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Significance

Alopecia areata (AA) is a common 
autoimmune disorder, but 
progress in developing novel 
therapeutics has been hampered 
by an incomplete understanding 
of disease mechanisms. Using 
scRNAseq single-cell RNA 
sequencing (scRNAseq), we 
dissected the immune landscape 
of murine and human AA skin 
and depleted specific cell types in 
murine AA to interrogate their 
function. We demonstrated that 
CD8+ T cells are the predominant 
disease-driving cell type, whose 
heterogeneity is defined by an 
“effectorness gradient” that 
informs their trajectory of 
differentiation. Our results also 
uncovered Izumo1r/FR4 as a 
marker for Treg (regulatory T 
cells), whose selective depletion 
accelerated AA onset, 
demonstrating intact 
immunosuppressive Treg function 
in AA. Common mechanisms 
underlying murine and human 
AA highlight the translational 
impact of our work.
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Alopecia areata (AA) is among the most prevalent autoimmune diseases, but the 
development of innovative therapeutic strategies has lagged due to an incomplete 
understanding of the immunological underpinnings of disease. Here, we performed 
single-cell RNA sequencing (scRNAseq) of skin-infiltrating immune cells from the 
graft-induced C3H/HeJ mouse model of AA, coupled with antibody-based depletion 
to interrogate the functional role of specific cell types in AA in vivo. Since AA is pre-
dominantly T cell-mediated, we focused on dissecting lymphocyte function in AA. 
Both our scRNAseq and functional studies established CD8+ T cells as the primary 
disease-driving cell type in AA. Only the depletion of CD8+ T cells, but not CD4+ T 
cells, NK, B, or γδ T cells, was sufficient to prevent and reverse AA. Selective depletion 
of regulatory T cells (Treg) showed that Treg are protective against AA in C3H/HeJ 
mice, suggesting that failure of Treg-mediated immunosuppression is not a major dis-
ease mechanism in AA. Focused analyses of CD8+ T cells revealed five subsets, whose 
heterogeneity is defined by an “effectorness gradient” of interrelated transcriptional 
states that culminate in increased effector function and tissue residency. scRNAseq of 
human AA skin showed that CD8+ T cells in human AA follow a similar trajectory, 
underscoring that shared mechanisms drive disease in both murine and human AA. 
Our study represents a comprehensive, systematic interrogation of lymphocyte het-
erogeneity in AA and uncovers a novel framework for AA-associated CD8+ T cells 
with implications for the design of future therapeutics.

alopecia areata | autoimmunity | hair follicle | single-cell RNA sequencing | T cells

Alopecia areata (AA) is one of the most common autoimmune disorders (1, 2), in which 
immune-mediated attack of the hair follicle (HF) results in nonscarring hair loss that can 
range from well-demarcated patches on the scalp to total scalp and/or body hair loss. 
Despite its wide prevalence, the therapeutic options for AA remain limited, largely due 
to an incomplete understanding of disease mechanisms. We previously demonstrated that 
autoreactive NKG2D+ CD8+ T cells are a hallmark of AA pathogenesis (3), an observation 
that led us to pioneer the use of Janus Kinase (JAK) inhibitors to treat AA in patients 
(4, 5). JAK inhibitors are the first FDA-approved agents for AA, representing a significant 
advancement in the therapeutic landscape of AA. However, AA often recurs upon cessation 
of treatment, underscoring the need to further investigate disease mechanisms to enable 
the development of novel therapeutics for AA.

The pathognomonic histologic feature of AA is a dense inflammatory infiltrate sur-
rounding the lower part of the HF in a “swarm of bees” pattern (6). In healthy skin, the 
HF is a site of immune privilege, in which local immunoinhibitory signaling and the low 
expression of antigen presentation molecules allows the HF to evade immune recognition 
(7, 8). AA is thought to arise, at least in part, due to a collapse of immune privilege and 
subsequent immune-mediated attack (3, 7, 8). In addition to CD8+ T cells, the inflam-
matory infiltrate is also composed of CD4+ T helper (Th) cells, CD4+ regulatory T cells 
(Treg), and nonlymphocytic cell types such as monocytes, dendritic cells (DCs), and 
macrophages.

In light of the T cell-mediated nature of AA, numerous studies have been undertaken 
to dissect these immune cell subsets, with particular attention to T lymphocytes (9–13). 
However, aside from cytotoxic CD8+ T cells, the functional relevance of other T cell 
populations to AA and their potential as novel therapeutic targets remain poorly defined. 
For instance, although some studies have suggested a disease-promoting role for CD4+ 
Th cells in AA (12–15), it is unclear whether CD4+ Th cells contribute to disease onset, 
progression, neither, or both. There is also conflicting evidence on the role of CD4+ Treg 
in AA, with some studies suggesting that CD4+ Treg are lower in frequency and/or dys-
functional in AA (16–19), whereas others reported higher numbers of Treg or no difference 
in Treg frequency in AA relative to baseline (18, 20).
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Understanding the complexities underlying autoimmune dis-
orders such as AA has been impeded by the redundancy of the 
various cell surface markers used to isolate and profile specific 
subsets of interest. Such approaches often mask the contribution 
of rare cell types, which are difficult to isolate in sufficient numbers 
to analyze their transcriptional profiles. By providing transcrip-
tomic information at the level of individual cells, single-cell RNA 
sequencing (scRNAseq) now affords an opportunity to deconvo-
lute the diverse cell types within complex tissues and identify rare 
subpopulations involved in homeostasis or disease. Advances in 
single-cell technology have been transformative in uncovering 
novel insights into the immunopathology of various autoimmune 
disorders, including those that are genetically related to AA, such 
as rheumatoid arthritis and type 1 diabetes (21, 22).

Previous efforts to investigate lymphocyte function in AA largely 
relied on the adoptive transfer of exogenously derived cells, often 
stimulated and expanded ex vivo (3, 14, 15, 23, 24). Here, we 
utilized scRNAseq to dissect the immune landscape of AA skin, 
using both the graft-induced C3H/HeJ mouse model of AA  
(3, 23, 25–28), as well as human AA scalp biopsies. Furthermore, 
to interrogate the requirement of specific lymphocyte subsets and 
their potential contribution to disease, we coupled our scRNAseq 
studies with functional antibody-mediated cellular depletion stud-
ies in vivo using the graft-induced C3H/HeJ mouse model of AA.

Our findings demonstrated that CD8+ T cells are the predom-
inant disease-driving cell type in AA, with an accessory role for 
CD4+ T cells and no obvious role for NK, B, or γδ T cells. We 
also identified Izumo1r/FR4 as a novel and highly specific marker 
of Treg in murine AA. Using anti-FR4-mediated depletion of Treg, 
we demonstrated that Treg-mediated immunosuppression is intact 
in C3H/HeJ mice. A focused analysis of CD8+ T cells uncovered 
an “effectorness gradient” that underlies CD8+ T cell heteroge-
neity in AA skin and informs their trajectory of differentiation, 
culminating in increased tissue residency and effector T cell func-
tion. The effectorness gradient is applicable to CD8+ T cells in 
both murine and human AA and provides a novel framework for 
understanding the diverse CD8+ T cell states that define AA, with 
implications for the future development of novel therapies.

Results

Single-Cell RNA Sequencing Reveals the Immune Landscape of 
Murine AA. The C3H/HeJ mouse model of AA involves grafting 
full-thickness skin or transferring T cells from a diseased donor 
onto a naive C3H/HeJ recipient. This model demonstrates 
high concordance with human AA and has been widely used in 
translational studies by our group and others (3, 23, 25–28). In 
this model, grafted recipients develop patchy AA at approximately 
5 to 6 wk post-engraftment and typically progress to total body 
hair loss by 24 wk. To comprehensively profile the immunological 
mechanisms underlying AA, we performed droplet-based 
scRNAseq (10× Genomics) on skin-infiltrating CD45+ immune 
cells isolated from grafted C3H/HeJ mice exhibiting total body 
hair loss (24 wk post-engraftment, as a model of alopecia universalis 
in AA patients, the most severe form of disease) versus ungrafted 
(UG) C3H/HeJ mice (without disease) as a control (Fig.  1A 
and SI Appendix, Fig. S1A), using three biological replicates per 
condition. Following measures to exclude doublets and low-
quality cells (SI Appendix, Fig. S1B), cells from each reaction were 
merged and aligned using the Seurat-based canonical correlation 
analysis (CCA) workflow to correct batch effects (Materials and 
Methods). The resulting dataset encompassed 20,321 total cells, 
composed of 11,219 cells from the three AA mice and 9,102 cells 
from the three UG control mice.

Uniform manifold approximation and projection (UMAP) 
dimensionality reduction and unsupervised graph-based clustering 
based on the first 30 principal components resulted in the identifi-
cation of distinct clusters representing diverse immune cell types 
including CD8+ T cells, Treg, natural killer (NK) and NK T cells, 
non-Treg CD4+ Th cells, γδ T cells, innate lymphoid cells (ILCs), 
granulocytes, DCs, monocytes, and macrophages (Fig. 1B). 
Represented cell types and their distributions were broadly consist-
ent across the three replicates for each disease condition (SI Appendix, 
Fig. S1C). Cell types were annotated using a combinatorial approach 
involving SingleR, an automatic annotation method for scRNAseq 
data that compares transcriptomic signatures to reference datasets 
such as the mouse Immunological Genome Project dataset (29, 30), 
the most highly expressed transcripts in each cluster, and the expres-
sion of canonical markers established in the literature (SI Appendix, 
Fig. S1 D–F). For instance, CD8+ T cells were characterized by 
high expression of Cd3e and Cd8a; Treg were defined by Cd3e, Cd4, 
and Foxp3 expression; and NK cells were defined by Nkg7, Xcl1, 
and Ncr1 expression in the absence of Cd3e expression.

CD8+ T Cells Are the Predominant Expanded Lymphocytic Cell 
Type in AA Skin. Comparison across disease conditions revealed 
marked differences in cell-type distributions between AA and UG 
skin (Fig. 1 B and C), including a striking, statistically significant 
expansion of T lymphocytes, defined as all Cd3d, Cd3e, and/or 
Cd3g-positive cells, in AA skin (Fig. 1 D and E). On average, T 
cells represented 56.22% of the total skin-infiltrating immune cells 
sequenced from each AA replicate, whereas they represented only 
10.83% of cells sequenced from each UG replicate, consistent 
with the hypothesis that AA is predominantly a T cell-mediated 
disease (3, 7). Closer inspection of the distribution of specific 
T lymphocyte subsets, including CD8+ T cells, CD4+ Th cells, 
Treg, NK T cells, and γδ T cells, showed that the expansion of 
T lymphocytes in AA skin was largely driven by an increase in 
the number of infiltrating CD8+ T cells (Fig. 1 D and E). We 
found a statistically significant enrichment of CD8+ T cells in AA 
skin, which represented 44.53% of sequenced cells, compared to 
0.89% of cells sequenced from UG skin. In contrast, there was 
no significant change in the percentage of Treg (11.7% of AA cells, 
10.8% of UG cells), CD4+ Th cells (2.2% of AA cells, 1.6% of UG 
cells), NK T cells (2.3% of AA cells, 1.8% of UG cells), or γδ T cells 
(3.51% of AA cells, 3.41% of UG cells) across disease conditions. 
Taken together, these results indicated that CD8+ T cells are the 
predominant expanded lymphocytic cell type infiltrating AA skin.

CD8+ T Cells Are Required for the Development of AA, and Their 
Depletion Is Sufficient for Disease Reversal. In addition to the 
dramatic expansion of CD8+ T cells in AA skin, differential gene 
expression analysis between CD8+ T cells in AA and UG skin 
showed upregulation of genes associated with T cell cytotoxicity 
and activation in AA CD8+ T cells, such as Gzma, Gzmb, and Ccl4 
(Fig. 2A). Gene set enrichment analysis (GSEA) of statistically 
significant differentially expressed genes also showed enrichment 
of gene ontology (GO) terms involving T cell immunity and 
cytotoxicity (Fig.  2B and SI  Appendix, Fig.  S2B). These data 
support the pathogenic role of CD8+ T cells in AA that we 
and others previously established by utilizing the transfer of 
exogenously derived CD8+ T cells from disease donors that were 
stimulated and expanded in ex vivo culture (3, 14, 15, 25). To 
date, no studies have investigated whether endogenous CD8 + T 
cells are required for disease development and/or progression.

To interrogate the requirement of endogenous CD8+ T cells 
in the development of AA, we performed antibody-mediated 
depletion of CD8+ T cells in vivo and specifically tested whether 
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the depletion of CD8+ T cells was sufficient for disease prevention. 
Treatment of C3H/HeJ mice with an anti-CD8β antibody at the 
time of skin engraftment (but prior to disease onset), twice weekly 
for 8 wk, completely prevented hair loss in all treated mice com-
pared to those administered a vehicle control (Fig. 2 C–E). To ask 
whether depletion of CD8+ T cells was sufficient for disease rever-
sal once the disease had been established, we treated grafted C3H/
HeJ mice with the established disease at 5 to 7 wk with anti-CD8β, 
twice weekly for 10 wk. Anti-CD8β reversed AA and induced hair 
regrowth, whereas mice treated with the vehicle control progressed 
to total body hair loss (Fig. 2 F and G). Our findings demonstrated 
that CD8+ T cells were required for AA development and that 
their depletion was sufficient for reversal. Importantly, these data 
showed that the elimination of CD8+ T cells can eradicate AA in 
the setting of established disease.

Depletion of CD4+ T Cells Is Not Sufficient for AA Prevention 
or Reversal. CD4+ T cells play central roles in autoimmunity 
and inflammation, via both the proinflammatory functions of Th 

cells as well as the immunomodulatory functions of Treg (31–33). 
Previous studies reported increased CD4+ T cell infiltration in 
murine AA lesional skin, and transfer of CD4+ T cells from 
diseased to naïve C3H/HeJ mice was shown to induce disease 
(15, 23). However, the rates of disease induction have been 
inconsistent, and their pathogenicity relative to CD8+ T cells 
has not been well established. Furthermore, whether endogenous 
CD4+ T cells are required for the development of disease remains 
an open question.

To examine the role of CD4+ T cells in AA, we first turned to 
our scRNAseq data and performed a differential gene expression 
analysis between AA-associated CD4+ T cells and their counterparts 
in UG skin. The top 10 up-regulated transcripts in AA-associated 
CD4+ T cells were composed of both genes associated with inflam-
mation and T cell activation such as Ctsw, Ifng, Ccl5, and Kcnn4, 
as well as those classically associated with effector Treg function and 
immunosuppression, such as Fgl2, Pdcd1, and Ctla4 (SI Appendix, 
Fig. S2A). Normalized enrichment scores (NES) of GO terms 
associated with leukocyte-mediated cytotoxicity, T cell–mediated 

A
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Fig. 1. CD8+ T cells are the predominant expanded cell type in AA skin. (A) Schematic of scRNAseq experiment. We harvested full-thickness skin from three 
skin-grafted C3H/HeJ mice with AA and three UG controls and isolated live CD45+ immune cells for scRNAseq (10× Genomics). Individual cDNA libraries were 
prepared for each sample prior to sequencing. (B) UMAP of scRNAseq data from (A) split across disease condition. Unsupervised clustering of 20,321 cells (9,102 
UG; 11,219 AA) after quality control and CCA-based alignment uncovered 15 distinct populations. Note the marked increase in T cell infiltration in AA skin, 
especially that of CD8+ T cells. (C) Stacked bar plot showing distribution of each cluster relative to the total number of cells per disease condition. (D) Percentage 
of T cells relative to the total number of sequenced cells, averaged across the three replicates for each disease condition, showing a statistically significant  
(P = 0.002) increase in T cells in AA skin. Error bars represent SD. (E) Percentage of specific T cell subsets relative to the total number of sequenced cells, averaged 
across the three replicates for each disease condition, showing a statistically significant (P = 0.00089) increase in CD8+ T cells in AA skin. Error bars represent 
SD. DCs, dendritic cells; ILC, innate lymphoid cells; Mac, macrophages; Mono, Monocytes; NK, natural killer cells; NKT, natural killer T cells; Treg, regulatory T cells. 
Significance is indicated as follows: *P < 0.05; **P < 0.01; ***P < 0.001.
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immunity, and T cell receptor signaling did not reach statistical 
significance and were lower than those derived from differentially 
expressed genes between AA and UG CD8+ T cells (P > 0.05, 
SI Appendix, Fig. S2B).

We next performed antibody-mediated depletion studies of 
CD4+ T cells in the graft-induced C3H/HeJ AA mouse model to 
investigate the efficacy of depleting CD4+ T cells in achieving AA 
prevention and/or reversal. To assess the role of CD4+ T cells in 
disease prevention, we administered anti-CD4 to skin-grafted 
C3H/HeJ mice prior to disease onset. While anti-CD4 delayed 
the timing of AA onset relative to isotype control, anti-CD4 did 
not prevent disease (SI Appendix, Fig. S2 C–E). To test the role of 
CD4+ T cells in disease reversal, we administered anti-CD4 to 
grafted C3H/HeJ mice with established AA, which also showed 
no effect on hair regrowth (SI Appendix, Fig. S2F). Our results are 
consistent with a potential secondary role for CD4+ T cells in 
disease initiation, as suggested by previous cell transfer studies (14, 
15, 23), however, our studies showed that CD4+ T cells were not 
required for AA prevention or reversal.

CD4+ Treg Have Functional Immunosuppressive Capacity in AA. 
Since anti-CD4 targets both CD4+ Th and Treg cells, we next 
aimed to parse the individual functions of these two CD4+ cell 
types in AA. Differential gene expression analysis between Treg 

of AA and UG mice demonstrated up-regulated expression of 
interferon (IFN) response genes such as Iigp1, Stat1, Igtp, and 
Irf1 in AA skin (SI Appendix, Fig. S3A). IFN-γ is not only one 
of the main disease-driving cytokines in AA (3) but also induces 
CD4+ Treg development, proliferation, and immunosuppressive 
function (34–37). AA Treg also showed up-regulated expression 
of genes associated with enhanced Treg function and migration 
such as Ly6a, Ccr2, Fgl2, Gzmb, and Satb1 (38–44). We observed 
no significant differences in the expression of Il-10 and Tgfb1, 
two anti-inflammatory cytokines that are critical to Treg-mediated 
immunosuppression. Taken together, these gene expression profiles 
suggested that AA-associated Treg have intact immunosuppressive 
capacity. To test this functionally, we performed a Treg suppression 
assay and found no significant difference in the ability of AA 
versus UG Treg to suppress CD4+ T cell proliferation in  vitro 
(SI Appendix, Fig. S3B).

We next sought to selectively deplete Treg in C3H/HeJ mice to 
probe their function in vivo. Previous studies utilized anti-CD25 
(encoded by Il2ra) to deplete Treg in the context of both autoim-
munity and cancer (45–47). However, in addition to CD4+ Treg, 
our scRNAseq showed high Il2ra expression in other cell types, 
including CD4+ Th cells, NK/NK T cells, and CD8+ T cells 
(SI Appendix, Fig. S3C). Indeed, we found that administration of 
anti-CD25 in grafted C3H/HeJ mice significantly delayed and 
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Fig. 2. CD8+ T cells are required for disease development and progression in murine AA. (A) Top 10 genes up-regulated in AA-associated CD8+ T cells compared 
to UG-associated CD8+ T cells in differential gene expression analysis, showing upregulation of genes associated with T cell cytotoxicity and activation such as 
Ccl5Gzma, and Gzmb. “0” for adjusted P value indicates a near-zero value that was rounded to 0 by the R software. (B) Top 10 GO terms enriched in AA CD8+ T cells 
as identified by GSEA of differentially expressed genes between AA and UG CD8+ T cells, arranged via descending Normalized Enrichment Score (NES). Shown 
pathways were enriched in AA CD8+ T cells in a statistically significant manner, with P < 0.05. (C) Treatment of grafted C3H/HeJ mice with anti-CD8β efficiently 
depleted CD8+ T cells compared to isotype control. (D) Anti-CD8β administration in grafted C3H/HeJ mice prior to hair loss onset prevented AA compared to 
isotype control. (E) Kaplan–Meier curve for experiment shown in (D). (F) Anti-CD8β administration in grafted C3H/HeJ mice with established disease reversed AA 
and induced hair regrowth. Those treated with isotype control progressed to total body hair loss. (G) Kaplan–Meier curve for experiment shown in (F). P = 0.0246.
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reversed disease in a manner indistinguishable from anti-CD8 
treatment (SI Appendix, Fig. S3 D–H), suggesting that anti-CD25 
depleted multiple cell types and therefore does not specifically 
target Treg in AA.

Interestingly, our differential gene expression analysis between 
AA and UG Treg revealed striking upregulation of Izumo1r in AA 
Treg (SI Appendix, Fig. S4A). Izumo1r encodes Folate Receptor 4 
(FR4), a cell surface receptor that was previously used to target 
Treg in other contexts such as melanoma (48) but has not been 
previously studied in AA. Unlike other cell surface markers upreg-
ulated in Treg, our data showed that Izumo1r was expressed specif-
ically in AA-associated Treg and was not observed in other non-Treg 
immune cell types. As predicted by our functional assays and 
consistent with their known immunosuppressive function, treat-
ment of skin-grafted C3H/HeJ mice prior to disease onset with 
anti-FR4 efficiently depleted Treg in the skin and accelerated dis-
ease onset by approximately 2 wk compared to isotype control 
(SI Appendix, Fig. S4 B–D). Further, the delayed disease pheno-
type we observed upon anti-CD4 treatment in grafted C3H/HeJ 
mice (SI Appendix, Fig. S2 C–E) was likely due to the absence of 
CD4+ Th, as opposed to the depletion of dysfunctional Treg. These 
results demonstrated that AA is not driven by a failure in 
Treg-mediated immunosuppression but rather that Treg are protec-
tive in AA, consistent with the immunosuppressive role classically 
ascribed to Treg.

To systematically interrogate the function of the remaining 
skin-infiltrating lymphocyte subsets in AA, we performed addi-
tional antibody-based depletion of NK cells, B cells, and γδ T 
cells. We observed no effect of NK, B, or γδ T cell depletion on 
AA disease onset (SI Appendix, Fig. S5).

scRNAseq Uncovers CD8+ T Cell Heterogeneity in AA. While 
the critical role of CD8+ T cells in AA has been corroborated 
by previous studies (3, 15, 23, 49), few studies to date have 
dissected the heterogeneity of CD8+ T cells in AA, especially 
as it relates to their potential function(s) in disease. To further 
define the diverse CD8+ T cell states in AA and their contribution 
to disease pathogenesis, we performed unsupervised reclustering 
of AA-associated CD8+ T cells, which identified five distinct 
subpopulations (Fig. 3A).

Relative to other clusters, cluster 1 showed increased expres-
sion of Tcf7 and Il7r, which are upregulated on naive T cells 
(Fig. 3B) (50–52). Cluster 1 cells also showed high expression 
of Txnip, whose expression has been negatively associated with 
T cell activation (53–55), and Cxcr3, which we previously 
showed is expressed on CD8+ T cells migrating into the skin in 
AA (26). Cluster 2 showed high expression of Ifng, one of the 
main T cell-derived cytokines in AA (3), and Cd69, a marker of 
T cell activation and tissue retention (56). The AP-1 family 
transcription factors Fos and Jun, which mediate effector T cell 
differentiation, were also upregulated in cluster 2 (57, 58). 
Cluster 3 was enriched for the expression of genes classically 
associated with cytotoxic T lymphocyte (CTL) function such as 
Gzma and Prf1.

We previously established that CD8+ T cells expressing the 
activating NKG2 family receptor NKG2D are both necessary and 
sufficient for disease (3), and therefore, we anticipated that the 
CTL-like cells in cluster 3 would be enriched for Klrk1, which 
encodes NKG2D. Surprisingly, in addition to Klrk1, the CTL-like 
cells in cluster 3 also showed enriched expression of Klrc1 and 
Klrd1, which encode the NKG2A/CD94 complex, respectively, 
an inhibitory NKG2 family receptor that is known to dampen T 
cell activation and serve as an immune checkpoint (59, 60). 
Cluster 4 showed high expression of Vps37b, Crem, and Nr4a3, 

which have been associated with tissue-resident memory (TRM) 
cells (61–63), as well Bcl2a1b, an anti-apoptotic member of the 
Bcl2 family. Finally, cluster 5 was up-regulated for Crtam, Tnfrsf9, 
and Xcl1, which have also been reported to be upregulated in 
activated CD8+ T cells (22, 64, 65). A recent scRNAseq study 
identified Xcl1hiTnfrsf9 hi CD8+ T cells in a mouse model of type 
1 diabetes, an autoimmune disease that is genetically related to 
AA (22, 66).

To characterize these subsets in terms of known CD8+ T cell 
functions, we scored the cells in each cluster based on previously 
published transcriptomic signatures of CD8+ T cell subsets 
(Fig. 3C and SI Appendix, Table S1) (67–69). Our results were 
consistent with the characteristics ascribed to the marker genes 
associated with each cluster. For instance, cluster 1 scored highly 
for the “Circulating” (nontissue resident) and “Naive” signatures, 
while cluster 3 scored highly for the “Effector” signature, and 
cluster 4 for the “Resident” signature. Recently, Jaiswal et al. (70) 
performed a kinetic scoring analysis to query the transcriptomic 
programming of melanoma tumor-infiltrating lymphocytes 
against datasets of CD8+ T cell differentiation from naive to mem-
ory states in murine and human viral infections (70–74). An 
analysis of our CD8+ T cell data from AA skin using this approach 
produced results consistent with our annotation of each of the 
five subsets (SI Appendix, Fig. S6) (70). For example, cluster 1 
genes were significantly down-regulated in activated T cells during 
murine lymphocytic choriomeningitis virus infection, as well as 
progressively suppressed as T cells differentiated from naive status 
after murine vaccinia virus infection and human yellow fever (YF) 
vaccination. Meanwhile, cluster 4 programs were strongly enforced 
as CD8+ T cells differentiated toward TRM signature and long-term 
memory after vaccinia virus skin scarification and YF vaccination, 
respectively.

An Effectorness Gradient Underlies CD8+ T Cell Heterogeneity in 
AA. In addition to identifying the likely functions of each CD8+ 
T cell subset in AA, our analyses showed that expression of these 
gene signatures was not exclusive to a single cluster but instead was 
distributed between clusters across a gradual continuum (Fig. 3C), 
which we termed an effectorness gradient. This concept stems 
from a previous scRNAseq study in CD4+ T cells from healthy 
individuals demonstrated an effectorness gradient underlying 
CD4+ T cell heterogeneity, characterized by a transcriptional 
continuum from naive to effector and memory states alongside 
the increased expression of cytokines and chemokines (75).  
A recent study extended this concept to CD8+ T cells in human 
inflammatory bowel disease (76). Our results suggested that 
this framework could also apply to CD8+ T cells in AA skin, in 
which CD8+ T cells comprise interrelated transcriptional states of 
increasing “effectorness” as opposed to forming discrete, mutually 
exclusive populations.

To examine the relationship among the CD8+ T cell subsets, 
we performed a pseudotime analysis, which inferred the progres-
sion of naive-like cells in cluster 1 toward IfnghiCD69hi cluster 2 
cells that scored highly on the “Early Activated” signature and 
CTL-like cluster 3 cells, ending with TRM-like cluster 4 cells and 
Tnfrsf9hiXclhi cluster 5 cells (Fig. 3D). Additionally, cells located 
at the beginning of the trajectory expressed higher levels of the 
naive gene Txnip, followed by increased expression of Ifng, which 
was enriched in cluster 2 cells that scored highly for the Early 
Activated signature (Fig. 3E). Cells located toward the end of the 
trajectory were enriched for the effector and TRM genes Gzmb, 
Vps37b, and Xcl1.

Given these results, we computed and scored the effectorness 
of each cell based on the pseudotime values, as described in 

http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
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previous studies (75, 76). We observed a strong correlation 
between effectorness scores and the separation of the five subsets 
in the UMAP (Fig. 3F). This analysis therefore demonstrated that 
the relationship between heterogeneous CD8+ T cell populations 
infiltrating AA skin can also be distributed along an effectorness 
gradient and revealed a potential trajectory of CD8+ T cell differ-
entiation in AA.

Shared Immunological Mechanisms Underlie Murine and 
Human AA. To investigate the translational potential of our 
scRNAseq findings in the graft-induced C3H/HeJ mouse model 
to AA patients, we performed scRNAseq (10× Genomics) of scalp 
biopsies from five AA patients with active disease (from lesional 
scalp) and two healthy individuals without AA (CTRL). cDNA 
libraries were prepared independently for each of the seven samples. 

A B

C 

ED

F

Fig. 3. An effectorness gradient underlies CD8+ T cell heterogeneity in AA skin and identifies a potential trajectory for their differentiation. (A) UMAP of AA CD8+ 
T cell subsets. Unsupervised re-clustering of AA CD8+ T cells uncovered five subpopulations. (B) Heatmap of top highly expressed genes in each cluster. Cluster 
1 showed higher expression of Tcf7, Il7r, Txnip, and Cxcr3; cluster 2 showed upregulation of Ifng, Cd69, Fos, and Jun; cluster 3 was enriched for Gzma, Prf1, Klrc1, 
and Klrd1; cluster 4 was up-regulated for Vps37b, Crem, Nr4a3, Bcl2a1b; cluster 5 showed higher expression of Crtam, Xcl1, and Tnfrsf9. Interestingly, expression 
of Klrk1, which encodes NKG2D, was not restricted to a single cluster. (C) Heatmap of scores for signatures of CD8+ T cell subpopulations described in previously 
published studies. Note that expression of gene signatures varies across clusters on a gradual continuum, as opposed to being exclusive to a particular cluster.  
(D) Pseudotime trajectory analysis of AA CD8+ T cells, colored by cluster (Top) and by position along pseudotime (Bottom). Pink dashed arrow denotes general 
direction of inferred differentiation across pseudotime. (E) Expression of select marker genes as identified in Fig. 3B along pseudotime, colored by cluster. (F) 
Pseudotime values were used to compute effectorness scores for each cell. Effectorness scores overlaid onto the UMAP of AA-associated CD8+ T cells demonstrated 
a high degree of correlation with the separation of the five CD8+ T cell subsets via unsupervised clustering of their transcriptional profiles, as shown in (A).
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Following quality control methods and batch effect correction, 
UMAP projection and unsupervised clustering identified 16 
clusters representing diverse skin cell types including various 
lymphocyte populations, myeloid lineages, fibroblasts, epidermal 
cells, endothelial cells, and melanocytes (Fig. 4A and SI Appendix, 
Fig. S7A). Each cluster was annotated based on SingleR predictions 
(29, 30), the expression of canonical marker genes established in 
the literature, and the top most highly expressed genes in each 
cluster, similar to the approach we undertook for scRNAseq of 
murine AA skin immune infiltrates (SI Appendix, Fig. S7 B–D).

As observed in our murine scRNAseq data, AA skin overall was 
enriched for T lymphocytes compared to healthy skin, with T cells 
representing 23.74% of all sequenced immune cells, compared to 
11.49% of all immune cells in CTRL skin (Fig. 4 B and C). CD8+ 
T cells were significantly enriched in AA skin (9.85% AA vs. 
4.11% CTRL), while there was no statistically significant differ-
ence in the frequency of CD4+ Th cells between AA and CTRL. 
In contrast to our murine dataset, we also observed a small but 
statistically significant increase in the frequency of Treg (2.02% 
AA vs. 0.64% CTRL), as well as NK T cells (4.1% AA vs. 0.85% 
CTRL) and γδ T cells (2.49% AA vs. 1.00% CTRL).

Differential gene expression analyses of CD8+ T and CD4+ Th 
cells between AA and CTRL skin, followed by GSEA, showed 
upregulation of cytotoxicity and NKG2 family genes such as 
GZMK and KLRK1 in AA-associated CD8+ T cells. AA-associated 
CD8+ T cells also showed statistically significant enrichment in 
GO terms for “regulation of leukocyte-mediated cytotoxicity,” 
“NK cell-mediated immunity,” and “adaptive immune response” 
(SI Appendix, Fig. S8 A and B). Meanwhile, although AA CD4+ 
Th showed upregulation of genes associated with T cell activation 
and migration such as IL32, CXCR4, and CD69 (56, 77, 78), they 
were not enriched for cytotoxicity or NKG2 family-related genes, 
and the top enriched GO terms implicated pathways that were 
associated with general cellular processes such as protein transla-
tion and translocation (SI Appendix, Fig. S8 C and D). We were 
unable to perform differential gene expression analysis between 
AA and CTRL-associated Treg due to the low number of Treg cap-
tured in our dataset. Taken together, these results suggested that 
CD8+ T cells were the predominant disease-driving cell type in 
human AA, consistent with our findings in murine AA.

We next performed a focused analysis of CD8+ T cells, which 
both our mouse scRNAseq data and accompanying in vivo studies 
established as a predominant pathogenic cell type in AA. 
Unsupervised clustering of human AA-associated CD8+ T cells 
yielded two clusters, which largely diverged based on the expres-
sion of marker genes we identified in our previous mouse sequenc-
ing data (Fig. 4 D and E). For instance, TXNIP and TCF7, which 
were associated with the Naive-like cluster in murine AA CD8+ 
T cells (Fig. 3), were more highly expressed in cluster 1, while 
genes we previously associated with effector and activated T cell 
clusters such as CD69, IFNG, GZMA, and XCL1 were enriched 
in cluster 2. Similar to our approach for murine CD8+ T cells in 
AA, we further corroborated this annotation by analyzing our 
human CD8+ T cells in AA against signatures derived from var-
ious T cell states in murine and human viral infections (70–74), 
which showed that cluster 1 overall scored more highly for naive 
T cell states relative to activation and memory states, whereas the 
opposite was true for cluster 2 (SI Appendix, Fig. S9).

Our mouse scRNAseq studies suggested that CD8+ T cells in 
AA are composed of interrelated cellular states that form a tran-
scriptional continuum of effectorness, as opposed to distinct sub-
sets with mutually exclusive gene signatures. To examine whether 
this phenomenon held true in human AA-associated CD8+ T cells, 
we performed a pseudotime trajectory analysis, which inferred the 

gradual progression of cells in cluster 1 to those in cluster 2 
(Fig. 4F). Plotting gene expression along pseudotime showed that 
Naive-like genes such as TXNIP were expressed highly at the 
beginning of pseudotime, whereas CD69, IFNG, GZMA, and 
XCL1 expression increased with the progression of pseudotime 
(Fig. 4G). Based on the pseudotime values, we then scored each 
cell’s effectorness, showed a strong correlation between effectorness 
scores, and the separation of the two human CD8+ T cell clusters 
in AA (Fig. 4H). These results underscore the presence of shared 
immunological mechanisms underlying murine and human AA.

Discussion

The immune landscape in AA is highly complex, characterized by 
the infiltration of diverse immune cell populations in the skin 
microenvironment that already exhibits exquisite immunological 
diversity at baseline. Here, we leveraged recent advances in single-
cell sequencing technology to dissect the immune composition of 
both murine and human AA. Our single-cell studies guided 
in vivo functional experiments in the graft-induced C3H/HeJ 
mouse model, where we employed antibody-based cell depletion 
to systematically interrogate the requirement of specific immune 
cell populations. In contrast to previous functional studies, which 
relied on adoptive cell transfer and ex vivo expansion of specific 
populations of interest (3, 14, 15, 23, 24), our antibody-mediated 
depletion studies tested the requirement of endogenous lympho-
cyte populations in disease onset and reversal in the in vivo setting. 
Our results also expand upon previously published depletion 
studies in other rodent models of AA, such as the DEBR rat model 
and C3H/HeJ mice that spontaneously develop AA with age, 
albeit at an unpredictable rate (79–81).

Both our scRNAseq and depletion experiments established the 
predominant role of CD8+ T cells in AA, which were the only 
cell type whose depletion resulted in both AA prevention and 
disease reversal. Although anti-CD4 delayed AA onset, its failure 
to prevent or reverse AA suggested an accessory role for CD4+ T 
cells in disease initiation relative to CD8+ T cells, whereas deple-
tion of NK, B, and γδ T cells had no effect on disease. While 
previous studies using the spontaneous C3H/HeJ model of AA 
did not observe complete disease reversal upon CD8+ T cell deple-
tion, the authors reported markedly higher rates of AA reversal 
with CD8+ T cell depletion compared to CD4+ T cell depletion, 
consistent with our results and supporting the predominant role 
of CD8+ T cells in AA pathogenesis (81). These results invite 
future drug discovery efforts focused on the role of CD8+ T cells 
and, importantly, provide proof-of-concept for the design of ther-
apeutic approaches that eliminate pathogenic CD8+ T cells.

To date, no studies have clearly resolved the heterogeneity of 
AA-associated CD8+ T cells in a manner that informs their func-
tion and potential trajectory of differentiation. Our focused anal-
ysis of AA-associated murine CD8+ T cells identified five subsets, 
whose gene expression profiles showed high concordance with 
established signatures for naive, early activated, effector, and res-
ident CD8+ T cells in other contexts (67–69). The dissection of 
CD8+ T cell heterogeneity as it relates to the specific function of 
each subset affords an opportunity to target these populations 
therapeutically. For instance, clusters 2 and 3, which show relative 
upregulation of Ifng, Prf1, and Gzmb compared to other clusters, 
may be readily targeted by currently available immunosuppressive 
agents such as steroids and JAK inhibitors. However, while JAK 
inhibitors represent a significant advancement in the therapeutic 
landscape of AA, the majority of AA patients exhibit disease relapse 
upon discontinuation of their prescribed treatment regimen. This 
may be mediated in part by the persistence of TRM in the skin 

http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305764120#supplementary-materials
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(82–85), which have not been previously described or identified 
in AA. Our scRNAseq data demonstrate that TRM (cluster 4) are 
numerous in AA skin and are characterized by the relative upreg-
ulation of genes previously associated with TRM in other contexts 
such as Crem, Vps37b, and Nr4a3. Additional studies are war-
ranted to define their role in AA, particularly with regard to the 

potential for these markers as targets for future therapeutic 
modalities aimed at eliminating TRM to achieve durable treatment 
responses.

Further analysis revealed that while CD8+ T cell subsets in both 
murine and human AA have distinct transcriptional profiles, these 
profiles are not mutually exclusive but rather exist on a continuum 
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Fig. 4. An effectorness gradient underlies CD8+ T cell heterogeneity in human AA skin. (A) UMAP of scRNAseq data obtained from scalp biopsies of 5 AA patients 
and 2 healthy controls, split across disease condition. Unsupervised clustering of 32,134 cells (21,766 AA; 32,134 CTRL) after quality control and CCA- based 
alignment uncovered 16 distinct populations. Note the marked increase in T cell infiltration in AA skin. (B) Percentage of T cells relative to the total number of 
sequenced immune cells, averaged across the replicates for each disease condition, showing a statistically significant (P = 0.002) increase in T cells in AA skin. 
(C) Percentage of specific T cell subsets relative to the total number of sequenced immune cells, averaged across the replicates for each disease condition. We 
observed statistically significant increases in the frequency of CD8+ T cells (P = 0.017), CD4+ Treg (P = 0.0051), NK T cells (P = 0.0016) and γδ T cells (P = 0.047) 
in AA skin. Significance is indicated as follows: *P < 0.05; **P < 0.01; ***P < 0.001. (D) UMAP of AA CD8+ T cell subsets. Unsupervised reclustering of AA CD8+ T 
cells uncovered two subpopulations. (E) Heatmap showing enriched expression of IL7R and TCF7 in cluster 1, while cluster 2 cells showed enriched expression of 
HSPA1ACD69IFNGGZMAGZMKPRF1, and XCL1. (F) Pseudotime trajectory analysis of AA CD8+ T cells, colored by cluster (Top Left), position along pseudotime (Bottom 
Left), Effector signature scores (Top Right), and Resident signature scores (Bottom Right). Pink dashed arrow denotes general direction of inferred differentiation 
across pseudotime. (G) Expression of select genes as identified in (B) along pseudotime, colored by cluster. (H) Pseudotime values were used to compute 
effectorness scores for each cell. Effectorness scores overlaid onto the UMAP of AA-associated CD8+ T cells demonstrated a high degree of correlation with 
the separation of the two CD8+ T cell subsets via unsupervised clustering of their transcriptional profiles, as shown in (D). Error bars represent SD. DS, dermal 
sheath; Fib, fibroblasts; Lymph, lymphatic vessel; VSM, vascular smooth muscle.
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that infers a differentiation trajectory for these subsets from naive 
to effector and resident T cell populations. A recent study using 
human CD4+ T cells demonstrated that CD4+ T cells undergoing 
polarization form a continuous transcriptional gradient of inter-
related states and referred to this phenomenon as an effectorness 
gradient, in which “high effectorness” reflects high levels of 
cytokine secretion and an increased potential to initiate a robust 
effector response upon stimulation (75). This concept has also 
been applied to CD4+ T cells in colorectal cancer and both CD4+ 
and CD8+ T cells in inflammatory bowel disease (75, 86). These 
findings present a framework for understanding CD8+ T cell het-
erogeneity in AA that has implications for the development of 
future therapeutic interventions.

Redefining CD8+ T cell heterogeneity through the lens of an 
effectorness gradient represents a major conceptual shift from 
current efforts to disrupt CD8+ T cell function in AA, which 
largely rely on the identification and targeting of a single or small 
group of genes whose expression is thought to be perturbed in a 
mutually exclusive, binary manner. Instead, this framework pro-
vides an opportunity to discover cytokines and other inflammatory 
signaling pathways that shape CD8+ T cell differentiation trajec-
tories and enable the development of approaches to potentially 
block the emergence of pathogenic CD8+ T cell subsets from their 
naive precursors. Furthermore, this framework enables a more 
nuanced interpretation of the different outcomes of cell depletion 
among our studies here and previously published studies (79–81): 
It implies that the effectorness gradient of CD8+ T cells targeted 
by depleting antibodies also varies as a function of time, such that 
results may differ depending on when and at what stage CD8+ T 
cells were targeted for depletion. Of note, the CD8+ and CD4+ 
T cell depletion studies in the spontaneous C3H/HeJ model of 
AA were performed in 5 to 10-mo-old mice, since spontaneous 
AA occurs in an unpredictable fashion over a wide age range (81).

A longstanding question in the field has been whether dysfunc-
tional Treg contribute to loss of tolerance or immune privilege 
underlying disease pathogenesis. Our previous genome-wide asso-
ciation studies identified AA risk variants within Treg-associated 
genes such as CTLA4, ICOS, and LRRC32 (66, 87–89), and pre-
vious studies suggested Treg dysfunction and/or deficiency in 
human AA (16–19). The role of Treg in AA has remained elusive 
in part due to the lack of reliable methods to interrogate Treg 
function in C3H/HeJ mice since genetic mouse models are limited 
in the C3H/HeJ background, and anti-CD25, which has previ-
ously been used to target Treg in other contexts (45–47), also targets 
CD8+ T cells in AA (SI Appendix, Fig. S3 D–H). Interestingly, 
our single-cell data uncovered Izumo1r/FR4 as a highly specific 
marker of Treg in murine AA, providing a powerful tool for selective 
interrogation of Treg in AA mice for the first time. Anti-FR4-mediated 
Treg depletion in murine AA significantly accelerated disease onset, 
demonstrating that Treg play a protective role in AA in vivo, as 
expected. This finding was consistent with the results of our in vitro 
Treg suppression assay and suggests that the loss of immune toler-
ance in AA is not driven by Treg dysfunction and may instead be 
mediated by properties intrinsic to the HF itself or other cell types 
within the complex HF microenvironment (8). This also supports 
the results of previous cell-transfer studies, in which the transfer of 
CD4+ CD25+ Treg from AA mice could prevent disease induction 
by CD8+ T cell transfer in recipient C3H/HeJ mice (12). While 
we did not capture IZUMO1R expression in human AA Treg, the 
detection of IZUMO1R expression in human Treg has proven dif-
ficult in numerous studies, perhaps due to the presence of a pseu-
dogene or an alternatively spliced variant not captured by 
conventional sequencing and alignment methods (90). Additionally, 
our human data showed statistically significant increases in the 

proportion of CD4+ Treg, as well as NK T and γδ T cells, which 
was not observed in our murine model. Although we did not 
observe a significant increase in the proportion of CD4+ Th in 
lesional skin, the proportion of CD4+ Th in control skin was 
greater than what was observed in murine skin, which is consistent 
with studies that have demonstrated substantial CD4+ T cell infil-
tration in human skin, even at baseline in noninflamed states (91, 
92). Thus, despite the shared mechanisms between murine and 
human AA demonstrated in this study, these observations point 
to differences that warrant further study in human samples. 
Overall, our findings represent a comprehensive analysis of the 
diverse lymphocyte subsets in mouse and human AA and illustrate 
the utility of single-cell RNA sequencing as a powerful approach 
to resolve cellular heterogeneity in complex tissues and inform 
functional studies. Our work addresses numerous longstanding 
questions within the field of AA research, including CD8+ T cell 
heterogeneity and differentiation in AA skin, the potential role for 
TRM in disease relapse with currently available modalities of treat-
ment, as well as excluding a key role for CD4+ Th and Treg. The 
discovery of shared mechanisms between murine and human AA 
underscores the translational potential of our findings and provides 
a road map for future studies aimed at developing novel therapeu-
tic strategies for targeting specific CD8+ T cell subsets in a disease 
with a high unmet need.

Materials and Methods

Mice. Female C3H/HeJ mice were obtained from The Jackson Laboratory and 
were maintained under pathogen-free conditions and a 12-h light/dark cycle 
at an ambient temperature of 22 to 26 °C. Female mice were used because like 
numerous other autoimmune disorders (93), AA has a slight female predom-
inance (94, 95). This female predominance is observed in the skin-graft C3H/
HeJ mouse model of AA (96), in which the literature reported that 95 to 100% 
of grafted female C3H/HeJ mice developed AA, whereas the incidence was 30% 
in male C3H/HeJ mice (23, 96). To induce AA in C3H/HeJ mice, we grafted full-
thickness skin (approximately 1 cm in diameter) from donor mice with established 
disease onto 8- to 10-wk-old naive syngeneic recipients, as previously described 
(3). Animals were housed and all experiments were performed in compliance 
with institutional guidelines as approved by the Institutional Animal Care and 
Use Committee at Columbia University.

Human Subjects. All human studies were conducted in compliance with the 
Columbia University Institutional Review Board-approved protocol, AAAI0706. 
AA patients and healthy individuals were recruited from the Department of 
Dermatology at Columbia University Irving Medical Center. Informed written 
consent was obtained from each individual prior to participation in the study.

In Vivo Mouse Studies. For antibody-based cell depletion studies in the con-
text of AA prevention, skin-grafted C3H/HeJ mice were treated with the antibody 
of interest or an isotype control IgG antibody (Bio X Cell, #BP0089) via intra-
peritoneal (IP) injection, 250 μg twice weekly for 8 wk starting from the day of 
grafting. For antibody-based cell depletion studies in the context of AA reversal, 
skin-grafted C3H/HeJ mice with established disease (approximately 5 to 7 wk 
after grafting) were treated with the antibody of interest or an IgG isotype control 
via IP injection, 500 μg twice weekly for 10 wk. Experiments were designed to 
validate the efficacy of in vivo antibodies in depleting the target cell type, and 
then investigate whether depletion led to an effect on either AA prevention or 
acceleration. Based on preliminary experiments, a type I error (α) of 0.05, and a 
β of 0.2, we calculated that at least five mice were required in prevention experi-
ments and two mice were required in reversal experiments to detect an effect in 
at least 50% of animals included in each experiment with statistical significance. 
The primary outcome variable between two groups was the presence of hair loss.

A list of antibodies can be found in SI Appendix, Table S2.

Single-Cell 3’ mRNA Sequencing. All scRNAseq experiments were performed at 
the JP Sulzberger Columbia Genome Center Single Cell Analysis Core. Libraries 
were prepared using the 10× Genomics Chromium Single Cell 3′ Reagent Kits 
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according to the manufacturer’s instructions, with a target of 5,000 cells and 
350 million reads. Libraries were sequenced on an Illumina NextSeq 500/550.

Statistics. Statistical analyses were performed using the GraphPad Prism 7.0 
software, unless otherwise noted. Comparisons between the distributions of cell 
types were performed using a two-tailed unpaired student’s t test with Welch’s 
correction. Log-rank tests were used to analyze the hair loss or regrowth curves. 
Data in bar and dot graphs are means ± SD. Significance is indicated as follows: 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Materials and methods for the preparation of single-cell suspensions from 
mouse and human skin, fluorescence-activated cell sorting and flow cytometry, 
Treg suppression assay, and processing and analysis of scRNAseq data can be found 
in SI Appendix, Supplementary Materials and Methods.

Data, Materials, and Software Availability. Raw sequencing data have been 
deposited in GEO with the accession number GSE233906 (97). All other data 
needed to evaluate the conclusions in the paper are present in the paper and/
or the SI Appendix. Additional data related to this paper may be requested from 
the authors.
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