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a b s t r a c t

Vitiligo is an immunememory skin disease. T-cell factor 1 (TCF1) is essential formaintaining thememory T-
cell pool. There is an urgent need to investigate the characteristics of peripheral memory T-cell profile and
TCF1þ T-cell frequencies in patients with vitiligo. In this study, 31 patients with active vitiligo (AV), 22 with
stable vitiligo (SV), and 30 healthy controls (HCs) were included. We measured circulating memory and
TCF1þ T-cell frequencies usingflowcytometry. The Spearman's rank testwasused toevaluate the correlation
between cell frequencies and disease characteristics. Receiver operating characteristic curves (ROC) were
constructed to investigate the discriminative power of the cell subpopulations. Circulating CD4þ and CD8þ

terminally differentiated effector memory T-cell (TEMRA) frequencies were significantly higher in the AV
group than inHCs (P<0.05). TCF1þ T-cell subpopulationswerewidespread increased inpatientswith vitiligo
(P < 0.05). After adjusting for potential confounders, CD8þ and CD4þ central memory (TCM) cells, and CD8þ

TEMRA were correlated with disease activity (P < 0.05). The combined diagnostic value of the four (naïve,
effector memory, TCM, and TEMRA) CD8þTCF1þ T-cell subsets was relatively high (area under the ROC curve
(AUC) ¼ 0.804, sensitivity ¼ 71.70%, specificity ¼ 83.34%), and the CD8þ T-cell subsets combination per-
formed well in discriminating disease activity (AUC ¼ 0.849, sensitivity ¼ 70.97%, specificity ¼ 90.91%). We
demonstrated an altered circulatingmemory T-cell profile and increased TCF1þ T-cell percentage inpatients
with vitiligo. T-cell subpopulations had a strong value for vitiligo diagnosis and activity evaluation. This
evidence presents a potential new pharmacological target for inhibiting autoimmunity that leads to vitiligo.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vitiligo is a chronic and relapsing autoimmune disease charac-
terized by cutaneous depigmentation caused by melanocyte
depletion [1]. Vitiligo affects approximately 0.5%e2% of the world
population and markedly impairs patients' quality of life [2,3].
Approximately 40% of patients with vitiligo experience relapse
within 1 year after discontinuing treatment, which is psycholog-
ically and financially burdensome for them [4]. Therefore, identi-
fying clinical biomarkers for monitoring disease stages and
developing novel therapeutic targets are urgently needed.

Vitiligo lesions often recur at local or distant locations. Indeed,
vitiligo is considered an immune memory skin disease, which
requires memory T-cells to continuously differentiate into
effector T-cells, leading to melanocyte destruction [5,6]. The
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dysregulation of memory T-cells has been implicated in the
maintenance and relapse of vitiligo [7]. Local memory T-cells in
tissues and lymph nodes should be analyzed, however, obtaining
these cells from patients is challenging. Thus, circulating memory
T-cell subpopulations may be a promising substitute for assessing
immune response dysfunction, considering the recycling of
memory T-cells between peripheral blood and the tissue. Previ-
ous research has found decreased frequencies of circulating CD4þ

and CD8þ helper and cytotoxic effector memory T-cell (TEM)
subsets in patients with vitiligo, suggesting a possible process by
which these subsets migrate to the skin lesions and exert path-
ogenic effector functions [8]. The characteristics of circulating
memory T-cell profiles in patients with vitiligo are unclear and
require further investigation.

T-cell factor 1 (TCF1) is a major transcription factor that regu-
lates the stem-like properties of naïve and memory T-cells [9].
TCF1þ T-cells exhibit stem-like properties with the ability to self-
renew and give rise to TCF1� terminal effector T-cells [10]. Cur-
rent research has shown that TCF1þCD8þ T-cells are essential for
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the long-term maintenance of the T-cell responses in tumors and
viral infectious diseases [11,12]. A higher frequency of
TCF1þCCR7�CD8þ T-cells indicates a better response to immune
checkpoint therapy [13]. In chronic viral infections, CD8þ T cells
preferentially differentiate into TCF1þ T memory-like cells for
fighting against long-term infection [14]. In type 1 diabetes,
TCF1þCD8þ T cells in pancreatic draining lymph nodes were iden-
tified to acquire the potential of long-term self-renewal and dif-
ferentiation into TCF1� T cells to destroy pancreatic beta cells [15].
Therefore, we hypothesize that the persistent immune abnormal-
ities in patients with vitiligo might be related to the abnormalities
in TCF1þ T-cells.

Herein, we reported, for the first time, the distribution charac-
teristics of circulating memory T-cell subsets and the proportion of
TCF1þ T-cell populations in patients with vitiligo. Furthermore, we
analyzed their correlation with disease severity and activity and
subsequently identified their potential utility in assessing vitiligo
activity. This study provided novel insights into the pathogenesis of
vitiligo.

2. Patients and methods

2.1. Study participants

This study enrolled 31 patients with active vitiligo (AV), 22 pa-
tients with stable vitiligo (SV), and 30 healthy controls (HCs). The
sample size was calculated using the Sample Size Program (http://
hedwig.mgh.harvard.edu/sample_size/size.html). We assumed a
significance level of 0.05, power of 0.8, and minimal detectable
difference of 0.4. A minimum sample size of 52 patients was
deemed necessary for this study. All samples were collected with
patients' consent, and a written informed consent formwas singed.
The experimental protocol was designed and executed according to
the principles of the Declaration of Helsinki and approved by the
Ethics Committee of Xijing Hospital, Fourth Military Medical Uni-
versity (Approval number: KY20172030-1). None of the patients
had received systemic immunomodulatory therapies in the pre-
ceding 12 weeks. Individuals engaging in smoking or alcohol con-
sumption, patients whowere pregnant or lactating, as well as those
with coexisting or previous infections, cancer, or endocrine disor-
ders were excluded from the study. Three dermatologists clinically
diagnosed vitiligo based on the consensus on the diagnosis and
treatment of vitiligo in China [16]. Disease severity was measured
using affected body surface area (BSA) involved [17]. Disease ac-
tivity was assessed based on the vitiligo disease activity (VIDA)
score, clinical features, the Koebner phenomenon, and wood lamp
examination [16]. HCs were age-, sex-, and ethnicity-matched
volunteers with no personal history of malignancy, autoimmune
disease, or recurrent/chronic inflammatory disease. All the partic-
ipants were of Asian race and Chinese Han ethnicities.

2.2. Sample processing

Peripheral blood samples were obtained from each patient and
healthy donors (Xijing Hospital, Xi'an, China). The peripheral blood
mononuclear cells (PBMCs) from patients and HCs were isolated
using Ficoll gradient centrifugation (DAKEWE, Shenzhen, China).
Blood samples from patients were diluted with an equal volume of
phosphate-buffered saline (PBS) (Solarbio, Beijing, China), layered
onto Ficoll medium, and subjected to centrifugation at 2,000 rpm
for 20 min at 25 �C. A high-speed refrigerated centrifuge (Thermo
Fisher Scientific, Waltham, MA, USA) was used for the centrifuga-
tion. Subsequently, PBMCs were carefully collected, washed twice
with PBS, and maintained in complete Roswell Park Memorial
Institute (RPMI) 1640 medium (Corning, Shenzhen, China)
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supplemented with 10% fetal bovine serum (FBS; Procell, Wuhan,
China) and 0.1% penicillin-streptomycin antibiotics (Invitrogen,
Carlsbad, CA, USA).

2.3. Flow cytometry

PBMCs were stained with CD3-FITC, CD4-AF700, CD8-BV605,
CD45RA-APC, CCR7-BV421, and TCF1-PE. All monoclonal antibodies
were purchased from BioLegend (San Diego, CA, USA). For dead cell
staining, the Zombie UV™ Fixable Viability Kit (BioLegend, San
Diego, CA, USA) was used. The samples were stained according to
standard flow cytometry protocols. The cells were surface-stained
for 30 min at room temperature (RT) in the dark and washed
with PBS (1,300 rpm, 10 min, 4 �C). Following this, the cells were
fixed for 30 min using fixation/permeabilization solution (Thermo
Fisher Scientific), and then permeabilized with a permeabilization
buffer (Thermo Fisher Scientific) for 30 min at RT in the dark.
Subsequently, the cells were stained with intracellular antigens
(TCF1-PE) for 1 h at RT away from light, and washed with PBS
(1,300 rpm, 10 min, 4 �C). Unstained and single antibody-stained
PBMCs were used as negative controls. Flow cytometry samples
were analyzed using the BD LSR-Fortessa cell analyzer (BD Bio-
sciences, San Jose, CA, USA). Data were analyzed using FlowJo 10
software (FlowJo LLC, Ashland, OR, USA) (Fig. S1).

2.4. Statistical analyses

All data are presented as the mean ± standard deviation (SD).
Statistical analyses were performed using SPSS Version 26 software
(SPSS Inc., Chicago, IL, USA) and GraphPad Prism 9 software
(GraphPad, La Jolla, CA, USA). Normally distributed continuous
variables were compared using the unpaired t-test, and non-
normally distributed continuous variables were assessed using
the ManneWhitney U test. Correlations were evaluated using
Spearman's rank correlation test. Adjustments for possible con-
founding factors were performed using multivariate logistic
regression. Receiver operating characteristic (ROC) curves were
constructed, and the area under the ROC curves (AUC) was used as a
measure of discriminative power. Differences at P-value <0.05 were
statistically significant, and those at P < 0.01 were considered
greatly statistically significant.

3. Results

3.1. Patient characteristics

We included a total of 53 patients with vitiligo, including 31
patients with AV and 22 patients with SV, along with 30 HCs. The
groups were well-matched in terms of age and sex. Detailed char-
acteristics of patients with vitiligo and HCs are presented in Table 1.

3.2. Circulating T-cell profile and frequencies of TCF1þ T-cell
subpopulations in vitiligo

Based on the expression of CCR7 and CD45RA, T-cells were
phenotypically categorized into naïve precursors (TN,
CD45RAþCCR7þ), central memory (TCM, CD45RA�CCR7þ), TEM
(CD45RA�CCR7�), and terminally differentiated effector memory T-
cells (TEMRA, CD45RAþCCR7�) [18]. Flowcytometryanalysis revealed
that the frequencies of circulating CD4þ TEM, CD4þ TEMRA, and CD8þ

TEMRA cells were significantly higher in patients with AV than in HCs
(P ¼ 0.005, P ¼ 0.010, and P < 0.001, respectively; Fig. 1). Further-
more, compared with the SV group, the proportions of CD4þ and
CD8þ TCM cells were significantly increased in the AV group
(P¼ 0.035 and P¼ 0.010, respectively). These results suggested that
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Table 1
Clinical characteristics of patients with vitiligo.

Characteristics Active vitiligo (n ¼ 31) Stable vitiligo (n ¼ 22) Healthy control (n ¼ 30)

Gender (Male/Female) 16/15 11/11 15/15
Age (mean (SD), year) 37.3 (9.7) 32.0 (8.8) 36.3 (8.9)
Age at onset (mean (SD), year) 26.0 (13.0) 21.2 (11.2) e

Disease duration (mean (SD), year) 10.6 (9.4) 10.3 (5.9) e

Affected BSA (mean (SD), %) 5.4 (6.8) 2.0 (2.2) e

Associated autoimmune disease (n (%)) 1 (3.2) 1 (4.5) e

FH vitiligo (n (%)) 4 (12.9) 4 (18.2) e

FH other autoimmune (n (%)) 2 (6.5) 1 (4.5) e

VIDA score (n (%))
þ4: active, in the past 6 week 14 (45.2) 0 (0) e

þ3: active, in the past 3 month 9 (29.0) 0 (0) e

þ2: active, in the past 6 month 4 (12.9) 0 (0) e

þ1: active, in the past 1 year 4 (12.9) 0 (0) e

0: stable for at least 1 year 0 (0) 16 (72.7) e

�1: stable, for at least 1 year and spontaneous repigmenting 0 (0) 6 (27.3) e

BSA: body surface area; FH: family history; VIDA: vitiligo disease activity; SD: standard deviation.

Fig. 1. Peripheral T-cell subpopulations and T-cell factor 1 (TCF1) expression in active vitiligo (AV) and stable vitiligo (SV). Peripheral blood mononuclear cells from healthy controls
(HC; n ¼ 30), AV (n ¼ 31), and SV (n ¼ 22) were stained for multiparameter flow cytometry. The frequencies of naïve precursors (TN), central memory (TCM), effector memory (TEM),
and terminally differentiated effector memory (TEMRA) T-cells in CD4þ and CD8þ T-cells were analyzed. The frequencies of TCF1þ T-cells in different CD4þ and CD8þ T-cell sub-
populations were identified. Data were displayed as mean ± standard deviation (SD). P values were calculated using ManneWhitney U test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Table 3
Multivariate models investigating the association of CD8þ TCM, CD8þ TEMRA, CD4þ

TCM, and disease activity.

Independent variable Coefficient Wald test OR (95% CI) P

Model 1
BSA 0.063 1.705 1.065 (�0.032, 0.159) 0.192
CD8þ TCM 0.190 5.431 1.209 (0.030, 0.350) 0.020*

Model 2
BSA 0.115 4.826 1.122 (0.012, 0.218) 0.028*

CD8þ TEMRA 0.055 7.026 1.057 (0.014, 0.096) 0.008*

Model 3
BSA 0.074 2.263 1.077 (�0.023, 0.171) 0.132
CD4þ TCM 0.064 4.129 1.067 (0.002, 0.127) 0.042*

BSA: body surface area; OR: odds ratio; CI: confidence interval; TCM: central memory
T cell; TEMRA: terminally differentiated effector memory T cell.
*P < 0.05.
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these subsets were involved in the progression of vitiligo. We also
investigated TCF1þ T-cell frequencies in naïve and memory T-cells,
which revealed remarkably elevated proportions of TCF1þ T-cells in
most subsets of both CD4þ and CD8þ T-cells in the AV and SV groups
compared with those in HCs (P < 0.05). This indicated that the
proportions of TCF1þ circulating CD4þ and CD8þ T-cellswere higher
in patients with vitiligo than in HCs.

3.3. Relationship between T-cell subpopulations and vitiligo
characteristics

We further explored the correlation between memory T-cell
subsets and the clinical characteristics of patients with vitiligo. Both
CD8þ TCM (r¼ 0.326, P¼ 0.017) and CD4þ TCM (r¼ 0.323, P¼ 0.018)
cell frequencies were positively correlated with BSA in patients
with vitiligo. Meanwhile, the proportions of CD8þ TCM (r ¼ 0.362,
P ¼ 0.008), CD8þ TEMRA (r ¼ 0.336, P ¼ 0.014), and CD4þ TCM
(r ¼ 0.321, P ¼ 0.019) cells were positively correlated with the VIDA
scores in patients with vitiligo, with CD8þ TN (r ¼ �0.426,
P ¼ 0.001) and CD4þ TN (r ¼ �0.271, P ¼ 0.049) cells negatively
correlated with the VIDA scores (Table 2, and Fig. S2).

Furthermore, we used multivariate logistic regression models to
eliminate the influence of the affected BSA. Disease activity was
divided into three grades based on the VIDA score: very active
(VIDA score ¼ 4), mild-to-moderate active (VIDA score ¼ 3/2/1),
and stable (VIDA score ¼ 0/�1). The association between CD8þ

TEMRA cell frequency and disease activity was significantly influ-
enced by the affected BSA in patients with vitiligo. Our results
showed that CD8þ TCM, CD8þ TEMRA, and CD4þ TCM cell frequencies
were significantly associated with disease activity, after adjusting
for BSA (P ¼ 0.020, P ¼ 0.008, and P ¼ 0.042, respectively; Table 3).
Notably, the levels of TCF1þ T-cell subsets were not significantly
associated with disease activity or severity. These correlations
suggested that memory T-cell subsets served as potential bio-
markers of disease activity. Combined with the previous observa-
tion of elevated circulating TCF1þ T-cell frequencies in vitiligo, our
correlation analysis indicated that patients with vitiligo had
elevated levels of circulating TCF1þ T-cell subsets, regardless of
disease activity and severity.

3.4. Capabilities of T-cell subpopulations in vitiligo diagnosis and
assessment

Next, we used ROC analysis to analyze whether memory T-cell
subpopulation levels could discriminate patients with vitiligo from
HCs and to assess disease activity. All eight TCF1þ T-cell sub-
populations showed potential diagnostic value, with AUC > 0.7
(Table 4). The top four cell subsets were CD8þTCF1þ TCM
Table 2
Correlation analysis of T-cell subpopulations and vitiligo characteristics.

Parameters Disease duration BSA VIDA score

r P r P r P

CD8þ TN �0.097 0.491 �0.081 0.566 �0.426 0.001*

CD8þ TCM �0.086 0.541 0.326 0.017* 0.362 0.008*

CD8þ TEM 0.051 0.715 �0.031 0.824 �0.051 0.717
CD8þ TEMRA 0.059 0.676 �0.018 0.897 0.336 0.014*

CD4þ TN �0.003 0.984 �0.259 0.062 �0.271 0.049*

CD4þ TCM �0.075 0.595 0.323 0.018* 0.321 0.019*

CD4þ TEM �0.006 0.964 �0.015 0.915 �0.002 0.988
CD4þ TEMRA �0.031 0.827 0.006 0.964 0.034 0.809

BSA: body surface area; VIDA,: vitiligo disease activity; TN: naïve T cell; TCM: central
memory T cell; TEM: effector memory T cell; TEMRA: terminally differentiated effector
memory T cell.
*P < 0.05.
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(AUC ¼ 0.779), CD8þTCF1þ TN (AUC ¼ 0.774), CD8þTCF1þ TEM
(AUC ¼ 0.761), and CD8þTCF1þ TEMRA (AUC ¼ 0.758). The combi-
nation of the four subsets had a good predictive value (AUC¼ 0.804,
sensitivity ¼ 71.70%, specificity ¼ 83.34%), suggesting that the
combination of CD8þTCF1þ T cell subsets could improve the diag-
nostic accuracy. To assess the disease stage, we compared the top
four cell subpopulations with the largest AUC values, including
CD8þ TN (AUC ¼ 0.749), CD8þ TCM (AUC ¼ 0.710), CD4þ TN
(AUC ¼ 0.691), and CD4þ TCM (AUC ¼ 0.680) (Table 5). The combi-
nation of CD8þ naïve and all threememory T-cell subsets performed
well in discriminating disease activity (AUC ¼ 0.849,
sensitivity¼ 70.97%, specificity¼ 90.91%). Notably, the combination
of only two subsets (CD8þ TN and CD8þ TCM) achieved a relatively
high predictive value (AUC ¼ 0.818, sensitivity ¼ 74.19%,
specificity ¼ 81.82%). These analyses revealed that TCF1þ T-cell
subsets had gooddiscriminatory ability in vitiligo diagnosis and that
circulating CD8þ memory T-cell subsets can serve as promising
biomarkers for disease activity.
4. Discussion

We demonstrated that the proportion of circulating TCF1þ T-
cells was higher in patients with vitiligo than in HCs. After adjusting
for latent factors, CD8þ TCM, CD8þ TEMRA, and CD4þ TCM cell pro-
portions were significantly and positively correlated with disease
activity. Importantly, we discovered that CD8þ T-cell subsets added
predictive value to vitiligo diagnosis and activity, indicating the
clinical significance of circulating memory and TCF1þ T-cell subsets
in vitiligo assessment.

Vitiligo is a chronic autoimmune disease caused by the syner-
gistic contributions of CD4þ and cytotoxic CD8þ T-cells [19]. The
recurrence of vitiligo at the same site after treatment discontinua-
tion strongly indicates the involvement of immune memory. The
presence of resident memory T (TRM) cells, a long-lived and non-
migratory subpopulation of memory cells, is considered a crucial
factor in disease recurrence [6]. TRM induces apoptosis in melano-
cytes through direct secretion of interferon-g (IFN-g), perforin, and
granzyme B, while also expressing CXCL9 and CXCL10 to recruit
circulating T-cells and elicit synergistic damage [20]. A recent study
demonstrated a significant increase in both the number and pro-
portion of CD4þ and CD8þ TRM within the perilesional, lesional, and
non-lesional areas in patients with generalized vitiligo [21]. This
study demonstrates that the aberrant memory T-cells in patients
with vitiligo exhibit functional and quantitative systemic dysregu-
lation. Notably, a previous study showed that significant repig-
mentation could be achieved by selectively depleting circulating
memory T-cells in mouse models of vitiligo. Additionally, inhibiting
circulating T-cellmigration to the skinusing the chemokine receptor



Table 4
Diagnostic values of T-cell subpopulations in patients with vitiligo.

Parameters AUC Sensitivity (%) Specificity (%) 95% CI P

CD8þTCF1þ TN 0.774 84.91 66.67 0.667e0.880 < 0.001
CD8þTCF1þ TCM 0.779 71.70 76.67 0.668e0.890 < 0.001
CD8þTCF1þ TEM 0.761 90.57 60.00 0.648e0.874 < 0.001
CD8þTCF1þ TEMRA 0.758 84.91 70.00 0.638e0.878 < 0.001
CD4þTCF1þ TN 0.708 50.94 80.00 0.595e0.821 0.002
CD4þTCF1þ TCM 0.748 77.36 66.67 0.641e0.856 < 0.001
CD4þTCF1þ TEM 0.757 83.02 66.67 0.642e0.871 < 0.001
CD4þTCF1þ TEMRA 0.708 64.15 76.67 0.588e0.828 0.002
Combinations
CD8þTCF1þ TN þ CD8þTCF1þ TCM þ CD8þTCF1þ TEM þ CD8þTCF1þ TEMRA 0.804 71.70 83.34 0.702e0.906 < 0.001
CD4þTCF1þ TN þ CD4þTCF1þ TCM þ CD4þTCF1þ TEM þ CD4þTCF1þ TEMRA 0.767 81.13 73.34 0.654e0.880 < 0.001

AUC: area under the receiver operating characteristic curve; CI: confidence interval; TN: naïve T cell; TCM: central memory T cell; TEM: effectormemory T cell; TEMRA: terminally
differentiated effector memory T cell.

Table 5
The value of T-cell subpopulations for assessing disease activity of vitiligo.

Parameters AUC Sensitivity (%) Specificity (%) 95% CI P

CD8
CD8þ TN 0.749 65.52 81.82 0.616e0.883 0.002
CD8þ TCM 0.710 83.87 54.55 0.569e0.850 0.010
Combinations
CD8þ TN þ CD8þ TCM 0.818 74.19 81.82 0.704e0.932 < 0.001
CD8þ TN þ CD8þ TCM þ CD8þ TEM þ CD8þ TEMRA 0.849 70.97 90.91 0.744e0.954 < 0.001
CD8þTCF1þ TN þ CD8þTCF1þ TCM þ CD8þTCF1þ TEM þ CD8þTCF1þ TEMRA 0.575 93.55 45.45 0.401e0.749 0.357

CD4
CD4þ TN 0.691 83.87 54.55 0.545e0.836 0.019
CD4þ TCM 0.680 77.52 50.00 0.534e0.827 0.026
Combinations
CD4þ TN þ CD4þ TCM 0.714 61.29 72.73 0.575e0.853 0.008
CD4þ TN þ CD4þ TCM þ CD4þ TEM þ CD4þ TEMRA 0.723 70.97 72.73 0.585e0.861 0.006
CD4þTCF1þ TN þ CD4þTCF1þ TCM þ CD4þTCF1þ TEM þ CD4þTCF1þ TEMRA 0.748 77.42 68.18 0.605e0.891 0.002

AUC: area under the receiver operating characteristic curve; CI: confidence interval; TN: naïve T cell; TCM: central memory T cell; TEM: effector memory T cell; TEMRA:
terminally differentiated effector memory T cell.
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S1P1 inhibitor, FTY720, has also been effective [5]. Although these
treatments did not affect TRM, they suggested that circulating
memory T cells could potentially serve as a therapeutic strategy for
vitiligo.

Previous studies have found differences in peripheral circulating
T-cell subsets in patients with vitiligo compared with HCs, while
few studies have investigated circulating memory T-cell profile
[8,22]. We found that peripheral T-cell populations were skewed
toward memory and terminal effectors in AV. TEMRA cells exert
competent effector functions in the immune response [23].
Therefore, the increase in circulating TEMRA frequencies in AVmight
suggest an active cellular immune response. Moreover, correlation
and multivariate logistic regression analyses showed that CD8þ

TEMRA, CD8þ TCM, and CD4þ TCM were positively correlated with
disease activity. TCM cells proliferate rapidly and differentiate into
effector T-cells upon antigen re-encounter, which is associatedwith
active immune responses [24]. The positive correlation between
TCM frequencies and disease activity again demonstrated an
increased immune response in patients with AV. Moreover, the
observed low-frequency circulating TCM cells in the SV group may
have resulted from clonal shrinkage [25]. Overall, these findings
suggest that circulating memory T-cell levels correlate disease ac-
tivity, which may help in the early assessment of vitiligo activity.

Clinical guidelines recommend different treatments for AV and
SV [26]. Accurate identificationof the active stageof vitiligo is crucial
to prevent its progression. However, self-reported depigmentation
remains the primary assessment in clinical practice [27,28]. More-
over, alarmins (S100B, S100A9, and HMGB1), oxidative stress
markers (total antioxidant capacity (TAC), malondialdehyde (MDA),
and 8-Hydroxy-2'-deoxyguanosine (8-OHdG)), soluble CD
5

molecules (sCD25, and sCD27), and chemokines (CXCL9, and
CXCL10) can be used as biomarkers for vitiligo [29e33]. However,
these biomarkers are secreted by various cell types, indicating that
several factorsmayaffect their peripheral levels.Moreover, a certain
amount of time is required for their release andmetabolism to occur,
which results in a time lag when detecting their levels. In contrast,
circulating memory T-cell subsets are relatively stable and less
affected by external factors. In addition, they can directly reflect the
immune system status and indicate the anti-melanocyte T-cell
response in patients with vitiligo, providing unique advantages as
biomarkers of vitiligo. A study on coronavirus disease 2019 has
revealed a significantlyhigher proportion of CD8þTEM cells inmildly
ill patients than in severely ill patients, indicating successful
expansion and differentiation ofmemory T-cells [34]. Therefore, the
identification of T-cell subpopulations in peripheral blood repre-
sents an objective and convenient approach that can be considered a
potential biomarker of disease outcome and control. Our research
revealed that the combination of CD8þmemory T-cell subsets could
monitor disease activity with high sensitivity and specificity, which
would greatly improve the current state of subjective assessment of
vitiligo activity. Further refinement and external validation are
required to clarify their practicality in patients with vitiligo.

In our study,wedemonstrated significantlyelevated TCF1þ T-cell
levels in circulating naïve andmemory T-cells in both the AV and SV
groups, indicating that memory T-cell subsets maintain a high dif-
ferentiation potential and are poised to generate effector T-cells to
executemelanocytes. Importantly, TCF1 is highly expressed in naïve
T-cells and is gradually downregulated as naïve T-cells differentiate
into memory T-cells and effector T-cells along their differentiation
trajectories [35]. Our results also confirmed this finding.
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Notably the differentiation activity of TCF1þ T-cells may differ
depending on the disease state. Memory T-cell differentiation occurs
in a stepwisemanner via a linear or partly progressivemodel [36,37].
TCF1þ T-cells can divide asymmetrically to give rise to the TCF1� T-
cell population while maintaining their population stability during
differentiation [35]. As we have mentioned, T-cell populations were
skewed toward a terminal effector memory profile in AV, while
TEMRA cell proportions in the SV group were comparable to those in
HCs. We hypothesized that the increased frequency of TEMRA subsets
in the AV group might rely the progressive activities of TCF1þ T-cell
proliferation and differentiation. Conversely, during the stable phase
of vitiligo, TCF1þ progenitors may become more inclined to
contribute to the maintenance of the TCF1þ memory cell pool
through self-renewal. Therefore, blocking TCF1þ T-cell differentia-
tion may be a promising approach to control vitiligo progression.

In the pathogenesis of vitiligo, melanocyte-specific cytotoxic T-
cells are pivotal in mediating the destruction of melanocytes [38].
However, only a limited repertoire of melanocyte antigens, such as
gp100 andmelan-A, have been implicated as targets for T-cells, with
the precise antigenic determinants remaining unspecified due to
technical constraints [39]. Therefore, the utilization of techniques
such as tetramers for the monitoring or capturing melanocyte-
specific CD8þ T-cells in patients with vitiligo remain unavailable.
In this study, we examined the overall level of memory T-cell pop-
ulation, which was effectively reflected disease progression. Addi-
tionally, when selecting potential indicators for vitiligo diagnosis
and disease assessment, we considered their clinical applicability as
an evaluation criterion. Further follow-up studies are needed to help
develop an appropriate test for melanocyte-specific T-cell subsets.

There are some limitations in our study. First, in vivo or in vitro
experiments are needed to verify the regulatory mechanism of
TCF1 in vitiligo. Additionally, we were unable to evaluate the sus-
tainability of TCF1þ T-cell frequencies over time to determine
whether the change was a long-term anomaly, due to the lack of
clinical follow-up data.

5. Conclusion

Our study demonstrated significantly elevated frequencies of
circulating TEMRA cells in patients with AV. Both patients with AV
and SV exhibited elevated frequencies of circulating TCF1þ T-cell
subpopulations. In addition, memory T-cell subsets exhibited
promising performance in assessing disease progression, thereby
offering practical clinical value for disease monitoring. A moderate
reduction in the proportion and differentiation activity of TCF1þ T-
cells may be a potential therapeutic strategy for prolonged disease
control in patients with vitiligo.
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