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Single-Cell Transcriptomics Reveals Discrete Steps in
Regulatory T Cell Development in the Human Thymus

Florencia Morgana,""Jr Rianne Opstelten,*’J’ Manon C. Slot,*’* Andrew M. Scott,i’§
René A. W. van Lier,""T’1 Bianca Blom,'H Ahmed Mahfouz,"’# and Derk Amsen®

CD4"CD25"FOXP3" regulatory T (Treg) cells control immunological tolerance. Treg cells are generated in the thymus (tTreg) or
in the periphery. Their superior lineage fidelity makes tTregs the preferred cell type for adoptive cell therapy (ACT). How human
tTreg cells develop is incompletely understood. By combining single-cell transcriptomics and flow cytometry, we in this study
delineated three major Treg developmental stages in the human thymus. At the first stage, which we propose to name pre-Treg I,
cells still express lineage-inappropriate genes and exhibit signs of TCR signaling, presumably reflecting recognition of self-
antigen. The subsequent pre-Treg II stage is marked by the sharp appearance of transcription factor FOXO1 and features
induction of KLF2 and CCRY7, in apparent preparation for thymic exit. The pre-Treg II stage can further be refined based on the
sequential acquisition of surface markers CD31 and GPA33. The expression of CD45RA, finally, completes the phenotype also
found on mature recent thymic emigrant Treg cells. Remarkably, the thymus contains a substantial fraction of recirculating
mature effector Treg cells, distinguishable by expression of inflammatory chemokine receptors and absence of CCR7. The
developmental origin of these cells is unclear and warrants caution when using thymic tissue as a source of stable cells for ACT.
We show that cells in the major developmental stages can be distinguished using the surface markers CD1a, CD27, CCR7, and
CD39, allowing for their viable isolation. These insights help identify fully mature tTreg cells for ACT and can serve as a basis for

further mechanistic studies into tTreg development.

D4™ regulatory T (Treg) cells that express the transcription

factor FOXP3 are critical guardians of immunological toler-

ance by virtue of their ability to suppress both innate and
adaptive immunity (1). Clinical trials using adoptive cell therapy
(ACT) with Treg cells are ongoing for the treatment of inflamma-
tory disease and to protect transplanted solid organs from immune-
mediated rejection (2). The goal of Treg ACT is to restore the
imbalance between Treg and conventional T (Tconv) cells. For this
purpose, Treg cells are isolated from patients or donors and
expanded in vitro before (re)infusion. A challenge for Treg cell ther-
apy is the retrieval and expansion of stable Treg cells with adequate
functional potency (3). Resolving this issue requires a thorough
understanding of the heterogeneity within the Treg cell compartment
(4-7). One layer of heterogeneity is associated with the ontogeny of
these cells. The majority of Treg cells is believed to derive from the
thymus (thymic Treg [tTreg] cells), whereas a fraction develops
from Tconv cells in the periphery (peripheral Treg [pTreg] cells)
(8, 9). Mouse studies have demonstrated that tTreg cells are tightly
committed to the Treg cell lineage, whereas pTreg cells can
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reconvert into Tconv cells upon exposure to inflammatory signals
(10-12). Hence, tTreg cells are considered the safest option for
Treg ACT. As good markers to distinguish tTreg cells from pTreg
cells in blood have not yet been identified in humans (13-15),
postnatal thymic tissue has been proposed as an alternative source
for safe Treg cells to use in ACT (16). Current insight into tTreg
cell differentiation mostly stems from animal models, whereas
human tTreg cell development remains poorly defined. Treg cell
differentiation is thought to occur at the immature CD4 single-pos-
itive stage, although human Treg cell development can also initiate
at the CD4"CD8" double-positive (DP) stage (17-20). In mice,
initiation of the Treg cell developmental program reportedly
involves medium to high affinity ligation of an autoreactive TCR
on a developing thymocyte to a self-antigen presented by thymic
APCs (also known as agonist selection). In the major developmen-
tal pathway, this activation results in the induction of CD25, the
limiting component of the high affinity IL-2 receptor. Signaling
via CD25 subsequently ignites the Treg cell differentiation pro-
gram, including induction of FOXP3 (17). The Treg cell
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differentiation process is boosted by ligation of costimulatory
receptors, such as CD28, GITR, OX40, and CD27, which are
induced in response to TCR signaling (21-23). Engagement of
these receptors is thought to enhance the expression of CD25, after
which auto/paracrine IL-2 activates IL-2 receptor—mediated induc-
tion of the Treg cell program (17, 24, 25).

In this study, we examined the composition and development of
the human tTreg cell compartment through a combination of single-
cell RNA sequencing (scRNAseq) and flow cytometry. We find that
a substantial fraction of Treg cells in the human thymus consists of
recirculating mature effector Treg cells. These cells exhibit an acti-
vated phenotype and can be distinguished from developing Treg
cells based on their chemokine receptor profile, most notably the
absence of CCR7 expression. Furthermore, we outline a develop-
mental program with several discrete successive steps, which we
propose to refer to as follows: 1) pre-Treg I, exhibiting expression
of TCR-responsive as well as lineage-inappropriate genes, 2) early
pre-Treg 1I, marked by induction of FOXO1 and upregulation of
KLF2 and CCR7 and 3) late pre-Treg II, featuring the sequential
appearance of CD31 and GPA33, after which acquisition of
CD45RA marks the final step of differentiation into fully mature
Treg cells that are ready for thymic egress.

Materials and Methods
Tissue processing, isolation of thymocytes, and sorting for
scRNAseq

tTreg cells were retrieved from anonymized human thymic tissue derived
from infant patients up to 3 y of age who had undergone open heart surgery
at the Leiden University Medical Center. Informed consent was gathered
from patients according to the Declaration of Helsinki and was approved by
the Medical Ethical Committee of the Leiden University Medical Center.
The thymic tissue was finely dissociated with scissors at room temperature,
placed in gentleMACS C tubes (Miltenyi Biotech), filled up to 10 ml with
MACS buffer (PBS containing 0.5% FCS) and mechanically disrupted with
the gentleMACS Dissociator (Miltenyi Biotech). A single-cell suspension
was generated by pressing the tissue through a 100-pwm cell strainer. Cells
were collected in 50-ml Falcon tubes, pelleted through centrifugation (350 x
g for 10 min at room temperature) using MACS buffer and counted. Thymo-
cytes used for later analysis by FACS were subsequently cryopreserved by
resuspending the cells in FCS containing 10% DMSO. Cells were stored in
liquid nitrogen for later use.

For the sorting and robot-assisted transcriptome sequencing (SORT-seq),
a thymus derived from a 7-wk-old infant was collected from the operation
room immediately after surgery, processed using the method described above
(without freezing) and prepared for sorting by FACS, all with minimal delay.
Cells were incubated for 15 min at room temperature with the following
Abs: anti-CD4 PE (SK3), anti-CD8 PerCP-Cy5.5 (SK1), anti-CD25
BV605 (2A3), and anti-CD127 BV421 (A019D5). Near-IR (Life Tech-
nologies) was used as a live/dead marker. Live, CD4*CD8"CD25" sin-
gle cells were sorted in a 384-well prepared plate containing primers
and mineral oil using an FACS Aria III (BD Biosciences). Sorting was
based on the following gating strategy: from the live (Near-IR-negative)
single-cell fraction, all CD4-positive cells were selected in the CD4/
CDS8 plot and subsequently sorted based on CD25" expression, thereby
including essentially all CD127-expressing cells. After sorting, cells
were immediately snap-frozen on dry ice and stored at —80°C prior to
shipment (on dry ice) to Single Cell Discoveries. There, single-cell mRNA
sequencing was performed according to the SORT-seq protocol (26).

Flow cytometry

Thymocytes were gently thawed using IMDM containing 20% FCS in the
presence of DNAse I (Roche Diagnostics). Cells were labeled with the fol-
lowing Abs: anti-CCR7 (G043H7), anti-CXCR3 (G025H7), anti-CXCR6
(KO41E5), anti-CCR5 (J418F1), anti-CD3 (UCHT1), anti-CD4 (SK3), anti-
CD4 (L200), anti-CD8 (SK1), anti-CD25 (2A3), anti-CD127 (HIL-7R-M21),
anti-CD45RA (HI100), anti-CD39 (eBioAl), anti-CD1a (HI149), anti-CD27
(0323), anti-GPA33 (no. 402104), anti-CD31 (WMS59), anti-FOXOI1
(C29H4), anti-FOXP3 (236A/E7), and anti-TIGIT (A15153G). Surface stain-
ing for chemokine receptors was done in PBS containing 0.5% FCS for 15
min at 37°C. Other surface stainings were done in PBS containing 0.5%
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FCS for 15 min at room temperature. Dead cells were excluded from the
analysis using Live/Dead Fixable Yellow (Life Technologies). For intracellu-
lar staining of FOXO1 and FOXP3, cells were fixed and permeabilized using
the FOXP3/Transcription Factor Fixation/Permeabilization buffers (eBio-
science) according to manufacturer’s instructions. Data were acquired on an
FACSymphony A5 (BD Biosciences) using the FACSDiva software and
analyzed using the FlowJo software (version 10.7.1). Statistical tests were
performed using Graphpad Prism software (version 8.0.2). Results were con-
sidered significant at p < 0.05.

Cell culture

Naive Tconv (CD4"CD25"CDI1277CD45RA™, control cells isolated
from PBMCs), GPA33" (CD4"CD25"CD39"GPA33"), and GPA33~
(CD4*CD25%CD39"GPA33") thymocytes were sorted using an FACS
Aria III (BD Biosciences). Cells were cultured at 20,000 cells per well in 96-
well U-bottom plates (Greiner Bio-One North America) in IMDM + 10%
FCS + 1% r-glutamine + 1% penicillin/streptomycin for 7 d in the presence
of 0.1 pg/ml soluble anti-CD3 mAb (M1654, clone 1XE; PeliCluster), 0.1 g/
ml anti-CD28 mAb (clone CD8.2; eBioscience) and 300 IU/ml IL-2 (proleukin;
Novartis). Cells were harvested and analyzed at day 7.

scRNAseq data analysis

scRNAseq data were loaded into R as a counts matrix and data analysis was
performed using the Seurat R package (version 3.0) (27). Quality control
was performed by excluding cells expressing fewer than 350 genes (potential
empty wells or disintegrated cells) and more than 4000 detected genes (pos-
sible doublets). Cells with more than ~20% of mitochondrial read content
were removed as these may correspond to damaged or dying cells (28).
Genes not detected in a minimum of three cells (low-abundance genes) were
excluded from downstream analysis. Raw counts for gene i in cell j (Xj)
were normalized using the Seurat function “NormalizeData” such that

yi= In <i x 10*+1 . Highly variable genes were selected using the

Y
“FindVariableFeatures” function using the versus method. The data were
scaled and centered using the function “ScaleData” and principal component
analysis was applied using the highly variable genes. A scree plot was used
to determine the number of relevant dimensions, and 12 dimensions were
retained for clustering and visualization. A shared nearest-neighbor graph
was constructed using “FindNeighbors” and used to identify clusters using
the “FindClusters” function with the resolution parameter set to 0.5. Clusters
were visualized using r-distributed stochastic neighbor embedding (*SNE)
based on the selected principal components. Marker genes for each cluster
were identified using the Wilcoxon rank-sum test in the “FindMarkers” func-
tion with default settings and p values adjusted for multiple testing based on
Bonferroni. Differentially expressed genes were defined as those with a
logx(fold change) > 0.25 and adjusted p value <0.05. Trajectory analysis
was performed using Slingshot (29). The lineage structure is identified with
a cluster-based minimum spanning tree using the “getLineages” function,
followed by construction of smooth representations of each lineage using
simultaneous principal curves using the function “getCurves.” For this, a
starting cluster was annotated (Cluster 1).

Results

Clustering analysis on CD4* CD25" human thymocytes reveals
three subpopulations

To study tTreg cell development and differentiation, we performed
scRNAseq using an SORT-seq approach. Although FOXP3 is the
major Treg cell marker, its detection requires cell permeabilization,
which compromises mRNA quality. Viable cells from the tTreg cell
lineage were therefore isolated by sorting CD4"CD25™ cells, most
of which are FOXP3™ (Supplemental Fig. 1A; note that this gate
includes CD4"CD8* DP thymocytes and CD127-expressing cells
to avoid selecting against cells in the earliest stages of Treg cell
development (30)). This gating strategy captures most thymic
CD4"FOXP3" cells (Supplemental Fig. 1B), although it excludes
small populations of FOXP3*CD25~ precursors, which have been
reported in mice (31), as well as FOXP3*CD4 CDS~ double-nega-
tive cells, which have also been found in human thymus (32). We
sorted 376 Treg cells derived from a human postnatal thymus of a
7-wk-old infant. After quality control of the scRNAseq data, includ-
ing removal of potential empty wells and doublets, we obtained 344
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cells. Clustering analysis yielded three populations of cells, which
we named Cluster 1, 2, and 3. Of these, Cluster 1 and 2 appeared
more closely related to each other, whereas Cluster 3 seemed more
distinct (Fig. 1A-C).

We verified the reproducibility of our findings by reanalysing
scRNAseq data from a recently published study, in which the total thy-
mocyte population had been examined from multiple donors at differ-
ent ages (33). We specifically focused on the JL2RA™ fraction of Treg
cells from the infant portion of the dataset (comprising three donors),
as our data stem from infant-derived CD25" thymocytes. Clustering
analysis yielded two major clusters, which encompassed three Treg cell
populations, corresponding to the Treg cell populations identified in
that study (33) (Supplemental Fig. 2A). Indeed, expression patterns of
key genes from our own dataset (elaborated upon further down), were
very similar in this independent dataset (Supplemental Fig. 2D-H),
bolstering confidence in the general validity of our results.

A clear expression gradient of the hallmark Treg cell factors
FOXP3 and IL2R4 (CD25) could be observed in our data, ranging
from relatively low in Cluster 1 to high in Cluster 3 (Fig. 1D). This
pattern might suggest that these clusters represent subsequent stages
of development. Support for this idea came from a bioinformatic tra-
jectory inference analysis using Slingshot, which predicts develop-
mental trajectories based on the degree of similarity between
clusters in the composition of the full transcriptomes (29). Making
the assumption that low expression of FOXP3 and IL2RA marks the
earliest stage of Treg cell development, this analysis suggested that
the developmental trajectory would proceed from Cluster 1 via
Cluster 2 to Cluster 3 (Fig. 1E). Similar results were obtained when
examining the /L2RA™ infant-derived cells from the data set pub-
lished by Park et al. (33) (Supplemental Fig. 2B, 2C).

The human postnatal thymus contains a population of recirculating
effector Treg cells

Cells in Cluster 3 exhibited a highly activated phenotype, strongly
expressing genes associated with effector function and activation,
including ENTPD! (CD39), MAF, ICOS, TIGIT, TNFRSFI8
(GITR), PRDM1 (Blimp-1), CTLA4, and BATF (Fig. 2A—C). The
idea that these cells would be at the final stage of tTreg cell

differentiation seems at odds with the resting phenotype of recent
thymic emigrant Treg cells found in the periphery (34). Hence, we
considered two alternative possibilities. One option was that these
cells, contrary to the predictions of the trajectory inference analysis,
in fact reside at a relatively early stage of tTreg cell development
and have just undergone agonist selection. The TCR stimulation
they receive during this stage in development would then explain
their activated phenotype. Alternatively, cells in this cluster may
actually not represent a stage during thymic development but might
instead be mature effector Treg (eTreg) cells that have recirculated
from the periphery into the thymus. Indeed, unlike cells in Cluster 1
and 2, these cells highly expressed genes encoding chemokine
receptors involved in migration toward inflamed tissue, including
CXCR3, CXCRG6, and CCRS5 (35, 36) (Fig. 2D). Conversely, CCR7,
a chemokine receptor required for thymocyte migration from the
cortex to the thymic medulla and associated with migration toward
secondary lymphoid organs (37), was clearly expressed on cells in
Clusters 1 and 2, but conspicuously absent from cells in Cluster 3
(Fig. 2D). The same mRNA expression patterns could also be
observed upon reanalysis of the dataset from Park et al., underscor-
ing the robustness of these findings (38) (Supplemental Fig. 2D, 2E).
Moreover, we validated these findings at the protein level using flow
cytometry, which showed clear coexpression between CD39 (encoded
by ENTPDI), one of the effector molecules highly expressed by cells
in Cluster 3, and the inflammatory chemokine receptors CXCR3,
CXCR6, and CCRS. Protein expression of CD39 and CCR7 was,
however, mutually exclusive (Fig. 2E, 2F). Together, these results indi-
cate that cells in Cluster 3 of the tSNE analysis represent mature eTreg
cells, which possibly recirculated to the thymus from the periphery, as
has been described (39, 40). This interpretation is further supported by
the observation that the cells in Cluster 3 prominently express BST2
mRNA (Fig. 2A, Supplemental Fig. 3A, 3B), which, together with
CCRS, was found to identify fully functional Treg cells (41).

Cluster 1 represents the most immature phase in tTreg cell
development

Considering that cells in Cluster 3 likely represent a recirculating
population of eTreg cells, we focused on the remaining two clusters
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(Cluster 1 and 2) to map the tTreg cell developmental program. We
found that cells in Cluster 1 expressed CD40LG and CDS8A, whereas
expression of these genes was almost absent in Clusters 2 and 3
(Fig. 3A, 3B). Expression of CD84 mRNA indicates that these cells
have not yet or only recently turned off the CD8 gene, consistent
with earlier findings that induction of Treg cell development in
the human thymus can already occur at the CD4"CD8" DP stage
(17, 18). Likewise, CD40LG is characteristically not expressed by
mature Treg cells. Its expression in this cluster, but not in the others,
is therefore also consistent with an early immature stage of Treg
cell development. In addition, expression of NR4A41 was enriched in
Cluster 1 (Fig. 3C). NR4AI reportedly influences the efficiency of
selection as well as the size of the tTreg cell population (42, 43).
Importantly, this immediate early gene responds to TCR signaling
and is often used as a reporter for this process (44). The expression
of NR4A1 is therefore in line with the idea that cells in Cluster 1 are
undergoing agonist selection. That Cluster 1 represents the least
mature stage of Treg cell development is supported, finally, by the
expression of /TM2A4 and the chromatin organizer SATBI, which
was highest in Cluster 1 and gradually decreased in Cluster 2 and 3
(Fig. 3C). In mice, /ITM2A expression is induced in thymocytes
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during positive selection, but is lost in mature T cells (45), whereas
the expression of SATBI is high in DP thymocytes, and gradually
downregulated during Treg cell development (45, 46).

Identifying a discrete maturation step in Cluster 2

Our findings suggested that a more mature stage of tTreg cell devel-
opment is represented by cells in Cluster 2. Remarkable in this clus-
ter was the appearance of KLF2 expression (Fig. 3D). This
transcription factor is upregulated upon maturation of conventional
thymocytes and controls expression of the S1P1 receptor, which
promotes egress from the thymus (47—48). KLF2 also controls the
expression of CCR7, necessary for the localization in T cell areas in
secondary lymphoid tissue (47). Correspondingly, expression of this
chemokine receptor was highest in Cluster 2 (Fig. 2D). These results
suggest that cells in Cluster 2 are likely in the latest stages of Treg
cell development, preparing to migrate from the thymus to second-
ary lymphoid organs. Intriguingly, we observed a sharp induction of
FOXOI expression in Cluster 2 compared with the immature popu-
lation of cells in Cluster 1 (Fig. 3D). Murine studies have demon-
strated the importance of the transcription factor FOXO1 in tTreg
cell differentiation as well as in Treg cell function (49). An impor-
tant function of FOXO1 is to transactivate the FOXP3 promoter
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(50). Indeed, cells in Cluster 2 exhibited higher expression of
FOXP3 mRNA than those in Cluster 1 (Fig. 1D).

Given their discrete differences in expression among the clusters
found in the transcriptome analysis, we examined whether FOXOI,
CD39, and CCR7 can be used to identify the corresponding cell
populations by flow cytometry. For this, we specifically examined
CD4"CD25" infant-derived thymocytes, applying a similar gating
approach as used for the scRNAseq sort (Supplemental Fig. 1A).
Using a tSNE visualization (51) on CD4"CD25" thymocytes
derived from three concatenated donors, we detected three cell popu-
lations based on FOXO1, CD39, and CCR7 expression (Fig. 4A) (1):
FOXO1"CD39"CCR7"¥ (solid line) (2), FOXO1*CD39"CCR7"
(dashed line), and (3) FOXO1"CD39"$"CCR7™ (dash-dot line).
Based on their expression patterns, these populations resembled Clus-
ters 1, 2, and 3 from the scRNAseq analysis, suggesting that these
three markers can be used to identify the corresponding populations
by flow cytometry.

Upon closer inspection of the protein expression patterns of FOXO1
and CCR7 using a traditional dot plot visualization, we detected four
cell populations of which three resembled the expression patterns of
the clusters from the scRNAseq (i.e., FOXO1"CCR7™ [similar to Clus-
ter 1], FOXO1*CCR7" [similar to Cluster 2], and FOXO1"CCR7~
[similar to Cluster 3]) (Fig. 4B). A small fourth population of
FOXO1~CCR7"Y cells could also be identified. This population was
not recognized as such in the scRNAseq analysis. However, some
CCR7 mRNA expression was found in Cluster 1 (Fig. 1C), even
though FOXOI mRNA is largely absent in that cluster (Fig. 3D). It
seems likely that the FOXO1"CCR7~ and the FOXO1-CCR7"%
populations are too similar to permit separation by the single-cell
transcriptome clustering algorithms, at least in our experiment.

CD39 mRNA was uniquely expressed in the activated recirculating
population of cells in Cluster 3. Correspondingly, the FOXO1"CCR7~
cell fraction, which resembled our Cluster 3 cells, exhibited nearly uni-
form high surface expression of CD39 protein, whereas the expres-
sion of this molecule was negligible in the FOXO1"CCR7"~ and

FOXO1*CCR7" populations (Fig. 4C). The expression of FOXP3
and (to a lesser extent) CD25 followed the pattern found in the
scRNAseq analysis: expression was lowest in the FOXO1"CCR7~
population, elevated in the FOXO1"CCR7" fraction and high-
est in the FOXO1"CCR7™ population of Treg cells, similar to
Clusters 1, 2, and 3 from the transcriptome analysis, respec-
tively (Fig. 4D). Expression of FOXP3 protein strongly corre-
lated with expression of FOXOI1, consistent with a role for
FOXOL1 in inducing expression of the FOXP3 gene (Fig. 4E).
Indeed, the percentage of FOXO1"FOXP3™ cells was signifi-
cantly higher than the proportion of FOXOI1 FOXP3™ cells,
suggesting that FOXO1 expression generally precedes FOXP3
induction (Fig. 4E).

CDla and CD27 have previously been used to distinguish early
and late developing Treg cells (52). Briefly, thymocytes have been
subdivided in three developmental stages (1): the most immature
CDI1a*CD27" cells, progressing via a (2) CDla*CD27" stage to
(3) the most mature CD1a~CD27" stage (52). Consistent with the
developmental progression we had deduced from the scRNAseq
results, we observed the highest expression of CDla and the lowest
expression of CD27 to be in the FOXO1"CCR7™ fraction (similar to
Cluster 1 and the FOXO1"CD39"CCR7"°" tSNE population), con-
firming that these cells were at an early stage of tTreg cell develop-
ment (Fig. 4F). In contrast, FOXO1*CCR7* and FOXO1"CCR7"
cells (which resembled Clusters 2 and 3, respectively) were low in
CDla but had a higher expression of CD27, suggesting that these cells
were more mature than the FOXO1~CCR7" cells (Fig. 4F). Together,
these results demonstrate that the populations detected using
flow cytometry exhibit strong overlap with the three clusters
from our scRNAseq dataset, supporting the validity of our
scRNAseq analysis. Moreover, these analyses identified surface
molecules, that allow the isolation of viable cells in each of these
developmental stages for further functional investigation. That
is, the most immature CD4"CD25" Treg linecage (FOXP3™"-
FOXOI1') population (Cluster 1) is CCR7 CDla*CD27 CD39,
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FIGURE 4. FOXO1, CD39, and CCR7 identify the major tTreg subsets. (A—F) Thymocytes were measured by flow cytometry and gated for CD4*CD25*
cells for further analysis. (A and F) tSNE maps were generated (based on the markers CD3, CD4, CD8, CCR7, CD25, CD127, CD45RA, CD39, CDla,
CD27, GPA33, CD31, FOXP3, FOXOI, and Helios) in FlowJo (version 10.7.1) using an opt-SNE algorithm®®. (A) tSNE visualization showing the relative
protein expression of FOXO1 (top), CD39 (middle), and CCR7 (bottom) (n = 3). (B) Representative flow cytometry dot plot (left) and frequencies (right)
showing protein expression of FOXOI against CCR7, separating the cells in an FOXO1"CCR7™ (gray), FOXO1"CCR7" (green) FOXO1*CCR7™ (blue),
and FOXO1"CCR7" (black) population (n = 6). (C) Flow cytometry histograms (left) and quantification (right) for CD39 within the indicated populations
of CD4*CD25" thymocytes (n = 6). (D) Representative flow cytometry histograms for FOXP3 (left plot) and CD25 (right plot) within the indicated popula-
tions of CD4"CD25" thymocytes, identified by the colors as in (B). Average expression levels (geoMFI, right) within the indicated populations
(n = 6). (E) Representative flow cytometry contour plot (top) and frequencies (bottom) for FOXO!1 against FOXP3 on CD4*CD25"CD39~ thymocytes.
(F) tSNE plot showing intensity of CD1a expression (far left), flow cytometry histograms (second and third plot) and expression levels (geoMFI, fourth and
fifth plot; n = 6) for CDla (left) and CD27 (right) within the indicated populations (» = 6). (A—F) Gating strategy is shown in Supplemental Fig. 1. Data are
representative from two independent experiments with each three patients. Symbols represent individual samples. Shown is the mean + SD. *p < 0.05, paired
t test. geoMFI, geometric mean fluorescence intensity.

whereas the (FOXP3™FOXO1") population (Cluster 2) is identifiable molecule is uniformly found on naive Treg cells in peripheral
by a CCR7*CDla~CD27"CD39~ phenotype. Recirculating eTreg cells human blood, suggesting that its expression may be acquired at
in the thymus finally exhibit a CCR7"CDla"CD27*"CD39" surface  some point during tTreg cell development (53). GPA33 was not
phenotype. strongly detected at the transcriptome level in our dataset (Fig. SA).
Nevertheless, a trend toward enrichment for the expression of
GPA33 was present in Cluster 2, the more mature population of
developing Treg cells (Fig. 5A). Expression of GPA33 was absent
Earlier studies showed the existence of a CD25"FOXP3" Treg cell from cells in Cluster 3, as is the case for most effector Treg cells
precursor population in mice (31). Although these cells were  found in human blood (53), and from Cluster 1 that contains the
excluded from the SORT-seq analysis, we could analyze them by flow least mature cells (Fig. 5A). Verification by flow cytometry con-
cytometry for the markers identified above. CD4'CD25 FOXP3* firmed that GPA33™ cells in the tTreg lineage lacked expression of
(Supplemental Fig. 4A) displayed minimal expression of CDla and CDla (Fig. 5B), a marker for the most immature cells. Indeed,
were only partially positive for CD27, CCR7, FOXO1, and Helios ~ GPA33 was found exclusively on FOXO1"CCR7" tTreg cells
(Supplemental Fig. 4B). This suggests that these cells may be in transit (Fig. 5C), which correspond to Cluster 2 from the single-cell
from the most immature stage defined by Cluster 1 to the more mature transcriptome analysis.

stage defined by Cluster 2.

A population of CD25"FOXP3™ thymocytes exhibits an early
immature phenotype

GPA33 is acquired at a late stage of Treg cell development

GPA33 defines further developmental steps Based on the expression pattern of CDla, we hypothesized that

To determine whether the developmental map of tTreg cells can be GPA33™ tTreg cells are precursors of GPA33" tTreg cells. Indeed,
further defined, we examined the expression of GPA33. This surface a substantial fraction of CD39"GPA33~ tTreg cells (which
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FIGURE 5. GPA33 defines further developmental steps in the pre-Treg II phase. (A) Feature plot (top) and violin plot (bottom) showing the transcriptomic
single-cell expression pattern and distribution of GPA33 among tTregs (as in Fig. 1). (B) Representative flow cytometry histograms (top) and expression lev-
els (bottom) for CD1a within the indicated populations of CD4*CD257CD39~ thymocytes. (C) Representative flow cytometry dot plot for FOXO1 and
CCR7 (top, left) and histograms for GPA33 in the three indicated fractions (top, right) within the thymic CD4"CD25" population. Percentages of GPA33™
cells within the indicated populations were quantified (bottom). (B and C) Gating strategy is shown in Supplemental Fig. 1. Data are representative from two
independent experiments with three patients each. Symbols represent individual samples. Shown is the mean + SD. **p < 0.01, ***p < 0.001, paired ¢ test

(B), one-way ANOVA (C).

exclude the CD39" mature eTreg population) became GPA33™"
during in vitro culture with anti-CD3, anti-CD28, and IL-2,
whereas CD39"GPA33™ tTreg cells retained expression of this
receptor (Fig. 6A). Furthermore, nearly all tTreg cells that were
already GPA33™ before culture, expressed TIGIT after in vitro cul-
ture in the presence of anti-CD3, anti-CD28, and IL-2 (Fig. 6B). In
sharp contrast, little TIGIT was expressed by those cells that
remained GPA33™ during such culture, whereas part of the cells that
had acquired GPA33 during culture also expressed TIGIT (Fig. 6B).
The extent of TIGIT expression in the GPA33™ tTreg cell popula-
tion may be associated with the acquisition of specialized functional
properties, as previous studies have demonstrated the importance of
this molecule in Treg cell function as well as lineage stability
(54-56). These results therefore support a model, in which expres-
sion of GPA33 marks an advanced stage of Treg cell development
in the thymus.

A

GPA33 expression in the FOXO1"CCR7" population was het-
erogeneous (Fig. 5C), indicating that further developmental steps
may be defined by GPA33 among cells in Cluster 2. Indeed,
expression of CCR7 was markedly lower among GPA33™ cells
in the FOXO1"CCR7™" population than among GPA33™ cells
(Fig. 7A, gating strategy shown in Supplemental Fig. 1C), suggest-
ing that within this population, GPA33 marks the more mature cells.

Reportedly, RTE Treg cells exhibit a CD31"CD45RA* GPA33™
phenotype (53, 57). To obtain an indication of when these markers
are acquired, we examined their expression pattern among the popu-
lations defined by expression of FOXO1 and CCR7. Similar to
GPA33 (Fig. 5C), expression of CD31 and CD45RA is found
almost exclusively on thymic FOXO1"CCR7" Treg lineage cells
(Fig. 7B). Within this population, CD45RA expression is mostly
found on cells also expressing CD31, with a minor fraction of cells
expressing CD45RA, but not CD31, as was reported previously
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FIGURE 6. GPA33 is acquired at a late stage of Treg cell development. (A and B) GPA33" and GPA33~ CD4"CD25"% thymocytes or
CD4"CD25"CDI127"CD45RA™ Tconv from peripheral blood were sorted and cultured with anti-CD3, anti-CD28, and IL-2. (A) Representative flow cytome-
try histograms (top) for GPA33 within the indicated populations after 7 d of in vitro culture. The average frequency (bottom) of GPA33 expression within the
indicated populations (n = 3). (B) Representative flow cytometry contour plots showing expression of GPA33 against TIGIT in the populations cultured and
identified by colors as in (A) (top). The frequencies (bottom) of TIGIT expression within the indicated populations (n = 3). Gating strategy is shown in
Supplemental Fig. 1. Data are representative from three independent experiments. Symbols represent individual samples. Shown is the mean + SD. ns, p >
0.05, *p < 0.05, **p < 0.01, paired ¢ test (A), one-way ANOVA (B).
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FIGURE 7. CD31, GPA33, and CD45RA are acquired sequentially in the late pre-Treg II stage. (A and C—E) Thymocytes were measured by flow cytome-
try and gated for CD4"CD25"CDI127°YFOXO1"CCR7" cells (Cluster 2) for further analysis. (A) Representative flow cytometry histograms (leff) and
expression levels (geoMFI, right) for CCR7 within the indicated populations (z = 6). (B) Representative flow cytometry histograms showing the expression
of CD31 (left) and CD45RA (right) within the indicated populations of CD4*CD25" thymocytes (n = 6). (C) Representative flow cytometry contour plot
showing expression of CD45RA against CD31 of CD4*CD25 FOXO01"CCR7" thymocytes (n = 6). (D) Representative flow cytometry contour plot (leff),
histograms (middle) and frequencies (righf) for GPA33 and CD31 within the CD4"CD25"FOXO1"CCR7" (Cluster 2) population. (E) Representative flow
cytometry contour plot showing expression of GPA33 against CD45RA within the CD4"CD25"FOXO01*CCR7™ (Cluster 2) population. (F) Representative
flow cytometry histograms (leff) and frequencies (right) for CD45RA within the indicated populations (n = 6). (A-E) Gating strategy is shown in
Supplemental Fig. 1 with an additional gating on the CD31" fraction (F). Data are representative from two independent experiments with n = 3 patients
each. Symbols represent individual samples. Shown is the mean = SD. **p < 0.01, ***p < 0.001, paired ¢ test. geoMFI, geometric mean fluorescence

intensity.

(57). In contrast, many CD31" cells lack expression of CD45RA
(Fig. 7C). Likewise, most thymic FOXO1*CCR7" Treg lineage
cells expressing GPA33 are also positive for CD31, although
CD31 single-positive and some CD31"GPA33™'° cells are also
found (Fig. 7D). Because RTE CD4™ T cells generally have a
CD31"CD45RA™GPA33™ phenotype (53), these results suggest
that in the major Treg cell developmental route, tTreg cells acquire
expression of CD31 before expression of CD45RA and GPA33.
Moreover, all CD45RA™ cells also expressed GPA33 (Fig. 7E),
whereas only a fraction of GPA33%7CD31" cells coexpressed
CDA45RA (Fig. 7F). The most parsimonious interpretation of these
data seems that GPA33 expression is acquired after expression of
CD31, but before expression of CD45RA.

Discussion

By combining transcriptomic and protein data, we defined the Treg
lineage compartment in the human thymus and provide a model for
human tTreg cell development. A prominent Treg cell population
(Cluster 3) exhibited a strongly activated phenotype. We considered
that this activated phenotype could reflect signaling via the many
receptors involved in the induction of the Treg cell program. The
population would then represent an intermediate developmental
stage between the immature cells in Cluster 1 and the more mature
resting cells in Cluster 2. This hypothesis was, however, not sup-
ported by a bioinformatic trajectory inference analysis. Moreover,
the cells in Cluster 3 conspicuously lacked expression of CCR7.
This chemokine receptor controls thymocyte migration from the

thymic cortex to the medulla (associated with maturation) and facili-
tates later homing to peripheral lymphoid tissues by mature naive
Treg cells (58-60). CCR7 expression is found in the cells in Cluster
1 and at greater abundance in Cluster 2, which seems consistent
with these roles for CCR7 and a gradual acquisition of this receptor.
In contrast, a function for transient loss of CCR7 during an interme-
diate stage is not obvious. The activation-associated genes in Cluster
3 are typically expressed by mature effector Treg cells in the periph-
ery (61, 62). We, therefore, believe that the cells in Cluster 3 repre-
sent mature Treg cells that recirculated to the thymus. This
phenomenon was documented in mice (63—-65) where the Treg cells
that migrated from the periphery into the thymus similarly exhibited
an activated phenotype and lacked expression of CCR7. Entry into
the murine thymus by mature Treg cells was partially dependent on
expression of CCR6 (63). This chemokine receptor was not detected
in our single-cell transcriptome analysis. However, multiple other
chemokine receptors were prominently expressed in these cells,
including CXCR3, CCRS, and CXCR6, possibly explaining why
deficiency for CCR6 did not abrogate localization of recirculating
Treg cells in the murine thymus (63).

The function of a mature, activated Treg cell population in the thy-
mus is not clear. Effector Treg cells may inhibit the development of
new Treg cells, possibly to limit the dilution of the repertoire of
TCRs in the Treg cell pool with unproven specificities (39). However,
evidence also exists that these cells shield Treg cell development
from inhibition by inflammatory signals (40). Whichever the function,
their presence in the thymus fits with the growing notion that tissues
have their own resident population of Treg cells (66), as found for
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instance in adipose and muscle tissue and in the lamina propria of the
intestinal mucosa (67—69). Development of tissue-resident Treg cells
involves initial activation in secondary lymphoid organs and is con-
trolled by the transcription factor BATF (70), which we correspond-
ingly found to be prominently expressed in the cells in Cluster 3.

Evidence for the presence of mature recirculating Treg cells in
the human thymus has been provided before (39). In that study,
CD31 was proposed as a marker to distinguish between recirculating
and developing Treg cells in the thymus. However, our data show
that absence of CD31 is not sufficient to reliably identify this popula-
tion, as also less mature developing Treg cells lack this receptor.
Instead, we show that surface expression of CD39 and lack of CCR7
more adequately identify this population within the CD4*"CD25™
fraction of thymocytes.

The residence of recirculating mature Treg cells in the thymus
has several implications. First, it means that we cannot ascribe a thy-
mic origin to a Treg population found in the periphery, merely
based on the presence of Treg cells with a similar phenotype in the
thymus. A thymic origin was, for instance, assigned on this basis to
a population of IL-10—producing ICOS™ Treg cells in human blood
(38). The nearly uniform expression of ICOS mRNA in Cluster 3
suggests that this is the same population. This notion is further sup-
ported by the expression in this Cluster of mRNA encoding the
transcription factors BLIMP-1 and MAF, which control the differen-
tiation of IL-10—producing Treg cells (71, 72). As these cells likely
recirculated from the periphery to the thymus, it is impossible to
know whether they developed into Treg cells in the thymus or in
the periphery.

Of clinical importance, the presence of recirculating Treg cells in
the thymus stresses the need for caution when using this tissue to
obtain Treg cells for ACT (16), because not all such Treg cells are
guaranteed to possess the favorable stability of the tTreg cell lineage
(73). In addition, the localization and function of mature Treg cells
seems strongly dependent on the Ags recognized by their TCRs (74,
75). Mature Treg cells in the thymus may thus be specific for local
thymic Ags, possibly making them less able, for instance, to sup-
press graft-versus-host disease, which requires specificity for Ags in
the intestinal mucosa or the skin. These considerations are all the
more relevant, as the proportion of mature recirculating/resident
eTreg cells in the thymus appears to be rather large and studies in

pre-Treg |

I~ SATB1 ITM2A

FIGURE 8. Proposed model of
tTreg cell development. Schematic
overview of our proposed model of
tTreg cell development distinguishing
a pre-Treg I, early pre-Treg II and late
pre-Treg 1I stage based on gene and
protein expression patterns identified
using scRNAseq and flow cytometry.
Note that the vertical expression is for
visualization purposes and does not
represent true expression values.

| CD40LG CDSA
| NR4A1

Expression (arbitrary units)

mice have shown that the proportion of these cells increases with
age (64).

Based on analysis of the other two clusters in combination with
FACS, we deduced a sequence of tTreg cell differentiation, which
we outline in a model (Fig. 8). We propose to refer to the subse-
quent stages of development as pre-Treg I (Cluster 1), and pre-Treg
I (Cluster 2). The pre-Treg I stage is marked by the acquisition of
CD25 expression and exhibits a FOXO1 CCR7™ phenotype. Some
of these cells express NR4A1, presumably as a consequence of ago-
nist selection. In addition, a fraction of pre-Treg I cells still
expresses the lineage-inappropriate genes CD40LG and CDS8A,
as well as high amounts of SATBI and ITM2A. Of these, the
chromatin organizer SATBI1 helps establish a series of super
enhancers in Treg-specific genes, possibly before initiation of
Treg cell differentiation. Indeed, SATBI1 is already expressed in
murine CD4"CD8" thymocytes (76). Its expression must be sup-
pressed for proper Treg cell differentiation, and this occurs
through direct FOXP3-mediated repression of the SATBI gene as
well as indirectly via FOXP3-induced microRNAs that bind to
the 3" UTR of the SATB1 mRNA (76).

We identify the sharp induction of the transcription factor
FOXOL1 as a hallmark event that signals the transition of pre-Treg I
cells to the (FOXO1"CCR7") pre-Treg II stage. The discrete
appearance of FOXO1 suggests that a specific (set of) signal(s) may
induce its expression. The nature of such signals is currently not
clear. Early during this (proposed early pre-Treg II) stage, expres-
sion of FOXOL1 is followed by further upregulation of CD25 and
(presumably) by elevated expression of FOXP3, consistent with the
documented role of FOXO1 in transactivation of the FOXP3 gene
(50). Cells in this stage acquire high expression of CCR7 and
KLF2, which are also encoded by target genes of FOXO1 (50, 77,
78), and which prepare the cells for migration from the thymus
toward secondary lymphoid tissue in the periphery. Eventually, late
pre-Treg II cells seem to obtain expression of CD31 and GPA33
before they acquire CD45RA, which marks them as mature naive
Treg cells ready to exit from the thymus.

This model differs from the one presented by Park et al. (33).
Similar to us, that study identified three major thymic populations of
Treg lineage cells through single-cell transcriptomics. There, it was
proposed that two of these populations, dubbed “T(agonist)” and
early pre-Treg Il

late pre-Treg Il mature naive Treg cell

CD25
FOXO1
KLF2 CCR?7
GPA33
CD31
CD45RA

=
N~

Thymic Treg cell development
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“Treg(diff)”, might represent parallel routes of early Treg cell differ-
entiation described in mice (31), initiating Treg cell differentiation
by induction of CD25 or FOXP3, respectively. As for practical rea-
sons our single-cell transcriptome analysis did not include
FOXP3*CD25 cells, it was conceivable that we would have missed
one of these developmental routes. Close comparison, however,
showed that the populations found by Park et al. are very similar to
ours. Thus, T(agonist) and Cluster 1 exhibit preferential expression
of CD40LG, CD8A, NR4A1, ITM24, and SATB1, whereas Treg(diff)
and Cluster 2, exhibit higher expression of FOXP3, CTLA4, BATF,
KLF2, CCR7, FOXOI, and GPA33 (Supplemental Fig. 2H). Park
et al. suggested that the T(agonist) and Treg(diff) populations
might represent distinct developmental routes, because they were
enriched for transcriptional signatures of the FOXP3"CD25™ and
CD25"FOXP3~ populations (33), respectively. We found that the
signature genes highlighted in the Park study exhibited the precise
same relative expression patterns between T(agonist) and Treg(diff)
as between our Cluster 1 and 2 (Supplemental Fig. 4C). The major
difference therefore seems to lie in the interpretation of the results.
Especially the high relative expression of lineage-inappropriate
genes (CD40L, CDS), signature genes of CD4"CD8" thymocytes
(SATB1, ITM2A4) and of NR4AI (a known TCR-responsive gene) in
Cluster 1/T(agonist), but not in Cluster 2/Treg(diff), suggest to us
that the former is a more immature population. We did confirm the
existence of FOXP3"CD25™ cells in human thymus by flow cytom-
etry. Based on the stage-specific markers identified in this study,
these cells apparently exhibit an immature phenotype and appear to
transition from a pre-Treg I to a pre-Treg II stage (Supplemental
Fig. 4A, 4B).

The existence of these two distinct developmental routes raises
the possibility that tTreg cell development might not always follow
a fixed, linear path. Instead, the induction or upregulation of certain
transcripts might occur in a slightly different order, perhaps depen-
dent on the signals that the cells receive at that point or stochastic
factors. It is an intriguing option that such differences in matura-
tional progression contribute to the generation of heterogeneity in
the mature Treg cell lineage (31, 38, 79). Nonetheless, most cells
seem to follow a major differentiation path with discrete steps, as
suggested by our data. Identifying the key signals for tTreg cell
development would bring us closer to de novo generation of genuine
tTreg cells in vitro from precursor cells or induced pluripotent stem
cells, which might enable tailoring of Treg cells for ACT to treat
inflammatory and (auto)immune conditions.
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