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Respiratory diseases compromise the health of millions of people all over the world and are strongly linked to the immune
dysfunction. CD4+FOXP3+ T regulatory cells, also known as Tregs, have a central role maintaining tissue homeostasis during
immune responses. Their activity and clinical impact have been widely studied in different clinical conditions including autoimmune
diseases, inflammatory conditions, and cancer, amongst others. Tregs express transcription factor forkhead box P3 (FOXP3), which
allows regulation of the immune response through anti-inflammatory cytokines such as IL-10 or transforming growth factor beta
(TGE-p) and direct cell-to-cell interaction. Maintenance of immune tolerance is achieved via modulation of effector CD4+ T helper
1, 2 or 17 (Thl, Th2, Th17) cells by Tregs. This review highlights the recent progress in the understanding of Tregs in different

disorders of the respiratory system.

1. Introduction

The role of regulatory T cells (Tregs) and their different sub-
populations in pulmonary diseases, has been studied exten-
sively. Imbalances in these subpopulations have been linked to
changes in clinical outcomes in different pulmonary condi-
tions, including chronic obstructive pulmonary disease
(COPD), asthma, sarcoidosis, pulmonary fibrosis, and lung
cancer [1-3]. Changes in the local inflammatory milieu may
add to altered Treg concentration and/or function in the air-
ways. While in the abundance of regulatory T cells can have a
detrimental effect in allergic airway hyperreactivity [4]; adop-
tive transfer of iTreg cells can inhibit allergic inflammation and
hyperreactivity [5, 6]. Similar patterns have also been observed
in studies from mouse models [3, 7, 8]. Evidence suggests that
variations in cell-mediated responses, regulated by regulatory
T-cells, have a direct role on the pathogenesis of different air-
way diseases that arise following noxious stimuli exposure [9].

Here we review some of the mechanisms associated with
physiological and pathological states of this cell type. A sum-
mary of latest findings in relation to the maintenance of pro-
tection from pulmonary disorders including severe asthma,
chronic obstructive pulmonary diseases (COPD), lung cancer,

idiopathic pulmonary fibrosis, lung cancer and sarcoidosis, is
included.

1.1. Overview of Tregs in Physiological and Pathological
States. Tregs constitute a small subpopulation of CD4+ T cells
that maintain homeostasis under multiple immune scenarios.
These cells develop either naturally (nTregs, developed in
the thymus) or after peripheral induction (iTregs, arising
in peripheral circulation from conventional T cells). They
are characterized by the presence of CD4 and CD25 surface
biomarkers, account for 1-4% of circulating CD4+ lymphocytes
[10] and often exhibit a high degree of cell plasticity, regulated
by a complex network of transcription factors [11]. Although
several details in the role of Tregs remain to be described,
their activity occurs primarily via modulation of effector T
cell activity, allowing optimal function of the T-cell receptor
signaling process [11].

Aberrations in function or count of Tregs are a feature of
autoimmune diseases and amplifying functional Tregs ex vivo
makes them ideal nominees for autologous cell therapy to treat
human autoimmune diseases [12]. The expression of tran-
scription factor forkhead box P3 (FOXP3) allows Treg cells to
counterbalance autoimmune responses through secretion of
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a series of anti-inflammatory cytokines, including IL-10 and
transforming growth factor beta (TGF-f) [10]. Although Treg
cell populations are generally stable [13], during inflammatory
or pathologic conditions some subpopulations become
unstable, diminish FOXP3 expression and further differentiate
into common effector Tcell population subtypes (termed
“ex-Treg cells”) [14]. Unstable Treg populations are character-
ized by a low CD25 expression and may represent a newly
developed cell lineage that is not entirely dedicated to the Treg
lineage, but still retains certain plasticity [15, 16].

Other molecular pathways associated with decreased
stability and changes in FOXP3 expression in pathological
states include suppressor of cytokine signaling 1 (SOCS1),
which is highly expressed in Tregs and plays a role in main-
taining suppressive functions of nTregs [17, 18]. Suppressive
role, particularly over Th2 and Th17 responses have been pro-
posed to involve GATA3- and RORyt- gene expression [19].
The relation between Tregs and Th17 cells is mediated by cer-
tain cytokines, including IL-6 which induces naive T cells into
the Th17 phenotype [20].

Tregs have several membrane receptors that allow chem-
otaxis, for instance, CCR4, CCR5, CCR7, and CCR8 have been
identified as important in the recruitment to either the lung
or lymphatic tissue, where regulatory action following allergen
challenge is performed [21]. Other compounds, such as sphin-
gosine 1-phosphate (S1P) immunomodulator receptor agonist
(FTY720) are also involved in Treg chemotaxis. Activation of
this molecular pathway results in an increased sequestration
of regulatory T cells in the spleen, reducing recruitment at
sites of inflammation [22]. These molecules are often thought
as potential therapeutic targets in an attempt to manipulate
migration of Tregs to the lungs, limiting inflammation.

In summary, Tregs have different effector mechanisms that
act conjunctively to attain balance between different T cell
subsets (Th1, 2, and 17) (Figure 1). Dysfunction at any level
of the different biomolecular pathways within the regulatory
cell population may lead to an overactive immune system. A
summary of prominent Treg studies in both mice and human
is provided in Table 1. Such imbalance eventually causes fur-
ther development of effector responses to harmless antigens
leading to the development of inflammatory conditions in the
lungs.

2. Regulatory T-Cells in Pneumonia

About over one million people seek medical attention for
pneumonia and other complicated lower respiratory tract
infections yearly in the United States [23]. Despite advances
in health care policies, vaccinations and antibiotic therapies,
amongst others, it is still a major cause of morbidity and mor-
tality [23]. Pneumonia is most commonly by viral or bacterial
agents, although fungal and parasitic species may also be
responsible. Recent efforts have been made in trying to under-
stand immunomodulatory mechanisms behind the pathogen-
esis of pneumonia.

T cells play a critical role in pulmonary host defense
against pathogens. Inadequate T cell response, as demon-
strated by imbalances in T cell subpopulations, can lead to
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increment in the susceptibility and infection dissemination,
as demonstrated in animal models. Some of the proposed
mechanisms behind this theory include potential lung tissue
injury secondary to unregulated T cell activity [24]. Treg
depletion has been demonstrated to play an important role in
the pathogenesis of Chlamydia pneumonia infection via anti-
gen sensitization [25]. Also, this population plays a protective
role against pneumococcal pneumonia through mechanisms
that involve TGF-f8 pathways. This resistance may be enhanced
by administering T regulatory cells or inhibited by blocking
the activity of such [26]. Interestingly, Tregs do not have a
direct impact in the host response against Pseudomonas aerug-
inosa pneumonia [27]. Other studies have used respiratory
syncytial virus models to reveal that depletion of Treg-cell may
result in delayed migration of CD8" T-cell subpopulations
[28]. Similar results have been seen in studies using Influenza
A virus models in mice, were infected individuals present an
intense induction of Foxp3(+) CD4(+) T cells. However, no
significant impact in mortality, viral clearance or lung tissue
cellularity has been demonstrated [28, 29].

Despite promising results in animal and in vitro models,
the lack of clinical data in human studies limits therapeutic
applications. In the future, more studies are expected to help
determine how these new findings can be used as a therapy to
decrease the pathogen burden.

3. Role of Tregs in Pulmonary Parasitic
Infections

Parasitic infections of the lung occur in both immunocompe-
tent and immunocompromised patients and may affect the
respiratory system [30]. It is known that parasitic infections
can cause gastrointestinal, respiratory, and ophthalmologic
disease. Human African trypanosomiasis (HAT) or sleeping
sickness is caused by extracellular protozoan parasites belong-
ing to Trypanosoma sp. and HAT remains a risk to more than
60 million people in 36 sub-Saharan countries. Significant
thickening of the bronchial walls accompanied by inflamma-
tory reactions has been observed due to Trypanosoma sp. par-
asite infiltration in animal infection models [31]. These
pathologies can cause lung damage causing pulmonary alve-
olar hemorrhage, bronchiolitis, and pneumonitis and even
pulmonary hypertension caused by Trypanosoma cruzi [31].
Our recent work has shown that low dose Trypanosoma con-
golense infection can enhance cytokines such as interleukin-10
(IL-10), IL-6, IL-12, tumor necrosis factor alpha (TNF-a),
transforming growth factor 8 (TGF-f3), and gamma interferon
(IFN-y) by spleen and draining lymph node cells that can dis-
play increased T regulatory cells which leads to increased
susceptibility to reinfection to parasitic infection in animal
model [32]. Also, we reported that depletion of Tregs by
anti-CD25 monoclonal antibody treatment during primary
infection or before challenge infection resulting in repeated
low-dose infection completely eliminated the low-dose-
induced enhanced susceptibility [32].

Also, parasites such as Strongyloides stercoralis, Schistosoma
haemaetobium, and Echinococcus spp. have been associated
with down-regulation of T lymphocyte functions including
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FIGURE 1: Potential mechanistic role of Treg function in airway inflammation. (a) An unknown airborne antigen activates dendritic cells.
Infiltration of T cells, Th17 (1L-17 production) and Tregs cells at the site, may sometimes cause imbalance in Th17/Treg population. Cytokines
like IL-1f and IL-6 may inhibit TGF-f production and can further downregulate Treg activity. (b) Higher TNF-R2 expression mainly due to
IL-2 and TNF-« activation is associated with sarcoidosis. ICOS-L on ILC2 engages with ICOS on Tregs enhancing immune regulation. Optimal
level of STAT1 within the cell is required for proper regulation of Thl cells by Treg lymphocytes. Circulating T regs inhibits TH2 cytokine
production that otherwise leads to uncontrolled proliferation of pro-inflammatory cell lineages and airway hyperresponsiveness. Increased
levels of TGF-f8 and IL-10 are compatible with increased Tregs. Regulatory T cells also express galectin-9 that can limit the adaptive immune
response, in particular, T cell response, while promoting the expansion of regulatory cells. Inflammatory cytokines such as TNF-«a and IL-6
can act as a driving factor for the generation of IL-10-producing Tregs through ICOS/ICOS-L interactions. Therapeutic strategy for allergic
inflammation that engages MaR1-conditioned Tregs to control ILC2 and CD4+ T cell effector functions. Alternatively, specific regulatory T
cells can be suppressed with pleiotropic cytokine Activin-A and acts as a critical controller of allergic airway disease and also suppresses Th

responses through regulation of DC function and decreased DC maturation.

enhancement of T cell apoptosis and self-inactivation via a
T-cell exhaustion phenomena [33]. Strongyloidiasis is more
common in tropical countries. This nematode penetrated the
skin as filarform larvae, enter to the blood stream and migrate
to heart and lungs. Once in the lungs they migrate to alveoli
to subsequent ascent to the airway up to the upper gastroin-
testinal tract to finally being swallowed and settle in the small
intestine [30]. Studies in mice have shown that Foxp3" Treg
numbers increase rapidly during infection with the nematode
Strongyloides ratti. Also, same study showed that the infection
by S. ratti dramatically reduce when Tregs are suppressed [34].

Schistosomes species such as S. mansoni, S. haematobium,
and S. japonicum have been also associated with pulmonary
infections. Humans are infected by cercariae during contact

with fresh water. The organisms enter the circulation and pass
through the heart, lungs, and then the liver to reach the target
venous plexus. Chronic schistosomiasis in the venous plexus
can cause hepatosplenomegaly and portal hypertension that
can lead increased pressure in the venous pulmonary system
and cause pulmonary hypertension. Current literature has
proved that elevated levels of Tregs lymphocytes have been
reported during chronic human schistosomiasis. An ex-vivo
study in peripheral blood monuclear cells (PBMC'’s) of S. man-
soni-infected individuals concluded that the removal of Treg
from the mononuclear cells leads to increased levels of phy-
tohemagglutinin (PHA)-stimulated interferon gamma (IFNy)
production and decreased interleukin-10 (IL-10) responses.
In the past, IL-10 has been correlated with control of
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TaBLE 1: The role of regulatory T cells and different immunological biomarkers in regard to different respiratory diseases. “M” accounts for

mouse models and “H” for human models.

. . Biomarker
D : h
isease: mechanism sp. studied Reference
Asthma
FoxP3
T-reg cells from patients with allergic asthma have lower expression of FoxP3, XCL1 and XCR1, XCL1
leading to suboptimal inhibitory function. Also, impaired chemotactic response to CCL1 H XCR1 (79, 81, 122]
correlates with asthma severity.
CCL1
Increased bronchial density of T-regs, effector T cells, proliferative T cells and activated CD8+ T CD4+
cells in asthmatics exposed to occupational noxious stimulus shows that both the effector T cells H [83]
s 1 . . CD8+
and the inhibitory T-reg, system are activated in asthma.
Airway hyper-reactiveness is modulated by regulatory T cells through induction of TGF-p. TGF-B
Regulatory T cells, modulate lung eosinophilia and Th2 response in allergen-induced airway M IL-5 [77,123]
inflammation. IL-13
Drugs targeting IL-5 decrease asthma exacerbation rate by up to 50% in patients with eosino-
e H IL-5 [124]
philic phenotype.
COPD
IL-17
During COPD exacerbations, increased proportions of pro-inflammatory T-reg subpopulations IFN-y
and decreased proportion of suppressive T-regs are observed. Higher Th17 cell counts are also H TGEF-p (55, 64-66]
observed, decreasing the T-regs/Th17 ratio. Elevated regulatory T-cells are observed in IL-10 ’
pulmonary lymphoid follicles. CD62L
FoxP3"
IL-10
Regulatory T cells are present in lower counts in the small airways of patients with COPD as
H IL-17 [56]
compared to healthy controls.
TGE-B
Caveolin-1 pl fal role in the imbalance between Th17 and T lations i cav-l
aveo 1n—1. plays a crucial role in the imbalance between Th17 and T-regs. Populations in H TGF-B 62]
patients with COPD.
IL-17
Peripheral blood T-regs from COPD have an impaired function to suppress CD4+ T-cell H Foxp3™ CD4+ (60]
activation when stimulated in vitro. CD45RO+
IL-17A
Proportion of circulating T-regs in COPD patients decreased significantly following long-term H IL-8 (67]
treatment with bronchodilators and inhaled steroids. TNF-a
IL-10
IPF
SEMA7A
TGF-f1
: . o o . IFN-y
Higher expression of Semaphorin 7a is observed on regulatory T cells from individuals with IPE. ~ H/M L4 [117]
IL-10
IL-17A
Individuals with IPF have lower proportions of regulatory T cells in bronchoalveolar lavage and TNF-«
. e 11 . . [108,112]
peripheral blood and these have limited inhibitory activity. Low T-reg cell counts are inversely H IFN-y
correlated with disease severity. Ki-67
Lung cancer
High ions of circulati latory T-cell I ients. Th {110
igher proportions of circulating regulatory T-cells are present on lung cancer patients. These H TGE-B [98, 125]
are associated to worse clinical outcome.
IEN-y
Tumor production of PGE, via COX-2 induces regulatory T cell activity by increasing expres- M/H COX-2 &
sion of FoxP3. A positive correlation exists between the degree of Treg infiltration and COX-2 PGE, [126, 127]
expression in NSCLC tumor samples. Recurrence free survival decreases with higher COX-2 EP2& 4R ?
expression. FoxP3
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TaBLE 1: Continued.

Disease: mechanism Sp. Biomarker Reference

studied
Sarcoidosis
Higher counts of Th17 lymphocytes and lower counts of T-reg. Cells are observed in peripheral

. . o H ROR-yt [42]
blood samples of patients with sarcoidosis.
IL-2

IL-17A

TGF-p1
Circulating regulatory T cell counts are increased in sarcoidosis patients, however these have
. . ry Lt _— ) , : H IL-6 [43, 128]
inefficient suppressive ability. Levels are reduced significantly following corticosteroid therapy. IEN

-y
IL-10

CCL20
A higher ratio of T-helper to T-suppressor cells are observed in the airways of patients with
sarcoidosis. These imbalances lead to granuloma formation. Bronchial T-regs in active sarcoido- H ICOS ICOS-L [38, 39]
sis highly express ICOS.

pathogenesis, reduction of morbidity and prolonged survival
in human schistosomiasis [35]. The authors also found that
Foxp3+ Tregs appear to be one of the key players in
immune-regulatory processes favoring metacestode survival
by affecting antigen presentation and suppressing Th1-type
immune responses [35].

Other common worldwide distributed parasite that has
been related with pulmonary involvement is Hydatid disease
caused by larvae Echinococcus tapeworm species with dogs
being the definitive host. However, when humans become
accidental intermediate host after eating food contaminated
with eggs, the larvae migrate from the gastrointestinal tract to
the bloodstream to finally migrate to the liver. Although most
cysts form in the liver, 20-30% form in the lung causing a
lethal disease [30]. A study using the spleen of mice infected
by Echinococcus there was evidence of Foxp3 and IL-10 mRNA
expression increment. The authors suggested that suggest that
affecting Foxp3" Tregs could offer an attractive target in the
development of an immunotherapy against AE.

3.1. Role of Tregs in Sarcoidosis. Sarcoidosis is a systemic
granulomatous disease that often affects the thoracic cavity.
Nonnecrotizing granulomas are formed that are primarily
characterized by type 1 T-helper cells and giant multinucleated
cells [36], are stimulated by an uncontrolled T cell-mediated
inflammatory response to an antigen [37]. Traditionally,
sarcoidosis patients exhibit a predominance of Thl type
cytokines. Hence, adequate disease control often depends
on the activity of highly potent Tregs [38]. Individuals who
lack sufficient numbers of suppressor cells to modulate the
function of lung T helper cells, are at high risk of developing
deteriorating pulmonary function [39]. Imbalances between
circulating or airway Th17 cells and Tregs cells may be involved
in the pathogenesis of sarcoidosis. However, this subject
remains controversial in current literature [40-42]. Increased
levels of Treg cells in bronchoalveolar lavage fluid (BALF)
and sputum samples from patients with active pulmonary
sarcoidosis have been described [40]. Yet, these cells often
exhibit poor suppressive ability and anergy, as demonstrated
by lower levels of IL-2 and IFN-y [43]. Others have reported

decreased Tregs and increased Th17 cells in peripheral blood
and BALF samples in this patient population [41]. Individuals
who progress into chronic stages of the disease often exhibit
reduced Treg counts in BALF, different from those who achieve
spontaneous resolution [44].

Alterations in Treg counts in sarcoidosis patients are
attributed to a dysregulated signaling network among Tregs
and Th1 cells which include pathways associated to JAK/STAT
interactions and TGEF-f, IFN-y and IL-2 cytokines [36].
Optimal levels of signal transducer and activator of transcrip-
tion factor 1 (STAT1) within the Treg cell are required to reg-
ulate Th1 cells [36]. IL-10 and TGF-f are also induced by
inducible T-cell costimulatory phenotype (ICOS1), which is
highly expressed in Treg subpopulations isolated from BAL
samples during periods of high disease activity. Since ICOS1™
favors immunomodulation, it has been proposed as a potential
target for disease control in this patient population [45].

Other molecular targets that have been identified to be
potentially dysfunctional in Tregs from patients with sarcoido-
sis include ICAM-1 and Galectin-9. Studies in mice have
demonstrated that ICAM-1 deficient Tregs are unable to pro-
duce adequate levels of IL-10, hence favoring the granuloma
formation [46]. Similarly, a dysfunctional interaction between
membrane proteins Galectin-9 and T-cell immunoglobulin
and mucin-domain (TIM)-containing molecules, in regula-
tory T cells is associated with an exaggerated Th1 response
[47]. Other deficiencies in Tregs related to sarcoidosis devel-
opment include mutations in genes BTNL2 and ANXAI1
whose gene products have anti-inflammatory and immune
regulatory properties via modulation of tumor necrosis factor
[48]. Interestingly, mutation in ANXA1 impairs apoptosis of
inflammatory cells which leads to persistent inflammation and
maintenance of granulomas [48, 49].

Several treatment strategies have been proposed for sar-
coidosis. First-line therapies are based on systemic steroids,
second-line agents include methotrexate (MTX) and azathi-
oprine and third-line options consist of monoclonal antibodies
targeted specifically at tumor necrosis factor-alpha (TNF-a)
[50]. Therapy with systemic corticosteroids enhances suppres-
sor lymphocyte activity as demonstrated by their increased



adherence to macrophages [42]. Similarly, therapies that target
inhibition of TNF-a compensate the deficiency in Treg count
and differentiation [51]. Infliximab therapy diminishes Treg
count and lowers TNF receptor 2 expression on Tregs, origi-
nally increased in sarcoidosis [52]. Increased understanding
about their mechanisms of action may add to the quest for
new therapeutic targets.

4. Role of Tregs in Chronic Obstructive
Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is character-
ized by chronic inflammation and destruction of the small
airways and lung parenchyma [53]. Complex immune patho-
logical processes involving several cell populations from dif-
ferent lineages have been described in the development of
this disease [54]. Regulatory T cells have a central role in the
pathogenesis of COPD [55]. Although their presence in the
airways of patients with COPD has been documented [55, 56],
controversy still remains when determining subpopulation
changes during pathological states. Different studies analyzing
cellular populations in BAL fluid samples have described
decreased counts of regulatory T cells in the airways of patients
with COPD [56, 57]. However, others have reported higher
levels of Tregs in BAL fluid from similar patient groups [58].
Interestingly, regulatory T cells from bronchial samples, when
present in excessive amounts, have impaired regulatory func-
tion, as demonstrated by a decreased expression of FOXP3
and CD27 biomarkers [58, 59]. This phenomenon is related
to reduced levels of TGF-f in the airways of these patients,
which induces the immunosuppressive activity of Treg cells
[56]. Decreased regulatory T-cell activity may also explain why
BAL samples from smokers and COPD patients have higher
proportions of pro inflammatory B and T cell populations [56].

The relation between different circulating regulatory T cell
subpopulations is often altered in COPD patients [55]. These
populations also demonstrate impaired function as they fail
to suppress CD4+ T-cell activation when stimulated [60].
Abnormally high circulating immunological markers, includ-
ing C-reactive protein, IL-6, IL-8, and TNF-« have been asso-
ciated with decreased pulmonary function in COPD patients
[61]. Alterations in the expression of regulatory protein
Caveolin-1 play a crucial role in the imbalance between Th17
and Treg populations in this patient group [62]. Patients with
smaller proportions of resting regulatory Tregs and higher
counts of cytokine secreting T-cell subtypes, are associated
with increased IL-17 and IFN-y concentrations [55]. Decreased
Treg counts and FoxP3 expression have been correlated with
increased COPD severity [63]. Alterations in the relation
between regulatory T cells and Th17 cells occur particularly
during acute COPD exacerbations, when substantial increases
in IL-17 are observed [64].

Paradoxically, others have described increased activity of
Tregs in COPD patients, as demonstrated by increased levels
of circulating TGF-f and IL-10 [65]. This suggests that regu-
latory T cells may have a dual role in the pathogenesis of
COPD. While deficient Treg activity may lead to chronic
inflammation caused by unopposed effector cells, Treg
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overactivity may be responsible for a permissive immune sys-
tem that favors pathogen colonization of the airways [65].
These processes are also present in extrapulmonary tissues,
including lymphatic nodes. Increased regulatory T-cell counts
in pulmonary lymphoid follicles lead to a higher suppression
of cell mediated immunity (involving CD8+ effector T cells)
[66]. Such alterations account for the higher risk of recurrent
exacerbations that are caused by bacterial infections in COPD
patients [66].

From a pharmacological standpoint, imbalances in regu-
latory T cell populations in COPD patients may be modulated
when different therapies are applied. In general, Treatment
with inhaled [2-agnosits, anticholinergics and steroids
decrease the level of pro-inflammatory cytokines (IL-8, IL-17
and TNF-«) in COPD patients [67, 68]. This effect is attributed
to an increase in the population of circulating and bronchial
regulatory T-cells and a decrease in the counts of other effector
T cell populations [67, 68].

Functional alterations in regulatory cell population lead
to immunological dysfunction, as evidenced by abnormal
changes in levels of different pro-inflammatory and regulatory
cytokines. These alterations are further confirmed by changes
in the relation between regulatory, myeloid-derived suppres-
sive and effector T cells [65, 69]. Consequently, COPD patients
often have abnormalities in the airway microbiome [70] which
may increase the risk of frequent exacerbations due to infec-
tions [65]. Altogether, regulatory T-cells likely play an impor-
tant role in the pathogenesis of COPD. Controversy still exists
regarding how this cell population may be increased or
decreased during certain periods of the entire disease course.

5. Regulatory T-Cells in Asthma

Asthma is characterized by chronic airway inflammation that
leads to a variety of symptoms that are often reversible and
have variable intensity and duration [71]. Although different
phenotypes have been described, allergic asthma is the most
common. In this condition, allergen exposure triggers an exag-
gerated Th2 response which unchains severe airway inflam-
mation and bronchial wall hyper-reactivity [72]. This
exaggerated response is partially attributed to a defective Th2
modulation by regulatory T-cells and an ineffective interaction
between Tregs and antigen presenting cells [5, 73-75].
Circulating Tregs from individuals with allergic phenotype
asthma have a reduced ability to inhibit production of Th2
cytokines (IL-5 and IL-13). This defective regulation of the
Th2-type immunity is responsible for an uncontrolled prolif-
eration of proinflammatory cell lineages and airway hyper
responsiveness following allergen exposure [76, 77].
Interestingly, equal or higher proportions of circulating reg-
ulatory T cells have been described in this patient population
[78, 79]. Despite high counts, these cellular populations have
a limited inhibitory activity, as demonstrated by reduced
FOXP3 expression [78, 79] and decreased chemotactic
response (when stimulated with CCL1) [80]. Suboptimal
chemotactic response in this cell population is correlated with
symptom severity referred by patients [80]. Additionally,
regulatory T cells isolated from BAL and peripheral blood
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FIGURE 2: Immunotherapies available to treat different respiratory diseases. VEFG: vascular endothelial growth factor, FGF: fibroblast growth
factors, PDGF: Platelet-derived growth factor, MUCI: human glycoprotein mucin 1, CTLA-4: cytotoxic T-lymphocyte-associated protein 4,
PD1I: programmed cell death protein 1, and PD-L1: programmed death-ligand 1.

from patients with allergic asthma have lower expression of
XCL1 and XCR1, which is associated with a suboptimal
inhibitory function [81].

Defective regulatory T-cell activity plays a leading role in
allergen-induced inflammation as these cells can modulate
airway eosinophilia, Th2 cellular subpopulations and cytokines
(primarily IL5, IL13, and TGF-f) [5]. Patients with atopic
asthma have decreased regulatory cell counts in bronchoalve-
olar lavage fluid, likely why the regulatory activity over effector
cells is suboptimal [82]. In cases of asthma associated with
occupational exposure, increased bronchial density of regu-
latory T cells have been identified. However, these have been
described along with higher concentrations of effector T cells,
proliferative T cells and activated CD8+ cells, suggesting that
the inhibitory role of these cells is ineffective [83].

Therapeutic efforts have been directed at developing dif-
ferent pharmacologic strategies that target the immune sys-
tem, particularly regulatory T cells [84, 85]. The modulatory
role of regulatory T-cells in allergen-specific immunotherapy
has been described in mouse models [85]. Allergen-specific
immunotherapy increases the expression of FOXP3 and the
production of IL-10 in regulatory cells, while inducing a Th1
response [78, 85, 86]. Immunotherapy also normalizes the
relationship between T-regs and other T-cell populations [87].
Other pharmacological strategies have been directed at mod-
ulating exaggerated Th2-type response with the use of anti-IL-5
monoclonal antibodies (mepolizumab, reslizumab, and ben-
ralizumab) in patients with asthma (Figure 2). Anti-IL-5 mon-
oclonal antibodies have the potential to reduce the incidence
of asthma exacerbations by 50% while improving the FEV1
[88]. Other monoclonal antibodies, like anti-immunoglobulin

E (Omalizumab) is now recommended in guidelines as an
alternative for patients with uncontrolled allergic asthma
despite maximal therapy [71]. Lastly, treatment with inhaled
corticosteroids in children successfully raises the levels of reg-
ulatory T cells in BALF and peripheral blood [82].

6. Lung Cancer

Lung Cancer is the first cause of cancer deaths in males and
the second in females worldwide [89]. The pathophysiology of
this entity is very complex and not entirely understood.
However, a growing body of evidence suggests that different
branches of the immune system are intimately related. Recent
studies have elucidated some of the molecular and biochemical
pathways in this entity, highlighting the role of a surrounding
microenvironment created by noncancerous cells [90, 91].
Regulatory T cells have a central role in this setting, where they
downregulate the antitumor function of cytotoxic CD8+ T
cells, promoting tumor growth, survival and anti-apoptotic
activity via up-regulation of numerous genes [92]. Abortive
activation of immune cells occurs primarily via activation of
the nuclear factor kappa-light-chain-enhancer in activated B
cells (NF-«B) [93] and through the activity of cyclooxygenase-2
derived products (prostaglandin E2) [94].

The end-product is a tumor-surrounding microenviron-
ment rich in multiple cytokines including TGF-f1 and IL-2.
Bronchoalveolar lavage fluid samples from patients with pri-
mary lung cancer exhibit higher level of TGF-f1 as compared
to the healthy subjects [95]. Similarly, patients with non-small
cell lung cancer (NSCLC) display higher levels of IL-2 as



compared to healthy controls [96]. Both IL-2 and TGF-f1 are
known stimulators of differentiation of Tregs in lung cancer
[97]. This stimulus of the Tregs results in subsequent increase
in IL-10 and TGF-$ production, which in turn, inhibit the
cytotoxic antitumoral responses. Hence, Tregs are associated
with suppression of antitumor immune response, self-toler-
ance and rapid progression of the disease [98]. Patients with
higher proportion of intra-tumoral Tregs are associated with
a higher risk of recurrence after tumor resection [90]. A high
ratio of stromal FOXP3 to CD3+ cells, favors a pro-tumor
environment and predicts cancer progression [99].
Interestingly, patients with low tumor FOXP3 expression and
high Treg count have a significantly worse overall survival
[100]. These results suggest that tumor FOXP3 expression
could be used as a high-fidelity prognostic potential in
NSCLC [100].

In direct cell-cell mechanism, Tregs interactions can cause
immunosuppression and have been previously described and
are considered to play an important role in tumor growth and
regulation. Briefly, In the perforin/granzyme apoptosis mech-
anistic pathway, activated Treg cells attack target cells such as
T lymphocytes and APC (antigen presenting cells) through
the secretion of perforin and granzyme A. These enzymes are
responsible for the formation of pores and hydrolysis of pro-
teins and the ultimate outcome of this interaction is cellular
death [101, 102]. Another mechanism of immunosuppression
occurs through the interaction between cytotoxic
T-lymphocyte-associated antigen 4(CTLA4) and APC.
CTLA4+ Treg cells induce the expression of the enzyme
2,3-dioxygenase (IDO) in APC. IDO degrades, and depletes
tryptophan levels, causing T-lymphocyte apoptosis [102, 103].
Also, B7-H4 molecule (B7x, B7S1) [104], expressed on lung
APC’s induced by Tregs is known to cause a stall in the cell
cycle of T lymphocytes rendering them inactive [102].
Cytokine mediated responses or cell-cell interaction by the
mechanism aforementioned lead to down-modulation of the
immune response, which in the context of neoplasia, promotes
a microenvironment for unopposed tumor growth and
proliferation.

In summary, Tregs suppress the function of various
immune cells allowing cancer cell proliferation, through
mechanisms that include direct cellular interaction and
cytokine-mediated suppression. Increased understanding
of Tregs' functional mechanisms will lead to successful
clinical trials and the development of Treg-oriented novel
therapies.

7.1diopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a progressive lung dis-
ease characterized by an increased deposition of extracellular
matrix component by fibroblasts (e.g., collagen and fibronec-
tin) that leads to lung parenchymal fibrosis, decreased lung
compliance and gas exchange alterations [105, 106]. The
pathological processes behind pulmonary fibrosis involve a
combination of genetic alterations, intrinsic and extrinsic
stressors [107]. Although regulatory T cells are crucial in
maintaining immune tolerance and immune homeostasis, but
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their role in the pathogenesis of IPF remains to be determined
[108-111].

Fibrosis is driven mainly by an uncompensated Th2-type
immune response, as demonstrated by murine models of
lung disease [111]. Treg counts are decreased in the BAL and
peripheral blood specimens of IPF patients. Impairment in
Treg subpopulations correlates with disease severity, sug-
gesting a critical role for Tregs in the fibrotic process [108,
112]. Common alterations are observed in Treg-derived
cytokines including TGF-f, TGF-f1, and IL-10 [110, 113].
Despite the immunomodulatory role of TGF-f, multiples
studies have linked this cytokine to an increase in matrix
protein synthesis and a decrease in matrix proteinase activity
[107, 114-116]. Tregs positive for Sema 7al gene induce
fibrosis in the TGF-f1-exposed murine lung [117]. Similarly,
IL-10 down-regulates type I collagen synthesis in human
scar tissue-derived fibroblasts, suggesting direct fibrosis inhi-
bition [118, 119]. Experimental mouse models have demon-
strated that IL-10 protects against lung fibrosis, even when
challenged with bleomycin [120]. However, despite its suc-
cess in some clinical studies, the mechanism by which IL-10
confers protection from fibrosis remains unclear [110, 121].
Altogether, despite initial evidence of the role of Tregs in IPFE,
their function in the pro-fibrotic or anti-fibrotic cascades
remains to be investigated.

8. Conclusion

It is very clear from the experimental and clinical studies that
Tregs have a central function in maintaining immune home-
ostasis in healthy individuals, but they also play a critical role
in the physiopathology of some respiratory disease such as
sarcoidosis, asthma, IPE, COPD, and lung cancer. The exact
mechanism and relationship between Tregs and the aforemen-
tioned conditions is still yet to be determined, however, it
seems that an imbalance (increase or decrease) in Treg cell
count and activity could be key factors responsible for the
development of a pathologic state.

Even though, there are dissimilarities between different
disease groups, there are some common features of the
above-mentioned lung disorders with respect to Tregs. Overall,
Tregs plays a critical role in maintaining peripheral tolerance
and inhibiting autoimmunity (negative regulation) as well as
in stimulating lung tissue repair and well symbiosis (positive
regulation). Lastly, few questions that continue to remain open
regarding the roles of regulatory T cells in pulmonary illness
are: Are the experimental methods used to identify Tregs con-
sistent in all research studies? Are these divergent results per-
haps caused by differences in Treg definition or detection?
Further research in this area is needed as identification of key
molecular pathways would open the door for potential novel
therapeutic targets in different respiratory diseases (Figure 2).

Abbreviations
BAL: Bronchoalveolar lavage
BALF: Bronchoalveolar lavage fluid



Pulmonary Medicine

CCLI: Chemokine ligand 1

CD: Cluster of differentiation

COPD: Chronic obstructive pulmonary disease

COX-2: Cyclooxygenase 2

CTLA-4: T-lymphocyte antigen 4

COX-2: Cycloxygenase-2

FEV Forced expiratory volume, on first second

HTERT: Human telomerase reverse transcriptase

IFN-y: Interferon y

IPF: Idiopathic pulmonary fibrosis

FoxP3: Forkhead box P3

IL: Interleukin

MUCS5B: Mucin 5B

NF-«B: Nuclear factor kappa-light-chain-enhancer
in activated B cells

NSCLC: Non-small cell lung cancer

SCLC: Small cell lung cancer

SFTPC: Surfactant protein C

PB: Peripheral blood

PG E2: Prostaglandin E2

PDGE: Platelet-derived growth factor

Th1,2and 17: T-helper cell type 1,2 or 17

TGE-: Transforming growth factor 8

TNF-a: Tumor necrosis factor- alfa

XCL1: Chemokine (C motif) ligand 1 (or
lymphotactin)

XCR1: XCL1 and XCL2 receptor

PGE,: Prostagladin-E2.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

We would like to thank Daniel Buitrago and Naresh Singh
Redhu for careful reading and critical suggestions in this
manuscript.

References

[1] X. Yang, B. Huo, X. Zhong et al, “Imbalance between

subpopulations of regulatory T Cells in patients with acute
exacerbation of COPD,” COPD, vol. 14, no. 6, pp. 618-625,
2017.

C. Palmer, J. K. Mulligan, S. E. Smith, and C. Atkinson, “The
role of regulatory T cells in the regulation of upper airway
inflammation,” American Journal of Rhinology & Allergy,
vol. 31, no. 6, pp. 345-351, 2017.

H. Jiang, X. Wu, H. Zhu, Y. Xie, S. Tang, and Y. Jiang, “FOXP3(+)
Treg/Th17 cell imbalance in lung tissues of mice with asthma,”
International Journal of Clinical and Experimental Medicine,
vol. 8, no. 3, pp. 4158-4163, 2015.

A. Suto, H. Nakajima, S. I. Kagami, K. Suzuki, Y. Saito, and
I. Iwamoto, “Role of CD4(+) CD25(+) regulatory T cells in T
helper 2 cell-mediated allergic inflammation in the airways,’
American Journal of Respiratory and Critical Care Medicine,
vol. 164, no. 4, pp. 680-687, 2001.

(5]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

J. Kearley, J. E. Barker, D. S. Robinson, and C. M. Lloyd,
“Resolution of airway inflammation and hyperreactivity
after in vivo transfer of CD4+CD25+ regulatory T cells is
interleukin 10 dependent,” Journal of Experimental Medicine,
vol. 202, no. 11, pp. 1539-1547, 2005.

C. M. Lloyd and C. M. Hawrylowicz, “Regulatory T cells in
asthma,” Immunity, vol. 31, pp. 438-449, 2009.

M. Ostroukhova, C. Seguin-Devaux, T. B. Oriss et al,
“Tolerance induced by inhaled antigen involves CD4(+) T cells
expressing membrane-bound TGF-f and FOXP3,” Journal of
Clinical Investigation, vol. 114, no. 1, pp. 28-38, 2004.

M. A. Curotto de Lafaille, N. Kutchukhidze, S. Shen, Y. Ding,
H. Yee, and J. J. Lafaille, “Adaptive Foxp3+ regulatory T cell-
dependent and -independent control of allergic inflammation,”
Immunity, vol. 29, no. 1, pp. 114-126, 2008.

W. D. Cornwell, V. Kim, C. Song, and T. ]. Rogers, “Pathogenesis
of inflammation and repair in advanced COPD,” Seminars
in Respiratory and Critical Care Medicine, vol. 31, no. 3,
pp. 257-266, 2010.

A. Agua-Doce and L. Graca, “Regulatory T cells and the
control of the allergic response,” Journal of Allergy, vol. 2012,
pp. 1-9, 2012.

S. Sakaguchi, D. A. Vignali, A. Y. Rudensky, R. E. Niec, and
H. Waldmann, “The plasticity and stability of regulatory T cells,”
Nature Reviews Immunology, vol. 13, no. 6, pp. 461-467, 2013.

J. B. Canavan, B. Afzali, C. Scotta et al., “A rapid diagnostic
test for human regulatory T-cell function to enable regulatory
T-cell therapy,” Blood, vol. 119, no. 8, pp. e57-e66, 2012.

Y. P. Rubtsov, R. E. Niec, S. Josefowicz et al., “Stability of the
regulatory T Cell lineage in vivo,” Science, vol. 329, no. 5999,
pp. 1667-1671, 2010.

S. Sakaguchi, T. Yamaguchi, T. Nomura, and M. Ono,
“Regulatory T cells and immune tolerance,” Cell, vol. 133,
no. 5, pp. 775-787, 2008.

L. Michel and E. Gillieron, “Psychotherapy and culture,
Schweizer Archiv  of Neurology and Psychiatry, vol. 1985,
no. 138, pp. 5-16, 1987.

N. Joller and V. K. Kuchroo, “Good guys gone bad: exTreg
cells promote autoimmune arthritis,” Nature Medicine, vol. 20,
no. 1, pp. 15-17, 2014.

L. E Lu, T.-H. Thai, D. P. Calado et al., “Foxp3-dependent
microRNA155 confers competitive fitness to regulatory

T cells by targeting SOCS1 protein,” Immunity, vol. 30, no. 1,
pp. 80-91, 2009.

L. E Lu, M. P. Boldin, A. Chaudhry et al., “Function of miR-
146a in controlling treg cell-mediated regulation of Thl
responses,” Cell, vol. 142, no. 6, pp. 914-929, 2010.

A. G. Levine, A. Mendoza, S. Hemmers et al., “Stability and
function of regulatory T cells expressing the transcription
factor T-bet,” Nature, vol. 546, no. 7658, pp. 421-425, 2017.

C. Pilette, M. R. Jacobson, C. Ratajczak et al.,, “Aberrant
dendritic cell function conditions Th2-cell polarization in
allergic rhinitis,” Allergy, vol. 68, no. 3, pp. 312-321, 2013.

B.D. Medoff, S. Y. Thomas, and A. D. Luster, “T cell trafficking
in allergic asthma: the ins and outs” Annual Review of
Immunology, vol. 26, no. 1, pp. 205-232, 2008.

E. Sawicka, G. Dubois, G. Jarai et al, “The sphingosine
1-phosphate receptor agonist FTY720 differentially affects
the sequestration of CD4+/CD25+ T-regulatory cells and
enhances their functional activity;’ Journal of Immunology,
vol. 175, no. 12, pp. 7973-7980, 2005.



10

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

L. A. Mandell, R. G. Wunderink, A. Anzueto et al., “Infectious
Diseases Society of America/American Thoracic Society
consensus guidelines on the management of community-
acquired pneumonia in adults,” Clinical Infectious Disease,
vol. 44, no. Suppl 2, pp. S27-72, 2007.

K. Chen and J. K. Kolls, “T cell-mediated host immune
defenses in the lung,” Annual Review of Immunology, vol. 31,
no. 1, pp. 605-633, 2013.

T. R. Crother, N. W. J. Schréder, J. Karlin et al., “Chlamydia
pneumoniae infection induced allergic airway sensitization is
controlled by regulatory T-cells and plasmacytoid dendritic
cells;” PLoS One, vol. 6, no. 6, p. €20784, 2011.

D. R. Neill, V. E. Fernandes, L. Wisby et al., “T regulatory cells
control susceptibility to invasive pneumococcal pneumonia in
mice,” PLoS Pathogens, vol. 8, no. 4, p. €1002660, 2012.

S.O. Carrigan, Y.J. Yang, T. Issekutz et al., “Depletion of natural
CD4+CD25+ T regulatory cells with anti-CD25 antibody does
not change the course of Pseudomonas aeruginosa-induced
acute lung infection in mice,” Immunobiology, vol. 214, no. 3,
pp- 211-222, 2009.

R. J. Betts, N. Prabhu, A. W. S. Ho et al., “Influenza A virus
infection results in a robust, antigen-responsive, and widely
disseminated Foxp3+ regulatory T cell response,” Journal of
Virology, vol. 86, no. 5, pp. 2817-2825, 2012.

Y.]. Chang, H. Y. Kim, L. A. Albacker et al., “Innate lymphoid
cells mediate influenza-induced airway hyper-reactivity
independently of adaptive immunity;” Nature Immunology,
vol. 12, no. 7, pp. 631-638, 2011.

H. Kunst, D. Mack, O. M. Kon, A. K. Banerjee, P. Chiodini,
and A. Grant, “Parasitic infections of the lung: a guide for the
respiratory physician,” Thorax, vol. 66, no. 6, pp. 528-536, 2011.

V. G. Melnikov, E FE Velasco, E Espinoza Gomez,
E G. Rodriguez, and O. R. Dobrovinskaya, “Pathologic
changes in lungs caused by Mexican isolates of Trypanosoma
cruzi in the acute phase of infection in mice,” The American
Journal of Tropical Medicine and Hygiene, vol. 73, no. 2,
pp. 301-306, 2005.

C. Onyilagha, I. Okwor, S. Kuriakose, R. Singh, and J. Uzonna,
“Low-dose intradermal infection with Trypanosoma congolense
leads to expansion of regulatory T cells and enhanced
susceptibility to reinfection,” Infection and Immunity, vol. 82,
no. 3, pp. 1074-1083, 2014.

V. Rodrigues, A. Cordeiro-da-Silva, M. Laforge et al,
“Impairment of T Cell Function in Parasitic Infections,” PLoS
Neglected Tropical Diseases, vol. 8, no. 2, p. €2567, 2014.

B. Blankenhaus, U. Klemm, M. L. Eschbach et al., “Strongyloides
ratti infection induces expansion of Foxp3+ regulatory T cells
that interfere with immune response and parasite clearance
in BALB/c mice; Journal of Immunology, vol. 186, no. 7,
pp. 4295-4305, 2011.

B.N. Ondigo, E. M. Ndombi, S. C. Nicholson et al., “Functional
studies of T regulatory lymphocytes in human schistosomiasis
in Western Kenya,” The American Journal of Tropical Medicine
and Hygiene, vol. 98, no. 6, pp. 1770-1781, 2018.

M. Bak, A. Jazwa, L. Kasper et al., “Involvement of microRNAs
in the inflammatory pathways of pulmonary sarcoidosis,’
Journal of Physiology and Pharmacology, vol. 66, no. 5,
pp. 635-642, 2015.

A. Lo Schiavo, E. Ruocco, A. Gambardella, R. E. O’Leary, and
S. Gee, “Granulomatous dysimmune reactions (sarcoidosis,

(38]

(39]

(40]

[41]

[42]

(43]

(44]

(45]

[46]

(47]

(48]

[49]

(50]

(51]

Pulmonary Medicine

granuloma annulare, and others) on differently injured skin
areas,” Clinics in Dermatology, vol. 32, no. 5, pp. 646-653, 2014.

P. Sakthivel, ]J. Grunewald, A. Eklund, D. Bruder, and
J. Wahlstrom, “Pulmonary sarcoidosis is associated with
high-level inducible co-stimulator (ICOS) expression on
lung regulatory T cells—possible implications for the ICOS/
ICOS-ligand axis in disease course and resolution,” Clinical &
Experimental Immunology, vol. 183, no. 2, pp. 294-306, 2016.

G. W. Hunninghake and R. G. Crystal, “Pulmonary sarcoidosis:
a disorder mediated by excess helper T-lymphocyte activity
at sites of disease activity, New England Journal of Medicine,
vol. 305, no. 8, pp. 429-434, 1981.

R. M. Mroz, M. Korniluk, A. Stasiak-Barmuta, M. Ossolinska,
and E. Chyczewska, “Increased levels of Treg cells in
bronchoalveolar lavage fluid and induced sputum of patients
with active pulmonary sarcoidosis,” European Journal of
Medical Research, vol. 14, no. Suppl 4, pp. 165-169, 2009.

H. Huang, Z. Lu, C. Jiang, J. Liu, Y. Wang, and Z. Xu, “Imbalance
between Thl7 and regulatory T-Cells in Sarcoidosis,”
International Journal of Molecular Sciences, vol. 14, no. 11,
pp. 21463-21473, 2013.

Y. S. Weng, H. Y. Wang, D. E. Lv, Z. M. Fu, and W. J. Yu, “Th17
and Treg cell levels in patients with sarcoidosis and their
relation to disease activation,” Zhejiang Da Xue Xue Bao Yi
Xue Ban, vol. 44, no. 2, pp. 154-161, 2015.

K. A. Oswald-Richter, B. W. Richmond, N. A. Braun et al.,
“Reversal of global CD4+ subset dysfunction is associated with
spontaneous clinical resolution of pulmonary sarcoidosis,”
Journal of Immunology, vol. 190, no. 11, pp. 5446-5453, 2013.

A. Prasse, G. Zissel, N. Liitzen et al., “Inhaled vasoactive
intestinal peptide exerts immunoregulatory effects in
sarcoidosis,” American Journal of Respiratory and Critical Care
Medicine, vol. 182, no. 4, pp. 540-548, 2010.

T. Tto, S. Hanabuchi, Y.-H. Wang et al, “Two functional
subsets of FOXP3+ regulatory T cells in human thymus and
periphery;” Immunity, vol. 28, no. 6, pp. 870-880, 2008.

M. Kamata, Y. Tada, A. Mitsui et al., “ICAM-1 deficiency
exacerbates sarcoid-like granulomatosis induced by
Propionibacterium acnes through impaired IL-10 production
by regulatory T cells,” The American Journal of Pathology,
vol. 183, no. 6, pp. 1731-1739, 2013.

I. Vega-Carrascal, E. P. Reeves, and N. G. McElvaney, “The
role of TIM-containing molecules in airway disease and their
potential as therapeutic targets, Journal of Inflammation
Research, vol. 5, pp. 77-87, 2012.

A. Fischer and B. A. Rybicki, “Granuloma genes in sarcoidosis:
what is new?” Current Opinion in Pulmonary Medicine,
vol. 21, pp. 510-516, 2015.

X. Feng, S. Zang, Y. Yang et al.,, “Annexin A1l (ANXA11)
gene polymorphisms are associated with sarcoidosis in a Han
Chinese population: a case-control study,” BMJ Open, vol. 4,
no. 7, pp. €004466-e004466, 2014.

H. A. Crommelin, L. M. van der Burg, A. D. M. Vorselaars
et al,, “Efficacy of adalimumab in sarcoidosis patients who
developed intolerance to infliximab,” Respiratory Medicine,
vol. 115, pp. 72-77, 2016.

K. T. Amber, R. Bloom, U. Mrowietz, and M. Hertl, “TNF-
a: a treatment target or cause of sarcoidosis?” Journal of the
European Academy Dermatology and Venereology, vol. 29,
no. 11, pp. 2104-2111, 2015.



Pulmonary Medicine

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

[61]

[62]

[63]

(64]

[65]

(6]

(67]

A. Verwoerd, D. Hijdra, A. D. M. Vorselaars et al., “Infliximab
therapy balances regulatory T cells, tumour necrosis factor
receptor 2 (TNFR2) expression and soluble TNFR2 in
sarcoidosis,” Clinical ¢ Experimental Immunology, vol. 185,
no. 2, pp. 263-270, 2016.

Global Initiative for Chronic Obstructive Lung Disease,
“Global strategy for the diagnosis management and prevention
of copd,” 2017 http://goldcopd.org

R. A. Holloway and L. E. Donnelly, “Immunopathogenesis of

chronic obstructive pulmonary disease,” Current Opinion in
Pulmonary Medicine, vol. 19, no. 2, pp. 95-102, 2013.

J.Hou, Y. Sun, Y. Hao et al., “Imbalance between subpopulations
of regulatory T cells in COPD,” Thorax, vol. 68, no. 12,
pp- 1131-1139, 2013.

D. S. Sales, J. T. Ito, I. A. Zanchetta et al., “Regulatory T-Cell
distribution within lung compartments in COPD,” COPD:
Journal of Chronic Obstructive Pulmonary Disease, vol. 14,
no. 5, pp. 533-542, 2017.

B. Barcelo, J. Pons, J. M. Ferrer, J. Sauleda, A. Fuster, and
A.G.N. Agusti, “Phenotypic characterisation of T-lymphocytes
in COPD: abnormal CD4+CD25+ regulatory T-lymphocyte
response to tobacco smoking,” European Respiratory Journal,
vol. 31, no. 3, pp. 555-562, 2008.

E. Roos-Engstrand, J. Pourazar, A. F. Behndig, A. Bucht, and

A. Blomberg, “Expansion of CD4+CD25+ helper T cells
without regulatory function in smoking and COPD,
Respiratory Research, vol. 12, no. 1, p. 74, 2011.

L.]J. Smyth, C. Starkey, J. Vestbo, and D. Singh,“ CD4-regulatory
cells in COPD patients,” Chest, vol. 132, no. 1, pp. 156-163, 2007.

D.B. A. Tan, S. Fernandez, P. Price, M. A. French, P. ]. Thompson,
and Y. P. Moodley, “Impaired function of regulatory T-cells in
patients with chronic obstructive pulmonary disease (COPD),
Immunobiology, vol. 219, no. 12, pp. 975-979, 2014.

W. Q. Gan, S. E Man, A. Senthilselvan, and D. D. Sin,
“Association between chronic obstructive pulmonary disease
and systemic inflammation: a systematic review and a meta-
analysis,” Thorax, vol. 59, no. 7, pp. 574-580, 2004.

N. Sun, X. Wei, J. Wang, Z. Cheng, and W. Sun, “Caveolin-1
promotes the imbalance of Th17/Treg in patients with chronic
obstructive pulmonary disease,” Inflammation, vol. 39, no. 6,
pp. 2008-2015, 2016.

H. Wang, H. Ying, S. Wang et al., “Imbalance of peripheral
blood Th17 and Treg responses in patients with chronic
obstructive pulmonary disease,” The Clinical Respiratory
Journal, vol. 9, no. 3, pp. 330-341, 2015.

Y. Jin, Y. Wan, G. Chen et al., “Treg/IL-17 ratio and treg
differentiation in patients with COPD,” PLoS One, vol. 9,
no. 10, p. e111044, 2014.

S. G. Kalathil, A. A. Lugade, V. Pradhan et al., “T-regulatory
cells and programmed death 1+ T cells contribute to effector
T-cell dysfunction in patients with chronic obstructive
pulmonary disease,” American Journal of Respiratory Critical
Care Medicine, vol. 190, no. 1, pp. 40-50, 2014.

J. Plumb, L. J. C. Smyth, H. R. Adams, J. Vestbo, A. Bentley, and
S. D. Singh, “Increased T-regulatory cells within lymphocyte
follicles in moderate COPD,” European Respiratory Journal,
vol. 34, no. 1, pp. 89-94, 2009.

L. Yang, Q.-L. Ma, W. Yao et al., “Relationship between the
anti-inflammatory properties of salmeterol/fluticasone and
the expression of CD4+CD25+Foxp3+regulatory T cells in
COPD;” Respiratory Research, vol. 12, no. 1, p. 142, 2011.

(68]

(69]

(70]

(71]

(72]

(73]

(74]

[75]

[76]

[77]

(78]

(79]

(80]

(81]

(82]

11

M. Profita, G. D. Albano, L. Riccobono et al., “Increased levels
of Th17 cells are associated with non-neuronal acetylcholine in
COPD patients,” Immunobiology, vol. 219, no. 5, pp. 392-401,
2014.

M. 1. Vargas-Rojas, A. Ramirez-Venegas, L. Limén-Camacho,
L. Ochoa, R. Herniandez-Zenteno, and R. H. Sansores,
“Increase of Th17 cells in peripheral blood of patients with
chronic obstructive pulmonary disease,” Respiratory Medicine,
vol. 105, no. 11, pp. 1648-1654, 2011.

A. A. Pragman, H. B. Kim, C. S. Reilly, C. Wendt, and
R. E. Isaacson, “The lung microbiome in moderate and severe
chronic obstructive pulmonary disease,” PLoS One, vol. 7,
no. 10, p. e47305, 2012.

GINA, “GINA report, global strategy for asthma management
and prevention,” 2018.

M. Schatzand L. Rosenwasser, “The allergic asthma phenotype,”
The Journal of Allergy and Clinical Immunology: In Practice,
vol. 2, no. 6, pp. 645-648, quiz 649, 2014.

I. P Lewkowich, N. S. Herman, K. W. Schleifer et al.,
“CD4+CD25+ T cells protect against experimentally induced
asthma and alter pulmonary dendritic cell phenotype and
function,” Journal of Experimental Medicine, vol. 202, no. 11,
pp. 1549-1561, 2005.

M. S. Wilson, M. D. Taylor, A. Balic, C. A. M. Finney,
J. R. Lamb, and R. M. Maizels, “Suppression of allergic
airway inflammation by helminth-induced regulatory T
cells,” The Journal of Experimental Medicine, vol. 202, no. 9,
pp. 1199-1212, 2005.

S. Z.Josefowicz, R. E. Niec, H. Y. Kim et al., “Extrathymically
generated regulatory T cells control mucosal TH2
inflammation,” Nature, vol. 482, no. 7385, pp. 395-399, 2012.

E. M. Ling, T. Smith, X. D. Nguyen et al., “Relation of
CD4+CD25+ regulatory T-cell suppression of allergen-driven
T-cell activation to atopic status and expression of allergic
disease,” The Lancet, vol. 363, no. 9409, pp. 608-615, 2004.

J. T. Burchell, M. E. Wikstrom, P. A. Stumbles, P. D. Sly,
and D. J. Turner, “Attenuation of allergen-induced airway
hyperresponsiveness is mediated by airway regulatory T cells,”
American Journal of Physiology-Lung Cellular and Molecular
Physiology, vol. 296, no. 3, pp. L307-L319, 2009.

Y. L. Lin, C. C. Shieh, and J. Y. Wang, “The functional
insufficiency of human CD4+CD25 high T-regulatory cells
in allergic asthma is subjected to TNF-a modulation,” Allergy,
vol. 63, no. 1, pp. 67-74, 2008.

S. Provoost, T. Maes, Y. M. van Durme et al., “Decreased
FOXP3 protein expression in patients with asthma,” Allergy,
vol. 64, no. 10, pp. 1539-1546, 2009.

K. D. Nguyen, C. Vanichsarn, A. Fohner, and K. C. Nadeau,
“Selective deregulation in chemokine signaling pathways of
CD4+CD25(hi)CD127(lo)/(-) regulatory T cells in human
allergic asthma,” Journal of Allergy and Clinical Immunology,
vol. 123, no. 4, pp- 933-939.e10, 2009.

K. D. Nguyen, A. Fohner, J. D. Booker, C. Dong, A. M. Krensky,
and K. C. Nadeau, “XCL1 enhances regulatory activities of
CD4+ CD25(high) CD127(low/-) T cells in human allergic
asthma,” Journal of Immunology, vol. 181, no. 8, pp. 53865395,
2008.

D. Hartl, B. Koller, A. T. Mehlhorn et al., “Quantitative and
functional impairment of pulmonary CD4+CD25hi regulatory
T cells in pediatric asthma,” Journal of Allergy and Clinical
Immunology, vol. 119, no. 5, pp. 1258-1266, 2007.


http://goldcopd.org

12

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

(971

(98]

[99]

T. B. Sjaheim, O. Bjortuft, P. A. Drablos, J. Kongerud, and
T.S. Halstensen, “Increased bronchial density of CD25+Foxp3+
regulatory T cells in occupational asthma: relationship to
current smoking,” Scandinavian Journal of Immunology,
vol. 77, no. 5, pp. 398-404, 2013.

J. T. Olin and M. E. Wechsler, “Asthma: pathogenesis and
novel drugs for treatment,” BM]J, vol. 349, no. nov24 8,
Pp- g§5517-g5517, 2014.

L. Bohm, ]. Maxeiner, H. Meyer-Martin et al., “IL-10
and regulatory T cells cooperate in allergen-specific
immunotherapy to ameliorate allergic asthma,” The Journal
of Immunology, vol. 194, no. 3, pp. 887-897, 2015.

J. U. Shim, S. E. Lee, W. Hwang et al., “Flagellin suppresses
experimental asthma by generating regulatory dendritic
cells and T cells,” Journal of Allergy and Clinical Immunology,
vol. 137, no. 2, pp. 426-435, 2016.

M. Tian, Y. Wang, Y. Lu, Y. H. Jiang, and D. Y. Zhao, “Effects of
sublingual immunotherapy for Dermatophagoides farinae on
Th17 cells and CD4(+) CD25(+) regulatory T cells in peripheral
blood of children with allergic asthma,” International Forum of
Allergy and Rhinology, vol. 4, no. 5, pp. 371-375, 2014.

H. A. Farne, A. Wilson, C. Powell, L. Bax, and S. J. Milan, “Anti-
IL5 therapies for asthma,” Cochrane Database of Systematic
Reviews, Article ID CD010834, 2017.

American Cancer Society, “Key statistics for lung cancer,” 2018,
http://www.cancer.org.

R. P. Petersen, M. J. Campa, J. Sperlazza et al., “Tumor
infiltrating Foxp3+ regulatory T-cells are associated with
recurrence in pathologic stage I NSCLC patients,” Cancer,
vol. 107, no. 12, pp. 2866-2872, 2006.

M. Wang, J. Zhao, L. Zhang et al, “Role of tumor
microenvironment in tumorigenesis,” Journal of Cancer,
vol. 8, no. 5, pp. 761-773, 2017.

G. Vlad, J. King, C.-C. Chang et al., “Gene profile analysis
of CD8+ ILT3-Fc induced T suppressor cells, Human
Immunology, vol. 72, no. 2, pp. 107-114, 2011.

T. L. Whiteside, “The tumor microenvironment and its role
in promoting tumor growth,” Oncogene, vol. 27, no. 45,
pp. 5904-5912, 2008.

S. Goswami, E. Sahai, J. B. Wyckoff et al., “Macrophages
promote the invasion of breast carcinoma cells via a colony-
stimulating factor-1/epidermal growth factor paracrine loop,”
Cancer Research, vol. 65, no. 12, pp. 5278-5283, 2005.

J. Domagala-Kulawik, G. Hoser, A. Safianowska, H. Grubek-
Jaworska, and R. Chazan, “Elevated TGF-f31 concentration in
bronchoalveolar lavage fluid from patients with primary lung
cancer;” Archivum Immunologiae et Therapiae Experimentalis
(Warsz), vol. 54, no. 2, pp. 143-147, 2006.

G. E. Carpagnano, A. Spanevello, C. Curci et al., “IL-2, TNF-
a, and leptin: local versus systemic concentrations in NSCLC
patients;,” Oncology Research, vol. 16, no. 8, pp. 375-381,
2007.

M.-C. Duan, X.-N. Zhong, G.-N. Liu, and J.-R. Wei, “The

Treg/Th17 paradigm in lung cancer,” Journal of Immunology
Research, vol. 2014, Article ID 730380, pp. 1-9, 2014.

A. Kotsakis, F Koinis, A. Katsarou et al., “Prognostic value of
circulating regulatory T cell subsets in untreated non-small cell
lung cancer patients,” Scientific Reports, vol. 6, no. 1, Article
ID 39247, 2016.

K. Suzuki, K. Kadota, C. S. Sima et al., “Clinical impact of
immune microenvironment in stage I lung adenocarcinoma:

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Pulmonary Medicine

tumor interleukin-12 receptor beta2 (IL-12Rbeta2), IL-7R,
and stromal FoxP3/CD3 ratio are independent predictors
of recurrence,” Journal of Clinical Oncology, vol. 31, no. 4,
pp. 490-498, 2013.

H. Tao, Y. Mimura, K. Aoe et al, “Prognostic potential
of FOXP3 expression in non-small cell lung cancer cells
combined with tumor-infiltrating regulatory T cells,” Lung
Cancer, vol. 75, no. 1, pp. 95-101, 2012.

W. J. Grossman, J. W. Verbsky, W. Barchet, M. Colonna,
J. P. Atkinson, and T. J. Ley, “Human T regulatory cells can use
the perforin pathway to cause autologous target cell death,”
Immunity, vol. 21, no. 4, pp. 589-601, 2004.

W. Zou, “Regulatory T cells, tumour immunity and
immunotherapy,” Nature Reviews Immunology, vol. 6, no. 4,
pp. 295-307, 2006.

A. L. Mellor and D. H. Munn, “IDO expression by dendritic

cells: tolerance and tryptophan catabolism,” Nature Reviews
Immunology, vol. 4, no. 10, pp. 762-774, 2004.

I. Kryczek, S. Wei, G. Zhu et al., “Relationship between B7-
H4, regulatory T cells, and patient outcome in human ovarian
carcinoma,” Cancer Research, vol. 67, no. 18, pp. 8900-8905,
2007.

G. P. Downey, “Resolving the scar of pulmonary fibrosis,” New
England Journal of Medicine, vol. 365, no. 12, pp. 1140-1141,
2011.

1. G. Luzina, N. W. Todd, A. T. Iacono, and S. P. Atamas, “Roles
of T lymphocytes in pulmonary fibrosis,” Journal of Leukocyte
Biology, vol. 83, no. 2, pp. 237-244, 2008.

T. A. Wynn and T. R. Ramalingam, “Mechanisms of fibrosis:
therapeutic translation for fibrotic disease,” Nature Medicine,
vol. 18, no. 7, pp. 1028-1040, 2012.

I. Kotsianidis, E. Nakou, I. Bouchliou et al., “Global impairment
of CD4+CD25+FOXP3+ regulatory T cells in idiopathic
pulmonary fibrosis,” American Jounral of Respiratory Critical
Care Medicine, vol. 179, no. 12, pp. 1121-1130, 2009.

S. Sakaguchi, K. Wing, Y. Onishi, P. Prieto-Martin, and
T. Yamaguchi, “Regulatory T cells: how do they suppress
immune responses?” International Immunology, vol. 21,
no. 10, pp. 1105-1111, 2009.

T. A. Wynn, “Cellular and molecular mechanisms of fibrosis,”
Journal of Pathology, vol. 214, no. 2, pp. 199-210, 2008.

T. J. Gross and G. W. Hunninghake, “Idiopathic pulmonary
fibrosis,” New England Journal of Medicine, vol. 345, no. 7,
pp. 517-525, 2001.

Z.Hou, Q. Ye, M. Qiu, Y. Hao, J. Han, and H. Zeng, “Increased
activated regulatory T cells proportion correlate with the
severity of idiopathic pulmonary fibrosis,” Respiratory
Research, vol. 18, no. 1, p. 170, 2017.

R. C. Boucher, “Idiopathic pulmonary fibrosis-a sticky
business,” New England Journal of Medicine, vol. 364, no. 16,
pp. 1560-1561, 2011.

A. Mathian, C. Parizot, K. Dorgham et al., “Activated and
resting regulatory T cell exhaustion concurs with high levels of
interleukin-22 expression in systemic sclerosis lesions,” Annals
of the Rheumatic Diseases, vol. 71, no. 7, pp. 1227-1234, 2012.
R. Bommireddy and T. Doetschman, “TGFbetal and Treg
cells: alliance for tolerance,” Trends Molecular Medicine,
vol. 13, no. 11, pp. 492-501, 2007.

N. E. Castro, M. Kato, J. T. Park, and R. Natarajan,
“Transforming growth factor betal (TGF-f1) enhances


http://www.cancer.org

Pulmonary Medicine

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

expression of profibrotic genes through a novel signaling
cascade and microRNAs in renal mesangial cells,” Journal of
Biological Chemistry, vol. 289, no. 42, pp. 29001-29013, 2014.

R. A. Reilkoff, H. Peng, L. A. Murray et al., “Semaphorin 7a+
regulatory T cells are associated with progressive idiopathic
pulmonary fibrosis and are implicated in transforming growth
factor-betal-induced pulmonary fibrosis,” American Journal
of Respiratory and Critical Care Medicine, vol. 187, no. 2,
pp. 180-188, 2013.

A. Wangoo, C. Laban, H. T. Cook, B. Glenville, and R. J. Shaw,
“Interleukin-10- and corticosteroid-induced reduction in type
I procollagen in a human ex vivo scar culture;” International
Journal of Experimental Pathology, vol. 78, no. 1, pp. 33-41,
1997.

M. Bonora, M. R. Wieckowski, C. Chinopoulos et al,
“Molecular mechanisms of cell death: central implication
of ATP synthase in mitochondrial permeability transition,”
Oncogene, vol. 34, no. 12, pp. 1475-1486, 2015.

T. Arai, K. Y. Abe, H. Matsuoka et al., “Introduction of the
interleukin-10 gene into mice inhibited bleomycin-induced
lung injury in vivo,” American Journal of Physiology-Lung
Cellular and Molecular Physiology, vol. 278, no. 5, pp. L914-
1922, 2000.

M. S. Wilson and T. A. Wynn, “Pulmonary fibrosis:
pathogenesis, etiology and regulation,” Mucosal Immunology,
vol. 2, no. 2, pp. 103-121, 2009.

K. D. Nguyen, C. Vanichsarn, and K. C. Nadeau, “Impaired
IL-10-dependent induction of tolerogenic dendritic cells by
CD4+CD25hiCD127lo/- natural regulatory T cells in human
allergic asthma,” American Journal of Respiratory and Critical
Care Medicine, vol. 180, no. 9, pp. 823-833, 2009.

J. Kearley, D. S. Robinson, and C. M. Lloyd, “CD4+CD25+
regulatory T cells reverse established allergic airway
inflammation and prevent airway remodeling,” Journal of
Allergy and Clinical Immunology, vol. 122, no. 3, pp. 617-624.
€6, 2008.

N. A. Hanania, O. Alpan, D. L. Hamilos et al., “Omalizumab in
severe allergic asthma inadequately controlled with standard
therapy;” Annals of Internal Medicine, vol. 154, no. 9, pp. 573—
582, 2011.

B. Karagoz, O. Bilgi, M. Giimiis et al., “CD8+CD28- cells
and CD4+CD25+ regulatory T cells in the peripheral blood
of advanced stage lung cancer patients,” Medical Oncology,
vol. 27, no. 1, pp. 29-33, 2010.

S.Sharma, S. C. Yang, L. Zhu et al., “Tumor cyclooxygenase-2/
prostaglandin E2-dependent promotion of FOXP3 expression
and CD4+ CD25+ T regulatory cell activities in lung cancer;”
Cancer Research, vol. 65, no. 12, pp. 5211-5220, 2005.

K. Shimizu, M. Nakata, Y. Hirami, T. Yukawa, A. Maeda,
and K. Tanemoto, “Tumor-infiltrating Foxp3+ regulatory
T cells are correlated with cyclooxygenase-2 expression
and are associated with recurrence in resected non-small
cell lung cancer,” Journal of Thoracic Oncology, vol. 5, no. 5,
pp. 585-590, 2010.

J. Ding, J. Dai, H. Cai, Q. Gao, and Y. Wen, “Extensively
disturbance of regulatory T cells - Th17 cells balance in stage

II pulmonary sarcoidosis,” International Journal of Medical
Sciences, vol. 14, no. 11, pp. 1136-1142, 2017.

13



	Regulatory T Cells in Respiratory Health and Diseases
	1. Introduction
	1.1. Overview of Tregs in Physiological and Pathological States
	2. Regulatory T-Cells in Pneumonia
	3. Role of Tregs in Pulmonary Parasitic Infections
	3.1. Role of Tregs in Sarcoidosis
	4. Role of Tregs in Chronic Obstructive Pulmonary Disease
	5. Regulatory T-Cells in Asthma
	6. Lung Cancer
	7. Idiopathic Pulmonary Fibrosis
	8. Conclusion
	Conflicts of Interest
	Acknowledgments
	References


