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Capsule Summary:
Using single-cell transcriptomic and SCNT, we idignultiple distinct Treg subsets. We show
that naturally occurring and agonist-induced Tragstwo of these subsets, which differ

amongst in TCR strength, development, differerdratand Ctla4 expression.

To the Editor:

Regulatory T (Jeg) cells have been subject of many debates anda@rsies. Discrepancies
exist in regard to £y development, their recognition of antigen, spetifiof immune
regulation, requirement for TCR activation, andulatpry mechanisms?2 We previously used
Somatic Cell Nuclear Transfer (SCNT) to generatatarally occurring &g (nTreg model, T138
3, Particularly, we found that the TCR strength @88 contradicted findings in wildtype (WT)
mice, prompting us to hypothesize thaiyTells are heterogeneous with distinctive sub¥gith
our unbiased SCNT approach, we generated anofhgnddel (T143) using FoxP3™

expressing CD4T cells from the spleen of NOD-FoxB3-Rag’ mice as described previously

3-5

We identified the V(D)J rearrangements underlyiig3 as Trav5-4-J40 and Trbv15-J2-
3-C2 (Fig. E1A). Thymic development of T143-Ragkvealed a significant increase in CD4
single-positive (CD4SP) cells (~12% WT versus ~3B243), and a significant decrease in

CD4-CD8 double-positive (DP) cells when comparetMd NOD mice (~77% WT versus
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~34% T143) (Fig. 1A). Interestingly, CD4 expresslevels in DP cells were lower in T143 than
WT. Strikingly, we identified thymic FoxP3T cells in CD4SP of T143-Rag(Fig. 1B, ~6%

WT versus 0.3% T143). In the spleen, we found ~FaP3 CD4' T cells in T143-Ragl
compared to ~17% in WT (Fig. E1B). Given that wd peeviously identified a fate-determining
role for nTegderived TCH, we tested whether T@of T143 contributes to lineage choice. We
found that two copies of T143 T@Rkewed T cell development similarly as seen in3F14
RagI" (lower frequency of DP, higher frequency of CD4&8RJ lower CD4 levels on DP),

while a single copy had negligible impact on lineafoice (Fig. E1C).

By determining expression levels of Nur77 and C®8 previously showed that FoxP3
NTregand FoxP3pre-nTeq cells possess comparable TCR strength, thus ay@gainst agonist-
dependent developmehf. We determined TCR strength in T143, and foundisi@ntly
higher Nur77- and CD5-levels in FoxXPGD4" T cells than their FoxP&ounterpart, suggesting

higher TCR strength (Fig. 1C and 1D). Hence, werref T143 as agonist-induceggi{aTey)-

We previously showed that FOXRBD4 pre-nTeg cells carrying the same TCR asfT
were poised towards FoxP3-expression and away Tiohdifferentiation. Thus, we determined
whether FoxP3CD4' T cells carrying the same TCR asegWere poised similarly. FoxP3
CD4" T cells from T143 were significantly better infeifentiating into FoxP3T cells than WT
(~62% T143 versus 52% WT) (Fig. 1E). However, wsearbed no significant difference in their
ability Th1 differentiation (Fig. 1F, ~48% WT versstt52% T143). For consistency, we refer to

FoxP3 CD4 T cells from aJeqas pre-akg

We previously found that CD8 cells expressing ndyderived TCB had reduced

capabilities to express FoxP3. We observed simelsullts for CD8 T cells expressing aTreg-



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

derived TCR (Fig. E2A, ~48% WT versus ~8% T143), while we fduro difference in their

capability to differentiate into IFN-secreting cells (~76% WT versus ~79% T143, FiBE?2

The development, frequencies, and plasticity of3l\dére quite distinct from our
previously reported T138, and urged us to comparesctriptional programs of both. We
performed RNA-Seq on FoxPED4 T cells from T143, T138, and WT. Genome-wide
hierarchical clustering revealed differentially exgsed genes in FoxPB cells from T138,
T143 and the bulk from WT (Fig. 2A). We identifiadjene cluster that was specifically
activated (E.g. Ccrl), and one that was specificaipressed in ady (E.g. Ctla4) (Fig. 2A and
2B). Next we used Search Tool for the Retrievdhtdracting Genes/Proteins (STRING) to
determine specific protein-protein interaction natkvin these differentially expressing gene
clusters’. Ccrl forms an interconnected gene network withyval.-specific active genes,
while Ctla4 forms a distinctive repressive genevoek absent in afy (Fig. 2C). GO term
analysis of T143-specific active gene network stbemrichment in immune functions (Fig.

E3). These data demonstrated thatgdxecutes transcription programs unlike.gT

Our data on T138 and T143 demonstrated thaand aTeg are two distinct thymic-
derived Ty subsets. To determine heterogeneity within the WiEspool, we performed single-
cell RNA-seq (scRNA-Seq) analysis. Principal comgaranalysis (PCA) was performed and
visualized as scatter plot using t-distributed B&stic Neighbor Embedding (t-SNE). Our
analysis revealed four potentigkdClusters (TrC1-4) within WT g cells (Fig. 2D). To
determine whether our refand afeg models align with these four TrC, we averaged our
previous RNA-Seq data from T143 and T138 and coatpérto TrC1-4. Strikingly, we found
that nTeg T138 clustered closely with TrC1, while glT143 clustered with TrC4, suggesting

that each cluster represents a transcriptionaffgrént Ty Subset (Fig. 2E).
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We used SCNT and scRNA-Seq to demonstrate thaj &id afegare two distinct
thymic T.eq Subsets. Despite the lower relative frequencpfiic Treqin a'l'reg,3 (1.1% in T138,
and 0.3% in T143), the absolute numbers of thymigcElls were comparable, and the overall
frequencies in T138 and T143 were higher than atieristing transgenic,d; models. While
we currently lack a complete understanding of lyogtie receptor diversification especially in
gnathostomatd our data clearly demonstrate that TCRs have prafompact on T cell
development and linage specification, emphasiziegieed to generate novel SCNT models on

pure backgrounds.

We demonstrated that @aJdevelop in an agonist-dependent manner, whilg,odlls
develop in an agonist-independent manner. Thu$ypethesize that the transcription factor
AIRE (autoimmune regulator) might support developtr@ some Teg such as afg but not of
NT.eg This would explain why ;E, exist -albeit in reduced numbers- in Afrenice and humans

(APECED), yet autoimmune diseases occur.

In line with our hypothesis that WT.f cells are heterogeneous, our scRNA-Seq analysis
revealed potentially fourdy clusters. Strikingly, we identified two clustef$C1 and TrC4, that
closely resemble our el and aTeg models respectively. So far, several mechanisrddban
identified by which Teg might regulate effector cells, such as throughetkgression of Ctla4.

Our RNA-Seq data showed that T143 expressed signifiy less Ctla4 than T138, which
supports the hypothesis that differepyBubsets might possess differepg function. This
suggests that blocking antibodies against CTLA4luseancer immunotherapy, might only
target certain £y subsets. Clearly, more SCNT-derived,hodels are needed to determine

common features ofdy cells within a subset, and to unambiguously digtish Teg Subsets.



110 Using SCNT we can deconstruct thggpool and generate accuratggmodels that

111 enable us determine the differences in developnT€&R strength, signaling, plasticity, and

112 especially their functions. The existence of defarT.g Subsets could explain the plentitude of
113 controversial data reported orgl Importantly, novel insights into the biology ofJsubsets

114  might provide new opportunities for the treatmesftautoimmune diseases and cancer, and to

115  optimize vaccination strategies.
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FigureLegends:
Fig. 1. Development and differentiation of SCNT aT,q T143.

FACS plots and scatter dot plots of thymic develept(A) and Ty frequenciegB) in thymus.
TCR strength determined as expression of N@&)7r CD5(D) on indicated cells.
Differentiation of FoxP3CD4" T cells from indicated mice intogf (E) or Th1(F) in vitro.

Error bars = mean + SEM; *P < 0.001; n.s. = not significant.

Fig. 2. Transcriptomes of NT ey, @T reg, and WT show distinct subsets.

Hierarchical clustering of RNA-Seq data from T1#338 and WT CD4T,¢q (A). T143-specific
repressed (Ctla4) or active (Ccrl) gene clugi@ysnd protein-protein interaction gene network
(C). PCA and t-SNE analyses revealed potentially Tosiclusters (Trc) in WT &g (D).

Hierarchical clustering shows T138 clusters witieTrand T143 with TrC4E).
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Online Repository:
Materialsand M ethods:

Mice and Somatic Cell Nuclear Transfer: B6D2F1 females were generated in house by
breeding C57BL/6 with DBA/2 mice for the use of gtecdonors. NOD-R&§ mice were used

to isolate donor T cells for SCNT. The SCNT progeduas performed as previously described
> Briefly, oocytes from superovulated B6D2F1 femakre enucleated, and donor cells were
transferred into enucleated oocytes. ES cells @erwed from resulting SCNT blastocysts and
used to generate chimeric mice. NOD-T143-Ragjce were obtained through breeding with
NOD-Rag" mice, and various genotypes were used for anadgsisdicated. All mice
experiments were approved by the Institutional Aali@are and Use Committee at the Scripps

Research Institute.

TCR identification: The TCR of T143 was identified as previously dessd. Briefly, RNA
was isolated from spleenocytes of SCNT mice (Mashélagel). 5’-RACE was performed, and

results were analyzed using the Ensembl Genome $gnofwww.ensembl.org) and the

international ImMunoGeneTics information system (wingt.org).

Fluorescence-activated cell sorting (FACS) and cell sorting: Single-cell suspensions of
thymus, spleen or lymph nodes were prepared andloed cells were lysed. Cells were
incubated with various combinations of the follogriantibodies: CD3, CD4, CD5, CDS8, CD19,

FoxP3, Nur77, IFNg (eBioscience and Tonbo). Samples were collectsetyuFACS LSRII
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(BD) or sorted using FACSAria (BD), and data wemnalgzed with FlowJo software (Tree Star).

Differences between groups were analyzed usingaedt-test (Graphpad Prism software).

Nur-77 in-vitro Assay: T Cells were purified from spleen of WT NOD and BiRag" mice
and activated with anti-CD3/28 beads (Dynabeadstragen). Cells were intra-cellularly
stained by Nur77-PE 5-6h after activation (eBiosce. Nur-77 levels were determined using

flow cytometry and normalized to unstimulated FoxeB4" T cells from NOD.

Bulk RNA-Seq and data analysis: RNA from indicated populations were isolated frdma t
spleen of either WT NOD or indicated SCNT micengdNucleospin RNA XS kit and treated
with DNase according to manufacturer’s protocol ¢hkerey-Nagel, Bethlehem, PA). RNA was
processed into RNA-Seq libraries using Truseq 8gdmMmRNA-Seq sample prep kit (lllumina,
San Diego, CA) following manufacturer’s instructsomBriefly, polyA-mRNA was enriched
using oligo-dT magnetic beads. Next, RNA was fragiee and reverse-transcribed, and cDNA
was end-repaired, adenylated, adapter-ligated a@fl&nplified. RNA-Seq libraries were then
sequenced on lllumina HiSeq2500 at single-end 5(sape pair), resulting 25-30 million reads
per library. Sequencing reads were aligned to tbesea genome (mm10, MGSCv38) using
STAR (v2.2.0cy. The RNA-Seq data have been deposited in NCBIiseGexpression Omnibus
(GEO) and are accessible through GEO Series aocassmber GSE97850. Gene expression
was quantified using aligned reads to exons of &gtganscripts using HOMER. Differential

gene expression was determined with edfeRnd StringDB’.
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Single-cell RNA-Seq and data analysis: SpleenicFoxP3 CD4' T cells from NOD-FoxP%"
mice were purified using flow cytometry, washed dildted to 1000 cells pgrL in
0.04%BSA/PBS. Chromium Single-cell 3' RNA-Seq lity@generation was carried according to
10X Genomics protocaté (Pleasanton, CA). Single cell suspension was coeebivith reverse
transcriptase master mixes and loaded onto then@tino Single Cell 3’ Chip together with
Single Cell 3’ gel beads and patrtition oil for GEjdneration on the Chromium Controller.
GEMs were then incubated for 2 hrs at 55C for Rictien and then cDNA was purified using
Silane DynaBeads and SPRISelect beads. cDNA wasatinglified for 12 cycles and sheared
using Covaris. Fragmented cDNA was then end-repaieailed and adapter ligated prior to
index PCR for 10 cycles. Final Single Cell librarigere sequenced on the lllumina NextSeq500.
sc-RNA-Seq data was analyzed using the 10x Genddfiocsmium platform. For comparative
analysis, expression counts from sc-RNA clustemifthe pool of FoxP3CD4' T cells were
averaged per gene and normalized in units of tagnilkon (TPM) to match normalization of
bulk expression counts from pJT138 and ak, T143 models prior to clustering. A
representative set of 231 genes for clusteringgeagrated from intersection of differentially
expressed genes in fougdclusters, and differentially expressed genes foomnTey T138 and
aTeq T143 models. To overcome the scarcity of the couatrix from single cell subsets, gene
expressions were standardized to mean of zerotandagd deviation of 1 across all sets (four
clusters TrC1-4 and two models, T138 and T143)rddehical clustering of sets was performed

using Pearson’s correlation as distance measuheawérage linkage criterion.

T cell differentiation: T cell differentiation experiments were performediascribed

previously®. Briefly, FoxP3- CD4+ T cells were purified andiaated using anti-CD3/CD28
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beads (Dynabeads, Invitrogen). For Th1 differeiutigt1x10 T cells were stimulated in the
presence of IL-2 (20 U/mL; eBioscience), IL-12 (9 mL; Tonbo), and anti-IL-4 (1Ag/mL;
Tonbo). For Jeg differentiation, cells were stimulated in the gnese of I1L-2 (100 U/mL;
eBioscience), TG (5 ng/mL; Tonbo), and anti- IFM{10 pg/mL; Tonbo). After 4 d, T cells
were stimulated with ionomycin (500 ng/mL) and PN&® ng/mL) in the presence of Monensin
(eBioscience) for 4 h prior to intracellular staigi FoxP3 staining was performed using

FoxP3/transcription factor staining kit (Tonbo).

Supplementary Figure L egends
Fig. EL. TCR of aT e T143 model, and splenic Teg.

(A) ldentification of the V(D)J rearrangements for FT@Rupper) and TCH-(lower) chains in
aTreg T143(B) Representative FACS plots (left) and scatter pighf) showing the presence
and frequencies of splenic FoxPBcells in WT NOD and T143-Ragimice.(C)
Representative flow cytometric analysis of the iotgd T143-derived TCRon thymic
development in mice possessing a single copy (m)dxltwo copies of TCR(right). Error bars

are mean * SEM; **P < 0.001.

Fig. E2. Characterization of CD8" T cells plasticity.

(A) CD8' T cells from WT NOD and T14B8p mice were purified and cultured with anti-CD3
and anti-CD28 coated beads in the presence of MGEB, anti-IFN+y to induce FoxP3
expression. Cells were analyzed after 4 days itulRepresentative flow cytometric analysis

(left) and scatter plot (right) are showB) CD8" T cells from WT NOD and T148p mice were
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purified and cultured with IL-2, IL-12, and anti-4 to induce Th1 differentiation. Cells were
analyzed after 4 days in culture. Representatowe flytometric analysis (left) and scatter plot

(right) are shown. Error bars are expressed asm&EM; ***P < 0.001; n.s. = not significant.

Fig. E3. GO analysisof T143-specific active gene cluster.

T143-specific active genes are enriched for imnfunetions.
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T143-specific active gene cluster GO analysis

Pathway Description |[Observed Gene Count FDR
defense response <) 3.51e-23
response to stress 131 6.94e-23
immune response 64 9.78e-22

inflammatory response 41 2.45e-16

innate immune response 41 3.17e-16

Figure E3



