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ABSTRACT

Dysfunction of FOXP3-positive regulatory T cells (Tregs) likely plays a major role in the
pathogenesis of multiple autoimmune diseases, including type 1 diabetes (T1D). Whether genetic
polymorphisms associated with the risk of autoimmune diseases affect Treg frequency or function
is currently unclear. Here, we analysed the effect of T1D-associated major HLA class II haplotypes
and seven single nucleotide polymorphisms in six non-HLA genes [INS (rs689), PTPN22
(rs2476601), IL2RA (rs12722495 and rs2104286), PTPN2 (rs45450798), CTLA4 (rs3087243) and
ERBB3 (1s2292239)] on peripheral blood Treg frequencies. These were determined by flow
cytometry in 65 subjects who had progressed to T1D, 86 islet autoantibody-positive at-risk subjects
and 215 islet autoantibody-negative healthy controls. The PTPN22 rs2476601 risk allele A was
associated with an increase in total (p = 6 x 10°) and naive (p = 4 x 10?)
CD4+CD25+CD1271owFOXP3+ Treg frequencies. These findings were validated in a separate
cohort comprising ten trios of healthy islet autoantibody-negative children carrying each of the
three PTPN22 152476601 genotypes AA, AG and GG (p = 0.005 for total and p = 0.03 for naive
Tregs, respectively). In conclusion, our analysis implicates the autoimmune PTPN22 rs2476601

risk allele A in controlling the frequency of Tregs in human peripheral blood.



INTRODUCTION

Type 1 diabetes (T1D) is a chronic autoimmune disease that results from an immune-mediated loss
of pancreatic B cells and/or their functionality [1]. Both environmental and genetic factors are
involved in the disease process [2, 3]. Although the exact immunopathogenesis of T1D remains

elusive, T cells appear to be the main mediators of j cell destruction [1].

Regulatory T cells (Tregs) expressing the transcription factor FOXP3 are a subpopulation of helper
T cells that play a critical role in the maintenance of immune homeostasis [4]. Dysregulation of
Tregs is an obvious potential mechanism for autoimmunity, and multiple previous studies have
reported alterations in Treg frequencies and/or functionality in various autoimmune diseases [5].
Moreover, several genetic polymorphisms associated with the risk of autoimmune diseases,
including T1D, likely affect molecules associated with Treg function (e.g. IL2RA, PTPN2, PTPN22,
CTLA4) [6]. For example, multiple /L2RA and PTPN2 variants have been shown to affect IL.-2
signalling in Tregs [7-9] and a CTLA4 variant has been reported to alter CTLA-4 expression in

Tregs [10].

Studies addressing peripheral blood Treg frequencies in patients with T1D have produced
somewhat conflicting results, with studies reporting increased [11], decreased [12] or similar
frequencies [13-15] of Tregs in patients with T1D compared to healthy controls. The highly
variable approaches to define Tregs in different studies make direct comparison of these results
challenging. Our recent large and well-controlled study demonstrated a subtle increase in the

frequency of total and naive circulating FOXP3+ Tregs in children with newly diagnosed T1D [16].



Here, we set out to explore possible associations between peripheral blood Treg frequencies and
major genetic determinants of T1D risk. Utilising the large data set generated in our previous study
[16], we analysed the effect on Treg frequencies of major HLA risk haplotypes (HLA-DR3-DQ2
and HLA-DR4-DQ8) and seven non-HLA polymorphisms selected for strong effect and/or a

presumed role in Treg cell functionality out of the more than 50 loci currently associated with T1D

risk [1].



RESULTS & DISCUSSION

PTPN22 rs2476601 risk allele A is associated with increased Treg frequencies in a T1D study
cohort

The effect of genetic factors associated with T1D risk on circulating Treg frequencies was studied
in a cohort of 363 children, comprising 65 subjects with newly diagnosed T1D, 83 islet
autoantibody-positive (AAb+) at-risk subjects and 215 autoantibody-negative healthy control
subjects from which a flow-cytometric evaluation of Treg frequencies was previously performed
[16]. The study subjects were genotyped for seven non-HLA polymorphisms repeatedly associated
with T1D risk [INS (rs689), PTPN22 (1s2476601), IL2RA (rs2104286 and rs12722495), PTPN?2
(rs45450798), CTLA4 (rs3087243) and ERBB3 (rs2292239)] [6] . In addition, the effect of the two
major T1D risk haplotypes in the HLA region, DR3-DQ2 and DR4-DQ8, on Treg frequencies was
assessed. We used two different definitions for Tregs, CD4+CD25+CD127low and
CD4+CD25+CD1271owFOXP3+ [16]. These total Treg populations were additionally divided into
naive (CD45RA+ or CD45R0-) and memory (CD45RA- or CD45RO+) Treg subpopulations, as
previously defined [16]. To attain a sufficient level of statistical power to detect effects caused by

rare polymorphisms, the data from the entire cohort was pooled in our primary analysis.

We observed that the PTPN22 rs2476601 T1D risk allele A appeared to be strongly associated with
an increased total Treg frequency (Table 1). The association could be observed both with the
CD4+CD25+CD127low and the CD4+CD25+CD1271owFOXP3+ Treg definitions (Table 1). Post-
hoc comparison between children with different PTPN22 rs2476601 genotypes revealed a
statistically significant increase in Treg frequencies in children carrying the AA genotype compared

to GG children with both Treg definitions (Figure 1). Additionally, a similar increase was observed



in AG children compared to GG children with the CD4+CD25+CD1271owFOXP3+ Treg definition
(Figure 1). These alterations in Treg frequencies appeared to be explained by an increased
frequency of naive but not memory Tregs (Table 1 and Figure 1). Naive Treg frequencies were
elevated both with the CD4+CD25+CD127low and CD4+CD25+CD1271owFOXP3+ Treg
definitions (Table 1). In post-hoc analyses, a statistically significant difference between AA and GG
children was observed with both naive Treg definitions, and with the

CD4+CD25+CD127lowFOXP3+ naive Treg definition also between AG and GG children (Figure

).

The subgroups of healthy controls, AAb+ at-risk children and T1D patients were also analysed
separately. Although, statistical power was lost with this approach, in most of these separate
analyses a tendency mirroring the results of the main analysis could be seen across the groups
(Figure 2, Supporting Information Table 1 and Figure 1). Of note, children with T1D carrying the
protective PTPN22 rs2476601 genotype GG had higher frequencies of Tregs compared to healthy
controls carrying the genotype GG (Supporting Information Figure 2), demonstrating that in
addition to PTPN22 genotype, other factors are involved in the previously observed increase in
Treg frequencies in children with T1D [16]. No associations with Treg frequencies were observed
with the other six SNPs and HLA the class II genotypes studied after correction for multiple testing

(Table 1, Supporting Information Table 2 and Figure 3).

Healthy children carrying the PTPN22 rs2476601 risk allele A display elevated Treg
frequencies

To confirm our results on the effect of PTPN22 rs2476601 genotype on Treg frequencies, we
analysed a separate validation cohort comprising ten trios of healthy autoantibody-negative children

carrying each of the three possible PTPN22 rs2476601 genotypes, AA, AG and GG. Analyses of



the validation cohort confirmed our initial observations (Figure 3). Both total and naive
CD4+CD25+CD1271owFOXP3+ Treg frequencies displayed an association with the PTPN22
152476601 genotype (Supporting Information Table 3). Statistically significant differences were
observed in post-hoc analyses between children with the AA and GG genotypes (Figure 3). In
addition, total Treg frequencies were also increased in AG children compared to GG children
(Figure 3). Finally, a higher Treg frequency was observed in AG and AA children compared to GG
children also by using the definition of CD4+CD25+CD127lowHELIOS+FOXP3+ [16] for Tregs

(Supporting Information Figure 4).

Concluding remarks

The PTPN22 gene encodes a protein tyrosine phosphatase involved in T-cell receptor, B-cell
receptor and innate immune signalling [17]. The PTPN22 rs2476601 autoimmune risk allele A
causes a R620W missense variation that impairs the ability of PTPN22 to bind to c-Src kinase
(CSK) [18] and in addition to T1D, the PTPN22 rs2476601 polymorphism is associated with the
risk of multiple other autoimmune diseases [17]. The functional consequences of this variation
remain incompletely understood and thus does the exact mechanism how this polymorphism affects
the risk of autoimmunity. Both a gain-of-function [19-22] and loss-of-function [23] effect on
immune cell signalling have been reported. It is also possible that the PTPN22 R620W variant can
have both functions, modulating distinct downstream effects in different immune cell

subpopulations, as recently suggested [17, 24].

PTPN22 is also one of the targets of the transcription factor FOXP3 and its upregulation is inhibited
by FOXP3 expression [25]. It is therefore possible that the PTPN22 rs2476601 polymorphism
affects Treg development, homeostasis or function. In Ptpn22-knockout mice, CD4+CD25+Foxp3+

Treg frequencies in the periphery have been shown to be expanded in multiple different studies [26-



28]. Moreover, mice carrying a Ptpn22 variant with a mutation analogous to human PTPN22
R620W also display increasing peripheral Treg frequencies with age [29]. Limited data in humans
suggest that Treg cells from individuals homozygous for the PTPN22 rs2476601 A risk allele (AA
genotype) display TCR signalling defects similar to those observed in conventional T cells [30]. No
differences in circulating Treg frequencies in association with PTPN22 genotypes have been
reported in two previous studies analysing small cohorts of adult subjects [30, 31], although in line
with our observation a tendency for higher Treg frequencies were observed in the group with the
AA genotype in the latter study [31]. However, it is important to note that both of these studies have
been underpowered compared to our study. Moreover, as the PTPN22 genotype appears to mainly
affect naive Treg frequencies, this difference may be more readily detected in young children

analysed in our study compared to adult donors analysed in the previous studies.

The increase in peripheral blood Treg frequencies in individuals carrying the PTPN22 autoimmune
risk allele A may seem counterintuitive at first. However, since PTPN22 signalling alterations affect
multiple immune cell subsets, it is possible that the increase in Tregs reflects a compensatory
mechanism for autoimmunity-promoting changes in other immune cell subsets.

An important open question is whether the PTPN22 rs2476601 risk allele A also affects the
functionality of Tregs. Tregs isolated from mice expressing the analogous Ptpn22 variant appear to
have normal suppressive function [29]. Due to the limited blood sample volumes obtained from
paediatric subjects, we could not isolate sufficient numbers of Tregs to study their functionality in
vitro in this study. However, a previous small study suggested that Tregs isolated from individuals
with the PTPN22 AA genotype were efficient in suppressing the proliferation of effector T cells but

defective in suppressing their IFN-y production in vitro [30].



In conclusion, we observed an elevated frequency of circulating Tregs among subjects carrying the
PTPN22 152476601 autoimmune risk allele A. This effect was observed both in the total Treg and
naive Treg compartments. Our current findings provide the first evidence that the PTPN22
152476601 risk allele A alters Treg homeostasis in humans, although the exact mechanism behind
this phenomenon and its relevance for an increased risk of autoimmunity requires further

investigation.

MATERIALS AND METHODS

Study subjects

The first study cohort comprised 65 case subjects diagnosed with T1D (mean age 7.4 years = SD
3.9) sampled within seven days after diagnosis, as well as 83 islet autoantibody-positive at-risk
subjects (mean age 8.6 years = SD 4.7) and 215 autoantibody-negative control subjects (mean age
8.8 years = SD 3.9) [16]. Autoantibody-positive and autoantibody-negative subjects were
participants in the Finnish Type 1 Diabetes Prediction and Prevention (DIPP) study [32]. All DIPP
participants carried an HLA class II genotype associated with an increased risk for the development
T1D. Patients with T1D were recruited at the Department of Pediatrics, Turku University Hospital
after admission to hospital due to newly diagnosed T1D. Autoantibody-positivity in the DIPP
participants was defined as having at least one persistent, biochemical autoantibody either to insulin
(TAA), glutamic acid decarboxylase 65 (GADA) or islet antigen-2 antibody (IA-2A). [AA, GADA

and [A-2A were analysed as described earlier [33].

The validation cohort comprised ten trios of healthy children from the DIPP study carrying the three
possible PTPN22 rs2476601 genotypes (AA, AG, GG). All of these subjects had remained

autoantibody-negative and clinically non-diabetic until sampling for PBMCs analysed here. The



trios were matched for HLA class II genotype, age (mean age 2.3 years + SD 1.5), sex and date of

sampling.

The study was approved by the local ethics committee and written informed consent was provided

by the parents of the children participating in this study.

Flow-cytometric analyses

The staining procedure for the primary cohort has been reported previously [16]. For the validation
cohort, frozen PBMCs (cryopreserved in 10% DMSO) were thawed and viability staining was
performed using Zombie Aqua dye (BioLegend, San Diego, CA) according to the manufacturer’s
instructions. Immunostaining for surface markers was performed on 10 PBMCs per staining by
incubating the cells with anti-CD3 APC-F750 (clone SK-7, Biolegend), anti-CD4 PE-Cy7 (RPA-
T4, Biolegend), anti-CD25 PE (4E3, Miltenyi Biotec, Bergisch Gladbach, Germany), anti-CD127
PerCP-Cy5.5 (A019DS5, Biolegend) and anti-CD45RO BV421 (UCHLI, Biolegend) for 20 to 30
min. Fixation and permeabilization were performed using the Foxp3/Transcription Factor Staining
Buffer set (eBioscience, San Diego, CA), followed by staining with anti-FOXP3 A488 (clone
259D) and anti-HELIOS A647 (clone 22F6), both from Biolegend. The samples were analysed with
a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA), and the flow cytometry data were
examined using FlowJo software (BD Biosciences). The detailed gating strategy for Treg subsets
analysed in the primary study cohort has been reported previously [16] and the gating strategy used
to analyse Tregs in the validation cohort is shown in Supporting Information Figure 5. Coded
samples were used throughout, and the flow-cytometric analyses were performed blinded to the
classification of the sample. Flow cytometry experiments were conducted in line with the published

guideline [34].



Genotyping
Seven T1D risk associated SNP markers across six loci, INS (rs689), PTPN22 (1s2476601), IL2RA

(rs2104286 and rs12722495), PTPN2 (1s45450798), CTLA4 (rs3087243) and ERBB3 (1s2292239),

were analysed using TagMan SNP Genotyping Assays (Thermo Fisher Scientific, Pleasanton, CA).

Genotyping for the major risk HLA-DR-DQ haplotypes was performed using sequence-specific
oligonucleotide probes, as described earlier [35]. The subjects were divided into four groups
according to their HLA-DR-DQ genotypes: children with the DR3-DQ2 (DQA1*05-DQB1*02)
haplotype, children with the DR4-DQ8 (DRB1*04:01/02/04/05-DQA1*03-DQB1*03:02)

haplotype, children with both and children with neither of these haplotypes.

Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics 24.0 (Armonk, NY). The flow-
cytometric and genotyping data were combined in ANCOVA with the age of the child at the time of
sample collection as a covariant to account for the maturation of the immune system. Primary
analyses were conducted with pooled data from the entire cohort (T1D, AAb+ and control groups)
to gain sufficient level of statistical power to detect differences caused by all studied
polymorphisms (minor allele frequencies ranging from 0.06 to 0.33) [36]. Additionally, post-hoc
analyses were conducted using the Bonferroni method to explore the differences between different
genotypes. p < 0.05 was considered statistically significant. The p-values of the primary analysis
were adjusted for multiple testing using Bonferroni correction with a factor of 8 (seven SNPs and
HLA class II genotype; p < 0.006), as the frequencies of the investigated cell populations are

dependent on one another.
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FIGURE LEGENDS

Figure 1. Increased frequency of total and naive Tregs in children carrying the PTPN22 rs2476601
T1D risk allele A. Differences in frequencies of total (A), naive (B) and memory (C)
CD4+CD25+CD127low Tregs, and total (D), naive (E) and memory (F) CD4+CD25+CD127lowFOXP3+
Tregs in children with the PTPN22 rs2476601 genotypes GG, AG and AA. The analysis was
conducted by using pooled Treg frequency data from flow cytometry analysis of PBMCs [16] from
363 children (65 T1D patients, 83 autoantibody-positive (AAb+) subjects and 215 healthy (AAb-)
controls). ANCOVA with Bonferroni post-hoc comparisons were used to analyse differences

between the genotypes. Horizontal lines indicate mean values.

Figure 2. Treg frequencies in children with the PTPN22 rs2476601 genotypes GG, AG and AA
analysed separately in groups of healthy control subjects, autoantibody-positive (AAb+) at-risk
children and children with newly-diagnosed T1D. Total, naive and memory
CD4+CD25+CD127lowFOXP3+ Treg frequencies in PBMCs are displayed for 104 healthy
autoantibody-negative (AAb-) controls (A-C), 44 AAb+ subjects (D-F) and 33 T1D patients (G-I)

analysed as separate cohorts. Horizontal lines indicate mean values.

Figure 3. PTPN22 rs2476601 type 1 diabetes risk allele A is associated with increased Treg
frequencies in the validation cohort. . Representative examples of CD3+CD4+CD25+
CD127lowFOXP3+ flow-cytometric Treg stainings in PBMCs from one trio of children carrying the
different PTPN22 genotypes GG, AG and AA (A). The antibodies used are listed in Materials and

Methods, and the detailed gating strategy is shown in Supporting Information Fig. 5. The



frequencies of total (B), naive (C) and memory (D) CD4+CD25+CD127low FOXP3+ Tregs in ten trios
of healthy children carrying the different PTPN22 rs2476601 genotypes. ANCOVA with Bonferroni

post-hoc comparisons were used to analysed differences between the genotypes. Horizontal lines

indicate mean values.



Table 1. Associations of selected non-HLA single nucleotide polymorphisms with regulatory T cell

frequencies.
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Total Treg
(CD4+CD25+CD127- of CD4+) 0.537 |0.002 0.804 |0.271 | 0.583 0.11 0.35
Naive Treg
(CD4+CD25+CD127-CD45RA+ of CD4+) 0.836 |0.0002 0.426 |0.431 (0.71 0.068 0.477
Memory Treg
(CD4+CD25+CD127-CD45RA- of CD4+) 0.231 |0.19 0.898 |0.314 |0.635 0.811 0.572
FOXP3+ Treg
(CD4+CD25+CD127-FOXP3+ of CD4+) 0.511 |0.000006 | 0.68 0.034 | 0.566 0.033 0.925
FOXP3+ Naive Treg
(CD4+CD25+CD127-CD45R0O-FOXP3+ of CD4+) 0.596 |0.00004 |0.978 |0.085 |0.632 0.042 0.642
FOXP3+ Memory Treg
(CD4+CD25+CD127-CD45RO+FOXP3+ of CD4+) 0.945 |0.23 0.461 |0.193 |0.868 0.551 0.653

Seven single nucleotide polymorphisms associated with T1D risk (INS (rs689), PTPN22 (rs2476601), IL2RA
(rs2104286 and rs12722495), PTPN2 (rs45450798), CTLA4 (rs3087243) and ERBB3 (rs2292239)) were
analysed. ANCOVA was used to detect differences in the Treg frequencies between the three genotypes for

each marker. Pooled Treg frequency data [16] from 363 children (65 T1D patients, 83 autoantibody-positive




(AAb+) subjects and 215 healthy (AAb-) controls) was used for the analysis. The age of the children at the
time of sampling was used as covariant. p-values for each comparison are shown. After Bonferroni

correction, a p-value of < 0.006 was considered statistically significant (bolded).
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Supporting Information

Supporting Information Table 1. Association of PTPN22 rs2476601 with Treg frequencies analysed separately for healthy control
subjects (n=210), autoantibody-positive (AAb+) at-risk children (n=83) and children with newly-diagnosed T1D (n=65).

Controls
a3z
2E
=
~r
Total Treg
(CD4+CD25+CD127- of CD4+) 0.806
Naive Treg
(CD4+CD25+CD127-CD45RA+ of CD4+) 0.437
Memory Treg
(CD4+CD25+CD127-CD45RA- of CD4+) 0.297
FOXP3+ Treg
(CD4+CD25+CD127-FOXP3+ of CD4+) 0.004
FOXP3+ Naive Treg
(CD4+CD25+CD127-CD45RO-FOXP3+ of CD4+) 0.003
FOXP3+ Memory Treg
(CD4+CD25+CD127-CD45RO+FOXP3+ of CD4+) 0.205
AAb+
a3z
=S
~ e
Total Treg
(CD4+CD25+CD127- of CD4+) 0.68
Naive Treg
(CD4+CD25+CD127-CD45RA+ of CD4+) 0.023
Memory Treg
(CD4+CD25+CD127-CD45RA- of CD4+) 0.549
FOXP3+ Treg
(CD4+CD25+CD127-FOXP3+ of CD4+) 0.084
FOXP3+ Naive Treg
(CD4+CD25+CD127-CD45RO-FOXP3+ of CD4+) 0.083
FOXP3+ Memory Treg
(CD4+CD25+CD127-CD45RO+FOXP3+ of CD4+) 0.366
T1D
a3
=3
~r
Total Treg
(CD4+CD25+CD127- of CD4+) 0.067
Naive Treg
(CD4+CD25+CD127-CD45RA+ of CD4+) 0.126
Memory Treg
(CD4+CD25+CD127-CD45RA- of CD4+) 0.421
FOXP3+ Treg
(CD4+CD25+CD127-FOXP3+ of CD4+) 0.017
FOXP3+ Naive Treg
(CD4+CD25+CD127-CD45RO-FOXP3+ of CD4+) 0.058
FOXP3+ Memory Treg
(CD4+CD25+CD127-CD45RO+FOXP3+ of CD4+) 0.232

ANCOVA was used to analyse differences between the three PTPN22 genotypes.



Supporting Information Table 2. The association of HLA-DR/DQ genotypes on Treg frequencies.

HLA
Total Treg
(CD4+CD25+CD127- of CD4+) 0.166
Naive Treg
(CD4+CD25+CD127-CD45RA+ of CD4+) 0.14
Memory Treg
(CD4+CD25+CD127-CD45RA- of CD4+) 0.531
FOXP3+ Treg
(CD4+CD25+CD127-FOXP3+ of CD4+) 0.111
FOXP3+ Naive Treg
(CD4+CD25+CD127-CD45RO-FOXP3+ of CD4+) ] 0.049
FOXP3+ Memory Treg
(CD4+CD25+CD127-CD45RO+FOXP3+ of CD4+) | 0.859

The study subjects were divided into four groups based on their HLA-DR/DQ genotypes: children carrying DR3-DQ2, children
carrying DR4-DQ8, children carrying both and children carrying neither of these haplotypes. ANCOVA was used to analyse
differences between the HLA class Il genotypes. After Bonferroni correction, a p-value of < 0.006 was considered statistically
significant.



Supporting Information Table 3. Association of PTPN22 rs2476601 with regulatory T cell frequencies in the validation cohort
comprising ten trios of healthy children carrying each of the three possible genotypes, AA, AG and GG.

83
Z o
a o
= &
il
Total Treg
(CD4+CD25+CD127low FOXP3+ of CD4+) 0.005
Naive Treg
(CD4+CD25+CD127low FOXP3+CD45RO- of CD4+) 0.03
Memory Treg
(CD4+CD25+CD127low FOXP3+CD45RO+ of CD4+) 0.038

ANCOVA was used to analyse differences between the three PTPN22 genotypes.
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Supporting Information Figure 1. CD4+CD25+CD127low Treg frequencies in children with the PTPN22 rs2476601 genotypes GG, AG
and AA analysed separately in groups of healthy control subjects (A-C), autoantibody-positive (AAb+) at-risk children (D-F) and
children with newly-diagnosed T1D (G-I). Horizontal lines indicate mean values.
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Supporting Information Figure 2. Increased frequency of CD4+CD25+CD127lowFOXP3+ Tregs in children with newly-diagnosed
type 1 diabetes carrying the T1D-protective PTPN22 rs2476601 genotype GG compared to healthy controls carrying the same
genotype. ANCOVA with Bonferroni post-hoc comparisons were used to analyse differences between the genotypes. Horizontal
lines indicate mean values.
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Supporting Information Figure 3. CD4+CD25+CD127lowFOXP3+ Treg frequencies in children carrying different genotypes of INS
(rs689), IL2RA (rs2104286 and rs12722495), PTPN2 (rs45450798), CTLA4 (rs3087243) and ERBB3 (rs2292239) and different HLA
class Il genotypes. Horizontal lines indicate mean values.
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Supporting Information Figure 4: The frequencies of CD4+CD25+CD127lowHELIOS+FOXP3+ Treg cells in trios of healthy children
with the PTPN22 rs2476601 genotypes GG, AG and AA. ANCOVA with Bonferroni post-hoc comparisons were used to analyse
differences between the genotypes. Horizontal lines indicate mean values.
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Supporting Information Figure 5. Demonstration of the gating strategy for the flow cytometric analysis of peripheral blood Treg
cells from PBMC samples. Lymphocytes were first gated based on FSC and SSC properties, followed by elimination of cell doublets
through FSC-A and FSC-H gating, and exclusion of dead cells through Zombie Aqua staining. Treg cells were subsequently defined as
CD3+CD4+CD25+CD127lowFOXP3+ and further separated into CD45R0- naive, CD45RO+ memory or HELIOS+ Treg subsets.



