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Concomitant loss of TET2 and TET3
results in T cell expansion and genomic
instability in mice
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Ten eleven translocation (TET) proteins are tumor suppressors that through their catalytic activity
oxidize 5-methylcytosine to 5-hydroxymethylcytosine, to promoteDNAdemethylation and to regulate
gene expression. Notably, TET2 is one of the most frequently mutated genes in hematological
malignancies, including T cell lymphomas. However, murine models with deletion of TET2 do not
exhibit T cell expansion, presumably due to redundancy with other members of the TET family of
proteins. In order to gain insight on the TET mediated molecular events that safeguard T cells from
aberrant proliferation we performed serial adoptive transfers of murine CD4 T cells that lack
concomitantly TET2 and TET3 to fully immunocompetent congenicmice. Herewe show aprogressive
acquisition of malignant traits upon loss of TET2 and TET3 that is characterized by loss of genomic
integrity, acquisition of aneuploidy and upregulation of the protooncogene Myc.

TET proteins are Fe2+ and O2 dependent deoxygenases. There are three
TET proteins; TET1, TET2 and TET3. They are characterized by a
common, evolutionary conserved carboxyl-terminal catalytic domain
that mediates oxidization of 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (5hmC)1 and other oxidized cytosines (oxi-
mCs), namely 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)2.
Importantly, loss of 5hmC correlates with myelodysplastic syndromes3.
TET2 is one of the most frequently mutated genes in hematological
cancers4–6, including angioimmunoblastic T cell lymphoma (AITL)7–9 and
peripheral T cell lymphoma, non-otherwise specified (PTCL-NOS)10. It
has been suggested that TET2 mutations are an early event during the
process ofmalignant transformation and confer proliferative advantage to
the mutant cells4,6,10. Deletion of TET2 in mouse models confers pro-
liferative advantage in hematopoietic stem cells (HSCs) in vivo and
enhanced proliferation in serial plating assays11,12 in a catalytic dependent
manner13,14. However, exclusive deletion of TET2 inmurinemodels is not
sufficient to result in T cell expansion, presumably due to redundant
functions with other TET proteins. In addition, it has been demonstrated
that TCR-mediated activation of T cells that lack Tet2 and have a point
mutation of RhoAG17V contributes to the hyperproliferation of the cells,
resulting in AITL15. RhoAG17V is a dominant negative mutant that
inhibits RHO signaling9. Notably, deletion of TET2 was instrumental for

the proliferation of the cells but the point mutation of RhoA drove the
acquisition of the follicular T helper (Tfh) phenotype15.

It is not clear how loss of TET proteins might contribute to the
expansion of T cells. We have previously demonstrated that 5hmC is
dynamically distributed across the genome of developing T cells16. We have
shown that TET3 can interact with proteins involved in RNA splicing,
transcriptional elongation, chromatin conformation and DNA repair17. In
addition, we have analyzed the impact of TET loss in T cell development
in vivo18,19.Ourdata revealed an expansionof invariantnatural killer (iNKT)
cells and increased representation of the NKT17 lineage that is defined by
the lineage specifying factor RORγt18,19.Mechanistically, the upregulation of
RORγt was attributed to the concomitant downregulation of the tran-
scription factors Tbet and ThPOK that gainedmethylation upon TET2 and
TET3 loss. In addition, we showed that TET2 and TET3 regulate Drosha
expression in thymic iNKT and thymic CD4 single positive cells20, poten-
tially impacting expression of small RNAs. Interestingly, small RNA-seq
comparing thymic control and Tet2/3 DKO iNKT cells revealed down-
regulation of small RNAs including Let-7 microRNAs that were shown to
downregulatePLZFexpression20,21. Collectively, our discoveries shed light in
the TET-mediated regulation of T cell lineage specification. However, we
were not able to identify a specificmolecularmechanism that would explain
the expansion of Tet2/3 DKO iNKT cells. Notably, the whole genome
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bisulfite sequencing (WGBS) datasets that we generated to evaluate differ-
ences in DNA methylation revealed a limited number of changes in global
DNA methylation upon TET2 and TET3 loss, suggesting a focal action of
TET proteins in the process of DNA demethylation18.

In addition, numerous groups have demonstrated a critical role for
TETproteins in regulating the stability of regulatoryT (Treg) cell lineage22–24

consistentwith a gradual loss ofTregs inTet2/3DKOmice. In theperiphery,
we observed a striking reduction of Tet2/3 DKO CD8 cells, precluding
additional characterization of these cells in vivo. The mutant mice died
around 7 weeks old. Due to the accelerated death it was not possible to
dissectwhether loss ofTETproteinsmight impactCD4T cell expansion18,22.

In this report, we aimed to decipher the impact of TET proteins in
controlling in vivoproliferationof peripheral T cells.We employed adoptive
transfer ofTet2/3DKOTcells andwediscovered thatTet2/3DKOCD4cells
exhibited upregulation of genes involved in proliferation upon serial
transplantation. This altered gene expression program endowed Tet2/3
DKO CD4 cells with increased proliferative capacity and acquisition of
malignant traits, such as expansion and chromosomal copy number (CCN)
variations, resulting in aggressive lymphoproliferative disorders. In addi-
tion, we demonstrated that as the TET deficient cells acquired a hyper-
proliferative profile they could expand remarkably fast, within 10 days, in
recipient mice. During this rapid expansion of transplanted Tet2/3 DKO
T cells, by employing an unbiased, single cell transcriptomic approach, we
revealed that while the immune environment of the host mice became
rapidly activated, it failed to annihilate the expansion of the donor T cells.

Results
Tet2/3 DKO T cells exhibit increased proliferation
In order to understand what are the changes that occur in the gene
expression program of Tet2/3 deficient CD4 T cells, we isolated cells by
FACS sorting (Supplementary Fig. 1) from youngmice (ranging from 22 to
27 days old) to avoid the lymphoproliferative diseases previously described
for thesemice as they growolder18,22. Indeed, at this age, the total cell number
of the isolated spleens was comparable (Fig. 1a). As control, we used CD4
cells fromwild type sex and age matched mice (Supplementary Fig. 2). The
sorted Tet2/3 DKO CD4 cells consist of the total population of CD4 cells:
naïve, memory and effector CD4+ T cells excluding CD25+ cells that
represent Tregs and aGalCer+ TCRβ intermediate cells that represent
iNKT cells25 (Supplementary Fig. 1). We opted to exclude iNKT cells since
we have previously demonstrated that Tet2/3 DKO iNKT cells exhibit
lymphoproliferative traits upon transplantation to congenic mice18. In
addition, we chose to exclude Tet2/3 DKO Tregs since the impact of TET
proteins on this population has been extensively characterized and thus it
was out of the scope of the present study22,23. The sorted Tet2/3 DKO cells
had a purity of 95% (Supplementary Fig. 1). As expected the vastmajority of
the control CD4 cells were naïve, expressing CD62L and lacking expression
of theCD44 activationmarker (Fig. 1b). TheTet2/3DKOCD4 cells isolated
frommice shortly after weaningweremainly naïve (Fig. 1b). However, even
at this young age we noticed a significant reduction of Tet2/3 DKO naïve
CD4 cells and an increase of the activated CD44+CD62L+ as well as
CD44+CD62L− cells, reflecting the acquisition of activation (Fig. 1b, c).

Our unbiased transcriptomic analysis revealed 3560 differentially
expressed genes (DEGs), amongwhich 1478were downregulated and 2,082
were upregulated (Fig. 1d and Supplementary Fig. 3). Given the established
role of TET proteins as DNA demethylases the increased number of
upregulated genes may appear paradoxical. However, this is a common
finding in TET deficient cells, including immune cells such as iNKT cells18,
Tregs26, B cells27, HSCs28. Importantly, we identified upregulation of genes
encoding for transcription factors that play critical roles in lineage specifi-
cation such as Rorc, as well as genes such as the proliferationmarkerMki67
(alsoknownasKi67) that overall suggest an increasedproliferativepotential.
We did not detect upregulation of Gata3 or the cytokine IL-4. We also
confirmed that there was no differential expression of Cd4 (Fig. 1d). In
addition, we noticed upregulation ofHes1 even though the adjusted p value
was 0.012, slightly less than the cutoff p value for statistical significance that

we set at 0.01 (Fig. 1d).Hes1 is a Notch target gene that has been implicated
in T cell leukemias and lymphomas29,30. Finally, we identified upregulation
of genes that encode for critical transcription factors such as Batf3 and Irf4
(Fig. 1d). BATF3 and IRF4 upregulation has been reported in T cell lym-
phomas and was suggested to induceMyc upregulation31. However, we did
not detect the protooncogeneMyc among the DEGs (Fig. 1d). Interestingly,
among the downregulated genes we detected Tet1 with adjusted p value
0.0119, which is slightly less than our statistically significant adjusted p value
0.01 (Fig. 1d). Reduced Tet1 expression could be potentially due to
impairment of TET2 and TET3mediated de-methylation and induction of
TET1 expression. Importantly, the upregulation of numerous transcription
factors can explain, at least to someextent, how loss ofTETproteins not only
results in down-regulation of genes but also in a significant upregulation of
numerous genes (Fig. 1d). Among the downregulated genes, we identified
genes important for T cell biology, such as Bcl11b (Fig. 1d), that we have
previously identified to be enriched for 5hmC in T cell subsets16,18,19.

TET proteins through their catalytic activity oxidize 5mC to 5hmC1.
Thus, we wondered how 5hmC distribution correlated to the DEGs that we
identified (Fig. 1d). To this end, we investigated the distribution of 5hmC,
leveraging our previously published cytosine-5-methylenesulfonate
(CMS)32-IP-seq33,34 datasets16 in naïve wild type CD4 cells, which con-
stitute the vast majority of the total CD4 cells (Fig. 1b, c). Our analysis
indicated that downregulated genes in Tet2/3DKO total CD4 cells (Fig. 1e,
Supplementary Data 1) have more intragenic 5hmC in wild type CD4 cells,
compared to genes that are upregulated upon TET loss and compared to all
genes (Fig. 1e, Supplementary Data 1). Interestingly, genes that are upre-
gulated in Tet2/3 DKO T cells have less intragenic 5hmC in the WT CD4
cells compared to downregulated and all genes. Overall, these trends agree
with the positive correlation of intragenic 5hmC with gene expression that
we and others have previously reported in T cells16,35–37.

Next, we focused on specific genes of interest andwe followedup either
by quantitative polymerase chain reaction (qPCR) or/ and by flow cyto-
metry experiments in order to confirm their altered expression. Specifically,
we confirmed by qPCR the upregulation of Batf3, Irf4, Hes1 and the
downregulation of Tet1 (Fig. 1f). We clarify that the statistical analysis we
performed (unpaired t test) confirmed statistical significance for Irf4 and
Tet1 expression. For additional genes of interest, for which there were
available antibodies, we focused on protein expression and we assessed this
by flow cytometry.We confirmed at the protein level thatTet2/3DKOCD4
cells upregulate the transcription factor IRF4 (Fig. 1g, h). Our data con-
firmed that there weremore Ki67 positiveTet2/3DKOCD4 cells compared
to the wild type CD4 cells (Fig. 1i, j), indicating an increased proliferative
potential of theTet2/3DKOCD4cells.Wewere not able tofind an antibody
to detect BATF3 in murine samples. However, as IRF4 and BATF3 are
important for upregulation ofMYC31,38 we evaluated protein levels of MYC
in our samples (Fig. 1k–l). Our flow cytometry data agreed with the RNA-
seq data, indicating similar levels of MYC among control and Tet2/3 DKO
CD4 cells. Finally, we focused on key transcription factors for T cell dif-
ferentiation.WhileRorcwasdetectedamong theupregulated genes (Fig. 1d)
we observed only a small increase at the protein level, which however was
not statistically significant (Fig. 1m, n). We also evaluated GATA3 protein
levels in our samples. Similar to the RNA-seq data we did not detect sta-
tistically significant difference for this transcription factor in our samples
(Fig. 1o, p). Collectively, Tet2/3 DKO CD4 T cells exhibit increased
proliferation.

Tet2/3DKOT cellsmanifest lymphoproliferative expansion upon
serial transplantations
We previously published that Tet2/3DKOmice die at a young age (around
7-8 weeks old)18. Thus, it was not possible to assess how the Tet2/3 DKO
CD4 T cells would behave in the course of time. In addition, Tet2/3 DKO
Tregs progressively lose Foxp3 expression due to methylation of the CNS2
locus that is critical for the stable expression of this factor22. Ultimately, the
Tet2/3DKOTregs are not functional and cannot suppress the proliferation
ofTet2/3DKOT cells. An additional defect is the expansion ofTet2/3DKO
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iNKT cells with NKT17 properties that secrete large amounts of IL-17,
contributing further to the activation of theTet2/3DKOCD4 cells18. To test
whether loss of TET2 and TET3 could endow Tet2/3 DKO CD4 cells with
hyperproliferative capacity that cannot be suppressed by functional, wild
type Tregs we performed serial transplantations of sorted, highly pure

Tet2/3 DKO CD4 cells (Supplementary Fig. 1) in congenic CD45.1+

recipients, that did not receive any irradiation (Fig. 2a).
After16weeks,wewitnessed that the transferredCD45.2+Tet2/3DKO

cells evaded the immune surveillance of the recipients and expanded. The
phenotypic analysis of the first transplantation revealed that the recipient
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mice showed splenomegaly and lymphadenopathy (Fig. 2b). Histological
analysis of spleen and lymph nodes revealed that the recipients exhibited
hallmarks of lymphoproliferative disorder. Specifically, they showed pleo-
morphic cytology, characterized by enlarged cells, with prominent nucleoli
and increased euchromatin, characteristic of dedifferentiation (Fig. 2c).
Harvesting and dissociation of spleen and lymph nodes further confirmed
increased number of cells in the organs isolated from the recipient mice of
Tet2/3DKOTcells compared to age and sexmatched controlmicewhohad
not receivedTet2/3DKO cells (Fig. 2d). Assessment of CD45.1 and CD45.2
expression in different recipients by flow cytometry confirmed the sig-
nificant expansion of theCD45.2+ donor cells in spleen (Fig. 2e) as well as in
lymph nodes (Fig. 2f).

For the second transplantation, we isolated CD45.2+ cells that have
been already expanded for 16 weeks in recipients, by FACS sorting (Sup-
plementary Fig. 4) and re-transplanted them in new CD45.1+ immuno-
competent recipients (Fig. 2a). The second transplantation resulted in
significant acceleration of the expansion of the transplanted cells which
became apparent within 2–4 weeks (Fig. 2a). Similarly, mice that received
cells that had already expanded showed increased cell numbers of spleen
and lymph nodes (Fig. 2g) at an accelerated period. Evaluation of the fre-
quencyofCD45.1+ andCD45.2+ cells byflowcytometry in spleen (Fig. 2h)
and lymph nodes (Fig. 2i) indicated the expansion of the donor cells.

Tet2/3 DKO expanded cells exhibit chromosomal copy number
variations
The striking pleomorphic appearance of the expanded cells in our histo-
logical analysis (Fig. 2c) indicated variable size and shape of the cells and an
increased size of thenucleus.Thesefindingspromptedus to investigate if the
Tet2/3DKOCD4cells demonstrated chromosomal copynumber variations
(CCN). To this end, we performed low coverage, whole genome sequencing
using three biological replicates of sorted total CD4 T cells (as defined in
Supplementary Fig. 2) from wild type mice (control), three biological
replicates of expandedTet2/3DKOCD4Tcells (Supplementary Fig. 4) after
one transplantation and four biological replicates of expanded Tet2/3DKO
T cells after two transplantations. The analysis of the representation of
somatic chromosomes using CNVkit39 revealed aneuploidies in all the
Tet2/3DKOT cells that have been transplanted and expanded in recipients.
Specifically, our analysis revealed that these samples demonstrated gain of at
least one copy of chromosomes (Fig. 3). While gain of chromosome 17 was

shared among all the samples that were analyzed (Fig. 3), additional CCN
alterations were detected such as increase of chromosomes 2, 4, 6,15 and 16.
Our data demonstrated that expanded Tet2/3DKOT cells exhibited loss of
genomic integrity.

Tet2/3 DKO expanded cells upregulate genes involved in pro-
liferation and stemness and downregulate CD4 and TCRβ
We investigated the alterations in the gene expression profile of the
expanded cells upon serial transplantations. Expanded Tet2/3DKO cells in
the first transplantation have 6641 DEGs among which 3647 are upregu-
lated and 2994 are downregulated (Fig. 4a). We expanded this analysis to
assess gene expression changes in Tet2/3 DKO cells that have been re-
transplanted to new recipients and have demonstrated accelerated disease
emergence and progression. Our analysis showed that 4733 genes were
upregulated and 4460 genes were downregulated compared to wild type
cells (Fig. 4b). Among the upregulated genes we identified Batf3, Irf4, Hes1,
Mki67, Rorc, Gata3, Il4 aswell asmembers of the Lmo family, such asLmo2,
Lmo4 and Lmo7 (Fig. 4a–c). Among the downregulated genes we identified
Tet1, Bcl11b, Cd4 and Satb1 (Fig. 4a–c). In addition, the expanded Tet2/3
DKO cells showed significant increase in the expression of the proto-
oncogene Myc, that could be attributed, at least partially, to the persistent
upregulation of IRF4 andBATF331 (Fig. 4a, b).Gene set enrichment analysis
(GSEA) for hallmark Myc targets revealed significant upregulation in
expanded Tet2/3 DKO cells that gradually increased upon serial trans-
plantation (Supplementary Fig. 5a, b). We investigated the expression of
these genes in control, Tet2/3 DKO CD4 T cells isolated from young mice
and expanded cells in the first and second transplantation (Fig. 4c). Or data
indicated a progressive downregulation of Bcl11b and Satb1 whereas Cd4
was similarly expressed in control and young Tet2/3 DKO CD4 T cells,
however its expression was diminished specifically in expanded cells
(Fig. 4c).Hes1 and Lmo7 already gain expression at the young Tet2/3DKO
CD4 T cells, whereas Lmo2 and Lmo4 are upregulated in expanded and
transplanted Tet2/3 DKO T cells (Fig. 4c).

We confirmed by qPCR the upregulation of Batf3, Irf4, Hes1, Ki67,
Lmo2 and the downregulation of Satb1, Bcl11b and Tet1 (Fig. 4d–k). We
note that the p-value of the unpaired t test was not significant for Batf3 for
first and second transplantation and for Hes1 for the first transplantation.
We attribute this to the fact that the three biological replicates that were
analyzed exhibited variability. However, for Batf3 expression aminimumof

Fig. 1 | Characterization of Tet2/3DKO CD4 T cells. a Spleens were isolated from
control and Tet2/3 DKO mice at 25 days old. Spleens were dissociated to obtain
single cell suspensions and total cell numbers were counted. No statistical sig-
nificancewas detected by unpaired Student’s t test. Each dot in the graph represents a
mouse. The bar graph represents the mean+/− standard error (SEM). b Single cell
suspensions from spleens of control andTet2/3DKOmice were prepared. Cells were
stained with fluorescent conjugated antibodies and analyzed by flow cytometry to
evaluate CD62L and CD44 surface expression in total CD4 T cells (excluding
aGalCer+TCRβ+ andCD25+ cells) in the spleen of control (n = 4) andTet2/3DKO
mice (n = 4). c Graph indicating the % of naïve (CD62L+ CD44−) T cells in the
spleen of control (n = 4) and Tet2/3 DKO mice (n = 3) (p-value = 0.0011). d Total
CD4 cells (excluding aGalCer+TCRβ+ and CD25+ cells) were isolated by FACS
sorting from spleens of control and Tet2/3 DKO mice. Total RNA was isolated and
RNA sequencing was performed to discover differentially expressed genes. MA plot
depicting differentially expressed (padj < 0.01) genes in Tet2/3 DKO CD4 cells
compared to control total CD4 cells isolated from spleen. WT n = 5, Tet2/3 DKO
CD4 cells n = 5. e 5hmC enrichment (evaluated by CMS-IP in naïve CD4 cells) in
genes that are downregulated inTet2/3DKOT cells (inmagenta), in all the genes (in
black) and in genes that are upregulated in Tet2/3 DKO CD4 T cells (in turquoise).
TSS indicates transcription start site and TES indicates transcription end site. fTotal
RNA was isolated from total CD4 (excluding aGalCer+TCRβ+ and CD25+ cells)
cells that were purified by FACS sorting from the spleen of control or Tet2/3 DKO
mice. Real-time RT-qPCR evaluating gene expression of Batf3 (n = 3 per genotype),
Irf4 (n = 2 per genotype, p-value = 0.0021),Hes1 (n = 3 per genotype) and Tet1 (n = 3
per genotype, p-value = 0.0363) in control andTet2/3DKO total CD4 cells. g Spleens
were isolated from control and Tet2/3 DKO mice and were dissociated to create

single-cell suspensions. Cells were stained with fluorescent-labeled antibodies
against cell surface proteins to identify total CD4 cells (excluding aGalCer+TCRβ+
and CD25+ cells). Then intracellular staining was performed with fluorescent-
conjugated antibody against the transcription factor IRF4. Flow cytometry data
assessing the expression of IRF4 in control and Tet2/3 DKO total CD4 T cells is
shown. hGraph indicating the median fluorescence intensity (MFI) of IRF4 in CD4
T cells isolated from the spleen of control (n = 4) and Tet2/3 DKO mice (n = 4).
Paired t-test was performed to assess statistical significance (p-value = 0.0051).
i Flow cytometry assessing the expression of Ki67 in control and Tet2/3 DKO total
CD4T cells prepared from spleens as in g. jGraph indicating theMFI ofKi67 inCD4
T cells in the spleen of control (n = 4) and Tet2/3 DKO mice (n = 4) (p-value =
0.0004). k Flow cytometry assessing the expression of MYC in control and Tet2/3
DKO total CD4 T cells isolated from spleens as in g. l Graph indicating the MFI of
MYC in CD4 T cells in the spleen of control (n = 4) and Tet2/3 DKO mice (n = 4).
m Flow cytometry assessing the expression of RORγt in control and Tet2/3 DKO
total CD4T cells isolated from spleens.nGraph indicating theMFI of RORγt in CD4
T cells in the spleen of control (n = 4) and Tet2/3 DKO mice (n = 4). o Flow cyto-
metry assessing the expression of GATA3 in control and Tet2/3 DKO total CD4
T cells. pGraph indicating theMFI of GATA3 in CD4 T cells in the spleen of control
(n = 4) and Tet2/3 DKO mice (n = 4). Male and female mice were evaluated with
similar findings. Unless otherwise indicated, young mice (average 25 days old)
shortly after weaning were analyzed. Bar graphs represent the mean +/−standard
error (SEM). Unless otherwise indicated, unpaired t-test was performed to evaluate
statistical significance (p < 0.05 (∗); < 0.01 (∗∗); < 0.001 (∗∗∗)). Unless otherwise
indicated, the statistical analysis revealed no significance. For flow cytometry and
qPCR experiments at least two independent experiments were performed.

https://doi.org/10.1038/s42003-024-07312-0 Article

Communications Biology |          (2024) 7:1606 4

www.nature.com/commsbio


thirty-fold increase was observed in transplanted cells compared to the
control. In the case ofHes1 expression aminimum of 4.47 fold increase was
observed in the transplanted cells compared to the control.

Given the fact that the expanded Tet2/3 DKO cells exhibited loss of
genomic integrity and upregulation of proto-oncogenes we proceeded to
investigate if theTet2/3DKOCD4 cells gain a stemness signature,which is a

characteristic of malignant cells. First, we performed GSEA analysis com-
paringDEGofTet2/3DKOperipheral CD4 cells to a list of 922 upregulated
genes in Lineage- Sca1-cKit+ (LSK) cells, compared to differentiated
hematopoietic cells40 (Supplementary Data 2 and Supplementary Fig. 5c).
This comparison further revealed that Tet2/3DKOCD4 peripheral CD4 T
cells acquire a gene expression profile that has similarities with the gene
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expression program of early precursor stem cells. Strikingly, when we
interrogated the serially transplanted and expanded Tet2/3 DKO cells for
acquisition of stemness signature, we observed an increased overlap com-
pared to the gain of stemness signature observed in the Tet2/3 DKO CD4
cells that were adoptively transferred (Supplementary Data 2 and Supple-
mentary Fig. 5d, e). For instance, we identified significant upregulation of
Meis2,Myb,Myc,Runx2,Dlk1, Spry2,Mycn, Il17re, Il17rc, andCdk6 (Fig. 4l,
Supplementary Data 2). Myc is not upregulated in young Tet2/3 DKO
T cells. The rest of these “stemness genes” start to become upregulated in
young Tet2/3 DKO T cells (Fig. 4l).

In addition, we investigated at the protein level the expression of CD4
and TCRβ at the surface of expanded cells during the first (Fig. 4m, n) and
the second transplantation (Fig. 4o, p). Our data indicated that CD45.2+

cells have lost CD4 expression. This could be due to methylation of
enhancers that are critical for CD4 expression41 and/or could demonstrate
further the de-differentiation of cells. CD45.2+ expanded cells maintained
TCRβ expression, but there was a statistically significant reduction of the
expression of TCRβ (Fig. 4m–p).

Asmentioned above, among the upregulated genes in expandedTet2/3
DKO T cells upon first and secondary transplantation we identified genes
involved in proliferation such as Myc, Irf4, Ki67 as well as genes such as
Gata3 and Il-4, which are critical forTh2 function (Fig. 4a, b).Weconfirmed
these findings at the protein level. We established an in vivo expansion
system for the CD45.2+ Tet2/3 DKO expanded cells. We performed serial
transplantation of 500.000 cells in immunocompetent CD45.1 recipient
mice. CD45.2+ cells were expanded andmice were evaluated between 7-14
days post transfer (Fig. 5a). Our data indicated at the protein level that the
vast majority of the expanded cells showed increased expression of MYC
(Fig. 5b, c), IRF4 (Fig. 5d, e) and Ki67 (Fig. 5f, g). We also assessed the
expression of lineage specifying factors GATA3 (Fig. 5h, i) and RORγt
(Fig. 5j, k). Collectively, our results confirmed that expanded cells sig-
nificantly upregulated the expression of the examined proteins.

As GATA3 in peripheral T cells is critical for acquisition of T helper
(Th) 2 identity42 we asked if the Tet2/3 DKO expanded T cells produced
more IL-4 in vitro. To this end, we cultured splenocytes from control and
recipientmice of expandedTet2/3DKOTcells in the presence or absence of
phorbol 12-myristate 13-acetate (PMA) and ionomycin. We assessed IL-4
production by flow cytometry in control CD4 and expanded Tet2/3 DKO

Tcells in the presence or absence of phorbol 12-myristate 13-acetate (PMA)
and ionomycin. Our data confirmed our RNA-seq data, indicating
increased production of IL-4 by the Tet2/3 DKO T cells (Fig. 5l–m).
Interestingly, even unstimulated Tet2/3DKOT cells showed a spontaneous
ability to produce IL-4 (Fig. 5l–m), consistent with the increased expression
of GATA-3 (Fig. 5h, i). Although IL-4 is upregulated, it remains to be tested
whether this is a major driver in the hyperproliferative response and affect
host immune cell activation.

Single-cell transcriptomics reveals alterations of the immune
environment upon expansion of Tet2/3 DKO T cells
Next, we asked how the immune environment of the host changed as the
hyperproliferativeTet2/3DKOTcells expanded.Toaddress this question in
an unbiasedmanner, we investigated the host immune cells in the spleen by
single-cell RNA-seqafter transfer of expandedCD45.2+Tet2/3DKOTcells
at distinct time points post transfer. Specifically, Tet2/3 DKO CD45.2+
T cells were transferred in recipients 2 days (early time point) and 10 days
(late time point) before isolating splenocytes from recipient CD45.1+ mice.
We excluded dead cells and sorted for CD45.1+ cells that correspond to the
host immune environment (Supplementary Fig. 6), while we excluded
CD45.2+ cells that correspond to Tet2/3DKO expanded T cells. Notably, at
2 days post transfer the CD45.2+ cells could be merely detected, while they
comprised almost 50% of the splenocytes at day 10 post transfer (Supple-
mentary Fig. 6).

Approximately 5000 cells were pooled from 3 individual mice per
condition, resulting in 15,000 per time point and 30,000 in total. The precise
metrics of the run are provided in Supplementary Tables 1 and 2. Com-
parison of the libraries generated in the 3 different inlets revealed overlap,
indicating that the libraries were similar and there was no processing
technical variability (Supplementary Fig. 7a). Next, we compared the bio-
logical replicates in each time point. Our comparison demonstrated that all
three biological replicates of the same time point (Supplementary Fig. 7b)
showed overlap, demonstrating that they shared strong similarity. Com-
paring the two different time points we could identify differences between
day 2 versus day 10 (Supplementary Fig. 7c).

We performed clustering analysis and identified 11 clusters of immune
cells in our scRNA-seq data. Cell type annotation analysis based on the
Immunological Genome (ImmGen) reference43 revealed that there was a

Fig. 2 | Tet2/3 DKO T cells can proliferate upon serial transplantations in
immunocompetent recipients. a Schema outlining the experimental steps of the
serial transplantations of Tet2/3 DKO CD4 T cells in congenic CD45.1+ recipients.
CD4+, CD25−, aGalCerβ tetramer- cells were isolated by FACS sorting from young
Tet2/3 DKO mice, shortly after weaning (average age 25 days old). Cells were
transplanted to CD45.1+mice (first transplantation). 16 weeks later CD45.2+ cells,
representing donor Tet2/3 DKO T cells, were isolated by FACS sorting and were
transferred to CD45.1+ recipient mice (second transplantation). For the second
transplantation, organs were collected and analyzed between two and four weeks
post transplantation. The mouse cartoon was obtained by openclipart.org (under
Creative Commons Zero 1.0 Public Domain License). b Representative pictures
depicting enlarged spleen and lymph nodes isolated from recipients of CD45.2+
total CD4 T cells (excluding aGalCer+TCRβ+ and CD25+ cells) after the first
transplantation. Spleen and lymph nodes isolated from control, non transplanted
mice are included for reference. cHematoxylin and eosin staining (H&E) of sections
of spleen isolated from control and Tet2/3 DKO CD4 congenic recipients after first
transplantation. 40×magnification (upper panel, scale bar represents 1 mm) or 400×
magnification (lower panel, scale bar represents 100 mm) is shown. d Spleens and
lymph nodes were harvested from control mice and recipient mice of Tet2/3 DKO
CD4 cells. The organs were dissociated to obtain single cell suspensions and samples
were counted.Graphs depicting total number of cells fromdissociated spleens (right)
and lymph nodes (left) isolated from control (black, n = 6) and recipients of Tet2/3
DKO CD4 cells after first transplantation (red, n = 6). Each dot represents a mouse.
Male and femalemice were evaluated with similar findings. Unpaired t-test was used
to assess statistical significance. P-value = 0.0006 for spleen samples and p-value =
0.0005 for lymph nodes. e To assess the absolute numbers of donor (Tet2/3 DKO
CD45.2+ T cells) versus host (CD45.1+) cells in the recipient mice, single cell

suspensions from spleen were depleted of erythrocytes. Then single cell suspensions
obtained from spleen and lymph nodes of recipient mice after first transplantation
were stained with fluorescent antibodies to distinguish donor (CD45.2+) from host
(CD45.1+) cells. Graph depicting the number of CD45.1+ (black) and CD45.2+
(red) lymphocytes in spleens and f lymph nodes of recipient mice (n = 6) 16 weeks
after the first transfer of Tet2/3 DKO total CD4+ T cells. Each dot represents cells
from one mouse. g Spleens and lymph nodes were isolated from control and reci-
pients of expanded CD45.2+ Tet2/3 DKO T cells. The organs were dissociated to
obtain single cell suspensions and the samples were measured to acquire cell counts.
Graphs indicating the total number of cells from dissociated spleens (right) and
lymph nodes (left) isolated from control (black, n = 5) and recipients of expanded
CD45.2+ cells (blue, n = 8) are shown. Each dot represents a mouse. Unpaired t-test
was performed to evaluate statistical significance. P-value = 0.0022 for spleen and p-
value = 0.0018 for lymph nodes. h To check the absolute numbers of donor (Tet2/3
DKO CD45.2+ T cells) versus host (CD45.1+) cells in the recipient mice after
second transplantation, single cell suspensions from spleen were depleted of ery-
throcytes. Then single cell suspensions obtained from spleen and lymph nodes of
recipient mice after second transplantation were stained with fluorescent antibodies
to distinguish donor (CD45.2+) from host (CD45.1+) cells. Graph depicting the
number of CD45.1+ (black) and CD45.2+ (blue) lymphocytes in spleens and
i lymph nodes of recipient mice (n = 8). Mice 1 and 2 were sacrificed two weeks after
secondary transfer of expanded CD45.2+ T cells and mice 3–8 were sacrificed
4 weeks after the secondary transfer. Male and female mice were evaluated with
similar findings. Bar graphs represent the mean +/−standard error (SEM).
Unpaired t-test was performed to evaluate statistical significance (p < 0.05 (∗); < 0.01
(∗∗); < 0.001 (∗∗∗); < 0.0001 (∗∗∗∗)).

https://doi.org/10.1038/s42003-024-07312-0 Article

Communications Biology |          (2024) 7:1606 6

www.nature.com/commsbio


Fig. 3 | Serially transferred and expanded Tet2/3 DKO CD4 cells exhibit chro-
mosomal copy number alterations. Control wild type total CD4 T cells (n = 3),
expanded donor CD45.2+ total Tet2/3 DKO T cells after first transfer (n = 3) or
second transfer (n = 4) were isolated by FACS sorting. Genomic DNA was purified

and was used without amplification for library preparation. Libraries were subjected
to low coverage whole genome sequencing. Data analysis reveals aneuploidies in all
the transplanted and expanded Tet2/3 DKO T cell samples.
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prominent representation of B cells, followed by T cells (Supplementary
Fig. 7d, e). Other populations of adaptive immune cells were gamma delta
T cells and iNKT cells. In addition, clusters of innate immunity were
basophils, dendritic cells (DCs), monocytes, macrophages, neutrophils,
natural killer (NK) cells and innate lymphoid cells (ILCs).Whenweoverlaid
the Uniform manifold approximation and projection (UMAP)

representation of the approximately 15,000 cells corresponding on the day 2
immuneenvironmentwith theUMAPcorrespondingonday10 (Fig. 6a)we
were able to discern 7 major cell immune subsets, namely B cells, CD4 and
CD8 T cells, NK cells, monocytes, neutrophils and DCs. When comparing
the different immune populations present in the spleen of the host at day 2
versus day 10, we observed distinct clusters of the immune cell populations

https://doi.org/10.1038/s42003-024-07312-0 Article

Communications Biology |          (2024) 7:1606 8

www.nature.com/commsbio


(Fig. 6b, c) indicating differences in their global transcriptional program.
The most prominent differences we observed were in gene expression of B
cells, followed by T cells, as well as monocytes (Fig. 6a–c). Moreover, our
data indicated changes in the number of some of the immune populations.
Specifically, innate populations and in particular monocytes appear to be
increased in day 10 (Fig. 6d).

We then asked which were the biological implications of the observed
changes in gene expression. GSEA for the B cells revealed that the gene
expression program at day 10 post transfer showed upregulation of MYC
targets, increased Interferongammaandalpha response (Fig. 6e). It has been
reported that MYC is required for primary B cell differentiation and B cell
proliferation44–46. In addition, it has been shown that MYC, frequently in
collaboration with its partner MAX, are involved in the regulation of the B
cell response after activation47. At the molecular level, it has been proposed
that MYC is involved in chromatin decompaction and can regulate nuclear
architecture during B cell activation48. IFNα and IFNβhave been reported to
induce B-cell activation49. Similarly, for CD8 andCD4T cells we discovered
upregulation of genes involved in IL-2/ STAT5 signaling, IFNα and IFNγ
response as well as TNFα signaling via NF-κB, indicating that processes
involved in cellular activation are taking place at day 10 (Fig. 6f, g). When
examining gene signatures for monocytes the predominant upregulated
category at day 10 is TNFα signaling via NF-κB (Fig. 6h). Similarly, eva-
luation of the gene signatures of other innate immune cell subsets, such as
dendritic cells (SupplementaryFig. 7g), neutrophils (SupplementaryFig. 7h)
and NK cells (Supplementary Fig. 7i) confirmed upregulation of prolifera-
tion or/ and activation at day 10 post transplantation. interestingly, for the
dendritic cellswe also noticed upregulation of genes involved inDNArepair
and apoptosis, potentially indicating that the cells undergo stress at day 10,
as the Tet2/3 DKO T cells largely expand and take over (Supplemen-
tary Fig. 7g).

T cells in recipient mice are activated and secrete increased
levels of IFNγ
Next, we focused our analysis on the T cell compartment of the recipient
mice.We performed our analysis at 10 days after transplantation of serially
expanded cells. At this stage we could still detect CD45.1+ cells that
represent cells of the host mice (Supplementary Fig. 6). Our data indicated

that in the recipient mice the frequency of CD4 and CD8 cells and the
absolute numbers of CD4 cells were significantly reduced compared to
control mice (Fig. 7a–c). Analysis based on CD44 and CD62L expression
indicated that the frequency and absolute numbers of activated,
CD44+CD8cells aswell as the frequencyof effector/memoryCD8cells that
co-express CD44 and CD62L was increased in mice that received serially
expanded Tet2/3 DKO T cells (Fig. 7d–f). Next, we analyzed the CD4
activation status. First, we checked representation of Tregs as determined by
CD4 and CD25 expression (Fig. 7g). The expression of FOXP3 was com-
parable between the control and the CD4+CD25+ cells in the recipient
mice (Fig. 7h). The frequency of Tregs was increased in the recipient mice
(Fig. 7i), potentially reflecting a response of the immune system of the host
to suppress the expanding activated Tet2/3 DKO T cells. However, the
absolute numbers of Tregs were comparable (Fig. 7i). Finally, we confirmed
that the frequency of CD44+ andCD44+CD62L+ activated CD4 cells was
increased in the recipient mice but the total numbers were comparable
(Fig. 7j–l).

In addition, we isolated splenocytes from control mice and recipient
mice of serially expanded Tet2/3 DKO T cells and stimulated the cells
in vitro in the presence of PMA and ionomycin for four hours.We assessed
production of IFNγ in in vitro activated, total CD8 cells by flow cytometry.
Our data indicated that CD45.1+, total CD8 cells from the recipient mice
produced increased numbers of IFNγ compared to total, CD8+ cells that
were isolated from control mice after in vitro activation with PMA and
ionomycin (Fig. 7m, n).

Thus, our phenotyping data complemented the single cell RNA-seq
data to indicate activation of CD45.1+ T cells in the recipient mice. Albeit,
this activationdidnot suffice to control the expansionofTet2/3DKOTcells.

Discussion
In thepresent study,we investigated the impact of concomitant deletion of
TET2 and TET3 in T cell proliferation and immune evasion. We also
sought to discern what was the biological significance of the identified
alterations in the transcriptional program of the CD4 lineage that were
mediated by TET2 and TET3 loss. The challenge was to overcome the
multiple immunological issues related to TET loss in T cells; such as
aberrant iNKT cell development and expansion18, emergence of CD8

Fig. 4 | Tet2/3 DKO serially transplanted T cells upregulate genes regulating
proliferation, stemness and Th2 polarization. a Total RNA was isolated from
FACS-sorted total wild type (control) CD4 cells (excluding aGalCer+TCRβ+ and
CD25+ cells) and CD45.2+ expanded Tet2/3 DKO T cells (after 1st transplanta-
tion). Libraries were prepared and sequenced to identify differentially expressed
genes. MA plot analysis of differentially expressed genes (DEG) in Tet2/3 DKO
expanded cells (1st transplantation) compared to control cells. Upregulated genes
(padj <0.01, n = 3647, turquoise) and downregulated genes (padj <0.01, n = 2994,
magenta) are indicated. Genes of interest are highlighted in each group. WT n = 5,
expanded CD45.2+ Tet2/3 DKO cells (1st transplantation) n = 4. b Total RNA was
isolated from FACS-sorted total wild type (control) CD4 cells (excluding aGalCer
+TCRβ+ and CD25+ cells) and CD45.2+ expanded Tet2/3DKO T cells (after 2nd
transplantation). Libraries were prepared and sequenced to identify differentially
expressed genes. MA plot analysis of DEG in Tet2/3 DKO expanded cells (2nd

transplantation). Upregulated genes (padj <0.01, n = 4733, turquoise) and down-
regulated genes (padj <0.01, n = 4460, magenta) are indicated. Genes of interest are
highlighted in each group. WT n = 5, expanded CD45.2+ Tet2/3 DKO cells (2nd

transplantation) n = 7. c Heat map representation of differentially expressed tran-
scription factors of interest and Cd4 in wild type (WT) CD4, Tet2/3 DKO CD4 cells
and CD45.2+ T cells isolated during the first and second transplantation (adjusted
p-value < 0.01 and absolute log2 fold-change >2). The z score normalized expression
is shown. d Total RNAwas isolated from FACS-sorted total wild type (control) CD4
cells (excluding aGalCer+TCRβ+ and CD25+ cells) and CD45.2+ expanded Tet2/
3DKOTcells after 1st and after 2nd transplantation inCD45.1+ recipients. RT-qPCR
analysis of DEG Batf3. e Irf4 (1st transplantation p-value = 0.0001, 2nd transplanta-
tion p = 0.0001), f Hes1 (2nd transplantation p-value = 0.0012), g Ki67, (1st trans-
plantation p-value = 0.001, 2nd transplantation p-value = 0.0465). h Lmo2 (2nd

transplantation p = 0.0022), i Satb1 (1st transplantation p-value = 0.004, 2nd

transplantation p-value = 0.0008), j Bcl11b (1st transplantation p-value = 0.0492, 2nd

transplantation p-value = 0.0443) and k Tet1 (1st transplantation p-value = 0.0001,
2nd transplantation p-value < 0.0001). Each dot indicates a biological replicate. At
least 2 biological replicates per genotype were assessed. l Heat map indicating dif-
ferentially expressed stemness genes identified by RNA-seq in wild type (WT) CD4,
Tet2/3 DKO CD4 cells and CD45.2+ T cells isolated during the first and second
transplantation (adjusted p-value < 0.01 and absolute log2 fold-change >2). The z
score normalized expression is shown.m Spleens were harvested and dissociated to
obtain single cell suspensions. Cells were stained with fluorescent-conjugated
antibodies and were evaluated by flow cytometry for CD4 and TCRβ expression in
CD45.2+ cells that have expanded in CD45.1+ congenic recipients after first
transplantation. In black are shown cells from a control, non transplanted sample
and in red CD45.2+ cells. n Graph indicating the median fluorescence intensity
(MFI) of TCRβ expression in control total CD4 cells (black) and CD45.2 Tet2/3
DKO expanded CD4 T cells (red) after first transplantation (n = 6). Unpaired t-test
was used to assess statistical significance. P-value = 0.0045. o Evaluation by Flow
cytometry of CD4 and TCRβ expression in CD45.2+ cells that have expanded in
CD45.1+ congenic recipients after second transplantation. In black are shown cells
from a control, non transplanted sample and in blue CD45.2+ cells. p Graph
indicating the MFI of TCRβ in control total CD4 cells (black) and CD45.2 Tet2/3
DKO expanded cells (blue) after second transplantation (n = 8). Unpaired t-test was
performed to assess statistical significance. P-value = 0.0017. In all graphs each dot
represents a mouse. Male and female mice were assessed. Bar graphs represent the
mean +/− standard error. Unpaired t-test was performed to evaluate statistical
significance (p < 0.05 (∗); < 0.01 (∗∗); < 0.001 (∗∗∗); < 0.0001 (∗∗∗∗)). If no otherwise
indicated, there was no statistical significance. For Flow cytometry and RT-qPCR
experiments at least two independent experiments were performed.
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innate like T cells18 and the well-established instability of the regulatory T
cell lineage22 that collectively resulted in an aggressive disease that caused
accelerated death of the Tet2−/−Tet3flx/flx CD4Cre and Tet2flx/flx Tet3flx/flx

CD4Cre mice between 7 and 8 weeks old18,22. To circumvent this, we
performed serial transplantations in fully immunocompetent recipients,
discovering thatTet2−/−Tet3KO cells exhibited hyperproliferation in vivo.

Overall, in our study we report defective control of T cell expansion, upon
concomitant deletion of TET2 and TET3, characterized by gradual
upregulation of the protooncogene Myc and gain of increased stemness
signature. As a result, the CD4 cells that emerge are abnormal and sus-
ceptible to hyperproliferation. We also report that the Tet2/3 deficient
T cells exhibit aneuploidies.
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Previous studies have extensively studied the impact of TET2 defi-
ciency in HSC proliferation andmyeloid skewing8,11,13. In addition, deletion
of TET1 results in B cell lymphomas that appear late in the life of mice27.
Concomitant deletion of more than one member of the TET family of
proteins can result in accelerated and aggressive phenotypes28,50, suggesting
redundant function of these proteins. Reduction of 5hmC can have prog-
nostic value in blood cancers such as myelodysplastic syndromes3 and
indicates the importance of the catalytic activity of TET proteins. However,
recent studies reported catalytic independent roles of TET2 in the context of
lymphoidmalignancies and in particular B cellmalignancies13. On the other
hand, catalytic activity of TET2 was reported to be indispensable in the
context of myeloid expansion13,14 as well as conventional and unconven-
tional T cell lineage specification19. While the precise TET mediated tumor
suppressive mechanisms are not fully elucidated, there are shared pheno-
typic features that characterize the TET deficient expanded cells, including
theTet2/3DKOTcells in this study. In summary, TETdeficient cells exhibit
upregulation of genes that are typically expressed in precursor stages
demonstratingmaintenanceof stemness and they typically exhibit impaired
DNA repair and characteristics of genomic instability18,27,28,50.

Specifically, in this study our data indicated that TET proteins might
exert direct roles in regulating genomic stability. It has been previously
shown that TET deficient embryonic stem cells (ESCs) exhibited
aneuploidies51.Mechanistically, thiswas attributed to increasedmethylation
of the geneKhdc3, which resulted in reducedexpression of the protein that it
encodes, KHDC351. KHDC3 was reported to be involved in spindle
assembly specifically in ESCs but it is not expressed in hematopoietic cells51.
Future, detailed studies will shed light in the potential roles of TET proteins
to regulate genomic stability in T cells. There are multiple plausible sce-
narios. For instance, as it has been reported in ESCs51, TET proteins might
regulate the expression of genes involved in spindle assembly to ensure
proper chromosome segregation. In addition, accumulation of 5hmC has
been reported at sites of DNA damage52. It has been shown that loss of TET
proteins and subsequent loss of 5hmC impairs chromosome segregation in
conditions of replication stress52. Another possibility may be that TET
proteins by generating 5hmC and other oxi-mCs promote the recruitment
of proteins involved in the process of DNA repair to facilitate resolution of
breaks and safeguard genomic integrity. Indeed, studies in the literature
suggest that 5fC and 5caC can be preferentially bound by proteins involved
in DNA repair53,54. In support of these findings, we have been previously
identified accumulation of double strand breaks (DSBs) and increase of R
loops in Tet2/3 DKO iNKT cells55, whereas accumulation of DSBs has also
been reported inTet1deficientB cells27 andHSCs that lack concomitantly all
three TET proteins28.

We isolated Tet2/3 DKO CD4 T cells from young mice immediately
post weaning. The spleens from control and Tet2/3DKOmice appeared to
be of comparable size. However, wemust indicate that while themajority of
the Tet2/3 DKO T cells were naïve we still observed a significant and
reproducible increase of activated T cells. Genes that were upregulated in

young Tet2/3 DKO CD4 T cells such as Irf4 and Batf3 are critical for
upregulatingMYC and this path has been linked to the emergence of T cell
lymphoma31. Our RNA-seq data at different stages of T cell expansion
demonstrated a persistent upregulation of Irf4 and Batf3 that lead gradually
to upregulation of Myc in the rapidly proliferating expanded Tet2/3 DKO
T cells. Our flow cytometry data further confirmed at the protein level, that
early on in Tet2/3 DKO T cells isolated from young mice IRF4 is pre-
dominantly upregulated in a significant amount of cells and gradually IRF4
is upregulated in all the Tet2/3 DKO T cells that expanded in serial trans-
plantations. These cells also expressed MYC as well as Ki67 and GATA3.
Intriguingly, some studies revealed the importance of activation of TET
deficient cells as a contributing factor in the path to malignant transfor-
mation inmice. Specifically, in T cells activationwith ovalbuminwas critical
for the expansion of TET2 deficient, RHOG17V T cells that expressed an
OT-II TCR15. In addition, it was demonstrated that myeloid expansion in
mice with a Tet2 missense mutation that compromised catalytic activity,
could be significantly accelerated by inducing inflammation through in vivo
LPSadministration14. Collectively the data suggested that inflammation and
cell activation could act synergistically with TET loss of function to promote
aberrant proliferation and malignant transformation in blood cells.
Expanding on these findings, as TET2 deficient human T cells expressing
chimeric antigen receptors56 and murine TET2 KO CD8 cells57 show
enhancedmemory potential and thus are considered to hold promise in the
context of cancer immunotherapy, it is critical to assess the long-term
impact of their activation status in their proliferative capacity.

Another feature of the serially expanded Tet2/3 DKO T cells is the
upregulation of GATA3 and the increased expression of IL-4, which are
hallmarks of Th2 lineage and function42,58. Interestingly, our datasets did not
reveal upregulation of BCL6, a key transcription factor of theTfh lineage59,60.
At a first glance, this may seem contradictory to the human data that
indicate high frequency of Tet2 mutations in AITL, a lymphoma that has
characteristics reminiscent of Tfh cells9. However, in this type of blood
cancer, Tet2 mutations co-occur with a loss of function mutation for RHO
GTPase, known as RhoG17V9. Studies in mice have uncovered that TET2
mutations are important for proliferation, but it is the RhoG17V formof the
GTPase that drives the acquisition of the Tfh phenotype15. Interestingly,
upregulation of GATA3 has been reported in a subset of PTCL-NOS,
known as PTCL-GATA361. PTCL-GATA3 is characterized by upregulation
of genes involved in cell cycle and proliferation, including MYC and from
loss of genomic integrity as demonstrated by aneuploidies61,62.

A paradoxical finding from our RNA-seq data was the upregulation of
a plethora of genes upon TET deletion. However, multiple studies have
reported similar findings in other immune cells that lack TET
proteins18,28,35,50. There are multiple reasons that contribute to upregulation
of genes and not only downregulation63. Deletion of TET proteins resulted
in downregulation of key transcription factors followed by upregulation of
other factors that would be normally silenced. These newly upregulated
transcription factors turned on their own gene expression program and

Fig. 5 | Serially transplanted Tet2/3 DKO T cells express high levels of tran-
scription factors MYC, IRF4, GATA3 and produce IL-4. a Schema outlining the
experimental procedure of serial transplantation. The mouse cartoon was obtained
from openclipart.org (under Creative Commons Zero 1.0 Public Domain License).
b Spleens were isolated from control or recipientmice andwere dissociated to obtain
single-cell suspensions. Surface staining with fluorescent-conjugated antibodies was
performed, followed by intracellular staining to identify transcription factors and
proliferating markers of interest. The cells were analyzed by flow cytometry.
Representative histograms of MYC, d IRF4, f Ki67, h GATA3, j RORγt expression
evaluated byflow cytometry in control CD4T cells (gray) and expandedTet2/3DKO
T cells (purple) upon serial transplantations in congenic mice are shown. c Graph
depicting median fluorescence intensity (MFI) ofMYC (p-value < 0.0001), e of IRF4
(p-value = 0.0003), gKi67 (p-value < 0.0001), iGATA3 (p-value < 0.0001), k RORγt
(p-value = 0.0006) as determined by Flow cytometry in control CD4 T cells (gray)
and expanded Tet2/3DKO T cells (purple) upon serial transplantations in congenic

mice. l Spleens were isolated from control or recipient mice and were dissociated to
obtain single-cell suspensions. Cells were cultured in the presence of brefeldin A
(unstimulated) or in the presence of PMA, ionomycin and brefeldin A (stimulated)
for four hours. Surface staining with viability dye and fluorescent-conjugated anti-
bodies was performed, followed by intracellular staining to identify IL-4. Repre-
sentative data obtained by flow cytometry assessing IL-4 production from control
CD4 T cells (gray) and expanded Tet2/3 DKO T cells (purple) upon serial trans-
plantations in congenic mice are shown.mGraphs depicting MFI of IL-4 in control
CD4 T cells (gray) and expanded Tet2/3 DKO T cells (purple) upon serial trans-
plantations in congenic mice that were left unstimulated (p-value = 0.0005) or were
stimulated (p-value < 0.0001) as determined in l. In all graphs each dot represents a
mouse. Malemice were assessed. Bar graphs represent themean+/−standard error.
Unpaired t-test was performed to evaluate statistical significance. (p < 0.001
(∗∗∗); < 0.0001 (∗∗∗∗)). If no otherwise indicated, there was no statistical significance.
At least two independent experiments were performed.
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Fig. 6 | Single-cell transcriptomic analysis reveals progressive alterations of the
immune landscape as Tet2/3DKOT cells expand in recipient mice. aUMAP plot
of all cells. Each cluster is annotated by comparing the cluster label and the ImmGen
annotation reference. bUMAP plot of cells from day 2 after transfer. Each cluster is
annotated by comparing the cluster label and the ImmGen annotation reference.
c UMAP plot of cells from day 10 after transfer. Each cluster is annotated by
comparing the cluster label and the ImmGen annotation reference. d Bar plot of cell
proportion per condition for each cell type. eGSEA results for significant Hallmark

genesets in B cells between conditions. Positive normalized enrichment score
indicates more enriched in day 10 after transfer. f GSEA results for significant
Hallmark gene sets in CD4 T cells between conditions. Positive normalized
enrichment score indicates more enriched in Day 10 after transfer. g GSEA results
for significant Hallmark genesets in CD8 T cells between conditions. Positive nor-
malized enrichment score indicates more enriched in Day 10 after transfer. hGSEA
results for significant Hallmark gene sets inMonocytes between conditions. Positive
normalized enrichment score indicates more enriched in day 10 after transfer.
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upregulate the genes that they control6,18,37. Moreover, we identified
downregulation of critical factors involved in chromatin organization and
gene expression such as SATB1 and BCL11B, that exert complex roles in
regulating gene expression64–70. TETdeficient cells typically exhibitedaltered
fate choices compared to their wild type/ control counterparts, frequently
maintained expression of genes characterizing precursor states18,63. This also

resulted in upregulation of genes. TET deficient cells were typically prone to
DNA repair defects and they upregulated genes involved in DNA
repair18,27,28,52,55,71.

We asked how the differentially expressed genes would correlate with
loss of 5hmC.We have previously demonstrated thatTet2/3DKOT cells in
thesemice showed reduction of 5hmC18. In addition, in the present studywe
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demonstrated that Tet1 is downregulated resulting in gradual loss of
expression of all three TET proteins. Our data revealed a correlation of
5hmCdistribution in wild type cells with reduced gene expression in Tet2/3
DKO CD4 T cells. However, in this study we did not attempt to make
additional links with DNA modification status since we believe that the
present system of expanded cells we used hindered the identification of
causal links between the loss of TET proteins and changes in DNA
methylation. Specifically, we previously performed WGBS in Tet2/3 DKO
iNKT cells18. Our initial analysis indicated similar CpG methylation levels
consistent with reports that in primary cells there is prevalent hyper-
methylation at the CpG level72. However, only when we focused on devel-
opmentally different regions betweenHSCs and thymic iNKT cells we were
able to identify some meaningful changes in DNA methylation, indicating
that the action of TETproteins is specific18. These changes weremeaningful
in the context of iNKT cell lineage specification, however they did not shed
light on the gain of proliferation of these cells18. Indeed, a specific catalytic
activity of TET proteins to promote DNA demethylation of selected
enhancers is broadly accepted73. It has been previously shown in Tet2/3
DKO iNKT cells18, Tet2/3 DKO Tregs35, Tet2/3 DKO HSCs28, Tet1/2 defi-
cient expanded B cells50 there is no correlation with changes in DNA
modification and gene expression74. This paradox reveals the complex
impact of TET proteins on regulating gene expression and ultimately cell
fate and function.The observedphenotypes donotmerely reflect the impact
of TETdeletionon regulatingDNAmodification. Instead, these phenotypes
result from the combined effect of TET-mediated changes in gene expres-
sion as well as changes in gene expression due to altered transcriptional
networks. Moreover, TET deficient cells typically gain proliferative
traits6,11,12,18,26,27,50. We and others have previously demonstrated that 5hmC
is passively diluted during proliferation16,75.

As theTETdeficientT cells becomehyperproliferative they can expand
rapidly in the immune-competent host, within a few weeks. This increased
proliferation sparked our interest to interrogate the role of the host’s
immune environment. We investigated how the gene expression of the
immune cells of the host changed as TET deficient cells expanded by uti-
lizing singe cell transcriptomics at distinct time points post transfer. Our
results indicated that cells of both innate and adaptive immunity exhibited
significant gene expression changes that set the stage for their activation and
the secretion of cytokines aiming to control the expansion of the Tet2/3
DKO T cells. Further characterization of the host immune cells by flow
cytometry revealed the acquisition of effector characteristics by both CD4
andCD8T cells of the host, accompanied by increased secretion of IFNγ. In
spite of these changes in the immune response of the host, the Tet2/3DKO
T cells were not controlled and they expanded.

Collectively, in this report we demonstrate thatTet2/3DKOT cells can
expand upon serial transplantation to recipientmice and they progressively
gain hyperproliferative traits, accompanied by upregulation of Myc

signature gene expression program and loss of genomic integrity. Our data
establish TET2 and TET3 as critical tumor suppressor genes in T cells
in vivo.

Methods
Mice
The mice used in this study were bred and maintained under specific
pathogen-free conditions at University of North Carolina (UNC) Genetic
Medicine building, in a facility managed by the Division of Comparative
Medicine atUNCChapelHill. The experimental procedures usingmicewere
conducted in accordance with our approved protocol 22-252 by the UNC
Institutional Animal Care and Use Committee. We have complied with all
relevant ethical regulations for animal use. C57BL/6 (B6) (stock number:
000664, RRID: IMSR_JAX:000664) were initially purchased from Jackson
Laboratories and were bred and maintained in our facility. B6.SJL-CD45.1
(stock number: 002014, RRID: IMSR_JAX:002014) were purchased from
Jackson labs andwere eitherbredandused fromourcolonies orordered from
Jackson labs and used for our experiments. Tet2−/− mice11 were initially
generated by the Rao lab andwere purchased from Jackson laboratory (stock
number: 023359, RRID: IMSR_JAX:023359). Tet3flx/flx 76,77 mice were gener-
ated in theRao lab (and are currently available from Jackson laboratory, stock
number: 031015, RRID: IMSR_JAX:031015). We have described the gen-
eration ofTet2−/−Tet3flx/flx CD4Cre18mice in previous publications. For all the
experiments, Tet2−/−Tet3flx/flx CD4Cre were used immediately after weaning,
between 22-27 days old. For genome-wide sequencing experiments, we used
sex and age-matched mice. When feasible, both male and female mice were
used as indicated in the specific methods sections. Specifically, for flow
cytometry analysis, histology and bulk RNA-seq experiments bothmale and
female mice were evaluated. For single cell RNA sequencing male mice were
analyzed. For adoptive transfer experiments, mice were closely monitored
and euthanized when they reached specific endpoints, such as reduced
motility, problems in breathing, increased temperature. For our experiments,
the genotype of themutant mice was confirmed by PCR genotyping. Briefly,
murine tissue was isolated and genomic DNA was extracted using Phire
Animal Tissue Direct PCR kit (Thermo scientific, cat no F-140WH), fol-
lowing the protocol provided by the manufacturer. PCR amplification of
DNA fragments was performed using the Phire DNA polymerase (Thermo
scientific) and specific primers using Biorad T100 or Biorad C1000 Touch
thermocyclers. PCR products were run in a 3% agarose gel and were visua-
lized using SYBR safe (Invitrogen, Thermo Scientific) staining using an
Axygen Gel documentation system.

Flow cytometry
Staining of splenocytes and cells isolated from lymph nodes was performed
directly ex vivo. Briefly, mice were euthanized and organs (spleen, lymph
nodes) were harvested. Single-cell suspensions were prepared by

Fig. 7 | T cells of the recipientmice become activated as serially transplantedTet2/
3 DKO T cells expand. a Spleens were harvested from control and CD45.1+ reci-
pients of serially transplanted Tet2/3 DKO T cells. Single cell suspensions were
prepared bymechanical dissociation and stainedwithfluorescent-labeled antibodies
was performed. Representative flow cytometry analysis evaluating CD4 and CD8
expression in spleen of control and in theCD45.1+host cells in spleens isolated from
recipients of serially transplanted Tet2/3 DKO T cells is shown. b Graphs depicting
frequency (p-value < 0.0001) and absolute numbers (p-value = 0.0352) of CD4 cells
as defined in a. c Graphs depicting frequency (p-value < 0.0001) and absolute
numbers of CD8 cells as defined in a. d Flow cytometry analysis assessing CD44 and
CD62L expression in CD8 cells in spleen of control and in the CD45.1+ host cells in
spleens isolated from recipients of serially transplantedTet2/3DKOTcells. eGraphs
depicting frequency (p-value = 0.0006) and absolute numbers (p-value = 0.0357) of
activated CD44+ CD8 cells as identified in d. f Graphs depicting frequency (p-
value = 0.0006) and absolute numbers of CD44+CD62L+ CD8 cells as identified
in d. g Flow cytometry analysis of CD4+ CD25+ T cells and in the CD45.1+ host
cells in spleens isolated from recipients of serially transplanted Tet2/3 DKO T cells.
hOverlay of Foxp3 expression in CD4+ CD25+ T cells as identified in g. iGraphs

representing the frequency (p-value = 0.0079) and absolute numbers of
CD4+ CD25+ T cells as identified in g. j CD44 and CD62L expression in
CD4+ CD25− cells in spleen of control and in the CD45.1+ host cells in spleens
isolated from recipients of serially transplanted Tet2/3DKOT cells. k Frequency (p-
value = 0.0082) and absolute numbers of activated CD44+ CD4 cells as identified in
j. l Frequency (p-value = 0.0081) and absolute numbers of activated CD44+
CD62L+ CD4 cells as identified in j.m Spleens were isolated from control mice and
recipient mice of serially transplanted Tet2/3 DKO T cells. Cells were isolated and
stimulated in vitro with PMA and ionomycin in the presence of brefeldin A for four
hours. After cell surface staining, intracellular staining was performed by Flow
cytometry in total CD8+ cells to assess IFNγ expression in control and recipient
mice. n Graph representing the frequency of PMA and ionomycin activated total
CD8+ IFNγ+ cells as identified inm. (p-value = 0.0347).Malemice were evaluated.
In all graphs each dot represents a mouse. Bar graphs represent the mean
+/−standard error. Two independent experiments were performed with n = 4
(black) for control and n = 8 (magenta) for host cells of recipient mice. Unpaired
t-test was performed to evaluate statistical significance (p < 0.05 (∗); < 0.01
(∗∗); < 0.001 (∗∗∗); < 0.0001 (∗∗∗∗), ns no significance).
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dissociating the organs using a 70um cell strainer (Falcon) as previously
described78. For the spleen suspension, erythrocytes were depleted using
ACK lysing buffer (LifeTechnologies). For staining samples isolated from
spleen or lymph nodes, cells were incubated for 10min with TruStain Fc
PLUS (anti-mouse CD16/32, clone: S17011E, Biolegend, RRID:
AB_2783138) at room temperature. For surface stainings, cells were stained
in FACS buffer (PBS containing 2%FBS).Dead cells were excluded by using
fixable viability dye (fixable viability dye efluor780, cat. no: 65-0865-18,
eBioscience). To performmultiparameter Flow cytometry, antibodies were
used conjugated with fluorophores: Anti-mouse CD4Alexa Fluor (AF) 488
(clone: RM4-5,RRID:AB_389303), anti-mouseCD4BrilliantViolet BV711
(clone: RM4-5, RRID: AB_11219396), anti-mouse CD8 BV650 (clone: 53-
6.7, catalogue number: RRID: AB_11124344 and RRID: AB_465935), anti-
mouse TCR-β PERCP/Cy5.5 (clone: H57-597, RRID: AB_1575173), anti-
mouse B220 PE/Cy7 (clone: RA3-6B2, catalogue number: 103222, RRID:
AB_313005), anti-mouse CD44 PERCP/Cy5.5 (clone: IM7, catalogue
number: 103032, RRID: AB_2076204), anti-mouse CD62L BV421 (clone:
MEL-14, catalogue number: 104435, RRID: AB_10900082), anti-mouse
CD25 PE/Cy7 (clone: PC61, catalogue number: 102016, RRID:
AB_312865), anti-CD25 APC (clone: PC61, catalogue number: 102012,
RRID: AB_312861), CD45.1 PE (clone: A20, catalogue number: 110708,
RRID: AB_313497), CD45.2 PE (clone: 104, catalogue number: 109808,
RRID: AB_313445) or CD45.2 BV421 (clone: 104, catalogue number:
109832, RRID: AB_2565511) were all from Biolegend. The antibodies were
used in adilution1:200with the exceptionofB220PE/Cy7 thatwasused in a
dilution 1:300. aGalactosyl-ceramide loaded tetramer PEwas obtained from
NIH tetramer Core in a dilution 1:400.

For intracellular staining for nuclear proteins, such as transcription
factors andproteins expressed in cycling cells, cells after surface staining,were
fixed and subsequently permeabilized using the Foxp3/ transcription factor
staining buffer set (Invitrogen, catalogue number: 00-5523-00) following the
guidelines provided by the manufacturer. The following antibodies were
diluted in 1X Permeabilization buffer: anti-c-Myc AF647 (Biolegend, clone:
9E10, catalogue number: 626810, RRID: AB_2888732, dilution 1:100), anti-
IRF4 PE (Biolegend, clone: IRF4. 3E4, catalogue number: 646404, RRID:
AB_2563005, dilution 1:100), mouse anti-Ki-67 AF488 (BD Pharmingen,
clone: B56, catalogue number: 561165, RRID: AB_10611866, dilution 1:100),
anti-Foxp3 PE (Invitrogen, clone: FJK-165, catalogue number: 12-5773-80,
RRID: AB_465935, dilution 1:100), anti-RORγt BV421 (BDHorizon, clone:
Q31-378, catalogue number: 562894, RRID: AB_2687545, dilution 1:100),
anti-GATA3PE (BDPharmingen, clone: 560074, cataloguenumber: 560074,
RRID: AB_1645330, dilution 1:5).

To evaluate cytokine production by Flow cytometry, splenocytes were
stimulated with cell activation cocktail with Brefeldin A (Biolegend, cata-
logue number:423304, 500x stock), which is a 500x pre-mixed cocktail of
phorbol 12-myristate-13-acetate (PMA), ionomycin and Brefeldin A or
were left unstimulated in the presence of Brefeldin A (Biolegend, catalogue
number 420601, 1000x stock) for 4 h in 10% FBS T cell medium as pre-
viously described78. Then, following surface staining to detect specific pro-
teins of interest, cells were fixed and permeabilized using the Intracellular
Fixation and Permeabilization buffer set (Invitrogen, catalogue number: 88-
8824-00) as previously described78. We used the following antibodies to
detect proteins in the cytoplasm of the cells: anti-IL-4 AF488 (Biolegend,
clone: 11B11, catalogue number: 504109, RRID: AB_493320, dilution
1:100), anti-IFNγ (Biolegend, clone: XMG1.2, catalogue number: 505832,
RRID: AB_2734492, dilution 1:100).

Samples were analyzed by Flow Cytometry using a BD LSRFortessa
analyzer (BD Biosciences) or a Novocyte 3005 (ACEA, Agilent). Data were
acquired using BD FACSDiva software or NovoExpress (Agilent) software
respectively. The data were analyzed and FACS plots were generated using
FlowJo (Treestar).

Cell enrichment & flow cytometry activated sorting
Splenocytes were lysed with ACK buffer (Life Technologies) to remove
erythrocytes and were depleted for B cells using biotinylated anti-mouse

CD19 (clone: 6D5, RRID: AB_313639), any remaining blood cells using
biotinylated anti-mouse TER119/ Erythroid cells (clone: TER119, RRID:
AB_313705). Cells were stained with CD4 AF488 (clone: RM4-5, RRID:
AB_389303), TCRβ PERCPCy5.5 (clone: H57-597, RRID: AB_1575173),
CD25 APC (clone: PC61, RRID: AB_312861), aGalactocyl-Ceramide
(aGal-Cer) loaded Tetramer PE. Live CD4+, CD25-, TCRβ+, tetramer- cells
were sorted and used in downstream applications. Expanded cells in con-
genic recipients were sorted after staining with CD45.1 BV421 (clone: A20,
RRID: AB_2562563) and CD45.2 PE (clone: 104, RRID: AB_313445) from
Biolegend.

In all cases, dead cells were excluded using a fixable viability dye
eFluor780 (eBioscience). The cells were sorted using an Aria Sorter (Becton
Dickinson).

Adoptive transfer
For the first transplantations, we sorted CD4 cells from the spleen (as
described) of Tet2/3 DKO. Around 1-2 million cells were transferred by
retroorbital injection to congenic, non-irradiated sex-matched, CD45.1+

recipients. Between 12-16 weeks post transfer mice were euthanized and
organs were analyzed. For the secondary transplantations, 2 million
CD45.2+ cells that had already expanded in CD45.1+ recipients were sorted
and transferred by retroorbital injection to non-irradiated, congenic
CD45.1+ recipients. Both male and female mice were analyzed with similar
findings. For the serial transplantations shown in Figs. 5 and 7 500.000 cells
were transferred. Mice were closely monitored since the expansion fol-
lowing the second transfer and the serial transplantations was faster. Mice
were euthanized and analyzed 2 to 4 weeks post transfer. Male mice were
analyzed.

Histology
Organs were isolated from mice immediately after euthanasia and were
immersed in 10%Formalin (Fisher) for 48 h at room temperature. Then the
samples were switched to 70% ethanol and processed in the UNC Line-
berger Comprehensive Cancer Center (LCCC) Pathology Services Core.
Paraffin embedded tissue blocks, sections and hematoxylin and eosin
staining were prepared by the core. The sections were blindly evaluated by
Dr. Stephanie Montgomery, a board-certified veterinary pathologist.

RNA sequencing (RNA-seq)
To analyze gene expression in peripheral CD4 cells, live CD4+ CD25−
TCRβ+, aGalCerCd1d tetramer- cells were sorted with purity of 98% or
higher. To analyze gene expression in transplanted Tet2/3DKO CD4 cells,
live, CD45.2+, CD45.1− cells were sorted by Flow cytometry (purity>98%).
RNA was isolated using the RNeasy Plus Mini Kit (Qiagen). RNA was
quantified using Qubit High Sensitivity HS RNA kit (Invitrogen, catalogue
numberQ32852) in aQubit 4 Fluorometer (Invitrogen). RNA integrity was
assessed in a Bionalyzer (Agilent) using RNA 6000 pico kit (Agilent, cata-
logue number 5067-1513) or a Tapestation 4150 (Agilent) using Agilent
High sensitivity RNA screen tape (Agilent, catalogue number: 5067-5579)
and accompanying reagents such as high sensitivity RNA screen tape ladder
(Agilent, catalogue number: 5067-5579) and high sensitivity RNA screen
tape sample buffer (Agilent, catalogue number:5067-5581). RNAwith RIN
value higher than 9 was used for library preparation. RNAseq library pre-
paration and sequencing were performed by Beijing Genomics
Institute (BGI).

Quantitative real-time PCR
Wild type or Tet2/3 DKO live total CD4 cells (CD4+ CD25− TCRβ+,
aGalCerCd1d tetramer- cells as shown in Supplementary Figs. 1 and2)were
sorted with purity of at least 98%. RNA was isolated using Qiagen RNeasy
plus Mini kit (catalogue number: 74134) or micro kit (catalogue number:
74034), depending on the number of the cells obtained by sorting. RNA
quantification was performed with HS RNA kit (Invitrogen) in a Qubit 4
Fluorometer (Invitrogen).100 ngofRNAwereused to generate cDNAusing
the iScript Reverse Transcription SuperMix (Biorad, catalogue
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number:1708840) following the instructions of the manufacturer. The
generated cDNA was used to perform quantitative PCR with the iTaq
Universal SYBRGreen SuperMix (Biorad, catalogue number: 172-5121), on
aCFX96RealTime System (Biorad) using the followingprimers (purchased
from IDT, with the exception of the primers for Batf3 that were obtained
from Biorad) for the indicated murine target genes:

Tet118,19 Forward (Fwd): GAGCCTGTTCCTCGATGTGG
Tet1 Reverse (Rvs): CAAACCCACCTGAGGCTGTT
Batf3 (Fwd & Rvs mix): PrimePCR SYBR Green Assay mouse Batf3

(Biorad, Item: 10025636, concentration 20x)
Irf479 Fwd: AGATTCCAGGTGACTCTGTG
Irf4 Rvs: CTGCCCTGTCAGAGTATTTC
Hes180 Fwd: CCAAGCTAGAGAAGGCAGACA
Hes1 Rvs: GTCACCTCGTTCATGCACTC
Ki6781 Fwd: TGCCCGACCCTACAAAATG
Ki67 Rvs: GAGCCTGTATCACTCATCTGC
Satb182 Fwd: CCCTCTAGGAAGAGGAAGGC
Satb1 Rvs: GTTCCACCACGCAGAAAACTGG
Bcl11b81 Fwd: AGGAGAGTATCTGAGCCAGTG
Bcl11b Rvs: GTTGTGCAAATGTAGCTGGAAG
Lmo283 Fwd: GAGGCGCCTCTACTACAA
Lmo2 Rvs: GATCCGCTTGTCACAGGATG
Hprt Fwd80: GGC CAG ACT TTG TTG GAT TTG
Hprt Rvs: CAC AGG ACT AGA ACA CCT GC
If the sequences of the primers have been previously reported, the

reference is indicated after the target gene of interest.
Hprt primers were used for testingHprt expression. Expression of the

above target genes was normalized to Hprt. The comparative Ct method
(ΔΔCt) was used to determine relative gene expression levels.

Whole genome sequencing
To assess chromosomal copy number, we performed whole genome
sequencing. Genomic DNA was isolated from sorted wild type CD4
cells (Supplementary Fig. 2), sorted Tet2/3 DKO CD4 T cells (from a
young Tet2/3 DKO mouse, 25 days old, Supplementary Fig. 1), or
sorted expanded CD45.2+ Tet2/3 DKO cells after one or two
transplantations (Supplementary Fig. 4) in congenic CD45.1+ reci-
pient mice using the PureLink genomic DNA mini kit (Invitrogen,
catalogue number K182001). DNA was quantified (after dilution)
using Qubit 1X dsDNA High Sensitivity (HS) (Invitrogen, catalogue
number: Q33230) in a Qubit 4 fluorometer (Invitrogen). DNA was
provided to the UNC HTSF and libraries were prepared using Illu-
mina PCR free DNA library prep kit. Paired end, 2× 150 bp length
sequencing was performed using Illumina NextSeq2000 P1 system. A
summary of the samples that were sequenced and the reads acquired
per sample is provided in Table 1.

Single-cell RNAseq library preparation: 10 × 3′ v3.1 scRNA-seq
experiment with TotalSeq-B hashtags
Spleens were harvested frommale, 8 week-old CD45.1 recipients of CD45.2
Tet2/3DKOT cells after 2 days (3 replicates) and 10 days (3 replicates) post
transfer. Splenocytes were dissociated and 2 million cells were stained with
fixable viability dye (dilution 1:1000), anti-CD45.2 PE (clone: 104, RRID:
AB_313445, Biolegend) and anti CD45.1-BV421 (clone: A20, RRID:
AB_10896421, Biolegend). To allowmultiplexing of cells, splenocytes from
each condition were stained with TotalSeq antibodies (Biolegend) and were
incubated for 30min on ice. The TotalSeq antibodies used are summarized
in Table 2.

Cells were washed 3 times to allow removal of excess antibodies. After
sorting,CD45.1+ cellswere provided to theUNCAdvancedAnalytical core
for library preparation.

Cells were counted and viability was assessed using a Luna-FX7
automated cell counter (Logos biosystems). Briefly, cell viability was
assessed and 5.000 per biological replicate and per condition were pooled
yielding a total of 30,000 cells (15,000 for day 2 and 15.000 for day 10 post
transfer). 10.000cellswere loaded in10xGenomicsChromiumSingleCell 3′
inlets (three inlets in total were used). Single-cell gel beads in emulsion
(GEM) were generated. Barcoding and library preparation were performed
following manufacture instructions with the 10x Genomics Chromium
Next GEM Single Cell 3′ kit v3.1 (10X Genomics, Pleasanton, CA).

Libraries were sequenced on the Illumina NovaSeq at the UNC High
Throughput Sequencing Facility Core. For hashtag library sequences, 88%
antibody reads were mapped to cells. 2900 median genes per cell were
identified after alignment to the reference genome.

Table 2 | TotalSeq antibodies used for each sample

Sample # Ab product # Ab barcode sequence

Biological replicate (BR1) 1 10 days (JAX 21) TotalSeq-B0301 anti-mouse Hashtag 1 antibody
RRID: AB_2814067 BioLegend Cat. No. 155831

ACCCACCAGTAAGAC

BR2 10 days (JAX 22) TotalSeq-B0302 anti-mouse Hashtag 2 antibody
RRID: AB_2814068, BioLegend Cat. No. 155833

GGTCGAGAGCATTCA

BR 3 10 days (JAX 25) TotalSeq-B0303 anti-mouse Hashtag 3 antibody
RRID: AB_2814069, BioLegend Cat. No. 155835

CTTGCCGCATGTCAT

BR1 2 days (JAX 31) TotalSeq-B0304 anti-mouse Hashtag 4 antibody
RRID: AB_2814070, BioLegend Cat. No. 155837

AAAGCATTCTTCACG

BR2 2 days (JAX 32) TotalSeq-B0305 anti-mouse Hashtag 5 antibody
RRID: AB_2814071, BioLegend Cat. No. 155839

CTTTGTCTTTGTGAG

BR3 2 days (JAX 33) TotalSeq-B0306 anti-mouse Hashtag 6 antibody
RRID: AB_2750037, BioLegend Cat. No. 155811

TATGCTGCCACGGTA

Table 1 | Summary of samples for WGS

Sample ID Condition Reads per
sample

WT splenic CD4 T cells mouse BR1 Wild type 17528898

WT splenic CD4 T cells mouse BR2 Wild type 15896806

WT splenic CD4 T cells mouse BR3 Wild type 15896806

Tet2/3 DKO splenic CD4 T cells (#
B102_6, 25 days old)

Young Tet2/3 DKO 19942216

Tet2/3 expanded T cells (J3-2) 1st transplantation 19109730

Tet2/3 expanded T cells (J3-3) 1st transplantation 21172136

Tet2/3 expanded T cells (J4-5) 1st transplantation 17721530

Tet2/3 expanded T cells (J3-6) 2nd transplantation 23676074

Tet2/3 expanded T cells (J3-7) 2nd transplantation 19455752

Tet2/3 expanded T cells (J22-3) 2nd transplantation 25624438

Tet2/3 expanded T cells (J22-4) 2nd transplantation 23758994
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Statistics and reproducibility
Data were analyzed using Prism software (Graphpad). Unpaired student’s t
test was applied as indicated. In each figure legend, the indicated P-values
are described. Data are mean ± s.e.m. In the graphs, each dot represents a
mouse. Unless otherwise indicated the P value was not statistically sig-
nificant (P > 0.05). Differences were considered significant when p < 0.05
(∗); < 0.01 (∗∗); < 0.001 (∗∗∗); < 0.0001 (∗∗∗∗).

For the phenotyping experiments, mice from different litters and of
different sexwere evaluated, with reproducible results.We used aminimum
of three biological replicates.

For real-time qPCR experiments, we evaluated at least two biological
replicates per gene. For most genes we assessed three biological replicates
per gene.

In addition,we ensured that aminimumof 2 independent experiments
was performed in each case. Statistical methods applied for bioinformatic
analysis of large datasets are described in the relevant sections.

RNA-seq data analysis
Adapter trimming and quality filtering of the sequencing libraries was done
using fastp (0.21.0)84 with the default parameters. The sequencing libraries
were mapped against mm10 and the GRCm38.100 transcriptome using
STAR (2.7.5a)85 with the following parameter values: --quantMode Gene-
Counts. The differential expression analysis was done usingDESeq286 based
on the read counts per gene produced by STAR. The used threshold for
adjusted p-value was 0.01.

CMS-seq data analysis
The CMS-IP and input reads were mapped against mm10 using Bismark
(0.22.3)87. Themappingwas doneusing theBowtie 2 (2.4.5)88 backend in the
paired-endmodewith the following parameter values: -I 0 -X 600 -N 0. The
coverage tracks were generated using HOMER (4.10) (makeBigWig.pl
-norm 1e6)89 as we have previously described19. Profile plots were generated
using deeptools90 based on the GRCm38.100 gene models.

Whole genome sequencing data analysis
Adapter trimming and quality filtering of the sequencing libraries was done
using fastp (0.21.0)84 with the default parameters. The sequencing libraries
were mapped against mm10 using Bowtie 2 (2.4.5)88 (--very-sensitive -X
2000). The copynumber variant detectionwasdoneusingCNVkit (0.9.10)39

from whole-genome sequencing data (cnvkit.py batch <SAMPLES > -n
<CONTROL SAMPLES > -m wgs -f mm10.fa -d <OUTPUT-DIR > --
scatter –diagram –annotate refFlat.txt).

Gene set enrichment analysis
Gene set enrichment analyses were done using GeneTrail 391. The set of the
LSK genes (N = 922) was taken from40. The genes in the tested sets were
ordered based on the log2 fold-change either in ascending or decreasing
order depending on the comparison.

Single-cell multiplexing data processing
Fastq files from each 10x Genomics library were pooled together and pro-
cessed with the cellranger multi pipeline using Cell Ranger version 7.1.0.
Mouse reference genome mm10-2020-A was used from 10x Genomics to
align the reads. Given that there is no batch effect observed among libraries,
the single-cell level gene countmatrix from each library was then combined
for all the downstream analysis.

Quality control, normalization, and clustering
Quality control, normalization and downstream analysis of single-cell level
gene counts were performed using the Seurat R package (version 4, Satija
Lab)92. A total number of 721 cells were removed from the downstream
analysis if the total UMI count per cell is <500 or >100,000 or total number
of detected genes is <200 or >6000 or the percent of reads mapped to
mitochondrial genes is >10%. Log normalization was applied to each cell to
control for the library size effect. Top 2000 genes were selected using the

“vst”method in Seurat. Principal component analysis was performed using
the top 2000 genes and Louvain clustering was run using the first 30 PCs
with resolution parameter 0.1.

Cell type annotation
Cell type annotation analysis was performed using R/SingleR93 with the
ImmGen ref. 43. Main labels from the ImmGen reference were used to
assign cell label to each cell. To eliminate ambiguous cell type, we converted
any cell type labels with less than 20 cells to “Others”. Each cluster was
annotated by comparing the cell type annotation labels to the cluster labels
derived using resolution parameter 0.1. Cd4 and Cd8markers were used to
identify CD4 T cells and CD8 T cells separately.

Differential expression and gene set enrichment analysis
Differential expression analysis was performed for each cell type of
interest between the two time points using Pseudobulk method. First, the
cell counts were aggregated across cells for each sample and then genes
with less than 10 counts across all samples were removed. Differential
expression analysis was performed using DESeq286 with Wald test and
“parametric” fitType.

The Benjamini and Hochberg method was used to adjust the p-values
and adjusted p-values < 0.05 was used to declare statistical significance.

Gene set enrichment analysis was performed using the R/fgsea
package94. The mouse hallmark gene sets from the Molecular Signatures
Database (MSigDB)95–97wereused. For theWilcoxonmethod, all geneswere
ranked by average log2FC and used as input when running the fgsea()
function. For thepseudobulkmethod, all geneswere rankedby theWald test
statistic and used as input when running the fgsea() function. Adjusted p-
value threshold of 0.05 was used to call statistical significance.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Bulk RNA-seq and WGS datasets have been deposited in the Gene
Expression Omnibus (GEO) public repository under the accession code
GSE279236. Single cell RNA-seq datasets have been deposited in the GEO
public repository under the accession code GSE278239. We have not gen-
erated unique or novel codes for data analysis for this manuscript.We have
provided a detaileddata analysis section.Most of the biological tools (mouse
strains) are available at Jackson laboratories and we have provided the
relevant stock numbers. The source data for all figures are provided in
Supplementary Data 3. All other data are available from the corresponding
author on reasonable request.
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