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SUMMARY
Thymic mimetic cells are molecular hybrids between medullary-thymic-epithelial cells (mTECs) and diverse
peripheral cell types. They are involved in eliminating autoreactive T cells and can perform supplementary
functions reflective of their peripheral-cell counterparts. Current knowledge about mimetic cells derives
largely frommousemodels. To provide the high resolution that proved revelatory for mice, we performed sin-
gle-cell RNA sequencing on purified mimetic-cell compartments from human pediatric donors. The single-
cell profiles of individual donors were surprisingly similar, with diversification of neuroendocrine subtypes
and expansion of the muscle subtype relative to mice. Informatic and imaging studies on the muscle-
mTEC population highlighted amaturation trajectory suggestive of skeletal-muscle differentiation, some stri-
ated structures, and occasional cellular groupings reminiscent of neuromuscular junctions. We also profiled
thymic mimetic cells from zebrafish. Integration of data from the three species identified species-specific
adaptations but substantial interspecies conservation, highlighting the evolutionarily ancient nature of
mimetic mTECs. Our findings provide a landscape view of human mimetic cells, with anticipated relevance
in autoimmunity.
INTRODUCTION

Discrimination between self and non-self is a fundamental

requirement of the immune system. Failure to identify and target

non-self results in infection or cancer, while failure to identify and

protect self can result in autoimmunity. To limit self-reactivity, the

T cell repertoire is pruned in the thymus. Maturing T cells are

screened against a broad representation of self-antigens,

including peripheral-tissue antigens (PTAs) expressed bymedul-

lary-thymic-epithelial cells (mTECs), resulting in the deletion

of self-reactive T cells or their diversion into the regulatory

T (Treg)-cell lineage (reviewed in Abramson and Anderson1).

One mechanism by which thymic-epithelial cells express PTA

genes is through quasi-random, Aire-mediated augmentation

of transcription.2,3 A second mechanism has only more recently
108 Immunity 58, 108–123, January 14, 2025 ª 2024 Elsevier Inc.
All rights are reserved, including those for text and data mining,
been appreciated: subsets of mTECs, termed ‘‘thymic mimetic

cells,’’ mimic the transcriptional programs of particular extra-

thymic cell types.4–8 Cells of this nature, seemingly ‘‘misplaced’’

in the thymus, were reported as early as the mid-1800s, with the

observation of cornified epithelial cells on thymic sections.9

These and other ectopic cell types underlay one of the early ex-

planations for the widespread expression of PTAs in the

thymus.10 Single-cell RNA sequencing (scRNA-seq) data re-

awakened interest in misplaced thymic stromal cells—first,

thymic tuft cells and later mTEC subtypes resembling neurons,

ciliated cells, muscle, ionocytes, or keratinocytes.11–16 These

cells were conceptually unified and collectively categorized as

thymic mimetic cells following the discovery that murine mTECs

co-opt lineage-defining transcription factors (TFs) to drive their

differentiation.4 Mimetic mTECs coordinate tolerance induction
AI training, and similar technologies.
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Figure 1. The human thymus contains a

mimetic-cell compartment analogous to

mouse

(A) Representative gating of human thymic-

epithelial cells into mTEChi andmTEClo populations

and subdivision of mTEClo cells into CD104 and

PDPN double positive (DP.mTEClo) or double

negative (DN.mTEClo) populations.

(B–D) Relative abundance of the mTEC populations

among human TECs by flow cytometry, (B) by

donor, with average indicated, or stratified by

(C) age and (D) sex. (C and D) Mean and standard

deviation are shown in black. There was no signif-

icant difference in the frequency of each compart-

ment between 2- to 4-day-old and 3- to 4-month-

old donors or between male and female donors

by two-sided Wilcoxon rank sum test without

multiple hypothesis testing correction and a p value

cutoff of 0.05.

(E) Principal-component analysis of human popu-

lation-level RNA-seq data on differential genes.

(F) Heatmap of differentially expressed genes

(FC R 2 and FDR < 0.05) across human thymus

compartments in population RNA-seq data.

(G) Heatmap of selected genes in the human or

mouse thymus, by population RNA-seq.

See also Figure S1 and Table S1.
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to the PTAs of the peripheral cells they mimic and can also

perform unanticipated functions.4,7

Studies on human thymic mimetic cells have not advanced as

far as those on mice. There have been variable reports of tuft,

muscle, neuroendocrine, ionocyte, ciliated, myelin-expressing,

and/or mechanosensory thymic mimetic cells.13,14,17,18 But

none of these reports focused on the post-Aire-expressing

mTEC compartment wherein mimetic cells reside, rather assay-

ing whole thymus, unfractionated mTECs, or Aire-stage mTECs,

resulting in inconsistent and relatively shallow mimetic-mTEC

coverage. In-depth studies of the landscape and phenotype of

human thymic mimetic cells thus remain lacking, a gap made

particularly acute by their anticipated relevance to autoimmune

diseases.

Here, we characterized thymic mimetic cells from multiple hu-

man pediatric thymi, focusing on the post-Aire mTEC compart-

ment. We observed a diversity of subtypes that both overlapped

with and diverged from those of mice, including a striking expan-

sion of human muscle mTECs. Additionally, we identified a

plethora of thymic mimetic-cell subtypes in zebrafish, indicating

that mimetic mTECs are evolutionarily ancient. Cross-species

analyses among humans, mice, and zebrafish revealed many

mimetic-cell subtypes that were conserved across all three spe-

cies and others that reflected species-specific physiology.
Im
RESULTS

Humans and mice harbor analogous
post-Aire mTEC compartments
To investigate mTECs from the human

thymus, we examined cells from de-iden-

tified pediatric thymi removed during the

normal course of corrective cardiotho-
racic surgery. The nine donors ranged in age from 2 days to 12

years (Table S1). All nine presented with a cardiac defect, and

donors A and B also had genetic syndromes (Down and Noonan

syndrome, respectively).

In wild-type mice, three major mTEC compartments can be

discerned by flow cytometry4,19: mTEChi, expressing high levels

of major histocompatibility complex class II (MHC class II) mole-

cules and encompassing the Aire-expressing cells; DP.mTEClo,

which are pre-Aire-expressing cells that are Pdpn+CD104+

MHC class IIlo; and DN.mTEClo, which are post-Aire-expressing

cells with low levels of MHC class II molecules and no PDPN or

CD104. To determine whether these compartments exist in hu-

mans and whether human post-Aire mTECs are similarly en-

riched with mimetic cells, we examined the analogous compart-

ments in human thymi, enriching for TECs via bead-based

CD45+-cell depletion or EpCAM+-cell enrichment (Figure 1A;

Figure S1A). The thymi from all nine donors hosted all threemajor

mTEC compartments at levels similar to those found in mice4; in

particular, post-Aire mTECs comprised an average of around

30% of total TECs in both species (Figure 1B). The various do-

nors showed no significant age- or sex-related differences in

the frequencies of the three compartments (Figures 1C and 1D).

As an initial characterization of these compartments, we

sorted cells from 3 to 5 donors and performed population-level
munity 58, 108–123, January 14, 2025 109
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Figure 2. scRNA-seq reveals a diverse

repertoire of mimetic cells in the human

thymus, including large populations of

muscle, neuroendocrine, and ionocyte

mimetic cells

(A) UMAP of scRNA-seq of human mimetic cells.

(B) Heatmap of select genes. For each cluster, up

to 100 randomly sampled cells are shown.

(C) Expression of genes encoding relevant TFs.

(D) Donor composition of clusters (in order left to

right, donors A–E)

(E) UMAP, as in (A), split by donor.

See also Figures S1 and S4 and Table S1.
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RNA-seq. According to principal-component analysis (PCA),

samples from the same compartments clustered together

across the donors (Figure 1E). Clustering of differentially ex-

pressed transcripts (fold change [FC] R 2; false discovery rate

[FDR] < 0.05) revealed distinct programs of gene expression in

each of the three compartments (Figure 1F). The DP.mTEClo

population resembled the corresponding pre-Aire compartment

of mice in its enrichment for collagen- and integrin-encoding

transcripts.4 The mTEChi population preferentially expressed

the AIRE gene, consistent with its Aire-stage designation in

mice, as well as transcripts encoding human leukocyte antigen

(HLA) class II molecules (e.g.,HLA-DRA1 andHLA-DRB1), asso-

ciated antigen-processing molecules (e.g., CD74), and costimu-

latory ligands (e.g., CD70, CD80, and CD86). DN.mTEClo ex-

pressed transcripts encoding lineage-defining TFs such as

MYOG and NEUROD1, as well as other PTA transcripts such

as CKM, TTN, and CFTR, consistent with a post-Aire, mimetic-

cell-enriched compartment like that of mice. Indeed, homolo-

gous marker genes showed similar expression patterns in hu-

man and murine mTECs, although PTAs such as CFTR,
110 Immunity 58, 108–123, January 14, 2025
CHRNG, and TTN seemed to be more

strongly enriched in the DN.mTEClo

compartment of humans (Figure 1G).

In sum, human mTECs can be sepa-

rated into populations analogous to the

pre-Aire, Aire-stage, and mimetic-cell-

enriched post-Aire mTEC compartments

of mice based on HLA-DR, PDPN, and

CD104 expression. There is overall con-

servation of these populations’ transcrip-

tional programs between mice and hu-

mans, but with some species-specific

nuances.

Diverse mimetic-cell subtypes
populate the human thymus
We more deeply characterized human

mimetic cells by performing scRNA-seq

analysis of DN.mTEClo cells from five do-

nors (A–E). After imposing quality-control

filters, 29,310 mTECs (5,097–6,609

per donor) were retained. After cell clus-

tering and dimensionality reduction, we

observed a heterogeneous mimetic-cell

compartment reflecting diverse periph-
eral cell and tissue types: muscle (three subtypes), neuroendo-

crine (six subtypes), tuft, keratinocyte, ionocyte (two subtypes),

and transitional mTECs (Figure 2A). Gene-clustering and

marker-gene analyses validated the cell-cluster distinctions,

verifying that the various subtypes expressed TFs and genes

representative of their corresponding peripheral tissues

(Figures 2B and 2C). Each of these clusters is discussed in detail

in subsequent sections. We also captured small numbers of

immature, cycling, and Aire-stage mTECs, likely representing

sorting contamination.

Muscle, ionocyte, and neuroendocrine mimetic cells were the

most abundant clusters in the scRNA-seq data, whereas kerati-

nocyte and tuft mimetic cells were less abundant (Figure 2D).

The relative cluster frequencies were well-conserved across

donors and did not vary substantially by sex or across the

ages surveyed (Figure 2E; Figures S1B–S1E). The only donor

with a substantially altered frequency distribution was donor A,

who possessed a relative enrichment of neuroendocrine mTECs

and a relative paucity of muscle and ionocyte mTECs. This was

also the only donor who had Down syndrome.
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Figure 3. Muscle mimetic cells in the hu-

man thymus reflect a differentiation trajec-

tory

(A) Differentially expressed genes in muscle

clusters versus other mimetic-cell clusters, by

pseudo-bulk analysis. TFs (as curated in Lambert

et al.24) are in red. Select genes relevant in muscle

are labeled.

(B) Human muscle mimetic-cell clusters, reclus-

tered, with outlier clusters (non-muscle) removed.

(C) Signatures from a skeletal-muscle dataset

from McKellar et al.22 overlaid on the muscle

mimetic-cell UMAP.

(D) Marker genes enriched in early, intermediate,

and late muscle mimetic-cell stages.

(E) RNA velocity using scvelo, with velocities

shown as streamlines and velocity confidence,

and partition-based graph abstraction (PAGA)

representation.

(F) Schematic of muscle development and expres-

sion of genes encoding TFs known to be involved in

peripheral skeletal-muscle differentiation.

See also Figure S2.
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Themuscle mimetic-cell population is greatly expanded
in the human thymus
Arguably the most striking difference in the mimetic-cell

compartment of humans and mice was the approximately

25-fold more frequent occurrence of muscle mTECs in hu-

mans (36% versus 1.5%).4 Human muscle mimetics ex-

pressed transcripts encoding myogenic TFs (MYOG and

MEF2C) as well as key structural constituents of skeletal mus-

cle (TTN and DMD). Thymic mimetics resembling both early

and late skeletal-muscle cells were observed, the latter

exhibiting enhanced expression of muscle markers such

as DLK1, TTN, CKM, and TNNT3 (Figure 2B). We were sur-

prised to see a cluster of muscle mTECs distinguished by its

enrichment in long non-coding RNAs (lncRNAs), strongly

conserved across all five donors (Figures 2A and 2B;

Figure S2A). Despite our best efforts, we were unable

to define marker genes that could offer insight into this clus-

ter’s function beyond its strong enrichment for numerous

lncRNAs, such as LINC00326 and AC004949.1. Nor could

we find a literature analog in peripheral muscle, though a

few studies have reported lncRNAs generally to be important

in skeletal muscle.20 Whether this cluster is a mimetic-cell-

related phenomenon, reflects some as-yet-undiscovered

muscle biology, or is some type of experimental anomaly re-

mains to be seen.
Imm
We were particularly intrigued by the

expansion of muscle mimetic cells

because of their potential relevance to

the autoimmune disorder, myasthenia

gravis (MG), in which autoantibodies

target the neuromuscular junction and

cause muscle weakness, sometimes so

severe as to be fatal. MG is strongly asso-

ciated with the presence of thymic tu-

mors, and thymectomy often results in a

marked clinical improvement in myas-
thenic symptoms.21 Thus, given their enrichment in humans

and potential disease relevance, we first focused on muscle

mimetic cells for deeper analysis.

As an initial step, we comparedmusclemimetic cells with all of

the other mimetic-cell subtypes. According to pseudo-bulk anal-

ysis, the muscle mimetics showed increased expression of

genes encoding canonical muscle TFs (including MYOG,

MYOD1, MEF2C, and MYF6) (Figure 3A). Reclustering them in

isolation yielded five subclusters, composed of 9,060 total cells

(Figure 3B; Figure S2B). Overlaying published transcript signa-

tures from peripheral muscle types22 suggested a differentiation

trajectory (Figure 3C): amuscle stem-cell signature was enriched

in the ‘‘early’’ and ‘‘intermediate-1’’ clusters, and cells in the

intermediate-1 and intermediate-2 clusters were enriched for

myoblast and muscle-progenitor transcripts, and myotube

signature transcripts were increased in the ‘‘late’’ cluster. This

differentiation trajectory was also reflected in the transcription

of individual marker genes (Figure 3D). For example, early mus-

cle mimetic cells transcribed CCL19, which is preferentially ex-

pressed in immature mTECs,23 as well as SLIT3, and the inter-

mediate muscle-mTEC clusters expressed elevated levels of

the genes encoding myomixer (MYMX), myomaker (MYMK),

and dysferlin (DYSF), while the late cluster showed enriched

expression of genes specifying desmin (DES) and dystrophin

(DMD), whose products are found in peripheral myofibers. RNA
unity 58, 108–123, January 14, 2025 111
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velocity analysis, which focuses on the ratio of spliced to un-

spliced mRNA, also predicted a differentiation trajectory from

the early to late muscle-mTEC clusters (Figure 3E). Integration

of the lncRNA-enriched cluster into this trajectory was less

apparent but, most confidently, it seemed to derive from the

intermediate-1 cluster.

We next investigated how transcripts encoding TFs pro-

gressed along the muscle-mTEC putative differentiation trajec-

tory, a progression that has been well characterized in skeletal-

muscle differentiation (reviewed by Imbriano and Molinari25).

Peripheral-muscle differentiation trajectories usually cite PAX3

and PAX7 expression in muscle progenitors; expression of the

pioneer myogenic determinants, MYF5 and MYOD1, in myo-

blasts; expression of MYOG, which is required for terminal

muscle-cell differentiation, alongsideMEF2A andMEF2C, inmy-

ocytes; and MYF6 in mature myotubes.25,26 Transcripts encod-

ing PAX3 and PAX7 were very sparsely expressed in muscle

mTECs, without a discernible gradient along themuscle differen-

tiation trajectory, suggesting that muscle mTECs might not rely

on these factors to initiate muscle differentiation programs (Fig-

ure 3F). Instead, early muscle mimetics exhibited persistently

high expression of MYOG and MEF2A transcripts (Figure 3F),

both of which are only transiently expressed at an intermediate

phase of peripheral-muscle differentiation.22,26,27 MYOD1 tran-

scription, which in the periphery precedes that of MYOG, was

evident only at the intermediate stage of muscle-mTEC differen-

tiation, after MYOG transcription had already been turned on.

Finally, intermediate-2 and late muscle mTECs showed

increased expression of the genes encoding MEF2C and

MYF6, which are also associated with late muscle differentiation

in the periphery. Despite their divergent path(s) to the differenti-

ated muscle fate, late muscle mTECs nonetheless expressed

an array of transcripts encoding mature-muscle markers, high-

lighting the central role of TFs, rather than strict ontogenic reca-

pitulation, in driving mimetic-cell gene-expression programs.

We also wondered to what extent the various muscle-mTEC

subtypes reflected different peripheral-muscle types. Therefore,

we examined the expression of myosin-chain transcripts, which

have specific patterns of expression in peripheral slow- and fast-

twitch (type I and type II) skeletal muscle as well as in atrial and

ventricular cardiac muscle. When present, these transcripts

were most highly expressed in the late muscle-mTEC cluster

(Figure S2C), without distinct skeletal or cardiac gene-expres-

sion patterns. Similarly, we examined expression of both a signa-

ture of transcripts enriched in cardiomyocytes28 and a cardiac-

type troponin (TNNI3) (Figure S2D), both of which were enriched

in late mTECs. Thus, late muscle mimetic cells appeared to be a

broad representation of mature-muscle types.

In brief, then, muscle mimetic cells are strikingly enriched in

human pediatric vis-à-vis mouse thymi. They manifest a clear

differentiation trajectory, one that relies on some of the same

TFs as, but perhaps follows a different route from, what is char-

acteristic of peripheral muscle. An enigmatic lncRNA-enriched

muscle subset may reflect as-yet undiscovered muscle biology.

Muscle mimetic cells are histologically abundant, and
some of them may form neuromuscular junctions
To confirm the abundance and nature of the muscle mimetic

cells revealed by scRNA-seq analysis, we performed immunoflu-
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orescence staining of thymus sections using antibodies against

various muscle markers. DES+ cells were abundant in, and spe-

cific to, the thymusmedulla (Figure 4A), withmany of them exhib-

iting elongated morphology resembling that of peripheral myo-

cytes. DES staining overlapped with that of myogenin in some

nuclei (Figure 4B, white arrows), but there were also myogenin+

DES�musclemimetics (Figure 4B, blue arrow). DES andmyosin-

heavy-chain stainings also colocalized, occurring at a frequency

of approximately 40 per mm2 in the medulla (Figure 4C). Simi-

larly, the DYSF and myosin-heavy-chain stainings overlapped

(Figure 4D), although DYSF+ cells were about 7-fold more abun-

dant than the cells expressing myosin heavy chain. That DYSF

expression has also been observed in thymic endothelial and

vascular smooth muscle cells in the thymus13 may explain its

greater abundance. Strikingly, somemuscle mTECs had striated

morphology that mirrored the cellular microstructure of mature

skeletal or cardiac muscle (Figure 4E).

Hassall’s corpuscles are a prominent structure in the human

thymus. Alongside keratin10 ringing Hassall’s corpuscles, as

previously observed,29 we also found DMD+ cells (Figure S3A).

This morphology was not recapitulated with the other muscle

markers, although some DES+ cells were located at the edge

of Hassall’s corpuscles (Figures 4A and 4B). Since the genes

encoding DES and DMD are expressed in late muscle mimetic

cells (Figure 3D), the DES+ or DMD+ cells associated with Has-

sall’s corpuscles may represent a subset of mature-muscle

mimetic cells, although the significance of this localization is

unclear.

We were curious whether muscle mimetic cells formed neuro-

muscular junctions in a manner analogous to that of skeletal

muscle, especially given that such junctions appear to be auto-

immunizing agents in MG. We stained thymus sections with an-

tibodies against myosin heavy chain and the neuroendocrine

markers SOX2, S100, and CADPS. SOX2 and S100 staining re-

vealed adjacent muscle and neuroendocrine cells. Approxi-

mately half of the myosin-heavy-chain+ cells showed overlap-

ping staining of CADPS, which is involved in secretory vesicle

exocytosis (Figures 5A–5C). To determine whether these cells

formed potentially functional neuromuscular junctions, we

stained additional thymus sections with fluorescently labeled al-

pha-bungarotoxin, a neurotoxin that binds to the nicotinic acetyl-

choline receptor (AChR)30 (Figure S3B). Alpha-bungarotoxin

staining was not detected at the interface between neuroendo-

crine and muscle mimetic cells according to most muscle

markers, suggesting that they generally did not form cholinergic

synapses. However, alpha-bungarotoxin did colocalize with

DYSF+ cells (Figure 5D). Recalling that tuft mimetic cells ex-

pressed CHAT (Figure 2B), which encodes the enzyme that cat-

alyzes the synthesis of acetylcholine, we wondered whether tuft

mTECs might provide acetylcholinergic stimulus to DYSF+ cells.

Of note, tuft-muscle interactions have been observed in periph-

eral tissues (reviewed by O’Leary et al.31). Co-staining for DYSF,

CHAT, and alpha-bungarotoxin uncoveredmultiple, though rare,

instances of tuft-muscle interfaces with intervening alpha-

bungarotoxin (at about 1 in 800 DYSF+ cells) (Figure 5E).

Alpha-Bungarotoxin staining also colocalized with an alternative

tuft marker, TRPM5, indicating that we were specifically labeling

tuft mimetics in the thymus (Figure S3C). About 30% and 10%

of tuft mTECs and DYSF+ cells, respectively, had associated
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alpha-bungarotoxin staining, while approximately 8% of tuft

mTECs overlapped with DYSF+ cells.

Thus, immunohistology confirmed the abundance and hetero-

geneity of human muscle mimetic cells. It also revealed a

frequent association of muscle and neuroendocrine mimetics

and an intriguing, though occasional, colocalization of tuft

mimetic cells, DYSF+ cells, and alpha-bungarotoxin, raising the

possibility that tuft and at least somemuscle mimetics may inter-

face in the thymus in an acetylcholine-driven manner.

Neuroendocrine mTECs mimic a multiplicity of
cell types
scRNA-seq of the human mimetic-cell compartment also re-

vealed a striking expansion and diversification of neuroendocrine

mimetic cells, subdivided into six subtypes, delineated by their

expression of genes encoding the TFs ATOH1, NKX6-2,

SHOX2, FEZF2, CUX2, and DRGX (Figures 2A–2C; subclustered

in Figures S4A and S4B). ATOH1-expressing mimetic cells
Imm
resembled cochlear-hair cells, which

enable the inner ear to detect sound via

mechanotransduction.32 In addition to

ATOH1, these mimetics expressed genes

specifying the TFs BARHL1, POU4F3,

PAX2, and LHX3 (Figure S4B), which

comprise a known TF network in inner-

ear hair cells and are important for their

differentiation and maintenance,33–38

underscoring the biological logic of PTA

expression in this mimetic-cell subtype.

In addition to these TFs, cochlear-hair

mimetic cells expressed the genes

OTOF and USH2A (Figure 2B), both of

which have been implicated in human

otic diseases: mutations in OTOF cause

non-syndromic deafness,39 while muta-

tions in USH2A underlie Usher syndrome,

which is accompanied by hearing loss.40

ATOH1 expression has been reported in

the human thymus, by cells described

as either mechanosensory17 or ciliated14

mTECs. While the mimetic-cell repertoire

of mice includes FoxJ1+ ciliated mTECs,

these cells lack Atoh1 expression as

well as the neuroendocrine features of

ATOH1+ cochlear-hair mimetic cells.4

There was also a population of inter-

neuron mimetic cells, expressing tran-
scripts specifying the TF NKX6-2 (Figure 2C), which is character-

istic of peripheral cortical interneurons and their ventral

telencephalon progenitors.41 In addition, SIM1 andNKX2-2 tran-

scripts (Figure S4B) were found in this mimetic-cell subtype,

reflective of analogous spinal-cord interneurons.42 Interestingly,

the NKX6-2+ neuro cluster also contained a subset of cells that

expressed the gene encoding MYT1L (Figure S4B), which is

associated with neurodevelopmental disorders (reviewed in

Chen et al.43). NKX6-2 transcription has been reported in the

thymus in ‘‘mTEC-neuroendocrine-early’’ cells,17 although a

distinct mTEC subtype characterized by its expression has not

previously been described in humans or mice.

Another neuroendocrine mimetic-cell subtype expressed the

gene encoding the TF SHOX2 (Figure 2C), transcribed as a

gradient overlapping ATOH1+ and NKX6-2+ mimetic cells (Fig-

ure S4B). In the periphery, SHOX2 is required for the differentia-

tion of subsets of motor neurons.44 A small subset of SHOX2+

mimetic cells also specifically expressed the gene encoding
unity 58, 108–123, January 14, 2025 113
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the TF PHOX2B (Figure S4B), which is required for differentiation

of visceral motor neurons,45,46 suggesting that SHOX2+ mimetic

cells are analogous to motor neurons and that the PHOX2B+

subset, in particular, is analogous to visceral motor neurons.

Other clusters of neuroendocrine mimetic cells transcribed

genes encoding the TFs FEZF2 and CUX2 (Figure 2C; Fig-

ure S4B), thereby being analogous to lineages of cortical projec-

tion neurons in the brain, i.e., FEZF2+ or CUX2+ radial glial cells

engender cortical projection neurons,47,48 and FEZF2+ radial

glial cells also give rise to other glia populations.48 Fezf2 has

been reported to drive PTA expression in the murine thymus,

though the underlying mechanism remains unclear.49 A specific

FEZF2+ cluster of neuro-mimetic cells could potentially explain

the thymic transcriptional changes and autoimmunity associated

with Fezf2 deletion in mice.49

Lastly, we identified a population of mimetic cells expressing

the gene encoding the TF DRGX, as well as the NTRK3 gene

(Figures 2B and 2C; Figure S4B). These two loci are transcribed
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in the dorsal root ganglia and primary

sensory neurons,50,51 identifying this

mimetic-mTEC subtype as analogous to

sensory neurons. DRGX+ neuro-mimetic

cells also expressed the genes specifying

the glutamate receptor subunit, GRIK1;

the glycine neurotransmitter transporter,

SLC6A5; and the hypothalamic hormone,

GHRH (Figure 2B).DRGX+ sensory popu-

lations have not to our knowledge previ-

ously been described in mouse or human

thymi.

In sum, humans display a diverse

collection of neuroendocrine mimetic-

cell subtypes, collectively comprising a

markedly larger fraction of the mimetic-

mTEC compartment than that observed

in mice.4 Human neuroendocrine mi-

metics, characterized by expression of

transcripts specifying TFs such as

ATOH1, SHOX2, NKX6-2, DRGX, CUX2,

and FEZF2, mimic sensory neurons, mo-

tor neurons, interneurons, and neurons of

the brain.

Ionocyte mimetic cells resemble
multiple peripheral ionocyte types
Also prominent among the human

mimetic-cell subtypes were FOXI1-ex-

pressing ionocyte mimetics. Ionocytes

are ion-secreting cells with tissue-
specialized functions52—for example, intercalated cells of the

kidney control urine pH,53 and pulmonary ionocytes regulate

airway fluid and mucus properties.54,55 They express the gene

encoding CFTR, the anion channel for which loss-of-function

mutations cause cystic fibrosis,54–56 and are dependent on the

lineage-defining TF, FOXI1.57 Peripheral ionocyte subtypes

also share transcripts specifying the TF, TFCP2L1, and the

V-ATPase subunits.52,54,57–59 Mirroring their peripheral counter-

parts, thymic ionocyte mTECs expressed CFTR, FOXI1,

TFCP2L1, and V-ATPase-subunit-encoding genes such as

ATP6V0D2 (Figures 2B and 2C). The population of human iono-

cyte mimetic cells was not homogeneous, encompassing two

distinct subtypes. One transcribed the gene encoding the TF

ASCL3 (Figures 2A–2C)52,60; the other specifically expressed

the gene specifying the TF HMX2, as well as SLC26A4,

SLC4A9, and INSRR transcripts (Figures 2B and 2C; Figure S4C).

This set of transcripts identified this subtype as analogous to

type B intercalated cells in the kidney, which regulate
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bicarbonate secretion in the urine.53,57,58 These cells also ex-

pressed IL18 (Figure 2B), encoding a proinflammatory mediator

thought to be important during urinary tract infections.61

Additional mimetic-cell subtypes diversify the thymic
PTA repertoire
While the muscle, neuroendocrine, and ionocyte mimetic-cell

subtypes were abundant in the human thymus, several other

subtypes, namely tuft and keratinocyte mTECs, were present

at lower frequencies (Figures 2A and 2D). Tuft mTECs mimic pe-

ripheral tuft cells, chemosensory first-responders found in the in-

testine, trachea, and taste buds.62 Though peripheral tuft cells

were only recently reported to be key controllers of type-2 immu-

nity, via support of type-2 innate lymphoid cells (ILC2s),63–65

tuft mTECs were the first mouse thymus mimetics to be deeply

characterized.11,12,66,67 In agreement with these reports, we

observed human tuft mimetics to express the gene encoding

the lineage-defining TF, POU2F3, as well as transcripts speci-

fying CHAT and the taste transduction molecules, TRPM5 and

PLCB2 (Figures 2B and 2C; Figure S4D). However, human tuft

mTECs did not specifically express DCLK1 transcripts (Fig-

ure S4D), consistent with their absence from other human tuft-

cell populations but in contrast to the situation in mice, where

DCLK1 is a reliable marker of tuft cells.68

Keratinocyte mTECs mimic peripheral keratinocytes of the

epidermis.69 In humans, keratinocyte mimetic cells expressed

the gene encoding the lineage-defining TF, GRHL1, and were

enriched for keratin-gene transcripts, including KRT5 and

KRT6A (Figure 2B). Keratin-rich cells are frequently found in Has-

sall’s corpuscles.18 Though Hassall’s corpuscles are abundant

in the human thymus according to histologic analyses, there

was a relative paucity of keratinocyte mimetics by scRNA-seq

analysis. We speculate that they may be more resistant to

release by our digestion protocol.

Finally, we annotated a subset of mTECs as transitional

mimetic cells, given their occupancy of uniformmanifold approx-

imation and projection (UMAP) space intermediate betweenmul-

tiple mimetic-cell subtypes. They were characterized by low-

level expression of genes encoding multiple lineage-defining

TFs and PTAs (e.g., MYOG and POU2F3), as well as residual

expression of genes encoding some immature mTEC markers

(e.g., CCL19) (Figures 2B and 2C). These cells may represent

an intermediate state between immature and/or Aire-expressing

mTECs and differentiated mimetic-cell types.

Zebrafish also have thymic mimetic cells—Some
conserved, some reflecting unique fish physiology
We also investigated the evolutionary conservation of thymic

mimetic cells in zebrafish, which diverged from humans approx-

imately 450 million years ago, after the evolution of vertebrate

adaptive immunity (Figure 6A).70,71 Sparse thymic mimetic cells,

including neural and tuft TECs, were previously observed in the

course of profiling zebrafish lymphocyte differentiation.72 To

enrich for thymic-epithelial cells, we performed scRNA-seq on

dissociated thymus tissue depleted of T and B cells on the basis

of transgenic reporters (given the paucity of antibody reagents

for zebrafish) (Figures S5A and S5B; Table S2). These data

were analyzed alongside published zebrafish thymus scRNA-

seq datasets of sorted live cells.72 After excluding hematopoietic
cells, we annotated mimetic-cell subtypes based on gene

expression and computationally predicted label transfer using

the recently described pre-trained scGPT model,73 fine-tuned

on our human mimetic-cell scRNA-seq data (Figure S6). We

identified a diversity of mimetic-cell subtypes enriched for

epcam expression (Figures 6B and 6C; Figure S5C): muscle, ion-

ocyte (two subtypes), tuft (three subtypes), neuroendocrine (five

subtypes), periderm, ciliated, metaphocyte, macrophage-like,

structural, and ear non-sensory mTECs.

Zebrafish ionocyte mimetics were of two subtypes, which

reflected specialization in zebrafish physiology necessary for

maintaining homeostasis and survival in a freshwater aquatic envi-

ronment. One subtype expressed atp6v1aa, slc9a3.2, and ca15a

(Figures 6C and 6D), identifying it as analogous to H+-ATPase-

rich (HR) ionocytes, which are responsible for acid-base regula-

tion and sodium uptake, crucial functions due to low environ-

mental ion concentrations and variable water pH in the zebrafish

habitat.75,76 The other subtype expressed trpv6 and slc8a1b

(Figures 6C and 6D), suggesting that it mimics Na+-K+-ATPase-

rich (NaR) ionocytes, which play a role in calcium uptake, impor-

tant for maintaining physiological calcium ion concentrations in

the face of environmental fluctuations.77,78 Zebrafish also had

two additional primary ionocyte subtypes: Na+-Cl� cotrans-

porter-expressing (NCC) and K+-secreting (KS).76,79 The KS iono-

cyte marker gene kcnj1a.1 was expressed alongside HR marker

genes, while the NCC marker gene, slc12a10.2, was expressed

in only a subset of these cells (Figure 6D).

The zebrafish thymus contained three tuft mimetic subtypes

(Figures 6B, 6C, and 6E). Immune-type tuft cells transcribed

alox5a, which encodes a molecule involved in proinflammatory

arachidonic acid metabolism, as well as il17rc transcripts, en-

coding a member of the interleukin (IL)-17 cytokine-signaling

axis. Gut-type tuft cells expressed transcripts specifying the

aldehyde dehydrogenase enzyme (i.e., aldh1a3) and vil1, which

is frequently used as a marker of tuft cells. Neurosensory-type

tuft cells expressed gng13a and trpm5, encoding molecules

involved in the sensory perception of taste.

As in humans, the zebrafish thymus contained a wealth of

neuroendocrine-mTEC subtypes, some fish-specific. Ear sen-

sory-hair mimetics expressed the marker genes atoh1a, otofb,

and foxj1a, as also observed in humans (Figures 2B, 2C, 6B,

and 6C). A different, related zebrafish subtype also expressed

atoh1a transcripts, in addition to those encoding the TFs Sox2,

Prox1a, and Drgx (Figure S5D). These markers suggested this

cluster to be analogous to the neuromast, which detects water

displacement via mechanosensory hair cells on the surface of

fish.80,81 Twomajor types of olfactory sensory neurons, microvil-

lous and ciliated, are found in zebrafish,82 and thymic mimetic-

cell subtypes analogous to each of them were identifiable

(Figures 6B and 6C). Mimetics of ciliated olfactory sensory neu-

rons expressed olfactory receptor activity genes (such as

or132-5 and or111-11), ompb, and foxj1b, while mimetics of

microvillous olfactory sensory neurons transcribed trpc2b and

genes encoding the V2R-type receptor, including olfcd3 (Fig-

ure 6C; Figure S5D). Yet another neuroendocrine mimetic-cell

subtype in zebrafish expressed neurod1, neuroregulin 3b

(nrg3b), and lhx9 transcripts (Figure 6C; Figure S5D).

The zebrafish thymus contained three structural mimetic-cell

subtypes. One expressed sox10, bricd5, stm, otomp, and otog
Immunity 58, 108–123, January 14, 2025 115
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fish physiology

(A) Evolutionary tree, showing relationships be-

tween lamprey, zebrafish, humans, and mice.

Adapted from visualization generated by Time-

Tree.74

(B) UMAP of zebrafish scRNA-seq.

(C) Heatmap of select genes. For each cluster, up
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(D) Subclustered zebrafish ionocyte mimetic

cells and expression of select relevant genes.

(E) Subclustered zebrafish tuft mimetic cells

and expression of select relevant genes.

(F) Subclustered zebrafish muscle mimetic

cells and expression of select relevant genes.
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factors across mimetic cells in three species.
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transcripts (Figure 6C; Figure S5D), suggesting it to be analo-

gous to ear non-sensory cells, a structural cell type forming the

otic capsule.83 A second structural subtype was reminiscent of

the periderm, a developmental epidermal layer that expresses,

for example, krt17, anxa1c, and grhl3 (Figure 6C; Figure S5D).

A third transcribed the gene encoding the TF dlx3b, which is

found in peripheral structural tissues such as tooth epithelium,84

though this cluster was composed of only fourteen cells and so

was less well defined (Figures 6B and 6C; Figure S5D).

We discovered two interesting epcam+ populations in the

zebrafish thymus. One expressed mpeg1.1, ptprc, il22ra2, and

an unusual group of genes encoding TFs (e.g., pou2f3, spic,

and prox1a) (Figures 6B and 6C; Figure S5D). This collection of

marker genes evokedmetaphocytes, ectoderm-derived, macro-

phage-like cells occupying zebrafish barrier tissues.85,86 Though

not known to be resident in the thymus, these cells may repre-

sent bona fide metaphocytes or, instead, reflect a metapho-
116 Immunity 58, 108–123, January 14, 2025
cyte-like mimetic-cell population. The

other population transcribed spi1a and

spi1b as well as genes encoding conven-

tional macrophage markers, such as

fcer1g and mpeg1.1 (Figures 6B and

6C; Figure S5D). Though these cells

were enriched for epcam expression,

we cannot entirely rule out that they

were thymus-localized macrophages.

Finally, like that of mice and humans,

the zebrafish thymus contained muscle

mimetic cells, though, as in mice, they

comprised a markedly smaller fraction

of the mimetic-cell compartment than

did those in humans (Figure 6B). The

zebrafish muscle cluster was most

abundant in sample 2, which was treated

with liberase, suggesting that enzy-

matic digestion may be necessary to effi-

ciently release zebrafish muscle mTECs
(Figure S5B; Table S2). The zebrafish muscle mimetics ex-

pressed genes encoding classical muscle TFs (e.g., myog and

myod1) as well as genes specifying mature-muscle markers

(e.g., ttn.1 andmylpfa) (Figures 6C and 6F). These cells adjoined

immature mTECs in the UMAP, with an expression gradient of

immature marker genes such as ccl19b and ccl25a, suggesting

that they may represent a trajectory of muscle mimetic-cell dif-

ferentiation states akin to those in humans (Figures 6C and 6F).

These cells are enriched for the thymic-epithelial genes epcam

and krt5 (Figure 6F), suggesting that they are bona fide mimetic

cells rather than contaminants from thymus-adjacent skeletal

muscle. Nevertheless, to validate the identity of zebrafishmuscle

mimetic cells, we crossed fish carrying a fluorescent mCherry re-

porter under the dictates of the mylpfa promoter with fish ex-

pressing GFP driven by the lck promoter, the latter to highlight

the thymus organ. By confocal imaging of 2-week-old fish,

some mCherry-expressing cells were clearly within the thymus
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Figure 7. The zebrafish thymus contains

muscle mimetic cells

(A) Imaging of the thymus of a 2-week-old ze-

brafish bearing the transgenes mylpfa:mCherry

and lck:GFP. High-magnification images are

maximum intensity projections, and merged and

individual color images are included. See also

Video S1.

(B) Immunohistochemistry staining with myosin

heavy-chain-binding antibody on the thymus of a

3-month-old zebrafish, counterstained with he-

matoxylin.

See also Video S1.
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(Figure 7A; Video S1), suggesting the presence of muscle

mimetic cells. These results were confirmed by immunohistopa-

thology using an antibody that binds to myosin heavy chains,

and cells expressing myosin heavy chain could be observed in

the thymus of a 3-month-old fish (Figure 7B). More muscle

mTECs were observed in the 3-month-old compared with the

2-week-old fish, consistent with mimetic cells accumulating

with age and populating the fish thymus through adulthood

(Figures 7A and 7B).

Mimetic cells can be both species-shared and species-
specific
Despite millions of years of divergent evolution (Figure 6A),

zebrafish, humans, andmice all possessed thymicmimetic cells,

with a remarkable overall conservation of mimetic-cell subtypes

(summarized in Table S3). Namely, all three species had tuft, ion-
Imm
ocyte, muscle, neuroendocrine, skin, and

ciliated mimetics. However, species-

relevant specialization of these subtypes

was also evident, such as in the human

and zebrafish ionocyte subtypes and in

thewealth of human and zebrafish neuro-

endocrine subtypes (Table S3). Zebrafish

and mice both hosted mimetic-cell types

that were not observed in other species.

The mouse-specific subtypes—micro-

fold, gut/liver, goblet, and Ptf1a+ pancre-

atic mTECs—resembled peripheral in-

testinal and digestive cells, while the

subtypes specific to zebrafish mimicked

peripheral structural or supporting cells

(Table S3).

Moreover, mimetic-cell subtypes ex-

pressed largely orthologous lineage-

defining TFs across the three species,

including Grhl1, Foxi1, Myod1, and

Pou2f3 (Figure 6G). But some distinc-

tions in TF gene expression were also

evident—for example, several neuroen-

docrine mimetic-cell subtypes strongly

expressed NEUROD1 in humans, while

its ortholog was only weakly transcribed

in zebrafish and was not expressed in

mice (Figure 6G). Similarly, Sox8 tran-

scriptsmarkmicrofold cells in themouse,
but they were also expressed in zebrafish tuft mimetics (Fig-

ure 6G). Such conservation of TF expression supports the

centrality of lineage-defining TFs in mimetic-cell differentiation.

DISCUSSION

To provide a high-resolution view of human thymicmimetic cells,

we performed scRNA-seq analysis on the flow-cytometrically

sorted post-Aire mTEC compartments of multiple pediatric do-

nors, identifying a diversity of mimetic-cell subtypes, many of

which had counterparts in the mouse. Yet there were striking

differences in the representation of certain subtypes in the two

species, most notably a strong enrichment of muscle mTECs,

diversification of neuroendocrine and ionocyte mTECs, and

impoverishment in tuft mTECs in humans. Relatedly, character-

ization of the zebrafish mimetic-cell repertoire and its
unity 58, 108–123, January 14, 2025 117
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comparison with that of mice and humans revealed both spe-

cies-conserved and species-specific mimetic-cell subtypes.

For instance, the zebrafish thymus contains aquatic-adapted

ionocyte and water-mechanosensing neuromast mimetics.

Several features of the three species’ mimetic-mTEC profiles

raise questions about the processes underlying mimetic-cell dif-

ferentiation and regulation. One somewhat surprising facet is

that there was no apparent correlation between the abundance

or physiological importance of a particular mimetic-cell subtype

and that of its peripheral counterpart. Examples include the

dominance of tuft mTECs in mice and the mere existence of

cochlear-hair mTECs in humans.

Another curiosity was the divergent representation of some of

the subtypes in the different species, the most pronounced

example being the impressive expansion of the muscle-mTEC

population in humans. What factors, then, regulate the abun-

dance of a mimetic-cell subtype? We first acknowledge that as-

pects of the post-Aire-mTEC isolation procedure (e.g., thymus

dissociation) could potentially affect mimetic-cell representation

in the scRNA-seq data. However, since the processing condi-

tions were analogous for humans and mice,4 it seems unlikely

that the cell-extraction efficiency is the major contributing factor

in differences between these two species. Another potential

experimental factor might be that different stages of the life cycle

were being compared, e.g., adult mice versus young humans.

But it is important to keep in mind that thymus development is

much more advanced at birth in humans than in mice. Indeed,

we saw little evidence of age-related changes in children ranging

from 2 days to 4 months of age, consistent with the very similar

fractional representation (within the entire pool) of the various

mimetic-cell subtypes detected in perinatal versus adult humans

in another study.14

More likely, one or more biological factors probably come into

play. One such factor might be that there has been evolutionary

selection for mTEC subtypes that mimic peripheral cells not well

covered by other tolerance mechanisms (although it is difficult to

envisage how this kind of selection could operate). Another fac-

tor might be selection for mTEC subtypes that perform a new

function in the thymus, in reflection of the activities of their pe-

ripheral counterparts. We already know, for example, that tuft

mTECs regulate thymic generation of invariant natural killer

(NK)-T cells and ILC2s11,12,66,87 and that microfold mTECs influ-

ence the thymic immunoglobulin A (IgA) repertoire.4,7 It is also

possible that the molecular mechanics of mimetic-mTEC differ-

entiation are an important factor. Accumulation of eachmimetic-

cell subtype depends on the induction of one or more genes en-

coding a lineage-defining TF, and several features of these

genes could influence their propensity for transcriptional induc-

tion: enhancer:promoter distance, the abundance of Z-DNA in

the promoter region,88 other DNA-sequence features, and chro-

matin architecture. Lastly, it was recently shown that different

lineage-promoting TFs have varying propensities, in and of

themselves, to drive cell differentiation to a late or terminal

stage.89

The mechanics underlying induced transcription of the genes

encoding lineage-defining and cooperating TFs probably also

explain some of the particularities of the eye-catching muscle-

mTEC conglomerate. Several computational approaches

argued for a differentiation trajectory reminiscent of that followed
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during skeletal-muscle differentiation. Yet transcription of some

of the genes encoding key TFs (e.g.,PAX3/7 andMYOD1) did not

seem to adhere to the classical trajectory even though late-stage

muscle mTECs ended up having many transcriptional and

morphological features (even striations!) in commonwith skeletal

muscle. Also unanticipated was the diversity of mature-muscle

markers that could be detected, including different types of skel-

etal and cardiac muscle. These findings highlight the laxity of the

muscle differentiation process in the thymic context, raising the

question of whether the mTEC component of the muscle-mTEC

transcriptional chimera might be having an influence on muscle-

related transcriptional programs. Alternatively, cell-intrinsic or

-extrinsic factors normally present in muscle but absent or

reduced in the thymus might more faithfully drive the classical

muscle differentiation pathway or select for cells that are on track

to the appropriate terminal differentiation state.

Certain features of human mimetic cells raise questions about

their function and implications in disease. First, the only donor

with a substantially different distribution of mimetic-cell sub-

types was donor A, who possessed a relative enrichment of

neuroendocrine mTECs and a relative paucity of muscle and ion-

ocyte mTECs. This donor had Down syndrome (trisomy 21),

which has been associated with changes in thymusmorphology,

altered AIRE expression, and autoimmunity.90,91 Of note, AIRE is

encoded on chromosome 21, leading to the hypothesis that

Down syndrome may alter central tolerance via perturbed AIRE

expression.92 The changed mimetic-cell distributions of donor

A suggest altered central tolerance in Down syndrome, although

caution must be exercised in drawing conclusions from a sin-

gle case.

Second, we observed overlap of some neuroendocrine and

muscle mimetic cells, as well as striated muscle-mTEC sub-

structures. We are intrigued by the possibility that muscle

mTECs could exert a specialized function within the thymus or

could exhibit behavior mirroring peripheral muscle, such as

contraction. Indeed, spontaneous contraction of myoid cells in

thymic stromal cultures was observed in the 1970–80s,93–95

although the exact origin of these cells remains in question.

We also observed rare colocalization of tuft mimetic cells,

DYSF+ cells, and alpha-bungarotoxin in the human thymus,

raising the possibility that mimetic cells can engage in acetylcho-

line-mediated interfaces, mimicking peripheral neuromuscular

junctions. This finding is of special interest because autoanti-

bodies recognizing the AChR occur in around 80% of individuals

diagnosed with MG.21 In addition to these autoantibodies, indi-

viduals with MG often exhibit B cell infiltration and ectopic

germinal centers in the thymus.96,97 Indeed, it has been pro-

posed that the thymus is the site of autoreactive B cell matura-

tion and serves as a reservoir for them,98,99 although the mech-

anism for such thymic maturation is unknown. We hypothesize

that the acetylcholine-associated cellular interaction observed

here may supply the autoimmunizing agent in MG. However,

this notion remains in the realm of speculation until experimental

validation can be provided. Establishing a mouse model lacking

the AchR specifically in TECs is one long-term approach,

assuming that mice will also show muscle-mTEC:AchR:tuft-

mTEC colocalization analogous to that in humans. Character-

izing the mimetic-cell compartment in MG patients is another

approach, perhaps providing insights into the repertoire of,
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and contributions of, mimetic cells in both this disease and auto-

immunity more broadly.

In brief, our characterization of the human mimetic-cell

compartment of pediatric donors provides a high-resolution

look at the mimetic-mTEC repertoire of the human thymus,

laying the foundation for future studies on mimetic cells in

diseased states. The potential significance of such efforts is

underlined by the importance of murine ciliated, muscle, en-

tero-hepato, tuft, and endocrine mTECs in tolerization to neo-

or endogenous antigens.4,7,8,11

Limitations of the study
We chose to sort the human post-Aire MHC class IIlo mTEC pop-

ulation for this study because the strongmimetic-cell enrichment

afforded by employing this approach with mice had revealed

mTEC subtypes that weremissing or too rare to study in previous

analyses. However, one might question whether the strong

mouse:human differences in distribution we observed actually

reflected differential expression of sorting markers in the two

species. We do not think this is the case, however. Focused

re-analysis of two recent human scRNA-seq studies wherein

the investigators surveyed the entiremTEC compartment14,17 re-

vealed that—just as in our study—muscle and neuroendocrine

mTECs were dominant mimetic-cell subtypes; keratinocyte

and tuft mTECs were among the least abundant subtypes; and

microfold mTECs were not found. Thus, the differential mTEC

subtype distributions we reported cannot be attributed simply

to our sorting protocol.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples
Human samples were discarded, deidentified specimens from donors undergoing pediatric cardiothoracic corrective surgery at

Boston Children’s Hospital (BCH). All procedures were approved by the BCH institutional review board (protocol number IRB-

P00041973), and written consent was obtained for use of deidentified discarded tissue as part of the consent for surgery. Samples

were from male and female donors, and donors ranged in age from two days to twelve years.

Zebrafish
Zebrafish were maintained in accordance with Boston Children’s Hospital Institutional Animal Care and Use Committee protocols

and in line with Animal Resources at Children’s Hospital guidelines (protocol 20-10-4254R). Strains used were: Tg(lck:mCherry;

cd79a:eGFP), Tg(lck:GFP; mylpfa:mCherry), and Casper. Zebrafish ranged from two to fourteen weeks post-fertilization. Both

male and female zebrafish were included; the sex of the zebrafish is indicated unless the fish was too young/small for sex

determination.

METHOD DETAILS

Human thymus processing
Approximately 500 mg of non-frozen thymic tissue was placed in 5 mL of DMEM on ice. Tissue was vigorously minced with scissors

to release thymocytes. The sample was rested on ice for 1 minute for thymic pieces to settle, and the lymphocyte-rich supernatant

was removed. Thymic fragments were digested with 10 mL collagenase digest buffer (basic media (DMEM, 25 mMHEPES, 2% FCS

(Gemini Bio)) plus 0.5mg/mL collagenase II (Sigma), 0.1mg/mL dNaseI (Millipore)) at 37�C for 20 minutes, with agitation, centrifuged

then digested with collagenase/dispase buffer (basic media plus 0.5mg/mL collagenase/dispase (Millipore), 0.1mg/mL dNaseI) at

37�C for 20 minutes. EDTA was added to 10 mM, and the sample was centrifuged and resuspended in FACS buffer (PBS, 2%

FCS) and filtered through a 100 mm filter. EpCAM+ cells were enriched (Donors A, B, and E) using magnetic anti-EpCAM beads

and LS columns or CD45+ cells were depleted (Donors C and D) using magnetic anti-CD45 beads and LS columns (all Miltenyi). Cells

were rinsed on the columnwithMACS buffer (PBS, 2%FCS, 1mMEDTA). EpCAM-enriched cells were eluted in 5mL ofMACS buffer.

Human thymus flow cytometry
Cells were stained with CD45 Brilliant Violet 605 (Biolegend 304041; Clone HI30; RRID AB_2562105), EpCAM APC-Cy7 (Biolegend

324245; Clone 9C4; RRID AB_2783193), HLA-DR APC (Biolegend 307609; Clone L243; RRID AB_314687), CD205 PE (Biolegend

342203; Clone HD30; RRID AB_1626209), PDPN PE-Cy7 (Biolegend 337013; Clone NC-08; RRID AB_2563367), CD104 FITC

(Biolegend 327805; Clone 58XB4; RRID AB_893216) antibodies, each at 1:50 dilutions in FACS buffer, and dead cells were labeled

with DAPI. Samples from Donors G-I were stained with the LIVE/DEAD Fixable Violet Cell Stain kit (Invitrogen L34963), rather than

DAPI, at 1:1000 for 10 min, washed with FACS buffer, and were additionally fixed in 1% formaldehyde (Thermo Scientific 28906)

in PBS for 10 min at room temperature, quenched with equal volume of room temperature 0.25 M glycine in PBS, and washed twice

with 0.04% bovine serum albumin in PBS. Cells were analyzed and sorted on a 4-laser FACSAria (BD) instrument, gated as in Fig-

ure S1A. Flow cytometry data were analyzed in FlowJo 10.8.2.

Summary visualizations of flow cytometry-defined compartment composition were generated using Python 3.7.3 and matplotlib

(version 3.5.3). Error bar mean and standard deviation calculations were performed using the numpy package (version 1.21.6).

Statistical testing was performed using the scipy package (version 1.4.1) and the two-sided Wilcoxon rank sum test with no correc-

tion for multiple hypothesis testing and a cutoff for significance of p < 0.05.

Human population-level RNA-seq
Cell populations were sorted twice by flow cytometry for purity, sorting 1,000 cells directly into 5 mL TCL buffer with 1%

2-mercaptoethanol in the final sort for cell lysis. Cell libraries were prepared using Smart-seq2 and sequenced by the Broad

Genomics Platform, according to the ImmGen ultra-low-input sequencing protocol (immgen.org).

Data were preprocessed according to the ImmGen preprocessing protocols (immgen.org). Reads were aligned to the GRCh38

human genome with STAR and gene counts quantified with featureCounts (Subread package). The standard ImmGen quality control

filters were applied to ensure sample exclusion if a sample had <8,000 genes with more than ten reads, high hematopoietic-cell

transcript contamination, housekeeping gene median transcript integrity number below 45, or poor replicate correlation.

Raw read count tables were normalized with the DESeq2 median of ratios methods, the standard ImmGen approach, and utilized

for plotting heatmaps and PCA analysis. Downstream analyses were performed in R (version 4.2.2). Genes were excluded if their

normalized expression did not exceed 20 in at least two samples.

Differential expression analysis was performed to select genes for heatmap visualization and PCA analysis. Differentially ex-

pressed genes were identified for each compartment vs the remaining compartments using DESeq2 applied to count tables. In these

calculations, low expression genes were excluded if they did not exceed 20 counts in at least two samples. Differentially expressed
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genes were selected for heatmap inclusion using a cutoff of fold change (FC) R 2 and false discovery rate (FDR) < 0.05 with

Benjamini-Hochberg correction. Differentially expressed genes were selected for PCA analysis using the above procedure with |

FC| R 2 and FDR < 0.05.

PCA was performed with the pcaMethods package, using method ‘svd’, scaled using unit variance (‘uv’) and a mean-centered

matrix (‘center=TRUE’). To plot heatmaps, normalized data tables were log2 transformed and genes were row-centered by subtrac-

tion of row means.

Human scRNA-seq library preparation
10,000 - 20,000 human PDPN-CD104- mTEClo cells were sorted into an FCS-coated eppendorf collection tube containing basic

media and 10% FCS. Cells were encapsulated and processed using the Chromium Next Gem Single Cell 3’ Dual Index kit (v3.1

chemistry) from 10x Genomics as per manufacturer’s instructions. Samples were sequenced on a NovaSeq6000 (Broad Institute)

for a minimum of 80 million reads per sample (Read 1: 28 cycles, i5 index: 10 cycles, i7 index: 10 cycles, Read 2 index: 90 cycles).

Human scRNA-seq analysis
Sequencing reads were demultiplexed and aligned to the GRCh38 human reference genome and output as transcript-by-cell

matrices using Cell Ranger (version 7.0). Downstream single cell RNA-sequencing analysis was performed in R using Seurat. Filtered

feature matrices were imported as Seurat objects, with a minimum feature filter of 3 cells (‘min.cells’) and raw count matrices were

merged across donors without formal batch correction (‘merge’). Cells withR12.5% of reads mapped to the mitochondrial genome

were excluded. Similarly, cells with %1000 genes or R7000 genes were excluded. Data were scaled and normalized (‘Normalize-

Data’), in which gene counts for each cell were divided by total counts for the corresponding cell and multiplied by scale-factor

10,000 and natural-log transformed (log1p). These data were used in gene feature plots (‘FeaturePlot’). Variable features (2,000)

were selected using the ‘vst’ selection method and variable features were scaled and centered (‘ScaleData’) and utilized for principal

component analysis (PCA) dimensionality reduction (‘RunPCA’). Cells were clustered, followed by non-linear dimensional reduction

and visualization in UMAP space using the first 30 dimensions (using Seurat functions ‘FindNeighbors’, ‘FindClusters’, and

‘RunUMAP’). Doublet prediction was run using the DoubletFinder package,106 using an expected doublet rate of 4% (based on

10x Genomics expected multiplet rates) (‘doubletFinder_v3’ function with pN = 0.25, pK = 0.09, PCs = 1:10) and run separately

on each donor. Contaminating fibroblasts and T cells were eliminated alongside a cluster enriched for predicted doublets. After elim-

inating clusters, the normalization, scaling, and dimensionality reduction procedures were repeated. Cells were clustered in a semi-

supervised fashion by unbiased Louvain clustering at high resolution (resolution = 2) to capture fine-grained heterogeneity among

mimetic cells, followed by consolidation of biologically homologous clusters. To clarify subtype and transitional mimetic cell bound-

aries (i.e. the ionocyte/transitional cell cluster boundary), we subset cells, subclustered as described above (with Louvain clustering

at resolution = 1), and integrated subclusters into the larger dataset in a supervised manner.

Dot plot visualizations were generated with the Seurat function ‘DotPlot’ with defaults including scaling, and minimum threshold of

expression in 5%of cells for the smallest dot. Scaled data were visualized in heatmaps using the Seurat function ‘DoHeatmap’, with a

minimum display value of 0.5. Muscle-specific analysis was performed by subsetting the three muscle clusters and reclustering, as

described above; small subclusters enriched for ionocyte and intermediate genes were excluded, and cells were reclustered. For the

muscle-specific heatmap, the Seurat function ‘FindAllMarkers’ was used to identify cluster-specific genes, expressed in at least 25%

of cells (in either of two populations being compared) and at least an average of 1.2-fold change difference between the two groups.

Neuroendocrine-specific visualizations were generated by subsetting the six neuroendocrine clusters and reclustering; small sub-

clusters enriched for intermediate genes were excluded and cells were revisualized, with the original cluster identities labeled.

Module scores for muscle types from published data were calculated using the Seurat ‘AddModuleScore’ function, which calcu-

lates average expression levels of signature genes against aggregate expression-matched control genes. Marker genes were

selected using the Seurat function ‘FindAllMarkers’ to identify upregulated genes, expressed in at least 10% of cells (in either of

two populations being compared) and at least an average two-fold change difference between the two groups. Mouse gene names

were converted to their human equivalents in Python using the pybiomart package (version 0.2.0) by converting via gene stable IDs. If

multiple human genes existed for one mouse gene, all were included. If no human equivalent existed, that gene was skipped. The

signature for myotubes was generated by combining signature genes from clusters of type iIx and type iIb myonuclei.

The three muscle clusters from the scRNA-seq data were grouped and the non-muscle mimetic cell clusters were grouped for

pseudo-bulk analysis. Gene counts were summed across cells for each donor in muscle or non-muscle groups, to make 10 groups

(5 donors, muscle or non-muscle groups). DESeq2 was utilized for differential expression analysis. TF-encoding genes were identi-

fied based on compiled TFs from Lambert et al.24 An analogous procedure was followed for pseudo-bulk analysis of lncRNA-en-

riched muscle mTECs compared to the remaining mimetic cells. LncRNA-encoding genes were identified based on compiled genes

from LNCipedia v5.2112 and GENCODE v46.113

For RNA velocity analysis, FASTQ files were preprocessed using kallisto-bustools, with prebuilt human Linnarsson index and la-

manno workflow option, to map spliced and unspliced transcripts.107,114 RNA velocity was calculated and plotted using scVelo

(version 0.2.5) in dynamical mode.108 Genes were filtered for the top 20,000 genes and required minimum shared counts of 20 for

a gene. Cluster assignments andUMAP coordinates were directly carried over fromSeurat and velocities were plotted as streamlines

on the embedding, alongside computed velocity confidence. CellRank (version 1.5.1)109 and scVelo were utilized for calculating

terminal and initial states and plotting a partition-based graph abstraction (PAGA) representation.115
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Human thymus histology
Thymus tissue was sectioned sagittally through the central part of a thymic lobe (to approximately 5 mm). Tissue was rinsed in PBS

then incubated in 4%paraformaldehyde in PBS overnight at 4�C. Tissuewas then rinsed three times in excess PBS and transferred to

a sucrose gradient in PBS of layered 5%, 15%, and 30%solutions and allowed to sink overnight at 4�C. Thymus tissuewas patted dry

and embedded in optimal cutting temperature media (OCT) (Sakura Tissue-Tek), frozen on dry ice, and stored at -80�C. OCT

embedded tissue was cryostat sectioned to 8 mm. At the start of staining, sections were permeabilized in PBS with 0.05%

Tween-20 (Fisher BP337-500) (PBS-T) for 10 minutes. Tissue was blocked for 1 hr at room temperature with 5% normal donkey

serum (Jackson ImmunoResearch 017-000-121), stained with primary stain in PBS-T at 1:50-1:100 dilution for 1 hr at room temper-

ature, and rinsed three times quickly with PBS-T then three times for 10 minutes each, with agitation. Tissue was stained with sec-

ondary antibody at 1:1000 dilution in PBS-T for 1 hr at room temperature, and again washed three times quickly in PBS-T then three

times for 20 minutes each, with agitation. Tissue was stained with Hoechst nuclear counterstain at 1:500 for 10 minutes at room tem-

perature, rinsed in PBS-T and mounted with ProLong Diamond Antifade Mountant (ThermoFisher P36970) and coverslip (No. 1 ½

optically clear glass).

Tissue sections were stained with the following antibodies: anti-Desmin (ab15200), anti-DEC205-PE (Biolegend 342203), anti-My-

ogenin-PE (BD Pharmingen 563120), anti-Myosin heavy chain (R&D MAB4470), anti-Dysferlin (Novus NBP1-84696-25ul), anti-ChAT

(R&D AF3447-SP), anti-CADPS (Novus NBP1-77323), anti-SOX2 (Cell Signaling Technology 23064S), anti-S100 (Abcam ab868),

anti-Cytokeratin 10 (Abcam 212546), anti-Dystrophin (Abcam 15277), anti-TRPM5 (Proteintech 18027-1-AP), donkey anti-rabbit

FITC (Jackson ImmunoResearch 711-096-152), donkey anti-rabbit Cy3 (Jackson ImmunoResearch 711-166-152), donkey anti-

mouse AF488 (Invitrogen A21202), donkey anti-rabbit AF647 (Jackson ImmunoResearch 711-606-152), donkey anti-goat AF647

(Jackson ImmunoResearch 705-605-147), donkey anti-mouse Cy5 (Jackson ImmunoResearch 715-175-151), and staining reagent

Alpha-bungarotoxin-CF488 (VWR 76221-710).

Thymic sections were imaged by spinning-disk confocal microscopy using Nikon Elements acquisition software, a Nikon Ti

inverted microscope with W1 Yokogawa Spinning disk with 50 mm pinhole disk, and Plan Apo 20x air or Plan Apo 100x oil objective.

Images with multiple Z-planes were processed as the maximum intensity projection. Images were processed in Fiji (ImageJ2).

Zebrafish tissue collection and cell sorting
Ten adult zebrafish (13 weeks post-fertilization (wpf)) were analyzed by scRNA-seq in this study. These ten zebrafish were

lck:mCherry; cd79a:eGFP double transgenics, generated by crossing Tg(lck:mCherry) (gift from Aya Ludin Tal, Zon Laboratory,

Harvard University) and Tg(cd79a:eGFP) zebrafish.100 This pair of transgenic markers allowed for the detection and visualization

of T and B cells. The sex of these ten fish could not be confidently determined at the time of analysis due to their small size and young

age. An additional adult T€ubingen (TU) wildtype zebrafish was used as a control for fluorescence-activated cell sorting (FACS) gating.

lck:mCherry; cd79a:eGFP transgenic zebrafish were euthanized by rapid chilling and confirmed deceased prior to thymi dissec-

tion. Thymus dissections were performed as previously described.72 Briefly, each zebrafish was positioned on a Styrofoam surface

and appropriately braced under a fluorescent dissecting scope. Each thymuswas clearly visualized following the removal of the oper-

culum and dissected into 0.5% BSA in HBSS without Ca2+ and Mg2+. Five samples were liberase treated by adding a 2.5 mg/mL

Liberase TM (medium Thermolysin concentration, Roche) stock solution at 1:60 dilution to each sample for a final total collagenase

concentration of 42 mg/mL. These samples were incubated at 37�C on a heat block at 800 rpm for 20 minutes. To stop the enzymatic

digestion, pure fetal calf serum (FCS) was added to a final concentration of 10%, and the samples were filtered through a 50 mm

disposable filter (CellTrics), centrifuged at 400 g x 5 min, and resuspended in 0.5% BSA in HBSS without Ca2+ and Mg2+. Five

untreated samples were mechanically dissociated by pipetting prior to filtering, centrifugation, and resuspension.

Sytox bluewas used to determine cell viability andwas added to the samples immediately before FACS. Live, non-autofluorescent,

GFP-negative, mCherry-negative cells were sorted (85 mm nozzle) on a BD FACSAriaII from each of the 5 samples per condition into

300 mL of 0.5%BSA in DPBS and kept on ice following the sort. This sorting strategy depleted T and B cells from the sample, allowing

for the relative enrichment of thymic epithelial cells. In total, approximately 18,000 cells were sorted for the untreated condition and

33,000 cells were sorted for the liberase-treated condition.

Zebrafish scRNA-seq library preparation
Sorted cells were pelleted by centrifugation at 400 g for 5 min. Following Trypan blue staining, they were resuspended to final con-

centrations of 400 and 700 cells/mL for the untreated and liberase-treated samples, respectively. Transcriptome profiling was per-

formed using the Chromium Next GEM Single Cell v3.1 Reagent Kits (10x Genomics) with a targeted recovery of 4,000 cells per

lane. Two lanes were run for the liberase-treated condition, whereas one lane was run for the untreated condition. The final transcrip-

tome libraries were pooled with 4 additional libraries, each targeting 6,000 cells. These pooled libraries, targeting a total of 36,000

cells, were sequenced at the Harvard University Bauer Core on an Illumina NovaSeq 6000 using an S4 flow cell (Read 1: 28 cycles,

i7 index: 8 cycles, i5 index: 0 cycles, Read 2: 91 cycles).

Zebrafish scRNA-seq analysis
Demultiplexed FASTQ files were processed using 10x Genomics Cell Ranger 7.0.0.116 Alignment was performed to a custom

genome consisting of zebrafish Ensembl GRCz11 and five additional genes (EGFP,mCherry, dsRed, TagBFP, andBRAFv600e). Pre-

viously published zebrafish thymus data72were reprocessed and included in our analysis. Specifically, the demultiplexed FASTQ files
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from four technical replicates of cells derived from the thymi of 21 juvenile Tg(lck:eGFP) zebrafish (4 wpf), two adult Tg(lck:eGFP) ze-

brafish thymi, and two adult GESTALT zebrafish thymi were included. Reprocessing was performed to include reads mapping to in-

tronic regions to increase sensitivity and for consistency withmouse and human data processing (Technical Note - Interpreting Single

Cell Gene Expression DataWith andWithout Intronic Reads, Document Number CG000554 (Rev A), 10x Genomics, (2022, June 21)).

Zebrafish scRNA-seq data were analyzed as described for human data above, with several modifications, described here. Cells

withR10% of reads mapped to the mitochondrial genome or cells with%300 genes were excluded. Doublet prediction was run on

separately encapsulated samples, with an expected doublet rate of 1%. Immunocytes and non-TECs, including cells expressing

canonical T cell, B cell, NK cell, or myeloid markers, were iteratively excluded.

Ionocyte-specific analysis was performed by subsetting HR and NaR ionocyte mimetic cell clusters and reclustering (resolution =

0.5). Labels were reassigned and homologous clusters combined. Similarly, neurosensory, immune, and gut-type tuft cells were

subset and reclustered (resolution = 1). For muscle-specific analysis, the muscle mimetic cell cluster was subset and reclustered

(resolution = 1, ndims = 50).

Imaging of transgenic zebrafish
Larvae (2 wpf) from Tg(lck:GFP; mylpfa:mCherry) transgenic zebrafish were used in this study. Confocal microscopy was performed

using a Yokogawa CSU-X1 spinning disk mounted on an inverted Nikon Eclipse Ti microscope equipped with dual Andor iXon

EMCCD cameras. Animals were only included for imaging and analysis if the expression of all transgenes could be identified. All im-

ages were acquired using NIS-Elements (Nikon). Whole fish were mounted in 0.8% LMP agarose with tricaine (0.16 mg/mL) in glass

bottom 6-well plates and covered with E3media containing tricaine (0.16mg/mL). GFP andmCherry expression were detected using

488-nm and 561-nm lasers, respectively.

Zebrafish immunohistochemistry
Wild-type Casper fish were fixed in 10% formalin (VWR cat. 16004-121) and tissues were dehydrated through a series of graded

ethanol: 70% (x1), 95% (x3), 100% (x3), followed by xylene (x3), and liquid paraffin. After processing, tissues were embedded in

paraffin. Tissues were sectioned at 5 mm and mounted onto Superfrost Plus Slides (Fisherbrand 12-550-15). Tissues were stained

with Harris’ hematoxylin solution for 6 minutes at 60-70�C and then rinsed in tap water. Next, 0.25% acetic acid and 70% ethanol

in water were used to differentiate the tissue for 30 seconds, and tissues were then rinsed with water. Tissues were blued in lithium

carbonate solution for 30 seconds and rinsed with water. Staining was performed with eosin Y ethanol solution for 30 seconds fol-

lowed by dehydration and covered with a coverslip. Immunohistochemistry was performed on the Leica Bond III automated staining

platform using the Leica Biosystems Refine Detection Kit (Leica; DS9800). FFPE tissue sections were baked for 30 minutes at 60�C
and deparaffinized (Leica AR9222) prior to staining. Primary antibodies were incubated for 30minutes, visualized via DAB, and coun-

terstained with hematoxylin (Leica DS9800). The slides were rehydrated in graded alcohol and coverslipped with HistoreCore

Spectra CV mounting medium (Leica 3801733) added. Myosin 4 antibody (Thermo Fisher 14-6503-82; clone MF20) was run at a

1:100 dilution with a 30-minute citrate antigen retrieval (Leica ER1 AR9961).

Evolutionary tree visualization
Evolutionary tree schematic was adapted from visualization generated by TimeTree5 (https://timetree.org/).74

Fine-tuning scGPT on human mTEC datasets
The pre-trained scGPT model was downloaded from:

https://drive.google.com/drive/folders/1oWh_-zRdhtoGQ2Fw24HP41FgLoomVo-y. Our humanmimetic cell scRNA-seq datasets

were used to finetune the pre-trained scGPT model. Specifically, we excluded non-mimetic cell subtypes, and 19,558 cells from

Donors A, B, C, and D were used as the reference dataset for fine-tuning, and 6,226 cells from Donor E were used as the query data-

set to evaluate the performance of the fine-tuned scGPT. The fine-tuning taskwas to predict themimetic cell subtype (identified using

Seurat) for each cell based on its transcriptome profiled by scRNA-seq. The fine-tuning model was implemented in Torch (v1.13.0),

and was trained on a single NVIDIA A100 GPU card for around�50 hours. We used a batch size of 8, and fine-tuned the model for 15

epochs until convergence and then returned to the model that had achieved the smallest validation loss. The learning rate of the

model was 1e-5, which was selected by comparing the performances of multiple learning rates. To evaluate the performance of

the fine-tuned scGPT model, we used the model to predict mimetic cell subtypes for cells in the query dataset (i.e. test set, Donor

E). The fine-tuned scGPT model achieved an accuracy of 0.886 on the query dataset. We also generated a confusion matrix to

visualize its performance on individual mimetic cell subtypes.

Applying fine-tuned scGPT model
To use the scGPT model, which was pre-trained and fine-tuned on human cells, for mouse and zebrafish datasets, we converted the

mouse and zebrafish gene names to human gene names. We adapted a pipeline from Song et al.117 for one-to-one gene conversion.

In brief, we identified orthologous genes using pybiomart (version 0.2.0) and, where multiple orthologs existed, selected the top

ortholog based on orthology confidence (primarily) and gene order conservation (secondarily), and removed the genes that were

not conserved between mouse/zebrafish and human. The converted scRNA-seq datasets of mouse and zebrafish mimetic cells

then underwent routine processing using Seurat, including quality control (min.cells = 3, min.features = 200), normalization, scaling,
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PCA and clustering. After converting gene names and cleaning cells, 4,341 mousemimetic cells x 15,130 genes, and 1,104 zebrafish

mimetic cells x 8,699 genes were input to the fine-tuned scGPTmodel for prediction. For eachmouse/zebrafishmimetic cell, the fine-

tuned scGPT model predicted to which human mimetic cell subtype it is most similar based on its transcriptome profiled by scRNA-

seq. For a given cell, if the predictive probability was smaller than 0.5 for every humanmimetic cell subtype label, themouse/zebrafish

cell would be labeled as ‘‘novel’’ to indicate that it might be amimetic cell subtype that was specific to mouse/zebrafish and not iden-

tified in human. To visualize predicted labels on mouse and zebrafish UMAPs, the scGPT predictions were imported into R and

assigned as a feature in the Seurat object metadata. Mouse/zebrafish mimetic cells (excluding Aire-stage, immature mTECs, transit

amplifying mTECs, and cTECs) were revisualized and predicted labels overlaid. Original labels are also shown for reference.

QUANTIFICATION AND STATISTICAL ANALYSIS

Significance was assessed for flow cytometry data by two-sided Wilcoxon rank sum test with no correction for multiple hypothesis

testing and a cutoff for significance of p < 0.05, as described in the corresponding figure legend. Definitions of center and dispersion

are also indicated in the figure legend. p-values for population RNA-seq or pseudo-bulk differential expression analysis were

calculated in DESeq2 using a Wald test with Benjamini-Hochberg correction for multiple comparisons. Statistical analyses were

performed using R or Python.
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