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Editorial on the Research Topic
Regulatory T cells in immune-mediated diseases

To ensure homeostasis, all biological systems exhibit both activating effects and
regulatory mechanisms that counterbalance these effects. The discovery of regulatory
and feedback mechanisms within immune responses has developed gradually over time.
Thymic-derived T cells were first identified as inhibitory cells in 1970 (1) after the discovery
of T cells by Miller in 1961 (2). Thymectomy in rodents shortly after birth led to the
development of autoimmune responses (3), highlighting the regulatory role of the thymus.
By the mid-1970s, research demonstrated that immune-mediated transplant tolerance,
induced by neonatal infusion of allogeneic cells, could be transferred to a new host using
enriched recirculating T cells (4). This observation initiated efforts to distinguish
suppressor T cells from effector cells, an ongoing area of immunological investigation
some of which is discussed in this Research Topic of papers and reviews.

During the 1970s and 1980s, research in murine models suggested the existence of
CD8"I-J" T cells as suppressor cells. However, the inability to locate the I-] gene within the
major histocompatibility complex (MHC) cast doubt on the existence of suppressor cells,
leading to a substantial decline in investigations of suppressor T cells (5).

In a model of alloantigen-induced transplant tolerance in adult animals, it was observed
that tolerance to specific alloantigen could be transferred by spleen and lymph node cells, as
well as by enriched T cell preparations (6-9). Further characterization revealed that the
tolerance-transferring T cells were CD4" rather than CD8". Unlike naive effector T cells,
these CD4" T cells did not rapidly recirculate from blood to lymph (10, 11). Further
investigation demonstrated that these tolerance-inducing T cells lost suppressor function
ex vivo within days, unless stimulated by a specific alloantigen and a cytokine-rich
supernatant derived from Con A-activated T cells (12, 13). IL-2 was one cytokine that
promoted the survival of alloantigen specific tolerance inducing T regulatory cells. This led
to the observation that CD4*CD25" T cells, which express the interleukin-2 (IL-2) receptor,
were essential for the transfer of alloantigen-specific tolerance (14). At that time, expression
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of CD25 by activated T cells was considered a key marker of the
rejection response and other. IL-2 was shown to partially sustain
these tolerance mediating CD4" cells, suggesting other cytokines
were involved in the maintenance of functional T regulatory cells.

Early studies identified additional markers, including Class II
MHC and CD45RC (14), on alloantigen-specific T cells. These
markers continue to aid in the identification of activated
CD4"CD25" T cells in both humans and animal models.

Sakaguchi and colleagues later demonstrated that CD4*CD25"
T cells in mice could prevent autoimmunity induced by
thymectomy performed 3-4 days after birth (15). These cells, now
termed thymus-derived regulatory T cells (tTregs), are involved in
regulating immune responses broadly. When activated by an
antigen, they selectively activate antigen-specific regulatory T cells
(Tregs) (16).

More than fifty years after thymocytes were first described as
suppressors of immune responses, and over thirty-five years since
CD4"CD25" T cells were identified as suppressor cells, the
complexity and heterogeneity of CD4"CD25"CD127'°Foxp3* T
cells are still not fully elucidated. Continued research in this field
will deepen our understanding of Tregs, particularly their activation
and function, providing insights into immune regulation and
potential therapeutic applications.

The articles in this Research Topic covers a wide-ranging
research and reviews of the phenotypes and unique characteristics
of Treg as well as its roles in various human diseases.

A new hypothesis for beneficial effects of polyvalent
immunoglobulin G (IgG) in immune tolerance is proposed by
Victor and Nahm through integration of the pre-existing
idiotypic network theory and Treg cell theory into an anti-
idiotypic Treg cell theory. The theory is based on demonstrated
in vitro and in vivo effects of polyvalent IgG. These include
increased IL-10 expression in vitro on CD4"CD25 Treg,
increased IL-10 expressing CD4" cells in healthy donors, and
increased CD4"Foxp3™cells in patients with atopic dermatitis
associated with significant clinical improvement in patients. The
proposed mechanism of IgG action involves multiple steps leading
to IL-10 secretion by activated anti-idiotypic Treg through the
presentation of immunogenic peptides generated from processing
of IgG by dendritic cells. IL-10 in turn suppress Th2 cell response to
allergens and autoimmune T cells response to self-antigens leading
to IgG associated long-term clinical improvement in patients with
allergic and autoimmune diseases. This theory needs validation by
studying the detailed molecular mechanism underlying polyvalent
IgG-induced Treg activation and examining its clinical usefulness.

Nirmala et al. conducted a detailed examination of various
phenotypic markers to distinguish tTregs from pTregs and to
identify activated tTregs. Liu et al, in contrast, characterized
FoxP3" Tregs and found that both resting (or naive) FoxP3" Tregs
and activated Tregs shared similar features, shedding light on the
consistency of FoxP3 expression across Treg activation states.

Yilmazer et al. showed an unexpected high functional
adaptability of peripheral Treg (pTreg) in absence of tTreg in
mice model by selectively deleting either thymus-derived
regulatory T cells (tTregs) or peripherally-induced regulatory T
cells (pTregs). These pTregs acquire a highly activated suppressor
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phenotype and replenish the Treg cell pool. These observations
contrast with the more established concept that tTregs are the
primary mediators of self-tolerance. Overall, their study
emphasized the important role of pTregs as mediators of self-
tolerance and prompts further investigation of these cells for their
potential use as a therapy for autoimmune diseases.

In a review on tissue resident regulatory T cells (TR-Tregs),
Alvarez et al. provided insights about tissue residency program
leading to generation of TR-Tregs. Inflammatory signals prior and
during the migration of Tregs can alter the trajectory of these cells
into tissues, leading them to adopt a helper T cell like phenotypes.
Moreover, signals provided by other cytokines such as IL-12, IL-4 or
IL-23 help them express T-bet", GATA3" or RORY to express the
appropriate Th chemokine receptor. This diverts T effector Treg to
migrate to inflammation sites alongside conventional T cells.
Mechanisms that help maintain the specific phenotypes have been
discussed. We have previously shown that IL-2 and alloantigen
activated tTregs express IL12RB2 and are stimulated by IL-12 to
mediate potent donor specific suppression in vivo (17). Like pTregs,
a better mechanistic understanding TR-Treg in vivo biology can
ultimately guide their future development as a cell-based therapy.

In experimental lupus-prone mice, Rosenberger et al.
demonstrated that Tregs play a critical role in inhibiting
autoreactive effector T cells. Their study showed a strong inverse
correlation between the levels of Tregs and antigen-specific
autoreactive CD4" T cells, emphasizing the direct role of Tregs in
managing immune-mediated diseases.

In a comprehensive review, Xia et al. discussed the association
between Tregs and cardiovascular diseases, presenting evidence
from various studies that link Treg activity to cardiovascular
health. They highlighted potential immunotherapies that may
mitigate cardiovascular diseases by modulating Treg function.

Yilmaz et al. showed the role of Treg in pathogenesis of immune
mediated liver disease, autoimmune liver disease (AILD) in scurfy
mice and described features of disease pathogenesis. They
confirmed that Treg deficiency is the key to spontaneous
development of clinical, serological and immunopathological
features of AILD. Wen et al. reviewed the role of T cells, mainly
Th1/Th2 and Th17/Treg in pathogenesis of osteoarthritic (OA) and
suggested future research directions for potentially new therapeutic
strategies to include targeting and optimizing Th1/Th2 and Th17/
Treg balance.

Zhang et al. investigated Treg populations in the blood of
patients with sarcoidosis and found a significant correlation
between sarcoidosis and a lower Treg population, alongside an
elevated Th17.1 population. This imbalance suggests a
dysregulation in immune cell populations in sarcoidosis patients.

Fukasawa et al. examined the efficacy of tildrakizumab, an IL-23
antibody, in patients with psoriasis. They found that clinical
improvements were associated with enhanced Treg numbers and
functionality, suggesting that tildrakizumab may exert therapeutic
effects by promoting Treg-mediated immune regulation. Also,
beneficial effects of supplements like glucosamine and chondroitin
sulfate in repair and generation of chondrocytes need to be explored
in detail. Vollmer et al. explored how leptin levels affect Treg
proportions and functions in overweight individuals with
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allergies, finding that leptin influences Treg activity in
this population.

Angelats and Santamaria provided a comprehensive analysis of
the transcription factors that govern the development of type 1
regulatory T (Tr1) cells and the regulatory mechanisms that define
their lineage, offering insights into the distinct biological pathways
of Trl cells.

Overall these studies enhance our understanding of Treg
biology, including their phenotypes, activation mechanisms, and
functional pathways. Such studies provide significant promise for
treating autoimmune and inflammatory diseases. Continued
research will develop targeted immunotherapies that harness the
unique suppressive functions of Tregs.
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cells in the peripheral blood
and BALF of sarcoidosis
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to disease activity and the
fibrotic radiographic phenotype
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Beijing, China, ?Department of Pulmonary and Critical Care Medicine, Hunan Provincial People’s
Hospital, The First Affiliated Hospital of Hunan Normal University, Changsha, China, *Department of
Immunology, School of Basic Medical Sciences, Capital Medical University, Beijing, China, “*Center for
Interstitial and Rare Lung Diseases, Pneumology Department, Ruhrlandklinik, University Hospital,
University of Duisburg-Essen, Essen, Germany

Rationale: Sarcoidosis is a granulomatous interstitial lung disease involving a
complex interplay among different cluster of differentiation 4 (CD4%) thymus cell
(T-cell) subsets. Originally described as a type 1 T-helper (Thl) inflammatory
disease, recent evidence suggests that both effector and regulatory T-cell
subgroups play a critical role in sarcoidosis, but this remains controversial.

Objectives: We aimed to investigate the distribution of CD4" T-cell
subpopulations in sarcoidosis patients and its potential associations with
clinical disease activity and a radiographic fibrotic phenotype.

Methods: We measured the frequencies of regulatory T cells (Tregs), Thl, Thl7,
and Th17.1 cells in the peripheral blood and/or bronchoalveolar lavage fluid
(BALF) of 62 sarcoidosis patients, 66 idiopathic pulmonary fibrosis (IPF) patients,
and 41 healthy volunteers using flow cytometry. We also measured the changes
in these T-cell subpopulations in the blood at the follow-up visits of 11
sarcoidosis patients.

Measurements and results: An increased percentage of Tregs was observed in
the peripheral blood of sarcoidosis patients, with a positive association to disease
activity and a fibrotic radiographic phenotype. We found a higher frequency of
Tregs, a lower proportion of Th17.1 cells, and a lower ratio of Th17.1 cells to total
Tregs in the peripheral blood of both active and fibrotic sarcoidosis patients,
compared with IPF patients or healthy donors. In contrast, a lower frequency of
Tregs and a higher proportion of Th17.1 cells was found in the BALF of sarcoidosis
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patients than in that of IPF patients. There was an imbalance of Tregs and Th17.1
cells between the peripheral blood and BALF in sarcoidosis patients. Following
immunoregulatory therapy, the proportion of circulating Tregs in sarcoidosis
patients decreased.

Conclusion: A higher proportion of Tregs in the peripheral blood of sarcoidosis
patients was related to disease activity, fibrotic phenotype, and the need for
immunoregulatory therapy. The imbalanced distribution of Tregs and Th17.1 cells
in patients’ peripheral blood and BALF suggests that the lung microenvironment
has an effect on the immunological pathogenesis of sarcoidosis. Therefore,
further studies on the functional analysis of Tregs and Thl7.1 cells in
sarcoidosis patients are warranted.
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Introduction

Sarcoidosis is a multisystemic inflammatory disorder of
unknown etiology, which is characterized by the presence of non-
caseating granulomas, and predominantly affects the lungs (1).
Patients with sarcoidosis show a wide range of clinical
presentations, natural disease course, and disease outcome; this
can be attributed to individuals’ genetic predisposition and
environmental factors (2). The majority of sarcoidosis patients
reach remission with or even without treatment, whereas a
minority develop chronic and sometimes progressive disease,
even leading to death (3). However, until now, no single
biomarker has been identified as being useful in establishing a
definite diagnosis of sarcoidosis and/or predicting the disease
outcome (4, 5). The exact pathogenesis of sarcoidosis remains
incompletely understood, but a cluster of differentiation 4 (CD4")
T-cell-induced immune response is generally acknowledged to be a
key player in the maintenance of the granulomatous inflammation
(6, 7).

Recent advances in better understanding the function of diverse
immune cells in sarcoidosis suggest, besides CD4" T cells, a critical
role of effector and regulatory T-cell subgroups in the pathogenesis
of this disorder (8). This complements the original concept of
sarcoidosis as a disease driven by a Thl-dominant immune
response, with abundant cytokine expression of interferon-
gamma (IFN-y), interleukin (IL)-2, IL-12, and IL-18 (9-12).
Emerging evidence indicates that Th17 cells associated with
enhanced IL-17A expression play an important role in
sarcoidosis, as they do in many other autoimmune diseases (13-
15). A subset of Th17 cells, called Th17.1 cells, is characterized by its
capacity to produce both IL-17 and IFN-vy, apparently combining
the functional properties of Th17 cells and Th1 cells (16-18). It is
still unclear, however, whether Th17.1 cells play a protective or
pathogenic role in sarcoidosis. In regard to their association with a
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favorable prognosis or a chronic disease course, two studies have
reported discordant results (19, 20). Reports on the role of
regulatory T cells (Tregs) in sarcoidosis are also conflicting, with
the cells being reported as having both increased and decreased
frequencies (21-23). Furthermore, an elevated percentage of Tregs,
but with an impaired immunosuppressive capacity, has also been
observed in sarcoidosis patients (24, 25). Intriguingly, it has also
been postulated that an imbalance of Th17 cells and Tregs is
responsible for disease progression (26).

In this study, we aimed to investigate the distribution of CD4"
effector and regulatory T-cell subpopulations in sarcoidosis patients
in more detail and analyze their association with disease activity and
radiographic phenotype. For this purpose, we used flow cytometry
to measure the levels of Tregs, Th1, Th17, and Th17.1 cells in the
peripheral blood and/or the bronchoalveolar lavage fluid (BALF) of
patients with sarcoidosis or idiopathic pulmonary fibrosis (IPF),
and of healthy volunteers.

Materials and methods
Study design and participants

We consecutively enrolled 62 participants with sarcoidosis who
had been diagnosed at the Department of Pulmonary and Critical
Care Medicine, China-Japan Friendship Hospital, from January
2019 to January 2021. The diagnosis of sarcoidosis was confirmed
through multidisciplinary discussion (MDD), based on compatible
clinical and chest CT findings, together with the presence of non-
necrotizing granulomatous inflammation, and the exclusion of
alternative causes of granulomatous disease, consistent with the
statement from the American Thoracic Society (ATS)/European
Respiratory Society (ERS)/World Association of Sarcoidosis and
Other Granulomatous Disorders (WASOG) (1). Exclusion criteria
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were acute respiratory tract infection, concomitant pulmonary
disease [including chronic obstructive pulmonary disease (COPD)
and asthma], autoimmune diseases, malignancies, organ
transplantation, and allergies. The disease activity was defined as
follows: (a) recently developed or increasing symptoms such as
cough, dyspnea, weakness, fever, and arthralgia; and/or (b) evidence
of progressive disease on chest CT; and/or (c) test results indicating
the deterioration of lung function; and/or (d) abnormal laboratory
test results, such as high levels of serum angiotensin-converting
enzyme (sACE), and lymphocytosis with an increased ratio of
CD4%/CD8" cells in BALF (1, 27, 28). The study design did not
require individuals to be newly diagnosed or treatment naive. The
treatments given included glucocorticoids, methotrexate,
azathioprine, mycophenolate, and biological agents. Follow-up
visits were conducted 3 months after enrollment in the study.

The disease control group consisted of 66 individuals who had
been diagnosed with IPF. All participants met the international
diagnostic criteria for IPF; for this group, we used the same
exclusion criteria that had been used for the sarcoidosis patient
group (29).

The 41 healthy individuals underwent health check-ups,
wherein no chest radiographic abnormalities and no history of
malignancies, autoimmune diseases, allergies, or other lung
disorders were identified.

The Research Review Committee and the Ethical Review
Committee of the China-Japan Friendship Hospital approved this
study. Every participant provided written informed consent to
participate in the study.

Peripheral blood mononuclear cells and
bronchoalveolar lavage

The fasting peripheral blood was taken within 2 days of
bronchoalveolar lavage (BAL) being carried out for sarcoidosis
and IPF patients. For those patients who did not undergo
bronchoscopy at the baseline or at follow-up visits, and for
healthy volunteers, fasting blood was drawn. Whole blood was
then collected in sodium heparin tubes. Peripheral blood
mononuclear cells (PBMCs) were then isolated using Ficoll-
PaqueTM Plus (GE Healthcare) density gradient separation
followed by washing twice with phosphate-buffered saline (PBS;
Hyclone), as previously described (30).

BAL was conducted during bronchoscopy after the
administration of local anesthesia and before tissue biopsies, as
previously described (31). The choice of the lavage site was guided

TABLE 1 CD4" T-cell subset phenotypes.
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by the location of the parenchymal pathology on high-resolution
computed tomography (HRCT), and, if it was diffuse, the right
middle lobe was chosen. With the bronchoscope in a wedged
position in a segmental bronchus, 100 mL of sterile saline
solution (0.9% NaCl) was decanted into aliquots of 30 mlL,
30 mL, 40 mL, and another 40 mL was decanted if necessary.
BALF was retrieved by applying a gentle suction into a silicone-
treated bottle, and was stored at 4°C until processing within 4 hours
of collection. BALF was filtered through a 40-um cell strainer (BD
Biosciences) and centrifuged. Erythrocytes were eliminated using
lysing buffer (BD Biosciences) and washing with PBS.

Both PBMCs and BAL cells were frozen in 1 mL of fetal bovine
serum (FBS; Gibco) with 10% dimethyl sulfoxide (DMSO; Sigma) in
a cryovial using a 5100 Cryo 1°C Freezing Container (Nalgene) to
80°C, and, thereafter, stored in a liquid nitrogen biorepository.

Flow cytometry

PBMCs and BAL cells were analyzed using an LSRFortessa
flow cytometer (BD Biosciences) by employing an eight-parameter
flow cytometry panel. Frozen cells were thawed, resuspended in
PBS, and stained on ice in the dark. Staining with Fixable Viability
Stain 510 (BD HorizonTM) ata 1:1,000 dilution in PBS was carried
out for the assessment of cell viability and staining with Fc Block
(BD PharmingenTM) was conducted to prevent non-specific
staining. For surface staining, we incubated cells in Brilliant Stain
Buffer (BD Horizon) with antibodies per the manufacturer’s
instructions, including CD3 PerCP-eFluor 710 (Invitrogen), CD4
BUV395 (BD Horizon), CD45RA BV605 (BD Horizon), CXCR3
(CD183) BV786 (BD OptiBuild"""), CCR4 (CD194) PE-CF594 (BD
Horizon), and CCR6 (CD196) BB515 (BD Horizon). For
intracellular staining, we used the forkhead box protein P3
(FOXP3) Alexa Fluor® 647 antibody (BD Pharmingen), in
addition to the Transcription Factor Buffer Set (BD Pharmingen)
for both fixation and permeabilization. The flow cytometry
characteristic definitions of Tregs, Thl, Th17, and Th17.1 cells
are listed in Table 1. FlowJo v10.7 software (BD) was used to analyze
the flow cytometric data and the gating strategy is shown
in Figure 1.

Statistical analysis

SPSS Statistics version 16.0 (IBM Corporation, Armonk, NY,
USA) and GraphPad Prism 8.0 (GraphPad Software Inc., CA, USA)

CD4" T-cell subset FOXP3 CD45RA CXCR3 CCR4 CCR6
Tregs + / / / /
Thi - - + - -
Thi7 - - - + +
Thi7.1 - - + - +

Thl, T helper type 1; Tregs, regulatory T cells. +, positively stained; —, negatively stained;/, no matter how the subsequent staining.
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Gating strategy to identify various CD4" T-cell subsets. Both PBMCs and BAL cells were subsequently gated on lymphocytes (based on FSC-A vs.
SSC-A), single cells (based on FSC-A vs. SSC-H), live cells (defined as Fixable Viability Stain 510 negatively stained cells), CD3", and CD4" cells.
Subsequently, FOXP3™ Tregs, FOXP3* CD45RA- activated Tregs and FOXP3~ CD45RA™ total memory T cells were identified. Stepwise, we classified
those total memory T cells into different subgroups, including Thl, Thl7, and Th17.1 cells based on the expression of CCR4, CXCR3, and CCR6.
PBMCs, peripheral blood mononuclear cells; BAL, bronchoalveolar lavage; CD4", cluster of differentiation 4; Thl, T helper type 1; FSC-A, forward
scatter area; SSC-A, side scatter area; SSC-H, side scatter height; CXCR3, chemokine (C-X-C motif) receptor 3; CXR4, chemokine (C-C motif)

receptor 4..

were used. Comparisons between the groups were assessed by way
of an unpaired Student’s t-test, the Mann-Whitney U-test, chi-
squared analysis, or a one-way ANOVA test, as appropriate. A
paired Student’s t-test was used for the paired comparison. Pearson
or Spearman rank correlation tests were used to investigate
correlations. A p-value of less than 0.05 was considered to be
statistically significant.

Results
Characteristics of participants

There were 62 patients with sarcoidosis, 66 patients with IPF,
and 41 healthy volunteers included in this study (Table 2). The
mean age of sarcoidosis patients was 52 years; this was lower than
that of IPF patients, but not different from that of the healthy
donors. Sarcoidosis patients were predominantly female and non-
smokers. Sarcoidosis patients had a higher proportion of
lymphocytes and a higher ratio of CD4"/CD8" cells in their
BALF compared with IPF patients. There were 25 patients in the
active sarcoidosis group, and 37 in the inactive group. Nearly one-
third (20/62) of sarcoidosis patients had extrapulmonary organ
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involvement, including peripheral lymph nodes, skin, eyes
and others.

The proportion of circulating Tregs in
sarcoidosis patients is associated
with disease activity and fibrotic
radiographic stages

The flow cytometric analysis of the proportion of diverse
CD4" T-cell subsets in the blood of sarcoidosis patients showed
that Tregs, Th1, Th17, and Th17.1 cells constituted 7.1% * 0.7%,
3.0% * 0.3%, 10.25% + 0.6%, and 3.15% * 0.3%, of CD4+ T cells,
respectively (Figure 2A). The proportion of Tregs in patients
with active sarcoidosis was higher than in those with inactive
sarcoidosis (7.95% * 1.5% vs. 5.55% + 0.4% of CD4" T cells;
p = 0.001) (Figures 2B-D). The proportion of Tregs correlated
positively with levels of sACE and the ratio of CD4"/CD8" cells
in patients’ BALF (r = 0.463, p < 0.001; and r = 0.486, p = 0.003)
(Figures 2E, F). Patients with fibrotic radiographic stages had a
higher proportion of Tregs than those with non-fibrotic stages
(8.4% + 3.1% vs. 6.05% + 0.4% of CD4" T cells; p = 0.045)
(Figures 2G-I).
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TABLE 2 Demographics and clinical characteristics.

acteristic
Age (years) 52 + 13 66+ 8! 48 +9
Male/female 15/47 59/7 7/34
Current smoker/former smoker/never smoked 6/5/51 8/40/18 4/2/35
Sarcoidosis stage I/II/I1I/IV 71431715
Sarcoidosis active/inactive 25/37
Sarcoidosis fibrotic/non-fibrotic 12/50
Airway mucous nodule 20
Extrapulmonary organ involvement 20
Immunoregulatory medication 17
SACE (U/L) 473 £312
CD4/CDS ratio in BALF 6.6 %82 10+07"
Lymphocytes in BALF(%) 34.8 +39.8 9.0 +10.2 11
FEV,%/pre 92.4 +20.8 822+183 "
FVC%/pre 103.3 + 20.6 78.8 +18.5 1
TLC%/pre 90.3 + 15.6 682 +14.7 11
DLCOgp%/pre 81.9 + 19.3 50.1 +18.2 11
6MWD/m 499.9 + 69.7 468.3 + 89.6

Data are shown as mean + SEM or number.

Chest radiography staging was based on the Scadding stage criteria.

™. statistic difference (p < 0.05) between sarcoidosis and IPF patients.

Sar, sarcoidosis; IPF, idiopathic pulmonary fibrosis; HC, healthy control; SACE, serum angiotensin-converting enzyme; BALF, bronchoalveolar lavage fluid; FEV, forced expiratory volume in
1 second; FVC, forced vital capacity; TLC, total lung capacity; DLCO, carbon monoxide diffusing capacity; 6MWD, 6-minute-walk distance.

Higher percentage of Circu[ating Tregs and and vs. 5.6% + 0.5%; p < 0.001 and p < 0.001, respectively)

lower proportion of Thl7.1 cells in active (Figure 3E). We found that there was a lower proportion of

and fibrotic sarcoidosis patients Th17.1 cells in fibrotic sarcoidosis patients than in healthy

controls (4.4% * 0.3%; p = 0.023) (Figure 3E). Consequently, the

We found an increased proportion of circulating Tregs in active ~ ratio of Th17.1 cells to total Tregs was decreased for not only

sarcoidosis patients compared with patients with inactive fibrotic but also non-fibrotic sarcoidosis patients, compared with

sarcoidosis or IPF or healthy volunteers (7.95% + 1.5% vs. IPF patients or healthy individuals (0.4 + 0.1 and 0.6 + 0.1 vs.

5.5% + 0.4% vs. 6.7% * 0.3% vs. 5.1% + 0.4%; p < 0.001, 0.9 * 0.1 and 1.1 + 0.6; p = 0.006 and p = 0.001; p = 0.009 and

p = 0.004, and p < 0.001, respectively) (Figure 3A). We found P = 0.00L, respectively) (Figure 3F).

that both active and inactive sarcoidosis patients had lower

proportions of Th17.1 cells than IPF patients (3.4% + 0.5% and

2.9% + 0.4% vs. 5.6% + 0.5%; p = 0.002 and p < 0.001, respectively) ~Decreased percentage of Tregs and

(Figure 3B). The percentage of Th17.1 cells was also lower in increased proportion of Thl7.1 cells in

inactive sarcoidosis patients than in healthy donors (4.4% + 0.3%; BALF from sarcoidosis patients compared

p =0.031) (Figure 3B). Moreover, the ratio of Th17.1 cells to total with IPF patients

Tregs was lower for both active and inactive sarcoidosis patients

than for IPF patients or healthy volunteers (0.5 + 0.1 and 0.6 + 0.1 Tregs, Thl, Thl7, and Th17.1 cells constituted 5.7% + 0.7%,

vs. 0.9 £ 0.1 and 1.1 + 0.1; p = 0.003 and p < 0.001; p = 0.021 and ~ 4.0% £ 0.6%, 12.7% + 2.6%, and 27.7% + 3.1% of CD4" T cells in the

p = 0.002, respectively) (Figure 3C). Likewise, the proportion of =~ BALF of sarcoidosis patients, respectively (Figure 4A). The percentage

Tregs was higher in fibrotic sarcoidosis patients than in non-fibrotic ~ of Tregs in the BALF of both active and inactive sarcoidosis patients

sarcoidosis, IPF patients, or healthy participants (8.4% + 3.1% vs.  was significantly lower than in IPF patients (52% +* 0.7% and

6.0% £ 0.4%, vs. 6.4% + 0.3%, vs. 5.1% + 0.4%; p = 0.005, p = 0.009, 6.9% + 1.7% vs. 23.0% *+ 3.4%; p < 0.001 and p < 0.001,

and p < 0.001, respectively) (Figure 3D). However, the percentage of  respectively) (Figure 4B). In addition, the percentage of Th17.1 cells

Th17.1 cells for both fibrotic and non-fibrotic sarcoidosis patients ~ was significantly higher than in IPF patients (28.4% * 4.0% and

was lower than that of IPF patients (2.1% + 0.4% vs. 3.3% + 0.4%  26.3% * 5.1% vs. 3.4% * 1.1%; p < 0.001 and p = 0.001, respectively)
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FIGURE 2

Significant increase of circulating Tregs proportion in active and fibrotic sarcoidosis patients. (A) Pie chart showing the mean percentage of Tregs,
Thil, Th17, Th17.1, and other unmentioned CD4" T cells in the peripheral blood of sarcoidosis patients. (B, C). Flow cytometry dot plot of Tregs gated
by the expression of FOXP3 from an active and an inactive sarcoidosis patient, respectively. (D) Comparison of the proportion of circulating Tregs
between active and inactive sarcoidosis patients (7.9% + 1.5% vs. 5.5% + 0.4%; p = 0.001). (E, F) Positive correlations between the proportion of
Tregs and the sACE level (n = 60) and the ratio of CD4"/CD8" cells in BALF (n = 34) of sarcoidosis patients (r = 0.463, p < 0.001; r = 0.486,

p = 0.003). (G, H) Flow cytometry dot plot of Tregs from a stage Il and a stage Il sarcoidosis patient, respectively. (I) Comparison of the proportion
of circulating Tregs between fibrotic (stage 111/1V) and non-fibrotic (stage I/11) sarcoidosis patients (8.4% + 3.1% vs. 6.0% + 0.4%; p = 0.045). Data are
expressed as mean + SEM. An unpaired Student's t-test was used to compare the proportion of circulating Tregs in active sarcoidosis patients with
that in inactive sarcoidosis patients, and that in fibrotic patients with that in non-fibrotic sarcoidosis patients. Pearson and Spearman rank correlation
tests were used to investigate correlation. *p < 0.05; **p < 0.01. BALF, bronchoalveolar lavage fluid; CD4", cluster of differentiation 4; sACE, serum
angiotensin converting enzyme; Thl, T helper type 1; Tregs, regulatory T cells.

(Figure 4C). Consequently, the ratio of Th17.1 cells to total Tregs in
BALF was higher in patients with active sarcoidosis than in those with
IPF (8.5 + 2.4 vs. 02 + 0.1; p = 0.004) (Figure 4D).

Imbalanced distribution of Tregs and
Th17.1 cells in the peripheral blood and
BALF of sarcoidosis patients

It was interesting to note that the distribution frequency of
Th17.1 cells was remarkably high in the BALF of sarcoidosis

Frontiers in Immunology

patients, whereas it was barely detectable in their peripheral blood
(Figures 5A, B). The proportion of Th17.1 cells was much higher in
the BALF than in the peripheral blood of sarcoidosis patients
(p < 0.0001) (Figure 5C). However, there was no difference in the
percentage of Tregs found in the BALF and blood of sarcoidosis
patients (Figure 5D). Consequently, the ratio of Th17.1 cells to total
Tregs in BALF was markedly increased, compared with the
peripheral blood of sarcoidosis patients (p = 0.001) (Figure 5E).
Both the increased proportion of Th17.1 cells in lungs and the
higher ratio of Th17.1 cells to total Tregs in the BALF were observed
only in sarcoidosis patients and not in IPF patients (Figures 5C, E).
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Comparative analysis of the distribution of Tregs and Th17.1 cells in the peripheral blood of sarcoidosis and IPF patients and healthy volunteers.

(A) The proportion of circulating Tregs of active sarcoidosis patients ranked first, rather than that of inactive sarcoidosis or IPF or HC subjects

(7.9% + 1.5% vs. 5.5% + 0.4%, vs. 6.7% + 0.3%, vs. 5.1% + 0.4%; p < 0.001, p = 0.004, and p < 0.001). (B) Both active and inactive sarcoidosis patients
had a lower proportion of Th17.1 cells than IPF patients (3.4% + 0.5% and 2.9% + 0.4% vs. 5.6% + 0.5%; p = 0.002 and p < 0.001). The percentage of
Th17.1 cells was also lower in inactive sarcoidosis patients than in healthy volunteers (4.4% + 0.3%; p=0.031). (C) The ratio of Th17.1 cells to total
Tregs in both active and inactive sarcoidosis patients was lower than that in IPF patients or healthy donors (0.5 + 0.1 and 0.6 + 0.1vs. 0.9 + 0.1 and
11+ 0.1, p=0.003and p <0.001; p = 0.021 and p = 0.002). (D) The proportion of Tregs in fibrotic sarcoidosis patients was higher than that in non-
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fibrotic sarcoidosis, IPF, or HC subjects (8.4% + 3.1% vs. 6.0% + 0.4%, vs. 6.4% + 0.3%, vs. 5.1% + 0.4%; p = 0.005, p = 0.009, and p < 0.001). (E)
Both fibrotic and non-fibrotic sarcoidosis patients had a lower proportion of Th17.1 cells than IPF patients (2.1% + 0.4% vs. 3.3% + 0.4% and

5.6% + 0.5%; p<0.001 and p<0.001). The percentage of Th17.1 cells was also lower in fibrotic sarcoidosis patients than that in healthy donors
(4.4% + 0.3%; p=0.023). (F) The ratio of Th17.1 cells to total Tregs in both fibrotic and non-fibrotic sarcoidosis patients was lower than that in
patients with IPF or HC (0.4 + 0.1and 0.6 + 0.1vs. 0.9 + 0.1and 1.1 + 0.6; p = 0.006 and p = 0.001; p = 0.009 and p = 0.001). One-way ANOVA
test was used for data analysis. *p < 0.05; **p < 0.01; ***p <0.001. Sar, sarcoidosis; IPF, idiopathic pulmonary fibrosis; HC, healthy control; Tregs,

regulatory T cells; Th17.1, T helper type 17.1.

In contrast, a significantly higher proportion of Treg cells was
observed in the BALF than the blood of IPF patients, but this was
not the case for sarcoidosis patients (p = 0.005) (Figure 5D).

Decreased fraction of circulating Tregs
by immunoregulatory therapy for
sarcoidosis patients

A total of 17 sarcoidosis patients had been taking
immunoregulatory medication 3 months prior to their enrolment
in the study, and they had lower proportions of circulating Tregs
than those who had not been taking immunoregulatory medication
(p = 0.019) (Figure 6A). In total, 11 sarcoidosis patients, who took
glucocorticoids, were followed up for 3 months after the study. The
distribution frequency of the circulating Tregs of these patients at
the 3-month follow-up visit decreased significantly, compared with
the baseline visit (p = 0.022) (Figure 6B). As for the proportion of
Th17.1 cells and the ratio of Th17.1 cells to total Tregs, there was no
difference when comparing those patients measured at the 3-month
follow-up visit with those measured at the baseline visit (p = 0.513;
p =0.262) (Figures 6C, D).
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Discussion

The results of this study on the distribution of CD4" T-cell
subpopulations revealed that there was an increased frequency of
Tregs in the blood, and of Th17.1 cells in the BALF, of sarcoidosis
patients. This increased frequency of circulating Tregs was associated
with disease activity and a fibrotic radiographic phenotype.

Tregs exhibit strong immunosuppressive capacities on various
immune cells. The role that Tregs play in sarcoidosis remains
controversial. Early reports claimed that the frequency of FOXP3-
expressing blood Tregs was decreased in sarcoidosis patients
compared with control participants (21). The expression of
FOXP3, however, was markedly increased after corticosteroid
medication (25). The majority of the studies in this field have
found that an increased frequency of Tregs is usually observed in
the active phase of this disease (23, 24), and our results are in line
with this. Miyara et al. (23) found that CD4" CD25""" FOXP3*
Tregs accumulated in the peripheral blood and that there was a
reduction in the frequency of circulating Tregs on resolution of
sarcoidosis. The same research group showed, beside the
amplification of blood Tregs in active sarcoidosis, that CD45RA™
FOXP35MGHT Tregs proliferated and accumulated with granulomas
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FIGURE 4

Comparative analysis of the distribution of Tregs and Th17.1 cells in BALF among active or inactive sarcoidosis and IPF patients. (A) Pie chart showing
the mean percentage of Tregs, Thl, Th17, Th17.1, and other unmentioned CD4* T cells in the BALF of sarcoidosis patients. (B) We found a lower
proportion of Tregs in the BALF of both active and inactive sarcoidosis patients than in that of IPF patients (5.2% + 0.7% and 6.9% + 1.7% vs.

23.0% + 3.4%; p < 0.001 and p < 0.001). (C) The percentage of BALF Th17.1 cells in both active and inactive sarcoidosis patients was higher than that
in IPF patients (28.4% + 4.0% and 26.3% + 5.1% vs. 3.4% + 1.1%; p < 0.001 and p = 0.001). (D) The ratio of Th17.1 cells to total Tregs in the BALF of
active sarcoidosis patients was significantly higher than that in IPF patients (8.5 + 2.4 vs. 0.2 + 0.1; p = 0.004). One-way ANOVA test was used for
data analysis. **p < 0.01; ***p<0.001. BALF, bronchoalveolar lavage fluid; Sar, sarcoidosis; IPF, idiopathic pulmonary fibrosis; Tregs, regulatory T

cells; Th17.1, T helper type 17.1.

(24). They found no correlation between the percentage of Tregs
and sACE level, but a positive association to the extent of renal
interstitial fibrosis (24). In patients with pulmonary sarcoidosis, an
increased proportion of Tregs at the time of diagnosis was observed
in patients developing chronic disease during follow-up (32). In our
study, we found that there was a correlation between the proportion
of circulating Tregs, SACE, and the CD4"/CD8" cell ratio in the

BALF, and patients with a fibrotic radiographic stage had higher
proportion of circulating Tregs. We also showed in our study that
sarcoidosis patients who had been taking immunoregulatory
medication 3 months prior to study enrolment had a lower
frequency of circulating Tregs than those who had not been
taking such medication. Moreover, we showed that the frequency
of circulating Tregs in sarcoidosis patients who were treated with
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FIGURE 5

Comparison of the frequency of Th17.1 cells and proportion of Tregs between the BALF and peripheral blood in sarcoidosis (n = 20) and IPF (n = 9)
patients. (A, B) Flow cytometry dot plot of Th17.1 cells gated by the expression of CXCR3 and CCR6 in CCR4™ T cells from BALF and peripheral
blood of a sarcoidosis patient, respectively. (C) There was a significant difference in the percentage of Th17.1 cells found in the BALF and peripheral
blood in sarcoidosis patients (26.2% + 4.2% vs. 2.1% + 0.4%; p < 0.0001). (D) We found that sarcoidosis patients had a similar proportion of Tregs in
their BALF and peripheral blood. (E) The ratio of Th17.1 cells to total Tregs of sarcoidosis patients was higher in BALF than in peripheral blood

(6.6 + 1.7 vs. 0.3 + 0.1; p=0.001). A paired Student’s t-test was conducted for the paired comparison. **p < 0.01; ****p < 0.0001; ns, no significance.
BALF, bronchoalveolar lavage fluid; PBMC, peripheral blood mononuclear cell; Sar, sarcoidosis; IPF, idiopathic pulmonary fibrosis; Tregs, regulatory
T cells; Th17.1, T helper type 17.1.
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Changes of circulating Tregs proportion by immunoregulatory therapy for sarcoidosis patients. (A) Comparison of circulating Tregs proportion in
patients who were taking with those not taking immunoregulatory medication (median 4.6% vs. 6.5%; p = 0.019). (B) The proportion of Tregs
reduced so as to be different to a statistically significant degree 3 months after study enrolment in patients treated with glucocorticoids when
compared with that measured at the baseline visit (median 5.1% vs. 7.3%; p = 0.022). (C, D) There was no difference in the proportion of Th17.1 cells
and the ratio of Th17.1 cells to total Tregs at the 3-month follow-up visit, compared with the measurement at the baseline visit. An unpaired
Student’s t-test was used to compare the proportion of circulating Tregs in patients who were taking immunoregulatory medication with those who
were not. A paired Student's t-test was conducted in the period between the baseline and follow-up visits. *p < 0.05; ns, no significance.

corticosteroids after diagnosis was significantly decreased at the 3-
month follow-up.

Despite their being present in large numbers, Tregs from
sarcoidosis patients have been found to be functionally
incompetent (33). Sarcoidosis patient-derived Tregs demonstrated
a weaker capacity for inhibiting inflammatory cytokine production
than Tregs obtained from healthy donors, and Tregs regained their
suppressive capacity with disease resolution (34). Broos et al. (32)
found that circulating Tregs were apoptotic-prone owing to their
overexpression of CD95, leading to their impaired survival. In
another study, it was reported that the repressor activity was
impaired only in BALF Tregs and not in the peripheral blood
Tregs of sarcoidosis patients, taking telomere length and the ability
to produce transforming growth factor beta (TGF-3) and IL-10 into
account (25). A functional analysis of Tregs was not conducted in
our study, and this is an important limitation of our research.

A minority of sarcoidosis patients will develop chronic, and some
even progressive disease, complicated by pulmonary hypertension or
pulmonary fibrosis (3). There are some similarities between fibrotic
sarcoidosis and IPF, the prototype of a progressive fibrotic interstitial
lung disease (ILD). In this study, patients with IPF were used as
disease controls. We found that there was a significantly higher
frequency of circulating Tregs in active or fibrotic sarcoidosis patients
than in patients with IPF. Regrettably, few fibrotic sarcoidosis patients
donated BALF cells, as the majority of patients were either intolerant
to or unwilling to undergo bronchoscopy, meaning that we were
unable to compare the activity of lung Tregs in fibrotic patients with
that in non-fibrotic sarcoidosis patients.

It has recently been recognized that Th17.1 cells play a role in
the pathogenesis of sarcoidosis. Tendell et al. (22) reported that the
proportion of IFN-y" Th17.1 cells in BALF was higher in sarcoidosis
patients than in healthy participants, and there was no significant
difference between the proportion of these cells in sarcoidosis
patients and in patients with other ILDs, including
hypersensitivity pneumonitis (HP), IPF, connective tissue disease-
associated ILD (CTD-ILD), and an unspecified ILD, and an
increased ratio of lung Th17.1 cells to Tregs in sarcoidosis
patients, compared with patients with other ILDs or healthy
participants. Similarly, our study demonstrated that a significantly
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higher proportion of Th17.1 cells and an increased ratio of Th17.1
cells to Tregs in BALF were present in sarcoidosis patients
compared with IPF patients. Ramstein et al. reported, in line with
our data, that Th17.1 cells constituted approximately 30% of the
lung CD4" T cells and that their frequency was markedly higher in
the BALF of sarcoidosis patients than in that of healthy volunteers
(35). These authors identified Th17.1 cells, and not Thl cells, as
being the major producers of IFN-y in the BALF of sarcoidosis
patients (35). The proportion of lung Th17.1 cells at the time of
diagnosis was higher in sarcoidosis patients who later developed
chronic disease than in those who did not, supporting the idea that
Th17.1 cells play a pathogenic role in promoting disease
progression (20). In contrast, Kaiser et al. reported that a higher
percentage of Th17.1 cells was correlated with a disease phenotype
with a more favorable prognosis (19). To determine if Th17.1 cells
play a pathogenic or protective role in the development of
sarcoidosis, further investigation is needed.

The increased frequency of Th17.1 cells in sarcoidosis patients is
apparently localized to the involved organs, such as the lung, as
reflected by BALF analysis, or the mediastinal lymph nodes (20), but
is absent in the blood, indicating that the lung microenvironment is a
crucial effect. In our study, we also observed that there was a
pronounced proportion of lung Th17.1 cells in the BALF of
sarcoidosis patients, but barely detected them in these patients’
blood. This imbalanced distribution of Th17.1 cells between
peripheral blood and BALF was observed only in sarcoidosis patients
and not in patients with IPF, providing valuable information regarding
immune cell compartmentalization to the lungs in various ILDs.

Conclusions and future directions

In summary, we found that there was an increased proportion
of Tregs in the peripheral blood, and of Th17.1 cells in the BALF, of
sarcoidosis patients. An increased proportion of circulating Tregs
was associated with disease activity and a fibrotic radiographic
phenotype. The imbalanced distribution of Tregs and Th17.1 cells
in the peripheral blood and BALF of sarcoidosis patients suggests
that the lung microenvironment plays a significant role in the
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immunological pathogenesis of sarcoidosis. Functional studies on
Tregs and Th17.1 cells are needed so that their exact roles, whether
pathogenic or protective, in the immunological processes driving
sarcoidosis can be uncovered.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by The Research Review Committee and the Ethical
Review Committee of the China-Japan Friendship Hospital. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

HZ designed the research route, collected the clinical
information and biological samples, conducted the experiments,
analyzed the data, and wrote the manuscript. DJ gave suggestions
on the research route design and data analysis. LZ, GZ, and BX
contributed to screening and enrolling patients and volunteers, data
collection, and analysis. YC provided technical direction for

References

1. Costabel U, Hunninghake GW. Statement on sarcoidosis. joint statement of the
american thoracic society (ATS), the european respiratory society (ERS) and the world
association of sarcoidosis and other granulomatous disorders (WASOG) adopted by
the ATS board of directors and by the ERS executive committee, february 1999. Am |
Respir Crit Care Med (1999) 160:736-55. doi: 10.1164/ajrccm.160.2.ats4-99

2. Chen ES, Moller DR. Sarcoidosis—scientific progress and clinical challenges. Nat
Rev Rheumatol (2011) 7:457-67. doi: 10.1038/nrrheum.2011.93

3. Spagnolo P, Rossi G, Trisolini R, Sverzellati N, Baughman RP, Wells AU.
Pulmonary sarcoidosis. Lancet Respir Med (2018) 6(5):389-402. doi: 10.1016/S2213-
2600(18)30064-X

4. Georas SN, Chapman TJ, Crouser ED. Sarcoidosis and T-helper cells. Th1, Th17, or
Th17.12 Am J Respir Crit Care Med (2016) 193:1198-200. doi: 10.1164/rccm.201512-2419ED

5. Broos CE, van Nimwegen M, Hoogsteden HC, Hendriks RW, Kool M, van den
Blink B. Granuloma formation in pulmonary sarcoidosis. Front Immunol (2013) 4:437.
doi: 10.3389/fimmu.2013.00437

6. Kaiser Y, Eklund A, Grunewald J. Moving target: shifting the focus to pulmonary
sarcoidosis as an autoimmune spectrum disorder. Eur Respir ] (2019) 54:1802153.
doi: 10.1183/13993003.021532018

7. Patterson KC, Chen ES. The pathogenesis of pulmonary sarcoidosis and
implications for treatment. Chest (2018) 153:1432-42. doi: 10.1016/j.chest.2017.11.030

8. Zhang H, Costabel U, Dai H. The role of diverse immune cells in sarcoidosis.
Front Immunol (2021) 12:788502. doi: 10.3389/fimmu.2021.788502

9. Pinkston P, Bitterman PB, Crystal RG. Spontaneous release of interleukin-2 by
lung t lymphocytes in active pulmonary sarcoidosis. N Engl ] Med (1983) 308:793-800.
doi: 10.1056/NEJM198304073081401

10. Robinson BW, McLemore TL, Crystal RG. Gamma interferon is spontaneously
released by alveolar macrophages and lung T lymphocytes in patients with pulmonary
sarcoidosis. | Clin Invest (1985) 75:1488-95. doi: 10.1172/JCI111852

Frontiers in Immunology

10.3389/fimmu.2023.1185443

experimental methods and revised the manuscript. UC revised
the draft critically. HD contributed to the conception and design
of the research, interpreted the data and results, and revised the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

This study was supported by National Key Technologies R&D
Program (Number 2021YFC2500700 & 2016YFC0901101).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

11. Prasse A, Georges CG, Biller H, Hamm H, Matthys H, Luttmann W, et al. Th1l
cytokine pattern in sarcoidosis is expressed by bronchoalveolar CD4+ and CD8+ T
cells. Clin Exp Immunol (2000) 122:241-8. doi: 10.1046/j.1365-2249.2000.01365.x

12. Shigehara K, Shijubo N, Ohmichi M, Takahashi R, Kon S, Okamura H, et al. IL-
12 and IL-18 are increased and stimulate IFN-gamma production in sarcoid lungs. J
Immunol (2001) 166:642-9. doi: 10.4049/jimmunol.166.1.642

13. Ten Berge B, Paats MS, Bergen IM, van den Blink B, Hoogsteden HC, Lambrecht
BN, et al. Increased IL-17A expression in granulomas and in circulating memory T cells
in sarcoidosis. Rheumatology (2012) 51:37-46. doi: 10.1093/rheumatology/ker316

14. Ostadkarampour M, Eklund A, Moller D, Glader P, Olgart Hoglund C, Lindén
A, et al. Higher levels of interleukin IL-17 and antigen-specific IL-17 responses in
pulmonary sarcoidosis patients with lofgren's syndrome. Clin Exp Immunol (2014)
178:342-52. doi: 10.1111/cei.12403

15. Facco M, Cabrelle A, Teramo A, Olivieri V, Gnoato M, Teolato S, et al.
Sarcoidosis is a Th1/Th17 multisystem disorder. Thorax (2011) 66:144-50.
doi: 10.1136/thx.2010.140319

16. Lexberg MH, Taubner A, Albrecht I, Lepenies I, Richter A, Kamradt T, et al.
IFN-gamma and IL-12 synergize to convert in vivo generated Th17 into Th1/Th17
cells. Eur ] Immunol (2010) 40:3017-27. doi: 10.1002/¢ji.201040539

17. Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M,
et al. Pathogen-induced human TH17 cells produce IFN-gamma or IL-10 and are
regulated by IL-1beta. Nature (2012) 484:514-8. doi: 10.1038/nature10957

18. Duhen T, Campbell DJ. IL-1beta promotes the differentiation of polyfunctional
human CCR6+CXCR3+ Th1/17 cells that are specific for pathogenic and commensal
microbes. ] Immunol (2014) 193:120-9. doi: 10.4049/jimmunol.1302734

19. Kaiser Y, Lepzien R, Kullberg S, Eklund A, Smed-S6rensen A, Grunewald J.
Expanded lung T-bet+ RORYT+ CD4+T-cells in sarcoidosis patients with a favourable
disease phenotype. Eur Respir ] (2016) 48:484-94. doi: 10.1183/13993003.00092-2016

frontiersin.org


https://doi.org/10.1164/ajrccm.160.2.ats4-99
https://doi.org/10.1038/nrrheum.2011.93
https://doi.org/10.1016/S2213-2600(18)30064-X
https://doi.org/10.1016/S2213-2600(18)30064-X
https://doi.org/10.1164/rccm.201512-2419ED
https://doi.org/10.3389/fimmu.2013.00437
https://doi.org/10.1183/13993003.021532018
https://doi.org/10.1016/j.chest.2017.11.030
https://doi.org/10.3389/fimmu.2021.788502
https://doi.org/10.1056/NEJM198304073081401
https://doi.org/10.1172/JCI111852
https://doi.org/10.1046/j.1365-2249.2000.01365.x
https://doi.org/10.4049/jimmunol.166.1.642
https://doi.org/10.1093/rheumatology/ker316
https://doi.org/10.1111/cei.12403
https://doi.org/10.1136/thx.2010.140319
https://doi.org/10.1002/eji.201040539
https://doi.org/10.1038/nature10957
https://doi.org/10.4049/jimmunol.1302734
https://doi.org/10.1183/13993003.00092-2016
https://doi.org/10.3389/fimmu.2023.1185443
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

20. Broos CE, Koth LL, van Nimwegen M, In T Veen JCCM, Paulissen SMJ, van
Hamburg JP, et al. Increased T-helper 17.1 cells in sarcoidosis mediastinal lymph
nodes. Eur Respir J (2018) 51:1701124. doi: 10.1183/13993003.01124-2017

21. Idali F, Wahlstrom J, Miiller-Suur C, Eklund A, Grunewald J. Analysis of
regulatory T cell associated forkhead box P3 expression in the lungs of patients with
sarcoidosis. Clin Exp Immunol (2008) 152:127-37. doi: 10.1111/j.1365-
2249.2008.03609.x

22. Tondell A, Moen T, Borset M, Salvesen @, Re AD, Sue-Chu M. Bronchoalveolar
lavage fluid IFN-y+ th17 cells and regulatory t cells in pulmonary sarcoidosis.
Mediators Inflamm (2014) 2014:1-9. doi: 10.1155/2014/438070

23. Miyara M, Amoura Z, Parizot C. The immune paradox of sarcoidosis and
regulatory T cells. J Exp Med (2006) 2:359-70. doi: 10.1084/
jem.20050648012506c2032</issue

24. Taflin C, Miyara M, Nochy D, Valeyre D, Naccache J, Altare F, et al. FoxP3+
regulatory t cells suppress early stages of granuloma formation but have little impact on
sarcoidosis lesions. Am J Pathol (2009) 174:497-508. doi: 10.2353/ajpath.2009.080580

25. Rappl G, Pabst S, Riemann D, Schmidt A, Wickenhauser C, Schiitte W, et al.
Regulatory T cells with reduced repressor capacities are extensively amplified in
pulmonary sarcoid lesions and sustain granuloma formation. Clin Immunol (2011)
140:71-83. doi: 10.1016/j.clim.2011.03.015

26. Huang H, Lu Z, Jiang C, Liu J, Wang Y, Xu Z. Imbalance between Th17 and
regulatory T-cells in sarcoidosis. Int ] Mol Sci (2013) 14:21463-73. doi: 10.3390/
ijms141121463

27. Consensus conference: activity of sarcoidosis. third WASOG meeting, Los
Angeles, USA, September 8-11, 1993. Eur Respir ] (1994) 7:624-7. doi: 10.1183/
09031936.94.07030624

28. Dai H, Guzman J, Chen B, Costabel U. Production of soluble tumor necrosis
factor receptors and tumor necrosis factor-alpha by alveolar macrophages in

Frontiers in Immunology

18

10.3389/fimmu.2023.1185443

sarcoidosis and extrinsic allergic alveolitis. Chest (2005) 127:251-6. doi: 10.1378/
chest.127.1.251

29. Raghu G, Remy-Jardin M, Myers JL, Richeldi L, Ryerson CJ, Lederer DJ, et al.
Diagnosis of idiopathic pulmonary fibrosis. an official ATS/ERS/JRS/ALAT clinical
practice guideline. Am J Resp Crit Care (2018) 198:e44-68. doi: 10.1164/rccm.201807-
1255ST

30. Wahlstrom J, Katchar K, Wigzell H, Olerup O, Eklund A, Grunewald J. Analysis
of intracellular cytokines in CD4+ and CD8+ lung and blood T cells in sarcoidosis. Am
J Respir Crit Care Med (2001) 163:115-21. doi: 10.1164/ajrccm.163.1.9906071

31. Darlington P, Haugom-Olsen H, von Sivers K, Wahlstrom J, Runold M,
Svjatoha V, et al. T-Cell phenotypes in bronchoalveolar lavage fluid, blood and
lymph nodes in pulmonary sarcoidosis-indication for an airborne antigen as the
triggering factor in sarcoidosis. J Intern Med (2012) 272:465-71. doi: 10.1111/.1365-
2796.2012.02543.x

32. Broos CE, van Nimwegen M, Kleinjan A, Ten Berge B, Muskens F, In T Veen
JCCM, et al. Impaired survival of regulatory T cells in pulmonary sarcoidosis. Resp Res
(2015) 16:108. doi: 10.1186/s12931-015-0265-8

33. Kumari R, Chakraborty S, Jain R, Mitra S, Mohan A, Guleria R, et al. Inhibiting
0X40 restores regulatory T cells function and suppresses inflammation in pulmonary
sarcoidosis. Chest (2021) 160(3):969-82. doi: 10.1016/j.chest.2021.04.032

34. Oswald-Richter KA, Richmond BW, Braun NA, Isom J, Abraham S, Taylor TR,
et al. Reversal of global CD4+ subset dysfunction is associated with spontaneous clinical
resolution of pulmonary sarcoidosis. J Immunol (2013) 190:5446-53. doi: 10.4049/
jimmunol.1202891

35. Ramstein J, Broos CE, Simpson LJ, Ansel KM, Sun SA, Ho ME, et al. IFN-y-
producing T-helper 17.1 cells are increased in sarcoidosis and are more prevalent than
T-helper type 1 cells. Am ] Respir Crit Care Med (2016) 193:1281-91. doi: 10.1164/
rcem.201507-14990C

frontiersin.org


https://doi.org/10.1183/13993003.01124-2017
https://doi.org/10.1111/j.1365-2249.2008.03609.x
https://doi.org/10.1111/j.1365-2249.2008.03609.x
https://doi.org/10.1155/2014/438070
https://doi.org/10.1084/jem.20050648012506c2032%3C/issue
https://doi.org/10.1084/jem.20050648012506c2032%3C/issue
https://doi.org/10.2353/ajpath.2009.080580
https://doi.org/10.1016/j.clim.2011.03.015
https://doi.org/10.3390/ijms141121463
https://doi.org/10.3390/ijms141121463
https://doi.org/10.1183/09031936.94.07030624
https://doi.org/10.1183/09031936.94.07030624
https://doi.org/10.1378/chest.127.1.251
https://doi.org/10.1378/chest.127.1.251
https://doi.org/10.1164/rccm.201807-1255ST
https://doi.org/10.1164/rccm.201807-1255ST
https://doi.org/10.1164/ajrccm.163.1.9906071
https://doi.org/10.1111/j.1365-2796.2012.02543.x
https://doi.org/10.1111/j.1365-2796.2012.02543.x
https://doi.org/10.1186/s12931-015-0265-8
https://doi.org/10.1016/j.chest.2021.04.032
https://doi.org/10.4049/jimmunol.1202891
https://doi.org/10.4049/jimmunol.1202891
https://doi.org/10.1164/rccm.201507-1499OC
https://doi.org/10.1164/rccm.201507-1499OC
https://doi.org/10.3389/fimmu.2023.1185443
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

3 frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Giang Tran,
University of New South Wales, Australia

REVIEWED BY
Qizhi Tang,

University of California, San Francisco,
United States

*CORRESPONDENCE
Pere Santamaria
psantama@ucalgary.ca

RECEIVED 26 July 2023
ACCEPTED 04 September 2023
PUBLISHED 25 September 2023

CITATION
Angelats E and Santamaria P (2023)
Lineage origin and transcriptional control
of autoantigen-specific T-regulatory
type 1 cells.

Front. Immunol. 14:1267697.

doi: 10.3389/fimmu.2023.1267697

COPYRIGHT

© 2023 Angelats and Santamaria. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology

TYPE Mini Review
PUBLISHED 25 September 2023
po110.3389/fimmu.2023.1267697

Lineage origin and
transcriptional control
of autoantigen-specific
T-regulatory type 1 cells

Edgar Angelats® and Pere Santamaria®®*

tPathogenesis and Treatment of Autoimmunity Group, Institut D'Investigacions Biomediques August
Pi i Sunyer, Barcelona, Spain, 2Department of Microbiology, Immunology and Infectious Diseases,
Snyder Institute for Chronic Diseases, Cumming School of Medicine, University of Calgary, Calgary,
AB, Canada

T Regulatory type-1 (TR1) cells represent an immunosuppressive T cell subset,
discovered over 25 years ago, that produces high levels of interleukin-10 (IL-10)
but, unlike its FoxP3+ T regulatory (Treg) cell counterpart, does not express
FoxP3 or CD25. Experimental evidence generated over the last few years has
exposed a promising role for TR1 cells as targets of therapeutic intervention in
immune-mediated diseases. The discovery of cell surface markers capable of
distinguishing these cells from related T cell types and the application of next
generation sequencing techniques to defining their transcriptional make-up
have enabled a more accurate description of this T cell population. However,
the developmental biology of TR1 cells has long remained elusive, in particular
the identity of the cell type(s) giving rise to bona fide TR1 cells in vivo. Here, we
review the fundamental phenotypic, transcriptional and functional properties of
this T cell subset, and summarize recent lines of evidence shedding light into
its ontogeny.

KEYWORDS

autoimmunity, T-regulatory (Treg) cells, T-regulatory type 1 (TR1) cells, peptide-MHC,
nanomedicine, T-follicular helper cells (Tfh)

Introduction

The TRI cell subset has been implicated in the maintenance of peripheral tolerance
against immune-mediated pathologies. TR1-like cells were first documented in severe
combined immunodeficiency (SCID) patients that did not develop graft-versus-host
disease (GVHD) after receiving HLA-mismatched fetal liver hematopoietic stem cell
transplants (1). Subsequent work by Groux et al. using antigen-activated CD4™ T cells
cultured in the presence of IL-10 led to the identification of a distinct T cell subset,
thereafter named TR1, that could prevent the development of experimental colitis in an IL-
10- and transforming growth factor beta (TGFp)-dependent manner (2).
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Unfortunately, the paucity of information on TR1 cell-specific
surface markers or transcription factors have hampered the execution
of detailed studies on the role and function of this T cell subset in the
maintenance or breakdown of self tolerance. The use of relatively
non-specific markers of TR1 cell identity, leading to the implication
of this subset in various immunological processes (i.e., sometimes
relying exclusively on IL-10 expression), has muddied progress in this
area. Fortunately, the last decade has witnessed the discovery of
phenotypic and molecular features of “TR1-ness’ that have allowed a
better definition of TR1-like cells in various experimental settings.
These developments, coupled to recent methodological developments
in in vitro TR1 cell generation (3-7), and the discovery of
pharmacological approaches capable of eliciting the formation and
expansion of antigen-specific TR1 cells in vivo (8), have exposed TR1
cells as attractive targets for therapeutic intervention in immune-
mediated diseases.

Despite this progress, significant knowledge gaps remain,
including a detailed understanding of the developmental biology
processes responsible for the genesis of this T cell subset in vivo. The
use of novel technologies, including mass cytometry and next-
generation-sequencing to address these various gaps are beginning
to shed light into these areas of scientific inquiry. In this review, we
summarize current knowledge on the phenotypic and molecular
hallmarks of TR1 cells and key developmental processes underlying
TRI cell genesis, including recent evidence pointing towards T
follicular helper (Tfh) cells as TR1 cell precursors (9, 10).

Phenotype

TR1 cells were initially described as CD4" T cells producing
high levels of IL-10 and IL-5, intermediate levels of TGFf} and INFy
and low levels of IL-4 and IL-2, and were capable of suppressing
specific immune responses in vitro and in vivo, in an IL-10-
dependent manner (2). With rapid IL-10 production kinetics,
detectable even 4 hours post-activation, and a peak of production
at 24h (11), IL-10 became the hallmark cytokine for the TRI
population and, together with the absence of FoxP3 expression,
used to identify TR1 cells in early studies. We now know that these
criteria are insufficient, given that other CD4" T cell types such as
Thl (12, 13) or Th2 (14) can produce IL-10 and acquire
immunoregulatory properties; such cells do not belong to the
TRI1 subset. For example, Lonnberg et al. claimed a Thl origin
for TR1 cells in a chronic Plasmodium infection model, solely on the
basis of presence of IL-10-expressing cells within the infection-
induced Th1 pool, and on the assumption that TR1 cells are simply
IL-10/TFNYy-co-expressing cells (15). In fact, further transcriptomic
analyses of the IL-10" and IL-10" Thl cells of these mice revealed
the presence of only two differentially expressed genes between
these subsets (Trib2 and BC017643). In another study, also in a
chronic Plasmodium infection model, Soon et al. reported a similar
outcome; 34% of Th1 lineage cells co-expressed Ifng and 1110 (16). It
is thus likely that, based on the evidence provided, the IL-10" cells
that arose in these mice were IL-10-expressing Th1 cells, rather than
true TR1 cells. This indicates that the assignment of TR1ness cannot
merely rely on IL-10 expression.
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In light of these challenges, hampering progress in defining the
significance of the TRI cell subset in both physiology and
pathology, extensive efforts were made to better describe the
molecular hallmarks of the TR1 subset [Reviewed in (17)].
Notwithstanding the fact that markers strictly unique to TR1 cells
remain elusive, recent advances have made it possible to more
accurately identify such cells in biological samples.

Gagliani and colleagues identified co-expression of CD49b and
Lymphocyte-activation gene 3 (LAG-3) as surface markers for both
human and murine IL-10-producing TR1-like cell populations (18).
Subsequent studies indicated that a significant fraction of these IL-
10-producing CD49b"LAG-3" T cells are co-inhibitory receptor-
rich, expressing Programmed cell death-1 (PD-1), T cell
immunoreceptor with Ig and ITIM domains (TIGIT), T-cell
immunoglobulin and mucin-domain containing protein-3 (TIM-
3), and Cytotoxic T-Lymphocyte antigen 4 (CTLA-4), and co-
express the co-stimulatory molecule ICOS (Inducible
Costimulator) and the chemokine receptor CCR5, among other
molecules (7). In agreement with these observations, intestinal TR1-
like cells expressing PD-1 and CCR5 were found to co-express
CD49b and LAG-3 by others (19), thus supporting the use of such
markers for TRI-like cell identification. Thus, as proposed
elsewhere (20), TRI cell annotation should meet the following
four criteria: 1) high IL-10 production competency (co-expression
of other cytokines in variable amounts depending of environmental
cues is possible); 2) immunoregulatory activity; 3) absence of
constitutive FoxP3 expression (expression of FoxP3 upon
activation, particularly in human TR1 cells, is not an exclusion
criterium); and 4) co-expression of CD49b and LAG-3 in the
presence of other co-inhibitory receptors such as PD-1, TIGIT,
TIM-3 or CTLA-4 among others.

Indeed, the profoundly immunoregulatory antigen-specific
TR1-like cells that arise in vivo in response to systemic delivery of
nanoparticles (NPs) coated with mono-specific disease-relevant
peptide-Major Histocompatibility Complex class II (pMHCII)
molecules (8, 21-23) lack FoxP3 expression and upregulate many
of the markers mentioned above, including CD49b and the co-
inhibitory receptors LAG-3, PD-1, TIGIT and CTLA-4, the co-
stimulator ICOS, the cytokines IL-10, IL-21 and IFNy and the
chemokine receptors CCR5 and CXCR3 (9). We have shown that
administration of these compounds can lead to the resolution of
inflammation in various organ-specific autoimmune disease models
in a disease-specific manner without impairing normal immune
responses (8, 21, 22). Adoptive transfer experiments demonstrated
that the cognate (pMHCII tetramer™) T cells arising in these mice in
response to therapy were largely, albeit not exclusively, responsible
for the therapeutic properties of these compounds (TRI cell-
induced B-regulatory cells also contributed to disease
suppression) (8, 22).

Mechanisms of action

TR1 cells need to be activated to immunoregulate. Upon
recognition of their cognate pMHCII complexes on co-
stimulation-competent APCs, TRI cells become productively
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activated. By actively inhibiting the antigen-presentation and pro-
inflammatory properties of these APCs (in addition to direct effects
on other target cell types, see below), TR1 cells can suppress both
cognate and non-cognate effector T cell activation (a process
referred to as ‘bystander immunoregulation’). This biological
activity involves the deployment of several mechanisms (Figure 1).

Production of immunoregulatory cytokines

As noted above, productive activation of TR1 cells leads to rapid
and robust production of IL-10, which can suppress the function of
different immune cell subsets, such as T cells, APCs and B cells. IL-
10 can inhibit the proliferation of, and downregulate the production
of effector cytokines by, effector T cells (24), and can induce an
anergic state in T cells in a STAT3-dependent manner (25).
Likewise, IL-10 can inhibit the production of pro-inflammatory
mediators by professional APCs, and downregulate the expression
of MHC class IT molecules and co-stimulatory molecules on their
surface (26). It can also promote the upregulation of the
immunoglobulin-like transcripts 3 and 4 (ITL3 and 4) and HLA-
G, which have been implicated in the generation of tolerogenic
dendritic cells (DCs) (27). On B cells, IL-10 promotes proliferation,
expression of MHC class II molecules and isotype switching to
IgG4 (28).

TGFP has also been implicated in TR1-mediated
immunoregulation. This cytokine suppresses T cell proliferation

coeo Contact-dependent
inhibition
< PD1-L2

CD155

Perforin and granzymes ‘-',' %

Granzym-Perforin
mediated Killing

FIGURE 1

10.3389/fimmu.2023.1267697

via various mechanisms, such as by inducing the downregulation of
cyclins and IL-2 and the upregulation of cyclin-dependent-kinases
(CDKs) (29-31). TGF- can also suppress the formation of effector
CD4+ or CD8+ T cells by inhibiting the expression of the master
Thl and Th2 cell transcriptional regulators (T-bet and GATA-3,
respectively) (32, 33) or the IL-12RB2 chain (34).

The contribution and importance of both cytokines, IL-10 and
TGEFP, to the immunosuppressive activity of TR1 cells is
exemplified by the fact that, blockade of these cytokines inhibits
TR1 cell-mediated immunoregulation in various experimental
settings, including pMHCII-NP-treated animals (2, 8).

An additional cytokine that has been implicated in TRI-
mediated immunoregulation is IL-21. Whereas IL-10 is directly
responsible for most of the regulatory properties of pMHCII-NP-
induced TR1 cells, IL-21 contributes to sustaining IL-10 expression
in TR1 cells and is directly responsible for TR1-induced Breg cell
formation (8).

Engagement of co-inhibitory and co-
stimulatory molecules

Engagement of the TRI cells’ co-inhibitory (i.e., LAG-3, CTLA-
4, TIGIT or PD-1) and co-stimulatory receptors (i.e., ICOS) by the
corresponding ligands on target cells, such as APCs, is also thought
to play a role in their immunoregulatory activity. Indeed, all these
molecules are upregulated on the TR1-like cells induced by
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Mechanisms of action of TR1 cells. The immunosuppressive activity of TR1 cells is largely, albeit not exclusively, mediated through the release of IL-
10 and TGFp. Both cytokines can directly inhibit effector T cells and APCs, the latter also having a large indirect impact on effector T cell function.
Additionally, IL-10 can imprint regulatory properties in APCs, such as by promoting the upregulation of tolerogenic molecules like HLA-G. The co-
inibitory molecules expressed on TR1 cells, including CTLA-4, PD-1, TIGIT and LAG-3, can also result in contact-dependent inhibition of APCs and
consequently, inhibit APC-induced T cell activation. Upon recognition of cognate pMHCII complexes on APCs, TR1 cells can also kill these cells via
perforin and granzymes. In addition, these TR1 cells can inhibit T cell function by producing adenosine.
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pMHCII-NP therapy (9). Whereas engagement of co-inhibitory
receptor ligands on APCs by the TR1 cells’ co-inhibitory receptors
may contribute to the suppression of the APC’s function,
engagement of co-stimulatory receptor ligands (along with
cognate pMHCII) elicits the productive activation of the TRI
cells, leading to secretion of the TRI cells’ immunoregulatory
cytokines. In turn, these molecules have immunoregulatory effects
on APCs and other downstream cellular targets.

LAG-3 negatively regulates T cell activity. Structurally similar to
the CD4 co-receptor, LAG-3 recognizes MHCII molecules with
higher affinity than CD4 (35). Recent evidence has shown that
engagement of LAG-3 by stable pMHCII complexes transduces
intracellular inhibitory signals to the T cell, without interfering with
the recognition of these complexes by the T cells’ TCR or CD4
molecules (36). Although such a mechanism helps understand how
LAG-3 upregulation by an effector T cell might suppress its
activation, a T cell-intrinsic inhibitory role for LAG-3 on
regulatory T cell activity/function (37) seems counter-intuitive, as
it would suppress the Treg cell, suggesting the existence of
alternative mechanisms. One possibility is that the interaction
between LAG-3 on Treg cells and pMHCII on APCs exclusively
results in suppression of the latter, perhaps by failing to transduce
intracellular inhibitory signaling into the former. The finding that
such interaction results in the inhibition of dendritic cell (DC)
activation (38), supports this possibility.

CTLA-4, a member of the CD28 family, binds to the co-
stimulatory ligands CD80/86 with higher affinity than CD28,
inhibiting the activation of the latter. In addition, the CTLA-4-
CD80/86 interaction promotes the dephosphorylation of CD3 and
CD28 signalling intermediates through the Src homology region 2-
containing protein tyrosine phosphatase-2 (SHP-2), promoting T
cell inhibition (39). Although CTLA-4 is dispensable for peripheral
Treg cell expansion, it is necessary for immunoregulatory activity
(40). There is also evidence indicating that CTLA-4 (along with PD-
1) plays an active role in the regulatory activity of TR1 cells (41). It
therefore seems likely that the role of CTLA-4 expression on TR1/
Treg cells is different than that of CTLA-4 upregulation by effector
T cells, although this remains to be determined (42).

The PD-1 receptor binds PD-L1 or PD-L2, expressed
predominantly on APCs. Upon interaction with PD-L2, PD-1 on
effector T cells recruits SHP-1 and SHP-2 phosphatases, which in
turn reduce T cell activation and induce Treg cell differentiation
(43). On DCs, the PD1-PD-L2 interaction inhibits the expression of
molecules associated with DC maturation such as CD80, CD86 or
CD40 and induces IL-10 expression, thus promoting the induction
of an immunosuppressive DC phenotype (44).

Although the intracellular domain of TIGIT contains an
immunoreceptor tyrosine-based inhibitory motif (ITIM) capable
of recruiting SHIP-1 and thus suppress T-cell (and NK cell)
activation (45), binding of TIGIT to CD155 or CD112 on APCs
(with high and low affinity, respectively), inhibits the engagement of
the CD226 co-stimulator on T cells (46). In addition, this
interaction induces a tolerogenic phenotype in DCs, by
promoting IL-10 and suppressing IL-12 production (47).

Binding of the co-stimulator ICOS on TRI1 cells to its ligand,
ICOS-L, on B cells, DCs or macrophages (in the context of a cognate
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TCR-pMHCII interaction) promotes TR1 cell activation, leading to
secretion of regulatory cytokines such IL-10 (48-50).

Extracellular generation of adenosine

TRI cells, including those arising in response to pMHCII-NP
therapy (9) express ectonucleoside triphosphate diphosphohydrolase
1 (CD39) and ecto-5-nucleotidase (CD73), which hydrolyze
extracellular adenosine triphosphate (ATP) released during T cell
activation (51). This leads to the generation of adenosine (52, 53),
which binds to the G protein-coupled adenosine receptor A2 (A, 5R).
This interaction elicits a signalling cascade that suppresses eftector T
cell proliferation and cytokine production (54). On APCs, binding of
adenosine to A, 5R promotes IL-10 expression and inhibits both their
maturation and their ability to secrete pro-inflammatory
cytokines (55).

Granzyme and perforin-mediated killing

Another mechanism that TR1 cells may use to regulate T cell
activity involves the killing of cognate APCs (i.e., expressing the
TR1 cells’ target pMHCII) via granzyme A and B and perforin (56,
57). By killing APCs, TR1 cells can thus suppres the activation of
other T cell specificities and promote bystander immunoregulation.
However, our work in mice treated with autoimmune disease-
relevant pMHCII-NPs suggest that this mechanism is not always
at play. For example, the antigen-specific TR1 cells emerging in
these mice upon pMHCII-NP therapy did not significantly
upregulate perforin and did not kill antigen-expressing or
peptide-pulsed APCs (B cells or DCs) in vivo (8), unlike the case
for the regulatory CD8+ T cells arising in pMHCI-NP-treated
animals (58).

Molecular and transcriptional
regulation of TR1 cell specification

Extensive efforts over the last two decades have sought to define
the molecular and transcriptional mechanisms orchestrating TR1
formation. Unlike the case for the FoxP3+ Treg cell subset, where
expression of FoxP3 is central to the acquisition of its
immunoregulatory properties, there is no known unique master
transcriptional regulator of TR1 cell development. Notwithstanding
this limitation, experimental evidence has implicated a number of
cytokines, kinases and transcription factors in the generation of
TRI1 cells in vitro. Although TCR engagement in the presence of IL-
10 appears to play a major role, other signals are also required.

There is evidence suggesting that superantigens (59, 60) and
pMHCII multimers can induce the expression of IL-10 in CD4+ T
cells (61-63). It has also been shown that high-avidity TCR-
pMHCII interactions favour the production of IL-10 by T cells
(64), affecting both the number of cells expressing IL-10 and the
immunoregulatory properties of such cells (65). Molecularly, TCR
activation leads to the engagement of intracellular signalling
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pathways that eventually activate the interferon regulatory factor 4
(IRF4) transcription factor via Ras or the inducible tyrosine kinase
(ITK) kinases. IRF4 has been shown to promote II10 gene
expression in different CD4+ T cell types, including Th2, Thl
(66), Tth cells (67) and Tregs (68). Indeed, it has been reported
that IRF4 contributes to the development of an IL-10-producing
CD4+ T cell that co-expresses LAG-3 and CD49b (69). As noted
below, IRF4 is absolutely required for pMHCII-NP-induced TR1
cell formation, albeit through a different mechanism (ie., it is
dissociated from its Il10 transactivating function) (9). The
transcription factor Eomes, which can promote II10 expression in
T-bet-expressing cells (70), and the Th17 transcription factor Rora,
which can transactivate the 1110 gene (71), might also be implicated
in TR1 formation. However, pMHCII-NP-induced TR1 cells do not
upregulate Eomes or Roro, suggesting that neither of these
transcription factors are required for TR1 cell specification.

Although productive TCR ligation is required for TRI
activation, TR1 cell genesis requires additional cues. Early studies
by Groux and colleagues using both human and murine CD4+ T
cells cultured in presence of IL-10 indicated that these culture
conditions promoted the development of an anergic T cell
population that included TR1-like cells (2), highlighting a
prominent role for this cytokine in TRI cell generation, at least in
vitro. It was subsequently proposed that the IL-10 that contributes
to TR1 cell generation in vivo derives from a tolerogenic DC
population (72, 73). Indeed, a human DC population expressing
high amounts of IL-10 has been identified (27). This DC
population, named DC-10, can induce TR1 cells ex vivo with
increased efficacy, as compared to other experimental approaches,
and such cells have been used to generate and expand TR1 cells for
use in clinical trials [Reviewed in (5)].

IL-27 has also been implicated in the generation of murine TR1
cells. IL-27 is an IL-12 family cytokine that is produced by activated
APCs (74) and can induce IL-10 expression in murine T cells (75-
77), especially in the presence of TGF[, with which it synergizes (78).
Binding of IL-27 to the IL-27 receptor (IL-27R) activates the STAT1
and STATS3 signalling pathways and promotes the expression of the
transcription factors c-Maf and AhR, which cooperatively promote
I110 and 1121 expression (78, 79). STAT3-induced 1110 expression also
involves the upregulation of Egr2 (encoding the Early Growth
Response 2 transcription factor (EGR-2)) and EGR-2’s downstream
target Prdml (encoding the zinc finger-containing transcription
factor Blimp-1) (80). Although Blimp-1 has been primarily
implicated in plasma cell differentiation (81), it has also been
shown to regulate Il10 gene expression in T cells (82, 83).
However, and notwithstanding the fact that the generation of
terminally differentiated TRI1 cells in response to pMHCII-NPs
requires Blimp-1, this role is dissociated from Blimp-1’s II10
transactivating function (9) (see below). In fact, there is evidence
suggesting that IL-27-induced TR1 cell formation does not require
IL-27-induced IL-10 (84) and that IL-27 contributes to TR1 cell
formation by inducing changes in chromatin accessibility via IRF1
and BAFT (85). Although IL-27 can induce the formation of IL-10-
expressing T cells from naive human CD4+ precursors (86), it
remains to be determined whether these cells are bona fide TR1 cells.
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Despite all these observations, largely if not exclusively
generated in vitro, our in vivo work has demonstrated that IL-27
is not required for pMHCII-NP-induction of TR1-like cells (8). We
have proposed that IL-27 and pMHCII-NPs lie upstream and
downstream of the TR1 precursors (Tth cells, see further below);
whereas IL-27 would elicit both Tth and TR1 cell formation from
naive precursors, pMHCII-NPs would just be able to promote the
conversion of Tth cells into TR1-like cells (9).

IL-21 is another cytokine that has been implicated in TRI cell
genesis. This cytokine, produced by antigen-stimulated CD4+ T
cells and NKT cells, signals via the IL-21R, composed of the IL-
21Ro chain and the common receptor V. chain (87), leading to
activation of the STAT3 signalling pathway. The transcription
factor c-Maf, upregulated by IL-27 among other stimuli,
promotes IL-21 expression in TRI cells (79, 88). In turn, IL-21
promotes the expression of Il10 and cMaf expression in an
autocrine manner (79, 89).

In addition to the molecules discussed above, other cytokines
and transcription factors have been reported to contribute to IL-10
production by T cells and, consequently, may play a role in TRI cell
specification. For instance, IL-6, which signals through STAT1 and
STATS3, can upregulate the transcription factors c-Maf, IRF4 or
AhR (90), which are known to participate in II21 and/or 110
expression in different T cell types (66-69, 78, 79). In fact, IL-6,
together with TGFp, can induce IL-10 production in Th17 cells (91,
92). Type-1 Interferons have also been reported to promote IL-10
expression in CD4+ T cells (93-95) or TR1 cell development in
anti-CD3 mADb/IL-10-treated mice (96).

The co-stimulator ICOS may also play an important role in TR1
cell specification, homeostasis or function, perhaps by promoting
cMaf and I110/I121 expression (88, 97).

In summary, research to date has provided valuable
information regarding the transcriptional control of Il10,
encoding the hallmark TR1 cytokine, but has not yet been able to
define the key transcription factors, co-stimulators and cytokines
that control TR1 cell development from their precursors. As
summarized below, the recent identification of Tfh cells as
precursors of TRI cells in vivo, coupled with definition of the
transcriptional changes that underlie this transdifferentiation
process, offer a unique opportunity to carefully map the
molecular events responsible for TR1 cell formation.

Challenges hampering studies on the
developmental biology of TR1 cells

Given the challenges associated with the lack of TR1 cell-
specific markers and our inability to reliably identify this T cell
subset in vivo until recently, it is unclear whether the TR1-like cells
that have been described to arise in vitro and/or in vivo in response
to various cues do so from a single or various precursors [reviewed
in (98, 99)].

As noted above, both human and mouse T cells can be
differentiated into TR1-like cells in vitro. In vitro-activated naive
T cells from either species can give rise to anergized IL-10-
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producing CD4+ T cells when cultured in the presence of
exogenous IL-10 (2), DC-10 cells (100) or IL-27 (79, 101).

Several other lines of evidence have suggested that TR1 cells
arise from memory T cell precursors. Repetitive administration of
anti-CD3 monoclonal antibodies (mAb) to mice can induce TRI1-
like cell formation in vivo (102). In vitro stimulation of memory-like
CD4"CD44"&"FoxP3™ T cells in the absence of polarizing cytokines
can also elicit TRI-like cell specification (103). Likewise,
extracellular matrix components have been reported to guide the
formation of TR1-like cells from human memory CD4" T cells in
vitro (104), and others have shown that the precursors of TR1 cells
are contained within the memory CD4" T cell pool, in both humans
and mice (105).

Th1 and Th2 cells have also been proposed as a source of TR1-
like cells. In vitro, Th1 cells can be induced to express IL-10 when
stimulated in the presence of CXCL12 (106), but such cells might
have just been IL-10-producing Th1 cells rather than full-fledged
TR1 cells. As noted earlier in this review, it has been suggested that
chronic infection of mice with Plasmodium can trigger the
differentiation of Thl cells into TR1-like cells (15, 16), but the
reported TR1-like cells did not appear to be bona fide TR1 cells. It
has also been suggested that allergen-specific Th2 cells can be re-
programmed into a TR1-like phenotype in vitro (107).

Intestinal Th17 cells can also give rise to anti-colitogenic TR1-
like cells in response to anti-CD3 mAb treatment (108).
Furthermore, IL-27 and IL-23 promote the up-regulation of
Blimp-1 and can elicit the expression of a TR1-like phenotype in
Th17 cells (109).

% % pMHCII-NP

Autoantigen-specific Tfh
Clonal Expansion

PMHCII-NP-induced Tfh
Reprogramming

FIGURE 2
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Collectively, the above observations suggest that TR1-like cells
might arise from various T cell precursor types, but many of these
studies did not use stringent criteria for definition of the TRI cell
state, or did not involve detailed transcriptional studies of the T cell
pools used for experimentation or of their progeny; and when such
studies were done/reported, the resulting T cell pools were
transcriptionally heterogeneous. As a result, it is not possible to
unambiguously assign or exclude a specific cell type as a TR1 cell
precursor on the basis of these studies.

Tfh cells as a source of TR1 cells

We have taken advantage of the large pools of antigen-specific
TR1 cells that arise in vivo in various animal models of
autoimmunity upon systemic delivery of nanoparticles (NPs)
coated with disease-relevant pMHCII molecules (8, 21-23), to
carefully map the transcriptional events leading to TR1 cell
formation in vivo (9, 10) (Figure 2). Early work established that
pMHCII-NPs functioned by re-programming cognate antigen-
experienced (i.e. memory) CD4" T-cells of unknown identity
(excluding a role for naive T-cells) (8, 23).

The robust and prolongued TCR signaling events that result
from sustained assembly of TCR microclusters by pMHCII-NPs on
autoantigen-experienced T cells leads to the expression of known
TR1-like cell markers, including IL-10, IL-21, c-Maf, LAG-3,
CD49b, CTLA-4, PD-1, TIGIT, CCR5, CXCR3, ICOS and OX-40,
among others, in a manner that does not require APCs or IL-27 (9).

PMHCII-NP induced
TR1

Generation of a disease-
supressing TR1 cell
population

1 Blimp-1

J o6

Reprogramming of Tfh cells into TR1 progeny by pMHCII-NPs. Upon binding to cognate TCRs, autoimmune disease relevant pMHCII-NPs selectively
trigger the clonal expansion of Tfh cells and their immediate transdifferentiation into transitional TR1-like cells and terminally differentiated TR1 cells.
pMHCII-NP encounters trigger the downregulation of master transcriptional regulators of Tfh cells, such as Bcl-6, and the upregulation of Blimp-1.
Blimp-1 expression is a sine-qua-non requirement for the conversion of transitional TR1-like cells into the terminally differentiated,

immunoregulatory TR1 cell subset (9).
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In addition to Maf, these TR1 cells upregulate the transcription
factor coding genes Ahr, Egr2, Irf4, Nfil3, Prdml and Tbx21 (9), all
involved in IL-10 expression (79, 110). In addition, these TR1 cells
upregulate three other transcription factors that have been
previously implicated in the development, maintenance or
function of IL-10-expressing Treg cells (Bhlhe40, Runx2 and Vdr)
(9). Whereas the IL-10 produced by these antigen-specific TR1 cells
is the direct mediator of some of their immunoregulatory
properties, IL-21 contributes to the homeostatic regulation of this
T-cell subset and plays a critical role in TR1-induced Breg cell
formation (8). This ability of pMHCII-NPs to elicit the formation of
large pools of antigen-specific TR1-like cells afforded us a unique
opportunity to explore their developmental biology. This work has
demonstrated that pMHCII-NP-induced TR1 cells derive from
cognate Tth cells and do so in a Blimp-1-dependent manner (9,
10) (Figure 2).

Initial work indicated that the cognate TR1-like cell pools
arising in response to pMHCII-NPs expressed a transcriptional
program that shared significant features with Tth cells, raising the
possibility that the latter might function as a source of the former.
Subsequent single cell RNA sequencing (scRNAseq) and mass
cytometry studies demonstrated that these antigen-specific TR1-
like cell pools harboured a cognate Tfh-like cell subcluster, in
addition to its TR1-like cell countepart. Importantly, studies of
the TCR repertoires of these two cell sub-clusters indicated that they
consistently harbored identical clonotypes, thus demonstrating that
they were developmentally related (9, 10). This was substantiated
with the use of different pMHCII-NP types in different genetic
backgrounds and models of autoimmunity (9, 10).

This was further documented by demonstrating that pMHCII-
NPs could elicit cognate TR1 cell formation in immunocompromised
hosts transfused with purified Tth cells, and that these compounds
lacked pharmacodynamic activity in mice unable to generate Tth cells
(9). Most importantly, T cell-specific deletion of Prdml (encoding
Blimp-1) revealed that the Tfh-to-TR1 cell conversion evolves
through a transitional (TR1-like) subset, and that expression of this
transcription factor in these transitional T cells is a sine qua non
requirement for full-fledged acquisition of the TRI transcriptional
profile and regulatory function (9). Thus, while specific deletion of
Bcl6 or Irf4 in T-cells blunted pMHCII-NP-induced cognate CD4+
T-cell expansion and downstream TR1 generation, deletion of Prdm1I
enabled the former but completely abrogated the latter (9).

It could be argued that pMHCII-NP-induced TR1 cells are T-
follicular regulatory (TFR) cells, which negatively regulate the germinal
center (GC) reaction (111). However, unlike TR1 cells, TFR cells express
CXCR5 (but not CCR5), Bcl-6, FoxP3 and CD25, and arise from natural
FoxP3+ Treg cell precursors in a Blimp-1-independent manner (9).

Together, the data summarized above conclusively demonstrate
that murine TR1 cells can arise from Tfh cells in a Blimp-1-
dependent manner. Interestingly, a pool of thymus-derived self-
reactive CD4+ T cells that adopt numerous hallmarks of Tth cell
identity in the periphery has been recently discovered (112). This
finding raises the possibility that these cells might function as a
source of a negative feedback regulatory loop (i.e., formation of
autoreactive TR1 cells) to suppress autoimmunity.
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Concluding statement

Since the discovery of TR1-like cells more than 25 years ago, the
last decade has witnessed steady improvements in our ability to
identify and phenotype this previously enigmatic CD4+ T cell
subset. While knowledge gaps persist, we have gained
detailed new insights into these cells’ transcriptional make-up,
mechanisms of action and lineage origin. Further research into
the different topics reviewed in this article, as well as other aspects of
the TR1 cell biology will undoubtedly help in the translational
application of TR1 cells as a therapeutic approach for immune-
mediated diseases.
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