
Nature Immunology

nature immunology

https://doi.org/10.1038/s41590-023-01547-5Article

A virtual memory CD8+ T cell-originated 
subset causes alopecia areata through 
innate-like cytotoxicity

Joon Seok    1,2,9, Sung-Dong Cho1,9, Jeongsoo Lee1, Yunseo Choi1, 
Su-Young Kim    2, Sung-Min Lee3,4, Sang-Hoon Kim    5, Seongju Jeong    1, 
Minwoo Jeon1, Hoyoung Lee5, A. Reum Kim1, Baekgyu Choi3, Sang-Jun Ha    6, 
Inkyung Jung    3, Ki-Jun Yoon3,4, Jong-Eun Park    1, Jong Hoon Kim    7, 
Beom Joon Kim2, Eui-Cheol Shin    1,5   & Su-Hyung Park    1,8 

Virtual memory T (TVM) cells are a T cell subtype with a memory phenotype 
but no prior exposure to foreign antigen. Although TVM cells have antiviral 
and antibacterial functions, whether these cells can be pathogenic effectors 
of inflammatory disease is unclear. Here we identified a TVM cell-originated 
CD44super-high(s-hi)CD49dlo CD8+ T cell subset with features of tissue residency. 
These cells are transcriptionally, phenotypically and functionally 
distinct from conventional CD8+ TVM cells and can cause alopecia areata. 
Mechanistically, CD44s-hiCD49dlo CD8+ T cells could be induced from 
conventional TVM cells by interleukin (IL)-12, IL-15 and IL-18 stimulation. 
Pathogenic activity of CD44s-hiCD49dlo CD8+ T cells was mediated by 
NKG2D-dependent innate-like cytotoxicity, which was further augmented 
by IL-15 stimulation and triggered disease onset. Collectively, these data 
suggest an immunological mechanism through which TVM cells can cause 
chronic inflammatory disease by innate-like cytotoxicity.

Classically, immunological memory is antigen specific. In an unma-
nipulated host, the majority of CD8+ T cells have naive phenotypes (TN 
cells), but a substantial population of CD8+ T cells express phenotypical 
markers of immunological memory. One such cell population is CD8+ 
TVM cells, which are characterized by high CD44 expression and low 
CD49d expression (CD44hiCD49dlo)1–3, and are semi-differentiated 
but have not been exposed to a foreign antigen, as evidenced by their 
presence in germ-free mice1. Despite being antigenically naive, CD8+ 
TVM cells are functionally distinct from TN cells, being able to more 

rapidly induce cytokine production upon T cell antigen receptor (TCR) 
stimulation and cytokine stimulation4–7.

Several studies suggest that CD8+ TVM cells contribute to antiviral, 
antibacterial, and antitumor immunity6,8–10. Mouse studies demon-
strate that IL-4 or IL-15 generated during infections can increase the 
TVM cell population6,8,9, which can improve antiviral and antibacterial 
function8–10. It has been also suggested that TVM cells infiltrate the tumor 
microenvironment more than TN cells11, and can mediate tumor cell 
killing in a TCR-independent manner12. Although some studies indicate 
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T cells from skin and SDLNs of AA mice, and TVM and TN cells from SDLNs 
of AA or age-matched naive mice. Gene clustering analysis revealed that 
CD44s-hiCD49dlo CD8+ T cells from SDLNs and skin of SpAA and AtAA 
mice were clearly separated from other cell populations by principal 
component analysis (PCA; Fig. 1i). Additionally, the CD44s-hiCD49dlo 
CD8+ T cells from skin of AA mice were distinct from those obtained 
from SDLNs of AA mice (Fig. 1i). PCA plots of RNA-seq data show similar 
characteristics between SpAA and AtAA (Fig. 1i). We identified a total 
of 199 genes (139 upregulated and 60 downregulated genes) that were 
distinctly expressed only in CD44s-hiCD49dlo CD8+ T cells (Extended 
Data Fig. 1c and Supplementary Table 1). Direct comparison between 
the CD44s-hiCD49dlo CD8+ T cells and TVM cells from SDLNs yielded 
identification of 1,034 differentially expressed genes, of which 163 
were significantly upregulated and 871 significantly downregulated 
in CD44s-hiCD49dlo CD8+ T cells (Supplementary Table 2). Notably, 
compared to the TVM cell population from SDLNs, the CD44s-hiCD49dlo 
CD8+ T cell subpopulation from SDLNs exhibited marked enrichment 
of genes related to effector cytotoxic T lymphocytes (those encoding 
granzymes, Ifng and Tnf), response to cytokines (Cxcr6, Cx3cr1 and 
Cd44) and cell proliferation (Il2ra and Cd40lg; Fig. 1j,k). Additionally, 
compared to CD44s-hiCD49dlo CD8+ T cells from SDLNs, those from skin 
of AA mice exhibited upregulation of genes related to cell motility and 
inflammatory response (Extended Data Fig. 1d,e and Supplementary 
Table 3). Gene set enrichment analysis (GSEA) also supports that genes 
related to T cell effector functions are highly enriched in CD44s-hiCD-
49dlo CD8+ T cells from SDLNs of AA mice (Extended Data Fig. 2a,b).

CD44s-hiCD49dlo CD8+ T cells originate from TVM cells
Based on our results, we hypothesized that the pathologic CD44s-hiCD-
49dlo CD8+ T cells originated from TVM cells. To show this, conventional 
TVM cells from SDLNs of AA mice were transduced with GFP-expressing 
retrovirus, and then the cells were adoptively transferred into C3H/HeJ 
mice (Fig. 2a,b). After transfer of GFP+ TVM cells, we found GFP-expressing 
CD44s-hiCD49dlo CD8+ T cell population in the skin of mice after AA 
development (Fig. 2c). To determine whether the TCR repertoires of 
CD44s-hiCD49dlo CD8+ T cells overlapped with those of TVM cells, we 
sequenced the TCR CDR3 repertoires of these cell populations. Our 
data revealed that the TCR repertoire of CD44s-hiCD49dlo CD8+ T cells 
largely overlapped with that of TVM cells from same donor (Fig. 2d). TCR 
diversity was decreased in CD44s-hiCD49dlo CD8+ T cells compared to 
in TVM cells (Supplementary Fig. 3a,b). However, when CD44s-hiCD49dlo 
CD8+ T cells from AA SDLNs were adoptively transferred into a naive  
C3H/HeJ mouse, the TCR diversity of CD44s-hiCD49dlo CD8+ T cells did 
not substantially change between adoptively transferred CD44s-hiCD-
49dlo CD8+ T cells and CD44s-hiCD49dlo CD8+ T cells from SDLNs and 
skin of an AA developed mouse (Supplementary Fig. 3c,d).

To further investigate the transition of TVM cells to CD44s-hiCD49dlo 
CD8+ T cells at a single-cell resolution, we performed cell fate trajectory 
and pseudotime analysis using Monocle 2 software for cell clusters16, 
including CD8+ TN cells, TVM cells and Klrk1+CD8+ T cells that predomi-
nantly express CD44 genes and genes related to T cell effector functions 
(representing CD44s-hiCD49dlo CD8+ T cells; Extended Data Fig. 3a–d).  
Trajectory analysis revealed a continuum of cells, with a root cor-
responding predominantly to TN cells, and a terminal population 
corresponding to Klrk1+CD8+ T cells by way of TVM cells (Fig. 2e). To 
investigate whether antigen-experienced conventional memory cells 
in the skin contributed to the induction of CD44s-hiCD49dlo CD8+ T cells, 
naive C3H/HeJ mice were infected with vaccinia virus (VV) through the 
skin. At 12 weeks after adoptive transfer (AT), the overall disease-free 
ratio did not significantly differ between the VV-infected group and 
control groups (Extended Data Fig. 4a–d). Moreover, there was no 
significant difference in the frequencies of CD44s-hiCD49dlo CD8+ T cells 
and their NKG2D geometric mean fluorescence intensity (gMFI) in 
the SDLNs of AA mice at 12 weeks between the VV-infected group and 
control group (Extended Data Fig. 4e–g). Collectively, our results show 

that the CD8+ TVM cell population has a protective function against 
pathogens, none have examined the potential pathogenic function 
of this population in inducing inflammatory diseases. Moreover, the 
heterogeneity in subpopulations of TVM cells and the distinct effector 
functions of each subset are unclear.

Here, we investigated the pathogenic function of CD8+ TVM cells 
in alopecia areata (AA), a CD8+ T cell-mediated chronic inflamma-
tory disease characterized by the rapid onset of hair loss in a sharply 
defined area13,14. Although it has been suggested that cytotoxic CD8+ 
T cells have a critical role in initiating AA14,15, which CD8+ T cell subset 
induces disease pathogenesis is unknown. We identified a distinct 
CD8+ T cell population that originates from CD8+ TVM cells, has strong 
NKG2D-mediated innate-like cytotoxicity and features of tissue resi-
dency and can cause the chronic inflammatory disease AA.

Results
CD44s-hiCD49dlo CD8+ T cells cause alopecia areata
To investigate the function of TVM cells in AA pathogenesis, we meas-
ured the frequency of TVM cells (CD44hiCD49dlo CD8+ T cells) among 
total CD8+ T cells in skin-draining lymph nodes (SDLNs) from alo-
pecic mice and naive mice. In the current study, we utilized mice with 
spontaneously developed AA (SpAA) as well as AA mice derived from 
adoptive transfer (AtAA; Methods). We found that the frequency of 
TVM cells was significantly higher among SDLNs from alopecic mice, 
compared to those from naive mice (Extended Data Fig. 1a). Notably, 
we observed that the TVM cell population among SDLNs from alopecic 
mice was subdivided into two distinct subpopulations based on dif-
ferential CD44 expression levels: CD44s-hiCD49dlo CD8+ T cells and 
conventional TVM cells (CD44hiCD49dlo CD8+ T cells; Fig. 1a and Sup-
plementary Fig. 1). This distinct cell population of CD44s-hiCD49dlo 
CD8+ T cells was exclusively found in both SpAA and AtAA mice  
(Fig. 1b), and their CD44 expression level was much higher than that 
found in antigen-experienced CD44hiCD49dhi CD8+ T cells from murine 
cytomegalovirus (MCMV)-infected or influenza A virus (IAV)-infected 
C3H/HeJ mice (Fig. 1a,b and Supplementary Fig. 2). In IAV-infected  
C3H/HeJ mice, most of the HA352–360 dextramer+ CD8+ T cells were CD44hi 
CD49dhi cells, and were not CD49dlo cells (Supplementary Fig. 2a–c). 
More importantly, CD44s-hiCD49dlo CD8+ T cells were exclusively 
observed in the skin of SpAA and AtAA mice, while conventional TVM 
cells were barely detected in these mice (Fig. 1c,d). Analysis of the pro-
portions of CD44s-hiCD49dlo CD8+ T cells in the SDLNs and skin revealed 
that the frequency did not significantly differ in SpAA versus AtAA mice 
(Fig. 1b,d). In alopecic mice, these CD44s-hiCD49dlo CD8+ T cells were 
nearly absent in the spleen, liver, mesenteric lymph nodes and skin 
non-draining lymph nodes (Extended Data Fig. 1b).

Our results implied that this CD44s-hiCD49dlo CD8+ T cell popula-
tion may play an important role in AA pathogenesis, which was sup-
ported by our finding that the frequency of CD44s-hiCD49dlo CD8+ 
T cells among SDLNs was associated with disease severity (Fig. 1e,f). 
To investigate the roles of CD44s-hiCD49dlo CD8+ T cells as pathologic 
cells for AA, we isolated CD44s-hiCD49dlo CD8+ T cells from SDLNs of 
AA mice, and adoptively transferred these cells into naive C3H/HeJ 
mice. Within 12 weeks after transfer, CD44s-hiCD49dlo CD8+ T cells from 
alopecic mice induced AA in 91% of naive C3H/HeJ recipients (Fig. 1g,h), 
whereas conventional TVM cells from naive C3H/HeJ mice did not induce 
AA. Moreover, when C3H/HeJ recipients were adoptively transferred 
with TVM cells isolated from SDLNs of AA mice, a significant portion 
showed AA onset (Fig. 1h), although this AA induction occurred with a 
lower frequency and slower onset compared to that in mice adoptively 
transferred with CD44s-hiCD49dlo CD8+ T cells. These findings suggest 
that CD44s-hiCD49dlo CD8+ T cells might originate from conventional 
TVM cells.

To further characterize CD44s-hiCD49dlo CD8+ T cells, we performed 
RNA-sequencing (RNA-seq) analysis to comprehensively investigate the 
gene expression profile differences between CD44s-hiCD49dlo CD8+ 
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Fig. 1 | CD44s-hiCD49dlo CD8+ T cell population causes alopecia areata.  
a,b, Frequency of CD44s-hiCD49dlo CD8+ T cells in SDLNs from naive mice (n = 4), 
MCMV-infected mice (n = 4), AtAA mice (n = 29) and SpAA mice (n = 10; two 
independent experiments). c,d, Frequency of CD44s-hiCD49dlo CD8+ T cells from 
both AtAA and SpAA skin, and SDLNs of AtAA mice and naive mice (n = 8, naive 
LN; n = 8, AtAA LN; n = 10, AtAA skin; n = 8, SpAA skin). Frequency values are 
shown in the crossed lines (a and c). e,f, Correlation between disease severity and 
the proportion of CD44s-hiCD49dlo cells among CD8+ T cells from SDLNs (n = 7, 
naive; n = 9, <50%; n = 11, <75%; n = 9, >75%). g, Experimental scheme for testing 
whether CD44s-hiCD49dlo cells are required for AA pathogenesis. TVM cells from 
naive mice and AtAA mice, and CD44s-hiCD49dlo CD8+ T cells from AtAA mice were 
adoptively transferred into 10-week-old naive female mice. h, AA development in 

mice following the transfer of various cells (n = 9–14 per group). This experiment 
was independently repeated three times and the experimental findings were 
reliably reproduced. i–k, PCA (i), heat map of differentially expressed genes from 
SDLN CD44s-hiCD49dlo CD8+ T cells compared to SDLN TVM cells (j) and enriched 
Gene Ontology (GO) biological process gene sets (adjusted P value < 0.05) (k) of 
differentially expressed genes in SDLN CD44s-hiCD49dlo CD8+ T cells compared 
to SDLN TVM cells from MSigDB. The genes are ranked according to normalized 
enrichment score (NES). Data are the mean ± s.d. A Mann–Whitney test was 
performed for comparisons between two groups. A log-rank (Mantel–Cox) 
test was used for comparison of survival curves. All tests were two sided, 
****P < 0.0001.
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that CD44s-hiCD49dlo CD8+ T cells originated from TVM cells, not from 
conventional memory CD8+ T cells.

We next examined how CD44s-hiCD49dlo CD8+ T cells could be 
induced from TVM cells. To date, no autoantigen that causes AA has 
been identified, and it is unclear whether autoantigen-specific T cells 
play a critical role in AA pathogenesis, including hair follicle destruc-
tion17–19. Therefore, we investigated whether there were common TCR 
sequences in CD44s-hiCD49dlo CD8+ T cells among mice with SpAA. 
Comparing the TCR CDR3β nucleotide sequences and gene usage of 
CD44s-hiCD49dlo CD8+ T cells between SpAA mice did not reveal over-
lapping TCR CDR3β sequences among alopecic mice (Supplementary  
Fig. 4a–c). CD44s-hiCD49dlo CD8+ T cells did not show significant enrich-
ment of genes involved in the TCR pathway (Fig. 2f). Moreover, the 
expression of Nur77, a specific marker of TCR signaling20,21, was not 
upregulated in CD44s-hiCD49dlo CD8+ T cells from AA skin or SDLNs, 
compared to TN and TVM cells (Fig. 2g). In addition, the expressions of 
Nr4a1, Nr4a2 and Nr4a3 (which are upregulated by TCR signaling) were 
not upregulated in the SDLNs at 4 weeks after AT (before AA induc-
tion) and after AA onset (time point with high frequency of CD44s-hi 
CD49dlo CD8+ T cells; Extended Data Fig. 5a,b). These results indicate 
that CD44s-hiCD49dlo CD8+ T cells can be induced by TCR-independent 
mechanisms. Therefore, we hypothesized that cytokine stimulations 
might play an important role in the differentiation of TVM cells into 
CD44s-hiCD49dlo CD8+ T cells. Notably, among TVM cells from both AA 
mice and naive mice, in vitro treatment with IL-12, IL-15 or IL-18 induced 
generation of CD44s-hiCD49dlo CD8+ T cells (Fig. 2h–j). More impor-
tantly, combined stimulation with IL-12, IL-15 and IL-18 led to the most 
efficient generation of CD44s-hiCD49dlo CD8+ T cells (Fig. 2h–j), whereas 
CD44s-hiCD49dlo CD8+ T cells were not induced from TN cells after in vitro 
treatment with cytokines (Extended Data Fig. 6a).

Next, to further confirm the results, TVM cells isolated from naive 
C3H/HeJ mice were stimulated in vitro with IL-12, IL-15 and IL-18 for 
7 days, and then these cells were adoptively transferred into naive 
C3H/HeJ mice (Fig. 3a). When recipients were adoptively transferred 
with cultured TVM cells from naive C3H/HeJ mouse, 6 of 11 mice devel-
oped AA with a higher frequency of CD44s-hiCD49dlo CD8+ T cells in 
their skin and SDLNs, while no mice transferred with unstimulated 
TVM cells developed AA (P < 0.01; Fig. 3b and Extended Data Fig. 6b). 
When C57BL/6 or BALB/c recipients were adoptively transferred with 
cytokine-stimulated TVM cells from each mouse strain, none of the 
adoptively transferred mice developed AA until 12 weeks after AT, 
although in vitro treatment with IL-12, IL-15 or IL-18 induced the in vitro 
generation of CD44s-hiCD49dlo CD8+ T cells from TVM cells (Supplemen-
tary Fig. 5a–c).

We used confocal microscopy analyses and ELISA assays to exam-
ine the expression levels of IL-12, IL-15 and IL-18 in skin, and we found 
significantly increased expression of these cytokines in SpAA and AtAA 
mice, compared to naive mice (Fig. 3c,d and Supplementary Fig. 6a). We 
also examined human skin specimens from patients with AA and found 
notably increased IL-12, IL-15 and IL-18 levels in the skin of individuals 
with AA compared to skin from healthy volunteers (Extended Data 
Fig. 7a). To translate the findings from preclinical models into human 
disease, we analyzed previously reported AA single-cell RNA-seq data22. 

Of the identified clusters, the KLRC3+ CD8+ T cell population was an 
AA-predominant clusters (Extended Data Fig. 7b). This group exhibited 
high expression levels of KLRC1, KIR2DL1, KIR2DL4, KIR3DL1, KIR3DL2 
and KLRK1, which have been suggested as genes encoding human 
TVM cell markers (Extended Data Fig. 7c)7,23. In AA human skin, CD8+ 
T cells with TVM features (KIR+NKG2A+CD8+ T cells) were predominantly 
infiltrated in the hair follicles (Extended Data Fig. 7d). In addition, we 
observed that the frequency of CD8+ T cells with TVM features in periph-
eral blood was significantly higher in individuals with AA than healthy 
volunteers (Extended Data Fig. 7e).

To further investigate the roles of IL-12, IL-15 and IL-18 in the devel-
opment of CD44s-hiCD49dlo CD8+ T cells in vivo, we injected mice with 
blocking antibodies to IL-12, IL-15Rβ and IL-18 starting at the time of AT 
of TVM cells from AA mice into naive C3H/HeJ mice (Fig. 3e). Combined 
administration of anti-IL-12, anti-IL-15Rβ and anti-IL-18 antibodies 
completely prevented AA development in all recipient mice (P < 0.05), 
whereas AA developed in 10 of 20 mice that were transferred with TVM 
cells without blocking antibody administration (Fig. 3e). Administra-
tion of anti-IL-12/anti-IL-18 or anti-IL-15Rβ showed partial effects in 
terms of the disease-free ratio and the time of disease onset (Fig. 3e).

Collectively, these results demonstrate that CD44s-hiCD49dlo CD8+ 
T cells are induced from TVM cells via stimulation with IL-12, IL-15 and 
IL-18, and can cause a chronic inflammatory disease, AA.

CD44s-hiCD49dlo CD8+ T cells have strong effector function
Next, we investigated the mechanisms of how CD44s-hiCD49dlo CD8+ 
T cells gain cytotoxic activity and cause the immunopathogenesis of a 
chronic inflammatory disease, AA. Ex vivo analyses of CD44s-hiCD49dlo, 
TVM and TN CD8+ T cells revealed that the skin CD44s-hiCD49dlo CD8+ 
T cell subpopulation produced the highest amounts of granzyme 
B and perforin, compared to other groups (Fig. 4a,b). Similarly, the 
skin CD44s-hiCD49dlo CD8+ T cells produced the highest amounts of 
interferon-γ (IFNγ) and tumor necrosis factor (TNF; Fig. 4a,c).

It has been suggested that AA pathogenesis is mediated through 
NKG2D-dependent cytotoxicity exerted by CD8+ T cells against dermal 
sheath target cells15, although it is unknown which CD8+ T cell subset 
induces innate-like cytotoxicity. Upon showing that CD44s-hiCD49dlo 
CD8+ T cells are major pathologic cells in AA, we next evaluated their 
NKG2D expression. We found significantly higher NKG2D expression in 
CD44s-hiCD49dlo CD8+ T cells from skin and SDLNs, compared to TN and 
TVM CD8+ T cells at both protein (Fig. 4d) and mRNA (Fig. 4e) levels. The 
expression of NKG2D ligand Rae-1 was predominantly observed in the 
skin of AA mice (Supplementary Fig. 7a). We observed that CD8+ T cells 
with TVM features in individuals with AA exhibited upregulated NKG2D 
expression (Extended Data Fig. 7f). Additionally, CD44s-hiCD49dlo CD8+ 
T cells from AA mice included significantly larger percentages of Ki-67+ 
cells, a marker of proliferating cells (Fig. 4f). Moreover, when we inves-
tigated expression levels of the skin tissue-resident memory T (TRM) cell 
markers CD103 and CD49a, we found that almost all CD44s-hiCD49dlo 
CD8+ T cells in skin were CD103+CD49a+/− (Fig. 4g). This was confirmed 
by GSEA showing that genes related to TRM cell features were highly 
enriched in CD44s-hiCD49dlo CD8+ T cells from skin compared to in 
CD44s-hiCD49dlo and TVM CD8+ T cells from SDLNs of AA mice (Extended 

Fig. 2 | CD44s-hiCD49dlo CD8+ T cells originate from TVM cells. a, Experimental 
scheme for testing whether AA TVM cells differentiate into CD44s-hiCD49dlo CD8+ 
T cells. TVM cells were retrovirally transduced with GFP, and then adoptively 
transferred (AT) into C3H/HeJ mice. b, Transduction efficiency of the TVM cells.  
c, Representative flow cytometry plot of GFP+ CD8+ T cells in the skin of AA mice. 
d, Heat map showing the number of clonotypes shared between the  
CD44s-hiCD49dlo and TVM cell populations of SpAA. e, Pseudotime analysis 
of single CD8+ cells using Monocle 2. f, GSEA was performed to measure the 
enrichment of specific gene sets from BIOCARTA_TCR_PATHWAY among CD44s-hi 
CD49dlo CD8+ T cells compared to naive CD8+ T cells or TVM cells. g, Nur77 MFI 
was compared between each cell population (n = 8 per group). For a positive 

control of Nur77 expression, SDLN CD8+ T cells were stimulated with anti-CD3 
for 5 h. h–j, In vitro stimulation of TVM cells with various cytokines. As shown in 
representative flow cytometry plots (h), AA TVM cells (i) and naive TVM cells (j) 
were incubated with IL-2, IL-7, IL-12, IL-15 or IL-18 for 3 days and analyzed by flow 
cytometry. Cytokines were used at fixed doses: 50 ng ml−1 IL-2, 50 ng ml−1 IL-7, 
50 ng ml−1 IL-12, 50 ng ml−1 IL-15 and 50 ng ml−1 IL-18 (n = 4 per group). Except for 
d, data were acquired from AtAA mice. Data are the mean ± s.d. A Mann–Whitney 
test was performed for comparisons between two groups. All tests were two 
sided. NS, not significant, *P < 0.05, #Assessed using P values comparing various 
cytokine stimulations to no treatment (P < 0.05).
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Data Fig. 8a,b)24. Together, our results indicate that CD44s-hiCD49dlo 
CD8+ T cells in AA skin are a distinct cell population having strong 
effector functions and proliferative capacity with TRM cell features.

Our results indicate that CD44s-hiCD49dlo CD8+ T cells can be 
induced from TVM cells via stimulation with cytokines. Therefore, we 
investigated whether cytokine stimulation could enhance the effec-
tor functions and proliferative capacity of CD44s-hiCD49dlo CD8+ 
T cells. IL-2, IL-7 and IL-15 each significantly increased the percentage 
of granzyme B+ and perforin+ CD44s-hiCD49dlo CD8+ T cells (Fig. 4h and 
Extended Data Fig. 9a). Analysis of cytokine production revealed that 
IL-12 and IL-12/IL-18 significantly increased the production of IFNγ and 
TNF by CD44s-hiCD49dlo CD8+ T cells (Fig. 4i and Extended Data Fig. 9b).  
Compared to other cell populations, CD44s-hiCD49dlo CD8+ T cells 

produced the largest amounts of IFNγ, TNF and granzyme B follow-
ing cytokine stimulation (Extended Data Fig. 9c). The proliferation of 
CD44s-hiCD49dlo CD8+ T cells was significantly enhanced by IL-2, IL-7 
and IL-15, but not by IL-12 and IL-18 (Fig. 4j and Extended Data Fig. 9d,e). 
Moreover, IL-15 stimulation further increased the NKG2D expression 
on CD44s-hiCD49dlo CD8+ T cells (Fig. 4k and Extended Data Fig. 9f,g).

NKG2D-dependent cytotoxicity of CD44s-hiCD49dlo CD8+ 
T cells
Finally, we investigated whether TVM-originated CD44s-hiCD49dlo CD8+ 
T cells induced innate-like cytotoxic activity in an NKG2D-dependent 
manner. We found that CD44s-hiCD49dlo CD8+ T cells readily exerted 
cytotoxic activity against YAC-1 cells, and that IL-15 enhanced the killing 
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Fig. 3 | CD44s-hiCD49dlo CD8+ T cells are derived from TVM cells by cytokine 
stimulation. a, Experimental scheme for investigating the roles of cytokines in 
the induction of CD44s-hiCD49dlo CD8+ T cells from naive TVM cells. Naive  
TVM cells and naive TN cells were stimulated with IL-12/IL-15/IL-18 for 7 days, and 
then transferred into naive C3H/HeJ mice. b, AA development in mice with 
transferred naive TVM cells and naive TN cells with cytokine stimulation (n = 10–11 
per group). This experiment was independently repeated three times and 
the experimental findings were reliably reproduced. c, Immunofluorescence 
staining of the skin of naive and SpAA mice revealed upregulation of IL-12, 
IL-15 and IL-18 in the hair follicles. Scale bars, 15 μm. This experiment was 
independently repeated three times and the experimental findings were reliably 

reproduced. d, IL-15–IL-15R complex (n = 16 per group), IL-12 (n = 16, naive; n = 18, 
AA) and IL-18 (n = 16, naive; n = 18, AA) were measured in the skin of AA and naive 
mice by ELISA. Red and pink circles indicate the data from AtAA and SpAA mice, 
respectively. e, In naive mice with transferred AtAA TVM cells, AA development 
was monitored during systemic administration with antibodies to IL-15, IL-12/
IL-18 and IL-12/IL-15/IL-18, compared to that of isotype-treated mice (n = 10–20 
per group). This experiment was independently repeated three times and the 
experimental findings were reliably reproduced. Data are the mean ± s.d. A 
Mann–Whitney test was performed for comparisons between two groups. A log-
rank (Mantel–Cox) test was used for comparison of survival curves. All tests were 
two sided. ****P < 0.0001.
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Fig. 4 | CD44s-hiCD49dlo CD8+ T cells have strong effector functions with  
TRM cell features. a–c, Harvested cells were incubated with GolgiPlug and 
GolgiStop for 5 h without stimulation, and then stained for intracellular markers 
as indicated. White and lightly colored circles indicate the data from AtAA 
and SpAA mice, respectively. Representative flow cytometry plot of each cell 
population in ex vivo sample are shown (a). Granzyme B (GzmB)+ and perforin+ 
(n = 8, naive; n = 16, AA) (b), and IFNγ+ and TNF+ cells (n = 8, naive; n = 16, AA)  
(c) were assessed in each cell population. d, gMFI of the NKG2D level in each  
cell population (n = 8, Naive; n = 16, AA). e, KLRK1 gene-normalized data from 
RNA-seq data (n = 3, naive TN; n = 4, naive TVM; n = 6, AA TVM; n = 5, AA CD44s-hi; 
n = 4, AA skin CD44s-hi). f, The percentage of Ki-67+ cells in each cell population 
(n = 8, naive; n = 16, AA). g, The percentage of CD103+CD49a+/− cells among skin 
CD44s-hiCD49dlo CD8+ T cells (n = 8 per group). h,i, Following stimulation with 

various cytokines, CD44s-hiCD49dlo CD8+ T cells from SDLNs were incubated for 
48 h and intracellular cytokine staining performed to examine the percentage 
of GzmB+ and perforin+ cells (n = 12) (h) or the percentage of IFNγ+ and TNF+ cells 
(n = 11) (i). Cytokines were IL-2 (50 ng ml−1), IL-7 (50 ng ml−1), IL-12 (50 ng ml−1),  
IL-15 (50 ng ml−1) and IL-18 (50 ng ml−1). j, Following cytokine stimulation,  
CD44s-hiCD49dlo CD8+ T cells were incubated for 96 h and analyzed for the 
percentage of CellTrace Violetlo (CTVlo) cells (n = 7) or incubated for 48 h and 
analyzed for the percentage of Ki-67+ cells (n = 8). k, Comparison of the gMFI 
of NKG2D among CD44s-hiCD49dlo CD8+ T cells without stimulation or in the 
presence of IL-15 (n = 8). Data are the mean ± s.d. A Mann–Whitney test was 
performed for comparisons between two groups. A Wilcoxon text was performed 
for pairwise comparison between two groups (h–k). All tests were two sided. 
***P < 0.001, ****P < 0.0001.
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of YAC-1 cells by CD44s-hiCD49dlo CD8+ T cells (Fig. 5a). It is known that 
the epithelial layers of hair follicles overexpress NKG2DLs and IL-15 
(ref. 15). Importantly, cytotoxicity against YAC-1 cells was significantly 
blocked by anti-NKG2D treatment of CD44s-hiCD49dlo CD8+ T cells, and 
not of TN and TVM cells (Fig. 5a). To investigate how the NKG2D-depedent 
cytotoxicity of CD44s-hiCD49dlo CD8+ T cells contributed to AA patho-
genesis in vivo, we administered blocking anti-NKG2D to C3H/HeJ mice 
that were adoptively transferred with CD44s-hiCD49dlo CD8+ T cells. 
Within 6 weeks after AT of CD44s-hiCD49dlo CD8+ T cells, AA developed 
in only one of the five anti-NKG2D-treated mice, and in all mice without 
anti-NKG2D treatment (P < 0.01; Fig. 5b). We also observed that com-
pared to isotype control mice, the anti-NKG2D-treated mice exhibited a 
significantly lower frequency of CD44s-hiCD49dlo CD8+ T cells in SDLNs 
(Supplementary Fig. 8a).

Overall, our results suggest that CD44s-hiCD49dlo CD8+ T cells 
that were originated from TVM cells induced AA pathogenesis through 
NKG2D-mediated innate-like cytotoxicity. These findings imply that 
anti-NKG2D treatment would be a promising therapeutic strategy for 
curing CD44s-hiCD49dlo CD8+ T cell-mediated chronic inflammatory 
diseases, including AA.

Discussion
Our present results identified a pathogenic cytotoxic CD8+ subset 
that originates from TVM cells by cytokine stimulations and can cause 
chronic inflammatory diseases. To our knowledge, this is the first 
study to answer the question of whether TVM cells contribute to the 
immunopathogenesis of chronic inflammatory diseases. Our data 
reveal that TVM-originated CD44s-hiCD49dlo CD8+ T cells could be 
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induced by combined stimulation with cytokines such as IL-12, IL-15 
and IL-18 (Fig. 5c). The cells had activated phenotypes and enhanced 
proliferation capacity compared to conventional TVM cells and TN 
cells. Moreover, in humans with AA, we observed that IL-12, IL-15 
and IL-18 expressions were upregulated exclusively in their alopecic 
skin. The frequencies of peripheral CD8+ T cells with TVM features 
(KIR+NKG2A+) and of NKG2D-upregulated KIR+NKG2A+ CD8+ T cells 
in skin were much higher in individuals with AA compared to healthy 
individuals. Further clinical studies are warranted to investigate the 
detailed immunological characteristics and the exact roles of the 
TVM-originated pathologic cell population in individuals with AA that 
corresponds to the CD44s-hiCD49dlo CD8+ T cells that we discovered  
in mice.

One unresolved question in AA is whether autoantigens and 
autoreactive T cells contribute to disease pathogenesis. In our study, 
we found that pathologic CD44s-hiCD49dlo CD8+ T cells were gener-
ated from conventional TVM cells by cytokine stimulations and that 
the activation and NKG2D-mediated cytolytic activity of CD44s-hiCD-
49dlo CD8+ T cells were further enhanced by cytokine stimulations. 
Autoantigen epitopes in AA have not been identified in mice with 
AA development, or in humans with AA. Although the experimental 
evidence shown in the current study suggests that cytokine stimula-
tion, not antigen-driven expansion, is the main mechanism for the 
generation of CD44s-hiCD49dlo CD8+ T cells from TVM cells, the need 
for antigen-driven expansion of TVM cells during the early stage of AA 
development cannot be completely ruled out. For example, given that 
TCR diversity was decreased in CD44s-hiCD49dlo CD8+ T cells compared 
to in TVM cells, it could be possible that a small number of TVM cells 
with a broad repertoire enter the skin and undergo clonal expansion 
and reside in the skin by antigen-dependent mechanisms. In a future 
study, the detailed mechanisms underlying this phenomenon need to 
be further investigated. Moreover, our results suggest that cytotoxic 
activity of TVM-originated CD44s-hiCD49dlo CD8+ T cells is mediated 
by IL-15-induced NKG2D. It appears that upregulated expression of 
NKG2DLs in hair follicles of humans with AA and their interaction with 
NKG2D on CD44s-hiCD49dlo CD8+ T cells play an essential role25. Recent 
reports describe a strong correlation between AA and the occurrence 
of various chronic immune-mediated inflammatory diseases such 
as autoimmune thyroiditis, vitiligo and myocardial infarction26–28. 
Therefore, considering that CD44s-hiCD49dlo CD8+ T cells can induce 
NKG2D-mediated TCR-independent innate-like cytotoxicity, these cells 
may contribute to the pathogenesis of these other immune-mediated 
inflammatory diseases.

TVM cells express CXCR3 at high levels compared to TN cells, and 
their ligands CXCL9 and CXCL10 are upregulated in the skin of AA3,29,30. 
Therefore, it is possible that TVM cells migrate to the skin where they 
are stimulated by cytokines to become tissue-resident pathologic 
CD44s-hiCD49dlo CD8+ T cells. In this study, it was confirmed that 
TVM cells are the source of CD44s-hiCD49dlo CD8+ T cells in the skin, 
but no comparison was made with other cell populations such as 
antigen-experienced memory T cells or naive T cells in terms of their 
ability to migrate to or retain in the skin. Therefore, it will be of interest 
to investigate whether TVM cells are more efficient at trafficking to the 
tissues or retention in the tissues compared to memory T cells. Another 
interesting finding is that when TVM cells were adoptively transferred 
into naive C3H/HeJ mice, AA was induced by TVM cells isolated from AA 
mice (AA TVM cells) but not by TVM cells isolated from naive mice (naive 
TVM cells), suggesting the transition from TVM cells to CD44s-hiCD49dlo 
CD8+ T cells. A key difference between AA TVM cells and naive TVM cells 
is that the former might experience an inflammatory milieu in the 
skin, which may activate TVM cells. Additionally, we found that genes 
associated with negative regulation of cellular process and chromatin 
remodeling were significantly highly enriched in AA TVM cells compared 
to naive TVM cells. This leads us to propose that during the transition of 
conventional TVM cells into CD44s-hiCD49dlo CD8+ T cells, inflammatory 

cytokines may drive distinct epigenetic changes. Future research is 
needed to further study the epigenetic changes between AA TVM cells, 
naive TVM cells and CD44s-hiCD49dlo CD8+ T cells, which might provide 
valuable clues regarding the molecular mechanisms through which 
CD44s-hiCD49dlo CD8+ T cells are induced from TVM cells.

In conclusion, here we demonstrated the existence of a pathologic 
CD8+ TVM cell population, which can be generated by cytokine stimula-
tion and cause chronic inflammatory diseases. We further found that 
the cytotoxic activity of TVM-originated CD44s-hiCD49dlo CD8+ T cells 
can be abrogated by NKG2D blockade, which will help guide the devel-
opment of new therapeutic strategies against these kinds of diseases.
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Methods
Mice
Experiments were performed using 8- to 16-week-old female C3H/HeJ 
( Jackson Laboratories), BALB/c and C57BL/6J (DBL) mice in compliance 
with institutional guidelines as approved by the Institutional Animal 
Care and Use Committee of Korea Advanced Institute of Science and 
Technology (KA2019-55). Mice were provided a solid diet (Envigo, 
2018C) throughout the experimental period, allowing them to freely 
consume. The mice were acclimated for 1 week under controlled con-
ditions of temperature (23 ± 2 °C), humidity (55% ± 10%), and a 12-h 
light–dark cycle before being used for the subsequent experiments. 
No statistical methods were used to predetermine sample sizes, but our 
sample sizes are similar to those reported in previous publications15,30. 
Age-matched mice were randomly allocated. Data collection and analy-
sis were not performed blind to the conditions of the experiments. No 
data points or mice were excluded for analysis in this study.

Induction of alopecia areata in C3H/HeJ mice
Since AA spontaneously occurs in C3H/HeJ mice at a very low frequency 
(~0.25% in 5-month-old C3H/HeJ mice and <20% in 18-month-old mice), 
AA mice derived from AT have been widely used for AA research. In 
the current study, we utilized AA mice derived from AT as well as mice 
with spontaneously developed AA, and found that the phenotypic and 
functional characteristics of CD44s-hiCD49dlo CD8+ T cells did not dif-
fer between SpAA and AtAA mice (Figs. 1b,d,i–k, 3c,d and 4b–d,f and 
Supplementary Fig. 6a). To control AA onset and increase the number 
of AA-affected mice, we transferred cultured lymph node-derived 
cells from the SDLNs of AA-affected mice, as previously reported31. 
Single-cell suspensions of lymph nodes were prepared and cultured 
for 6 days with 30 U ml−1 IL-2 (Roche Life Science), 25 ng ml−1 IL-7 (R&D 
Systems, Minneapolis, MN), 50 ng ml−1 IL-15 (R&D Systems) and Mouse 
T-Activator CD3/CD28 Dynabeads (Invitrogen) to increase lymph 
node counts 8-fold to 10-fold, as previously described. The cultured 
cells (1–2 × 107) were injected into naive C3H/HeJ mice intradermally. 
TCR engagement by ‘Mouse T-Activator CD3/CD28 Dynabeads’ dur-
ing in vitro culture before AT do not affect the generation of CD44s-hi 
CD49dlo CD8+ T cells and do not change the disease-free ratio after AT 
(Supplementary Fig. 9a–g).

Adoptive transfer of T cells into C3H/HeJ mice
Single-cell suspensions were prepared from SDLNs obtained from 
C3H/HeJ alopecic mice or naive mice. To specify T cell populations, 
these suspensions were stained with anti-CD3, anti-CD8, anti-CD44 
and anti-CD49d, and then sorted to obtain the following fractions: AA 
CD44s-hiCD49dlo cells, AA TVM cells and naive TVM cells (FACS Aria II cell 
sorter; BD Biosciences). We next intradermally injected 1 × 105 sorted 
cells of each population into 10-week-old C3H/HeJ mice.

For in vivo experiments with cytokine-stimulated cells, TVM and 
TN cells from naive mice were sorted using a FACS Aria II cell sorter, 
and then cultured for 6 days with 30 U ml−1 IL-2 (Roche), 25 ng ml−1 IL-7 
(R&D Systems), 50 ng ml−1 IL-15 (R&D Systems), 50 ng ml−1 IL-12 (R&D 
Systems) and 50 ng ml−1 IL-18 (R&D Systems). Finally, the cultured cells 
(1 × 105) were intradermally injected into 10-week-old C3H/HeJ mice.

Viral infection
C3H/HeJ female mice were anesthetized with Zoletil 50 (tiletamine 
125 mg, zolazepam 125 mg 5 ml−1) and Rompun (xylazine), and then 
infected with various viruses. Naive C3H/HeJ mice were intraperito-
neally injected with 1 × 106 plaque-forming units (PFUs) of MCMV or 
intranasally administered 10 PFUs of A/Puerto Rico/8/1934 (PR8). Mice 
infected with MCMV or IAV were euthanized 4 weeks after infection. 
Cells were isolated from the SDLNs, spleen and skin, and were used for 
flow cytometry or ELISpot analyses.

VV infection was performed via skin scarification with 3 × 106 PFUs 
using a previously described scarification method32,33. Briefly, 30 µl of 

VV was applied to the shaved dorsal side of mice (an area of 3–5 cm2), 
and then the skin was gently scratched 50 times with a 27-gauge needle. 
VV infection in the skin was evident based on the significant increase 
of CD44+CD49d+ cells in the skin and SDLNs (Extended Data Fig. 4a–c) 
as well as the skin scabbing at 1 week after VV infection. At 4 weeks 
after infection, the infected mice were injected with cultured lymph 
node-derived cells obtained from the SDLNs of AA-affected mice, to 
confirm the role of antigen-experienced memory T cells.

Production of influenza A virus PR8 HA352-60-specific 
dextramer
Naive C3H mice were infected with IAV (PR8) to generate antigen- 
primed memory CD8+ T cells. The minimal epitope sequence (HA352–360,  
IEGGWTGMI) for high-affinity binding to mouse MHC class Ι, H-2Kk, 
was identified using in silico NetMHC 4.0 analysis and IFNγ ELISPOT 
assays (Mabtech). ELISpot was performed using the ELISpot Plus: 
Mouse IFNγ (ALP) kit (Mabtech). Splenocytes from IAV-infected mice 
were cultured in RPMI/10% FBS with individual peptides (1 mg ml−1 
with 5% dimethyl sulfoxide) at a final concentration of 10 mg ml−1. 
Dimethyl sulfoxide (0.05%) was used as a negative control, and phorbol 
12-myristate 13-acetate plus ionomycin as a positive control. After a 
24-h incubation at 37 °C, the spots were developed following the manu-
facturer’s instructions. Spots were counted using an ELISpot reader 
(CTL; ImmunoSpot), and the number of specific spots was calculated 
by subtracting the number of spots in negative control wells from the 
number in peptide-stimulated wells. After identifying HA352–60 as an 
epitope candidate, we obtained PE-conjugated Dextramer reagent 
from Immudex. For Dextramer staining, cells were incubated with 
PE-conjugated Dextramer (IEGGWTGMI) at room temperature (RT) for 
30 min in the presence of anti-mouse CD16/32 (2.4G2; BD Biosciences).

Retroviral transduction of mouse T cells
To track the adoptively transferred TVM cells from AA, we used a retrovi-
ral GFP transduction method. SDLNs were obtained from AA mice and 
subjected to single-cell isolation. Among the isolated SDLN cells, the 
TVM cells were sorted using a FACS Aria II (BD Biosciences). Next, the AA 
TVM cells were cultured with 100 U ml−1 IL-2 (Roche), 25 ng ml−1 IL-7 (R&D 
Systems), 50 ng ml−1 IL-15 (R&D Systems) and CD3/CD28 Dynabeads for 
24 h in RPMI1640/10%. At 24 h after activation, 500 µl of GFP retrovirus 
supernatant was added to a 24-well non-tissue culture plate that was 
pre-coated with 20 µg ml−1 RetroNectin (Takara). We next centrifuged 
the plate at 2,000g for 2 h at 32 °C. The activated TVM cells (1 × 106 cells 
in 500 µl media) were transferred into the plate without suction (final 
volume of 1 ml). Next, the TVM cells were spin-transduced at 1,000g for 
10 min at 32 °C, and the plate was placed in the CO2 incubator at 37 °C 
for 2 days. At 2 days after transduction, we suctioned out 400 µl of 
media, and then added 500 µl of the previously described RPMI1640/
FBS 10% media with IL-2, IL-7 and IL-15. At 4 days after transduction, 
the cells were spun down and Dynabeads were removed. For in vivo 
experiments, the GFP-expressing retrovirus-transduced TVM cells were 
intradermally injected into naive C3H/HeJ mice.

Human samples
The study population comprised ten individuals with AA who had 
ceased treatment for 3 months, and ten healthy volunteers (Supplemen-
tary Table 4). This study was approved by the Institutional Review Board 
of Chung-Ang University Hospital (approval no. CAU-DERMA-AA01). 
Informed consent was obtained from all participants.

Single-cell isolation
To prepare a single-cell suspension of mouse skin, fat was removed from 
the overlying skin in PBS. Then, the skin was incubated in collagenase 
type I (2 mg ml−1 in PBS) at 37 °C for 75 min. After digestion, the skin 
was minced in RPMI/10% FBS, filtered through a 70-µm cell strainer, 
and centrifuged at 300g for 7 min. Then, the pellet was resuspended in 
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RPMI/10% FBS, filtered through a 70-µm cell strainer and centrifuged at 
300 g for 7 min. SDLNs were pooled, minced in RPMI/10% FBS, filtered 
through a 70-µm cell strainer and centrifuged at 300g for 7 min. The 
spleen and the liver were minced through a 70-µm cell strainer, and 
the dissected pellets were incubated with red blood cell lysis buffer at 
RT for 5 min. All single-cell suspensions were additionally processed 
for the indicated analyses.

Peripheral blood mononuclear cells were isolated from whole 
human blood by standard Ficoll-Paque (GE Healthcare) density gradi-
ent centrifugation. Purified lymphocytes were cryopreserved until use.

Antibodies for flow cytometry
Mouse studies were performed using the following antibodies: anti-CD3 
(17A2; BioLegend), anti-CD8 (53-6.7; BD Biosciences), anti-CD44 (IM7; 
BD Biosciences), anti-CD49d (R1-2; BioLegend), anti-CD62L (MEL-14; 
BD Biosciences), anti-NKG2D (CX5; BioLegend), anti-GzmB (QA16A02; 
BioLegend), anti-Perforin (S16009A; BioLegend), anti-IFNγ (XMG1.2; 
BD Biosciences), anti-TNF (MP6-XT22; BD Biosciences), anti-Ki-67 (B56; 
BD Biosciences), anti-Nur77 (12.14; Invitrogen), anti-TCRβ (H57-597; 
BioLegend), anti-TCRγδ (GL3; BD Biosciences), anti-CD19 (1D3; BD 
Biosciences), anti-CD14 (rmC5-3; BD Biosciences), anti-CD103 (M290; 
BD Biosciences) and anti-CD49a (HMα1; BioLegend).

Human studies were performed using the following antibodies: 
anti-CD3 (UCHT-1; BD Biosciences), anti-CD8 (SK1; BD Biosciences), 
anti-CD161 (DX12; BD Biosciences), anti-CD45RA (Hl100; BioLegend), 
anti-CD27 (M-T271; BD Biosciences), anti-KIR2D (REA1042; Miltenyi 
Biotec), anti-KIR3DL1/DL2 (REA970; Miltenyi Biotec), anti-NKG2A 
(REA110; Miltenyi Biotec) and anti-NKG2D (1D11; BioLegend).

Measurement of cytokine production and proliferative 
capacity
To detect the ex vivo production of functional cytokines and intracellu-
lar molecules without any stimulation, single-cell suspensions isolated 
from skin and SDLNs were incubated with GolgiPlug (BD Biosciences) 
and GolgiStop (BD Biosciences) at 37 °C for 5 h without stimulation. 
First, the single-cell suspensions were incubated with anti-CD16/CD32 
(93; BioLegend) for 20 min at 4 °C to block the nonspecific binding of 
antibodies to FcγR. Next, the cells were stained using the LIVE/DEAD 
fixable dead cell stain kit (Invitrogen) and antibodies for cell surface 
molecules at RT for 30 min. After washing, the stained cells were fixed 
and permeabilized using a forkhead box protein P3 staining buffer kit 
(eBioscience). Flow cytometry was performed using an LSR II instru-
ment and FACSDiva software (BD Biosciences). Data were analyzed 
using FlowJo v10 software (Treestar).

For intracellular staining, the single-cell suspensions from SDLNs 
were stimulated for 48 h with 50 ng ml−1 of cytokines (IL-2, IL-7, IL-12 p70, 
IL-15–IL-15R complex and IL-18). For the last 12 h of incubation, Golgi-
Plug and GolgiStop were added to the culture media to stain intracel-
lular molecules. To stain intracellular proteins, surface-marker-stained 
cells were permeabilized using a Foxp3 staining buffer kit (eBioscience) 
and further stained for intracellular proteins for 30 min at 4 °C.To assess 
the proliferation capacity of each cell population, the single-cell sus-
pensions from SDLNs were labeled with CellTrace Violet (Invitrogen) 
and co-cultured for 72 h with 50 ng ml−1 of cytokines (IL-2, IL-7, IL-12 p70, 
IL-15–IL-15R complex and IL-18).

In vivo blockade of NKG2D and cytokines
For prevention studies, mice were administered treatment starting 
on the day of AT. Mice received an intraperitoneal injection of mono-
clonal anti-NKG2D (200 μg in 100 μl; HMG-2D; BioXCell), monoclonal 
anti-IL-12 (500 μg in 100 μl; R2-9A5; BioXCell), anti-IL-15 monoclonal 
antibody (200 μg in 100 μl; TM-β1; BioLegend), anti-IL-18 monoclonal 
antibody (200 μg in 100 μl; YIGIF74-1G7; BioXCell) or control rat IgG 
(200 μg in 100 μl PBS; LTF-2; BioXCell) two times weekly for 12 weeks. 
Hair status was examined twice weekly.

In vitro lactate dehydrogenase release assay
Lactate dehydrogenase (LDH) release assay to measure cytotoxicity 
was performed using the following effector cells: AA CD44s-hicells, AA 
TVM cells and AA TN cells sorted from SDLNs. These effector cells were 
co-cultured at a 20:1 E:T ratio with YAC-1 cells (which express NKG-
2DLs, such as H60 and Rae-1) as target cells. For the blocking experi-
ment, before YAC-1 exposure, the effector cells were pre-incubated 
for 30 min with 10 μg ml−1 anti-NKG2D (HMG-2D; BioXCell) or isotype 
antibody (LTF-2; BioXCell). YAC-1 cells co-cultured with different effec-
tor cells were incubated for 24 h at 37 °C and 5% CO2. LDH activity in the 
cell supernatants was assessed using an LDH Cytotoxicity Assay Kit II 
(ab65393; Abcam).

ELISA
The mice were euthanized using CO2 overdose, and their skin was col-
lected and washed twice with 1 ml PBS. Next, 0.2-mg samples of skin 
were collected and homogenized using a Precellys 24 tissue homog-
enizer and beads (Bertin Instruments) for skin lysates. The indicated 
cytokines were detected by sandwich ELISA, and the concentrations 
were calculated by standard curves using the IL-12, IL-15–IL-15R complex 
and IL-18 ELISA kits (Invitrogen) with duplicated samples.

Quantitative real-time PCR
To measure the expression levels of Nr4a1, Nr4a2 and Nr4a3, mice were 
euthanized at 4, 6 and 8 weeks after AT, and total RNA was extracted 
from CD44+/s-hiCD49dlo CD8+ T cells using TRIzol reagent, according to 
the manufacturer’s instructions. The first complementary DNA (cDNA) 
strand of the entire RNA template was synthesized using Prime Script 
RT Master Mix (Takara). The mRNA expression was quantified using 
qPCR 2X PreMIX SYBR (Enzynomics) and normalized to the housekeep-
ing gene GAPDH using a CFX-96 thermocycler (Bio-Rad). We calculated 
the fold change in expression using the comparative CT method (ΔΔCT 
method). The following primers were used: GAPDH-F, GAAGGTCGGT 
GTGAACGGA; GAPDH-R, GTTAGTGGGGTCTCGCTCCT15; Nr4a1-F, TGT 
GAGGGCTGCAAGGGCTTC; Nr4a1-R, AAGCGGCAGAACTGGCAGCGG; 
Nr4a2-F, CTGTGCGCTGTTTGCGGTGAC; Nr4a2-R, CGGCGCTTGTC 
CACTGGGCAG; Nr4a3-F, AGGGCTTCTTCAAGAGAACGG; and Nr4a3-R, 
CCATCCCGACACTGAGACAC34.

Immunofluorescence analysis and immunohistochemistry
For immunofluorescence studies of mouse skin, skin tissues from 
the abdominal region were fixed with 4% paraformaldehyde in PBS, 
and then cryoprotected in 30% sucrose in PBS at 4 °C overnight with 
rotating. Fixed tissues were embedded in OCT compound, and embed-
ded skin tissues were sectioned sagittally (15-μm-thick) on a Leica 
CM1850 cryostat. Skin tissues were blocked and permeabilized with 
blocking solution (5% normal donkey serum, 3% BSA and 0.1% Triton 
X-100 in 0.1 M PBS) for 1 h at RT, followed by overnight incubation at 
4 °C with primary antibodies diluted in the blocking solution. Tissues 
were immunostained using the following antibodies: anti-IL-12 (Inv-
itrogen, 9A5, MM120), anti-IL-15 (R&D systems, polyclonal, AF447), 
anti-IL-18 (Abcam, EPR22249-212, ab223293), anti-CD45 (R&D sys-
tems, polyclonal, AF114) and anti-CK14 (Abcam, ERP17350, ab181595). 
After washing, secondary antibodies diluted in blocking solution were 
applied to the sections for 1 h at RT in the dark. Secondary antibodies 
were Alexa Fluor 488-, Alexa Fluor 594- or Alexa Fluor 647-conjugated 
donkey anti-rat, donkey anti-rabbit and donkey anti-goat ( Jackson 
ImmunoResearch). Nuclei were visualized by incubation for 15 min 
with 10 μg ml−1 trihydrochloride (Hoechst 33342, Invitrogen) in 0.1 M 
PBS. Stained sections were mounted with 2.5% PVA/DABCO mounting 
media and analyzed.

For immunofluorescence studies of human skin, 5 μM 
formalin-fixed and paraffin-embedded skin sections were used. After 
heat-induced antigen retrieval with sodium citrate solution (pH 6.0) 
or Tris-EDTA solution (pH 9.0) at 95 °C for 20 min, and then 20 °C for 
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20 min, skin sections were stained following the same protocol as for 
mouse skin tissue but using the following primary anti-human anti-
bodies: anti-IL-12 (Abcam, polyclonal, ab124635), anti-IL-15 (Abcam, 
3A3, ab55276), anti-IL-18 (Abcam, polyclonal, ab191152), anti-CD8 
(Bio-Rad, YTC182.20, MCA351G), anti-NKG2A (R&D Systems, 131411, 
MAB1059-100) and anti-KIR2DL (Abcam, EPR22492-64, ab255327). 
Secondary antibodies were Alexa Fluor 488-, Alexa Fluor 594-, or Alexa 
Flour 647-conjugated donkey anti-rat, donkey anti-rabbit, donkey 
anti-mouse and donkey anti-goat ( Jackson ImmunoResearch). All 
images were captured using an A1 HD25 Nikon confocal microscope.

For immunohistochemistry studies of mouse skin, 10% neutral 
buffered formalin-fixed and paraffin-embedded skin sections with a 
thickness of 5 μm were used. The lesion area of the test animal tissue 
was fixed in 10% neutral buffered formalin at the end of the experiment. 
After step-by-step dehydration using ethanol solution (starting from 
a low concentration to high concentration), paraffin blocks were pre-
pared. Each tissue block was cut to a thickness of 5 μm for attachment 
to the slide, and each tissue slide was deparaffinized with xylene and 
dehydrated using ethanol. After the deparaffinization and rehydra-
tion step, antigen retrieval was carried out for 15 min at 90 °C using 
Tris-EDTA HIER Solution (pH 9.0; Scytek Laboratories, TES999) and 
a water bath. Skin tissues were blocked using BLOXALL Endogenous 
Blocking Solution (Vector Laboratories, SP-6000) for 10 min at RT. 
Primary staining and DAB staining was performed using the ImmPRESS 
horseradish peroxidase horse anti-goat IgG polymer detection kit 
(Vector Laboratories, MP-7405), antibody diluent solution (GBI Labs, 
E09-300) and anti-Rae-1 (R&D systems, polyclonal, AF1136) according 
to the manufacturer’s recommendations. After washing, DAB staining 
was performed using the ImmPACT DAB Substrate (Vector Laborato-
ries, SK-4105) according to the manufacturer’s recommendations. 
Stained sections were dehydrated and mounted in MM 24 mounting 
media (Leica, 3801120). All stained mouse tissue slides were imaged 
using a slide scanner (Pannoramic MIDI; 3DHISTECH) and observed 
using Case Viewer software.

Bulk RNA-seq and transcriptome analysis
Skin and SDLN single-cell suspensions were generated by pooling 
samples from three or four mice. Total CD8+ T cells were sorted using a 
CD8α+ T cell isolation kit (Miltenyi Biotec), and AA cells were enriched 
using a FACS Aria II cell sorter. All sorted samples had >97% purity, and 
QuantSeq 3′ mRNA sequencing was performed. The RNA was extracted 
from sorted cells preserved in TRIzol reagent (Invitrogen) and qual-
ity assessed using the 2100 Bioanalyzer System (Agilent). Library 
generation and amplification were performed using the QuantSeq 3′ 
mRNA-Seq Library Prep Kit (Lexogen). Single-end 75-bp sequencing was 
performed using Illumina NextSeq 500. After trimming at cutoff Q20 
using BBDuk, the sequences were aligned to the mm10 mouse reference 
genome from UCSC using Bowtie2. The read counts were calculated 
by Bedtools and normalized using DESeq2 (version 1.26.0) considering 
the sequencing depth and gene composition. Differentially expressed 
genes were selected according to cutoff adjusted P values < 0.05 and 
|log2 fold change| > 2. GSEA was performed using clusterprofiler with 
GO biological process gene sets, immunological signatures from 
MSigDB, and the specific gene sets from BIOCARTA_TCR_PATHWAY, 
TRM gene set24 and GOLDRATH_EFF_VS_MEMORY_CD8_T CELL35.

TCR sequencing
The isolated RNA (RNeasy Micro Kit with DNase Treatment, Qiagen) 
was amplified using a commercially available multiplex primer mix 
covering the TCRβ chain (iRepertoire).

Amplified libraries were multiplexed and pooled for sequencing 
on the Illumina MiSeq platform using a 600-cycle kit and sequenced as 
300-bp paired-end reads. The output of the immune receptor sequence 
covered from within the second framework region through the begin-
ning of the constant region, including complementary determining 

region (CDR) 2 and CDR3. Raw sequencing data were analyzed using 
the iRmap36,37. Briefly, sequence reads were de-multiplexed according 
to Illumina dual indices incorporated during the amplification process 
and barcode sequences at the 5′ ends of reads from the constant region. 
Next, the reads were trimmed according to their base qualities using a 
2-base sliding window. If either quality value in this window was <20, the 
sequence stretching from the window to the 3′ end was trimmed out 
from the original read. Trimmed pair-end reads were joined together 
through overlapping alignment using a modified Needleman–Wunsch 
algorithm. If paired forward and reverse reads in the overlapping region 
were not perfectly matched, both the forward and reverse reads were 
thrown out without further consideration. Applying a Smith–Waterman 
algorithm, the merged reads were mapped to germline V, D, J and C ref-
erence sequences using an IMGT reference library. To define the CDR3 
region, the positions of the CDR3 boundaries of reference sequences 
from the IMGT database were migrated onto reads through mapping 
results, and the resulting CDR3 regions were extracted and translated 
into amino acids. The clonotype landscape was analyzed using the 
immunArch R package version 0.6.5 (ref. 38) and iRweb (iRepertoire). 
To analyze TCR repertoire similarity, we also analyzed CDR3 elements 
using the Morisita–Horn similarity index.

CITE-seq
Barcoded single-cell 30 cDNA libraries were generated for each sample 
pool from FACS-sorted CD45+ single-cell suspensions from the different 
samples using the Chromium Single Cell 3′ Gel Bead and Library Kit v2 
(10x Genomics) following the manufacturer’s instructions.

The purified libraries were quantified using qPCR following the 
qPCR Quantification Protocol Guide (KAPA) and assessed for quality 
using the Agilent Technologies 4200 TapeStation. Next, the libraries 
were sequenced using the HiSeqXten platform (Illumina) according 
to the read length in the user guide. Libraries were constructed and 
sequenced at a depth of approximately 60,000 reads for each cell. 
We used the Cell Ranger v3.1.0 (10x Genomics) pipeline to generate 
FASTQ files from raw sequencing data, for gene expression analysis of 
5′ gene expression library data, and for cell surface protein expression 
analysis of the feature barcode libraries. Illumina basecall files from the 
Illumina sequencing instrument were converted to FASTQ format for 
each sample using the ‘mkfastq’ command.

Gene expression and feature barcode libraries were analyzed 
using the ‘count’ command. The sequencing reads of gene expression 
libraries were aligned to the mm10-3.0.0 reference genome using 
STAR (v2.5.1b) aligner. The reads of the feature barcoded libraries 
were matched to the target feature barcode reference. Next, gene and 
cell surface protein expression profiling were performed in each cell 
using the information on the unique molecular identifier and 10x cell 
barcode. The cells were then grouped into clusters according to their 
gene expression.

The following analysis was performed using the Scanpy v1.6.1 
package in Python and Seurat package v4.0.2 in R. After generating the 
feature barcode matrix, we discarded cells that expressed <500 genes 
and genes that were not expressed in any cells. To exclude low-quality 
cells from our data, we filtered out the cells expressing mitochon-
drial genes in >10% of their total gene expression. In addition, using 
predicted doublet scores calculated with the Scrublet v0.2.3 package 
in Python, potential doublets were removed. For each cell, the gene 
expression was normalized based on the total and log-transformed read 
count. Next, batch correction was performed using Harmony v0.0.5 in 
Python. With this batch-corrected data, weighted nearest-neighbor 
analysis by Seurat v4.0.2 in R was executed using both weighted RNA 
and antibody data to generate clusters. Visualization was achieved 
using uniform manifold approximation and projection. Dot plots and 
feature plots were created using Scanpy v1.6.1 in Python. Monocle 2 
was used to order and plot cells across the 4,097 cells comprising the 
clusters of CD8+ naive T cells, TVM cells and Klrk1+CD8+ T cells16.
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Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 8)  
and R software (version 3.6.2; R Foundation for Statistical Comput-
ing). All data are the mean ± s.d. Significance was assessed using  
P values calculated by the Wilcoxon matched pairs signed-rank test, the  
Mann–Whitney test and the log-rank (Mantel–Cox) test. Data distribu-
tion was assumed to be normal but this was not formally tested.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
RNA-seq data generated in this study have been deposited in the Gene 
Expression Omnibus under accession code GSE229631. Source data are 
provided with this paper. All other data that support the findings of this 
study are present in the article and Supplementary files or are available 
from the corresponding author (S.-H.P.) upon reasonable request.

Code availability
All the custom codes used in this study are available from the corre-
sponding author (S.-H.P.) upon reasonable request.
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Extended Data Fig. 1 | CD44s-hiCD49dlo CD8+ T cells are exclusively found  
in AA SDLNs, and CD44s-hiCD49dlo CD8+ T cells from skin exhibit higher 
expression of genes relevant for cell motility and inflammatory response 
compared to CD44s-hiCD49dlo CD8+ T cells from SDLNs. a, The proportion  
of CD44highCD49dlo CD8+ T cells in SDLN CD8+ T cells (n = 16, naive; n = 29, AA). 
b, CD44s-hiCD49dlo CD8+ T cells were nearly absent in the spleens, liver, and skin 
non-draining mesenteric lymph nodes of alopecic mice (n = 5, liver; n = 4, others). 
c, Heatmap of differentially expressed genes (DEGs) in CD44s-hiCD49dlo  
CD8+ T cells from SDLNs relative naive TN cells, naive TVM cells, and AA TVM 

cells (pairwise comparison). Numbers in overlapping regions indicate gene 
transcripts shared by the overlapping DEG, whereas numbers in non-overlapping 
regions indicate unique DEGs to each cell subset. d, e, Heatmap of DEGs  
from skin CD44s-hiCD49dlo CD8+ T cells compared to SDLN CD44s-hiCD49dlo  
CD8+ T cells (d) and enriched GO biological process gene sets (padj < 0.05) 
(e). Data were acquired from AtAA mice. mLN, mesenteric lymph node. Data 
are presented as mean values ± SD. A Mann-Whitney test was performed 
for comparisons between two groups. All tests were two sided. *P < 0.05, 
****P < 0.0001.
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Extended Data Fig. 2 | CD44s-hiCD49dlo CD8+ T cells had high enrichment of 
genes related to T-cell effector functions. a, Heatmap of the gene set33. b, GSEA 
confirmed that CD44s-hiCD49dlo CD8+ T cells exhibited significant enrichment of 
the effector CD8+ T cell gene set33 compared to TVM cells from naive or AA mice 

and TN cells from naive mice. GSEA was performed for pairwise comparison 
between two groups. All tests were two sided. Data were acquired from AtAA 
mice. SDLN, skin draining lymph node; NES, normalized enrichment score.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Single-cell RNA-seq of CD45+ cells from the skin and 
SDLNs of AA and naïve mice. a, UMAP visualization of CD45+ cell clusters 
detected in skin and SDLNs from AA and naive mice. b, UMAP visualization of 
cellular subsets obtained by ADT-labeling of the integrated CITE-Seq. c, CD44  
and CD62L of ADT-labeling in CD8+ T cells. Overlays of CD44s-hiCD49dlo  
CD8+ T cells, TVM cells, TTM cells, and TN cells on total CD8+ T cells with 

effector memory T cell and central memory T cell gating (CD44hiCD62Llo and 
CD44hiCD62Lhi, respectively) in flow cytometric analysis. d, Different CD3+ T-cell 
clusters and their gene expression levels, with brightness indicating average 
expression and circle size indicating the percent expression. Data were acquired 
from AtAA mice.

http://www.nature.com/natureimmunology


Nature Immunology

Article https://doi.org/10.1038/s41590-023-01547-5

Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Conventional memory CD8+ T cells primed by skin 
infection do not contribute to the induction of CD44s-hiCD49dlo CD8+ T cells. 
a, Experimental scheme for testing whether skin infection could contribute 
to the induction of AA. After 4 weeks of vaccinia virus (VV) infection by skin 
scarification, VV-infected mice (VV-AT) or naïve mice (Control-AT) were induced 
AA by adoptive transfer method. b,c, Representative flow cytometry plots (b) 
and the proportion of true memory (TTM) T cells in CD8+ T cells 7 days post-VV 
infection (n = 3) (c). d, Disease free ratio between the VV-AT (n = 8), the control-

AT (n = 10), and the historical control group (n = 74). e, Representative flow 
cytometry plots of CD8+ T cells after 12 weeks of adoptive transfer. f, Frequency 
of each cell populations in CD8+ T cells (n = 7, Control-AT; n = 5, VV-AT). g, gMFI 
of the NKG2D level in each cell population (n = 7, Control-AT; n = 5, VV-AT). 
Data are presented as mean values ± SD. A Log-rank (Mantel-Cox) test was used 
for comparison of survival curves. A Mann-Whitney test was performed for 
comparisons between two groups. All tests were two sided.
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Extended Data Fig. 5 | CD44s-hiCD49dlo CD8+ T cells are not generated by 
antigen-driven expansions. a, Experimental scheme for evaluating the 
proportion of CD44s-hiCD49dlo CD8+T cells during the AA induction process  
in vitro (6 days) and in vivo ( > 6 weeks). b, The expressions of Nr4a1, Nr4a2 and 
Nr4a3, which are upregulated by TCR signalling, in the SDLNs of adoptively 

transferred C3H mice, measured by real-time PCR at 4 weeks after AT (before AA 
induction) and at a time-point post-AA onset (n = 4, naïve control; n = 3, naïve 
+ α-CD3; n = 5 (n = 4 in Nr4a2), W4; n = 7, Post-AA). Data are presented as mean 
values ± SD.
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Extended Data Fig. 6 | CD44s-hiCD49dlo CD8+ T cells originate from TVM cells, 
not TN cells. a, Representative flow cytometry plots of in vitro TN cell stimulation 
with various cytokines. b, Flow cytometric analysis of SDLNs from cultured naïve 

TN and TVM cell-adopted mice (n = 5 mice per group). The proportion of CD44s-

hiCD49dlo cells in CD8+ T cells (closed square = AA developed mouse). Data are 
presented as mean values ± SD.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | TVM cells may play a crucial role in human AA 
pathogenesis. a, IL-12, IL-15, and IL-18 staining of hair follicles from a healthy 
volunteer and AA patient (n = 3 independent samples). Scale bars, 100μm.  
b, UMAP visualization of CD45+ cell clusters detected in skin from AA patients 
and healthy volunteers. c, Different CD3+ T-cell clusters and their gene expression 
levels, with brightness indicating average expression and circle size indicating 
the percent expression. d, CD8, pan-KIR2DL + KIR2DS, and NKG2A staining 

of hair follicles from a healthy volunteer and AA patient (n = 3 independent 
samples). Scale bars, 50μm. e, f, PBMC CD8+ T cells from healthy doners (n = 10) 
and patients with AA (n = 10) were analyzed by flow cytometry. The percentage 
of CD45RA+KIR+NKG2A+ cells among CD8+ T cells (e) and expression level of 
NKG2D in TVM cells (f). Data are presented as mean values ± SD. Between-group 
comparisons were made using the Mann-Whitney test. All tests were two sided.
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Extended Data Fig. 8 | CD44s-hiCD49dlo CD8+ T cells from skin exhibited 
residential features. a, Heatmap of the gene expression according to the TRM 
gene set24. b, GSEA confirmed that skin CD44s-hiCD49dlo CD8+ T cells exhibited 
significant enrichment of the TRM gene set24 compared to CD44s-hiCD49dlo CD8+ 

T cells and TVM cells from SDLNs. GSEA was performed for pairwise comparison 
between two groups. All tests were two sided. Data were acquired from AtAA 
mice. NES, normalized enrichment score.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | CD44s-hiCD49dlo CD8+ T cells exhibit activation in a  
TCR-independent manner and enhanced proliferation capacity compared  
to other cell populations. a-c, Following cytokine stimulation, various cells 
from SDLNs were incubated for 48 h and flow cytometric analysis performed 
(50 ng/ml IL-2, 50 ng/ml IL-7, 50 ng/ml IL-12, 50 ng/ml IL-15, or 50 ng/ml IL-18). 
a, The percentage of GzmB+ and perforin+ cells in AA and naïve TVM cells, 
respectively (n = 16, AA TVM; n = 17, naïve TVM). b, The percentage of IFNγ+ cells 
(n = 11, AA TVM; n = 8, naïve TVM) and TNF+ cells in AA TVM cells and naive TVM cells 
(n = 11, AA TVM; n = 12, naïve TVM). c, Comparison of the percentage of GzmB+ 
cells, perforin+ cells, IFNγ+ cells, and TNF+ cells among each cell population in the 

presence of IL-15 (n = 12, naïve; n = 11, AA) or IL-12/18 (n = 8, naïve TVM IFNγ+; n = 12, 
naïve TVM TNF+; n = 11, AA). d, e, Following cytokine stimulation, various cells from 
SDLNs were incubated for 96 h. Representative flow cytometry plot of CTVlow 
cells (d) and the percentage of CTVlow cells in AA TVM cells (n = 7) and naïve  
TVM cells (n = 4) (e). f, gMFI of NKG2D in each cell population (n = 4, AA TVM; n = 4, 
naïve TVM). g, Comparison of the gMFI of NKG2D among each cell population 
without stimulation or in the presence of IL-15 (n = 4 per group). Data were 
acquired from AtAA mice. Data are presented as mean values ± SD. A Mann-
Whitney test was performed for comparisons between two groups. All tests were 
two sided. ****P < 0.0001.
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