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Abstract

Alopecia areata (AA) is a hair loss disorder resulting from an autoimmune reaction against

hair follicles. T-helper 1 cells are a major contributor to this disorder, but little is known about

the role of T-regulatory cells (Tregs) in AA. Here, we analysed the distribution of circulating

Treg subsets in twenty AA patients with active hair loss and fifteen healthy subjects by flow

cytometry. The Treg suppressor HLA-DR+ subpopulation was significantly reduced in the

patients (P<0.001) and there were significantly fewer cells expressing CD39 among the

CD4+CD25+Foxp3+ Treg subpopulation in patients (P = 0.001). FOXP3 CD39 Treg cells

were also reduced in hair follicles; by 75% in non-lesional skin and 90% in lesional skin,

when compared to control healthy skin. To further characterise Treg cells in AA; Tregs (CD4

+CD25+FOXP3+) were investigated for their TCRβ sequence. PCR products analysed by

Next Generation Sequencing techniques, showed that all frequent public clonotypes in AA

Tregs were also present in controls at relatively similar frequencies, excepting two public

clonotypes: CATSRDEGGLDEKLFF (V15 D1 J1-4) and CASRDGTGPSNYGYTF (V2 D1 J1-2),

which were exclusively present in controls. This suggests that these Treg clonotypes may

have a protective effect and that they may be an exciting subject for future therapeutic

applications.
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Introduction

Alopecia areata is a common disorder of hair and nails with a lifetime disease risk of 2% in the

general population. Autoimmunity is considered central to the pathogenesis [1,2]. Multiple

major genetic factors have been demonstrated to be aetiologically important, and HLA genes

of the major histocompatibility complex are strongly linked with AA, in common with a num-

ber of other autoimmune diseases, [1,3,4]. In addition to clinical associations with autoim-

mune thyroid diseases and vitiligo, there is a particularly high rate of AA in the rare recessive

syndrome of type 1 autoimmune polyendocrinopathy (APS1), caused by mutation of the auto-

immune regulator (AIRE) gene [5,6]. T-lymphocyte infiltration of hair follicles is a cardinal

feature of the histopathology of AA and in recent years, there has been a realisation that Th17

subsets are likely to be significant agents in the disease process. A single previous study

reported the possible involvement of Th17 cells in the pathogenesis of AA [7]. It has also been

shown that in peripheral blood mononuclear cells (PBMC), Th17 levels were higher in patients

with active disease of short duration, whereas Treg levels were lower in those patients with

mild AA [8]. However, the authors did not analyse Treg cell subsets in AA. The characterisa-

tion of Treg populations in other autoimmune diseases has revealed defects in the Treg sup-

pressor cell subpopulation. For instance, reduced levels of the Treg suppressor marker CD39

have been reported in multiple sclerosis [9], systemic lupus erythematosus [10], type I diabetes

mellitus [11], autoimmune hepatitis [12], rheumatoid arthritis [13] and asthma [14].

CD39 and HLA-DR are key components in Treg suppressive machinery. CD39, or ecto-

nucleoside triphosphate diphosphohydrolase 1 (E-NTPDase1), is an enzyme of the ATPase

family that hydrolyses ATP into AMP, which is subsequently hydrolysed by CD73 into adeno-

sine [15,16]. CD39 plays a central role in modulating the ATP-driven pro-inflammatory

microenvironment into an anti-inflammatory milieu controlled by the ability of adenosine to

augment the function of regulatory T-cells [15] as well as to inhibit effector T-cell development

[17]. Huge effort has recently been directed toward deciphering the TCR signature of T-cell

clones that are involved in many autoimmune diseases, providing novel insight on the disease

mechanisms, as TCRs are the main determinants of epitope specificity and phenotype pre-

dominance. Advances in sequencing technology allow in-depth analyses to be performed on

the TCR repertoire of many subjects at the same time.

Antigenic epitopes are presented to TCRs in conjugation with major histocompatibility

complex (MHC) molecules. Each unique TCR is generated by TCRα and TCRβ chain rear-

rangements, where the great amount of diversity found in the TRCβ chain particularly in the

CDR3 region. CDR3 is generated by rearrangement of three genes: V, D and J, with a possibil-

ity of N nucleotide insertions in VD and DJ junction sites increasing diversity [18–21] Due to

the vast number and diversity of the naïve T-cell repertoires, the small number of genes encod-

ing for TCR have the potential to generate vast numbers of clonotypes, estimated at between

1015 and 1020. Although the process of recombination is thought to be random, there are some

clonotypes that are common and these are known as public clonotypes [22].

Results

Within the CD4+ T-cell pool, total Tregs were found to be 40% higher in peripheral blood of

AA patients when compared to controls (P = 0.001). Interestingly, a higher proportion 15% of

CD45RO+ memory cells in the CD25+FOXP3+ Treg pool from patients (AA) was noted when

compared to control (HC) samples (10%) (Fig 1A and S1 Fig). The mean frequency of the sup-

pressive Treg subset (CD39+ cells) was 43.5% of the CD25+FOXP3+ population in HC, how-

ever, this was significantly less in AA patients at 21.4% (P = 0.001). There was also a reduction

in expression of the HLA-DR suppressive marker on the surface of CD25+FOXP3+ cells with
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38% of Treg HLA-DR positive in controls compared to 22% in AA patients (P�0.0001). On

the other hand, there was no change in the percentage of LAG-3+ cells in the Treg pool (Fig

1B and S1 Fig). The reduction of CD39+ve PBMC in AA patients was confirmed by western

blot. Fig 1C shows that expression of CD39 was greatly reduced in AA patients compared to

controls, also when corrected by a semi-quantitative method (densitometry) using an internal

control (GAPDH) to obtain relative expression (Fig 1C). To test whether the deficiency of cir-

culating CD39+ Tregs associated with AA is also observed in CD39+ Treg cells resident in

skin, we analysed the distribution of the suppressive Treg cell population in normal and AA

skin. Suppressive Treg-specific immunofluorescence microscopic analyses were performed on

5μm formalin-fixed, paraffin embedded sections obtained from healthy controls, as well as

lesional and non-lesional areas of AA patients. Antibodies against CD3, FOXP3 (Treg marker)

and CD39 (suppressive Treg marker) were used. Three populations were identified using this

panel; CD3+FOXP3+CD39+ cells (suppressive Tregs), CD3+FOXP3+CD39- cells (non-sup-

pressive Tregs that can be naïve or memory cells), and CD3+FOXP3-CD39- (T effector or

Teff) cells. Consistent with the flow cytometry findings, we observed that suppressive Tregs in

human skin preferentially localized to normal and non-lesional hair follicles (HFs) (Fig 2A).

Fig 1. Flow cytometry identification strategies for Treg subsets (representative plots from one patient and one healthy control). A: Percentages of CD25+FOXP3

+ Tregs and their memory subset (CD45RO+) in peripheral blood of AA patients and HC (see also supplementary data online). B: Suppressive subsets of CD25+FOXP3

+ Treg cells. The percentage of suppressive subsets indicated by expression of CD39, HLA-DR or LAG3 surface makers was calculated out of the total Treg pool. Data

analysed by a two-tailed independent t-test, and the corrected t-test was used whenever the homogeneity of variance was violated. A 95% confidence interval was used

where P� 0.05 is considered significant (�) P�0.01 (��), P�0.001 (���). Error bars depict SEM in each study group. AA patients n = 20, healthy controls (HC) n = 15. C:

CD39 protein expression in AA and HC PBMCs. PBMCs isolated from blood of AA and HC donors were lysed and loaded in SDS gel, CD39 protein was detected using

rabbit monoclonal antibodies. CD39 protein (60KDa) was detected in HC but not AA samples.

https://doi.org/10.1371/journal.pone.0210308.g001
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CD3+FOXP3+CD39+cells (suppressive Tregs) infiltrate the outer connective tissue layer of

HFs. In contrast, diseased HFs lack these suppressive Tregs but show infiltration by CD3+-

FOXP3-CD39- conventional or effector T-cells (Tconvs/Teffs) with the presence of some

generic Tregs lacking CD39 expression (CD3+FOXP3+ CD39- Tregs) (Fig 2A). Semi-quanti-

tative analysis of HF images was performed to determine the frequency of Tregs and their sup-

pressive subtype in normal, non-lesional and lesional skin. Interestingly, the proportion of

total FOXP3+ Tregs was significantly reduced by about 80% in lesional compared to non-

lesional skin (P�0.01) and by about 90% when compared to normal skin (P�0.001) (Fig 2B).

A similar trend was observed with suppressive CD3+ Tregs where the proportion is signifi-

cantly less in AA affected skin compared to non-lesional (P�0.5) and normal skin (P�0.001).

The data is representative of the skin sections of lesional skin from four AA patients and non-

lesional skin of three patients and one healthy control. Only anagen HFs were included in the

analysis as AA is primarily a disease of the anagen HF, and to avoid the possibility that the var-

iations observed in the sections were due to normal changes seen in the hair cycle stages.

To further characterise Tregs in AA, Tregs (CD4+CD25+FOXP3+) FACs sorted from

PBMCs of patients and controls were investigated for their TCRβ sequence characteristics as

described in materials and methods section. The TCR repertoire of total lymphocytes from AA

patients was slightly less diverse (chao1 = 3.2) compared to controls (chao1 = 3.4), which was

likely due to the presence of dominant clonotypes. However, the Treg repertoire showed a

higher diversity in patients (chao1 = 2.4) when compared to controls (chao1 = 2.3) reflecting

the predominance of unique clonotypes of Treg cells in HC (Fig 3). The number of unique

CDR3 clonotypes in the TCRβ repertoire was 1.8x105 in PBMCs of AA patients, 1.51x105 in

PBMCs of HC, 1.07x105 in Tregs in AA patients and 0.8x105 in Tregs of HC. The most fre-

quent public clonotype in each group is presented in Fig 4. This figure shows that the most fre-

quent public clonotypes in AA Tregs (FACS AA) were also present in controls (FACS HC) at

relatively similar frequencies, except for CASTKTKRQGPISRPFPTGELFF (V12-3 D1 J2-2)

CANSTRGS_PGNTIYF (V10-1 D2 J1-3) and CASSPTGPTEAFF (V7-2 D1 J1-1) which were

more abundant in Tregs isolated from patients (with frequency of 0.02, 0.01 and 0.08 respec-

tively) compared to controls (0.008, 0.002 and 0.003). However, there were two public clono-

types CATSRDEGGLDEKLFF (V15 D1 J1-4) and CASRDGTGPSNYGYTF (V2 D1 J1-2) that

were exclusively represented in controls Tregs but not in patients. In contrast, two relatively

frequent public clonotypes CASSYQGSTEAFF (V6-3 D1 J1-1) and CASSQDKGITNEKLFF
(V4-2 D1 J1-4) were exclusively represented in AA PBMC but not in controls. These were not

Tregs because not present among AA Treg clonotypes. When comparing V segment usage by

Tregs in patients and controls we found that TRBV12-4, 20–1, 24–1 were more predominant

in cases compared to controls, while other TRBV segments such as TRBV12-3, 2, 30 and 15

were highly abundant in controls but not in cases. Applying post-hoc statistical analysis, the

frequency of TRBV2 segments was significantly higher in controls compared to patients

(P = 0.01), on the other hand, TRBV 6–3 showed a significant increase in its frequency in

Fig 2. Suppressive Tregs localize to HFs in human skin. A. Confocal microscopy of normal human skin, lesional and

non-lesional skin of AA patients. Sections were stained for CD3 (blue), FOXP3 (green), CD39 (red), and DAPI (grey).

Images taken at magnifications X20 (left side) or X60 (right side). Small box (bottom right) is the zoom on 60X images

without nuclei to clarify the triple staining. Scale bars: 100 μm. Arrows denote CD3+FOXP3+CD39+ (yellow) cells or

CD3+FOXP3+ (orange). The data is a representation of the skin section of one AA patient and one healthy control.

We looked at three patients, which showed the same trend in suppressive Treg distribution (data not shown). B.

Suppressive subsets of CD25+FOXP3+ Treg cells. The percentage of suppressive subsets indicated by its expression of

CD39 and FOXP3 makers was caluclated out of the total CD3+ T-cell pool. Data are derived from the lesional skin of

four AA patients, non-lesional skin of three patients and one healthy control. Data from of four fields in each study

group were analysed by ANOVA with multiple comparison. A 95% confidence interval was used with P� 0.05 (after a

Bonferroni correction) is considered significant (�), P�0.001 (���). Error bars depict SEM.

https://doi.org/10.1371/journal.pone.0210308.g002
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Tregs of patients (P = 0.005) (Fig 5). Similarly, when looking at J segment usage, TRBJ1-2 and

to less extent TRBJ2-5 and TRBJ2-7 were slightly more abundant in cases. Controls have more

abundant TRBJ2-2, 1–5, and 1–1 compared to cases. The frequency of TRBV 1–1 usage is sig-

nificantly higher in controls (P = 0.04), and TRBV2-5 is higher in patients (P = 0.05) (Fig 6).

The CDR3 nucleotide (nt) length ranged from 21 to 69nt, with most frequently observed sizes

of 39, 42, 45 and 48 nucleotides in TCRβ chains of total lymphocytes as well as Tregs in both

patients and controls (Fig 6A and 6B). Similarly, the NDN nucleotide size distribution was

identical in Tregs of patients and controls with 13nt the most frequent size. In total lympho-

cytes, NDN length showed a similar distribution ranging from 0 to 40nt; however, the most

frequent length in controls was 13nt while it was 9nt in patients. Looking at the insert between

VD and VJ regions, a similar length distribution can be observed in lymphocytes, where no

insert (0nt) was the most commonly observed length in both groups followed by 4nt length in

Fig 3. TCR Repertoire diversity estimation. Boxplot of chao1 estimator for normalised samples were used to assess the diversity of TCR

repertoire in cases and control. PBMC: total blood cells. FACs: Sorting for Treg cells by FACs analysis.

https://doi.org/10.1371/journal.pone.0210308.g003
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patients and 7nt length in controls (Fig 6C). In contrast, a marked difference can be seen in

VD/VJ indel (insertion/deletion) length in Tregs; while no insert (0 nt) is the most frequent

distribution in patients, the inserts predominantly found in VD/VJ region in controls with

about 13nt indel the most commonly observed length, which may indicate the presence of a

base deletion at the V-D/V-J junction in AA patients. No significant difference was observed

between NDN nucleotide size between patients and controls when considering total PBMC

(S2 Fig).

Discussion

In this study we report, for the first time, that the distribution of Tregs in lesional AA tissue

compared to healthy and non lesional tissue demonstrate marked abnormalities in Treg sub-

sets in patients with AA. The reduction of circulating CD39+ Tregs of AA patients was in

keeping with the reduction of these cells in the skin of AA patients, and suggests that the flow

Fig 4. Distribution of public clonotypes in Tregs and total T-cells of patients and HCs. The most frequent sequences are allocated individual

colours defined in the key, while the others are combined and shown in grey. PBMC: total blood cells. FACs: Sorting for Treg cells by FACs

analysis.

https://doi.org/10.1371/journal.pone.0210308.g004
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of CD39+ Tregs into the skin makes the HF vulnerable to autoimmune attack. In this respect,

the significant reduction of CD39+ Tregs in the HF and its surrounding area of uninvolved

skin could be a landmark of predisposed non-lesional skin to become alopecic. This is in keep-

ing with Castela and colleagues’ study showing that recruitment of Tregs in lesional skin pro-

motes hair regrowth in AA patients [23]. An intriguing observation regarding the potential

importance of CD39 deficiency in the pathogenesis of AA comes from a study of CD39 knock-

out mice [24] in which it was documented that 15% of CD39 null mice developed spontaneous

autoimmune alopecia characterised by lymphoid infiltration of damaged hair follicles and a

6-fold increase in interferon-gamma transcript levels in areas of skin with active disease, in

comparison with uninvolved or normal control skin. Our novel finding in the present study,

Fig 5. Gene segment usage in TCR of Tregs. A. frequency of each V segment usage in healthy control (HC) and AA cases, the data represented in the

heat map is the mean of three HCs and four AA patients B. Statistical analysis of the observed changes in TCRβV segment usage between HC and AA

where the difference was calculated by ANOVA and � P<0.05.

https://doi.org/10.1371/journal.pone.0210308.g005

Fig 6. CDR3 bulk characteristics in Treg of patients and healthy controls. A). nucleotide length of CDR3 segment B). NDN nucleotides size C). V-D and D-J insert

size. NDN and CDR3 length in cases and controls showed same distribution for Treg and total lymphocytes.

https://doi.org/10.1371/journal.pone.0210308.g006
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of decreased CD39 expression on T-cells in patients with active hair loss, is an interesting addi-

tion to the understanding of the immunology of AA and raises the possibility that the disease

may be amenable to therapeutic approaches involving reconstitution of CD39 +ve Tregs.

CD39+ deficiency has also been recently shown in psoriasis with a significant reduction of

CD39+ FOXP3+ cells observed in patients with erythrodermic and pustular psoriasis [25].

Our flow-cytometry data also demonstrated significant reduction of HLA-DR+ Tregs and

HLA-DR expression on Tregs mediates cell-to-cell suppression of Teffs. Interestingly, Rissiek

et al (2015) showed that HLA-DR expressing Tregs are almost always CD39+, which could

explain the reduction of Tregs HLA-DR+ cells in AA patients as observed in the current study

[26]. The suppressive cytokine secretory capacity of Tregs was investigated and showed no sig-

nificant changes in the frequency of IL-10+ nor TGF-β+ Tregs between patients and HC (S2

Fig). These findings are supported by LAG-3 expression, which showed no difference between

the groups (Fig 1B). The activation gene (LAG3) has been reported as a marker of IL-10 pro-

ducing Tregs [27]. Taking these findings together suggests that impaired Treg function in AA

is mainly due to a defect in cell-to-cell contact and CD39-mediated suppressive machinery and

not in cytokine secretion.

In this study, CASSYQGSTEAFF (V6-3 D1 J1-1) and CASSQDKGITNEKLFF (V4-2 D1

J1-4) were only found in the TCR repertoire of total lymphocytes of patients, suggesting that

cells using these two public clonotypes are not Tregs (not detected in AA Tregs) and maybe

involved in AA pathogenesis as they were not detected in controls. Database searches showed

that CASSYQGSTEAFF has 86% match to CDR3 of peripheral T-lymphocytes of Sjögren’s

syndrome [28] whereas CASSQDKGITNEKLFF sequence has about 81% similarity was found

with TCRβ chain from auto-reactive CD8+ T-cells isolated from diabetic mice [29]. However,

it should be mentioned here that the mechanism underlining TCR sharing is not well under-

stood and may not be due to response to same peptides in out-bred populations with different

MHCs [30]. The TCR repertoire of Tregs showed that two TCRβ clones CATSRDEGGLDEK
LFF (V15 D1 J1-4) and CASRDGTGPSNYGYTF (V2 D1 J1-2) in healthy controls were totally

absent in patients. Despite the lack of paired alpha beta sequences our results suggest that these

Treg clonotypes are protective. Such cells could potentially be expanded in vitro and used for

treatment. In fact, a single clone of Tregs has been recently expanded in vitro and was success-

fully used to reduce inflammation and neovascularisation in diabetic retinopathy in a mouse

model [31], suggesting that deciphering the clonotypic map of T-cells in AA would bring the

field a step closer toward understanding the disease pathogenesis.

Materials & methods

Peripheral blood lymphocytes

Blood samples. The study was approved by the Institutional Review Boards/ Ethics Com-

mittees at the University of Sheffield (LREC reference number 002651) and Sheffield Teaching

Hospitals (STH permission reference number STH18941). Twenty patients with active hair loss

and an established diagnosis of AA were recruited and consented at the Department of Derma-

tology, Royal Hallamshire Hospital, Sheffield, UK. Patients diagnosed with other autoimmune

diseases or receiving immunosuppressive drugs were excluded from the study. The cases

recruited included 9 with patchy AA, 5 with alopecia totalis, and 6 with alopecia universalis.

Patients and healthy controls were age-matched and were all female of Caucasian ethnicity.

Peripheral blood mononuclear cell separation and FACS analysis. Peripheral blood

mononuclear cells (PBMC) were isolated from heparinized venous blood by density gradient

purification using Lymphoprep as described by the manufacturer (07801, Stem Cell) and

stained with a panel of antibodies to Treg markers. Tregs were identified by co-expression of

Tregs in alopecia areata
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CD25 and FOXP3 in CD4+ cells, and Treg subtypes including memory CD4+CD25+FOXP3

+ and effector/suppressive CD4+CD25+FOXP3+CD39+/ CD4+CD25+FOXP3+HLA-DR

+/CD4+CD25+FOXP3+LAG-3+ were defined by the surface markers CD45RO, CD39,

HLA-DR and LAG-3 (S1 Table). Briefly, 106 PBMC were incubated for 30 minutes at room

temperature with blue fixable live/dead dye (Thermo-Fisher), washed once with phosphate

buffered saline (PBS) and stained with antibodies (BD, UK) targeting surface markers in each

panel. The cells were then fixed and permeabilised by fix/perm buffer (Transcription buffer

set, 562725, BD) for 40–50 mins at 4˚C, followed by intracellular staining by incubation for 40-

50mins at 4˚C with antibodies specific for markers above. The cells were finally fixed in 2%

PFA and the staining visualised by LSR II (Becton Dickinson, Heidelberg, Germany). Further

gating was performed by Flow Jo software to determine the frequency of T-cell subpopula-

tions. Gating of the positive population for each marker was performed based on Fluorescence

minus one control (FMO). Unstained, single cell controls and compensation controls were

also used to optimise the experimental parameters.

About 500x10e3 events were collected for most samples whenever possible. Raw data with

total number of events in each experiment is attached. As the number of Tregs in each sample

is different, the percentage was used. As Tregs are a minor component of CD4 T cells in the

peripheral blood, it is necessary to acquire a large number of cells to accurately enumerate the

various Treg subsets encountered. It is desirable to acquire a minimum of 50,000 CD4 T cells

for analysis, and substantially more if possible. Thus, data files resulting from running this

tube generally contained between 300,000 and 1,000,000 events. OMIP-004 (https://

onlinelibrary.wiley.com/doi/full/10.1002/cyto.a.21158).

Immunoblot analysis. PBMC cell lysates were prepared by lysis in RIPA buffer (150mM

sodium chloride, 50mM Tris-HCl, pH7.4, 2mM ethylenediaminetetraacetic acid, 1% Triton X-

100, 0.5% sodium deoxycholate, 0.1% sodium dodecylsulfate) containing protease inhibitor

cocktail (P8340-5ML, Sigma). Cell debris was removed by centrifugation. Protein concentra-

tion was determined by BCA assay (Pierce BCA protein assay kit, 23225, Thermofisher).

Lysates were then boiled for 5 min in 1 x SDS sample buffer (B31010, Lifetechnologies) and

proteins separated by SDS-PAGE (pH8.8, 10% [37:1] acrylamide, 0.375M Tris-Cl and 0.1%

SDS). After electrophoresis, the gel was transferred to a PVDF membrane using the iBlot sys-

tem (Invitrogen). Primary monoclonal antibodies used were anti-CD39 IgG (rabbit, ab108248,

Abacam, 1:1000) and anti-GAPDH IgG (rabbit, ab128915, Abcam, 1: 10,000). The secondary

antibody was 1:10,000 goat anti-rabbit IgG conjugated with peroxidase (4050–05 Southern

Biotech). The membrane was developed using EZ-ECL chemiluminescent reagent (Biological

Industries) and visualised using the ChemiDoc XRS+ System (Bio-Rad).

Statistical analysis. The percentage of each T-lymphocyte subpopulation was compared

between patients and controls using a two-tailed independent t-test and ANOVA. The analysis

was done using SPSS version 22 with P< 0.05 as the significance level (see supplementary data).

Human tissue samples

Preparation of tissue sections. Lesional and non lesional scalp skin biopsies were

obtained from AA patients after patient consent and ethical approvals from the University "La

Sapienza" of Rome, Italy (n.2973, 28-11-13) and of the University of Münster, Germany (2014-

041-b-N, and 2015-602-f-S). The samples were fixed in 4% formalin and embedded in paraffin.

Sections of 4.5μm were prepared. Normal skin was obtained from healthy control.

Immunofluorescence microscopy. An immunofluorescent detection technique was used

to co-localise CD3, CD39 and FOXP3 as markers of suppressive Tregs in hair follicle (HF) in

formalin-fixed, paraffin-embedded (FFPE) skin tissue from AA and healthy control. Antigens
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were retrieved from deparaffinised sections by heating in a microwave set to full power for 10

mins. Non-specific binding sites were blocked using serum-free blocking buffer. The target

antigens were initially labelled with primary antibodies to surface antigens (CD3 or CD39)

overnight at 4˚C followed by labelling with the primary antibody against the intracellular

marker for 2hrs at room temperature in 0.2% Triton X in PBS to facilitate membrane permea-

bilisation. The sections were then incubated with fluorochrome-conjugated secondary anti-

body for 1hr at room temperature, and the signal detected by immunofluorescence-scanning

microscopy (Leica AF6000). Antibodies are listed in the supplementary data (S3 Table). The

number of CD3+, FOXP3+ and CD39+ cells was counted per field, and the ratio of FOXP3

+ cells to total CD3+ T-cells in each field was calculated using FUJI cell counter software. The

ratio of CD39+ cells in the FOXP3+ cell pool was calculated by the same method.

Semi-quantitative analysis of IF images was performed to determine the frequency of Treg

cells and their suppressive subtype in normal, non-lesional and lesional skin. The numbers of

CD3+, FOXP3+ and CD39+ cells were counted per field, and the ratio of FOXP3+ cells to

CD3+ T-cell pool in each field was calculated using cell counter tool of FIJI software. The ratio

of CD39+ cells in the FOXP3+ cell pool was calculated by the same method.

Next generation sequencing. The detailed protocol used for Next Generation Sequencing

(NGS) is in Supplementary materials and methods. Briefly, DNA was extracted from 106

PBMCs from 14 AA patients and 7 healthy controls. PBMCs were isolated from heparinized

venous blood by density gradient purification as described in section 2.2.2, and 104 CD4

+CD25+FOXP3+ Tregs sorted by FACS technique. For multiplex- PCR amplification of the

TRCB CDR3 region, TCRβ CDR3 was defined according to the International Immunogenetic

Collaboration whereby TCRβ CDR3 begins with the second conserved cysteine encoded by

the 30 position of the Vβ gene segment and ends with the conserved phenylalanine encoded by

the 50 position of the Jβ gene segment. A multiplex-PCR system was used to amplify the rear-

ranged regions of TCRβ CDR3 from genomic DNA using 39 forward primers specific to TCR

Vβ segments and 13 reverse primers each specific to a TCR Jβ segment to generate a template

library using Genome Analyzer. DNA fragments (multiplex PCR product of PBMCs samples)

around 500bps were fragmented into about 200-300bp size after 20mins incubation with frag-

mentase enzyme at 37˚C. Bead purification of the PCR products was performed as described

by the supplier AgenCourt AMPure XP (A63881, Beckman Coulter) to remove excess

enzymes, primers, salts and nucleotide. Sequencing libraries were generated using the standard

protocol in the NEB Ultra II DNA library prep kit for Illumina (E7645S, NEB).

Multiplex PCR was performed using 39 V primers and 13 J primers to amplify the rear-

ranged CDR3 region and the PCR products analysed by NGS technique using the Illumina

platform. Base calling accuracy was measured by the Phred quality score (Q score), which cal-

culates the probability of calling the incorrect base, and 89% of the data was above Q30 indicat-

ing the probability of calling the right base was 99.9% (S2 Fig). To determine the impact of

clonal expansion on the diversity of the TCR repertoire in total lymphocytes and Tregs of AA

patients, biodiversity was evaluated in each group using a chao1 normalised sample estimate.

To investigate clonotype overlap, VDJ tools produced pool strict data (pooled clonotype abun-

dance table with the columns as described at http://vdjtools-doc.readthedocs.io/en/latest/

operate.html), where the number of reads associated with public clonotypes was computed in

each group as well as their frequency. Public clonotypes were defined as those having identical

CDR3 nt sequence, VDJ arrangement and start & end position for each segment. For sequence

analysis the MIXCR method (https://milaboratory.com/software/mixcr/) was used. The analy-

sis was based on the protocol presented by Hou et al. [32] and Lai et al. [33]. TCRβ sequences

are deposited on NCBI database, submission SUB5588710, and available through the Univer-

sity of Sheffield Data Repository (https://www.sheffield.ac.uk/library/rdm/orda).
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Supporting information

S1 Material and Methods.

(DOCX)

S1 Table. Summary of multiplex PCR thermal cycles.

(DOCX)

S2 Table. PCR reaction used in library amplification.

(DOCX)

S3 Table. Thermal profile used in library amplification.

(DOCX)

S4 Table. Concentration of DNA in final library as calculated by Quibt.

(DOCX)

S5 Table. Quality score.

(DOCX)

S6 Table. Patient clinical subtypes, number of T cells before and after being sorted by

FACS and number of reads for each sample (TCRβ raw sequence). F = FACS (Treg sorted

by FACs), P = PBMC, HC = Healthy control, AA = alopecia areata patients.

(DOCX)

S7 Table. Patient clinical subtypes and number of reads for each sample (TCRβ raw

sequence). P = PBMC, HC = Healthy control, AA = alopecia areata patients.

(DOCX)

S1 Fig. PCR product of multiplex PCR. Bands are of about 500bps size.

(TIF)

S2 Fig. Agilent 2100 bioanalyser analysis of DNA library preparation. A. Plot shows the

migration time (seconds) against fluorescent intensity (FU) of the ladder with known size. B.

Representative electropherogram of the DNA library after digestion where the peak point is at

about 300bp.

(TIF)

S3 Fig. Work flow of NEB library preparation kit. First, DNA fragments undergo end repair

of the fragmented DNA by adding dA tail at 3’ end of the fragments and phosphorylation at 5’

end. Secondly, adapter ligation is performed. Thirdly, the adapter loop is cut by USER enzyme,

and the library undergoes clean up step. Finally, PCR amplification is performed using P5 and

P7 indexed primers and involves inserting barcode for each sample.

(TIF)

S4 Fig. Signal intensity of recalled bases. The number of sequencing cycles on X-axis and the

signal intensity on Y-axis. Bases were visualized in different colors, A = red, C = green,

G = Blue and T = black.

(TIF)

S5 Fig. Quality score distribution of NGS data throughput the run. Q score was above 30

thought the major time of the run, drops at about 50, 100 and 150 can be seen.

(TIF)

S6 Fig. Signal intensity of recalled bases. The number of sequencing cycles on X-axis and the

signal intensity on Y-axis. Bases were visualised in different colors, A = red, C = green,
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G = green and T = black.

(PNG)

S7 Fig. Cluster density and passing filter box plot quality control. The lanes (1–8) in flow

cell are represented on the X-axis. The cluster density is represented on the Y-axis. The sam-

ples were loaded on lane 1 (23 samples). Cluster density in the blue box and %PF in the green

box and the median shown by a red line. The cluster density and %PF boxes are overlapping.

(TIF)
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16. Faas MM, Sáez T, de Vos P. Extracellular ATP and adenosine: The Yin and Yang in immune

responses? Mol Aspects Med. 2017; 55: 9–19. https://doi.org/10.1016/j.mam.2017.01.002 PMID:

28093236
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glandular T cell receptors in Sjögren’s syndrome. JCI Insight. 2016; 1(8): e85609. https://doi.org/10.

1172/jci.insight.85609 PMID: 27358913

29. Vincent BG, Young EF, Buntzman AS, Stevens R, Kepler TB, Tisch RM, et al. Toxin-coupled MHC

class I tetramers can specifically ablate autoreactive CD8+ T cells and delay diabetes in nonobese

Tregs in alopecia areata

PLOS ONE | https://doi.org/10.1371/journal.pone.0210308 July 5, 2019 14 / 15

https://doi.org/10.4049/jimmunol.0901881
http://www.ncbi.nlm.nih.gov/pubmed/19917691
https://doi.org/10.1016/j.cellimm.2011.06.010
https://doi.org/10.1016/j.cellimm.2011.06.010
http://www.ncbi.nlm.nih.gov/pubmed/21763644
https://doi.org/10.1155/2012/320495
https://doi.org/10.1155/2012/320495
http://www.ncbi.nlm.nih.gov/pubmed/23118504
https://doi.org/10.1002/hep.26583
http://www.ncbi.nlm.nih.gov/pubmed/23787765
https://doi.org/10.1073/pnas.1424792112
http://www.ncbi.nlm.nih.gov/pubmed/25675517
https://doi.org/10.3892/mmr.2013.1692
https://doi.org/10.3892/mmr.2013.1692
http://www.ncbi.nlm.nih.gov/pubmed/24065069
https://doi.org/10.1016/j.molmed.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23601906
https://doi.org/10.1016/j.mam.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28093236
https://doi.org/10.1016/j.febslet.2015.07.027
https://doi.org/10.1016/j.febslet.2015.07.027
http://www.ncbi.nlm.nih.gov/pubmed/26226423
https://doi.org/10.1038/334395a0
http://www.ncbi.nlm.nih.gov/pubmed/3043226
http://www.ncbi.nlm.nih.gov/pubmed/8550092
https://doi.org/10.1146/annurev.biochem.71.090501.150203
http://www.ncbi.nlm.nih.gov/pubmed/12045092
https://doi.org/10.1371/journal.pbio.0000016
http://www.ncbi.nlm.nih.gov/pubmed/14551913
https://doi.org/10.1098/rstb.2014.0291
http://www.ncbi.nlm.nih.gov/pubmed/26150657
https://doi.org/10.1001/jamadermatol.2014.504
http://www.ncbi.nlm.nih.gov/pubmed/24872229
https://doi.org/10.1007/s11302-006-9050-y
https://doi.org/10.1007/s11302-006-9050-y
http://www.ncbi.nlm.nih.gov/pubmed/18404431
https://doi.org/10.1111/ced.12497
https://doi.org/10.1111/ced.12497
http://www.ncbi.nlm.nih.gov/pubmed/25284153
https://doi.org/10.1016/j.jaut.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25640206
https://doi.org/10.1186/s13075-017-1309-x
http://www.ncbi.nlm.nih.gov/pubmed/28511719
https://doi.org/10.1172/jci.insight.85609
https://doi.org/10.1172/jci.insight.85609
http://www.ncbi.nlm.nih.gov/pubmed/27358913
https://doi.org/10.1371/journal.pone.0210308


diabetic mice. J Immunol. 2010; 184(8): 4196–4204. https://doi.org/10.4049/jimmunol.0903931 PMID:

20220085

30. Quigley MF, Greenaway HY, Venturi V, Lindsay R, Quinn KM, Seder RA, et al. Convergent recombina-

tion shapes the clonotypic landscape of the naive T-cell repertoire. Proc Natl Acad Sci U S A. 2010; 107

(45): 19414–19419. https://doi.org/10.1073/pnas.1010586107 PMID: 20974936

31. Deliyanti D, Talia DM, Zhu T, Maxwell MJ, Agrotis A, Jerome JR, et al. Foxp3+ Tregs are recruited to

the retina to repair pathological angiogenesis. Nat Commun. 2017; 8: 748–60. https://doi.org/10.1038/

s41467-017-00751-w PMID: 28963474

32. Hou X, Lu C, Chen S, Xie Q, Cui G, Chen J, et al. High Throughput Sequencing of T Cell Antigen Recep-

tors Reveals a Conserved TCR Repertoire. Medicine (Baltimore). 2016 Mar; 95(10):e2839.

33. Lai L, Wang L, Chen H, Zhang J, Yan Q, Ou M, et al. T cell repertoire following kidney transplantation

revealed by high-throughput sequencing. Transpl Immunol. 2016 Nov; 39:34–45. https://doi.org/10.

1016/j.trim.2016.08.006 PMID: 27561238

Tregs in alopecia areata

PLOS ONE | https://doi.org/10.1371/journal.pone.0210308 July 5, 2019 15 / 15

https://doi.org/10.4049/jimmunol.0903931
http://www.ncbi.nlm.nih.gov/pubmed/20220085
https://doi.org/10.1073/pnas.1010586107
http://www.ncbi.nlm.nih.gov/pubmed/20974936
https://doi.org/10.1038/s41467-017-00751-w
https://doi.org/10.1038/s41467-017-00751-w
http://www.ncbi.nlm.nih.gov/pubmed/28963474
https://doi.org/10.1016/j.trim.2016.08.006
https://doi.org/10.1016/j.trim.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27561238
https://doi.org/10.1371/journal.pone.0210308

