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T CELLS
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Likai Tan"', Alina Suzann Fichtner'?, Elena Bruni', Ivan Odak’, Inga Sandrock’, Anja Bubke',
Alina Borchers?, Christian Schultze-Florey'*, Christian Koenecke'*, Reinhold Forster',
Michael Jarek®, Constantin von Kaisenberg’, Ansgar Schulz®, Xiaojing Chu®'®, Bowen Zhang'?,
Yang Li>'%, UIf Panzer?, Christian F. Krebs?, Sarina Ravens'>*, Immo Prinz""%>**

Accumulating evidence suggests that the mouse embryonic thymus produces distinct waves of innate effector v
T cells. However, it is unclear whether this process occurs similarly in humans and whether it comprises a dedicat-
ed subset of innate-like type 3 effector yd T cells. Here, we present a protocol for high-throughput sequencing of
TRG and TRD pairs that comprise the clonal y8TCR. In combination with single-cell RNA sequencing, multiparam-
eter flow cytometry, and TCR sequencing, we reveal a high heterogeneity of y8 T cells sorted from neonatal and
adult blood that correlated with TCR usage. Immature y3 T cell clusters displayed mixed and diverse TCRs, but
effector cell types segregated according to the expression of either highly expanded individual V31* TCRs or mod-
erately expanded semi-invariant Vy9V82* TCRs. The Vy9V32* T cells shared expression of genes that mark innate-
like T cells, including ZBTB16 (encoding PLZF), KLRB1, and KLRC1, but consisted of distinct clusters with unrelated
Vy9V82* TCR clones characterized either by TBX21, FCGR3A, and cytotoxicity-associated gene expression (type 1)
or by CCR6, RORC, IL23R, and DPP4 expression (type 3). Effector y8 T cells with type 1 and type 3 innate T cell
signatures were detected in a public dataset of early embryonic thymus organogenesis. Together, this study
suggests that functionally distinct waves of human innate-like effector y3 T cells with semi-invariant Vy9vé2* TCR
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develop in the early fetal thymus and persist into adulthood.

INTRODUCTION

vd T cells are an evolutionarily conserved subset of T lymphocytes
that can respond to microbial stimuli and provide tissue surveillance
independent of major histocompatibility complex-peptide recogni-
tion. Because of their seemingly intrinsic cytotoxicity toward a large
array of tumors, Y8 T cells are the subject of current efforts to design
anticancer immunotherapies (I1). Although generally regarded as
innate-like T cells, y3 T cells display a great level of phenotypic het-
erogeneity (2). The most abundant y8 T lymphocytes in human
adult blood are defined by a semi-invariant T cell receptor (TCR)
composed of a TCRy chain (TRG) using the variable (V) segment
VY9 (TRGV9) rearranged to the joining (J) segment JP (TRGJP) and
a TCRS chain (TRD) using a V32 segment (3). Such Vy9V§2" T cells
display a considerable TCR diversity but respond to microbial and
tumor-derived metabolites called phosphoantigens (4), which are
associated with and influence the conformation of butyrophilin
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molecules BTIN3A1 (5) and BTN2A1 (6, 7). Because of their human
leukocyte antigen (HLA)-independent mode of action, Vy9V32*
T cells can be considered for allogeneic clinical applications such as
antitumor immunotherapy (8). Furthermore, VY9V82" T cells share
common features with other human innate-like T cells, including
invariant natural killer T (NKT) and mucosa-associated invariant T
(MAIT) cells that express PLZF (9, 10). The remaining non-Vy9v§2*
human 3 T cell subsets express diverse TRG rearrangements and
preferentially pair with V&1 (3). Information about specific ligands
binding to those V81" TCRs is still fragmentary; however, recent
findings showed expansion of individual V81" clones in response to
environmental antigens such as viral stimuli (11, 12).

The correlation of ydTCR usage, TCR-specific activation, and
acquisition of y3 T cell effector function is of great interest. In mice,
distinct waves of effector y3 T cells with restricted TCR diversity de-
velop sequentially in the fetal thymus (13). In particular, interleukin-17
(IL-17)-producing effector yd T (y8T17) cells with a type 3 im-
mune signature are exclusively generated before birth and persist
throughout the entire life as self-renewing, tissue-resident T cells in
a diverse range of tissues (14, 15). There are parallels in humans, as
Vy9V2™ T cells with restricted TCR diversity are preferentially gen-
erated before birth, expand postnatally, and persist into adulthood
(16-19). However, whether and to which extent human y8 T cells
already acquire effector function in the thymus are a matter of de-
bate. Postnatal thymi contained Y3 T cells with immense TCR di-
versity (20), but these were not found to be equipped with effector
functions such as interferon-y (IFN-y) or IL-17 production (21). In
contrast, recent data suggested that the human fetal thymus does
generate invariant non-Vy9Va2" effector y8 T cells that express in-
variant germline-encoded CDR3y and CDR33 repertoires (22). Fur-
thermore, a recent study compared human V31" and V82* 3 T cells
by single-cell RNA sequencing (scRNA-seq) and concluded that
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both displayed parallel maturation trajectories, starting with ex-  (Fig. 1B). Neonatal y3 T cells dominated clusters c1 to c5, whereas
pression of maturation-defining genes including CCR7, IL7R, and  clusters c6, c7, ¢9, and c12 were more heterogeneous. Adult yd T
CD27 and gradually acquiring cytotoxicity-related genes such as cells formed most of ¢8, c10, and c11 (Fig. 1, B and C). A total of
NKG?7, PRF1, and FCGR3A (23).

To directly assess the role of the TCR

in guiding the activation and differenti- A . D ¢l 2 o3 o4 5 o6 o7 B o9 cl0 el cf2
ation of individual Vy9V82" and non- i 1 [ LRRNS
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gated according to ySTCR usage and o oo-conor2 H L RAsST
effector phenotype. We identified dis- ® PB_donor2 ! ° 55%1
tinct type 1- and type 3-like subsets of 3R S & rioar
Vy9V82" T cells that used distinct sets o ) [ RPETS
of TCR clonotypes. In addition, Y8 T cells . - : : &%‘Eﬁ‘ 4
with a type 3 immunity signature were S . . ‘ ® [ ALOX5AP
already present in neonatal CB and in > . [ Skgaato
early fetal thymus from weeks 8 and 3 ° Eé’éﬁ%
9, which supports the hypothesis that ® e r KLRC!
these cells might be generated in an ear- : o o o [ RrAst
ly fetal wave. . o s ® [ 505
e e traw
UMAP_1 ’ , F %%EBP
RESULTS C o 7 s ‘ N
ScRNA-seq reveals high s B ey $ . ce [
heterogeneity among human 2500 i FIE
76 T cells 2000 [ IFTA1
To investigate transcriptional programs 1500 H C sy
of human y8 T cells at birth and in o H L VeRes
adulthood, total Y8 T cells were isolated g 502 ° Elgsgﬂzl?
from two unrelated neonatal CB sam- = 500 § ! C e hpa
ples (CB_donorl and CB_donor2) and < 1000 e o E:%%D) 5511
two unrelated adult PB samples (PB_ ;zgg i ; Fcor
donorl and PB_donor2) via flow cyto- 2500 o [ &
metric sorting for scRNA-seq (fig. S1). 3000 o [Xe5
After quality control, a total of 25,904 ss00 [ BB-G0nors: 842 : E%’g?ﬁ;&
v8 T cells from all respective donors oo ® [ TEar
(median gene number — 1434’ median cl c2 c3 c4 c5 c6 c7 c8 c9 c10cll c12 potexp avg.exp.scaled
UMI (unique molecular identifier) = - 5'0 7.5 1;) -, =

3964) were considered for post-analysis

(ﬁg. S2A). On the basis oftranscriptomic Fig. 1. scRNA-seq reveals high heterogeneity among human 3 T cells. Single-cell transcriptome libraries were
proﬁles, these y8 T cells were projected bY generated from FACS-sorted y3 T cells of neonatal CB (CB_donor1 and CB_donor2; n = 2) or adult PB (PB_donor1 and
PB_donor2; n=2). (A and B) UMAP was adopted for visualization of cells. Each point represents a single cell. (A) Indi-
vidual cells of all four donors are colored by clusters (c1 to c12) that were obtained from unsupervised clustering. (B) In-
dividual cells are color-coded by donors. (C) The bar plot reveals fractions of absolute cell numbers from each donor
that contributed to c1 to c12. Total cell numbers of donors that were considered for analysis are indicated in the figure
legend. (D) The dot plot shows the top 10 up-regulated DEGs (rows) per cluster. Gene expression values were scaled
boring clusters identified 12 cell clusters 54 log; fold change (logFC). Dots are colored by average logFC and sized by percentage of cells per cluster that ex-
(Cl to C12) (Fig- 1A)- A polarized age-  pressed this gene (pct.exp). DEGs in this study are defined as follows: (i) absolute value of average logFC > 0.25, (ii)
dependent distribution was observed  adjusted P(adj.p) <0.01 (bimod test), and (iii) detected on at least 10% of cells from at least one cluster (min.pct > 10%).

Uniform Manifold Approximation and
Projection (UMAP), and unsupervised
clustering with adjustment by differential
gene expression analysis among neigh-
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96.13% of the large cluster c10 originated from PB_donor2, indicat-
ing individual variances of phenotypes (Fig. 1C). However, all four
donors contributed to all 12 clusters (fig. S2B). The dot plot of the
top 10 differentially expressed genes (DEGs) in each cluster demon-
strates the distinct gene expression profiles of each cluster (Fig. 1D).
Among the 2308 DEGs, we found T cell-related regulatory tran-
scription factors (TFs), cytokine receptors, cytotoxic genes, T cell
activation genes, and NK cell receptors (fig. S2C).

Paired y3TCR analysis reveals mixed, Vy9Vs2*, and V61*
T cell clusters

To add a further layer of information
and link the scRNA-seq profiles of y§
T cells to individual yY3TCR clones, a bar-
coded full-length complementary DNA
(cDNA) library generated from single-
cell RNA was split to generate additional
libraries of scTCR-seq amplicons. To this
end, we designed gene-specific primers
within the 5’ region of the TRGC and
TRDC segments, then amplified, and se-
quenced barcoded full-length V(D)] re-
gions of the rearranged TRG and TRD
genes. Shared cellular barcodes allowed
us to assign individual TRD sequences
to >80% of barcodes (single-cell tran-

A

UMAP_2

(Fig. 2C). The highest frequencies of individual ydTCR pairs with
>100 cells per clone were found in adult PB DV1-dominated clus-
ters c10 and c11, as well as among the Vy9V32" TCR clones in ¢7 to
¢9 (fig. S3C). We calculated the repertoire diversity of each cluster
in each donor based on paired Y3TCR by Gini indices that ranged
from 0 (completely polyclonal) to 1 (monoclonal) (Fig. 2D). In gen-
eral, adult blood-derived y3 T cells showed a focused oligoclonal
yOTCR repertoire (high Gini indices) in clusters constituted of both
Vy9V82" and non-Vy9V82" TCR, whereas neonatal repertoires
were polyclonal (lower Gini indices) (11, 12, 24). Specifically, im-
mature Y8 T cells of ¢l to ¢4 from neonates and c1 from adults
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scriptomes) detected in the gene ex-
pression dataset, and clonal TRG and
TRD pairs to about 45 to 70% of all sin-
gle y8 T cell transcriptomes (fig. S3A).
Mapping Y8TCR clones to the clusters
defined by UMAP in Fig. 1A highlight-
ed a notable correlation of y§ T cell
function to the rearranged V segments
used to build YdTCRs (Fig. 2, A and B,
and fig. S3B). The 12 clusters identi-
fied by scRNA-seq were largely
grouped according to the distribution
of individual TCR clones into three
main sections. The neonatal y§ T cell-
dominated clusters (c1 to c4) consisted
of a heterogeneous mix of TRG and
TRD combinations, including TRGV?9
paired with TRDV2 (GV9 DV2), as well
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as clones using other segments such as
GV3DV1,GV2DVI1, and GV3 DV3. The
second group, clusters c5 to c9, largely
used pairs of GV9 and DV2 to build )
Vy9V82" TCRs, whereas the adult v8
T cell clusters c10 and c11 as well as the
mixed neonatal/adult cluster c12 were
dominated by ydTCR using DV (Fig. 2,
A and B, and fig. S3B). Because activa-
tion, differentiation, and acquisition of
effector function of yd T cells are hy-
pothesized to relate to cell proliferation,
we examined clonal y§ T cell expan-
sions based on the distribution of indi-
vidual y8TCRs across the cell clusters

UMAP_1
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Paired TCR clonal frequency
]
10 20 30 40 =250

¢l ¢c2 ¢33 c4 c5 c6 c7 c8 c9 cl10 c11 c12 Al
Cluster

M CB_donor1
| CB_donor2

H PB_donor1
| PB_donor2

Fig. 2. scTCR repertoire analysis of clusters defined by scRNA-seq. Full-length y8TCR V(D)J segments were ampli-
fied from cDNA of scRNA-seq libraries (n=4). Single-cell y8TCRs and single-cell transcriptomes were matched via
cellular barcodes. (A) UMAP of y3 T cells shows paired ySTCR V gene usage (TRGV and TRDV). The most abundant pairs
are color-coded (NA: paired TCR data are not available). Contours outline clusters c1 to c12 defined in Fig. 1A. (B) Bar
plots depict paired y8TCR compositions in each cluster per donor. Cells without a productive paired y8TCR were ex-
cluded. The total numbers of paired y3TCR per cluster are indicated at the top of each bar. (C) The frequency of each
identified paired y8TCR clone was calculated and visualized within the UMAP of y3 T cells. Cells without a paired
Y8TCR were excluded. (D) Single-cell paired TCR repertoire diversities were estimated by Gini indices that range from
0 (completely polyclonal) to 1 (completely monoclonal). Bar plot shows Gini indices of each donor within the respec-
tive cluster (c1 to c12) and total single-cell transcriptomes (all clusters per donor). Clusters containing less than 20
paired TCRs were excluded from Gini analysis and defined as N.D. (no data).
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showed no clonal expansions with Gini A B .. o 58 s oSBT
indices close to zero (Fig. 2D). c10 cells —_— e e ——
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the differential expression of these GMs Pyruvate metabolic process o
among the 12 y8 T cell clusters defined Positive regulation of cell cyce ?
: : o O 9 % o
above (Fig. 3B). Specifically, gene mod- NN N

ule A (GM_A) represented an immature
naive state of T cell differentiation and
was enriched within most of the neonatal
v3 T cells (c1, c2, and c4). GM_A included
genes such as LEFI and TCF7 that are
key regulators of naive T cells (25, 26)
and known regulatory TFs of murine im-
mature Y3 T cells (e.g., SOX4) (15, 27).
GM_B represented cell proliferation—
associated genes with the highest score in ¢3. The innate T cell dif-
ferentiation gene module GM_C was strongly present in c5, which
contained mainly CB-derived Vy9V82" cells. GM_C comprised
the type 2 immunity-related genes CD40LG and CCR4, as well as
the TF ZBTB16 (PLZF), described to be critical for the development
of invariant NKT cells and mucosal-associated T cells (28, 29). Of
note, the type 3 immunity-related gene module GM_D, characterized
by gene signatures connected to IL-17-producing T cells (15, 29-31),
was exclusively enriched within c6, which contained neonatal and
adult Vy9Vs2* cells. Further modules enriched in VyoVvs2* cell
clusters were GM_E with IFN type I signaling-related genes in ¢9
and GM_F with a set of NK cell-related (KLRCI and KLRDI) and

Tan et al., Sci. Immunol. 6, eabf0125 (2021) 23 April 2021

Fig. 3. Identification of GMs from single-cell transcriptomes. Top 100 DEGs in all clusters (TCR, ribosomal, and
mitochondrial genes excluded, 711 DEGs in total) were subjected to unsupervised clustering based on the average
DEG expression per cluster (c1 to ¢12), and eight GMs were identified. Annotation of the eight GMs was supported by
Gene Ontology enrichment analysis. (A) The DEGs were enwrapped by UMAP and colored by modules. Each dot
represents a DEG. Selected key DEGs are labeled. (B) The heatmap depicts the modular scores of each cell. Cell num-
bers were downsampled to a maximum of 600 cells per cluster. (C) Gene Ontology enrichment analysis on GMs. Each
dot represents an enriched Gene Ontology term, which is colored by adjusted P value and sized by enrich-fold, re-
spectively. MHC, major histocompatibility complex; NF-kB, nuclear factor kB.

cytotoxicity (CTL)-related genes (GNLY and GZMA) in ¢8. Non-
Vy9V52" cell clusters c10 and c11 expressed GM_G characterized
by a different set of cytotoxic T lymphocyte (CTL)-related genes
(TIGIT, BATF, EOMES, CD8A, and CD8B). Last, GM_H indicated
acute T cell activation in c12.

scRNA-seq of 25,904 human Y3 T cells from CB and adult PB
revealed a high functional heterogeneity with common and distinct
cell transcriptional patterns among neonatal and adult y3 T cells.
Detailed analysis of DEGs identified key core GMs that defined v
T cell differentiation to functional subsets including CTL activity
and type 3 immunity, which largely correlated with clonal expansion
of either Vy9V82" or non-Vy9va2* T cells.
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Vy9V52* T cells are innate-like
T cells with TCRs enriched
in public sequences
We investigated the link between Vy9V52*
TCR clonotypes and functional differ-
entiation of VY9V32" T cells. Nearly all
Vy9V82" T cells expressed genes that
guide lineage commitment of innate-like
T cells, including canonical Vy9V§2*
T cells (17, 32), namely ZBTBI16 (encod-
ing PLZF), KLRBI (encoding CD161),
and KLRCI (encoding NKG2A), albeit at
different levels (Fig. 4A). However, it is
still unclear how far postnatal selection
shapes the repertoire of adult Vyov52*
T cells (33, 34). Deep sequencing analy-
ses of bulk TRG repertoires established
a high frequency of shared and thus
“public” TRGVY sequences in neonatal
and adult blood samples (11, 12, 35),
but it is thought that the corresponding
TRDV?2 sequences are rather diverse and
lead to individual and thus “private” rep-
ertoires of semi-invariant Vy9V&2" T cells.
We compared the 4052 individual
TRDV2 gene clones from this scTCR-
seq analysis to TRD repertoires obtained
by previous bulk TCR sequencing of y3
T cells from 80 independent donors
(11, 18, 36) to determine the frequency
of VY9V82" T cells using shared public
TRDV2 sequences. We noticed that most
of all Vy9V82" T cells in clusters c5 to
¢9 displayed public TRDV2 gene rear-
rangements, such that exactly the same
TRDV2-CDR3 sequences were shared
between individual donors (Fig. 4B and
fig. S4, A and B). In contrast, almost all
other TRD clones were private and did
not share their unique TRDV-CDR3 be-
tween individuals (fig. S4A). Furthermore,
Vy9* T cells of clusters c5 to c9 showed
TRGV9/TRGJP rearrangements with little
clonal diversity (fig. S4C). Together with
previous studies investigating the TCR
repertoire and phenotype of Vy9V52"
T cells (9, 11, 17, 22, 24, 33-37), the
innate-like transcriptional program and
usage of largely public clonotypes char-
acterize VY9V82" T cells as genuine
innate-like T cells.

Identification of a distinct type 3
immunity-committed Vyo9Vs2* y3
T cell subset
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Fig. 4. Vy9V82* T cells are innate y3 T cells with TCRs enriched in public TRD sequences. In-depth analysis focus-
ing on neonatal and adult Vy9V&2* T cell clusters defined in Fig. 2. (A) Visualization of ZBTB16 (PLZF), KLRB1 (CD161),

and KLRCT (NKG2A) expression on v5 T cells (adopted from fig. S2C). (B) UMAP of V&2 v5 T cells with delineation of

respective clusters (from Fig. 1A) projects the publicity of V32 TRD repertoires per cluster. Bulk TRD repertoires (rang-
ing from infants to adults, n = 80) were compared with the four scTCR-seq libraries of this study. Publicity was defined

by being present in the respective number of donors, indicated in parentheses of the legend. (C) Expression levels of

selected DEGs are visualized by heatmap on c5 to c9. (D and E) FACS of RORyt and T-bet expression on V52" y5 T cells

from adult PB (D) or CB (E). V82" y3 T cells were gated by CD94, CCR6, CD26, and CD161 as presented in fig. S5.

Median fluorescent intensity (MFI) was used for statistics; paired Student’s t test or one-way analysis of variance
(ANOVA) test was performed, and exact P values are stated for (D) and (E), respectively. Data are representative of two
independent experiments, and each dot represents one donor.

A number of genes were differentially expressed among the
Vy9V82" T cell clusters (Fig. 4C and fig. S4D) despite apparent sim-
ilarities. The mostly CB-derived V82" T cells of c5 expressed CCR4
and CD40LG, which are related to type 2 immunity (38). In contrast,

Tan etal., Sci. Immunol. 6, eabf0125 (2021)
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the mostly adult-derived Vy9V82" T cells in c8 expressed KLRDI
(encoding CD94), type 1 immunity signature genes such as TBX21,

and genes related to cytotoxicity—including FCGR3A (encoding

CD16), PRF1, and GZMA—suggesting differential roles of innate-like
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Vy9V82" T cells in the neonatal and adult immune system. Clusters
¢6, c7, and c9 were composed of VY9V82" T cells derived from both
cord and adult blood donors. Of those, c7 cells displayed gene ex-
pression profiles of naive T cells (CCR7 and CD27), and ¢9 cells
were enriched in IFN-induced genes (MX1, IFITM]I, and IRF7). c6
cells expressed a type 3 immunity/T helper 17 (Ty17)-related gene
signature including CCR6, RORC, IL23R, and DPP4 (encoding CD26)
(Figs. 2B and 4C and fig. S4, D and E). Because the translation of
RORC to RORyt protein and the functional potential to produce
IL-17 cytokines are an area of debate for human y3 T cells (10, 30),
we picked several key signature genes to delineate and sort V52"
T cells by flow cytometry for functional analysis. Figure S5 (A and B)
displays our gating strategy of V52" T cells into CCR6"'CD161"'CD26™
(representing neonatal and adult c6 cells), CCR6 CD161"CD26~
(representing neonatal c7 cells), and CCR6 CD161 CD26™ subsets
(representing neonatal c5/cl cells), as well as CD94"CCR6" cells
that are exclusively found in adults (representing c7 and c8 cells).
RORyt expression was evident in adult CD94"CCR6"CD26" V&2*
cells, whereas CD94"CCR6™ V52" T cells were T-bet positive (Fig. 4D).
In CB, we found RORyt expression in CCR6"CD161"CD26" v52*
T cells, and only neonatal CCR6"CD161* V82" T cells showed
moderate levels of T-bet expression (Fig. 4E).

To directly test whether human type 3 Y8 T cells were biased to-
ward an IL-17 cytokine profile, we adopted a protocol to culture and
stimulate CB mononuclear cells (CBMCs) under Ty17-polarizing
conditions (39-41). Efficiency of induction of IL-17 production var-
ied between individual donors, and IL-17 production could be in-
duced in some y3 T cells of the type 3 CD94 CCR6'CD26" V52"
T cell subset (fig. S5C), but IFN-y expression was mostly limited to
CCR6™ V82 T cells. To verify that the ex vivo culture would stimu-
late human type 3 v8 T cells to produce IL-17 rather than just inducing
“naive” undifferentiated Y8 T cells to adopt a type 3 y3 T cell pheno-
type, we sorted CBMC-derived v3 T cells into CD94"CCR6*CD26"
and CCR6™ V82 T cells before culture with irradiated autologous
CBMC:s (fig. S5, D and E). We observed very few IL-17-producing
¥8 T cells specifically within the CCR6-sorted cultures. Most of the
IFN-y-producing cells were CCR6~, and CCR6" expression could
not be induced in CCR6 -sorted cells. In sum, these data support
the hypothesis that CD94"CCR6CD26" V52" cells comprised in c6
represent precommitted innate type 3 y3 T cells that are conserved
among neonates and adults.

To investigate the clonal relationship of all clusters containing
adult Vy9Va2" T cells, we calculated the overlap of identical GV9/
DV2 sequence pairs in clusters ¢2 and c6 to ¢9. The phenotypically
naive/resting clusters (c7 and c2) shared 44 to 100% of their clones
in both adult samples with the effector clusters (c8 and c9), whereas
their overlap with type 3 immunity-related c6 cells was much less
detectable (Fig. 5A), suggesting the use of distinct TCR clonotypes/
sequences in cluster c6. The 10 most expanded (top 10) Vy9V52"
TRD clones from cluster c6 of both adult samples were much less
connected with the top 10 clones in ¢2 and ¢7 to c9, but those four
clusters shared at least 3 of their top 10 clones within both donors
(Fig. 5B). To further substantiate these clonal relationships between
functional subsets of Vy9V82" T cells, we sorted Vy9V82" T cells from
PB of additional four unrelated adult donors according to the expres-
sion of their cluster-defining DEGs CD94, CCR6, CD16, and CD26 (fig.
S6A). In this scheme, c6 cells corresponding to CD94 CCR6'CD26"
(type 3 v T cells) showed very little overlap to CD94"CCR6™ popu-
lations of Vy9V32* T cells (corresponding to c7 and c8) as defined

Tan et al., Sci. Immunol. 6, eabf0125 (2021) 23 April 2021

by bulk TRD repertoire sequencing (fig. S6B). Our analyses support
the view that type 3 immunity-related y3 T cells of cluster c6 cells
have a distinct TCR repertoire with high levels of public TRDV2
sequences, express key signature genes of innate-like T cells and
type 3 immunity, and may have a distinct early ontogenetic origin
reminiscent of Y8T17 cells in mice that emerge during a defined
window of fetal development and are prewired to produce IL-17
(14, 31, 42).

Human type 3 v T cells originate from the earliest
embryonic thymocytes

We tested whether human y3 T cells with a type 3 immune pheno-
type similar to cluster c6 and defined by gene module GM_D
(Fig. 3A) arise during early human ontogeny by using a recent
scRNA-seq study that resolved human thymus organogenesis in the
embryonic weeks 8 to 10 (Ewk8 to Ewk10) (43). Reanalysis of this
dataset [Gene Expression Omnibus (GEO): GSE133341] identified
four thymic y3 T cell clusters (here labeled as gdT_1 to gdT_4) ac-
cording to CD3D and TCR gene expression (Fig. 6A and fig. S7, A
and B). Two smaller y3 T cell clusters (gdT_3 and gdT_4) originated
exclusively from Ewk8 and Ewk9 thymi, but the two larger y8 T cell
clusters (gdT_1 and gdT_2) mainly arose from Ewk9 and Ewk10
thymocytes (Fig. 6B). Comparison of the expression of five relevant
gene modules identified above (Fig. 3 and table. S1) to this dataset
of embryonic thymocytes indicated that most of the Ewk10 v
T cells (gdT_1 and gdT_2) and the off T cell clusters could be distin-
guished by gene modules of naive and immature T cells (GM_A)
(Fig. 6C). In contrast, gdT_3 and gdT_4 y8 T cells, which were en-
riched in Ewk8 and Ewk9, showed strong expression of the innate
T cell differentiation gene module (GM_B). Moreover, the gdT_3 and
gdT_4 clusters were separated by CTL response (y3T_4) and type 3
immunity (gdT_3) gene modules (Fig. 6C). The heatmap in Fig. 6D
highlights the differential expression of cytotoxicity-related genes
(e.g., KLRDI1, PLAC8, NKG7, TYROBP, and GZMA) on cluster
gdT_4 and of type 3 immunity signature genes (e.g., RORC, CCRé,
and IL23R) on cluster gdT_3. We speculate that those cells mainly
consist of Vy9V82* T cells because TRGVY is enriched in clusters
gdT_3 and gdT_4, and a previous study indicated that fetal T cells
between 7 and 11 weeks of development are primarily VyoV$2* T cells
(16). Both subsets expressed ZBTB16 (encoding PLZF) and KLRBI
(encoding CD161), two genes previously described on fetal blood
Vy9V82" T cells (17). Expression of CD44 and CD69 and the
absence of immaturity genes, including SOX4, LEF1, TCF7, and
PTCRA (coding for pre-TCRo in immature T cell precursors), further
suggested that these two y3 T cell clusters gd_3 and gd_4 were not
composed of developing early thymocytes but rather of mature
postselection T cells (Fig. 6D).

Human cluster gdT_3 cells were exclusively present in the human
thymus at Ewk8 and Ewk9 but not at Ewk10. Their transcriptional
patterns point toward an early thymic functional precommitment of
type 3 v8 T cells that may persist into adulthood as cluster c6 cells,
which resembles the ontogeny of y8T17 cells in mice.

V51* v5 T cells mature into PD1" and PD1'°Y cells

Next, to understand the effector differentiation associated with
clonal expansion of adult V31" T cells, we analyzed their transition
from immature to effector V81" T cells at the transcriptional level.
Neonatal and adult V31" T cells of c1 were dominated by the gene
module of naive and immature T cells (GM_A) and expressed
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Fig. 5. Innate type 3 y3 T cells show distinct Vy9V32* TCR repertoire profiles. Vy9V52* TCR repertoires of innate
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type 3 yd (c6), innate type 1 (c7 to ¢9), and naive T cell (c2) phenotypes were investigated in adult PB_donor1 and

PB_donor2. (A) Overlap analysis of paired TCR clones was performed for PB_donor1 and PB_donor2. The amount of
overlapping clones among clusters is visualized and described in Venn diagrams, and the size of the ellipse reflects

the number of unique TCR clones in each cluster. (B) The 10 most expanded Vy9V82* TCR clones (top 10) from
clusters c2 and c6 to c9 were selected for overlap analysis. The colored bands between columns represent shared

clones among clusters. The order of clusters was adjusted for visualization. Results for PB_donor1 are on the left side
and for PB_donor2 on the right side. (A and B) Cluster c5 was excluded from the analysis because too few cells origi-

nated from adult donors.
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CCR7,CD27,and IL7R (Figs. 3, Aand B,
and 7, A and B), but V81" T cells in c12
showed gene expression profiles of acute
activation (GM_H) (Figs. 3, A and B, and
7A). CCR9 expression was constrained to
a fraction of these neonatal Y8 T cells,
suggesting that they might have recent-
ly emigrated from the thymus (Fig. 7A)
(44-46). Adult effector V31* T cells (c10
and c11) were controlled by a V31"
T cell-specific gene core module of CTL
responses (GM_F) including TBX21,
EOMES, CD8A, CD8B, and granzyme
genes (Figs. 3, A and C, and 7A). Cells
within c10 expressed signature genes
such as PDCDI (encoding PD1), IKZF2,
HLA-DRA, and moderate levels of CD27
and IL7R, whereas cl11 was more en-
riched for NK receptors such as KLRD1
(CDY%4) and KLRF1 (NKp80) and cyto-
toxic genes such as TYROBP and FCGR3A
(CD16) (Fig. 7, A and B). Gene set en-
richment analysis (GSEA) further sug-
gested that c10 and c11 matured into
PD1"°" and PD1" effector cells similar
to terminally differentiated and effector
memory CD8" T cells from healthy do-
nors (47), respectively (Fig. 7C). Map-
ping of unique paired CDR3y/CDR38
sequences from the two adult donors to
the V81" clusters revealed that the ter-
minally differentiated effector clones of
¢10 to c12 were highly overlapping with-
in each donor but distinct from imma-
ture cells in c1 (fig. S8A).

To further characterize the differen-
tiation of c10 and c11 V81" T cells, we
introduced a flow cytometric surface
marker staining strategy based on CCR7
and CD27 to delineate between clusters
c1 (CCR7*CD27"), c10 (CCR7 CD27™),
and c11 (CCR7 CD27") cells (Fig. 7D and
fig. S8B). Combined analysis of V51"
T cells from 10 adult healthy donors
largely matched the scRNA-seq gene
expression profiles of CCR7CD27™
c10 cells as being PD1" with low CD94
and CD16 protein expression, whereas
CCR7°CD27" cl1 cells displayed inter-
mediate PD1 levels and high expression
of CD94 and CD16 (Fig. 7E). CCR7~
CD27" ¢10 and CCR7"CD27" c11 V51"
T cells produced IFN-y and tumor ne-
crosis factor—-a (TNFa) after short-term
ex vivo stimulation (Fig. 7F), support-
ing the notion that both subpopulations
are functional effector cells. Together,
these data support a trajectory of V81"
T cells from an immature/naive state in
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Fig. 6. 7o T cells acquire effector phenotypes during early fetal thymic development. Single-cell transcriptome
dataset of thymi from Ewk8 to Ewk10 was acquired from GEO (43), GEO: GSE133341. T cells (defined by CD3D expres-
sion in fig. S7A) were subjected to this reanalysis. (A) UMAP illustrates unsupervised clustering results of embryonic
thymocytes. Names of clusters were determined by the expression of TCR genes (fig. S7B). (B) UMAP describes the
origin (embryonic week) of thymocytes via respective color codes. (C) GM (defined in Fig. 3) modular scores of embry-
onic thymocytes are shown by violin and box plots. The three horizontal lines of the box-whisker plot represent the
higher quartile, median, and lower quartile, respectively. (D) Representative key DEGs among fetal thymus T cells are
presented in the heatmap. Cells were downsampled to a maximum of 200 cells per cluster.

cl over acute activation in c12 to differentiate into several flavors of
differentiated effector cells, i.e., PD1'°V V§1* v CTLs (cl11) or

PD1M V81" y8 T cells (c10).

Tan etal., Sci. Immunol. 6, eabf0125 (2021)

Delineating V51" and V52" effector
subsets via flow cytometry

The combination of scRNA-seq and
scTCR-seq identified distinct pheno-
types of human y8 T cells, including
type 3 immunity-related Vy9V82" T cells,
in CB and adult PB. To validate and to
apply these results to a larger number of
samples than it is feasible by scRNA-
seq, we selected nine differentially ex-
pressed indicator surface markers that
represented the phenotypes and gene
modules of y8 T cells for validation by
flow cytometry (fig. S9). In addition to
antibodies specific for V81, V32*, and
pan-ydTCR, the panel included nine
antibodies directed against CCR7 and
CD127 (IL7R) for central memory and
naive phenotypes; CCR4 to identify type
2 immunity-related Vy9V82" T cells;
CD161 (KLRBI), CCR6, and CD26 (DPP4)
as markers for type 3 immunity-related
VyoV82" T cells (41, 48); CD94 (KLRDI)
and CD16 (FCGR3A) representing CTL
activity; and PD1 (PDCD]) to delineate
different effector V81" y8 T cell subsets.
With this simplified approach, we could
successfully validate and reproduce the
presence of similar Y8 T cell subsets in
independent cord and adult blood do-
nors. On the basis of the combined flow
cytometric analysis of five CB and six
adult blood samples by UMAP and un-
supervised clustering, we identified 10 dis-
tinct clusters (named FACS1 to FACS10)
that largely corresponded with the 12
clusters identified by scRNA-seq (Fig. 8,
A and B, and fig. S10, A to C). Dimen-
sional reduction was performed on the
basis of only nine selected surface mark-
ers, but the “FACS clusters” obtained from
this analysis comprised either (imma-
ture) mixed V81" and V82" T cells or
only V81" or V82" T cells (Fig. 8C),
similarly to total scTCR-seq analyses
(Fig. 2A). v T cells allocated to distinct
clusters according to their origin from
neonatal or adult donors (Fig. 8D and
fig. S8A) in the same way as observed by
scTCR-seq analyses (Fig. 1B). A notable
example of a y8 T cell subset that was
present in both neonate and adult sam-
ples was cluster FACS6, representing
CCR6'CD26"CD1617V82" y3 T cells
(type 3 v8 T cells). The phenotype, com-
position, key markers, and interrelated-

ness of yd T cell clusters defined by flow cytometry versus scRNA-seq
are summarized in Fig. 8E. Briefly, the flow cytometry panel com-

prising three ydTCR and nine surface molecule markers not only
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Fig.7. V51" y5 CTLs mature into PD1" and PD1'"°" cells. Cell clusters with high TRDV1 gene expression (from Fig. 2;
c1and c10to c12) were further analyzed. (A) The heatmap describes selected DEGs among clusters c1and c10to c12.
(B) Expression levels of DEGs plotted by violin and scatterplots. (C) GSEA was performed between c10 and c11 referring
to the immunological gene sets of the Molecular Signatures Database (www.gsea-msigdb.org). The enriched terms
were from GEO (GSE26495). (D and E) FACS analysis of V81* y3 T cells by CCR7, CD27, IL7R, PD1, CD94, and CD16 (bulk
data combined from n =10 donors and individual analyses). (D) V81" y8 T cells are positioned and gated by CCR7 and
CD27 expression. (E) Cells positioned by CCR7 and CD27 are colored by scaled fluorescent intensities of IL7R, PD1,
CD94, and CD16, respectively (E) (top). Biexponential median fluorescent intensity values were used for statistics;
each dot in the dot plot represents one donor (E) (bottom). (F) TNFa and IFN-y production after PMA/ionomycin
stimulation was measured on V31" v T subpopulations defined in (D). V31" y8 T are further gated by TNFa and IFN-y
cytokine production. The numbers in the four corners indicate the mean percentage and SD (n = 10). (D to F) Fluores-
cent intensities used in FACS analysis by R were biexponentially transformed.

We addressed whether these type 3
v& T cells comprised in cluster c6/FACS6
could be generated de novo from hema-
topoietic stem cells in the human post-
natal thymus by applying our FACS
(fluorescence-activated cell sorting) pan-
el to analyze the PB y3 T cells of three
adult individuals with inborn IL2RG-
deficient severe combined immunodefi-
ciency (SCID), who were transplanted
with IL2RG-sufficient T cell-depleted
bone marrow at the age of 1 year (fig.
S10D). In line with previous reports
(49), VY9'CCR6" T cell frequencies were
highly heterogeneous in healthy control
donors but were very low or even unde-
tectable in the reconstituted adult SCID
patients at >20 years after bone marrow
transplantation.

DISCUSSION

In this work, the combination of scRNA-
seq and scTCR-seq of sorted adult and
neonatal Y3 T cells allowed us to estab-
lish a comprehensive map of v T cell
phenotypes and to associate them to paired
Y8TCR sequences. Functional diversity
of human y8 T cells, as monitored by
DEGs, largely correlated with the type
of YdTCRs expressed in each cell. Poly-
clonal neonatal cells dominated the more
naive clusters (c1 to c4), characterized
by expression of genes involved in in-
nate T cell differentiation, and the other
clusters (c5 to c12) showed distinct pat-
terns of T cell activation, proliferation,
and lineage-specific differentiation. Fur-
thermore, we extracted eight GMs (26, 27)
that characterized the naive, proliferating,
acutely differentiating, type 3 immunity,
IFN-induced, cytotoxic, and acute acti-
vation phenotypes in human y8 T cells.
Compositions of naive, IFN-induced, and
cytotoxic GMs mostly resembled those
identified from human aff T cells (26),
but y3 T cells have their own biology.
Several reports have used af T cell-
associated terms to describe human &
T cells as central memory, effector mem-
ory, and TEMRA (50, 51), but it should
not be assumed that they follow the same
trajectories during their maturation to
effector T cells. Differences between ofp
and yd T cell differentiation and homeo-
stasis are apparent when it comes to

validates our scRNA-seq data but also provides a strategy to  adaptive immunity and T cell memory. There is good evidence that
monitor the diverse y8 T cell subsets identified in neonatal and V81" undergo clonal expansion in response to viral infection (11, 12),
adult blood. but the involved antigens are largely unknown. Those expanded Y3
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FACS6 c6 Innate type 3 TRDV2 Mixed CCR6; KLRB1; DPP4; ZBTB16
FACS7 c7 Innate type 1 TRDV2 Adult DPP4; TBX21; KLRD1; ZBTB16
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Fig. 8. Flow cytometry analysis delineates V31* and V32* naive and effector y3 T cell subsets. y5 T cells from five
CB and six adult PB donors were subjected to FACS analysis. CB_donor4_2 was an independent replicate of CB_donor4
to control the batch effects. PB_donor1 and PB_donor2 were identical to adult donors of scRNA-seq data. y8 T cells
were stained by pan-y8TCR, V81, and V32 antibodies, and nine lineage markers were included. Fluorescence intensi-
ties used in FACS analysis by R were biexponentially transformed. (A) FACS data of y3 T cells were subjected to unsu-
pervised clustering and enwrapped by UMAP. Each point represents a single cell and is color-coded by FACS cluster.
(B) Expression values of the nine lineage markers were scaled to a range between 0 and 1 and projected on UMAP. (C
and D) Individual cells are color-coded by (C) corresponding TCRS chains or (D) donor ID. Gating of V81" and V§2* T
cells is shown in fig. S10B. (E) Overview of the corresponding clusters from multicolor FACS analysis and scRNA-seq.
Phenotypes sources, TCRS usage, and corresponding signature genes are summarized in the table. The nine lineage
markers selected for FACS validation are underscored.

and show restricted clonality (11, 12, 53).
At the same time, CB and early fetal
thymus contained innate type 3 and
type 1 immunity-related effector popu-
lations that could presumably persist
into adulthood, sharing some, but not
all, features with Lin28b-dependent
effector y8 T cells, recently found in
weeks 17 to 19 of fetal thymus (22).
The semi-invariant Vy9V&2* T cells
clustered with each other by scRNA-seq,
but they could be separated into imma-
ture and mature types with strong par-
allels to lineage-specific differentiation
and acquisition of effector functions of
other PLZF" innate lymphocytes such
as NKT-1, NKT-2, and NKT-17 cells
(9, 10, 28, 54-57). Paired TRG and TRD
scTCR-seq analysis was important to
validate the segregation of these clus-
ters, because certainly not all V52 chains
must pair with VY9 chains and vice versa
(3,11, 22, 24). In addition to the expres-
sion of the innate-like T cell marker PLZF,
we found an unexpectedly high abun-
dance of shared or public Vy9V82" TCR
clones among adult Vy9V32* T cells,
which firmly establishes their germline-
encoded and evolutionarily conserved
innate phenotype (18). We also observed
committed type 1 and type 3 immunity-
related Vy9V82" cells in the earliest wave
of thymus organogenesis, as well as in
CB and adult blood samples. This is
consistent with the hypothesis that hu-
man innate Vy9V82" effector y8 T cells
develop in early fetal waves and persist
into adulthood, as it has been described
for mouse y8T17 and y3T1 cells (14, 58).
One outstanding question is why this
subset has not been observed before.
Timing might be critical for their detec-
tion, because effector Vy9V§2* cells are
present very early in T cell ontogeny (16, 17)
but hard to find in the later fetal thymus
(weeks 17 to 19) (22) and absent in the post-
natal thymus (21). The earliest innate
PLZF" type 3 v8 T cells and y8 type 1 cells
probably leave the human fetal thymus and
home to distant tissues after gestational
week 9, in line with our detection of these
cells in thymi of weeks 8 and 9 but not
week 10. Such a strict fetal origin of effector
cells is a defining feature of innateness and

T cell clones do not contract after an immune response and thus parallels the ontogeny of IL-17-producing lymphoid tissue-inducer
form distinct memory T cell populations such as CD8" T cells. Com-  cells that seed and persist in secondary lymphoid tissues (59). Likewise,
parison of cord and adult blood samples was consistent with findings ~ PLZF expression maps the early stages of ILC1 lineage development (56).
that neonatal y3 T cells are more immature, less differentiated, and Because the negligible production of IL-17 of human PLZF"
polyclonal (18, 34, 52), whereas adult y8 T cells are more activated ~CCR6'CD26"CD161" y8 T cells remains a major caveat, we propose
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that it is appropriate to label them type 3 y8 T cells, but not y3T17,
analogous to related populations in mice (42). Several reports iden-
tified that specific subsets of V32*, but not V81*, cells expressing
IL-23R (39), CD161 (41, 60), or CCR6 (41, 49, 61, 62) are likely to
produce IL-17 in humans. However, the protocols used to activate
V382" cells in these reports relied on long weeks rather than days of
in vitro culture in the presence of Ty17-polarizing stimuli, raising
concerns whether this was differentiation rather than activation. It
was noted that IL-17-expressing type 3 v T cells from CB were
much more efficiently expanding than those from adult PB mono-
nuclear cells (PBMCs) (39, 63). Reports of adult human y8 T cells
from synovial fluid biopsies (64) or liver perfusions (57) that spon-
taneously secreted IL-17 cytokines after a brief (hours) ex vivo stim-
ulation remain rare exceptions. Perhaps type 3 y3 T cells require a
very specific set of environmental queues before eliciting a better
response. Here, we define human type 3 immunity-related y& T cells
by expression of canonical Vy9V§2" TCR and the gene expression
module GM_D comprising IL23R, RORC, and BLK. CCR6 remains
the most stringent single surface marker for human type 3 y8 T cells
as also observed in mice (65). CCR6 expression could not be in-
duced in sorted CCR6™ cells in vitro under Ty17-polarizing condi-
tions, and CCR6" type 3 y5 T cells were inefficient IFN-y producers
as compared with CCR6™ y3 T cells. We propose that human CCR6"
v8 T cells, similar to mouse CCR6" y8T17 cells (14), are preferen-
tially or even exclusively generated early before birth and prone to
type 3 immune responses. This hypothesis is supported by (i) our
finding that adult IL2RG-deficient patients with SCID who were
transplanted with IL2RG-sufficient T cell-depleted bone marrow
postnatally lacked CCR6"™ Vy9™ T cells, (ii) the direct identification
of these cells in published datasets of fetal thymus Ewk8 to Ewk9 but
not Ewk10 (43), (iii) the presence of the type 3 immunity-biased
cluster c6 cells in samples from the cord and adult blood, and (iv)
paired TCR analyses revealing that c6 cluster yd T cells showed unique
TCR profiles different from the other Vy9Vs2* cell-dominated
clusters and have an even more public TCR repertoire.

We present a multidisciplinary approach to comprehensively map
functional human y3 T cell subsets and provide a FACS panel that
can be easily implemented to reproduce this classification. This may
help to decipher the factors that drive the composition of Y§TCR clono-
types and functional Y8 T cell subsets in humans and to understand
whether these individual “y3 T cell-omes” can influence or predict
how individuals will cope with neoplastic and infectious challenges.

MATERIALS AND METHODS

Study design

To investigate how distinct transcriptional programs of human vy
T cells are guided by their individual y3TCRs, we combined scRNA-
seq of sorted ¥ T cells from two unrelated CB and two unrelated
adult PB samples with scTCR-seq using custom TRGC and TRDC
gene-specific primers. We performed additional bulk TCR-seq of
adult PB y8 T cells and validated our findings via multicolor flow
cytometric analysis. In total, this study included 40 adult healthy PB
donors, 18 CB donors, and PB from 3 adult individuals with inborn
IL2RG-deficient SCID that received bone marrow transplantation
during early childhood. The data were supported by reanalysis
of public domain data, i.e., 80 additional TRD repertoires from
bulk TCR-seq (11, 12, 35) and scRNA-seq data from human fetal
thymus (43).

Tan et al., Sci. Immunol. 6, eabf0125 (2021) 23 April 2021

Human samples and isolation of mononuclear blood cells
Inclusion of healthy donors, patients, and CB donors in this study
was performed in accordance with the Declaration of Helsinki and
approved by the institutional ethics review board at Hannover Medi-
cal School (Hannover, Germany) under study numbers 1303-2012
(CB donors), 7600-2017 (patients), and 7901-2018 (adult healthy
donors). All donors (parents in the case of CB donors) gave written
informed consent before sample collection. PBMCs and CBMCs
were isolated from fresh EDTA blood samples using density gradi-
ent media. After isolation, mononuclear cells were washed twice in
phosphate-buffered saline (PBS) and 10% fetal bovine serum (FBS)
and cryopreserved at —80°C in 50% FBS, 40% RPMI 1640, and 10%
dimethyl sulfoxide.

scRNA-seq and scTCR-seq libraries

Thawed PBMCs (n = 2) and CBMCs (n = 2) were cultured over-
night in X-Vivo 15 medium (Lonza, Basel, Switzerland), and live y§
T cells were sorted on an Aria Fusion cytometer (BD Biosciences).
Libraries for single-cell transcriptome sequencing and scTCR-seq
were prepared using the Chromium Single-Cell 5’ Library Gel Bead
and Construction Kit and Chromium Single-Cell V(D)J Enrich-
ment Kit (10x Genomics, CA, USA). Custom primers were used for
the enrichment of y8 TCR transcripts. Primer sequences and details
on library preparation are described in Supplementary Methods.
Agilent Bioanalyzer high-sensitivity chips were applied for quality
control of scRNA-seq and scTCR-seq libraries. The scRNA-seq li-
braries were sequenced on the Illumina NextSeq 500/550 platform,
and scTCR-seq libraries were sequenced on the Illumina MiSeq or
the Illumina NextSeq 500/550 platform.

Data processing of scRNA-seq libraries

The scRNA-seq reads were aligned to the human reference genome
GRCh38 (UCSC, CA, USA), after generation of cell-gene matrices
via Cell Ranger v3.1 (10x Genomics). Data from ambient RNA were
filtered on the basis of UMI-barcode saturation curve.

Cell clustering and DEG profile

The R package Seurat v3.1 was used under R v3.6.3 for scRNA-seq
data dimensional reduction, cell clustering, and differential expres-
sion analysis (66, 67). Mitochondria, ribosomal, and cycling gene
content were regressed out as unwanted variance (68), and GSEA
was performed and visualized by the R package clusterProfiler (69).
Immunological gene sets from the Molecular Signatures Database
(Broad Institute, MA, USA) were used as reference datasets. A more
detailed description is provided in Supplementary Methods.

Identification of GMs

The top 100 up-regulated DEGs of each cluster were used for the iden-
tification of GMs. Mitochondrial, ribosomal, and TCR genes were re-
moved. The average gene expression values per cluster were calculated
from normalized single-cell expression values, and the gene-to-cluster
matrix was then log-transformed and scaled on gene level. Next, this
average gene expression matrix was subjected to UMAP embedding.
GMs were identified by hierarchical clustering method under “aver-
age” model (height cutoff = 3). Clusters with similar expression pat-
terns were merged as one GM. Gene Ontology (biological process)
enrichment analysis was performed on GMs by the R package
clusterProfiler. Aggregated GM expression scores were calculated on
single-cell base by “AddModuleScore” function from Seurat.
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scTCR-seq analysis

Cell Ranger VDJ tools v3.1 (10x Genomics) was performed to gen-
erate scTCR annotations. Human genome GRCh38 was used as the
reference for alignment. The annotated scTCR-seq data from mul-
tiple sequencing runs from the same sample were merged. Nonpro-
ductive TCR sequences and duplicates were excluded. Further, by
matching the barcodes, scTCR-seq data were incorporated into the
metadata of scRNA-seq Seurat project. Gini indices of paired TCR
clones were calculated by R package reldist.

Public TRD clones were defined on the basis of comparison of
single-cell TRD repertories from 4 donors in this study and bulk
TRD repertoires from 80 donors (11, 18, 36, 70). Among them were
21 adults and 63 children aged between 0 and 3.5 years. CDR3 re-
gions were used for comparison. TRD clones were defined as public
if their CDR3 sequence was recovered from at least two donors.

Bulk TCR-seq analysis

Bulk TRD repertoires of the respective subsets were generated from
FACS-sorted cells of fresh PBMCs (n = 4). Antibodies used and gat-
ing strategies in this experiment are specified in Supplementary
Methods. RNA isolation (Qiagen, Hilden, Germany) and cDNA
synthesis (SuperScript III, Invitrogen, CA, USA) were performed
after cell lysis. Next, CDR3 regions of TRD were amplified via gene-
specific primers as previously described (11). Libraries were sequenced
(paired-end, 500 cycles) on the Illumina MiSeq platform. Annotation
of fastq files was performed according to the International Immuno-
genetics Information System (IMGT) using MiXCR software (71).
Annotated read files were summarized using VDJTools (72).

Single-cell transcriptome analysis of fetal thymocytes

Ewk8 to Ewk10 thymocyte expression matrices were acquired from
GEO: GSE133341. Cell identity was assigned by the expression of
TCR genes. GM scores were calculated on the basis of GMs identi-
fied in our PB and CB datasets.

Multicolor flow cytometry and functional assays

Flow cytometry was performed using an LSR II cytometer (BD Bio-
sciences) or a Cytek Aurora spectral flow cytometer (Cytek Biosci-
ences), and data were analyzed by FlowJo v10 software (Tree Star)
and R 3.6.3. Antibodies and a more detailed description of func-
tional assays can be found in Supplementary Methods. For multi-
color flow cytometry using nine surface markers established by
transcriptome analysis, cell suspensions of thawed PBMCs (n = 6)
or CBMCs (1 = 5) (2 x 10° cells) were treated with 5% Fc receptor
block in buffer (PBS with 3% fetal calf serum and 4 mM EDTA) be-
fore staining. Intracellular staining was performed with the Foxp3/
TF Staining Buffer Set (eBioscience) and antibodies for RORyt and
T-bet. Acquisition was performed on a Cytek Aurora cytometer.
For 12-day “Ty17-polarizing” cultures, fresh CBMCs were isolated
and stimulated with a cytokine cocktail [10 ng/ml of each IL-1B, IL-
23, and TGFp (all Peprotech) as well as IL-6 (50 ng/ml; R&D
Systems)] and 10 uM isopentenyl pyrophosphate (Sigma-Aldrich).
On day 6, IL-2 was added at 20 U/ml, and on day 12, cells were re-
stimulated with phorbol 12-myristate 13-acetate (PMA)/ionomycin
(Sigma-Aldrich, Invitrogen) before intracellular cytokine staining (BD
Cytofix/Cytoperm Kit). Cells were subsequently analyzed by flow
cytometry. In some experiments, live CD3" TCR y8" TCR V§2*
T cells from CBMCs were sorted into two populations: CD94~
CCR6'CD26" and CCR6™ V82 T cells. Both populations were

Tan et al., Sci. Immunol. 6, eabf0125 (2021) 23 April 2021

cultured for 12 days, and 2 x 10” irradiated (30-gray) autologous
CBMC:s were added to each well.

Differences in IFN-y and TNFa expression on V31 T cells were
studied using PBMCs (n = 10) stimulated for 3 hours with PMA/
ionomycin and brefeldin A (Sigma-Aldrich). After stimulation, cells
were stained for extracellular markers, and intracellular IFN-y and
TNFo staining was performed with the Cytofix/Cytoperm Kit (BD
Biosciences). Acquisition was performed on a Cytek Aurora cytom-
eter. Analysis of patients with SCID and controls was performed
with whole blood of healthy controls (n = 21) and patients with
SCID (n = 3) and was analyzed as previously described (73). Briefly,
500 pl of whole blood was processed in erythrocyte lysis buffer. Sam-
ples were stained for 20 min in PBS at room temperature, washed
twice, and acquired on a Cytek Aurora spectral flow cytometer.

Multicolor flow cytometry data analysis

Flow cytometry (FACS) data were analyzed on the basis of the CyTOF
workflow (74). Briefly, TCRy8" subsets from PBMC and CBMC were
gated and isolated by Flow]Jo software (BD Biosciences) and ex-
ported to R v3.6.3. Biexponential transformation was applied to
raw fluorescent intensities allowing to remove background fluo-
rescence and spreading error (75). Scaled expression values were
subjected for unsupervised clustering and UMAP embedding. Un-
supervised clustering was conducted with R package FlowSOM (76)
and ConsensusClusterPlus (77).

Statistical analysis
The statistical tests that were used in each experiment are specified
in each figure legend. Data were analyzed with R 3.6.3.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/6/58/eabf0125/DC1
Methods

Fig. S1. Isolation of human y8 T cells for single-cell NGS.

Fig. S2. Quality control and overview of scRNA-seq data.

Fig. S3. Overview of scTCR-seq data.

Fig. S4.Vy9V52 y3 T cells are innate T cells with constitutive TCR.
Fig. S5. FACS identification of type 3 V32" cells.

Fig. S6. Type 3 y3 T cells show distinct TCR repertoire profiles.

Fig. S7. TCR expression of fetal thymocytes.

Fig. $8.V31* y8 CTLs mature into PD1" and PD1"" cells.

Fig. S9. Differentially expressed surface protein genes.

Fig. S10. Multicolor FACS reproduces the heterogeneity revealed by scRNA-seq.
Table S1. Gene coexpression modules.

View/request a protocol for this paper from Bio-protocol.
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Early emergence

## T cells are an innate-like subset of T cells that can recognize and respond to microbes. Tan et al. studied the
activation and differentiation of ## T cells to better understand the development and persistence of these cells. They
used single-cell RNA sequencing and paired ##TCR analysis from neonatal cord blood or adult peripheral blood and
observed a high level of heterogeneity that correlated with TCR usage in immature and differentiated ## T cell clusters.
They detected type 1— and type 3-like V#9V#2 T cell subsets with distinct sets of TCR clonotypes, and similar type 3
V#9V#2 T cells were found in neonatal cord blood and the early fetal thymus, suggesting that these cells emerge early
in fetal development and can persist into adulthood.
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