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Introduction
Alopecia areata (AA) is one of  the most common autoimmune diseases, yet the pathogenesis underlying 
AA is incompletely understood. T cells are considered the main pathogenic cells underlying this nonscarring 
form of  hair loss, supported by their infiltration into the hair follicle microenvironment during the course 
of  disease (reviewed in ref. 1). In addition, adoptive transfer studies have demonstrated the ability of  T cells 
to precipitate AA, both in the C3H/HeJ mouse model and in SCID mice grafted with human scalp (2–4).

The normal anagen hair follicle expresses little or no MHC class Ia and no MHC class II molecules and 
is considered to be a site of  relative local immune privilege (5, 6). We and others have shown that, in active 
AA lesions, the hair follicle loses its immune privilege and expresses antigen-presenting molecules, rendering 
it vulnerable to MHC-restricted T cells (7, 8). Further, NKG2D ligands (e.g., ULBP3 and MICA in humans; 
Rae-1 and H60 in mice) are upregulated in the hair follicle during active disease, where these ligands provide 
a stimulatory signal to NKG2D-expressing T cells and NK cells (8, 9).

Recently, using functional adoptive transfer models, we identified the predominant effector T cell popula-
tion in the C3H/HeJ mouse model of  AA, specifically, lymph node– and skin-infiltrating CD8+NKG2D+ 
T cells (8). This was consistent with our human GWAS studies, in which we identified a strong association 
between polymorphisms in the ULBP family of  genes encoding NKG2D ligands (ULBP3/6) and AA (9, 10).

Despite these recent insights in the phenotype of  pathogenic effector T cells in AA, the question 
remains as to whether these T cells are driven by specific antigen recognition. Unlike other genetically relat-
ed autoimmune diseases, including autoimmune diabetes, thyroiditis, and rheumatoid arthritis, in which 
autoantigens and T cell epitopes have been described (11–14), in AA, the exact role of  putative hair follicle–
derived antigen recognition in the disease process is unknown. Although potential hair follicle autoantigens 
have been proposed in AA (15–21), it is not clear if  the disease process is dependent on recognition of  these 
(or other) antigens by infiltrating T cells.

Alopecia areata (AA) is an autoimmune disease in which cytotoxic T cells specifically target 
growing hair follicles. We used high-throughput TCR sequencing in the C3H/HeJ mouse model 
of AA and in human AA patients to gain insight into pathogenic T cell populations and their 
dynamics, which revealed clonal CD8+ T cell expansions in lesional skin. In the C3H/HeJ model, 
we observed interindividual sharing of TCRβ chain protein sequences, which strongly supports a 
model of antigenic drive in AA. The overlap between the lesional TCR repertoire and a population 
of CD8+NKG2D+ T cells in skin-draining lymph nodes identified this subset as pathogenic effectors. 
In AA patients, treatment with the oral JAK inhibitor tofacitinib resulted in a decrease in clonally 
expanded CD8+ T cells in the scalp but also revealed that many expanded lesional T cell clones do 
not completely disappear from either skin or blood during treatment with tofacitinib, which may 
explain in part the relapse of disease after stopping treatment.
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Advances in high-throughput sequencing of  T cell receptors) have transformed our ability to define 
the entire TCR repertoire in AA and provide a powerful technology to track T cell clones quantitatively 
on both a global and clonal basis. These novel methods have enabled the assessment of  the T cell recep-
tor diversity of  any given T cell population (e.g., skin resident, total, or T cell subsets in blood) and have 
allowed the identification and quantification of  unique T cell clones among heterogeneous populations. 
Since mature T cells only express one TCR β chain protein due to allelic exclusion, TCR β chain sequences 
provide a molecular fingerprint of  the repertoire T cell clones (22).

Importantly for AA, TCR sequencing allows us to study the dynamics of  the TCR repertoire without a 
priori knowledge of  the antigen(s) that are recognized. The analysis of  TCR diversity and dynamics of  the 
effector T cell populations in AA invited us to ask whether AA is an antigen-driven process and to monitor 
pathogenic T cell populations in relation to the onset of  hair loss. In this study, we used next-generation 
sequencing of  the TCRβ repertoire in the C3H/HeJ mouse model of  AA and in human AA patients to 
interrogate TCR dynamics during the development of  AA and in response to treatment with the pan-JAK 
inhibitor tofacitinib. Our studies illustrate the utility of  high-throughput TCR-sequencing data as an inves-
tigative and predictive tool in autoimmunity.

Results
Expanded effector T cell clones in alopecic skin overlap with the CD8+NKG2D+ T cell population. The C3H/HeJ 
mouse model of  AA closely resembles human AA, insofar that the disease is T cell dependent, reversible, 
and shows an upregulation of  IFN-γ–related genes in affected skin (8, 23, 24). Due to the low frequency 
with which C3H/HeJ mice spontaneously develop disease (15% of  females) and the protracted time course 
in which hair loss is achieved (9–12 months), we utilized the well-established skin graft–induced C3H/HeJ 
model of  AA (23). In graft-induced C3H/HeJ mice, skin grafts from spontaneously affected C3H/HeJ 
mice are transplanted onto the backs of  unaffected C3H/HeJ mice, resulting in nearly 100% of  recipient 
mice developing disease within an accelerated time frame of  approximately 6–8 weeks (23).

Our prior studies using adoptive T cell transfer of  skin-draining lymph node cells showed that 
CD8+NKG2D+ T cells were both necessary and sufficient for T cell–mediated transfer of  AA (8). To deter-
mine if  the skin-infiltrating pathogenic T cell clones shared specificities with the CD8+NKG2D+ T cell sub-
set, we first sorted CD8+ T cells from skin-draining lymph nodes from a mouse with graft-induced AA into 
NKG2D– and NKG2D+ subsets and compared the TCRβ repertoire from these subsets to the TCRβ reper-
toire from affected skin. Sequencing results showed that the most abundant clones in lesional skin (>0.1% 
of reads, 52 clones), overlapped almost completely with those in the CD8+NKG2D+ fraction, whereas only 
a few sequences overlapped with the CD8+NKG2D– T cell fraction (Figure 1A), supporting the notion that 
CD8+NKG2D+ T cells contain the pathogenic effector cells in AA.

We next sorted T cells from skin-draining lymph nodes from a mouse with spontaneous AA to determine if  
spontaneously occurring AA would show similar features. We obtained affected skin samples from 3 nonadjacent 
sites and sorted skin-draining lymph node T cells into 4 subsets, 1 total CD4+ T cell population and 3 CD8+ T 
cell populations, based on their expression of the NKG2A, NKG2C, NKG2D, and NKG2E NK receptors (8). 
TCRβ sequencing showed that (a) nonadjacent lesional skin sites harbor the same expanded T cell clones and (b) 
these expanded clones correspond to the population of lymph node–derived CD8+NKG2D+ T cells, since 26 of  
29 sequences that overlapped between skin and draining lymph nodes (>0.1% of reads) were uniquely detected 
in the this CD8+ subset (Figure 1B). These results complement our previous finding that CD8+NKG2D+ T cell 
clones represent the abundant infiltrating effector T cell population in AA skin (8) by additionally showing that 
these infiltrating effectors are oligoclonal and contain markedly expanded T cell clones.

TCRβ repertoire analysis of  LN CD8+ fractions that were sorted based on NK cell receptors further 
demonstrated that there was very limited overlap between the NKG2D– and NKG2D+ CD8+ T cell popula-
tions (Figure 1C), supporting the notion that NKG2D is not merely an activation marker on CD8+ T cells 
in AA, but rather defines a separate CD8 T cell repertoire with distinct TCRs and specificities. Further, this 
analysis demonstrates that cross-referencing TCR repertoires between affected tissue and circulating T cell 
subsets is an effective method to identify the T cell subset(s) in which pathogenic T cells reside.

The majority of  expanded T cell clones in recipient lesions are newly primed T cells. In the C3H/HeJ mouse 
model of  AA, the hair loss initially appears on the ventral abdomen and thoracic regions, distant from 
the graft site on the dorsal back. The mechanism by which the graft induces hair loss at these distant skin 
sites (rather than spreading by extension into neighboring skin) remains unknown. There are at least two 
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nonmutually exclusive scenarios by which this may occur, and high-throughput TCR sequencing enables 
the distinction between the two models. In the first scenario, pathogenic donor T cells present in the 
grafted skin could drain to the lymph nodes, enter the circulation, and home to unaffected skin where they 
induce hair loss. In the second scenario, newly primed recipient T cells are the main pathogenic effectors, 
which may be primed by either donor or recipient antigen-presenting cells. In this model, damaged hair 
follicles in the skin graft could provide a source of  autoantigens and danger signals. In the first scenario, 
we predicted that T cell clones from the donor skin graft would expand in the new lesions in the recipient, 
whereas in the second scenario, we expected that the expanded T cell clones in the new lesions would be 
unique to the recipient (i.e., not detected in the donor skin graft). To determine which of  the two scenarios 
occurs, we performed high-throughput TCRβ sequencing on affected skin from a donor mouse with spon-
taneous alopecia (2 nonadjacent sites) and on newly developing alopecic lesions from 5 recipient mice that 
had been grafted with the same affected donor’s skin.

Figure 1. Expanded clones in affected skin are predominantly NKG2D+CD8+ T cells. Skin-draining lymph node cells 
from a C3H/HeJ mouse with graft-induced AA were sorted by flow cytometry into CD8+NKG2D– and CD8+NKG2D+ 
fractions. TCRβ chains of the sorted CD8+ T cell fractions as well as from the affected skin were sequenced by 
high-throughput sequencing. TCRβ sequences that represented >0.1% of the sequences in the affected skin and 
the frequencies of these sequences in the lymph node subsets are depicted as heatmaps (A). Skin-draining lymph 
node cells from a C3H/HeJ mouse with spontaneous AA were sorted into total CD4+ T cells, CD8+NKG2ACE–NKG2D–, 
CD8+NKG2ACE+NKG2D–, and CD8+NKG2ACE+NKG2D+. TCRβ chains of the sorted T cell fractions as well as 3 lesional skin 
sites (a, b, c, nonadjacent) were sequenced by high-throughput sequencing. TCRβ sequences that represented >0.1% 
of the sequences in the affected skin sites and the frequencies of these sequences in the lymph node subsets are 
depicted as heatmaps (B). Overlap between TCRβ sequences from the CD8+ T cell populations from skin-draining lymph 
nodes are depicted in a Venn diagram (C).
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Three-dimensional histograms of  the TCR variable and joining region usage suggested marked clonal 
expansions in affected skin of  both donor and recipients (Figure 2A). Plots comparing the TCR CDR3β 
nucleotide sequences between lesional donor skin and individual new recipient lesions revealed that a frac-
tion of  donor TCRs was detected (at lower frequencies) in recipient skin (Figure 2B). However, the high-
frequency clones in the recipient lesions did not overlap significantly with those in the donor skin. Rather, 
the majority of  the high-frequency sequences were unique to the recipient (Figure 2B). Overall, between 
2.5% and 8.4% of  the TCR sequences in the new lesions of  recipients were also detected in the donor skin. 
Taken together, our TCR-sequencing data is most consistent with the second model, in which the induction 
of  alopecia through skin grafting involves a process in which a new T cell response originates primarily 

Figure 2. The majority of expanded T cell clones in recipient lesions are newly primed T cells. Skin from a donor with spontaneous AA (donor 1) was grafted 
onto 5 recipient mice, which subsequently developed AA. The TCRβ repertoire of donor skin and new lesions in recipients was sequenced and plotted as a 3D 
histogram of variable versus joining region genes versus number of reads (counts) (A). The percentages of all detected TCRβ sequences in donor and recipient 
skin samples were plotted, showing sequences shared between donor and recipient (percentage shared [blue]), sequences unique to donor (percentage on y 
axis [green]), and sequences unique to recipient (percentage on x axis [red]). The most expanded clones from the donor skin are detected at lower frequencies 
in recipient lesions (top left quadrant), and the most expanded clones in the recipient lesions are primarily unique to the recipient (bottom right quadrant, red 
circle) (B). The percentage of donor sequences present in new recipient lesions is indicated (Overlap).
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from endogenous (recipient) nontransferred T cells. It is important to note, however, that a role for donor  
T cells transferred through the skin graft is not excluded in the initiation of  this process.

T cell clonal expansion coincides with the onset of  hair loss. Although several publications have suggested 
an antigen-driven process in AA (15–17, 19), the role of  antigen recognition in the process of  hair follicle 
destruction by T cells has remained undefined. High-throughput TCR sequencing enabled us to investigate 
this question, since both an increase in clonally expanded T cells specifically coinciding with the onset of  
hair loss and shared TCR sequence CDR3β regions between affected mice would support the notion of  an 
antigen-driven component of  the disease.

To determine the kinetics of  clonal expansion, we analyzed the TCRβ repertoire of  the skin of  2 recipi-
ent mice at baseline (t = 0) and 3 and 6 weeks after grafting (Figure 3A). For each sample, we determined 
the overall clonality, which is an inverse measure of  T cell repertoire diversity, with 0 representing a diverse 
repertoire (lowest clonality) and 1 representing a clonal repertoire (highest clonality). The results showed 
that the clonality was lowest in the recipients at time points 0 and 3 weeks, when the mice do not yet display 
hair loss. However, at 6 weeks there was a sharp increase in clonality, coincident with the time point at 
which the mice begin to exhibit loss of  hair. Lesional skin samples from mice with longstanding alopecia 
showed similar levels of  clonality as those with early-stage disease (8–10 weeks) (Figure 3B), depicted in 
a separate set of  lesional skin samples from 2 donor mice with longstanding alopecia (2 and 3 skin sites, 
respectively, per mouse) and 5 early-stage skin graft recipients (1 skin site each).

The sudden increase in clonality between week 3 and 6 after grafting is likely the result of  expanded 
pathogenic T cell clones infiltrating the skin just prior to disease onset. Analysis of  the dominant TCRβ 
sequences in the recipients at 6 weeks after grafting showed that the majority of  expanded T cell clones (top 
100) in the skin at week 6 were not present at week 0 or 3, although, in recipient 1, several clones started 
to appear at week 3 (Figure 3C) This is consistent with the notion that expanded pathogenic T cell clones 
enter the skin between week 3 and 6 and that the process of  hair loss coincides with an influx of  expanded T 
cell clones that differ from the repertoire in unaffected skin. Of  note, in affected animals with longstanding  

Figure 3. T cell clonal expansions coincide with hair loss. Skin biopsies were taken from C3H/HeJ recipient mice at time of skin grafting t = 0 and 3 and 
6 weeks after grafting, and the TCRβ chains were sequenced by high-throughput sequencing. The clonality (defined by 1 minus the normalized entropy) 
is plotted for recipient (n = 2) skin at the 3 different time points. *P < 0.05, 2-tailed Student’s t test (A). Clonality of affected skin samples from 2 donors 
with longstanding alopecia and from affected skin samples from 5 recipients with recent-onset, graft-induced alopecia. Statistical analysis was performed 
with 1-way ANOVA (B). The frequencies of the 100 most dominant TCRβ sequences in affected skin from 2 recipient mice at week 6 were determined at 
week 0 and 3. The frequencies are depicted as heatmaps (C).
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alopecia, the TCR repertoire was the largely similar throughout the affected skin, as evidenced by the 
presence of  the same expanded clones in nonadjacent skin sites (Figure 1B and Supplemental Figure 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.121949DS1). 
Overall, the appearance of  expanded T cell clones at affected skin sites around the time of  hair loss sup-
ports a role for an antigen-driven process in the development of  disease.

Identical and near-identical TCRβ amino acid sequences in AA skin. The CDR1, CDR2, and CDR3 regions 
of  the TCR α and β chains interact with the composite surface of  MHC-antigen complexes. The highly vari-
able CDR3 region, which is generated through VDJ recombination, is the most important contributor to 
this interaction, since it primarily interacts with the peptide antigen (reviewed in ref. 25). Identical or highly 
similar CDR3α or CDR3β chains are occasionally observed between individuals who have been exposed to 
the same antigen and who share HLA-allele(s) (26). If  AA is indeed an antigen-driven disease, we would 
expect to observe identical or similar TCRs in affected skin of  individual C3H/HeJ mice.

In our initial analysis of  alopecic skin of  C3H/HeJ mice, we found that relatively few identical nucleo-
tide sequences were shared among individual mice. However, since distinct CDR3 nucleotide sequences 
(generated by distinct VDJ recombinations) can encode identical CDR3 amino acid sequences, we next 
determined the shared CDR3β amino acid sequences that were present among expanded clones in affect-
ed skin of  individual animals (sequences that were present >0.05% in unaffected skin were excluded). 
Strikingly, this analysis showed that several TCRβ amino acid sequences (variable, joining, and CDR3β) 
were among the top 10 sequences in 2 or more individual samples (Figure 4A), suggesting that these TCR 
sequences play a dominant role in the recognition of  specific antigens in affected skin. Despite the identi-
cal CDR3β amino acid sequences, it is important to note that these TCRs were encoded by several distinct 
VDJ recombinations, even within individual skin samples (Figure 4B), illustrating that the presence of  
these TCR chains in multiple animals is not the result of  preferential formation in the thymus but rather 
through antigenic selection.

Among the TCR variable region usage of  the most dominant shared TCRβ sequences (TRBV13-1, 
TRBV13-3, TRBV19-0, TRBV1-0), 3 variable regions were frequently found in lesional T cell clones (Sup-
plemental Figure 2A), suggesting that other T cell clones harboring these variable chains may be involved 
in disease pathogenesis. Variable regions that were not detected in the most dominant shared lesional T 
cell clones did not appear to be overrepresented in lesional clones (Supplemental Figure 2A). Consistent 
with our finding that lesional skin T cell clones more frequently use the TRBV13-1 and TRBV13-3 vari-
able genes, we observed that these variable regions were also more frequently used by lymph node–derived 
NKG2D+CD8+ T cells, which we previously identified as pathogenic effectors in the C3H/HeJ model of  
AA (8), than NKG2D-CD8+ T cells (data not shown).

In addition to the detection of  identical CDR3β regions among the dominant T cell clones, several of  
these CDR3β sequences were nearly homologous to those of  other dominant T cell clones (Supplemental 
Figure 2B). The most striking example was a highly prevalent TCRβ chain that had at least 6 variations, 
differing in 1 to 3 amino acids (TRB13-3 TRBJ2-7 CASSDGLGGRDYTF, CASSDGLGGREQFF, CASS-
DGLGGREVFF, CASSEGLGGRDYTF, CASSEGLGGREQFF, CASSEGLGGREVFF). One or more 
of  the variations was found in all affected skin samples (both spontaneous and graft induced). It is impor-
tant to note that the nongermline-encoded amino acids that differed between the variants were glutamic 
acid (E) and aspartic acid (D), which are the only 2 amino acids with negatively charged side chains, and 
their shared physicochemical properties make it likely that these 6 variants have the same or similar speci-
ficity. The detection of  independently generated identical and near-identical CDR3β sequences among the 
most abundant clones in affected AA skin indicates convergent evolution of  distinct T cell clones express-
ing structurally similar antigen-binding TCR structures in each individual AA mouse. Together, these find-
ings argue strongly for the presence of  dominant autoantigenic epitopes that drive disease pathogenesis and 
provide a lead for the identification of  pathogenic T cell clones and their cognate AA autoantigens.

Human AA is characterized by an increase in clonally expanded CD8+ T cells. In human AA, there is a wide 
range of  clinical presentations, from a single patch of  hair loss on the scalp (AA patchy [AAP]), to the loss 
of  all scalp hair (alopecia totalis [AT]), or loss of  total body hair (alopecia universalis [AU]). It is unclear 
if  AA in humans is antigen driven, and it is not known what factors determine the course of  disease. To 
gain insight in human AA, we performed TCRβ sequencing of  scalp tissue as well as sorted CD4+ and 
CD8+ peripheral blood samples from a panel of  AAP and AT/AU patients and healthy controls. Analysis 
of  the scalp TCR repertoire in human disease is complicated by the fact that normal human skin contains 
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Figure 4. Identical CDR3β protein sequences detected in alopecic skin of individual mice. Six different CDR3β protein sequences that were among 
the top 10 clones in 2 or more independent lesional skin samples (n = 10) are depicted as well as the frequencies (percentage of total reads) with 
which these CDR3β protein sequences are detected in the individual skin samples (A). These CDR3β protein sequences were encoded by multiple 
unique VDJ gene recombinations. Depicted are the different VDJ region nucleotide sequences, which encode the given CDR3β sequences (B). Black, 
germline encoded V- and J-regions; blue, D-region; red, N-region additions.
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a substantial number of  T cells (27), the majority of  which are αβ T cells, which will also be amplified and 
sequenced in the TCRβ chain sequencing. This in contrast to mouse skin, in which the majority of  resident 
T cells are invariant γδ T cells, whose TCRs are not amplified in the high-throughput sequencing. Despite 
the presence of  resident αβ T cells in normal scalp skin, we successfully identified disease-associated chang-
es in the human AA scalp TCR repertoire.

In AA lesional scalp, particularly in patients with the most severe disease (AT/AU), we observed a 
significantly higher T cell clonality than in the scalp of  normal controls (Figure 5A), indicating increased 
clonal T cell expansions in lesional skin and supporting a role for antigenic drive in human AA. We next 
cross-referenced the scalp TCR repertoire with the peripheral blood CD4 and CD8 repertoire (both in 
healthy controls and in 13 of  the 16 AA patients) and found that in normal scalp the majority of  expanded 
T cell clones (top 100 clones) were actually CD4+ clones (Supplemental Figure 3). In lesional scalp of  AA 
patients, we observed an increased number of  expanded CD8+ T cell clones (Figure 5B). This is consistent 
with our gene expression data (8), which revealed a CTL signature in AA, with overexpression of  perforin, 
CD8a, and granzyme B genes. However, additional information provided by TCR sequencing includes the 
fact that the increased CD8+ T cells observed in the lesional scalp are clonally expanded cells, pointing to 
an antigen-dependent process in human AA.

Effects of  oral tofacitinib on scalp-resident T cell clones in AA. Eight of  the AA patients plotted in Figure 5, A 
and B, were enrolled in an open-label clinical trial to evaluate oral tofacitinib (pan-JAK inhibitor, 5 mg to 
10 mg twice daily) in the treatment of  moderate/severe AA (28) (Supplemental Table 1). In addition to the 
baseline samples, biopsies were obtained at 4 weeks and 24 weeks during the course of  treatment (in several 
patients an additional scalp biopsy was obtained at a later time point). The disease severity was assessed in 
these patients before and during treatment using the Severity of  Alopecia Tool (SALT) score, which quan-
tifies the percentage of  affected scalp surface area. The SALT scores were recorded at baseline and at the 
time of  last biopsy; additionally, the lowest achieved SALT score while on treatment (the time point of  
which varied per patient) and — if  available — the highest noted SALT score in the 6 months after stopping 
the oral tofacitinib treatment were recorded (Figure 5C). This analysis showed that all but one of  the AA 
patients had a decrease in SALT score (increase in hair growth) in response to treatment. Upon cessation 
of  oral tofacitinib, relapse of  AA was observed within weeks to months (as indicated by the rise in SALT 
score, Figure 5C). TCRβ chain sequencing of  the scalp biopsies showed that treatment with oral tofacitinib 
resulted in a significant decrease in the scalp clonality (Figure 5D), suggesting that the treatment resulted in 
a reduction of  clonally expanded T cells in the scalp. When we specifically looked at the number of  clonally 
expanded CD8+ T cells (among top 100 clones, which was higher in AA patients compared with healthy 
controls, Figure 5B), we found that treatment with tofacitinib resulted in a significant decrease in clonally 
expanded CD8+ T cell clones among the most expanded T cell clones in the scalp (top 100) during treatment 
(Figure 5E). Interestingly, the one nonresponder (T05) in this group of  patients had the highest number of  
clonally expanded CD8+ T cells at baseline as well as after treatment. Given the small number of  patients, 
and the fact that in this cohort there was only a single nonresponder, larger studies are needed in the future to 
determine if  the number of  expanded CD8+ T cell clones at baseline likely correlates with clinical response.

The TCR sequencing allowed us to analyze individual T cell clones before and during treatment, and 
we plotted the frequencies of  the top 100 lesional scalp T cells clones at baseline and determined the fre-
quencies of  these same 100 T cell clones after 24 weeks of  treatment (or time of  last biopsy during treat-
ment, Figure 5F). This analysis revealed that in all patients the majority of  expanded T cell clones that were 
present at baseline were reduced in frequency in response to tofacitinib treatment. Interestingly, we found 
that not all clones were equally affected by tofacitinib treatment, since the frequencies of  some clones were 
not reduced or even showed a relative increase during treatment. When we looked specifically at the base-
line T cell clones that appeared resistant to tofacitinib treatment (defined as higher frequency after treat-
ment than baseline and representing >0.5% of  all reads), we found that both CD4+ and CD8+ T cells were 
among the resistant clones (Figure 5F).

The TCR-sequencing data revealed that tofacitinib reduced the frequencies of  most expanded scalp T 
cell clones but also showed that the majority of  these clones do not disappear completely in response to 
treatment. This is further underscored by the analysis of  the circulating frequencies of  the expanded lesional 
CD8+ T cell clones, which showed that (a) some of  the lesional CD8+ T cell clones were detected at high 
frequencies in the CD8+ T cell fraction of  the peripheral blood and (b) the relative frequencies of  these T cell 
clones in the circulation were not significantly affected by tofacitinib treatment (Supplemental Figure 4). The 
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Figure 5. TCRβ analysis of lesional 
scalp and blood in AA patients, 
and response to treatment with 
oral tofacitinib. TCRβ sequencing 
was performed on skin biopsies 
from normal scalp (n = 4), AA 
lesional scalp (patchy AA [AAP]) 
(n = 8), and alopecia totalis and 
alopecia universalis scalp (AT/AU) 
(n = 8). The clonality of the scalp T 
cell repertoire is indicated (A) and 
the number of expanded CD8+ T 
cell clones among the top 100 most 
abundant clones in the scalp is 
shown (B). *P < 0.05, 1-way ANOVA 
and Tukey’s honest significant 
difference. SALT scores from 8 AA 
patients that were treated with 
oral tofacitinib at baseline and 
at the time of last biopsy during 
treatment (t = 24 weeks in most 
patients), the lowest SALT score 
attained on treatment, and the 
highest SALT score in the 6 months 
following treatment cessation (C). 
At baseline and after 24 weeks (or 
more) of tofacitinib treatment the 
clonality of the scalp was deter-
mined (D) as well as the number 
of expanded CD8+ T cells among 
the top 100 most abundant scalp 
T cell clones. *P < 0.05, 2-tailed 
Student’s t test (E). The percentage 
of reads represented by the top 100 
T cell clones in the lesional scalp 
at baseline (blue bars) and the 
percentage of reads represented 
by the same clones after treat-
ment (red bars). The circles indicate 
the T cell clones that are still 
expanded after treatment and their 
coreceptor expression (white circle, 
CD4+; black circle, CD8+; gray circle, 
unknown) (F).
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residual lesional T cell clones observed in scalp and blood after 24 weeks or more of  tofacitinib treatment 
may explain the relapse of  AA upon cessation of  treatment.

Discussion
High-throughput T cell receptor sequencing has transformed our ability to conduct a global assessment 
of  the T cell receptor diversity in blood and in any given organ or tissue. The technology to identify and 
quantify unique T cell clones has provided a powerful approach to track T cells and to determine the TCR 
diversity in the repertoire (reviewed in ref. 29). Tracking of  individual T cell clones using high-throughput 
sequencing has proven to be a sensitive method to monitor minimal residual disease after treatment for 
acute or chronic lymphoblastic leukemia and CTCL and for monitoring T cell clones among tumor infil-
trating lymphocytes in solid tumors (30–37). Further, high-throughput TCR sequencing has increased our 
understanding of  T cell repertoire diversity (38–42), T cell memory formation (43), and response to infec-
tion and aging (44–46). In studies of  autoimmune diseases, several recent studies show the potential utility 
of  this technique in ulcerative colitis, multiple sclerosis, psoriasis, and type 1 diabetes (47–52). The tech-
nique offers the potential to dynamically assess clonal frequency of  pathogenic T cells in the periphery and 
in tissue as an immunomonitoring tool to assess disease progression and response to therapy.

Our study of the organ-specific autoimmune disease AA further demonstrates the power of this technique 
for determining the dynamics of skin-infiltrating T cell populations during the course of disease. This work 
provided insights into adoptive transfer models of autoimmunity in AA, showing that, in the skin graft model of  
AA, the migration of T cells from donor skin to new skin sites may occur but that, unexpectedly, priming of new 
T cell clones in the recipient appears to be the dominant mechanism for developing the autoimmune repertoire 
during disease progression. This suggests that continual recruitment of newly primed naive T cell clones may be 
operative in AA, suggesting that, in addition to blocking T effector memory activity, therapeutic approaches that 
inhibit T cell priming (e.g., CTLA4-Ig) may have a place in the treatment of chronic autoimmune states.

In AA, the role of  autoantigen-specific T cells in the process of  hair follicle destruction has remained 
enigmatic, despite the observation that autoantibodies are present in some AA patients (15–17) as well as T 
cells responding to candidate autoantigens (21). The shared TCR CDR3β amino acid sequences and motifs 
identified in CD8+NKG2D+ T cells in the C3H/HeJ mouse model strongly support the notion that the disease 
is driven by antigen-specific responses and that the same antigens are recognized by these TCRs. In human 
AA, the increased clonality of  T cell repertoires in lesional skin and the presence in affected scalp of  increased 
numbers of  expanded CD8+ T cell clones are consistent with a role for antigen-specific responses as well as 
in murine disease. Shared TCR sequences and motifs between individual patients were less clear than in the 
mouse model (data not shown), which may partly be attributable to the HLA diversity in the patient popula-
tion. Future studies are aimed at identifying TCRα and TCRβ chains of  infiltrating CD8+ T cells in a subset of  
HLA-A201+ AA patients using single-cell TCR sequencing (53). This will allow us to evaluate shared domi-
nant TCRs between patients and develop a screening tool for autoantigen discovery in human AA.

In the C3H/HeJ model, T cell infiltrates in lesional skin consist primarily of  CD8+ T cells, whereas, 
in contrast, infiltrating T cells in human AA consist of  both intrafollicular CD8+ T cells as well as perifol-
licular CD4+ T cells. A role for infiltrating CD8+ T cells in AA is supported by gene expression analysis, 
which revealed a lesional “CTL signature” (8, 24). However, there is strong evidence for the involvement 
for CD4+ T cells in AA, as described in a genome-wide meta-analysis of  AA, which revealed the HLA-
DRB1 gene as a key etiological driver (10). In addition, CD4+ Treg-associated molecules, such as CTLA4, 
IL-2RA, and GARP, have also been shown to be associated with AA (10). The fact that we did not identify 
AA-induced clonal CD4+ expansions does not exclude a role for CD4+ T cells in disease. CD4+ T cells may 
be involved in the licensing of  CD8+ T cell effectors or functioning as regulatory T cells. In addition, the 
fact that normal skin already contains multiple expanded CD4+ T cell clones (presumably against skin com-
mensals and/or pathogens) may also have obscured AA-associated CD4+ T cell expansions in this study. 
Although the role for CD4+ T cells in AA remains to be defined, it appears that similarities between AA 
and other autoimmune diseases, such as type 1 diabetes and celiac disease, involve a strong HLA–class II 
association/role for CD4+ T cells, combined with a CD8-mediated effector process (52, 54).

The oral pan-JAK inhibitor tofacitinib has been shown to partially and reversibly inhibit JAK-
dependent cytokine signaling (55) and has been approved for the treatment of  rheumatoid arthritis. Prior 
studies have shown an overall moderate decrease in total lymphocyte counts in the peripheral blood in 
response to tofacitinib (56).
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In severe-to-moderate AA, we and others have shown tofacitinib treatment to be effective in the major-
ity of  patients (28, 57–60). TCR sequencing of  baseline scalp and blood T cell subset samples and samples 
obtained after approximately 6 months of  treatment provided insight into the response of  lesional T cell 
clones to the drug treatment. Although the majority of  expanded lesional scalp T cell clones were reduced 
in frequency after treatment, TCR sequencing further revealed that the lesional T cell clones do not entirely 
disappear, which may explain the recurrence of  disease after stopping treatment. In addition, the data 
clearly indicated that not all T cells are equally sensitive to tofacitinib treatment. It is unknown whether this 
relates to levels of  common γ chain expression and differential dependence of  cytokines that signal through 
JAK-3. The treatment of  AA using JAK inhibitors will likely be similar to the treatment of  other autoim-
mune and inflammatory disorders, i.e., treatment is aimed at diminishing the population of  pathogenic  
T cells and maintaining a state of  remission by continuous usage.

Methods
AA patients. For untreated samples, AA patients were recruited as part of  a multicenter biomarker study. 
The samples from AA patients treated with tofacitinib (baseline and during treatment) were collected as 
part of  an open-label pilot study of  tofacitinib (5 mg to 10 mg orally BID) for 6 to 18 months in the treat-
ment of  moderate-to-severe AA, AT, or AU, followed by 6 months of  follow-up off  drug to assess for 
delayed response to treatment and/or incidence and timing of  recurrence of  disease. Further details of  the 
pilot study are described in Jabbari et al. (28). Lesional scalp punch biopsies and peripheral blood samples 
were collected from AA patients. Similarly, scalp biopsies and blood samples were collected from unaf-
fected controls. Scalp biopsies were immediately fixed in Paxgene tissue containers (PreAnalytix). Periph-
eral blood mononuclear cells (PBMCs) were isolated from whole blood samples by centrifugation over 
Hypaque 1077 (MilliporeSigma), and CD4+ and CD8+ T cell fractions were sorted by FACS.

Transfer of  AA using grafted C3H/HeJ skin. Seven- to ten-week-old female C3H/HeJ mice (The Jackson 
Laboratory) were used as graft recipients and maintained under specific pathogen–free conditions. Donor 
mice with spontaneous alopecia were between 6 and 12 months of  age. Normal-haired C3H/HeJ mice 
were grafted at 8 weeks of  age (during the second telogen) with skin from a C3H/HeJ mouse that devel-
oped AA spontaneously, as described previously (23). In brief, mice spontaneously affected with AA were 
euthanized, and full-thickness skin grafts of  approximately 2 cm in diameter were removed and grafted to 
normal-haired C3H/HeJ mice. Hair loss typically began at around 4–6 weeks after grafting.

Flow cytometric sorting. Murine cutaneous lymph nodes were pooled; minced in RPMI; filtered through 
a 40-μM cell strainer; centrifuged at 400 g for 5 minutes; stained with antibodies against CD4 (GK1.5, BD), 
CD8α (53-6.7, BD), NKG2D (CX5, eBioscience), CD103 (2E7, eBioscience), NKG2ACE (clone 20d5, 
eBioscience), and CD44 (IM7, BD); and sorted on a BD Influx cell sorter.

PBMCs from AA patients were stained with antibodies against CD3 (clone OKT3, Biolegend), 
CD4 (clone OKT4, eBioscience), and CD8 (clone HIT8a, BD bioscience) and sorted on the FACSAria 
cell sorter. For several AA patients (n = 5, biomarker study), the CD4 fraction was further sorted into 
CD25+CD127– cells and the remaining CD4 T cells, and the CD8 fraction was further sorted into 
NKG2Dlo and NKG2Dhi cells.

RNA extraction, cDNA preparation, and DNA extraction. From all samples for TCR sequencing, RNA 
was extracted and reverse transcribed to cDNA for TCR sequencing. Snap frozen mouse skin tissues were 
homogenized and RNA was extracted using the RNeasy kit (Qiagen). Fixed human scalp biopsies were 
homogenized and RNA was extracted using the Paxgene miRNA kit (PreAnalytix). RNA from PBMCs 
was isolated using the miRNeasy kit (Qiagen). RNA was quantified using NanoDrop (Thermo Fisher Sci-
entific) and SuperScript III Reverse Transcriptase (Life Technologies) and a 2:1 mix of  oligodT and random 
hexamers was used for first-strand cDNA synthesis.

High-throughput TCR sequencing. TCRβ CDR3 regions were amplified and sequenced by Adaptive Bio-
technologies. Briefly, the method applies a multiplex PCR system to amplify all possible rearranged TCRβ 
CDR3 sequences from cDNA samples, using 35 forward primers specific for all Vβ gene segments and 13 
reverse primers specific for all Jβ gene segments (61). The forward and reverse primers contain at their 5′ 
ends the universal forward and reverse primer sequences, respectively, compatible with the Illumina HiSeq 
cluster station solid-phase PCR system. In this technique, a synthetic immune receptor repertoire has been 
used to identify amplification biases introduced by differential hybridization kinetics, and these biases are 
minimized and residual bias computationally removed sequencing (62). The HiSeq system generates 60 
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base pair reads, which cover the CDR3 lengths, sequencing from the J to the V region. The amplification 
and sequencing protocols have been described previously (61, 63). The raw HiSeq sequence data were 
preprocessed to remove errors and to compress the data. Analysis of  TCRβ sequences was conducted with 
the Adaptive Biotechnologies TCR ImmunoSEQ assay. The TCR CDR3 region nomenclature was defined 
according to the International Immunogenetics collaboration (64), beginning with the second conserved 
cysteine encoded by the 3′ portion of  the Vβ gene segment and ending with the conserved phenylalanine 
encoded by the 5′ portion of  the Jβ gene segment. The number of  nucleotides between these codons deter-
mines the length and therefore the frame of  the CDR3 region. To identify which V, D, and J segments 
contributed to each TCR CDR3 sequence a standard algorithm was used (64).

Calculation of  clonality. Clonality was calculated from Shannon’s Entropy as previously described (65). 
Briefly, the entropy of  each sample was normalized by dividing the entropy calculation by the log2 of  the 
number of  productive unique TCRs. The clonality is defined by 1 minus normalized entropy and is a mea-
sure of  oligoclonality of  the sample.

TCR-sequencing data. All TCRβ chain–sequencing data from the C3H/HeJ model as well as from the 
patient studies are available at http://clients.adaptivebiotech.com/pub/deJong-2018-jciinsight.

Statistics. Analyses of  the sequence data for TCRB CDR3 sequences and VDJ recombinations and their 
comparisons were performed using ImmunoSEQ software (provided online, Adaptive Biotechnologies). 
In addition, sequence frequency data were exported into Excel for further analysis, and Gene-E software 
(Broad Institute) was used to generate heatmaps. In the C3H/HeJ model, to determine if  clonality was 
significantly increased around the time of  hair loss, we used a 2-tailed Student’s t test, and we used a 1-way 
ANOVA to determine if  the clonality of  longstanding alopecic skin differed from that of  recent-onset alo-
pecia. To compare the clonality and percentage of  expanded CD8 T cell clones among controls, AAP, and 
AT/AU patients, we used a 1-way ANOVA and Tukey’s honest significant difference. A P value of  less than 
0.05 was considered significant.

Study approval. All procedures were performed under institutional review board–approved protocols at 
involved study sites (Columbia University, MD Anderson Cancer Center, University of  Minnesota, Uni-
versity of  Colorado, UCSF) and conducted under the Declaration of  Helsinki principles. Informed consent 
was received from all subjects before inclusion in the study. Mouse experiments were performed in com-
pliance with institutional guidelines as approved by the institutional animal care and use committee of  
Columbia University Medical Center.
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