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INTRODUCTION: The thymus is the critical or-
gan for T cell development and T cell receptor
(TCR) repertoire formation, which shapes
the landscape of adaptive immunity. T cell
development in the thymus is spatially co-
ordinated, and this process is orchestrated
by diverse cell types constituting the thy-
mic microenvironment. Although the thymus
has been extensively studied using diverse
animal models, human immunity cannot be
understood without a detailed atlas of the
human thymus.

RATIONALE: To provide a comprehensive atlas
of thymic cells across human life, we performed
single-cell RNA sequencing (scRNA-seq) using
dissociated cells from human thymus during
development, childhood, and adult life. We
sampled 15 embryonic and fetal thymi span-
ning thymic developmental stages between
7 and 17 post-conception weeks, as well as
nine postnatal thymi from pediatric and
adult individuals. Diverse sorting schemes

were applied to increase the coverage on
underrepresented cell populations. Using
the marker genes obtained from single-cell
transcriptomes, we spatially localized cell
states by single-molecule fluorescence in
situ hybridization (smFISH). To provide a
systematic comparison between human and
mouse, we also generated single-cell data on
postnatal mouse thymi and combined this
with preexisting mouse datasets. Finally, to
investigate the bias in the recombination
and selection of human TCR repertoires, we
enriched the TCR sequences for single-cell
library generation.

RESULTS:We identifiedmore than 50 different
cell states in the human thymus. Human
thymus cell states dynamically change in
abundance and gene expression profiles across
development and during pediatric and adult
life. We identified novel subpopulations of
human thymic fibroblasts and epithelial cells
and located them in situ. We computationally

predicted the trajectory of human T cell de-
velopment from early progenitors in the
hematopoietic fetal liver into diverse mature
T cell types. Using this trajectory, we con-
structed a framework of putative transcription
factors driving T cell fate determination.
Among thymic unconventional T cells, we
noted a distinct subset of CD8aa+ T cells,
which is marked by GNG4 expression and
located in the perimedullary region of the
thymus. This subset expressed high levels
of XCL1 and colocalized with XCR1+ dendritic

cells. Comparison of hu-
man and mouse thymic
cells revealed divergent
gene expression profiles
of these unconventional
T cell types. Finally, we
identified a strong bias in

human VDJ usage shaped by recombination
andmultiple rounds of selection, including a
TCRa V-J bias for CD8+ T cells.

CONCLUSION: Our single-cell transcriptome
profile of the thymus across the human life-
time and across species provides a high-
resolution census of T cell development within
the native tissue microenvironment. System-
atic comparison between the human and
mouse thymus highlights human-specific
cell states and gene expression signatures.
Our detailed cellular network of the thymic
niche for T cell development will aid the
establishment of in vitro organoid culture
models that faithfully recapitulate human
in vivo thymic tissue.▪
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Constructing the human
thymus cell atlas. We ana-
lyzed human thymic cells
across development and post-
natal life using scRNA-seq and
spatial methods to delineate
the diversity of thymic-derived
T cells and the localization
of cells constituting the
thymus microenvironment.
With T cell development tra-
jectory reconstituted at single-
cell resolution combined with
TCR sequence, we investigated
the bias in the VDJ recombina-
tion and selection of human
TCR repertoires. Finally, we
provide a systematic compari-
son between human and
mouse thymic cell atlases. Human cell types
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The thymus provides a nurturing environment for the differentiation and selection of T cells, a process
orchestrated by their interaction with multiple thymic cell types. We used single-cell RNA sequencing
to create a cell census of the human thymus across the life span and to reconstruct T cell differentiation
trajectories and T cell receptor (TCR) recombination kinetics. Using this approach, we identified and
located in situ CD8aa+ T cell populations, thymic fibroblast subtypes, and activated dendritic cell states.
In addition, we reveal a bias in TCR recombination and selection, which is attributed to genomic position
and the kinetics of lineage commitment. Taken together, our data provide a comprehensive atlas of
the human thymus across the life span with new insights into human T cell development.

T
he thymus plays an essential role in the
establishment of adaptive immunity and
central tolerance as it mediates the matu-
ration and selection of T cells. This organ
degenerates early during life, and the re-

sulting reduction in T cell output has been
linked to age-related incidence of cancer, in-
fection, and autoimmunity (1, 2). T cell precur-
sors from fetal liver or bone marrowmigrate
into the thymus, where they differentiate into
diverse types of mature T cells (3, 4). The
thymic microenvironment cooperatively sup-
ports T cell differentiation (5, 6). Although
thymic epithelial cells (TECs) provide critical
cues to promote T cell fate (7), other cell types
are also involved in this process, such as den-
dritic cells (DCs), which undertake antigen
presentation, and mesenchymal cells, which
support TEC differentiation and maintenance
(8–11). Seminal experiments in animal models
have provided major insights into the func-
tion and cellular composition of the thymus
(12, 13). More recently, single-cell RNA se-

quencing (scRNA-seq) has revealed new
aspects of thymus organogenesis and new
types of TECs in mouse (14–16). However, the
human organ matures in a mode and tempo
that is unique to our species (17–19), calling
for a comprehensive genome-wide study for
human thymus.
T cell development involves a parallel pro-

cess of staged T cell lymphocyte differentiation
accompanied by acquisition of a diverse TCR
repertoire for antigen recognition (20). This is
achieved by the genomic recombination pro-
cess that selects variable (V), joining (J), and, in
some cases, diversity (D) gene segments from
the multiple genomic copies. This V(D)J gene
recombination can preferentially include cer-
tain gene segments, leading to the skewing of
the repertoire (21–23). To date, most of our
knowledge of VDJ recombination and reper-
toire biases has come from animal models and
human peripheral blood analysis, with little
comprehensive data on the human thymic TCR
repertoire (22, 24, 25).

Here, we applied scRNA-seq to generate a
comprehensive transcriptomic profile of the
diverse cell populations present in embryo-
nic, fetal, pediatric, and adult stages of the
human thymus, and we combined this with
detailed TCR repertoire analysis to recon-
struct the T cell differentiation process.

Cellular composition of the human thymus
across life

Weperformed scRNA-seq on 15 prenatal thymi
ranging from 7 PCW (post-conception weeks),
when the thymic rudiment can be dissected,
to 17 PCW, when thymic development is com-
plete (Fig. 1, A and B). We also analyzed nine
postnatal samples covering the entire period
of active thymic function. Isolated single cells
were sorted on the basis of CD45, CD3, or
epithelial cell adhesion molecule (EpCAM)
expression to sample thymocytes and enrich
for non-thymocytes, prior to single-cell tran-
scriptomic analysis coupled with TCRab pro-
filing. After quality control including doublet
removal, we obtained a total of 138,397 cells
from developing thymus and 117,504 cells
from postnatal thymus (table S1). If available,
other relevant organs were collected from the
same donor. We performed batch correction
using the BBKNN algorithm combined with
linear regression (fig. S1) (26).
We annotated cell clusters into more than

40 different cell types or cell states (Fig. 1, C
and D, and tables S2 and S3), which can be
clearly identified by the expression of specific
marker genes (fig. S2 and table S4). Differ-
entiating T cells are well represented in the
dataset, including double negative (DN), dou-
ble positive (DP), CD4+ single positive (CD4+),
CD8+ single positive (CD8+), FOXP3+ regulatory
(Treg), CD8aa

+, and gd T cells. We also identified
other immune cells including B cells, natural
killer (NK) cells, innate lymphoid cells (ILCs),
macrophages, monocytes, and DCs. DCs can
be further classified into myeloid/conventional
DC1 and DC2 and plasmacytoid DC (pDC).
Our dataset also featured the diverse non-

immune cell types that constitute the thymic
microenvironment.We further classified them
into subtypes including TECs, fibroblasts, vas-
cular smooth muscle cells (VSMCs), endothe-
lial cells, and lymphatic endothelial cells (Fig.
1E). Thymic fibroblasts were further divided
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Fig. 1. Cellular composition of the developing human thymus. (A) Schematic
of single-cell transcriptome profiling of the developing human thymus.
(B) Summary of gestational stage/age of samples, organs (circles denote
thymus; rectangles denote fetal liver or adult bone marrow, adult spleen, and
lymph nodes), and 10x Genomics chemistry (colors). (C) UMAP visualization
of the cellular composition of the human thymus colored by cell type (DN,
double-negative T cells; DP, double-positive T cells; ETP, early thymic progenitor;
aDC, activated dendritic cells; pDC, plasmacytoid dendritic cells; Mono,
monocyte; Mac, macrophage; Mgk, megakaryocyte; Endo, endothelial cells;
VSMC, vascular smooth muscle cells; Fb, fibroblasts; Ery, erythrocytes).
(D) Same UMAP plot colored by age groups, indicated by post-conception weeks
(PCW) or postnatal years (y). (E) Dot plot for expression of marker genes in
thymic stromal cell types. Here and in later figures, color represents maximum-

normalized mean expression of marker genes in each cell group, and size
indicates the proportion of cells expressing marker genes. (F) RNA smFISH in
human fetal thymus slides with probes targeting stromal cell populations. Top
left: Fb2 population marker FBN1 and general fibroblast markers PDGFRA
and CDH5. Top right: Fb1 marker GDF10, FBN1, and CDH5. Middle left: Fb1 marker
COLEC11 and FBN1. Middle right: Fb1 marker ALDH1A2, VSMC marker ACTA2,
and FBN1. Bottom left: TEC(myo) marker MYOD1. Bottom right: Epithelial
cell marker EPCAM and TEC(neuro) marker NEUROG1. Data are representative
of two experiments. (G) Relative proportion of cell types throughout different age
groups. Dot size is proportional to absolute cell numbers detected in the dataset.
Statistical testing for population dynamics was performed by t tests using
proportions between stage groups. The x axis shows age of samples, which are
colored in the same scheme as (D).

RESEARCH | RESEARCH ARTICLE



into two subtypes, neither of which has been
previously described: fibroblast type 1 (Fb1)
cells (COLEC11, C7, GDF10) and fibroblast
type 2 (Fb2) cells (PI16, FN1, FBN1) (Fig. 1E).
Fb1 cells uniquely express COLEC11, which plays
an important role in innate immunity (27),
and ALDH1A2, an enzyme responsible for the
production of retinoic acid, which regulates
epithelial growth (28). In contrast, extracellu-
larmatrix (ECM) genes and semaphorins, which
regulate vascular development (29), are spe-
cifically detected in Fb2 (fig. S3A). To explore
the localization pattern of these fibroblast sub-
types, we performed in situ single-molecule
fluorescence in situ hybridization (smFISH)
targeting Fb1 and Fb2 markers (COLEC11
and FBN1) together with general fibroblast
(PDGFRA), endothelial (CDH5), and VSMC
(ACTA2) markers (Fig. 1F). The results show
that Fb1 cells were perilobular, whereas Fb2
cells were interlobular and were often asso-
ciated with large blood vessels lined with
VSMCs, consistent with their transcriptomic
profile of genes regulating vascular develop-
ment. We confirmed the expression of GDF10
andALDH1A2 localized in the perilobular area
(Fig. 1F).
In addition to fibroblasts, we also identi-

fied subpopulations of human TECs (Fig. 1E
and fig. S4), such as medullary and corti-
cal TECs (mTECs and cTECs). To maximize
the coverage of epithelial cells, we enriched
for EpCAM-positive cells across several time
points (Fig. 1B). To annotate human TECs, we
compared our human dataset to the published
mouse TEC dataset (15) (figs. S5 to S7). We
were able to identify conserved TEC popula-
tions across species, including PSMB11-positive
cTECs,KRT14-positivemTEC(I)s, AIRE-expressing
mTEC(II)s, and KRT1-expressing mTEC(III)s
(Fig. 1E and fig. S4). Interestingly, cTECs were
more abundant during early development (7
to 8 PCW), and an intermediate population
(mcTECs), marked by expression of DLK2,
was evident in late fetal and pediatric human
thymi (fig. S4B). We identified a very rare pop-
ulation of mTEC(IV)s in humans, which are
similar to tuft-like mTEC(IV)s described in the
mouse thymus. However, DCLK1 or POU2F3,
the markers used to define mTEC(IV)s in
mouse (15, 16), were enriched but not specific
to this population in human (figs. S4B, S5, and
S6). We noted two EpCAM+ cell types that are
specific to human: (i) MYOD1- and MYOG-
expressing myoid cells [TEC(myo)s] and (ii)
NEUROD1-, NEUROG1-, and CHGA-expressing
TEC(neuro)s, which resemble neuroendocrine
cells (Fig. 1E and figs. S6 and S7). Notably,
CHRNA1, which has been associated with
the autoimmune disease myasthenia gravis
(30), was specifically expressed by both of these
cell types in addition to mTEC(II)s (Fig. 1E),
expanding the pool of candidate cell types
that may be involved in tolerance induction

in myasthenia gravis (31, 32). In support of
this possibility, we detected MYOD1- and
NEUROG1-expressing cells preferentially lo-
cated in thymic medulla (Fig. 1F).
Lastly, we analyzed the expression pattern

of genes known to cause congenital T cell im-
munodeficiencies to provide insight intowhen
and where these rare disease genes may play a
role during thymic development (fig. S8).

Coordinated development of thymic stroma
and T cells

Next, we investigated the dynamics of the dif-
ferent thymic cell types across development
(Fig. 1G). In the early fetal samples (7 to 8 PCW),
the lymphoid compartment containedNKcells,
gd T cells, and ILC3s, with very few differen-
tiating abT cells. Differentiating T cells were
mostly found at DN stage in 7 PCW samples;
they gradually progressed through DP to SP
stages thereafter, reaching equilibrium around
12 PCW. Conversely, the proportion of innate
lymphocytes decreased.
Of note, the adult sample showed morpho-

logical evidence of thymic degeneration (fig.
S9). Comparisonwith spleen and lymph nodes
taken from the same donor showed the pres-
ence of terminally differentiated T cells in the
thymus, suggesting reentry into thymus or
contamination with circulating cells (Fig. 1G
and fig. S10). Notably, cytotoxic CD4+ T lym-
phocytes (CD4+ CTLs) expressing IL10, perforin,
and granzymes were enriched in the degener-
ated thymus sample (33) (fig. S10C). The trendof
increased memory T cells and B cells was also
confirmed in other samples (Fig. 1G; P = 9.3 ×
10–6 for memory T cells, P = 0.0096 for memory
B cells).
The trend in T cell development was mir-

rored by corresponding changes in thymic stro-
mal cells. We observed temporal changes in
TEC populations starting from enriched cTECs
toward the balanced representation of cTECs
and mTECs (Fig. 1G; P = 0.0054), aligned with
the onset of T cell maturation. This supports
the notion of “thymic cross-talk” in which
epithelial cells and mature T cells interact
synergistically to support their mutual differ-
entiation (34).
Moreover, fibroblast compositionalso changed

during development. The Fb1 populationmen-
tioned above dominated early development,
with similar numbers of Fb1 and Fb2 cells ob-
served at later developmental time points
(P = 0.014) and a reduction in the number of
cycling cells (Fig. 1G). This was also confirmed
by thymic fibroblast explant cultures, which
showed an increase in the Fb2 cell marker
PI16 by fluorescence-activated cell sorter (FACS)
analysis (fig. S3, B and C).
Finally, other immune cells also change dy-

namically over gestation and in postnatal life.
Macrophages were abundant during early ges-
tation, whereas DCs increased throughout de-

velopment (Fig. 1G). DC1 was dominant after
12 PCW, and pDCs increased in frequency in
postnatal life (P = 2.7 × 10–8 for macrophage,
P = 1.05 × 10–3 for DC1, P = 4.86 × 10–5 for DC2).
To further investigate the factors mediating

the coordinated development of thymic stroma
and T cells, we systematically investigated cel-
lular interactions using our public database
CellPhoneDB.org (35) to predict the ligand-
receptor pairs specifically expressed across
them (table S5). Among the predicted inter-
actions, we checked the expression pattern
of signaling factors known to be involved in
thymic development across different cell types
and developmental stages (fig. S11) (36–41).
Lymphotoxin signaling (LTB:LTBR) comes
from diverse immune cells and is received by
most of the stromal cell states. In contrast,
RANKL-RANK (TNFRSF11:TNFRSF11A) signal-
ing is confined between ILC3 and mTEC(II)s/
lymphatic endothelial cells. FGF signaling
(FGF7:FGFR2) comes from fibroblasts signal-
ing to TECs, with decreasing expression of
FGFR2 in adult thymus. For Notch signaling,
NOTCH1 is the main receptor expressed in
early thymic progenitors (ETPs), and diverse
Notch ligands are expressed by different cell
types: cTECs and endothelial cells express both
JAG2 and DLL4, and other TECs broadly ex-
press JAG1 (42, 43).

Conventional T cell differentiation trajectory

Because fetal liver is the main hematopoietic
organ and source of hematopoietic stem cells
and multipotent progenitors (HSCs/MPPs)
when the thymic rudiment develops, we anal-
yzed paired thymus and liver samples from
the same fetus (44), similar to what has been
described for early hematopoietic organs (45).
We merged the thymus and liver data, and
selected clusters including liver HSCs/MPPs,
thymic ETPs, and DN thymocytes for data
analysis and visualization (Fig. 2, A and B, and
fig. S12). This positioned thymic ETPs at the
isthmus between fetal liver HSCs/MPPs and
pre/pro-B cells. We integrated our liver/thymic
hematopoietic progenitor subset with the
single-cell transcriptomes of human hemato-
poietic progenitors sorted from bone marrow
using definedmarkers (46) (fig. S13). This anal-
ysis positions the ETPs next to the multi-
lymphoid progenitor (MLP) frombonemarrow
and early lymphoid progenitor in fetal liver.
To investigate the downstream T cell differ-

entiation trajectory, we selected the T cell pop-
ulations and projected them using UMAP and
force-directed graph analysis (Fig. 2C, fig. S14A,
and data S1), which showed a continuous tra-
jectory of differentiating T cells. To confirm the
validity of this trajectory, we overlaid hallmark
genes of T cell differentiation: CD4/CD8A/
CD8B genes (Fig. 2D), cell cycle (CDK1) and
recombination (RAG1) genes (Fig. 2E), and
fully recombined TCRas/TCRbs (Fig. 2F) (47).
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The trajectory started from CD4–CD8– DN
cells, which gradually express CD4 and CD8
to become CD4+CD8+ DP cells, and then tran-
sitioned through a CCR9high Tab(entry) stage
to diverge into mature CD4+ or CD8+ SP cells
(Fig. 2D). We also noted a separate lineage of
cells diverging from the DN-DP junction cor-
responding to gd T cell differentiation. Addi-
tional T cell lineages identified in this analysis
are discussed below (Fig. 2C, gray). DN andDP

cells were separated into two phases by the
expression of cell cycle genes (Fig. 2E). We
designated the early population with strong
cell cycle signature as proliferating (P) and the
later population as quiescent (Q) (Fig. 2C). Ex-
pression of VDJ recombination genes (RAG1 and
RAG2) increased fromthe lateproliferativephase
and peaked at the quiescent phases. This pat-
tern reflects the proliferation of T cells that
precedes each round of recombination (48, 49).

Next, we aligned the TCR recombination
data to this trajectory (Fig. 2F). In the DN
stage, recombined TCRb sequences were de-
tected from the late P phase, which coincides
with an increase in recombination signature
and the expression of pre-TCRa (PTCRA) (Fig.
2G and fig. S15). The ratio of nonproductive
to productive recombination events (nonprod-
uctivity score) for TCRb was relatively higher
in DN stages and dropped to a basal level as
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Fig. 2. Thymic seeding
of early thymic progeni-
tors (ETPs) and T cell
differentiation trajec-
tory. (A) UMAP visualiza-
tion of ETP and fetal liver
hematopoietic stem cells
(HSCs) and early progen-
itors. NMP, neutrophil-
myeloid progenitor;
MEMP, megakaryocyte/
erythrocyte/mast cell
progenitor. (B) The same
UMAP colored by organ
(liver in blue, thymus in
yellow/red). (C) UMAP
visualization of developing
thymocytes after batch
correction. DN, double-
negative T cells; DP,
double-positive T cells;
SP, single-positive T cells;
P, proliferating; Q, quies-
cent). The data contain
cells from all sampled
developmental stages.
Cells from abundant
clusters are downsampled
for better visualization.
The reproducibility of
structure is confirmed
across individual samples.
Unconventional T cells are
in gray. (D to F) The same
UMAP plot showing CD4,
CD8A, and CD8B gene
expression (D), CDK1 cell
cycle and RAG1 recombi-
nation gene expression
(E), and TCRa, productive
TCRb, and nonproductive
TCRb VDJ genes (F).
(G) Heat map showing
differentially expressed
genes across T cell differ-
entiation pseudotime.
Top: The x axis represents pseudo-temporal ordering. Gene expression levels
across the pseudotime axis are maximum-normalized and smoothed. Genes are
grouped by their functional categories and expression patterns. Bottom: Cell type
annotation of cells aligned along the pseudotime axis. Colors are as in (C).
(H) Scatterplot showing the rate of productive chain detection within cells in
specific cell types (x axis) and the ratio of nonproductive/productive TCR chains

detected in specific cell types (y axis). Left: TCRb; right, TCRa. (I) Graph showing
correlation-based network of transcription factors expressed by thymocytes.
Nodes represent transcription factors; edge widths are proportional to the
correlation coefficient between two transcription factors. Transcription factors
with significant association to specific cell types are depicted in color. Node size
is proportional to the significance of association to specific cell types.
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cells entered DP stages, demonstrating the
impact of beta selection (Fig. 2H). Notably, the
nonproductivity score for TCRb was highest in
the DN(Q) stage, which suggests that cells
failing to secure a productive TCRb recom-
bination for the first allele undergo recombi-
nation of the other allele. In the DP stage,
recombined TCRa chains were detected from
P stage onward. In contrast to TCRb, non-
productive TCRa chains were not enriched
in the DP(Q) cells, but rather were depleted
(Fig. 2H).
To match the transcriptome-based cluster-

ing from this study to a published protein
marker–based sorting strategy, we compared
our data with repository data from FACS-
sorted thymocytes analyzed by microarray
(50) (fig. S16). On the basis of cell cycle gene
signature andmarker gene expression, DN(P),
DN(Q), and DP(P) stages are closely matched
to CD34+CD1A+, ISP CD4+, and DP CD3– pop-
ulations, respectively. Both our DP(Q)-stage
and Tab(entry)-stage cell signatures are en-
riched in the bulk transcriptome data from
the DP CD3+ FACS-sorted cells. The enrich-
ment of pre–beta selection cells in DN(Q) cells
matches well with the characteristics of ISP
CD4+ serving as a checkpoint for beta selec-
tion (Fig. 2F and fig. S15).
To model the development of conventional

abT cells in more detail, we performed pseudo-
time analysis, which resulted in an ordering
of cells highly consistent with known marker
genes and transcription factors (Fig. 2G). In
addition, we identified T cell developmental
markers, including ST18 for early DN, AQP3
for DP, and TOX2 for DP-to-SP transition.
To derive further insights into transcription
factors that specify T cell stages and lineages,
we created a correlation-based transcrip-
tion factor network, after imputing gene
expression (see materials and methods),
which demonstrated modules of transcrip-
tion factors specific for lineage commitment
(Fig. 2I).

Development of Tregs and unconventional
T cells

In addition to conventional CD4+ or CD8+

T cells, which constitute themajority of T cells
in the developing thymus, our data identified
multiple unconventional T cell types, which
were grouped by the expression of signature
marker genes (Fig. 2I and Fig. 3, A and B).
Unconventional T cells have been suggested
to require agonist selection for development
(3). In support of this, we observed a lower ratio
of nonproductive TCR chains for these cells,
implying that they reside longer in the thymus
than do conventional T cells (Fig. 3C).
Next, we investigated whether development

of these unconventional T cells is dependent
on the thymus. We reasoned that if a popula-
tion is thymus-dependent, it would accumu-

late after thymic maturation (~10 PCW) and
would be enriched in the thymus relative to
other hematopoietic organs. Consistent with
this idea, we found that all unconventional
T cells were enriched in the thymus, particu-
larly after thymic maturation, which suggests
that they are thymus-derived (Fig. 3D).
Tregs were the most abundant unconven-

tional T cells in the thymus. There was a clear
differentiation trajectory connecting abT cells
and Tregs. We defined the connecting popula-
tion as differentiating Tregs (Treg(diff)) (Fig. 3A).
Relative to canonical Tregs, Treg(diff) cells dis-
played lower expression of FOXP3 and CTLA4
and higher expression of IKZF4, GNG8, and
PTGIR (Fig. 3B). These genes have been asso-
ciated with autoimmunity and Treg differenti-
ation (51).
We also noted another population that shares

expression modules with Treg(diff) cells, but not
with terminally differentiated Treg cells. We
named this population—defined by the ex-
pression of a noncoding RNA, MIR155HG—as
T(agonist) (Fig. 3, A and B). Interestingly, this
population expressed IL2RA but has low
FOXP3 mRNA. These features are similar
to those of a previously described mouse
CD25+FOXP3– Treg progenitor (52) (fig. S17).
Further analysis showed that the signature of
two Treg progenitors (CD25

+ and FOXP3lo Treg
progenitors) defined in previous studies are
expressed at a higher level in T(agonist) and
Treg(diff) populations, respectively (fig. S17B).
The UMAP and force-directed graph showed
that both of these populations are linked
to mature Tregs (fig. S17A), suggesting the
possibility of two Treg progenitors in the
human thymus.
Other unconventional T cell populations in-

cluded CD8aa+ T cells, NKT-like cells, and
TH17-like cells (Fig. 3B). There were three
distinct populations of CD8aa+ T cells: GNG4+

CD8aa+ T(I) cells, ZNF683+ CD8aa+ T(II) cells,
and a CD8aa+NKT-like populationmarked by
EOMES (Fig. 3E). GNG4+CD8aa+ T(I) cells and
ZNF683+ CD8aa+ T(II) cells shared PDCD1
expression at an early stage, which decreased
in their terminally differentiated state (fig.
S14B). Whereas GNG4+ CD8aa+ T(I) cells dis-
play a clear trajectory diverging from late DP
stage (abTSP entry cells), ZNF683+CD8aa+ T(II)
cells have a mixed ab and gd T cell signatures,
and sit next to both GNG4+CD8aa+ T(I) cells
and gd T cells (Fig. 3A and fig. S14B).
EOMES+ NKT-like cells have a shared gene

expression profile with NK cells (NKG7, IFNG,
TBX21) and are enriched in gd T cells; that is,
their TCRs are gd rather than ab (Fig. 3B and
fig. S14B). Interestingly, previously described
gene sets from bulk RNA sequencing of hu-
man thymic or cord blood CD8aa+ T cells can
now be deconvoluted into our three CD8aa+

T cell populations using signature genes. These
results suggest that our three CD8aa+ T cell

populations are present in these previously
published thymic and cord blood samples at
different frequencies, as shown in fig. S18 (53).
Finally, we found another fetal-specific cell

cluster that we named “TH17-like cells” based
on CD4, CD40LG, RORC, and CCR6 expression
(Fig. 3B). TH17-like cells and NKT-like cells ex-
pressed KLRB1 and ZBTB16, which are hall-
marks of innate lymphocytes (54, 55) (Fig. 3F).
As described above, many cell clusters con-

tained a mixed signature of ab and gd T cells,
meaning that a single cluster contained some
cells with ab TCR expression and others with
gd TCR expression. To classify cells into ab and
gd T cells, we analyzed the TCRa/d loci, where
recombination of TCRa excises TCRd, making
the twomutually exclusive (Fig. 3G). This clear-
ly showed that gd T cells diverging between the
DN and DP populations are pure gd T cells. In
contrast, CD8aa+ T(II), NKT-like, and TH17-
like cells included both ab and gd T cell pop-
ulations, suggesting transcriptomic convergence
of some ab and gd T cells.
Interestingly, TRDV1 and TRDV2, the two

most frequently used TCRd V genes in human,
displayed clear usage bias: TRDV2was used at
an earlier stage (DN), whereas TRDV1 was
used exclusively in later T cell development
[DP(Q) and abT entry] (Fig. 3H). On the basis
of this pattern, we can attribute the stage of
origin of gd T cell populations, which suggests
that CD8aa+ T(II) cells are derived from the
late DP stage, whereas NKT-like/TH17-like
cells arise from earlier stages (Fig. 3H).

Discovery and characterization of
GNG4+ CD8aa T cells in the thymic medulla

Having identified unconventional T cells and
their trajectory of origin within thymic T cell
development, we focused on our newly iden-
tified GNG4+CD8aa+ T(I) cells, as they have a
uniquegeneexpressionprofile (GNG4,CREB3L3,
and CD72). This is in contrast to CD8aa+ T(II)
cells, which express knownmarkers of CD8aa+

T cells such as ZNF683 and MME (53). More-
over, the expression level of KLF2, a regulator
of thymic emigration, was extremely low in
CD8aa+ T(I) cells, which suggests that they
may be thymic-resident (Fig. 3B). To locate
and validate CD8aa+ T(I) cells in situ, we per-
formed RNA smFISH targeting GNG4 in fetal
thymus tissue sections. The GNG4 RNA probe
identified a distinct group of cells enriched
in the thymic medulla, and colocalized with
CD8A RNA (Fig. 3I). TNFRSF9 (CD137) is a
marker shared between CD8aa+ T(I) cells and
Tregs. When tested in situ, GNG4+ cells were a
subset of TNFRSF9+ cells, further confirming
the validity of the localization pattern.
Because CD137 is a surface marker of both

CD8aa+ T(I) cells and Tregs, we enriched these
cells using this marker (fig. S19). Further refine-
ment using CD3+CD137+CD4– FACS sorting
allowed us to specifically enrich for CD8aa+ T(I)
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cells and confirm their identity by Smart-seq2
scRNA sequencing, thereby providing addi-
tional transcriptomic phenotyping of these
cells (Fig. 3J).
To compare our findings in human thymus

to mouse thymus, we generated a comprehen-
sive mouse thymus single-cell atlas of postnatal
murine samples (4, 8, or 24 weeks old) and
combined these data with a published pre-
natal mouse thymus scRNA-seq dataset (14)
(fig. S20). Integrative analysis ofmature T cells
from human and mouse showed that cell
states are well mixed across species (fig. S21).
This analysis showed that GNG4+ CD8aa+ T(I)
cells in humans are most similar to the mouse

intraepithelial lymphocyte precursor type A
(IELpA) cells (56) (fig. S21), sharing expression
ofHIVEP3,NR4A3, PDCD1, and TNFRSF9 (fig.
S22). However, there were also highly differ-
entially expressed genes between them, in-
cluding GNG4 and XCL1 in human and ZEB2
and CLDN10 in mouse, suggesting a potential
difference in function (fig. S23). Moreover, hu-
man CD8aa+ T(I) cells fully mature into a
CD8Ahigh/CD8Blow phenotype, whereas mouse
IELpA cells become triple negative (CD8Alow

CD8BlowCD4low) cells (fig. S23). This shows
that human andmouse TNFRSF9high agonist–
selected cells in the thymus take on distinct
transcriptional characteristics.

Recruitment and activation of DCs for
thymocyte selection
Selection of T cells is coordinated by special-
ized TECs and DCs. We identified three pre-
viouslywell-characterized thymicDC subtypes:
DC1 (XCR1+CLEC9A+),DC2 (SIRPA+CLEC10A+),
and pDC (IL3RA+CLEC4C+) (6, 57, 58).We also
identified a population that was previously
incompletely described, which we call “acti-
vated DCs” (aDCs), characterized by LAMP3
and CCR7 expression (Fig. 4, A and B) (59, 60).
aDCs expressed a high level of chemokines
and costimulatory molecules, together with
transcription factors such as AIRE and FOXD4,
whichwe validated in situ (Fig. 4B and fig. S24);
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Fig. 3. Identification of GNG4+ CD8aa T cells in the thymic medulla.
(A) UMAP visualization of mature T cell populations in the thymus. Axes
and coordinates are as in Fig. 2C. (The cell annotation color scheme used
here is maintained throughout this figure.) (B) Dot plot showing marker gene
expression for the mature T cell types. Genes are stratified according to
associated cell types or functional relationship. (C) Scatterplot showing the
ratio of nonproductive/productive TCR chains detected in specific cell types
in TCRa chain (x axis) and TCRb chain (y axis). The gray arrow indicates a
trendline for decreasing nonproductive TCR chain ratio in unconventional
versus conventional T cells. (D) Scatterplot showing the relative abundance
of each cell type between fetal liver and thymus (x axis) and before and after
thymic maturation (delimited at 10 PCW) (y axis). Gray arrow indicates
trendline for increasing thymic dependency. (E to H) Scatterplots comparing

the characteristics of unconventional T cells based on CD8A versus CD8B
expression levels (E), KLRB1 versus ZBTB16 expression levels (F), TCRa
productive chain versus TRDC detection ratio (G), and TRDV1 versus TRDV2
expression levels (H). Gray arrows or lines are used to set boundaries
between groups [(E), (G), (H)] or to indicate the trend of innate marker
gene expression (F). (I) RNA smFISH showing GNG4, TNFRSF9, and CD8A
in a 15 PCW thymus. Lower right panel shows detected spots from the image
on top of the tissue structure based on 4′,6-diamidino-2-phenylindole (DAPI)
signal. Color scheme for spots is the same as in the image. (J) FACS gating
strategy to isolate CD8aa(I) cells (live/CD3+/CD4–/CD137+) and Smart-seq2
validation of FACS-isolated cells projected to the UMAP presentation of total
mature T cells from the discovery dataset (lower left). GNG4 expression pattern
is overlaid onto the same UMAP plot (lower right).
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these findings suggest that they may corre-
spond to the previously described AIRE+CCR7+

DCs in human tonsils and thymus (61).
Interestingly, our single-cell data revealed

three subsets within the aDC group, identified
by distinct gene expression profiles: aDC1,
aDC2, and aDC3 (Fig. 4, A and B). aDC1 and
aDC2 subtypes shared several marker genes
with DC1 and DC2, respectively. To systemat-
ically compare aDC subtypes to canonical DCs,
we calculated an identity score for each DC

population by summarizing marker gene ex-
pression. This demonstrated a clear relation-
ship between aDC1-DC1 and aDC2-DC2 pairs,
which suggests that each aDC subtype derives
from a distinct DC population (fig S25). In-
terestingly, aDC1 and aDC2 displayed distinct
patterns of chemokine expression, suggesting
functional diversification of these aDCs (Fig.
4B). Moreover, aDC3 cells had decreasedmajor
histocompatibility complex (MHC) class II and
costimulatory molecule expression relative to

other aDC subsets, which may reflect a post-
activation DC state.
Having identified two canonical TECs and a

variety of DC subsets, we used CellPhoneDB
analysis to identify specific interactions
between these antigen-presenting cells and dif-
ferentiating T cells (35). We focused on inter-
actions mediated by chemokines, which enable
cell migration and anatomical colocalization
(Fig. 4C). This demonstrated the relay of dif-
ferentiating T cells from the cortex to the
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Fig. 4. Recruitment and activation of dendritic cells for thymocyte selec-
tion. (A and B) UMAP visualization of thymic DC populations (A) and dot plot of
their marker genes (B). (C) Heat map of chemokine interactions among T cells,
DCs, and TECs, where the chemokine is expressed by the outside cell type and
the cognate receptor by the inside cell type. (D) Schematic model summarizing
the interactions of TECs, DCs, and T cells. The ligand is secreted by the cell
at the beginning of an arrow, and the receptor is expressed by the cell at the end

of that arrow. (E) Left: RNA smFISH detection of GNG4, XCR1, and FOXP3 in
15 PCW thymus. Right: Computationally detected spots are shown as solid circles
over the tissue structure based on DAPI signal. Color schemes for circles are
the same as in the image. (F to H) Sequential slide sections from the same
sample are stained for the detection of LAMP3, AIRE, and XCR1 (F), LAMP3,
ITGAX, and CD80 (G), and LAMP3 and FOXP3 (H). Spot detection and
representation are as in (E). Data are representative of two experiments.
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medulla, which is orchestrated by CCL25:CCR9
and CCL19/21:CCR7 interactions between cTEC/
mTEC and DP/SP T cells, respectively (62).
Interestingly, aDCs expressed CCR7, together
with CCL19, enabling attraction to and recruit-
ment of T cells into the thymic medulla.
Moreover, they strongly expressed the chemo-
kines CCL17 and CCL22, whose receptor CCR4
was enriched in CD4+ T cells and particularly
Tregs. aDCs also potentially recruit other DCs
and mature Tregs via CXCL9/10:CXCR3 inter-
actions and are able to provide a strong costim-
ulatory signal, which suggests a role in Treg
generation. We also noted that GNG4+CD8aa+

T(I) cells expressed XCL1, which may be in-
volved in the recruitment of XCR1-expressing
DC1 cells (63). Our analysis shows that XCL1
is expressed most highly by CD8aa+ T(I) cells
and at a lower level by NK cells (fig. S26). The
location of CD8aa+ T(I) cells in the perimedul-
lary region suggests a potential relay of signals
from CD8aa+ T(I) cells to recruit XCR1+ DC1
cells into the medulla, where these cells are
activated and up-regulate CCR7 (Fig. 4D).
To confirm our in silico predictions, we per-

formed smFISH to identify the anatomical loca-
tion of CD8aa+ T(I) cells (GNG4), DC1s (XCR1),
aDCs (LAMP3, CD80), and Tregs (FOXP3). A
generic marker of nonactivated DCs (ITGAX)
and mTECs (AIRE) was also used to provide a
reference for the organ structure. Imaging of
consecutive sections of fetal thymus (15 PCW)
revealed the zonation of CD8aa+ T(I) cells,
DC1s, and nonactivated DCs located in the
perimedullary region, and aDCs and Tregs en-
riched in the center of the medulla (Fig. 4, E
to H). All localization patterns are support-
ive of our in silico model, demonstrating the
power of single-cell transcriptomics coupled
with CellPhoneDB predictions.

Bias in human TCR repertoire formation
and selection

Because our data featured detailed T cell tra-
jectories combined with single-cell resolution
TCR sequences, it provided an opportunity to
investigate the kinetics of TCR recombination.
TCR chains detected from the TCR-enriched
5′ sequencing libraries were filtered for full-
length recombinants andwere associatedwith
our cell type annotation. This allowed us to
analyze patterns in TCR repertoire formation
and selection (Fig. 5, A and B).
For TCRb, we observed a strong bias in VDJ

gene usage that persisted from the initiation
of recombination (DN cells) to the mature
T cell stage (Fig. 5A). This bias is not explained
by recombination signal sequence (RSS) score
(fig. S27). The bias does correlate well with
genomic position (fig. S27), and this is con-
sistent with a looping structure of the locus,
which has been observed in the mouse (Fig.
5C) (64). However, the V gene usage bias that
we observe in human is not found in mouse

(25). We also observed a preferential associ-
ation of D2 genes with J2 genes, whereas D1
genes can recombine with J1 and J2 genes
with similar frequency (fig. S28). There was
no clear association between TCRb V-D or V-J
pairs (fig. S28A).
Although the initial recombination pattern

largely shapes the repertoire, selection also
contributes to the preference in TCRb reper-
toire. We observed that several TRBV genes
were depleted or enriched after beta selec-
tion (DP cells) relative to before beta selection
(DN cells). This suggests that there are germline-
encoded differences between the different
Vb genes’ ability to respond to peptide-MHC
(pMHC) stimulation (fig. S29A). This result is
in line with the molecular finding that Vb
makes themost contacts with pMHCmolecule
versus DJ (and also Va) (65).
For the TCRa locus, we found a clear asso-

ciation between developmental timing and
V-J pairing, as previously described (66): Prox-
imal pairs were recombined first, followed by
recombination of distal pairs (Fig. 5B), which
in turn restricted the pairing between V and J
genes (fig. S28B). This provides direct evidence
for progressive recombination of the TCRa
locus (Fig. 5D). Notably, proximal pairs were
depleted in mature T cells relative to DP cells,
showing a further bias in the positive selection
step (fig. S28B).
To investigate whether differential TCR

repertoire bias exists between cell types, we
compared the TCR repertoire of different cell
types by running a principal components anal-
ysis (Fig. 5E). Notably, we observed a clear
separation of CD8+ T cells and other cell types.
The trend was consistent in all individual
donor samples. Statistical testing of the differ-
ence in odds ratios identified several TCR
genes responsible for this phenomenon (fig.
S29B). The observed trend was largely sim-
ilar to that seen in naïve CD4+/CD8+ T cells
isolated from peripheral blood (22, 23). No-
tably, relative to other cell types, the TRAV-TRAJ
repertoire of CD8+ T cells was biased toward
distal V-J pairs (Fig. 5F). Considering that dis-
tal repertoires are generated at a later stage of
progressive TCRa recombination, this might
be due to slower or less efficient commitment
toward the CD8+ T lineage (Fig. 5D). There
was also a slight bias toward proximal V-J
pairs for CD8aa+ T(I) cells that was much
more evident in the postnatal thymic sample
compared to fetal samples (fig. S29C) (53).

Discussion

We reconstructed the trajectory of human
conventional and unconventional T cell dif-
ferentiation combined with TCR repertoire
information, which revealed a bias in the
TCR repertoire of mature conventional T cells.
Because TCR repertoire bias predisposes our
reactivity to diverse pMHC combinations, this

may have profound implications for how we
respond to antigenic challenges.
Our analysis of the thymic microenviron-

ment revealed the complexity of cell types con-
stituting the thymus, as well as the breadth of
interactions between stromal cells and innate
immune cells to coordinate thymic develop-
ment to support T cell differentiation. The
intercellular communication network that
we describe between thymocytes and sup-
porting cells can be used to enhance in vitro
culture systems to generate T cells, and will
influence future T cell therapeutic engineering
strategies.

Materials and methods
Tissue acquisition and processing

All tissue samples used for this study were
obtained with written informed consent from
all participants in accordance with the guide-
lines in the Declaration of Helsinki 2000 from
multiple centers. All tissues were processed
immediately after isolation using consistent
protocols with variation in enzymatic diges-
tion strength. Tissue was transferred to a
sterile 10-mm2 tissue culture dish and cut into
segments (<1 mm3) before being transferred
to a 50-ml conical tube. For mild digestion,
tissues were digested with collagenase type IV
(1.6 mg/ml, Worthington) in RPMI (Sigma-
Aldrich) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; Gibco),
penicillin (100 U/ml, Sigma-Aldrich), strep-
tomycin (0.1 mg/ml, Sigma-Aldrich), and 2mM
L-glutamine (Sigma-Aldrich) for 30min at 37°C
with intermittent shaking. For stringent diges-
tion, tissuewasdigestedwithLiberase (0.2mg/ml,
Roche)/0.125 KU DNase1 (Sigma-Aldrich)/
10 mMHEPES inRPMI for 30min at 37°Cwith
intermittent shaking. The dissociated cells
were separated and remaining undigested
tissue were digested again with fresh media.
This procedure was repeated until the tissue
was completely dissociated. Digested tissue
was passed through a 100-mm filter, and cells
collected by centrifugation (500g for 5 min
at 4°C). Cells were treated with 1× red blood
cell [RBC lysis buffer (eBioscience)] for 5 min
at room temperature and washed once with
flow buffer [PBS containing 5% (v/v) FBS and
2 mM EDTA] prior to cell counting.

Single-cell RNA sequencing experiment

For FACS sorting of isolated thymus cells,
dissociated cells were stained with a panel
of antibodies prior to sorting based on
CD45 or CD3 expression gate. Enrichment
of EpCAM-positive cells was performed using
CD326 (EpCAM) microbeads (Miltenyi Biotec,
130-061-101) according to manufacturer’s
protocol. CD45 depleted cells were obtained
using CD45 microbeads (Miltenyi Biotec, 130-
045-801) according to manufacturer’s proto-
col. Cell number and viability were checked
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after the enrichment to ensure that no sig-
nificant cell death has been caused by the
process.
For the droplet-encapsulation scRNA-seq ex-

periments, 8000 live, single, CD45+ or CD45–

FACS-isolated cells or MACS-enriched cells
were loaded on to each of the Chromium Con-
troller (10x Genomics). Single-cell cDNA syn-
thesis, amplification, and sequencing libraries
were generated using the Single Cell 3′ and 5′

Reagent Kit following the manufacturer’s
instructions. The libraries fromup to eight loaded
channels were multiplexed together and se-
quenced on an Illumina HiSeq 4000. The li-
braries were distributed over eight lanes per
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Fig. 5. Intrinsic bias in
human TCR repertoire
formation and selection.
(A) Heat map showing the
proportion of each TCRb V, D,
and J gene segment present at
progressive stages of T cell
development. Gene segments
are positioned according to
genomic location. (B) Same
scheme as in (A) applied to
TCRa V and J gene segments.
Although there is a usage bias of
segments at the beginning of
development, segments are
evenly used by the late devel-
opmental stages, indicating
progressive recombination
leading to even usage of
segments. (C and D) Sche-
matics illustrating a hypotheti-
cal chromatin loop that may
explain genomic location bias in
recombination of TCRb locus
(C) and the mechanism of
progressive recombination of
TCRa locus leading to even
usage of segments (D).
(E) Principal components anal-
ysis plots showing TRBV or
TRAV and TRAJ gene usage
pattern in different T cell types.
Arrows depict T cell develop-
mental order. For TRBV, there is
a strong effect from beta selec-
tion, after which point the CD4+

and CD8+ repertoires diverge.
The development for TRAV+
TRAJ is more progressive, with
stepwise divergence into the
CD4+ and CD8+ repertoires.
(F) Relative usage of TCRa V
and J gene segments according
to cell type. The z-score for
each segment is calculated
from the distribution of normal-
ized proportions stratified by
the cell type and sample.
P value is calculated by com-
paring z-scores in CD4+ T and
CD8+ T cells using t test,
and false discovery rate (FDR)
is calculated using Benjamini-
Hochberg correction: *P < 0.05,
**FDR < 10%. Gene names and
asterisks are colored by signifi-
cant enrichment in CD4+ T cells
(blue) or CD8+ T cells (orange).
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flow cell and sequenced using the follow-
ing parameters: Read1: 26 cycles, i7: 8 cycles,
i5: 0 cycles; Read2: 98 cycles to generate
75-bp paired-end reads. For the plate-based
scRNA-seq experiments, a slightly modified
Smart-Seq2 protocol was used. After cDNA
generation, libraries were prepared (384 cells
per library) using the Illumina Nextera XT
kit. Index v2 sets A, B, C, and D were used
per library to barcode each cell for multi-
plexing. Each library was sequenced (384
cells) per lane at a sequencing depth of 1 to
2 million reads per cell on HiSeq 4000 using
v4 SBS chemistry to create 75-bp paired-end
reads.

Single-cell RNA sequencing data analysis

Droplet-based sequencing data were aligned
and quantified using the Cell Ranger Single-
Cell Software Suite (version 2.0.2 for 3′ chem-
istry and version 2.1.0 for 5′ chemistry, 10x
Genomics Inc.) using the GRCh38 human ref-
erence genome (official Cell Ranger reference,
version 1.2.0). Cells with fewer than 2000 UMI
counts and 500 detected genes were consid-
ered as empty droplets and removed from the
dataset. Cells with more than 7000 detected
genes were considered as potential doublets
and removed from the dataset.
Smart-seq2 sequencing data were aligned

with STAR (version 2.5.1b), using the STAR
index and annotation from the same reference
as the 10x data. Gene-specific read counts were
calculated using htseq-count (version 0.10.0).
Scanpy (version 1.3.4) python package was
used to load the cell-gene count matrix and
perform downstream analysis. Doublet detec-
tion, clustering, annotation, batch alignment,
trajectory analysis, cell-cell interaction, and
repertoire analysis is performed using the tools
in Scanpy package complemented with some
custom codes.

RNA smFISH

Samples were fixed in 10% NBF, dehydrated
through an ethanol series, and embedded in
paraffin wax. Samples (5 mm) were cut, baked
at 60°C for 1 hour, and processed using
standard pre-treatment conditions, as per the
RNAscope multiplex fluorescent reagent kit
version 2 assay protocol (manual) or the
RNAscope 2.5 LS fluorescent multiplex assay
(automated). TSA-plus fluorescein, Cy3, and
Cy5 fluorophores were used at 1:1500 dilution
for the manual assay, or 1:300 dilution for the
automated assay. Slides were imaged on dif-
ferent microscopes: Hamamatsu Nanozoomer
S60 or 3DHistech Pannoramic MIDI. Stained
sections were also imaged with a Perkin
Elmer Opera Phenix High-Content Screen-
ing System, in confocal mode with 1 mm z-
step size, using 20× (NA 0.16, 0.299 mm/pixel)
and 40× (NA 1.1, 0.149 mm/pixel) water-immersion
objectives.
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