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Abstract: Regulatory T cells (Tregs) and T helper 17 cells (Th17) are two CD4+ T cell subsets with
antagonist effects. Th17 cells promote inflammation, whereas Tregs are crucial in maintaining immune
homeostasis. Recent studies suggest that Th17 cells and Treg cells are the foremost players in several
inflammatory diseases. In this review, we explore the present knowledge on the role of Th17 cells
and Treg cells, focusing on lung inflammatory diseases, such as chronic obstructive pulmonary
disease (COPD), acute respiratory distress syndrome (ARDS), sarcoidosis, asthma, and pulmonary
infectious diseases.
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1. Introduction

The immune system acts as the guardian of the host and functions to defend against
foreign antigens, induce self-tolerance, and promote immunological memory. However,
it is not protective or beneficial all the time. The individual’s tissue components may
be attacked by the immunological reaction resulting in autoimmune diseases in specific
settings. It is certain that a single theory or mechanism cannot explain autoimmune diseases.
As proposed by Shoenfeld and Isenberg, autoimmune diseases are caused by various
factors, including immunological, genetic, hormonal, and environmental factors [1]. Non-
genetic components rather than inherent components play a dominant role in determining
disease susceptibility and severity, which has been demonstrated by the discordance of
autoimmune diseases in identical twins [2]. Immunological factors play a vital role in
the initiation, progression, and regression of autoimmune diseases. In a typical setting, T
cells are tolerant to physiological levels of self-antigen. However, this state of tolerance
breaks down in some individuals, resulting in autoimmune/inflammatory diseases. One
of the critical features of inflammatory diseases is the deregulated Th1/Th17 responses,
frequently accompanied by a reduction and/or alteration of regulatory T (Treg) cells. Th17
cells serve as inflammatory cells, which in excess, promote inflammatory diseases. On the
other hand, Treg cells show suppressor function, which, when in failure, contributes to the
same disease [3].

1.1. Th17 Cells

Initial studies by Infante-Duarte et al. identified CD4+ T cells producing IL-17A
as a T helper cell subset distinct from Th1 and Th2 cell subsets [4]. This subset, called
Th17 cells, predominantly produces interleukin-17A (IL-17A), IL-17F, IL-21, and IL-22 [5].
IL-17A, originally named CTLA8, was cloned and described by Rouvier et al. [6]. It is
a homodimeric glycoprotein with 155 amino acids linked by disulfide bonds. IL-17F,
also produced by Th17 cells, shows 55% similarity with IL-17A, and they form IL-17F
homodimers, IL-17A homodimers, or IL-17A-IL-17F heterodimers [7]. IL-17 binds to its
receptor (IL-17R), a transmembrane protein, highly expressed in rats and mice’s spleen,
kidneys, liver, and lungs [8]. Th17 cells require the transcription factor, RORγt, and cytokine
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IL-6 in combination with transforming growth factor-β (TGF-β) for their differentiation [9].
IL-6 acts as a major factor guiding the differentiation of T cells into Th17 cells or Treg
cells [9]. IL-21, together with TGF-β, also functions as an alternative pathway to generate
Th17 cells [10]. Once they reach the site of inflammation, IL-17 released by Th17 cells
stimulates the expression of pro-inflammatory cytokines like granulocyte-macrophage
colony-stimulating factor, Granulocyte-colony stimulating factor, IL-6 and tumor necrosis
factor-alpha (TNF-α) [11]. In addition, IL-17 also promotes the secretion of CXC chemokines,
which attracts neutrophils in vivo [11]. Moreover, IL-17 stimulates the production of
antimicrobial peptides, such as β-defensin and S100 proteins, providing defense against a
wide range of microorganisms [12,13]. Furthermore, persistent secretion of IL-17 is involved
in many inflammatory diseases [14–17]. Th17 cells also function as effective B cell helper
cells by inducing B cell proliferation and antibody production [18].

1.2. Treg Cells

As the bias towards pro-inflammatory cytokines and cells induces the development
and perpetuation of autoimmunity, immunoregulatory factors are thought to straighten out
the laterality. Regulatory T cells are crucial members of the family of immunoregulatory
cells that preserve self-tolerance and fine-tune the immune response. Treg cells suppress
inflammation by cell-cell contact or releasing cytokines, such as IL-10 or TGF-β, and
they require the transcription factor FoxP3 for their differentiation [3,19]. In recent years,
research has identified two types of Treg cells called natural Treg cells (nTreg) and inducible
Treg cells (iTreg). nTreg cells develop in the thymus, and when entering peripheral tissues,
they suppress self-reactive T cells. Studies in both mice and humans found that nTreg cells
constitute around 10% of CD4 T cells in the periphery [20]. They express FoxP3 before they
are released from the thymus, and the expression of TGF-β helps in their maintenance of
inhibitory function after they migrate from the thymus [3,19]. Inducible Treg cells develop
from naive T cells in the secondary lymphoid organ upon antigen exposure. Following
interaction with TCR, TGF-β induce the FoxP3 expression in CD4+ CD25− cells, thereby,
converting them to FoxP3+ CD4+ CD25+ cells [21]. These iTreg cells mediate their inhibitory
activities by secretion of IL-10 or TGF-β, which is crucial for inhibiting overexuberant
immune response [22] (Figure 1).
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Figure 1. Differentiation of naive T cells into Th17 and Treg cells. In naive CD4+ T cells, TGF-β induce
the development of Tregs by promoting Foxp3 expression. Treg cells express cytokines, IL-10 and
TGF-β. However, in the presence of IL-6 and TGFβ, RORγt is induced, leading to a Th17 phenotype.
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2. Th17/Treg Cells in Lung Inflammatory Diseases
2.1. Chronic Obstructive Pulmonary Disease (COPD)

COPD is a chronic inflammatory lung disease characterized by airway and/or alveolar
abnormalities that cause obstructed airflow from the lungs [23]. Studies over the last
decade highlighted the relevance of maintaining the balance between Th17 cells and
Treg cells to control the inflammatory response in COPD. An increased Th17 response is
involved in the progression of Chronic Obstructive Pulmonary Disease (COPD) in both
clinical and experimental studies [23]. Th17 cytokine, IL-17A, levels were higher in the
sputum of patients with COPD stages 3 and 4 compared to non-smokers and healthy
smokers [24]. Reduced numbers of Treg cells were observed in the bronchial epithelium
of severe/very severe COPD patients than in those with mild and moderate COPD and
healthy smokers [25]. Zheng et al. analyzed the Th17/Treg ratio in lung tissues of no-
smoking and no-COPD (CS−COPD−), smoking and no-COPD (CS+COPD−), and COPD
patients [26]. Flow cytometric analysis revealed a significantly higher Th17/Treg ratio in
the COPD group compared to non-smoking patients [26].

In a mouse model of COPD induced by chronic cigarette smoke (CS) exposure for
4 and 24 weeks, mice chronically exposed to CS showed higher lung Th17 prevalence,
increased retinoic acid orphan receptor (ROR)-γt mRNA, and Th17-related cytokines (IL-
17A, IL-6, and IL-23) compared to control mice [27]. In contrast, Treg cell prevalence,
Forkhead box (Fox)p3 mRNA, and Treg-related cytokine IL-10 were significantly reduced
in mice chronically exposed to CS [27]. Similarly, the lungs of mice exposed to CS for
12 and 24 weeks also showed higher Th17 (CD4+IL-17+) cells, RORγt mRNA expression,
and IL-6, IL-17, and TGF-β1 levels compared to the control group. In contrast, Treg cells,
Foxp3, and IL-10 expression were reduced in the CS-exposed groups. Additionally, the
frequencies of Tregs were negatively correlated with Th17 cells (33).

2.2. Acute Respiratory Distress Syndrome (ARDS)

Acute respiratory distress syndrome (ARDS) is an important cause of acute pulmonary
failure with severe disease and mortality [28]. The most common cause of ARDS is bacterial
or viral pneumonia [28]. ARDS is characterized by dysregulated inflammation, increased
permeability of microvascular barriers, and uncontrolled activation of coagulation path-
ways [28]. Activation of several immune cells, including neutrophils, macrophages, and
dendritic cells, plays an important role in the development of ARDS [29]. The involvement
of CD4+ T cells has been revealed recently for the pathogenesis of ARDS. ARDS patients
show a higher frequency of Th17 cells and IL-17 compared to the control group [29]. The
Th17/Treg ratio is higher in the peripheral blood of ARDS patients compared with the
healthy controls [29]. A higher Th17/Treg ratio is associated with more adverse outcomes in
ARDS patients. Mechanistically, recent studies demonstrated that secreted phosphoprotein
1 (SPP1) exacerbated lung inflammation in ARDS by modulating Th17/Treg balance [30].
SPP1 reduces the ubiquitination and degradation of HIF-1α, which, in turn, leads to a
higher Th1/Treg ratio. IL-33 production in LPS-induced ARDS is reported to increase
the Th17/Treg ratio [31]. IL-33 deficiency inhibits the differentiation of T cells into Th17
cells and restores Th17/Treg balance. Consequently, IL-33 deficiency significantly reduces
inflammation in LPS-induced ARDS, whereas recombinant IL-33 treatment exacerbates
lung inflammation [31].

Modulation of Th17/Treg balance is relevant to resolve lung inflammation in acute
lung injury (ALI), a milder form of ARDS [32]. Alanyl-glutamine (Ala-Gln) was adminis-
tered to attenuate lung injury in a model of lipopolysaccharide (LPS)-induced ALI. Ala-Gln
treatment increased the percentages of Tregs in the BAL fluid, whereas Th17 cells were
suppressed, compared to the control group [32]. Similarly, losartan (an antagonist of
angiotensin II type 1 receptor) treatment led to the inhibition of Th17 polarization after
LPS-induced ALI [33]. These studies point out that the Th17/Treg imbalance is a potential
indicator of the disease severity in ARDS patients.



Int. J. Mol. Sci. 2023, 24, 4865 4 of 11

2.3. Sarcoidosis

Sarcoidosis is an inflammatory disorder characterized by granulomatous inflammation
that affects multiple organs, mostly the lungs and mediastinal lymph nodes [34]. Emerging
studies suggest the pleiotropic functions of Th17 and Treg cells in the pathogenesis of
sarcoidosis. Higher IL-17A cytokine production is observed in the BALF of patients with
pulmonary sarcoidosis [34]. Moreover, a higher Th17/Treg ratio was observed in peripheral
blood and BAL of patients with active and progressive sarcoidosis [35]. After treatment
with corticosteroids, the level of Foxp3 mRNA was elevated in the peripheral blood, and
expression of RORγt mRNA was reduced [35].

Moreover, Treg cells of the lungs of sarcoidosis patients exhibit a high level of inducible
co-stimulator (ICOS) expression [36]. ICOS expression on Treg enhances the immune
suppressive ability of Tregs [36]. In addition, recent studies suggest that the Treg/Th17
ratio can be used as a suitable biomarker for predicting sarcoidosis relapse along with
other indicators [37]. The clinical characteristics of relapsed patients were compared with
those of stable patients after corticosteroid withdrawal. In the relapsed patients, compared
with the stable patients, Tregs cells were increased in parallel with an increase in Th17
cell. Nevertheless, after the retreatment of relapsed patients, Tregs were increased, leading
to a higher Treg/Th17 ratio [37]. Tregs are found to accumulate at the sarcoidosis BAL,
periphery, and peripheral blood of patients with active disease more than that of healthy
controls [38]. Peripheral sarcoidosis Tregs showed an impaired ability to suppress effector
CD4+ T cell proliferation [39]. Further studies on sarcoidosis patients with spontaneous
clinical resolution showed that Treg cells regained suppressive ability in these patients [39].
Altogether, these studies imply that Th17/Tregs ratio and their functional capacity influence
the progression or regression of pulmonary sarcoidosis.

2.4. Asthma

Asthma is a chronic inflammatory disease of the airways involving inflammatory cells
such as mast cells, eosinophils, neutrophils, macrophages, and T lymphocytes [40]. Typically,
asthmatic inflammation is mediated by excessively activated Th2 cells eosinophilia [40], but
recent studies showed the involvement of cytokine IL-17A in multiple asthma pathogenesis,
including neutrophilic inflammation, steroid insensitivity, activation of epithelial cells,
and airway remodeling [41]. A large number of cells positive for IL-17 are reported in
the sputum and bronchioalveolar fluids (BALFs) of asthmatic patients [42]. In addition,
many reports identified that levels of IL-17A are correlated positively with the severity of
asthma [43–45]. Inhibition of IL-17 in a model of LPS-induced asthma exacerbation aid in
controlling Th2 and Th17 responses and signaling pathways associated with inflammation
and remodeling [46].

Several studies highlight the relevance of maintaining Th17/Treg balance in control-
ling inflammation and the pathophysiology of asthma. In a chronic experimental model of
asthma induction by administration of OVA, higher numbers of Treg cells as well as the
release of IL-10 was observed with the efficacy of photobiomodulation (PBM) treatment [47].
PBM treatment also reduced recruitment of inflammatory cells, such as macrophages, neu-
trophils, and lymphocytes in the bronchoalveolar lavage fluid and release of cytokines
into the BALFs [47]. Recent studies characterized the role of Treg cell subsets in the patho-
genesis of allergic asthma [48]. The proportion of CD25+Foxp3+CD127− Treg cells was
reduced in the peripheral blood of allergic asthmatic patients compared to those of healthy
subjects [48]. These circulating Treg cells in asthmatic patients expressed reduced CCR6
and IL-17 compared with healthy subjects. However, in a mouse model of allergic asthma
induced by house dust mite (HDM), the CCR6+Treg cell number increased in the lung
tissue [48]. Under the Th17 environment in the lung, CCR6+Treg cells differentiate into
Th17-like cells. This Treg subset is the major pro-inflammatory Treg that promotes inflam-
mation, producing IL-17 instead of immunoregulatory cytokines to exacerbate allergic
asthma [48]. In children with allergic rhinitis accompanying bronchial asthma, a reduction
in total Tregs was observed, whereas Th17 cells and plasma IL-17 levels were increased [49].
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An imbalance of Th17/Treg was also correlated with airway hyperresponsiveness in asth-
matic children [50]. In line with this, a combination of inhaled glucocorticoids (ICS) with
long-acting β2-agonists (LABA) reduced Th17 cells and decreased the Th17/Treg ratio in
house dust mites (HDM) allergic asthmatic children, leading to improvement clinically [51].
Moreover, the expansion of Th17 cells and reduction in regulatory CD4+ T cell subsets was
identified as a mechanism by which leptin increases allergic asthma in obesity [52]. These
studies using animal models and human studies support the relevance of maintaining
Th17/Treg balance in controlling airway inflammation in asthma.

2.5. Pulmonary Infectious Diseases

In addition to their role in non-infectious inflammatory lung diseases, maintaining
Th17 /Treg balance is important for protective immunity against lung infections. Human IL-
17A and IL-17F are crucial for protective immunity against mucocutaneous candidiasis [53].
Treg cells prevent the differentiation of naïve T cells into Th17 cells and prevent the clearance
of Candida albicans infection [54]. IL-17 is identified as a critical factor required for protective
immunity to Pneumocystis infection. Administration of anti-IL-17 neutralizing antibody to
wild-type mice infected with P. carinii resulted in severe fungal infection [55]. Similarly,
regulatory T cells are recruited to the lung during the course of Pneumocystis infection in
mice [56]. Depletion of the Treg population results in increased levels of IL-1β and IL-6,
leading to increased lung injury [56]. Th17/Treg balance also acts as a critical factor for
controlling lung inflammation during chlamydial infection. IL-17A produced by Th17 cells
during chlamydial lung infection has a significant impact on the development of protective
type 1 immunity [57–59]. Chlamydial lung infection of mice induced IL-17 production in
lung and lymph nodes at earlier and later stages of infection [60]. Neutralization of IL-17 in
mice resulted in higher body weight loss, bacterial burden, and more severe pathological
changes in the lung compared with sham-treated control mice [60]. IL-17 neutralized
mice exhibit reduced Th1 responses, increased Th2 responses, and altered DC phenotype.
Moreover, the adoptive transfer of DC isolated from IL-17-neutralized mice failed to protect
the recipients against challenge infection compared to DC from sham-treated mice [60].
Further examination identified IL-17A producers at early and later stages of chlamydial
lung infection. Previous studies in Yang lab have shown that γδ T cells are the major
producers of IL-17A at the initial stage of infection and quickly return to the background
level at day 4 post-infection. Studies on the γδ T cell subsets further identified that Vγ4+T
cells are the major IL-17A producing γδ T cell subset at the early stages of chlamydial lung
infection [61]. IL-17A produced by γδ T cells has a promoting role in Th17 responses but no
significant influence on T helper 1 response [57]. On the other hand, IL-17A produced by
Th17 cells at later stages of chlamydial infection has a significant impact on the development
of protective type 1 immunity [57]. These studies collectively suggest that IL-17A-mediated
protection against chlamydial lung infection depends mainly on Th17 cells rather than γδ

T cells [57]. In contrast to the findings in lung infections, either IL-17 receptor signaling
or IL-23-dependent induction of IL-22 and IL-17 is reported to be indispensable for the
resolution of genital tract infections [62,63].

On the other hand, higher Treg responses contribute to tissue pathology after chlamy-
dial lung infection [58,59]. Treg cells are observed in the chlamydial infection site of both
humans and mice [64–66]. Similarly, our recent studies suggested that NK cells provide
protective immunity to chlamydial lung infection by maintaining Th17/Treg balance [67,68].
During Chlamydophila pneumoniae (Cpn) lung infection, NK cell depletion increased the
number of Treg cells and IL-10-producing CD4+ T cells. The changes in T cell responses
were associated with severe disease and bacterial load in the lung. Adoptive transfer of
DCs from NK cell-deficient mice induced Treg cells in the recipient mice, which promotes
pathological response [67]. In the mice model of Chlamydia muridarum lung infection, NK
cell depletion resulted in lower IL-17 cytokine production and Th17 cells [68]. On the other
hand, NK cell-depleted mice exhibited increased production of CD4+ CD25+ Foxp3+ T
cells resulting in a reduced Th17/Treg ratio [68]. These studies highlight that an imbal-
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ance between Treg cells and Th17 cells acts as a major factor determining the severity of
lung infection.

In some lung infections, a higher Th17/Treg ratio contributes to the severity of the
disease. An imbalance in Th17/Treg ratio was also observed in patients with Mycoplasma
pneumoniae (MP) infection [69]. Refractory MP pneumonia patients showed a higher
Th17/Treg ratio than non-refractory MP pneumonia patients and the control group [69]. It
suggests that patients with refractory MP pneumonia have a balance shifted toward the
induction of inflammatory responses, while patients with non-refractory MP pneumonia
have a balance shifted toward the inhibition of inflammatory responses. It is found that
Respiratory syncytial virus (RSV) infection, a major causative agent of pneumonia in infants,
increases Th17/Treg ratio, thereby disrupting asthmatic tolerance [70]. Similarly, studies
by Qin et al. showed that infection of human bronchial epithelial cells by RSV induces
differentiation of lymphocytes into Th17 cells while inhibiting differentiation into Treg
cells [71]. In the peripheral blood of infants with RSV bronchiolitis, the percentage of Tregs
and the levels of IL-10 and TGF-β were significantly lower compared to those with non-RSV
pneumonia and healthy infants [72]. On the other hand, the percentage of Th17 cells and
the level of IL-17 were significantly higher in infants with RSV bronchiolitis compared to
those with non-RSV pneumonia and healthy infants [72].

3. Therapeutic Strategies Targeting Th17/Treg Cells in Lung Inflammatory Diseases

Based on the previous studies, it is clear that maintaining Th17/Treg balance by
blocking Th17 cell differentiation or inducing Treg activation will effectively treat various
inflammatory diseases. To control inflammation in COPD, PBMC from COPD patients was
treated with Tiotropium (anticholinergic drug) and Olodaterol (long-acting β2-agonist) [73].
The treatments reduced the percentage of T cells co-expressing acetylcholine (Ach)IL-17A,
AChIL-22, and AChRORγt while increasing the Foxp3-expressing T cells in PBMC from
COPD patients [73]. In a mice model of lung inflammation and emphysema induced by
elastin peptides (EP) intranasally, treatment with erythromycin reduced the Th17 cells
while increasing the Treg response [74]. In addition, erythromycin treatment suppressed
cigarette smoke extract-exposed dendritic cell-mediated polarization of CD4+ T cells into
Th17 cells [75]. The effect of treatment with N-Acetylcysteine (NAC) was tested in COPD
patients [76]. Oral administration of NAC significantly reduced the frequencies of Th17
cells in the peripheral blood of the COPD patients group compared to those in the control
group [76]. On the contrary, Treg cell frequencies increased in treated COPD patients.
Mechanistically, NAC regulated Th17/Treg balance by downregulating HIF1-α, which
induced RORγt transcription and Foxp3 protein degradation [76]. Similarly, simvastatin,
a clinically used cholesterol-lowering agent, inhibits IL-17 but enhances IL-10 to reverse
Th17/Treg imbalance in COPD patients [77].

Blocking IL-17 or cytokines that activate Th17 cells is used as a strategy to allevi-
ate asthmatic inflammation. Anti-IL-17 monoclonal antibodies (mAb) treatment before
allergen inhalation strongly reduced bronchial neutrophil infiltration in a mouse model
of allergic asthma [78]. Resolvin E1 (RvE1) suppresses IL-23 and IL-6 production to pro-
mote the resolution of allergic airway inflammation [79]. IL-23 and IL-6 cytokines, in turn,
promote the survival and differentiation of Th17 cells [79]. Dopamine D1-like receptor
antagonist attenuates allergic airway inflammation by inhibiting the production of IL-17
and infiltration of Th17 cells in the lung [80]. Similarly, RAPA (inhibitor of mammalian
target of rapamycin) treatment inhibits OVA-induced neutrophilic airway inflammation by
suppressing Th17 cell differentiation [81]. Administration of rosiglitazone or pioglitazone
(peroxisome proliferator-activated receptor agonists) reduced infiltration of inflammatory
cells and inhibited IL-17 expression after OVA inhalation [82]. On the other hand, rosiglita-
zone or pioglitazone administration further enhanced IL-10 cytokine in lung tissues after
ovalbumin inhalation [83]. Recent studies demonstrated that Tregitopes (T regulatory
epitopes) attenuated airway hyperresponsiveness and inflammation in a murine model of
allergic asthma [84]. Tregitopes induce highly suppressive allergen-specific Tregs, which
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inhibit inflammatory response [84]. Antigen-specific immunotherapy (ASIT) is one of the
major methods of in vivo induction of Tregs in allergic asthma. Grass tablet sublingual
immunotherapy downregulates the Th2 cytokine response and increases regulatory T-
cells [85]. Similarly, dual sublingual immunotherapy enhanced regulatory T cell function
with lower DNA methylation of CpG sites within the Foxp3 locus [86]. In a mouse model
of allergic asthma, exogenous Semaphorin 3E (Sema3E) treatment reduces Th17 cytokine
response leading to diminished collagen deposition, airway hyperresponsiveness, and
eosinophilic inflammation [87]. The therapeutic function of Sema3E is also investigated
in bacterial infection [59]. Exogenous Sema3E treatment protects mice from chlamydial
infection with reduced chlamydial load, lower body weight loss, and pathological changes
in the lungs [59]. Sema3E treatment resulted in higher Th1/Th17 response but reduced Treg
response in the lungs of chlamydia-infected mice compared to saline-Fc treated mice [59].

4. Conclusions

The importance of the balance between pro-inflammatory and anti-inflammatory
cytokines and cells in maintaining immune homeostasis is widely acknowledged. Th17
cells promote inflammation and pathology, whereas Treg cells maintain self-tolerance. The
balance between inflammation and self-tolerance is disrupted, leading to inflammation.
Developing therapeutic approaches focusing on Th17/Treg imbalance is likely an efficient
way to prevent and/or treat various inflammatory diseases.

Author Contributions: R.T.: Writing—original draft preparation, review and editing; S.Q.:
writing—original draft preparation; X.Y.: Writing—original draft preparation, review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by funding from the Canadian Institutes of Health Research
(CIHR, No 130423) to Xi Yang. Rony Thomas is a recipient of Graduate Studentship of
Research Manitoba.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shoenfeld, Y.; Isenberg, D. The mosaic of autoimmunity. Immunol. Today 1989, 10, 123–126. [CrossRef]
2. Javierre, B.M.; Fernandez, A.F.; Richter, J. Changes in the pattern of DNA methylation associate with twin discordance in systemic

lupus erythematosus. Genome Res. 2010, 20, 170–179. [CrossRef]
3. Noack, M.; Miossec, P. Th17 and regulatory T cell balance in autoimmune and inflammatory diseases. Autoimmun. Rev. 2014, 13,

668–677. [CrossRef]
4. Infante-Duarte, C.; Horton, H.F.; Byrne, M.C.; Kamradt, T. Microbial Lipopeptides Induce the Production of IL-17 in Th Cells.

J. Immunol. 2000, 165, 6107–6115. [CrossRef] [PubMed]
5. Ouyang, W.; Kolls, J.K.; Zheng, Y. The Biological Functions of T Helper 17 Cell Effector Cytokines in Inflammation. Immunity

2008, 28, 454–467. [CrossRef] [PubMed]
6. Rouvier, E.; Luciani, M.F.; Mattéi, M.G.; Denizot, F.; Golstein, P. CTLA-8, cloned from an activated T cell, bearing AU-rich

messenger RNA instability sequences, and homologous to a herpesvirus saimiri gene. J. Immunol. 1993, 150, 5445–5456.
[CrossRef] [PubMed]

7. Andrew, J.L.; Frann, B.; Matthew, J.W.; Riyez, K.; Mary, C.; Samuel, J.G.; Kyriaki, D.-J.; Cara MMWJill, F.W.; Lynette, A.F. An
IL-17F/A heterodimer protein is produced by mouse Th17 cells and induces airway neutrophil recruitment. J. Immunol. 2007, 179,
7791–7799.

8. Yao, Z.; Fanslow, W.C.; Seldin, M.F.; Rousseau, A.-M.; Painter, S.L.; Comeau, M.R.; Cohen, J.I.; Spriggs, M.K. Herpesvirus Saimiri
encodes a new cytokine, IL-17, which binds to a novel cytokine receptor. Immunity 1995, 3, 811–821. [CrossRef]

9. Bettelli, E.; Carrier, Y.; Gao, W.; Korn, T.; Strom, T.B.; Oukka, M.; Weiner, H.L.; Kuchroo, V.K. Reciprocal developmental pathways
for the generation of pathogenic effector TH17 and regulatory T cells. Nature 2006, 441, 235–238. [CrossRef]

10. Korn, T.; Bettelli, E.; Gao, W.; Awasthi, A.; Jäger, A.; Strom, T.B.; Kuchroo, V.K. IL-21 initiates an alternative pathway to induce
proinflammatory T(H)17 cells. Nature 2007, 448, 484–487. [CrossRef] [PubMed]

http://doi.org/10.1016/0167-5699(89)90245-4
http://doi.org/10.1101/gr.100289.109
http://doi.org/10.1016/j.autrev.2013.12.004
http://doi.org/10.4049/jimmunol.165.11.6107
http://www.ncbi.nlm.nih.gov/pubmed/11086043
http://doi.org/10.1016/j.immuni.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18400188
http://doi.org/10.4049/jimmunol.150.12.5445
http://www.ncbi.nlm.nih.gov/pubmed/8390535
http://doi.org/10.1016/1074-7613(95)90070-5
http://doi.org/10.1038/nature04753
http://doi.org/10.1038/nature05970
http://www.ncbi.nlm.nih.gov/pubmed/17581588


Int. J. Mol. Sci. 2023, 24, 4865 8 of 11

11. Xu, S.; Cao, X. Interleukin-17 and its expanding biological functions. Cell Mol. Immunol. 2010, 7, 164–174. [CrossRef]
12. Kao, C.Y.; Yin, C.; Philip, T.; Shinichiro, W.; Fei, H.; Christy, K.; Richart, W.H.; Reen, W. IL-17 markedly up-regulates beta-

defensin-2 expression in human airway epithelium via JAK and NF-kappaB signaling pathways. J. Immunol. 2004, 173, 3482–3491.
[CrossRef] [PubMed]

13. Ganz, T. Defensins and Host Defense. Science 1999, 286, 420–421. [CrossRef] [PubMed]
14. Kotake, S.; Udagawa, N.; Takahashi, N.; Matsuzaki, K.; Itoh, K.; Ishiyama, S.; Saito, S.; Inoue, K.; Kamatani, N.;

Gillespie, M.T.; et al. IL-17 in synovial fluids from patients with rheumatoid arthritis is a potent stimulator of osteoclas-
togenesis. J. Clin. Investig. 1999, 103, 1345–1352. [CrossRef] [PubMed]

15. Hwang, S.-Y.; Kim, H.-Y. Expression of IL-17 homologs and their receptors in the synovial cells of rheumatoid arthritis patients.
Mol. Cells 2005, 19, 180–184.

16. Shin, M.S.; Lee, N.; Kang, I. Effector T-cell subsets in systemic lupus erythematosus: Update focusing on Th17 cells. Curr. Opin.
Rheumatol. 2011, 23, 444–448. [CrossRef]

17. Chen, D.-Y.; Chen, Y.-M.; Wen, M.-C.; Hsieh, T.-Y.; Hung, W.-T.; Lan, J.-L. The potential role of Th17 cells and Th17-related
cytokines in the pathogenesis of lupus nephritis. Lupus 2012, 21, 1385–1396. [CrossRef]

18. Mitsdoerffer, M.; Lee, Y.; Jäger, A.; Kim, H.-J.; Korn, T.; Kolls, J.K.; Cantor, H.; Bettelli, E.; Kuchroo, V.K. Proinflammatory T helper
type 17 cells are effective B-cell helpers. Proc. Natl. Acad. Sci. 2010, 107, 14292–14297. [CrossRef]

19. Fontenot, J.D.; Gavin, M.A.; Rudensky, A.Y. Foxp3 programs the development and function of CD4+ CD25+ regulatory T cells.
Nat. Immunol. 2003, 4, 330–336. [CrossRef]

20. Wan, Y.Y.; Flavell, R.A. TGF-beta and regulatory T cell in immunity and autoimmunity. J. Clin. Immunol. 2008, 28, 647–659.
[CrossRef]

21. Chen, W.; Jin, W.; Hardegen, N.; Lei, K.J.; Li, L.; Marinos, N.; Wahl, S.M. Conversion of peripheral CD4+ CD25− naive T cells to
CD4+ CD25+ regulatory T cells by TGF-beta induction of transcription factor Foxp3. J. Exp. Med. 2003, 198, 1875–1886. [CrossRef]
[PubMed]

22. Rubtsov, Y.P.; Rudensky, A.Y. TGFbeta signalling in control of T-cell-mediated self-reactivity. Nat. Rev. Immunol. 2007, 7, 443–453.
[CrossRef]

23. Lourenço, J.D.; Ito, J.T.; Martins MD, A.; Tibério ID FL, C.; Lopes, F.D.T.Q.D.S. Th17/Treg Imbalance in Chronic Obstructive
Pulmonary Disease: Clinical and Experimental Evidence. Front. Immunol. 2021, 12, 804919. [CrossRef]

24. Zhang, L.; Cheng, Z.; Liu, W.; Wu, K. Expression of interleukin (IL)-10, IL-17A and IL-22 in serum and sputum of stable chronic
obstructive pulmonary disease patients. COPD 2013, 10, 459–465. [CrossRef]

25. Sileikiene, V.; Laurinaviciene, A.; Lesciute-Krilaviciene, D.; Jurgauskiene, L.; Malickaite, R.; Laurinavicius, A. Levels of CD4+

CD25+ T Regulatory Cells in Bronchial Mucosa and Peripheral Blood of Chronic Obstructive Pulmonary Disease Indicate
Involvement of Autoimmunity Mechanisms. Adv. Respir. Med. 2019, 87, 159–166. [CrossRef]

26. Zheng, X.; Zhang, L.; Chen, J.; Gu, Y.; Xu, J.; Ouyang, Y. Dendritic cells and Th17/Treg ratio play critical roles in pathogenic
process of chronic obstructive pulmonary disease. Biomed. Pharmacother. 2018, 108, 1141–1151. [CrossRef] [PubMed]

27. Wang, H.; Peng, W.; Weng, Y.; Ying, H.; Li, H.; Xia, D.; Yu, W. Imbalance of Th17/Treg cells in mice with chronic cigarette smoke
exposure. Int. Immunopharmacol. 2012, 14, 504–512. [CrossRef]

28. Matthay, M.A.; Ware, L.B.; Zimmerman, G.A. The acute respiratory distress syndrome. J. Clin. Investig. 2012, 122, 2731–2740.
[CrossRef]

29. Yu, Z.X.; Ji, M.S.; Yan, J.; Cai, Y.; Liu, J.; Yang, H.F.; Zheng, J.X. The ratio of Th17/Treg cells as a risk indicator in early acute
respiratory distress syndrome. Crit. Care 2015, 19, 82. [CrossRef]

30. Chen, L.; Yang, J.; Zhang, M.; Fu, D.; Luo, H.; Yang, X. SPP1 exacerbates ARDS via elevating Th17/Treg and M1/M2 ratios
through suppression of ubiquitination-dependent HIF-1α degradation. Cytokine 2023, 164, 156107. [CrossRef] [PubMed]

31. Cheng, L.; Jiao, Y.; Jiang, W.; Zhang, X.; Zhang, L.; Jia, G. IL-33 Deficiency Attenuates Lung Inflammation by Inducing Th17
Response and Impacting the Th17/Treg Balance in LPS-Induced ARDS Mice via Dendritic Cells. J. Immunol. Res. 2022,
2022, 9543083. [CrossRef]

32. Hou, Y.-C.; Pai, M.-H.; Liu, J.-J.; Yeh, S.-L. Alanyl-glutamine resolves lipopolysaccharide-induced lung injury in mice by
modulating the polarization of regulatory T cells and T helper 17 cells. J. Nutr. Biochem. 2013, 24, 1555–1563. [CrossRef]

33. Qiu, H.-B.; Liu, J.; Zhang, P.-S.; Yu, Q.; Liu, L.; Yang, Y.; Guo, F.-M. Losartan inhibits conventional dendritic cell maturation and
Th1 and Th17 polarization responses: Novel mechanisms of preventive effects on lipopolysaccharide-induced acute lung injury.
Int. J. Mol. Med. 2011, 29, 269–276. [CrossRef]

34. Urbankowski, T.; Hoser, G.; Domagała-Kulawik, J. Th1/Th2/Th17-related cytokines in the bronchoalveolar lavage fluid of
patients with sarcoidosis: Association with smoking. Pol. Arch. Med. Wewn. 2012, 122, 320–325. [CrossRef] [PubMed]

35. Huang, H.; Lu, Z.; Jiang, C.; Liu, J.; Wang, Y.; Xu, Z. Imbalance between Th17 and Regulatory T-Cells in Sarcoidosis. Int. J. Mol.
Sci. 2013, 14, 21463–21473. [CrossRef] [PubMed]

36. Sakthivel, P.; Grunewald, J.; Eklund, A.; Bruder, D.; Wahlström, J. 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. Clin. ExImmunol. 2015, 183, 294–306. [CrossRef] [PubMed]

http://doi.org/10.1038/cmi.2010.21
http://doi.org/10.4049/jimmunol.173.5.3482
http://www.ncbi.nlm.nih.gov/pubmed/15322213
http://doi.org/10.1126/science.286.5439.420
http://www.ncbi.nlm.nih.gov/pubmed/10577203
http://doi.org/10.1172/JCI5703
http://www.ncbi.nlm.nih.gov/pubmed/10225978
http://doi.org/10.1097/BOR.0b013e328349a255
http://doi.org/10.1177/0961203312457718
http://doi.org/10.1073/pnas.1009234107
http://doi.org/10.1038/ni904
http://doi.org/10.1007/s10875-008-9251-y
http://doi.org/10.1084/jem.20030152
http://www.ncbi.nlm.nih.gov/pubmed/14676299
http://doi.org/10.1038/nri2095
http://doi.org/10.3389/fimmu.2021.804919
http://doi.org/10.3109/15412555.2013.770456
http://doi.org/10.5603/ARM.2019.0023
http://doi.org/10.1016/j.biopha.2018.09.113
http://www.ncbi.nlm.nih.gov/pubmed/30372815
http://doi.org/10.1016/j.intimp.2012.09.011
http://doi.org/10.1172/JCI60331
http://doi.org/10.1186/s13054-015-0811-2
http://doi.org/10.1016/j.cyto.2022.156107
http://www.ncbi.nlm.nih.gov/pubmed/36773529
http://doi.org/10.1155/2022/9543083
http://doi.org/10.1016/j.jnutbio.2013.01.004
http://doi.org/10.3892/ijmm.2011.818
http://doi.org/10.20452/pamw.1341
http://www.ncbi.nlm.nih.gov/pubmed/22814515
http://doi.org/10.3390/ijms141121463
http://www.ncbi.nlm.nih.gov/pubmed/24177566
http://doi.org/10.1111/cei.12715
http://www.ncbi.nlm.nih.gov/pubmed/26415669


Int. J. Mol. Sci. 2023, 24, 4865 9 of 11

37. Lan, Q.; Yanxun, W.; Halimulati, A.; Yuyue, Z.; Shan, L.; Zuojun, X. The Circulating Treg/Th17 Cell Ratio Is Correlated
with Relapse and Treatment Response in Pulmonary Sarcoidosis Patients after Corticosteroid Withdrawal. PLoS ONE 2016,
11, e0148207.

38. Miyara, M.; Amoura, Z.; Parizot, C.; Badoual, C.; Dorgham, K.; Trad, S.; Kambouchner, M.; Valeyre, D.; Chapelon-Abric, C.;
Debré, P.; et al. The immune paradox of sarcoidosis and regulatory T cells. J. Exp. Med. 2006, 203, 359–370. [CrossRef]

39. Oswald-Richter, K.A.; Richmond, B.W.; Braun, N.A.; Isom, J.; Abraham, S.; Taylor, T.R.; Drake, J.M.; Culver, D.A.; Wilkes, D.S.;
Drake, W.P. Reversal of Global CD4+ Subset Dysfunction Is Associated with Spontaneous Clinical Resolution of Pulmonary
Sarcoidosis. J. Immunol. 2013, 190, 5446–5453. [CrossRef]

40. Mims, J.W. Asthma: Definitions and pathophysiology. Int. Forum Allergy Rhinol. 2015, 5, S2–S6. [CrossRef] [PubMed]
41. Chesné, J.; Braza, F.; Mahay, G.; Brouard, S.; Aronica, M.; Magnan, A. IL-17 in severe asthma. Where do we stand? Am. J. Respir.

Crit. Care Med. 2014, 190, 1094–1101. [CrossRef]
42. Molet, S.; Hamid, Q.; Davoineb, F.; Nutku, E.; Tahaa, R.; Pagé, N.; Olivenstein, R.; Elias, J.; Chakir, J. IL-17 is increased in asthmatic

airways and induces human bronchial fibroblasts to produce cytokines. J. Allergy Clin. Immunol. 2001, 108, 430–438. [CrossRef]
43. Al-Ramli, W.; Préfontaine, D.; Chouiali, F.; Martin, J.G.; Olivenstein, R.; Lemière, C.; Hamid, Q. T(H)17-associated cytokines

(IL-17A and IL-17F) in severe asthma. J. Allergy Clin. Immunol. 2009, 123, 1185–1187. [CrossRef] [PubMed]
44. Barczyk, A.; Pierzchala, W.; Sozañska, E. Interleukin-17 in sputum correlates with airway hyperresponsiveness to methacholine.

Respir. Med. 2003, 97, 726–733. [CrossRef] [PubMed]
45. Sun, Y.-C.; Zhou, Q.-T.; Yao, W.-Z. Sputum interleukin-17 is increased and associated with airway neutrophilia in patients with

severe asthma. Chin. Med. J. 2005, 118, 953–956. [PubMed]
46. Camargo, L.D.N.; dos Santos, T.M.; de Andrade, F.C.P.; Fukuzaki, S.; Lopes, F.D.T.Q.D.S.; Martins, M.D.A.; Prado, C.M.;

Leick, E.A.; Righetti, R.F.; Tibério, I.D.F.L.C. Bronchial Vascular Remodeling Is Attenuated by Anti-IL-17 in Asthmatic Responses
Exacerbated by LPS. Front. Pharmacol. 2020, 11, 1269. [CrossRef]

47. de Brito, A.A.; Goncalves Santos, T.; Herculano, K.Z.; Estefano-Alves, C.; de Alvarenga Nascimento, C.R.; Rigonato-Oliveira, N.C.;
Ligeiro de Oliveira, A.P. Photobiomodulation Therapy Restores IL-10 Secretion in a Murine Model of Chronic Asthma: Relevance
to the Population of CD4. Front. Immunol. 2021, 12, 789426. [CrossRef]

48. Shen, X.; Zhang, H.; Xie, H.; Chen, L.; Li, S.; Zheng, J.; Chai, R.; Wang, Z.; Zang, Y.; He, S. Reduced CCR6+ IL-17A+ Treg Cells in
Blood and CCR6-Dependent Accumulation of IL-17A+ Treg Cells in Lungs of Patients With Allergic Asthma. Front. Immunol.
2021, 12, 710750. [CrossRef]

49. Tao, B.; Ruan, G.; Wang, D.; Li, Y.; Wang, Z.; Yin, G. Imbalance of Peripheral Th17 and Regulatory T Cells in Children with
Allergic Rhinitis and Bronchial Asthma. Iran. J. Allergy Asthma Immunol. 2015, 14, 273–279.

50. Zheng, R.; Wang, F.; Huang, Y.; Xiang, Q.; Dai, H.; Zhang, W. Elevated Th17 cell frequencies and Th17/Treg ratio are associated
with airway hyperresponsiveness in asthmatic children. J. Asthma 2021, 58, 707–716. [CrossRef]

51. Dai, H.; Zheng, R.; Wang, L.; Wan, J.; Tong, Y.; Zhao, W.; Zhang, W. ICS/LABA Combined With Subcutaneous Immunotherapy
Modulates the Th17/Treg Imbalance in Asthmatic Children. Front. Immunol. 2022, 13, 779072. [CrossRef] [PubMed]

52. Vollmer, C.M.; Dias, A.S.; Lopes, L.M.; Kasahara, T.M.; Delphim, L.; Silva, J.C.C.; Bento, C.A. Leptin favors Th17/Treg cell subsets
imbalance associated with allergic asthma severity. Clin. Transl. Allergy 2022, 12, e12153. [CrossRef] [PubMed]

53. Puel, A.; Cypowyj, S.; Bustamante, J.; Wright, J.F.; Liu, L.; Lim, H.K.; Migaud, M.; Israel, L.; Chrabieh, M.; Audry, M.; et al. Chronic
Mucocutaneous Candidiasis in Humans with Inborn Errors of Interleukin-17 Immunity. Science 2011, 332, 65–68. [CrossRef]

54. Pandiyan, P.; Conti, H.R.; Zheng, L.; Peterson, A.C.; Mathern, D.R.; Hernández-Santos, N.; Edgerton, M.; Gaffen, S.L.;
Lenardo, M.J. CD4+ CD25+ Foxp3+ Regulatory T Cells Promote Th17 Cells In Vitro and Enhance Host Resistance in Mouse
Candida albicans Th17 Cell Infection Model. Immunity 2011, 34, 422–434. [CrossRef]

55. Rudner, X.L.; Happel, K.I.; Young, E.A.; Shellito, J.E. Interleukin-23 (IL-23)-IL-17 Cytokine Axis in Murine Pneumocystis carinii
Infection. Infect. Immun. 2007, 75, 3055–3061. [CrossRef]

56. McKinley, L.; Logar, A.J.; McAllister, F.; Zheng, M.; Steele, C.; Kolls, J.K. Regulatory T Cells Dampen Pulmonary Inflammation
and Lung Injury in an Animal Model of Pneumocystis Pneumonia. J. Immunol. 2006, 177, 6215–6226. [CrossRef]

57. Bai, H.; Gao, X.; Zhao, L.; Peng, Y.; Yang, J.; Qiao, S.; Zhao, H.; Wang, S.; Fan, Y.; Joyee, A.G.; et al. Respective IL-17A production
by γδ T and Th17 cells and its implication in host defense against chlamydial lung infection. Cell Mol. Immunol. 2016, 14, 850–861.
[CrossRef]

58. Thomas, R.; Wang, S.; Shekhar, S.; Peng, Y.; Qiao, S.; Zhang, C.; Shan, L.; Movassagh, H.; Gounni, A.S.; Yang, J.; et al. Semaphorin
3E Protects against Chlamydial Infection by Modulating Dendritic Cell Functions. J. Immunol. 2021, 206, 1251–1265. [CrossRef]
[PubMed]

59. Thomas, R.; Wang, S.; Rashu, R.; Peng, Y.; Gounni, A.S.; Yang, X. Exogenous Semaphorin 3E treatment protects against chlamydial
lung infection in mice. Front. Immunol. 2022, 13, 882412. [CrossRef]

60. Bai, H.; Cheng, J.; Gao, X.; Joyee, A.G.; Fan, Y.; Wang, S.; Yang, X. IL-17/Th17 promotes type 1 T cell immunity against pulmonary
intracellular bacterial infection through modulating dendritic cell function. J. Immunol. 2009, 183, 5886–5895. [CrossRef]

61. Sun, L.-D.; Qiao, S.; Wang, Y.; Pang, G.-J.; Zha, X.-Y.; Liu, T.-L.; Zhao, H.-L.; Liang, J.-Y.; Zheng, N.-B.; Tan, L.; et al. Vγ4+ T Cells:
A Novel IL-17-Producing γδ T Subsets during the Early Phase of Chlamydial Airway Infection in Mice. Mediat. Inflamm. 2018,
2018, 6265746. [CrossRef]

http://doi.org/10.1084/jem.20050648
http://doi.org/10.4049/jimmunol.1202891
http://doi.org/10.1002/alr.21609
http://www.ncbi.nlm.nih.gov/pubmed/26335832
http://doi.org/10.1164/rccm.201405-0859PP
http://doi.org/10.1067/mai.2001.117929
http://doi.org/10.1016/j.jaci.2009.02.024
http://www.ncbi.nlm.nih.gov/pubmed/19361847
http://doi.org/10.1053/rmed.2003.1507
http://www.ncbi.nlm.nih.gov/pubmed/12814161
http://www.ncbi.nlm.nih.gov/pubmed/15978198
http://doi.org/10.3389/fphar.2020.01269
http://doi.org/10.3389/fimmu.2021.789426
http://doi.org/10.3389/fimmu.2021.710750
http://doi.org/10.1080/02770903.2020.1737710
http://doi.org/10.3389/fimmu.2022.779072
http://www.ncbi.nlm.nih.gov/pubmed/35355985
http://doi.org/10.1002/clt2.12153
http://www.ncbi.nlm.nih.gov/pubmed/35734271
http://doi.org/10.1126/science.1200439
http://doi.org/10.1016/j.immuni.2011.03.002
http://doi.org/10.1128/IAI.01329-06
http://doi.org/10.4049/jimmunol.177.9.6215
http://doi.org/10.1038/cmi.2016.53
http://doi.org/10.4049/jimmunol.2001013
http://www.ncbi.nlm.nih.gov/pubmed/33504621
http://doi.org/10.3389/fimmu.2022.882412
http://doi.org/10.4049/jimmunol.0901584
http://doi.org/10.1155/2018/6265746


Int. J. Mol. Sci. 2023, 24, 4865 10 of 11

62. Scurlock, A.M.; Frazer, L.C.; Andrews, C.W.; O’Connell, C.M.; Foote, I.P.; Bailey, S.L.; Chandra-Kuntal, K.; Kolls, J.K.; Darville, T.
Interleukin-17 Contributes to Generation of Th1 Immunity and Neutrophil Recruitment during Chlamydia muridarum Genital
Tract Infection but Is Not Required for Macrophage Influx or Normal Resolution of Infection. Infect. Immun. 2011, 79, 1349–1362.
[CrossRef]

63. Frazer, L.C.; Scurlock, A.M.; Zurenski, M.A.; Riley, M.M.; Mintus, M.; Pociask, D.A.; Darville, T. IL-23 induces IL-22 and IL-17
production in response to Chlamydia muridarum genital tract infection, but the absence of these cytokines does not influence
disease pathogenesis. Am. J. Reprod. Immunol. 2013, 70, 472–484. [CrossRef] [PubMed]

64. Kelly, K.A.; Champion, C.I.; Jiang, J. The role of T regulatory cells in Chlamydia trachomatis genital infection. Chlamydia 2021, 91.
[CrossRef]

65. Moore-Connors, J.M.; Fraser, R.; Halperin, S.A.; Wang, J. CD4+ CD25+ Foxp3+ Regulatory T Cells Promote Th17 Responses
and Genital Tract Inflammation upon Intracellular Chlamydia muridarum Infection. J. Immunol. 2013, 191, 3430–3439. [CrossRef]
[PubMed]

66. Marks, E.; Verolin, M.; Stensson, A.; Lycke, N. Differential CD28 and Inducible Costimulatory Molecule Signaling Requirements
for Protective CD4+ T-Cell-Mediated Immunity against Genital Tract Chlamydia trachomatis Infection. Infect. Immun. 2007, 75,
4638–4647. [CrossRef] [PubMed]

67. Zhao, L.; Wang, H.; Thomas, R.; Gao, X.; Bai, H.; Shekhar, S.; Wang, S.; Yang, J.; Zhao, W.; Yang, X. NK cells modulate T cell
responses via interaction with dendritic cells in Chlamydophila pneumoniae infection. Cell Immunol. 2020, 353, 104132. [CrossRef]
[PubMed]

68. Li, J.; Dong, X.; Zhao, L.; Wang, X.; Wang, Y.; Yang, X.; Zhao, W. Natural killer cells regulate Th1/Treg and Th17/Treg balance in
chlamydial lung infection. J. Cell Mol. Med. 2016, 20, 1339–1351. [CrossRef]

69. Guo, H.; He, Z.; Li, M.; Wang, T.; Zhang, L. Imbalance of peripheral blood Th17 and Treg responses in children with refractory
Mycoplasma pneumoniae pneumonia. J. Infect. Chemother. 2016, 22, 162–166. [CrossRef]

70. Shi, T.; Li, N.; He, Y.; Feng, J.; Mei, Z.; Du, Y.; Jie, Z. Th17/Treg cell imbalance plays an important role in respiratory syncytial
virus infection compromising asthma tolerance in mice. Microb. Pathog. 2021, 156, 104867. [CrossRef]

71. Qin, L.; Hu, C.-P.; Feng, J.-T.; Xia, Q. Activation of Lymphocytes Induced by Bronchial Epithelial Cells with Prolonged RSV
Infection. PLoS ONE 2011, 6, e27113. [CrossRef] [PubMed]

72. Li, B.; Wu, F.-L.; Feng, X.-B.; Sun, D.-K.; Cui, Q.-Q.; Zhao, Z.-X. Changes and the clinical significance of CD4? CD25? regulatory T
cells and Th17 cells in peripheral blood of infants with respiratory syncytial virus bronchiolitis. Xi Bao Yu Fen Zi Mian Yi Xue Za
Zhi Chin. J. Cell. Mol. Immunol. 2012, 28, 426–428.

73. Profita, M.; Albano, G.D.; Riccobono, L.; Di Sano, C.; Montalbano, A.M.; Gagliardo, R.; Anzalone, G.; Bonanno, A.; Pieper, M.P.;
Gjomarkaj, M. Increased levels of Th17 cells are associated with non-neuronal acetylcholine in COPD patients. Immunobiology
2014, 219, 392–401. [CrossRef] [PubMed]

74. Tang, S.; Ma, T.; Zhang, H.; Zhang, J.; Zhong, X.; Tan, C.; Qiu, Y.; Zeng, W.; Feng, X. Erythromycin Prevents Elastin Peptide-
Induced Emphysema and Modulates CD4+ T Cell Responses in Mice. Int. J. Chronic Obstr. Pulm. Dis. 2019, 14, 2697–2709.
[CrossRef] [PubMed]

75. Liu, J.; Zhong, X.; He, Z.; Zhang, J.; Bai, J.; Liu, G.; Liang, Y.; Ya, L.; Qin, X. Erythromycin Suppresses the Cigarette Smoke
Extract-Exposed Dendritic Cell-Mediated Polarization of CD4+ T Cells into Th17 Cells. J. Immunol. Res. 2020, 2020, 1387952.
[CrossRef]

76. Liu, X.; Hu, Z.; Zhou, H. N-Acetylcysteine Improves Inflammatory Response in COPD Patients by Regulating Th17/Treg Balance
through Hypoxia Inducible Factor-1. Biomed. Res. Int. 2021, 2021, 6372128. [CrossRef]

77. Maneechotesuwan, K.; Wongkajornsilp, A.; Adcock, I.; Barnes, P.J. Simvastatin Suppresses Airway IL-17 and Upregulates IL-10 in
Patients with Stable COPD. Chest 2015, 148, 1164–1176. [CrossRef]

78. Hellings, P.W.; Kasran, A.; Liu, Z.; Vandekerckhove, P.; Wuyts, A.; Overbergh, L.; Mathieu, C.; Ceuppens, J.L. Interleukin-17
Orchestrates the Granulocyte Influx into Airways after Allergen Inhalation in a Mouse Model of Allergic Asthma. Am. J. Respir.
Cell Mol. Biol. 2003, 28, 42–50. [CrossRef]

79. Haworth, O.; Cernadas, M.; Yang, R.; Serhan, C.N.; Levy, B.D. Resolvin E1 regulates interleukin 23, interferon-gamma and lipoxin
A4 to promote the resolution of allergic airway inflammation. Nat. Immunol. 2008, 9, 873–879. [CrossRef]

80. Nakagome, K.; Imamura, M.; Okada, H.; Kawahata, K.; Inoue, T.; Hashimoto, K.; Harada, H.; Higashi, T.; Takagi, R.;
Nakano, K.; et al. Dopamine D1-Like Receptor Antagonist Attenuates Th17-Mediated Immune Response and Ovalbumin Antigen-
Induced Neutrophilic Airway Inflammation. J. Immunol. 2011, 186, 5975–5982. [CrossRef]

81. Wu, J.; Zhong, W.; Zhang, H.; Yin, Y. Mammalian Target of Rapamycin Signaling Enhances Ovalbumin-Induced Neutrophilic
Airway Inflammation by Promoting Th17 Cell Polarization in Murine Noneosinophilic Asthma Model. Pediatr. Allergy Immunol.
Pulmonol. 2020, 33, 25–32. [CrossRef]

82. Park, S.J.; Lee, K.S.; Kim, S.R.; Min, K.H.; Choe, Y.H.; Moon, H.; Lee, Y.C. Peroxisome proliferator-activated receptor gamma
agonist down-regulates IL-17 expression in a murine model of allergic airway inflammation. J. Immunol. 2009, 183, 3259–3267.
[CrossRef] [PubMed]

83. Kyung, S.L.; Hee, S.P.; Seoung, J.P.; Kyung, H.M.; Sun, M.J.; Yong, C.L. Involvement of IL-10 in peroxisome proliferator-activated
receptor gamma-mediated anti-inflammatory response in asthma. Mol. Pharmacol. 2005, 68, 1568–1575.

http://doi.org/10.1128/IAI.00984-10
http://doi.org/10.1111/aji.12171
http://www.ncbi.nlm.nih.gov/pubmed/24238108
http://doi.org/10.5772/32392
http://doi.org/10.4049/jimmunol.1301136
http://www.ncbi.nlm.nih.gov/pubmed/23956419
http://doi.org/10.1128/IAI.00465-07
http://www.ncbi.nlm.nih.gov/pubmed/17635872
http://doi.org/10.1016/j.cellimm.2020.104132
http://www.ncbi.nlm.nih.gov/pubmed/32446031
http://doi.org/10.1111/jcmm.12821
http://doi.org/10.1016/j.jiac.2015.12.006
http://doi.org/10.1016/j.micpath.2021.104867
http://doi.org/10.1371/journal.pone.0027113
http://www.ncbi.nlm.nih.gov/pubmed/22216085
http://doi.org/10.1016/j.imbio.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24529390
http://doi.org/10.2147/COPD.S222195
http://www.ncbi.nlm.nih.gov/pubmed/31819402
http://doi.org/10.1155/2020/1387952
http://doi.org/10.1155/2021/6372128
http://doi.org/10.1378/chest.14-3138
http://doi.org/10.1165/rcmb.4832
http://doi.org/10.1038/ni.1627
http://doi.org/10.4049/jimmunol.1001274
http://doi.org/10.1089/ped.2019.1088
http://doi.org/10.4049/jimmunol.0900231
http://www.ncbi.nlm.nih.gov/pubmed/19641141


Int. J. Mol. Sci. 2023, 24, 4865 11 of 11

84. Dembele, M.; Tao, S.; Massoud, A.H.; Miah, S.M.S.; Lelias, S.; De Groot, A.S.; Mazer, B.D. Tregitopes Improve Asthma by
Promoting Highly Suppressive and Antigen-Specific Tregs. Front. Immunol. 2021, 12, 634509. [CrossRef] [PubMed]

85. Suárez-Fueyo, A.; Ramos, T.; Galán, A.; Jimeno, L.; Wurtzen, P.A.; Marin, A.; de Frutos, C.; Blanco, C.; Carrera, A.; Barber, D.; et al.
Grass tablet sublingual immunotherapy downregulates the TH2 cytokine response followed by regulatory T-cell generation.
J. Allergy Clin. Immunol. 2013, 133, 130–138.e2. [CrossRef] [PubMed]

86. Swamy, R.S.; Reshamwala, N.; Hunter, T.; Vissamsetti, S.; Santos, C.B.; Baroody, F.M.; Hwang, P.H.; Hoyte, E.G.; Garcia, M.A.;
Nadeau, K.C. Epigenetic modifications and improved regulatory T-cell function in subjects undergoing dual sublingual im-
munotherapy. J. Allergy Clin. Immunol. 2012, 130, 215–224.e7. [CrossRef] [PubMed]

87. Movassagh, H.; Shan, L.; Duke-Cohan, J.S.; Halayko, A.J.; Uzonna, J.E.; Gounni, A.S. Semaphorin 3E Alleviates Hallmarks of
House Dust Mite–Induced Allergic Airway Disease. Am. J. Pathol. 2017, 187, 1566–1576. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fimmu.2021.634509
http://www.ncbi.nlm.nih.gov/pubmed/33953711
http://doi.org/10.1016/j.jaci.2013.09.043
http://www.ncbi.nlm.nih.gov/pubmed/24290282
http://doi.org/10.1016/j.jaci.2012.04.021
http://www.ncbi.nlm.nih.gov/pubmed/22677046
http://doi.org/10.1016/j.ajpath.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28634005

	Introduction 
	Th17 Cells 
	Treg Cells 

	Th17/Treg Cells in Lung Inflammatory Diseases 
	Chronic Obstructive Pulmonary Disease (COPD) 
	Acute Respiratory Distress Syndrome (ARDS) 
	Sarcoidosis 
	Asthma 
	Pulmonary Infectious Diseases 

	Therapeutic Strategies Targeting Th17/Treg Cells in Lung Inflammatory Diseases 
	Conclusions 
	References

