position of the inﬂammatory network; hence, drugs
that stabilize microglia or promote their transition to the
M2 state may have beneﬁcial eﬀects. Third, other circulating
immune cells penetrating into the brain parenchyma and
secreting inﬂammatory cytokines exacerbate neuroinﬂammation. Therefore, therapies that reduce cytokine secretion
by these immune cells may also be eﬀective for treating
POCD. Studies in rodents using blocking antibodies and
other agents interfering with the neuroinﬂammation network have provided proof of concept for these strategies as
POCD treatments [10, 11, 15, 17, 56, 60, 79, 80]. However,
their feasibility in humans still needs to be validated. Further
research on the mechanisms of immune cell involvement in
POCD is urgently required to identify other potential targets
for POCD treatment and prophylaxis.
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Our previous studies showed that γδ T cells provided immune protection against Chlamydial muridarum (Cm), an obligate
intracellular strain of chlamydia trachomatis, lung infection by producing abundant IL-17. In this study, we investigated the
proliferation and activation of lung γδ T cell subsets, speciﬁcally the IL-17 and IFNγ production by them following Cm lung
infection. Our results found that ﬁve γδ T cell subsets, Vγ1+ T, Vγ2+ T, Vγ4+ T, Vγ5+ T, and Vγ6+ T, expressed in lungs of
naïve mice, while Cm lung infection mainly induced the proliferation and activation of Vγ4+ T cells at day 3 p.i.,
following Vγ1+ T cells at day 7 p.i. Cytokine detection showed that Cm lung infection induced IFNγ secretion ﬁrstly by
Vγ4+ T cells at very early stage (day 3) and changed to Vγ1+ T cells at midstage (day 7). Furthermore, Vγ4+ T cell is the main
γδ T cell subset that secretes IL-17 at the very early stage of Cm lung infection and Vγ1+ T cell did not secrete IL-17 during the
infection. These ﬁndings provide in vivo evidence that Vγ4+T cells are the major IL-17 and IFNγ-producing γδ T cell subsets at
the early period of Cm lung infection.

1. Introduction
Chlamydia, an obligated intracellular bacterium, can cause
various human diseases by the two chlamydial species,
Chlamydia trachomatis and Chlamydia pneumoniae. C.
pneumoniae causes respiratory diseases like bronchitis,
sinusitis, and pneumonia, whereas C. trachomatis is a major
cause of ocular and sexually transmitted diseases [1]. The
mouse pneumonitis strain of C. trachomatis, recently designated as Chlamydia muridarum (Cm), has been widely used
in mouse models of respiratory and genital tract infections
[2]. Th1 response has been demonstrated to be the dominant
protective determinant for controlling chlamydial infection
in human and mouse models [3–5]. More recently, our and
others’ studies indicate that Th17 plays an important role
in host defense against chlamydial infection through either
promoting Th1-type cell responses or working synergistically
with IFNγ [6]. Therefore, the development of both Th1 and

Th17 cell immune responses is optimal for host defense
against chlamydial lung infections.
Although αβT cells dominate Ag-speciﬁc eﬀector and
memory stages, γδ T cells have fused adaptive and innatelike qualities to be at the forefront of immune responses. γδ
T cells can directly kill infected cells, produce molecules
required for pathogen clearance, and release immunomodulatory cytokines such as IFNγ, IL-17, and IL-4 [7, 8] with no
MHC-limited recognition and antigen processing or presentation [9–11]. A number of recent studies using various
experimental mouse models have shown that γδ T cell is
also a major producer of IL-17 following intracellular pathogen infections, including H1N1 inﬂuenza virus [12],
Staphylococcus aureus [13], Listeria monocytogenes [14],
and Salmonella enterica enteritidis [15]. In general, activated γδ T cells mainly make resistance to pathogens by
secreting IFNγ. However, a growing number of studies
recently showed that γδ T cells are an important source of
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proinﬂammatory cytokine IL-17 [16], and in some
researches, IL-17-producing γδ T cells expanded more faster
than αβT cells and worked more eﬀectively than adaptive
CD4+ Th17 cells [17, 18].
According to the diﬀerence of TCRγ, the mouse γδ T
cells are divided into 6 kinds of γδ T cell subsets, including
Vγ1+ T, Vγ2+ T, Vγ4+ T, Vγ5+ T, Vγ6+ T, and Vγ7+ T cells
and lung γδ T cells of naïve mice predominantly comprising
Vγ1+ and Vγ4+ subsets [19, 20]. Study on a variety of disease
models showed that the speciﬁc TCR-expressing VγT cells
play its unique function [21]. For example, Vγ1+ T cells
aggravated airway responsiveness, whereas Vγ4+ T cells
reversed airway responsiveness [22]. Although the function
of γδ T cells has been demonstrated in a variety of mouse
models such as Klebsiella pneumonia [23] and cryptococcal
pneumonia [24], the subsets of γδ T cells in lung inﬂammation were seldom investigated. Current studies have shown
that Vγ4+ T cells are the dominant IL-17-producing cells
in infectious or noninfectious diseases. The ability of Vγ1+
γδ T cells to produce IFNγ was signiﬁcantly reduced in the
late phase of blood-stage Plasmodium berghei XAT (PbXAT)
parasite infection [25]. In infectious model of Lester coli [26],
Escherichia coli [27], Bacillus subtilis [28], and Vγ4+ T
quickly secreted a large number of IL-17 combined with IL23 produced by DC during infection. Vγ4+ T cells produced
IL-17 but not IFNγ in a mouse model of collagen-induced
arthritis (CIA) [29].
Our previous study found that depletion of γδ T cells
reduced IL-1α production by dendritic cells, which was associated with a reduced Th17 protective response during Cm
infection [6]. Large amounts of IFNγ and IL-17 existed at
the early stage of infection participate in host immune
response against Chlamydia infection. However, the sources
of IFNγ and IL-17 production by which of γδ T cell subset
in lungs and their biological activities following chlamydial
infection remained unclear. Here, we will further elucidate
the properties and the role of γδ T cell subsets during Cm
lung infection and also provide a theoretical basis for clinical
diagnosis and treatment of chlamydia infectious diseases and
their complications.

2. Materials and Methods
2.1. Mice and Microorganisms. Breeding pairs of TCRδ−/−
mice (C57BL/6) were gifted from Nankai University, Professor Yin Zhinan. The WT control mice (C57BL/6) were purchased from Laboratory Animal Center, Academy of
Military Medical Sciences. Mice were housed in speciﬁc
pathogen-free conditions in Tianjin Medical University with
autoclaved cage, food and water, and ﬁltered airﬂow. Ageand sex-matched mice at 6–8 weeks old were used for study.
Chlamydial muridarum (Cm), a mouse chlamydial strain,
was reproduced and puriﬁed as previously described [30].
Brieﬂy, Cm was grown in HeLa-229 cells in DMEM medium
containing 10% fetal bovine serum (FBS) and 2 mM glutamine. Elementary bodies (EBs) were puriﬁed by discontinuous density gradient centrifugation. Titers of EBs were
determined by measuring inclusion-forming units (IFUs)
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after immunostaining, and aliquots of the EB stock were
stored at −80°C.
2.2. Infection of Mice and Quantiﬁcation of Lung
Chlamydial Loads. Mice were sedated with isoﬂurane and
infected intranasally with 1 × 103 IFUs of C. muridarum in
40 μl sucrose-phosphate-glutamic acid (SPG) buﬀer. Mouse
body weights were monitored daily. Mice were euthanized
at the indicated time points, and the lungs were aseptically
isolated and homogenized using a cell grinder in SPG buﬀer.
The tissue homogenates were centrifuged, and supernatant
was stored at −80°C until being tested. The bacterial loads
in lungs at day 3, day 7, and day 14 after Cm infection were
titrated by infection of HeLa cell monolayers as previously
described [31].
2.3. Lung Mononuclear Cell Preparation. Lung mononuclear
cells were prepared as described previously [9]. Brieﬂy, the
lung tissues were incubated in digestive buﬀer (containing
100 μg/ml DNase [Sigma-Aldrich] and 2 mg/ml collagenase
type XI [Sigma-Aldrich, St. Louis, MO, USA]) for 60 min at
37°C and added 2 mM EDTA 5 min before incubation ﬁnished. Then the cell population was puriﬁed by mixing with
35% Percoll (Sigma-Aldrich) and centrifuged for 20 min at
750 g, followed by lysis of erythrocytes with ammonium
chloride-potassium (ACK) lysis buﬀer (150 mmol/l NH4Cl,
10 mmol/l KHCO3, and 0.1 mmol/l EDTA). The cells were
washed twice using RPMI 1640 with 2% fetal calf serum
and resuspended in complete RPMI 1640 medium (containing 10% FBS) for further experiment.
2.4. Reverse Transcriptase-Polymerase Chain Reaction (RTPCR). To analyze the expressions of TCR Vγ transcripts, total
RNA was extracted from frozen lung tissues using Trizol
agent (Invitrogen) according to the manufacturer’s instruction. The isolated total RNA was reversely transcribed into
cDNA (TaKaRa). Special primers for Vγ1, Vγ2, Vγ4, Vγ5,
Vγ6, and Vγ7 were used to amplify cDNA. And β-actin, a
housekeeping gene, was used as a control. The primers used
in the PCR analysis were as follows: Vγ1 (320 bp), forward:
5′-ACACAGCTATACATTGGTAC-3′, reverse: 5′-CTTA
TGGAGATTTGTTTCAGC-3′; Vγ2 (270 bp), forward: 5′CGGCAAAAAACAAATCAACAG-3′, reverse: 5′-CTTAT
GGAGATTTGTTTCAGC-3′; Vγ4 (310 bp), forward: 5′-TG
TCCTTGCAACCCCTACCC-3′, reverse: 5′-CTTATGGAG
ATTTGTTTCAGC-3′; Vγ5 (300 bp), forward: 5′-TGTGCA
CTGGTACCAACTGA-3′, reverse: 5′-CTTATGGAGATTT
GTTTCAGC-3′; Vγ6 (300 bp), forward: 5′-TGTGCACTGG
TACCAACTGA-3′, reverse: 5′-CTTATGGAGATTTGTTT
CAGC-3′; Vγ7 (380 bp), forward: 5′-AAGCTAGAGGGGT
CCTCTGC-3′, reverse: 5′-CTTATGGAGATTTGTTTCAG
C-3′; β-actin (582 bp), forward: 5′-CTTATGGAGATTTG
TTTCAGC-3′, reverse: 5′-ATGAGGTAGTCMGTCAGGT3′. The products were electrophoresed in 1% agarose gel containing Gel-Red (0.01%). The bands were visualized and
photographed by automatic gel imaging system and were
analyzed for density on Image J software.
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2.5. Flow Cytometry. Lung mononuclear cells were aseptically
prepared from mice at diﬀerent time points postinfection and
incubated with anti-CD3, anti-TCRγδ, anti-CD69, antiTCRVγ1, anti-TCRVγ4, and isotype control Abs for 30 min
on ice for surface marker analysis. For intracellular cytokine
analysis, single cell suspensions were stimulated with PMA
(50 ng/ml)/ionomycin (1 μg/ml) (Sigma) for 6 hours at 37°C
in the presence of 20 mg/ml brefeldin A (Sigma). After the
stimulation, cells were washed with FACS buﬀer twice and
incubated with Fc receptor (FcR) block antibodies (antiCD16/CD32; eBioscience) for 15 min on ice to block nonspeciﬁc staining. Surface markers (CD3, TCRγδ, TCRVγ1, and
TCRVγ4) were stained ﬁrst. The cells were then ﬁxed with
4% w/v paraformaldehyde in PBS and permeabilized with
permeabilization buﬀer (0.1% saponin [Sigma] Sigma, 2%
heat-inactivated FCS, and 0.1% NaN3 in PBS), subsequently
stained with anti-IFNγ, IL-17, or corresponding isotype control Abs (eBioscience). The raw data were collected using
FACS CantoII ﬂow cytometer (BD Biosciences) and were
analyzed using Flowjo 6.0 software.
2.6. Statistical Analysis. One-way analysis of variance
(ANOVA) and unpaired t-test were used to determine
statistical signiﬁcance among groups. IFUs of Cm were
converted to logarithmic values and analyzed using ANOVA.
The value of p < 0 05 was considered as a statistically signiﬁcant diﬀerence.

3. Results
3.1. γδ T Cells Mediated Immune Protection against Cm
Infection by Expansion, Activation, and Secreting IFNγ and
IL-17. γδ T cells are the vital components of the innate
immune system and play important roles in the early
responses to pathogens. Our previous studies have shown
that γδ T cells are the major producer of IL-17A in the very
early stages of infection and depletion of γδ T cells by
administration of mAb (GL3) against TCRγδ i.n. exists more
body weight loss following Cm lung infection. The results
here keep consistent with our previous studies that the percentage and absolute number of lung γδ T cells signiﬁcantly
increased at day 3 postinfection (p.i.) and reached to the
highest level at day 7 p.i. Even though the percentage of γδ
T cells reduced to baseline levels, the absolute number of
γδ T cells still kept in a relatively higher level (Figures 1(b)
and 1(c)). CD69 was generally used for indicating the activation of γδ T cells. Figure 1(d) showed that Cm infection
induced γδ T cell activation in lungs by increased CD69
expression on γδ T cells following Cm infection. Following
activation, IFNγ or IL-17 secretion by γδ T cells was significantly increased especially on day 3 p.i. (Figures 1(e)–1(h)).
TCRδ−/− mice were used for further conﬁrmation of the
function of γδ T cells during Cm lung infection in the current researches. With Cm lung infection, TCRδ−/− mice
had more weight loss compared with WT mice, especiallly
at day 3 to 6 p.i. (Figure 1(i)); however, the lung bacterial
loads (IFUs) between TCRδ−/− and WT mice did not
show a signiﬁcant diﬀerence (Figure 1(j)). Furthermore,
the lung tissues of TCRδ−/− mice had more inﬂammatory
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cell inﬁltration compared with WT mice after chlamydial
lung infection (data not shown). All these results implicated
that γδ T cells contribute to the IFNγ and IL-17 production
and reduce morbidity during Cm infection, but its role in
bacterial clearance is rather limited.
3.2. Vγ1+ T and Vγ4+ T Cells Are the Major Proliferative Cell
Subsets of γδ T Cell during Cm Lung Infection in Mice. γδ T
cells are heterogeneous population that can be subdivided
based on the expression of speciﬁc Vγ and Vδ TCR chains.
Although we already demonstrated the importance of γδ T
cell in the early protection against Cm lung infection, this
did not prove that γδ T cell subpopulation actually contributes to the γδ T cell-mediated early protection. To investigate
this, we ﬁrst analyzed the γδ T cell subsets in lungs of naive
mice. Our results by using RT-PCR detection showed that
there are more than ﬁve subpopulations, Vγ1+ T, Vγ2+ T,
Vγ4+ T, Vγ5+ T, and Vγ6+ T but not Vγ7+ T cells; in lungs
of naive mice, the expression intensity of mRNA is
Vγ2 > Vγ4 > Vγ1 > Vγ6 > Vγ5 (Figures 2(a) and 2(b)). Next,
we further detected the mRNA expression of γδ T cell subsets
in the lungs at diﬀerent time point post-Cm infection. The
results showed that TCRVγ4 was signiﬁcantly upregulated
at day 3 p.i. while TCRVγ1 mRNA expression was signiﬁcantly increased at day 7 p.i (Figures 2(c) and 2(d)). Vγ6+
mRNA also showed a relatively high expression level at day
7 p.i. Collectively, these results showed that Vγ1+ T and
Vγ4+ T cells are the major proliferative cell subsets of γδ T
cell in lungs of mice during Cm infection.
3.3. Cm Infection Induced Dramatic Proliferation and
Activation of Vγ1+ T and Vγ4+ T Cells in Lungs. Some studies have shown that Vγ1+ T and Vγ4+ T cells were induced
to proliferate and activate and provide diﬀerent roles in host
defense against pathogen infection. To further conﬁrm the
proliferation and activation of the TCR Vγ1+ and TCR
Vγ4+ γδ T cells at an early stage of Cm infection, we examined the lung TCR Vγ1+ and TCR Vγ4+ γδ T cell percentage
and CD69 expression by FACS. As shown in Figure 3, the
percentage, absolute number (Figure 3(a)), and CD69
expression (Figure 3(c)) of Vγ4+ T cell in lungs quickly
reached the peak at day 3 p.i. and kept a high level in absolute
number at day 7 p.i., while the percentage, absolute number
(Figure 3(b)), and CD69 expression (Figure 3(d)) of Vγ1+
T cells signiﬁcantly increased at day 3 p.i. and reached the
peak at day 7 p.i. Taking these results together, we concluded
that Cm infection induced dramatic proliferation and activation of TCR Vγ4+ and Vγ1+ γδ T cells in the lungs at an
early stage.
3.4. Both Vγ1+ and Vγ4+ T Cells Are the IFNγ-Producing γδ
T Cell Subpopulations at Diﬀerent Stages of Cm Infection.
IFNγ has been reported to be produced by several diﬀerent
γδ+ T cell subpopulations in diﬀerent stages of disease and
mediated various immune functions. As shown in Figure 4,
both Vγ1+ and Vγ4+ T cells can produce IFNγ during Cm
lung infection; however, Vγ4 T cells are the major sources
of IFNγ at very early time p.i. (day 3) while Vγ1 T cells at
midstage p.i. (day 7) (Figures 4(c) and 4(b)).
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Figure 1: γδ T cells provided immune protection against Cm infection by expansion, activation, and secreting IFNγ and IL-17. The
mononuclear cells from WT mice (four/group) killed at speciﬁc time points following C. muridarum infection (1 × 103 IFUs) were
extracted from the lungs. In gated lymphocytes (a), percentage (b), and absolute number (c) of CD3+ TCRγδ+ T cells, expression level of
CD69 on CD3+ T CRγδ+ T cells (d), percentage (e, g), and absolute number (f, h) of IFNγ/IL-17-produing γδ T cells were analyzed and
calculated by ﬂow cytometry. WT and TCRδ−/− mice (four/group) were infected intranasally with C. muridarum (1 × 103 IFUs). Body
weight changes (i) were monitored daily, and pulmonary C. muridarum (j) were assessed at day 3, day 7, and day 14 p.i. as mentioned in
Materials and Methods. Shown are the representative data of two independent experiments with similar results presented as mean ± SD.
∗
p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001.

After Cm infection, the secretion of IFNγ was gradually
increased and reached the peak at day 7 p.i. which had significant diﬀerence with uninfected group then declined to the
basic level at day 14 p.i. (Figure 4(b)). However, the percentage of IFNγ+ Vγ4+ T cells increased rapidly after infection
and even reached the peak at day 3 p.i. then restored to the

basic level at day 7 p.i. (Figure 4(c)). The absolute number
of Vγ1+ T and Vγ4+ T cells in lungs (Figure 4(d)) also indicated the similar variation with their percentages. Taking
these results together, we concluded that Cm lung infection
induces IFNγ secretion from Vγ4+ T cells at very early stage
and Vγ1+ T cells at midstage of infection.
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Figure 2: Vγ1+ T and Vγ4+ T cell are two main subsets of γδ T cells during Cm respiratory tract infection. The types of γδ T cell subsets from
lung tissues in naïve (a, b) and infected mice (c, d) were deﬁned according to the expression of TCRVγ mRNA in lungs detected by RT-PCR.
Shown are the representative data of two independent experiments with similar results presented as mean ± SD. ∗ p < 0 05, ∗∗ p < 0 01,
and ∗∗∗ p < 0 001.

3.5. Vγ4+ T Cells Are the IL-17-Producing γδ T Cell
Subpopulations at the Very Early Stage of Cm Infection.
We further identiﬁed IL-17-producing γδ T cell subpopulations at diﬀerent stage of Cm infection by intracellular
cytokine staining. Few IL-17+ Vγ1+ T cells were detected
in uninfected mice and had no signiﬁcant increase following Cm lung infection (Figure 5(b)), whereas Vγ4+ T cells
can secrete large quantity of IL-17 (Figure 5(c)) during
Cm lung infection in mice. It was noted that the percentage
of IL-17+ Vγ4+ T cells increased rapidly after infection and
even reached the peak at day 3 p.i. and then quickly
restored to the basic level at day 7 p.i. All these above
results demonstrated that lung Cm-infected Vγ4+ T cell is
the main γδ T cell subset secreting IL-17 at the very early
stage of Cm lung infection. Meanwhile, there are still a
small number of IL-17-producing-Vγ4-γδ T cell subsets
which is not identiﬁed during Cm infection, which should
be discussed further.

4. Discussion
γδ T cells provide immune protective in Chlamydia trachomatis infection. Here, we demonstrate the coincident
involvement of multiple γδ T cell subsets. While a signiﬁcant
proportion of naive lung γδ T cells exhibited an activated
phenotype, activation was clearly enhanced in infected mice,
most notably in respect to Vγ1 and Vγ4 expression. Based on
the kinetics of IFNγ and IL-17 production by γδ T cells, we
tested the function of γδ T cell subset in the ensuing immune
response against Cm infection. Surprisingly, we demonstrated that Vγ4+ T cells are the major IL-17 and IFNγ-producing γδ T cell subsets at the early period of Cm lung
infection, while Vγ1+ T cells are responsible for the secretion
of IFNγ at midstage.
γδ T cells express a distinct TCR composed of the TCRγand δ-chains [32]. Human γδ T cells can be divided into
three main populations based on δ chain expression: Vδ1,
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Figure 3: Vγ1+ T and Vγ4+ T cell proliferated and activated during Cm respiratory infection. Mononuclear cells in lung tissues at diﬀerent
time points postinfection were extracted. Staining with anti-mouse CD3, TCRγδ, TCRVγ1, and TCRVγ4 antibody to analyze the percentage
and absolute number of TCRVγ1+ TCRγδ+ T cells (a) and TCRVγ4+TCRγδ+T cells (b) by ﬂow cytometry. The activation extent of Vγ1+ T
(c) and Vγ4+ T (d) cell was measured by the expression of CD69, staining with anti-mouse CD69 antibody. The results are presented as
mean ± SD. ∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001.

Vδ2, and Vδ3 γδ T cells. γδ T cells in lungs of infected
mice are classiﬁed into six subsets, Vγ1+ T, Vγ2+ T, Vγ4+
T, Vγ5+ T, Vγ6+, and Vγ7+ γδ T cells in local responses to
Streptococcus pneumoniae infection [33]. In our present
study, according to distinct TCR γ chain expression, there
are ﬁve subpopulations, Vγ1+ T, Vγ2+ T, Vγ4+ T, Vγ5+ T,
and Vγ6+ T but not Vγ7+ T cells in lungs of naive mice. It
was reported [34] that lung Vγ1+ and Vγ4+ γδ T cells proliferated signiﬁcantly in pulmonary Mycobacterium bovis
bacille Calmette-Guerin infection, and study on sepsis [35]
showed that Vγ1+ γδ T cells preferentially expanded over
time after infection with PbXAT parasites. Similarly, our
results showed that the increase of CD69+ Vγ4+ T cells
and CD69+ Vγ1δT cells showed to be concordant with
subpopulation proliferation and infected lung γδ T cells
comprising predominantly Vγ1+ and Vγ4+ subsets.

The eﬀector functions of γδ T cells can be broadly classiﬁed by their tissue localization, status of activation, and
expression of TCR variable genes [36]. IL-17-producing γδ
T cells play a crucial role in innate immunity against various
infections [26, 36, 37]. Our previous study has shown that γδ
T cells are the major producer of IL-17 in the very early stages
of infection, and the depletion of γδ T cells by administration
of mAb (GL3) against TCRγδ i.n. exists more body weight
loss following Cm lung infection, which suggested that γδ T
cells played a protective role in mice Chlamydia lung infection [16]. These results are in accordance with our data using
TCRδ−/− mice in this paper. It is worth mentioning that γδ
T cell is the highest producer of IL-17A but the protection
conferred by IL-17A is mainly mediated by Th17 cells following Cm infection. Therefore, the protective role of early production of IL-17 and IFNγ by Vγ4+ T and Vγ1+ T cells is not
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Figure 4: Vγ4 cells at day 3 p.i. and Vγ1 cells at day 7 p.i. are the major sources of IFNγ during Cm lung infection. IFNγ+ Vγ1+/Vγ4+ T cells
were gated (a). Staining with anti-mouse CD3, TCRγδ, TCRVγ1/Vγ4, and IFNγ/IL-17 antibody to analyze the percentage and absolute
number of IFNγ+ Vγ1+ T cells (b) and IFNγ+ Vγ4+ T cells (c) in lung tissues after Cm infection by ﬂow cytometry. Comparison between
IFNγ+ Vγ1+ cell and IFNγ+ Vγ4+ cell with its absolute number (d). The results are presented as mean ± SD. ∗∗ p < 0 01 and ∗∗∗ p < 0 001.

essential but supplementary in clearance of Chlamydia. In
our present study using Cm infection model, it was found
that Vγ4+ T cells were the major source of IL-17 in the early

stage, and Vγ1+ T cells did not secrete IL-17. Similarly,
Listeria monocytogenes also induces γδ T cells, especially
Vγ4+ T and Vγ6+ T cells, and secretes IL-17 in infected
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Figure 5: Vγ4 cells at day 3 p.i. are the major sources of IL-17 during Cm lung infection. IL-17+ Vγ4+/Vγ1+ T cells were gated (a), stained
with anti-mouse CD3, TCRγδ, TCRVγ4, and IFNγ/IL-17 antibody to analyze percentage of Il-17+ Vγ1+ T cells (b) and IL-17+ Vγ4+ T cells
(c) in lung tissues after Cm infection. Comparison between IL-17+ Vγ1+ cell and IL-17+ Vγ4+ cell with its absolute number (d). The results
are presented as mean ± SD. ∗∗∗ p < 0 001.

liver, but more than 60 percent of the IL-17 are produced
by Vγ6+ T cell, which have fast kinetic response characteristics [26]. However, the chronic granulomatous disease
leads to unrestrained Vγ1+ γδ T-cell reactivity which
dominantly produces IL-17. Furthermore, with anti-CD3

antibody and virus-LPS stimulation in vitro, Vγ1+ T cells
dramatically produced IL-17, while only IL-10+ Vγ4+ T cells
existed [38]. Unlike Th17 cells, the subsets of IL-17+ γδ T cell
in varieties of pathogen infections are not always the same
pattern, while these data suggest increased numbers of γδ T
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cells with cytokine-producing potential during immune
response; any role for γδ T cell-derived cytokines in various
model remains to be deﬁned.
Notably, there are still a small number of IL-17-producing-Vγ4-γδ T cell subsets which is not identiﬁed during
Cm infection. Interestingly, in our model, Vγ6+ cells also
present to proliferate following the Cm infection at the middle stage, which might be an important IL-17-producing cell
after the early infection stage. IL-17+ Vγ6+ T cells promote
cancer cell growth by mobilizing peritoneal macrophages in
the mice model of ovarian cancer [39]. In Listeria monocytogenes, more than 60 percent of the IL-17 are produced by
Vγ6+ T cell in infected liver, which have fast kinetic response
characteristics [26]. In this study, we did not focus on Vγ6+ T
cell because it is reported that Vγ6+ cells are the major γδ T
cell population in reproductive tract but not in lungs [40].
But it still can be speculated that IFNγ and IL-17 may be
partially secreted by Vγ6+ T cells apart from Vγ1+ T and
Vγ4+ T cells during Cm infection.
In conclusion, our data show that Vγ1+ T and Vγ4+ T
cells are the major proliferative cell subsets of γδ T cell during
Cm lung infection in mice. Moreover, Vγ4+ T cells are the
major IL-17 and IFNγ-producing γδ T cell subsets at the
early period of Cm lung infection. The ﬁndings in the present
study provide new insights into the mechanisms bridging
innate and adaptive immunity during lung chlamydial infections, which may have implications in developing eﬀective
chlamydial vaccines and in the understanding of host defense
mechanisms in other lung infections.
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Regulatory T (Treg) cells maintain immune homeostasis by suppressing excessive immune responses. Treg cells induce tolerance
against self- and foreign antigens, thus preventing autoimmunity, allergy, graft rejection, and fetus rejection during pregnancy.
However, Treg cells also inﬁltrate into tumors and inhibit antitumor immune responses, thus inhibiting anticancer therapy.
Depleting whole Treg cell populations in the body to enhance anticancer treatments will produce deleterious autoimmune
diseases. Therefore, understanding the precise nature of tumor-inﬁltrating Treg cells is essential for eﬀectively targeting Treg cells
in tumors. This review summarizes recent results relating to Treg cells in the tumor microenvironment, with particular emphasis
on their accumulation, phenotypic, and functional properties, and targeting to enhance the eﬃcacy of anticancer treatment.

1. Introduction
Regulatory T (Treg) cells are CD4 T cells that inhibit immune
responses. Treg cells express high amounts of CD25 and
transcription factor Forkhead box protein 3 (Foxp3) [1, 2].
Treg cells maintain immune homeostasis by inhibiting
immune responses. These cells not only protect tissues from
excessive immune responses but also suppress immune
responses against self-antigens, innocuous environmental
antigens, antigens from food and microbiota, and fetal
antigens during pregnancy.
Treg cells inhibit immune responses by a variety of
mechanisms, including the secretion of anti-inﬂammatory
cytokines such as interleukin- (IL-) 10, tumor growth factor(TGF-) β, and IL-35 [3]. In addition, Treg cells express high
levels of IL-2R, depleting IL-2, a growth factor for eﬀector T
(Teﬀ) cells, in the surrounding environment. Treg cells also
kill Teﬀ cells directly through the FasL-Fas pathway as well
as through granzyme-/perforin-mediated cytotoxicity, disrupting the metabolism of Teﬀ cells. Moreover, Treg cells
can suppress immune responses by inducing tolerogenic
dendritic cells (DCs) [3].

Two types of Treg cells have been identiﬁed. Thymusderived Treg (tTreg) cells develop in the thymus, whereas
periphery-derived Treg (pTreg) cells diﬀerentiate from naive
CD4 T cells in the periphery.
Incipient tumor cells are removed by immune system
cells; speciﬁcally, CD8+ cytotoxic T lymphocytes (CTLs) kill
tumor cells, aided by CD4+ T cells. Tumor cells express
tumor-associated antigens (TAAs), which are newly
expressed or mutated self-antigens, and are recognized and
killed by CTLs, a phenomenon known as “cancer immune
surveillance.” Continual generation of cancer cells and
removal by immune cells can be balanced and can last for a
long time. Some of these cancer cells may eventually evade
immune responses and grow unchecked. Thus, immune
system cells are critical in keeping cancers under control.
Treg cells inﬁltrate tumors and inhibit antitumor
immune responses by tumor antigen-speciﬁc CD8 T cells
and CD4 T cells. Thus, Treg cells can block cancer immunotherapy. Because depleting Treg cells throughout the
entire body cause fulminant autoimmunity, targeting
tumor-inﬁltrating Treg (TI-Treg) cells can enhance tumor
immunotherapy without inducing deleterious autoimmune
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Figure 1: The role of TI-Treg cells in TME. A schematic illustration of the role of TI-Treg cells in the TME. Activation is shown as blue
arrows, and inhibition is shown as red blocked lines. TI-Treg cells inhibit CTLs and CD4 Teﬀ cells by secreting anti-inﬂammatory
cytokines, expressing checkpoint receptors, disturbing metabolism, and killing directly. TI-Treg cells also intercept costimulatory signal on
DCs by CTLA-4, preventing activation of Teﬀ cells. Cancer cells attract Treg cells to tumor by secreting chemokines and nurture Treg
cells by secreting TGF-β and immunosuppressive metabolites.

diseases. Understanding the properties of TI-Treg cells and
their methods of suppressing anticancer treatment is essential to achieve this goal. This review summarizes recent
ﬁndings of TI-Treg cell properties and their therapeutic
application (summarized in Figure 1).

2. TI-Treg Cells
Cancer cells accumulate mutations during tumorigenesis and
acquire the ability to establish their own protective environment, called the tumor microenvironment (TME). The
TME contains many types of cells, including cancer cells,
immune system cells, ﬁbroblasts, pericytes, and occasionally
adipocytes [4, 5]. The immune cells in the TME include
CD8 T cells, CD4 T cells, Treg cells, DCs, macrophages,
natural killer cells, B cells, and mast cells [4, 5]. These cells
establish an environment that is highly immunosuppressive,
tolerogenic, hypoxic, and rich in proangiogenic factors.
Because Treg cells have immunosuppressive properties, Treg
cells in the TME are generally thought to inhibit antitumor
activity mediated by Teﬀ cells and to promote tumor growth
[6]. Secreted and/or surface molecules in the TME inﬂuence
the growth of cancer cells. Immunosuppressive cytokines,
such as TGF-β and IL-10, inhibit antitumor immunity mediated by Teﬀ cells and boost the activity of Treg cells.
High numbers of Treg cells and low CD8 T cell to Treg
cell ratios have been found to correlate with poor prognosis
and reduced survival of patients with many types of cancer,
including ovarian cancer [7, 8], lung cancer [9], pancreatic
ductal adenocarcinoma [10, 11], non-Hodgkin’s lymphoma
[12], glioblastoma [13], melanoma, and other malignancies
[14, 15]. By contrast, high numbers of Treg cells were found
to correlate with good prognosis in patients with colorectal

[16], head and neck [17], and gastric [18] cancer. One explanation of this discrepancy is that Treg cells that reduce
inﬂammation may inhibit the growth of certain types of
cancer that depend heavily on inﬂammation [19]. Inﬂammation has been shown to contribute to cancer initiation and
progression, neoplastic transformation, and metastasis [20].
Alternative explanation is that the discrepancy is caused by
inability to quantify heterogeneous Treg cell subsets or the
concomitant inﬂammation in the tumors [21]. Treg cell
heterogeneity has been proven in colorectal cancer [22].

3. Recruitment and Expansion of Treg Cells in
the TME
Increases in the numbers of Treg cells in the TME may result
from the preferential recruitment of TI-Treg cells over conventional T (Tconv) cells, increased Treg cell proliferation,
and/or conversion of Tconv cells to Treg cells.
3.1. Treg Cell Recruitment into the TME. Preferential recruitment of Treg cells into the TME may result from interactions
between chemokines and their receptors. Chemokines
produced by tumors, including CC chemokine ligand 22
(CCL22), CCL17, CXC chemokine ligand 12 (CXCL12),
and CCL28, recruit Treg cells into tumors [23]. Cancer cellproduced CCL22 or CCL17 attracts CC chemokine receptor
4-positive (CCR4+) Treg cells in the TME, which seems to
be the most prevalent mechanism for Treg cell migration to
tumors [7, 24]. Blocking CCR4 reduces the number of
intratumoral Treg cells and enhances antitumor immunity
[25, 26]. The CCL5/CCR5 axis also plays a role in Treg cell
recruitment [27], and hypoxia-induced CCL28 has been
found to attract CCR10+ Treg cells into ovarian cancers [28].
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3.2. Expansion of Treg Cells in the TME. TI-Treg cells exhibit
increased proliferation, as evidenced by high expression of
Ki-67, compared with Treg cells from peripheral blood and
healthy tissue [29]. This increased proliferation of TI-Treg
cells may be related to their recognition of self-antigens and
the nurturing environment in the TME. Higher numbers of
prostate-speciﬁc Treg cells accumulate in the prostate than
in other organs, suggesting that the presence of selfantigens may trigger the expansion of Treg cells in tumors
[30]. TI-Treg cells show high surface expression of CD25
(high-aﬃnity IL-2 receptor subunit α), allowing these cells
to absorb available IL-2 in the environment. This results in
the high proliferation of Treg cells but inhibits the growth
of Tconv cells in the TME.
Recent evidence shows that metabolic ﬁtness is associated
with the preferential expansion of TI-Treg cells in the TME
[31]. Because cancer cells preferentially acquire energy from
glycolysis, the TME is rich in immunosuppressive metabolites [32–35]. These conditions suppress Teﬀ cell function,
while enhancing the function of Treg cells. The diﬀerentiation and function of Treg cells preferentially involve fatty
acid oxidation and oxidative phosphorylation [36–38], as
well as the uptake of lactic acid from the surrounding
environment [39, 40], resulting in the metabolic ﬁtness
of TI-Treg cells. Several fatty acid-binding proteins are
speciﬁcally expressed in TI-Treg cells in breast cancers, but
not in Treg cells in peripheral blood and normal tissues
[41]. It remains unclear, however, whether these metabolites
contribute to the expansion of TI-Treg cells.
3.3. Conversion of Tconv Cells into Treg Cells. The TME is
rich in immunosuppressive molecules, including TGF-β,
IL-10, and VEGF, suggesting that Tconv cells are converted to Treg cells through the formation of tolerogenic
antigen-presenting cells (APCs) in the TME [42–44].
Indoleamine2,3-dioxygenase- (IDO-) expressing APCs may
induce the conversion of Tconv to Treg cells through an aryl
hydrocarbon receptor [45]. Myeloid-derived suppressor cells
(MDSCs) in the TME may also promote the diﬀerentiation of
Treg cells in an IDO-dependent manner.
It remains unclear, however, whether Tconv cells can be
converted to Treg cells in TME. In mouse tumor model,
injection of MCA-38 colon adenocarcinoma cells causes
enrichment of neuropilin-1- (Nrp1-) pTreg cells, whereas
that of 4T1 breast cancer cells causes enrichment of Nrp1+
tTreg cells, suggesting that both tTreg and pTreg cells can
be enriched in the TME depending on the types of tumor
[46]. Analyses showed that TI-Treg cells and Tconv cells
have a largely nonoverlapping T cell receptor (TCR) repertoire and that TI-Treg cells originate from tissue-speciﬁc
Treg cells generated in the thymus [30, 47, 48], suggesting
that conversion did not occur. Further studies are needed to
resolve this issue.

4. Phenotypes and Suppressive
Mechanisms of TI-Treg Cells
4.1. Phenotypes of TI-Treg Cells. TI-Treg cells exhibit more
highly activated phenotypes than Treg cells in the peripheral
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blood and healthy tissue [49]. TI-Treg cells express high
amounts of distinct markers, including CD25, cytotoxic T
lymphocyte-associated protein 4 (CTLA-4), glucocorticoidinduced tumor necrosis factor receptor family-related genes
(GITR), programmed death-1 (PD-1), lymphocyte activation
gene-3 (LAG-3), T cell immunoglobulin and mucin domaincontaining-3 (TIM-3/HAVCR2), and inducible T cell costimulator (ICOS). These cells are CD44high, CD62Llow, and
CCR7low, indicating an eﬀector-memory phenotype [50].
TI-Treg cells have greater immunosuppressive activity
than other Treg cells, possibly due to stimulation by
TAAs. TAAs originate from self-antigens and bind more
strongly by Treg cells than by Teﬀ cells, as Treg cells have
higher aﬃnity TCR than Teﬀ cells, leading to preferential
activation of Treg cells.
The stability and suppressive function of TI-Treg are very
important in tumor growth. Several factors were recently
shown to be important in maintaining the stability and
suppressive activity of TI-Treg cells, either positively or negatively. The stability of TI-Treg cells and their ability to
potentiate immunosuppressive functions were shown to
involve the Sema4a-Nrp1 pathway, speciﬁcally in tumors
but not in other tissues [51]. Treg-speciﬁc deletion of Nrp1
was found to block tumor growth in several animal models
of cancer [51]. Molecularly, the Sema4a-Nrp1 interaction
inhibits Akt phosphorylation by phosphatase and tensin
homologue (PTEN), resulting in the nuclear localization of
Foxo3a [51]. PI3K is also important for the suppressive activity of TI-Treg cells. CD8 T cell activity was enhanced, and
tumor burden was reduced in Treg-speciﬁc PI3K p110δ-deﬁcient mice [52]. Foxo1 was also found to be important in regulating the generation of activated Treg cells in the TME.
Treg-speciﬁc Akt-insensitive mutant mice, in which Foxo1
is not repressed, show strong antitumor activity due to
lack of activated Treg cells, along with a concomitant
increase in intratumoral CD8 T cells [53]. NF-κB c-Rel
are also important in the suppressive activity of TI-Treg
cells. Treg-speciﬁc deletion of c-Rel reduces the expression
of activated Treg-speciﬁc marker genes, including Itgae,
Tigit, Klrg1, Il1r2, and Tnfsf8, as well as inhibiting tumor
growth in the B16F1 melanoma transplantation model;
however, these cells do not show an overt autoimmune
phenotype [54]. Helios was also shown to be important
in TI-Treg cell stability and suppressive activity [55].
Treg-speciﬁc Helios-deﬁcient cells enhanced antitumor
activity in the TME, whereas systemic Helios-deﬁcient Treg
cells did not. Helios-deﬁcient Treg cells increase IFN-γ
and TNF-α expression, indicating phenotypic conversion.
By contrast, TI-Treg cell activity is downregulated by
IFN-γ produced by Teﬀ cells in the TME. Nrp1-deﬁcient
Treg cells produce IFN-γ in the TME, with the resultant
IFN-γ reducing the suppressive activity of Treg cells without losing Foxp3 expression, a phenomenon called “Treg
cell fragility” [56].
TI-Treg cells show speciﬁc gene expression patterns. A
recent study compared the gene expression proﬁles of breast
cancer-inﬁltrating Treg cells with those of Treg cells in the
peripheral blood and normal tissue [41]. The overall gene
expression pattern of TI-Treg cells was closer to that of
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normal breast tissue-resident Treg cells than that of peripheral Treg cells, suggesting that the tissue surrounding the
tumor is the major determinant of Treg cell gene expression.
TI-Treg cells express a few distinct genes, including those
encoding chemokine receptor CCR8 and type I interferons.
A similar approach showed the upregulation on Tl-Tregs in
human cancers of gene-encoding surface markers [57],
including those encoding several immune checkpoint receptors, such as IL1R2, PD-L1, PD-L2, and CCR8. The levels of
expression of some of these gene products, including LAYN,
MAGEH1, and CCR8, were found to correlate with poor
prognosis. Further elucidation and characterization of TITreg-speciﬁc genes will help in precisely targeting these cells,
without compromising general Treg cell activity in other
parts of the body.
4.2. Suppressive Mechanisms of TI-Treg Cells. Although many
studies have assessed the mechanisms by which Treg cells
suppress immune responses in general, less is known about
the mechanisms by which these cells suppress antitumor
immunity. In addition, Treg cells acquire distinct immunomodulatory mechanisms when residing in diﬀerent
peripheral tissues [58]. Therefore, understanding TI-Tregspeciﬁc suppressive mechanisms is critical in developing
therapeutic strategies to treat cancers without aﬀecting Treg
functions in general.
In many types of human cancers, including hepatocellular
carcinoma, pancreatic cancer, and ovarian cancer, TI-Treg
cells suppress antitumor activity by secreting the antiinﬂammatory cytokines TGF-β and IL-10 and by upregulating the expression of inhibitory immune checkpoint
receptors, including CTLA-4, GITR, TIM-3, and ICOS
[7, 29, 59–64]. CTLA-4 has a higher avidity to B7.1 and
B7.2 on DCs than CD28 does, thereby preventing Teﬀ cell
activation. TIM-3, LAG-3, and PD-1 also inhibit Teﬀ cells
and CD8+ CTLs. TI-Treg cells induce the exhaustion of CTLs
characterized by ineﬃcient release of cytotoxic granules, low
expression of eﬀector cytokines, and expression of the
coinhibitory receptors PD-1 and TIM-3 [65]. These results
suggest that TI-Treg cells use mechanisms common to Treg
cells in general, as well as preferentially involving immune
inhibitory receptors [66].
IDO exerts an important immunosuppressive eﬀect in
tumors. Interactions between CTLA-4 and DCs can induce
the expression of IDO, resulting in the production of the
immunosuppressive metabolite kynurenine [67]. Kynurenine can support Treg cell diﬀerentiation but impairs T cell
cytotoxic activity [68, 69]. IDO is expressed at high levels in
tumors and other immunomodulatory cells, leading to
increased kynurenine levels in the TME and possibly enhancing Treg cell activity [70].
TI-Treg cells show high expression of CD39, which converts ATP into AMP, and of CD73, which converts AMP to
adenosine [66]. Adenosine is a powerful anti-inﬂammatory
factor that inhibits the function of immune cells by binding
to the adenosine receptor 2A (A2AR) on Teﬀ cells and
upregulates intracellular cAMP level [66]. Adenosine also
potentiates the diﬀerentiation, proliferation, and suppressor
activities of Treg cells and MDSCs [66].
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5. Immunotherapy Targeting TI-Treg Cells
Because Treg cells suppress antitumor immunity mediated
by CD8 and CD4 Teﬀ cells, immunotherapy targeting Treg
cell function in TME is being actively pursued. Methods to
target Treg cells include depletion of Treg cells, blocking
immune checkpoint receptors, recruitment of Treg cells,
and treatment of cells with inhibitory cytokines [66, 71, 72].
5.1. Depleting Treg Cells. CD25 is a well-known Treg cell
marker. Depleting Treg cells by targeting CD25 has yielded
conﬂicting results. The anti-CD25 monoclonal antibody
daclizumab was reported to have beneﬁcial eﬀects in patients
with glioblastoma and breast cancer [73, 74] but was reported
to have a marginal eﬀect in metastatic melanoma [75]. Similarly, the IL-2-diphtheria toxin fusion protein denileukin
diftitox was eﬀective in patients with renal cell carcinoma
(RCC) [76] but had an adverse eﬀect in metastatic melanoma
[77]. Possible reasons for these conﬂicting results are the
eﬀect of these drugs on Teﬀ cells, the rapid repopulation by
Treg cells upon drug withdrawal, or the nonrecognition of
Treg cells by immune conjugates following treatment with
denileukin diftitox. Recently, CD25 was found to be preferentially expressed in tumors in vivo [78]. The commonly
used rat IgG1-depleting antibody PC-61 does not eﬀectively
deplete Treg cells in tumors, because it binds to inhibitory
FcγRIIb. Treatment with Fc-optimized anti-CD25 antibody
(i.e., the Fc region of PC-61 was replaced by murine IgG2a
and κ constant region) resulted in the eﬀective depletion of
Treg cells and an increase in the Teﬀ-to-Treg ratio, leading
to tumor regression and increased survival [78].
5.2. Immune Checkpoint Inhibitors. CTLA-4 is an immune
checkpoint receptor highly expressed in Treg cells. Immune
checkpoint receptors are immune inhibitory receptors that
are often highly expressed in the TME [79]. The rationale
for using immune checkpoint inhibitors is to block inhibitory
signals to Teﬀ cells and restore their antitumor activity.
Immune checkpoint inhibitors showed signiﬁcant activity
in clinical trials of patients with melanoma, nonsmall cell
lung cancer (NSCLC), and RCC [80–83]. In recent years, four
immune checkpoint inhibitors have been approved by the
FDA for the treatment of metastatic melanoma, NSCLC,
advanced RCC, and Hodgkin’s lymphoma: monoclonal antibodies targeting CTLA-4 (ipilimumab and tremelimumab)
and PD-1 (nivolumab and pembrolizumab).
Mechanistically, anti-CTLA-4 was ﬁrst thought to
prevent Treg cells from intercepting costimulatory signals
from DCs, resulting in DC-induced Teﬀ cell activation
and proliferation. Ipilimumab and tremelimumab induce
signiﬁcant activation and expansion of Teﬀ and CD8 T
cells [84–88]. The eﬀect of ipilimumab was recently substantiated by depleting Treg cells via antibody-dependent
cell-mediated cytotoxicity (ADCC) [89]. However, tremelimumab, which does not have ADCC activity, had a similar
therapeutic eﬀect, suggesting that Treg depletion may not
be the main mechanism of ipilimumab.
Another Treg-speciﬁc marker GITR is also a target for TITreg cells. Unlike in Treg cells, GITR acts as a costimulatory
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molecule in Teﬀ cells, suggesting a beneﬁcial eﬀect in cancer
therapy. In animal models, anti-GITR antibody induced
antitumor activity by increasing Teﬀ cells [90]. Combined
treatment with anti-GITR and anti-CTLA-4 antibodies
synergistically induced antitumor activity in human
patients [91]. OX40, a member of the TNF receptor
family, has a mechanism of action similar to that of GITR;
that is, anti-OX40 antibody stimulates Teﬀ cells but
inhibits Treg cells. Anti-OX40 antibody enhanced CD8 T
cell-mediated antitumor immunity in animal models of
cancer [92]. Antibodies against GITR and OX40 are now
in clinical trials [93].
Combining Treg cell depletion with immune checkpoint inhibitors resulted in a synergistic eﬀect in an animal model of Claudin-low breast cancer, a subtype of
triple-negative breast cancer [94]. Treg cell depletion and
immune checkpoint inhibitors each had little eﬀect on
tumor growth, whereas their combination greatly reduced
tumor burden [94].
5.3. Blocking Treg Cell Recruitment. Inﬁltration of Treg cells
into tumors is a prerequisite for their activity. TI-Treg
cells express a variety of chemokine receptors, including
CCR4, CCR5, CCR6, CCR7, CCR10, CXCR3, and CXCR4,
and migrate eﬃciently in response to tumor-derived chemokines [23, 95, 96].
CCR4 is preferentially expressed on TI-Treg cells rather
than on Teﬀ cells [25], with the CCL17/22-CCR4 axis playing
an important role in lymphomas and in breast, lung, ovarian,
gastric, and prostate cancers [23, 95, 96]. A monoclonal antibody targeting CCR4 has shown promising results, eﬀectively
depleting Treg cells, both in vitro and in clinical trials in
human cancer patients [96, 97].
CXCR3+ Treg cells selectively accumulate in ovarian
cancer and block the interactions between CXCR3 and its
ligands CXCL9, CXCL10, and CXCL11, thereby suppressing
tumor growth [98].
5.4. Blocking Inhibitory Cytokines. Because the TME is rich in
immunosuppressive cytokines that strengthen the activity of
TI-Treg cells, neutralizing these cytokines may reestablish
eﬀective antitumor immunity. Genetic ablation or blocking
of IL-10 or TGF-β signaling results in tumor regression
[99–102]. In addition, neutralization of IL-35 or Tregspeciﬁc deletion of IL-35 was found to enhance antitumor
T cell responses and reduce tumor growth in various mouse
tumor models [103]. Interestingly, IL-35 produced by Treg
cells promoted the expression of several inhibitory receptors,
including PD-1, TIM-3, and LAG-3, leading to T cell exhaustion. The higher numbers of IL-35-expressing Treg cells
present in tumors than in spleen can be exploited for
tumor-speciﬁc blockade of Treg cell function without aﬀecting Treg function in general [103].

6. Conclusions and Perspective
In recent years, tumor immunotherapy has drawn much
attention because of its speciﬁc targeting ability and reduced
side eﬀects. Targeting Treg cells in cancer treatment was
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hampered by a lack of knowledge of the properties of TITreg cells. Understanding the phenotypic and functional
properties of Treg cells is essential to eﬀectively and speciﬁcally target TI-Treg cells in cancer therapy without
compromising immune homeostasis in general. Future
studies should include a search for TI-Treg-speciﬁc genes
in human cancers and elucidate their roles in tumor progression. Treg cells are heterogeneous, with diﬀerent functional
properties. Similarly, TI-Treg cells likely have distinct
functional properties depending on their TME, as tumors
have diﬀerent environments. Treg cells may preferentially
use limited suppressive mechanisms that best ﬁt their environment. Studies of cancer-speciﬁc suppressive mechanisms,
including causative factors, interactions with other cells in
the TME, and their functional signiﬁcance, are warranted.
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