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Abstract

Thymic epithelial cells (TECs) make up the thymic microenvironments that support the generation
of a functionally competent and self-tolerant T-cell repertoire. Cortical (¢)TECs, present in

the cortex, are essential for early thymocyte development including selection of thymocytes
expressing functional TCRs (positive selection). Medullary (m)TECs, located in the medulla,

play a key role in late thymocyte development, including depletion of self-reactive T cells
(negative selection) and selection of regulatory T cells. In recent years, transcriptomic analysis

by single-cell (sc)RNA sequencing (Seq) has revealed TEC heterogeneity previously masked by
population-level RNA-Seq or phenotypic studies. We summarize the discoveries made possible
by scRNA-Seq, including the identification of novel mTEC subsets, advances in understanding
mTEC promiscuous gene expression, and TEC alterations from embryonic to adult stages.
Whereas pseudotime analyses of SCRNA-Seq data can suggest relationships between TEC subsets,
experimental methods such as lineage tracing and reaggregate thymic organ culture (RTOC) are
required to test these hypotheses. Lineage tracing — namely, of p5t or Aire expressing cells — has
exposed progenitor and parent-daughter cellular relationships within TEC.

Keywords

Thymic epithelial cell; ScRNA-Seq; mTEC; cTEC; Tuft; Aire; Promiscuous gene expression;
Lineage tracing

1 Introduction

The thymus forms during fetal development, differentiating from the third pharyngeal pouch
endoderm on embryonic day (E)9 of mouse gestation with lymphoid progenitors arriving

by E11[1, 2]. The development of the TEC lineage and therefore the thymus is dependent
on the transcription factor Foxnl [3, 4]. The thymus is a three-dimensional arrangement
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where TECs are compartmentalized in the two anatomical regions of the thymus: cortex
and medulla. This compartmentalization is the basis for the broadest classification of TECs
into cortical (c)TECs and medullary (m)TECs. Initially reliant on histology to distinguish
these sublineages, TECs can now be discriminated by flow cytometry. Based on commonly
used markers, TECs are defined as CD45— EpCAM+ with the additional expression of
CD205 or Ly51 for cTECs and UEAL for mTECs [5]. cTECs and mTECs are anatomically
and functionally distinct niches providing different essential signals for T-cell development.
CTECs support early thymocyte development, including T lineage determination and positive
selection of T cells, whereas mTECs foster negative selection and late T-cell development.
In recent years, the known diversity of TECs at both the functional and phenotypic levels
has expanded. We will provide an overall description of TEC biology, heterogeneity, and
parent-daughter relationships based on fundamental studies and new insights revealed by
scCRNA-Seq and lineage tracing methodologies.

2 CTEC Characteristics and Functional Roles

Functionally, cTECs can support diverse processes, including the chemotactic attraction of
lymphoid progenitors to the thymus, the development of early thymic progenitors (ETPs) to
CD4+CD8+ double-positive (DP) T cells, and functional TCR selection (known as positive
selection). These processes are described below and summarized in Fig. 1. Fetal liver
progenitors migrate to the thymus before the formation of the vasculature. In contrast, bone
marrow-derived progenitors go through the vasculature at the corticomedullary junction to
reach the thymus [6]. Once in the thymus, thymocyte migration proceeds through the cortex
to the subcapsular zone and back through the cortex into the medulla [7]. Chemokines
secreted by cTECs are critical regulators of this cell movement during which thymocytes
undergo transitions through multiple developmental stages (DN1/ETP — DN2 — DN3

— DN4 — DP stages). The key events of B-selection and positive selection occur at the
DN3 and DP stages, respectively [8-10]. Early thymic progenitors express the chemokine
receptors CXCR4 and CCR9 [11-13], whereas cTECs express the corresponding ligands
CXCL12 and CCL25 [11, 14,15], thus promoting thymic homing and intrathymic migration.
Moreover, cTECs are the source of Kit ligand (also known as stem cell factor — SCF),

and signaling through the kit receptor is critical for ETP expansion and development into
DNZ2-stage progenitors [16, 17]. cTECs also express the Notch ligand Delta-like 4 (DLL4),
whose signaling is essential for T lineage specification and for the transition of DN3/4 to DP
thymocytes [18]. A subset of DLL4+ cTECs expresses high levels of IL-7, which supports
the expansion of IL-7R-expressing T-cell precursors. Thymocyte expansion after -selection
enables the generation of TCR repertoire diversity during positive selection [19].

Positive selection is based on recognition of self-peptides presented on MHC class | and
class Il molecules. During this process, low-medium TCR-peptide/MHC interactions result
in TCR signaling that promotes cell survival and differentiation from DP to SP (CD4+

or CD8+) cells. However, T cells that fail to recognize peptide/MHC molecules do not
receive TCR signals and die by neglect [20]. In addition, high-affinity interactions result

in cell death. The characterization of the peptides that induce positive selection has been
extensively addressed. cTECs are the principal source of MHC-associated self-ligands, and

Methods Mol Biol. Author manuscript; available in PMC 2024 January 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Morales-Sanchez et al. Page 3

they express unique protein degradation machineries crucial for the production of these
self-ligands.

The proteasome is the main source of peptides presented by MHC-I. Murata et al.
identified B5t, the catalytic subunit of the proteasome exclusively expressed by cTECs
[21]. Interestingly, unique B5t-dependent cleavages were identified. Although the specific
mechanism remains to be determined, it was shown that p5t-dependent peptides display
specific amino acid sequences with C-terminal hydrophobic amino acids that induce low-
affinity TCR interactions and promote positive selection [22]. Consistently, p5t-deficient
mice display defective development of CD8+ thymocytes [21]. Thus, B5t enables the
formation of a highly specialized thymoproteasome that is critical for MHC-1-dependent
positive selection.

Similarly, for MHC-II presentation, the inactivation of the thymus-specific serine protease
(TSSP), a peptide-producing enzyme localized to the endosomal/lysosomal compartments
of cTECs, impaired the positive selection of CD4+ cell [23, 24]. Mice deficient in Prss16
(encoding TSSP) displayed a decreased expression of MHC-11 in CDR1+ cTECs and a
twofold reduction in the frequency of cTEC-hi (MHC-II hi) [23].

A fraction of p5t+ cTECs — termed thymic nurse cells (TNCs) — forms complexes

with thymocytes that may serve to optimize positive selection. In these complexes, large
CTECs enclose multiple DP thymocytes, providing a microenvironment for secondary TCR
rearrangement and thereby increasing the chance of successful positive selection [25, 26].
Positively selected SP thymocytes express CCR7 and CCR4 and are attracted to the medulla
toward a CCL21/CCL19 and CCL22/CCL17 gradient [27]. Hence, cTECs express several
soluble, membrane-associated, and intracellular molecules crucial for early thymocyte
migration, development, and selection.

3 mMTEC Subset Characteristics and Functional Roles

mTECs are highly specialized antigen-presenting cells that mediate negative selection and
establish T-cell self-tolerance, thereby imposing central tolerance. In this process, a wide
variety of self-peptides are presented by MHC, and thymocytes with high TCR affinity

for those self-peptides are induced to die by apoptosis. Conversely, some high-affinity
thymocytes are agonist-selected to differentiate into immunoregulatory Foxp3+CD4+ T
regulatory (Treg) cells. To accomplish these tasks, the thymic medulla contains functionally
distinct mTEC subsets. The expression levels of MHC-11 and CD80 subdivide mTECs

into two principal populations: mTECN (MHC-11Ni, CD80") and mTEC!® (MHC-I1'°,
CD80!°) [28]. An mTEC!® subset expresses CCL21 to actively attract positively selected

SP thymocytes, which highly express the CCL21 receptor, CCR7 [27, 29]. Promiscuous
gene expression (PGE), a distinctive trait of mTECN is the ability to express many
tissue-restricted antigens (TRAS). Aire is an important transcription factor driving PGE

and thus the principal regulator of negative selection. The Aire+ subpopulation constitutes a
nondividing, high turnover subset of the mTECN [30, 31]. Intracellularly, Aire is localized in
interchromatin granule clusters, associated with large transcriptional complexes containing
many other proteins including RNA pol 1, helicases, topoisomerases, transcription initiation
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and elongation factors, and ribonucleoproteins [32-34]. Notably, Aire induces mTECh to
express XCL1, a chemokine important in the recruitment of intrathymic dendritic cells
(DCs) [35], and promotes antigenic transfer to these DCs — a crucial aspect for establishing
central tolerance [36]. Some peripheral tissues have been found to express Aire; however,
its role in the periphery remains to be understood [37-39]. Deleterious mutations in Aire
are associated with autoimmune disorders in humans [40, 41]. Also, Aire-deficient mice
exhibit reduced TRA transcription and autoimmune manifestations [42]. Although Aire was
considered the unique regulator of PGE for many years, Takaba et al. demonstrated that
the transcription factor Fefz2 also regulates TRA expression independently of Aire. Fefz2
has a broader expression profile within mTECs, and its ablation in mice leads to severe
autoimmune symptoms [43]. Members of the TNFR superfamily influence the expression
of both factors. RANK and CD40 mainly control Aire expression, whereas LTBR signaling
regulates Fezf2 expression [43-45].

Along with the known role of mTECs in mediating negative selection and late-stage T-

cell development, thymocytes participate in the maturation of mMTECs and the structural
organization of medullary regions. This bidirectional and interdependent communication
between thymocytes and thymic stromal cells is known as thymic cross talk. Shores et al.
described that mice lacking TCR+ thymocytes presented very few medullary cells that were
not well organized into discrete medullary regions [46]. Subsequent studies demonstrated
that the expression of functional TCR alpha/beta and CCR7-dependent migration of
positively selected thymocytes are each essential for establishment of the medulla [47-49].
In addition, it has been shown that RANKL, CD40L, and LT signaling in mTECs is critical
for thymic cross talk [50-55].

4 Single-Cell Assessment of TEC Heterogeneity and Diversity

In recent years, transcriptomic analyses by RNA sequencing (RNA-Seq) have contributed
significantly to our understanding of several immune processes, including evolutionary
relationships, developmental trajectories, microenvironment complexity, and cell-cell
interactions. Additionally, the use of single-cell (sc)RNA-Seq has enhanced the discovery
of new immune cell subtypes that were masked by bulk transcriptional approaches

and phenotypic studies [56]. Notably, transcriptional studies at single-cell resolution

have revealed previously unexpected TEC heterogeneity and novel insights into PGE
programming by TECs. This section will describe the main findings on TEC diversity and
heterogeneity revealed by scRNA-Seq technologies. A framework of scRNA-Seq is shown
in Fig. 2.

4.1 Reclassification of the mTEC Compartment into Four Major Groups

As previously mentioned, the mTEC compartment is commonly subdivided into two
main groups based on the expression of CD80 and MHC class 1 — designated mTECH
and mTEC!°. However, new single-cell sequencing technologies have provided a more
comprehensive atlas of TEC subpopulations and have shown a more complex and diverse
molecular mTEC repertoire than was previously appreciated. Independently, Miller et al.
[57] and Bornstein et al. [58] used RNA-Seq to subdivide mTEC subsets in postnatal
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mice. While the results from these groups had significant overlaps, they used distinct
approaches and different nomenclatures for their mTEC subgroups. Notably, both groups
identified specialized mTEC subpopulations that formed microniches within the medulla.
While this section will focus on the results and methods of Bornstein et al., the techniques
and conclusions of Miller et al. will be discussed in the lineage tracing section.

The reclassification of mMTECs by Bornstein et al. was based on scRNA-Seq data and
chromatin profiling (iChIP-Seq and ATAC-Seq). Using these strategies, mTECs were
divided into four transcriptionally and epigenetically defined subtypes: mTEC I-IV.

These subgroups were retrospectively validated (index sorting strategy) by the de novo
identification of surface markers and staining followed by MARS-Seq and qPCR. mTEC

I were defined by MHC-11'° and B4 integrin expression. Concordantly, they exhibited the
lowest level of stochastically expressed genes across the TEC populations. In addition, some
mTEC | showed high levels of a6 integrin and Scal, which correspond to the markers of
putative TEC progenitors discussed further in the lineage trace section [59]. Finally, mTEC |
also contained cells with activating chromatin markers around the Cc/21 locus.

The mTEC Il subset displayed high levels of the PGE transcription factors, Aire and
Fefz2, and antigen presentation associated molecules such as Cd40, H2-Aa, and Cd74.
Additionally, epigenetic characterization showed an enrichment of H3K4me2 (marking
transcriptionally active genes) in Aire enhancer regulatory elements. Accordantly, mTEC
Il exhibited the highest levels of stochastically expressed genes but also the broadest TRA
expression variability across the TEC subsets.

mTEC IlI constituted a heterogeneous population that exhibited several genes known to be
expressed by previously described post-AIRE cells including Krt10, Scal, and Pigr[60, 61].
Concordantly, this subset showed low levels of MHC-1I and CD80. Furthermore, contrary
to mTEC Il, mTEC 11 displayed a more restricted distribution of stochastically expressed
genes. This population will be discussed in more detail in the lineage tracing section.

mTEC IV had a gene expression signature associated with intestinal tuft cells. Tuft cells
residing in mucosal barriers are distinguished by the presence of apical microvilli harboring
tuft-like brush structures and the expression of choline-acetyltransferase (ChAT) and taste
receptor signaling members such as TRPM5 [62]. Additionally, they are a major source of
IL-25, and their development is dependent on the transcription factor POU2F3. Thymic tuft
cells were initially identified by light- and electronmicroscopic immunohistochemistry and
were described as a subpopulation of morphologically heterogeneous, medullary epithelial
cells [63]. Moreover, a later study by Panneck et al. described them as ChAT-positive cells
residing in the medulla. They displayed features associated with tuft intestinal cells such as
a lateral microvilli ultrastructure and the expression of taste transduction cascade members
[64]. Bornstein et al. and Miller et al. simultaneously described a tuft cell-like mTEC
subset via the implementation of ScCRNA-Seq, bulk RNA-Seq, and lineage tracing [57,

58]. In agreement with the requirement for Pou2f3 by mucosal tuft cells, Pou2f3—/— mice
showed severely reduced thymic tuft cells. Notably, the identification of enhancer regulatory
elements by H3K4me2 ChIP-Seq and motif enrichment by ATAC-Seq demonstrated
enrichment of the Pou2F3 motif specifically in mTEC IV [58]. Aire—/- mice displayed
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unaltered numbers but molecular alterations (shown by alteration in Gnat3 gene expression)
in tuft TECs. This finding suggests that thymic tuft development is Aire-independent but
does not rule out the possibility of a nondevelopment role.

As previously mentioned, in the thymus, 1L-25 is exclusively expressed by tuft cells.
However, the function of thymic tuft cells is incompletely understood [57, 58]. Intestinal tuft
cells detect the luminal pathogens which drives IL-25-mediated type 2 immune responses.
Concordantly, reduction of the thymic tuft compartment in Pou2f3—/- mice resulted in
decreased NKT2 cells [57]. In the intestine, group 2 innate lymphoid cells (ILC2) are
activated by tuft cell-derived 1L-25 after luminal detection of pathosymbionts. Intriguingly,
a significant increase in the thymic ILC2 population was observed in Pou2f3—/— mice.
Additionally, thymic transplantation from Pou2f3—/— mice into athymic Foxnl-/- hosts
resulted in the generation of higher IL-25 auto-antibody titers compared to C57BL/6
neonatal thymic transplants [57]. Thus, thymic tuft cells could be essential in mediating
tolerance to 1L-25.

Thymic, and especially TEC, research in humans has also progressed. A recent analysis

of human thymus samples from 15 prenatal and 9 postnatal samples by SCRNA-Seq
comprehensively analyzed thymocyte subsets as well as thymic stromal components,
including TECs [65]. Interestingly, early thymic samples were predominantly cTECs, while
postnatal samples were predominantly mTECs, which aligns with observations of mouse
TEC among which cTEC develop prior to mTECs [28]. TECs were subdivided into eight
subtypes: cTEC, mcTEC, mTEC |, mTEC I, mTEC I, mTEC IV, TEC (neuro), and

TEC (myo). Although the mcTEC, neuro TEC, and myo TEC subtypes were not found to
have direct mouse counterparts, the cTEC and mTEC I-1V designations directly correlated
to mouse equivalents and comparison of these populations in human and mouse samples
revealed the expression of characteristic genes laid out by Bornstein et al. [58]. As seen in
mouse SCRNA-Seq samples and detailed below in Subheading 4.3, TECs from different age
frames clustered separately. For instance, their mcTEC cluster, an intermediate population
between cTECs and mTECs, was almost exclusively present in the late fetal-neonatal time
period. Finally, taking advantage of sequencing of all thymic cells, Park et al. analyzed
cross-talk interactions by chemokine and chemokine receptor expression and confirmed
known relationships at a transcriptional level — verifying that cTECs and DP and early SP
T cells use the CCL25/CCR9 axis, whereas mTECs, SP T cells, and activated DCs use the
CCL19/CCRY axis. Interestingly, this study did not recapitulate the use of the XCL1/XCR1
axis documented by mTEC/DCL1 in mouse. Instead, XCL1/XCR1 designated interactions
between CD1 and CD8aa T cells. The use of this axis by mTECs may have been drowned
out by grouping all mTECs together given that XCL1 is specifically produced by Aire+
mTECs [36].

More recently, Bautista et al. profiled human thymus stroma (CD45- EpCam-) and epithelial
(CD45- EpCam+) compartments across fetal, postnatal, and adult stages by SCRNA-Seq
[66]. They identified different clusters corresponding to epithelial, mesenchymal, pericyte,
mesothelial, endothelial, immune, and red blood cells. This study subsequently focused on
TEC heterogeneity and assessed other stromal populations for their potential to influence
TEC development and function. The mesenchyme cluster was found to highly express
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RSPO3-, SFRP2-, and FRZB-secreted factors directly associated with the Wnt/B-catenin
signaling pathway, which has been described as a regulator of TEC development [67-69].
Endothelial cells expressed growth factors TGFB1 and IGF1 suggesting that they can also
contribute to TEC development. The epithelial compartment was further analyzed, and TECs
were subdivided into nine subclusters: cTEC-hi, cTEC-lo, immature TEC, mTEC-lo, Aire+
mTEC-hi, corneocyte-like mTEC, neuroendocrine TEC, myoid TECm and myelin+ TEC.
To validate these findings, they compared their dataset to the one previously published

by Park et al. [65]. Most of the clusters corresponded, but one population of early (fetal)
cTEC was found only in the Park dataset, whereas one population of myelin+ cells was

only found in the Bautista dataset. Importantly, both works identified immature TEC that
did not express any of the functional genes of cTECs and mTECs and that accumulated in
the adult thymus. Immature TECs expressed ZBED2, IGFBPS5, and low levels of KRT15,
among other genes. Notably, knockdown of ZBED2 in human basal keratinocytes induces
differentiation, suggesting that this gene maintains an immature state in keratinocytes [70]
and may have a similar role in TEC. By re-clustering mTEC and rare TEC populations using
a higher resolution analysis, Bautista et al. revealed two additional clusters — tuft/ionocyte
and ciliated — and verified their presence in the medulla using immunofluorescence. The
tuft chemosensory cells expressed POU2F3, GNAT3, AVIL, PLCB2, and OVOLZ3, similar
to what was already described by Borstein et al. [58] and Miller et al. [57]. However, in

the human samples, tuft cells did not express I1L-25. This study also found a population of
CFRT+ cells localized in the Hassall’s corpuscles or dispersed in the medulla that resembled
lung ionocytes and a population of ciliated cells previously observed in the mouse thymus
by microscopy, positive for ATHO1, GFI1, LHX3, and FOXJ1. Finally, this analysis showed
some markers specific to the myelin+ cells, including SOX10, MPZ, and MBP, therefore
resembling Schwann cells.

4.2 TRA Signature, Another Trait of TEC Heterogeneity

Early studies examining TEC heterogeneity at the single-cell level focused on determining
the mechanism of PGE. In three early studies, the maximum cellular input was only about
200 mature mTECs. Interestingly, approximately 19,000 genes, including almost 95% of
TRA were expressed in this small number of cells [71-73]. How does this small cell subset
guarantee a comprehensive representation of the self-antigen repertoire? Interestingly, TECs
expressed the highest proportion of genes of any other cell type. Indeed, Sansom et al. [71]
used population-level approaches and determined that cTECs and mTECs express 84% and
89%, respectively, of the Ensembl protein-coding genes [74]. Single-cell approaches have
confirmed that Aire ensures the promiscuous transcription of an unparalleled number of
TRAs. These analyses revealed that Aire-dependent genes are induced in only a minority
of mTECs and are expressed in these cells more highly (16-fold) than previously predicted
from population-level studies [71]. Moreover, it has been shown that a proportion of Aire-
dependent and Aire-independent TRAS are expressed in concert and can be grouped into
small but stable clusters. Calculation of the mean genome distance between neighboring
genes indicated that numerous genes are clustered densely in specific genomic regions,
suggesting that genes for TRAs may be coordinately expressed [72,73].
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More recently, Dhalla et al. [75] undertook a large-scale SCRNA-Seq analysis of 6894
mTECs taken from Balb/c, C57BI/6, and Balb/c x C57BI/6 F1 mice that were either
unselected or selected for expression of the TRAs TSPANS8 or GP2. Their goals were

to address mTEC heterogeneity with a focus on TRA distribution within mTECs. Their
analysis subdivided mTECs into 15 clusters grouped into 8 subtypes: pre-Aire, proliferating,
mature, post-Aire, tuft-like, fibroblast-like, ciliated, and GP2-preferred mTECs. The gene
expression characteristics of the pre-Aire (Cc/21a), mature (Aire), post-Aire (Krt10, IVi),
and tuft-like (//25, Dclk1) subtypes matched up with characteristics previously put forward
by Bornstein et al. The proliferating cluster was primarily characterized by the expression
of G2/M genes such as Mki67. Interestingly, the pre-Aire cluster was subdivided into two
clusters — one with higher expression of alpha6 integrin (/fga6) and Scal(Ly6a) similar to
the potential TEC progenitors that will be discussed in the lineage trace section. Pseudotime
analysis indicated three trajectories, all beginning in the proliferating mTEC cluster: two
continued up through mature and into post-Aire mTEC clusters, whereas the third branched
down into the pre-Aire clusters. An alternative analysis, RNA velocity, indicated similar
results with the primary difference being a minor population of pre-Aire cells having a
trajectory into the proliferating mTECs — thereby connecting pre-Aire and mature mTECs.
Probing PGE mechanism, Dhalla et al. characterized modules based off of co-expressed
TRAs. Co-expressed TRASs were not grouped by peripheral organ expression or by
chromosomal location, arguing against the idea that TRA expression is driven by peripheral
tissue programs or chromosomal proximity. The authors instead suggested distinct factors
such as TEC maturation stage and/or chromatin proximity may be involved.

4.3 TEC Transcriptional Changes During Development and Aging

The thymus as a whole and TECs specifically are known to undergo extreme alterations
from fetal development to adulthood. Recent work from the Hollander lab has highlighted
the dramatic changes in the proportion of TEC subpopulations during aging using flow
cytometry and scRNA-Seq analyses on mice from neonatal to 1 year of age. Phenotypically,
cTEC populations expand significantly after 4 weeks of age, while mTEC-Lo and mTEC-
Hi populations decrease. However, in silico analysis reveals expansion of not only the
CTEC population but also a population of TECs expressing genes characteristic of both
CTECs (Prss1i6and Cxcl12) and mTECs (Ccl21aand Krt5) [76]. sSCRNA-Seq revealed
distinct transcriptional gene expression patterns in TECs throughout life. As with the human
samples discussed above, mouse TECs cluster by age instead of by subtype [65, 77, 78].
Kernfeld et al. [78] analyzed mouse TECs from E12.5 through birth and analyzed the
mMTEC and cTEC compartments by age. Analysis of maturation markers in diffusion maps
for pseudotime analysis demonstrated that cTECs upregulate H2-Aa, Cd40, and Enpep
(Ly-51), while mTEC upregulate 7nfrsfiia (RANK), Aire, and Cd80. Additionally, ex vivo
culturing of E13.5 thymi in FTOC did not interfere with TEC maturation and demonstrated
that TECs mature in vitro with the only major difference being a reduced proportion of
cTECs with high cell cycle gene expression [78]. Indeed, population RNA-Seq analysis

of cTECs and mTECs from E13.5 to 17+ months demonstrated clustering by subtype

and by age with age-based clustering for both cTECs and mTECs driven by Myc-target
genes including cell cycle and ribosome biogenesis. These results were corroborated in
scRNA-Seq and experimental quantification of proliferation, total RNA levels, and Myc
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expression. Transgenic expression of Myc in TECs drove thymic growth, increasing total
thymic size and the proportion of cTECs while maintaining equivalent proportions of mTEC
I-1V subtypes. Functionally, transgenic Myc expression enhanced BrdU incorporation in
adult TECs, increased the number of active ribosomes in adult TECs, and rescued the ability
of adult TECs to successfully engraft after intrathymic transplantation into an irradiated host
[77]. A major hurdle for elucidating thymic regeneration moving forward will be identifying
upstream controls of Myc as well as the developmental trajectories of TECs and their
progenitors in the adult thymus.

5 The Use of Lineage Tracing to Identify TEC Progenitor Populations and
Parent-Daughter Relationships

The development and maintenance of TEC populations within the thymus is a

crucial research topic for understanding thymic involution and regeneration. Population
differentiation and maintenance are generally thought of in a hierarchy with multiple levels
of stem or progenitor cells and subsequent differentiation into mature cell types (Fig. 3a).
The proliferation required for population maintenance could occur at progenitor stages
and/or at mature stages. For TECs, the apex of the hierarchy is presumed to be a bipotential
progenitor cell, capable of making both cTEC and mTEC lineages. Although this population
is known to exist embryonically, its persistence in adult mice has not been definitively
established [79]. The next rung could be cTEC- and mTEC-restricted progenitors followed
by development of the cTEC and mTEC mature subtypes. The differentiation of mature TEC
subsets is not currently known to be linear or branching or a combination.

While scRNA-Seq has revealed previously unknown heterogeneity within TEC populations
and pseudotime analysis tools such as Monocle can hypothesize relationships between
these groups, experimental methods are required to test these hypotheses. In contrast to
reporter systems, which use a fluorescent protein to indicate when a gene is actively being
expressed, lineage tracing (or fate mapping) is a method of permanently marking a cell and
its daughter cells — usually with a constitutively expressed fluorophore turned on by Cre
recombinase-mediated recombination (Fig. 3b). The converse of this technique is ubiquitous
marking followed by an extended chase to identify quiescent progenitor populations (known
as label-retaining cells or LRC). There have been two dominant TEC lineage tracing
targets: p5t — a cTEC-specific component of the immunoproteasome — and Aire, an mTEC-
specific transcription factor. Cre is expressed under the control of specific target genes by
inserting the Cre cassette directly into the gene locus or by creating a transgene of the

Cre cassette within the target gene locus. Cre activity can be further controlled by creating
fusion proteins with inducible domains (namely ERT2, tamoxifen, and Tet, doxycycline).
The targeted, transient Cre activity of inducible systems allow for assessment at multiple
timepoints (i.e., embryonic vs postnatal vs adult) — an important consideration for TEC
given the drastic age-based changes the thymus undergoes [65, 77, 78]. Ultimately, the
verification of potential progenitors and parent-daughter relationships must be tested by
FACS-based isolation and transplantation into fetal or reaggregate thymic organ cultures
(FTOC or RTOC) with the ultimate test being single-cell transfer resulting in reconstitution
[79].
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In order to search for potential TEC progenitor populations, LRCs were assessed because
they retain their label by being quiescent —a common characteristic for stem cells. Osada
et al. utilized a tetracycline-off (Tet-Off, tTA) system in keratin 5-expressing TECs to turn
off H2B-GFP expression upon doxycycline administration starting at 4 weeks postnatally.
After 10 weeks of doxycycline administration, the majority of EpCAM+ LRCs were Scal+,
MHC-11'°, a6 integrin!o/Mi and B1 integrin+ [80]. Using a 12-day BrdU pulse followed by
a 6-month chase, Wong et al. characterized a population of EpCAM+ LRCs with similar
cell markers — namely, UEA1-, MHC-11'°, Sca1M and a.6 integrin" — that were able to
successfully generate mTEC and cTEC lineages in RTOC [59]. While a putative mTEC-
specific progenitor population was also identified within the mTEC'® population as Sca1hi
and a6 integrini™, RTOCs revealed their ability to develop into mTECM, but not establish
long-term maintenance — although they did persist to a greater extent than their MHC-

11" MTEC and cTEC counterparts. Dumont-Lagace et al. identified a similar population
(UEA1-, MHC-I1', Sca1hi a6 integrin, CD24!9) using a Tet-On (rtTA) system that induces
H2B-GFP expression in all cells during doxycycline administration [81]. Similarly to Wong
et al., a UEAL + subset of LRCs was also detected, but these cells failed to proliferate in
response to induced atrophy, unlike UEA1-LRCs. While the progenitor abilities of the LRC
populations (especially the UEA1-populations) identified by these three groups have been
tested by ex vivo colony formation, RTOC, and BrdU incorporation during induced atrophy
and regeneration, these were done as bulk assays — not definitively ruling out the potential of
this population to contain separate lineage-specific precursors for cTECs and mTECs rather
than bipotent progenitors. Importantly, all of these models were performed in adult mice —
indicating the presence of long-lived, quiescent populations in the adult thymus.

Fate mapping of B5t-expressing cells revealed unexpected results. Murata et al.
demonstrated that 80% of cTECs express p5t using mice with the reporter fluorophore
Venus substituted into one allele of Psmb11[21]. Intriguingly, more than 95% of both
CTECs and mTECs in 6- to 7-week-old mice are lineage traced in p5t-Cre/LoxP-GFP

mice — indicating that both cTECs and mTECs develop from B5t-expressing progenitors.
Indeed, immunohistochemical analysis of thymic tissue from E12.75 verified that all

TEC were either co-expressing p5t and GFP or were already lineage traced by 5t [82].
This corresponds with prior data from B5t-Venus reporter mice that g5t is detectable by
E12.5 [83]. In order to determine if p5t-expressing cells continued to give rise to mTECs
postnatally, a Tet-On system (B5t-rtTA; TRE-Cre; LoxP-GFP or ZsGreen) was employed.
In accordance with prior results, doxycycline dosing from conception to 4 weeks postnatal
resulted in 83% of mMTECs and 95% of cTECs being labeled. However, altering the timing
of induction to start 1-week postnatal significantly reduced the labeling of mTECs in
4-week-old mice to less than 10%. Interestingly, cTEC labeling also decreased to 40%
when doxycycline was withheld until 2 weeks of postnatal life [84]. Replacement of the
LoxP-GFP with the confetti cassette (which randomly expresses one of four fluorophores
upon Cre-mediated recombination) allowed assessment of single-cell contributions to mTEC
and cTEC compartments by immunofluorescence. Doxycycline administration at 1 week of
age resulted in clusters of fluorophore-labeled cells that extend into the cortex and medulla
— positioning these p5t-expressing bipotential progenitor cells at the cortico-medullary
junction [85].
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Long term maintenance of TEC has been experimentally probed by time courses as well as
by induction of ablation or atrophy and regeneration. In accordance with the above results,
CcTEC-specific ablation by administration of diphtheria toxin (DT) to mice expressing the
DT receptor (DTR) under the control of the cTEC-specific gene Ccr-ckr1 revealed that
neonatal cTECs rapidly recover while adult thymic recovery is stunted [86]. Similarly,
embryonic ablation of cTECs by expression of nitroreductase (NTR) under the control of
Prss16or Psmbl11 (encoding TSSP and B5t, respectively) and administration of the pro-form
of the cytotoxic agent corroborated the efficient recovery capacity of the cTEC compartment
early in life [87]. Despite the fact that these ablation experiments were not designed to
result in complete removal of cTECs, thymic cellularity plummeted in all three instances —
highlighting the importance of cTECs for the thymocyte population. However, the impact
on cTEC and mTEC subsets was not directly assessed in these studies. Using the inducible
B5t-cre mice, a 45-week time course indicated that cells labeled embryonically (EO-birth)
and neonatally (DO-1 week) contribute to mTEC and cTEC populations long term with
50-60% of mTEC and cTEC fate mapped at 45 weeks of age [84, 85]. In agreement,

the percentage of labeled mTECs in adults remained consistently low after induction of
atrophy by irradiation or poly 1/C treatment and subsequent regeneration — indicating
repopulation by previously labeled mTEC-specific progenitors rather than the creation of
new progenitors. Interestingly, doxycycline administration during the regeneration time
course labeled approximately 5% of adult mTECs with or without induction of atrophy [84].
Collectively, these results indicate that (1) p5t-expressing cells contribute to both cTEC and
MTEC lineages, (2) the majority of mTEC-specific progenitors are created embryonically
and neonatally, and (3) mTEC-specific progenitors provide long-term maintenance for the
mTEC compartment (Fig. 3c).

While 5t lineage tracing has provided invaluable information of progenitor characteristics,
Aire lineage tracing has provided insights into the differentiation and development of mature
mTEC subsets. Unlike g5t models which knock in the fluorophore, Cre recombinase, or
rtTA cassette into the 5t locus, Aire models have relied on the random incorporation of
bacterial artificial chromosome (BAC) transgenes encoding the Cre recombinase or reporter
fluorophore within the Aire locus [21, 82, 84, 88, 89]. The first Aire lineage tracing
experiments generated multiple transgenic mouse lines, and their characterization revealed
that Aire is broadly expressed during early embryogenesis. However, a mouse line with
mTEC-specific expression specifically labeled Aire + cells found in the CD80M, MHC-I1N
compartment, but also indicated the existence of lineage-traced, Aire- cells in the CD80'°,
MHC-11'° compartment [88]. By altering the Cre to a tamoxifen-inducible ERT2-Cre and
crossing with Aire +/GFP or —/GFP mice, Nishikawa et al. validated the presence of

Aire-, fate-mapped mTECs in the CD80'°, MHC-11'° subset. They further demonstrated
that lineage-traced, Aire-deficient (Aire —/GFP) mTECs failed to downregulate CD80 [88,
89]. Simultaneously, Metzger et al. [90] also created Aire expression-restricted ERT2-Cre
mice and combined them with Aire-reporter mice. Time course analysis of the resulting
MTECs after a single tamoxifen dose revealed that Aire+ mTECs begin to downregulate
Aire within 7 days of induction (becoming reporter-negative, but remaining lineage traced)
with about 50% losing Aire expression by 10 days post-induction (Fig. 3d). In 6- to 8-week
old mice, the percentage of lineage-traced mTECs increases from D1 to D7 post-induction
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(climaxing at 35%) but quickly decreases with only 6% of cells lineage traced by D35
post-induction — indicating that although proliferation does occur during mTEC maturation,
these populations are not being maintained long term unlike the B5t lineage-traced mTEC
populations. Additionally, lineage-traced, reporter-positive cells remain steadfastly MHC-
11" while lineage-traced, reporter-negative cells are both MHC-11" and MHC-11'° with
MHC-11'° cells expressing increased terminal differentiation markers such as involucrin and
decreased mTECN markers such as Aire and Xcl1 [90].

The Anderson lab has subsequently used these lineage trace mice to characterize post-Aire
cells. Bulk RNA-Seq of cells 7 days post-induction isolated by MHC-I1 expression levels
and lineage trace into pre-Aire (MHC-11-'°, trace-), early-Aire (MHC-1INi, trace-), late-
Aire (MHC-11N trace+), and post-Aire (MHC-11', trace+) revealed two gene signatures:
cornified epithelium characterized by /v/and KrtZ0and intestinal tuft cells exemplified by
high expression of Trom5and Dclk1. Thymic tuft cells can be identified by flow cytometry
using DCLK1 and IL-25-reporter expression [57, 58]. The progenitor-successor relationship
of tuft cells was assessed using a 10-day tamoxifen pulse that resulted in approximately
50% of I1L-25-reporter+ tuft cells being lineage traced by Aire [57]. Indeed, ablation of
Aire+ cells using a DTR system (as described above) that co-expresses GFP revealed that
while single-dose ablation efficiently eliminates GFP+ mTECN, extended ablation results in
significant reductions in mTEC'® populations — including Dclk1+ tuft cells [57]. Bornstein et
al. employed fate mapping of Csnb (also known as Csn2) to ascertain tuft cell development.
Although Csnb is expressed in mTEC I1/I11 (Aire and post-Aire), but not in mTEC I/IV (pre-
Aire/tuft), tuft cells were lineage traced at a frequency of 55%. However, only 40-50% of
mTEC Il and 111 were fate mapped — indicating either poor efficiency of the Cre or variable
expression of Csnb [58]. Together, these results indicate the potential of Aire-dependent

and Aire-independent tuft cell development pathways; however, a longer tamoxifen pulse or
a time course has not been performed to ascertain whether all tuft cells naturally proceed
through an Aire+ stage or to determine the longevity of this population.

Combination of the Aire fate mapping system with RANK-L blockade and sScRNA-Seq
analysis revealed further nuances within mTEC subset relationships [91]. In addition to the
four subsets identified previously (here referred to as Ccl21a-high, Aire-positive, late-Aire,
and tuft), a fifth population termed transit-amplifying cell (TAC) TEC was identified and
characterized by active cycling. Pseudotime analysis suggested that TAC-TEC gives rise

to both Ccl21a-high and Aire-positive TEC — advocating for a branched mTEC lineage
tree. After a 10-day induction, Aire expression lineage traced approximately 90% of Aire-
positive and late-Aire clusters and 52% of TAC-TECs. In contrast to the Aire-positive
population, 18% of TAC-TECs expressed Aire without being fate-mapped — indicating
recent Aire expression. Sequencing of TECs over a 10-week time course following RANK-
L blockade, which ablates MHC-11-N, Aire-positive mTECs, agreed with the predicted
pseudotime with TAC-TECs recovering first, followed by Aire-positive and subsequently
late-Aire populations. The TAC-TEC to Ccl21a-high branch of the pseudotime has yet to be
experimentally tested.

While these lineage tracing experiments have provided valuable insight into TEC
development, differentiation, and maintenance, there are still many questions to be
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addressed. Both p5t and Aire lineage tracing have predominantly focused on the mTEC
lineage. The B5t lineage tracing model holds promise for elucidation of cTEC lineage
questions as well. Indeed, the decrease of fate-mapped cTECs to 40% when induced 2
weeks postnatal indicates that not all cTEC express p5t [84]. Similarly, the 30% decrease

in embryonically and neonatally labeled cTECs over the 45-week time course suggests

that new cTEC-specific progenitors are made in adult life that may or may not come

from B5t-expressing progenitors [84]. Combined with the observation that new mTEC
progenitors also arise from p5t-expressing cells in adulthood (albeit fewer), these results
imply the presence of active bipotent progenitors in the adult thymus. The putative bipotent
progenitors identified by LRC techniques do not express 5t [59] — although it is possible
that 5t is turned on only when the cells are triggered to divide and differentiate. These
putative progenitor populations have not been assessed in the models of DTR and NTR
induced cTEC ablation and regeneration [86]. Additionally, the use of Sox10 to fate map
neural crest (NC)-derived cells in the thymus mapped approximately 10% of TECs. It has
yet to be determined whether these cells are actually neural crest derived or if Sox10 is
co-opted by a subset of TECs — however, it is interesting that an equivalent proportion of
both cTECs and mTECs are traced by it. The functionality or long-term contribution of
Sox10-traced TECs has not been established [57]. Thus, while significant progress has been
made on mTEC lineages, many questions remain. A key step in moving forward will be to
reconcile the RNA-Seq signatures of TEC subsets with flow cytometric phenotypic markers
(using lineage tracing, reporter systems, and antibodies against surface proteins) to be able
to accurately isolate and assess TEC subsets. The segregation of mTEC subsets by definitive
reporter systems — such as Aire, Ccl21a, and IL-25 — may help identify specific cell surface
markers for these groups [92].

6 Conclusions

The intricate mysteries of the thymus are starting to be unraveled. While foundational
research into the functional characteristics of cTECs and mTECs has provided broad
characteristics and classifications of TECs, the implementation of ScRNA-Seq and lineage
tracing has greatly enhanced our knowledge of TEC biology and provided directions

for future research. Specifically, ingenious experiments incorporating lineage tracing and
SscRNA-Seq have improved our ability to distinguish mTEC subsets and verify progenitor-
successor relationships. However, even with acknowledgement of these expanded subsets,
it is known that certain subsets are likely to be further heterogeneous. For instance, the
mTEC | subset is hypothesized to be heterogenous for mature CCL21-producing cells

as well as progenitors for Aire+ mTEC [58, 59, 92]. cTEC heterogeneity has been an
especially difficult area of study. Even the application of sScRNA-Seq has had difficulty with
subdividing cTEC groups despite the evidence and hypotheses that bipotent progenitors may
reside within cTEC groupings [59]. Indeed, the fact that these progenitors are predicted to
be present in minute quantities in the adult thymus combined with the notorious difficultly
of cTEC isolation from adult thymi could be inhibiting their ability to group separately

in a SCRNA-Seq analysis. Additionally, cTEC heterogeneity is underestimated by scRNA-
Seq as single-cell sorting inherently eliminates cell complexes such as thymic nurse cells.
The combination of SCATAC-Seq with SCRNA-Seq is expected to reveal further intricacies
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and hypotheses into TEC developmental trajectories. However, a significant hurdle to the
validation of these hypotheses (and a current area of interest) is the identification of
reliable and specific surface markers for TEC subsets. We expect that future research into
TEC heterogeneity and lineage development will rely upon a combination of new surface
markers, the implementation of new reporter and fate mapping models, the development of
barcoding models, single-cell analyses, and functional assessment of putative progenitors.
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Fig. 1.

Ti?ymic development is supported by thymic epithelial cells (TECs). Early thymic
progenitors (ETPs) arrive at the thymus at the corticomedullary junction and then migrate
through the cortex. The chemokines CXCL12 and CCL25 secreted by cTECs and the
corresponding receptors CXCR4 and CCR9 expressed by thymocytes mediate thymic
homing and intrathymic migration. During their movement in the cortex, thymocytes
undergo transition through ETP, double-negative (DN)2, DN3, DN4, double-positive (DP),
and single-positive (SP) stages. cTECs provide key molecules, such as Kit ligand, Notch
ligand Delta-like 4 (DLL4), and IL-7, whose signaling is critical for T lineage specification,
expansion, and transition between thymocyte stages. Positive selection by cTECs is enabled
by their ability to process and present a wide variety of self-antigens on MHC molecules.
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Thymic nurse cells are a subset of cTECs that enclose DP thymocytes and provide a
microenvironment for a secondary TCR rearrangement. In the medulla, mTECs secrete
CCL21 to attract positively selected SP thymocytes. mTECs express an unparalleled number
of self-peptides and tissue-restricted antigens — enabling them to mediate negative selection
and establish central tolerance. Thymocytes with high affinity to self-peptides are induced to
die by apoptosis, while thymocytes with low to intermediate affinity survive and differentiate
into mature T cells. Please note that this is a schematic figure showing representative
molecules and processes mediating thymocyte development by TECs. However, many other
molecules are essential in these tasks
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Fig. 2.

Sc%ematic diagram of sScRNA-Seq in the TEC scRNA-Seq framework based on the
Massively parallel RNA single-cell sequencing framework (MARS-Seq) [93]. Thymic cells
are used as an example. Single cells are first isolated by FACS eliminating cell complexes
such as nurse cells. Next, cells are lysed in individual wells and, poly-A tailed RNA
molecules are barcoded by annealing them to randomized molecular tags (unique molecular
identifiers). Molecular tags also contain a T7 promoter (not shown), which will be used later
for in vitro transcription. Then, reverse transcription is performed, generating the first cDNA
strand. Next, individual cell lysates are pooled, and RNA-cDNA hybrids are converted

to double-stranded cDNA (second strand synthesis). Then, in vitro transcription generates
single-chain RNA molecules (this constitutes the first round of amplification), which are
then fragmented and ligated to sequencing adapters. Finally, reverse transcription and a
second round of amplification generate cDNA libraries for sequencing
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Fig. 3.

The use of lineage tracing to ascertain cellular relationships. (a) Potential models for TEC
developmental trajectories and levels of maintenance. (b) The fluorescence phenotypes of
reporter (green), lineage tracing (red), and inducible lineage tracing (red) models when the
target gene turns on and then off. The fluorescence phenotype of label-retaining cell models
with details on before and after the labeling event and the impact of proliferation is also
shown. (c) p5t lineage tracing of mTEC development indicates that B5t is expressed in
bipotent progenitors and that p5t- mTEC-specific progenitors contribute to the maintenance
of the mTEC lineage long term. (d) Combination of Aire-reporter (green) and inducible
Aire fate mapping (red) reveals multiple stages of mTEC differentiation. Analysis of a
short tamoxifen pulse reveals the presence of Aire-reporter+ and Aire-reporter—, lineage-
traced mTEC in the mTECN fraction, as well as Aire-reporter-, lineage-traced mTEC in

the mTEC!® fraction. Post-Aire mTEC!® cells have been subdivided into cornified mTEC
and tuft cells. Lineage tracing has not ruled out the potential for an Aire-independent
developmental path for tuft cells
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