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Abstract

The expression of BTB-ZF transcription factors such as ThPOK in CD4* T cells, Bel6 in T
follicular helper cells, and PLZF in natural Killer T cells defines the fundamental nature and
characteristics of these cells. Screening for lineage-defining BTB-ZF genes led to the discovery

of a subset of T cells that expressed Zbtb20. Approximately half of Zbtb20* T cells expressed
FoxP3, the lineage-defining transcription factor for regulatory T cells (Tregs). Zbth20* Tregs were
phenotypically and genetically distinct from the larger conventional Treg population. Zbth20*
Tregs constitutively expressed mRNA for I1L-10 and produced high levels of the cytokine upon
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primary activation. Zbtb20™ Tregs were enriched in the intestine and specifically expanded
when inflammation was induced by the use of DSS. Conditional deletion of Zbtb20in T cells
resulted in a loss of intestinal epithelial barrier integrity. Consequently, knock-out mice were
acutely sensitive to colitis and often died due to the disease. Adoptive transfer of Zbtb20* Tregs
protected the Zbtb20 conditional KO mice from severe colitis and death, whereas non-Zbtb20
Tregs did not. Zbth20 was detected in CD24M, double positive and CD62L'° CD4 single positive
thymocytes, suggesting that expression of the transcription factor and the phenotype of these
cells were induced during thymic development. However, Zbtb20 expression was not induced in
“conventional” Tregs by activation in vitro or in vivo. Thus, Zbtb20 expression identified and
controlled the function of a distinct subset of Tregs that are involved in intestinal homeostasis.

One Sentence Summary

Zbtb20 expression identifies and is important for the function of a subset of Tregs involved in
intestinal integrity.

Introduction

The BTB-ZF (broad-complex, tramtrack, and bric-a-brac - zinc finger) genes are a family
of 49 transcription factors defined by the presence of an N-terminal BTB domain that

is involved in protein-protein interactions and C-terminal, DNA binding Krippel-type
zinc fingers (1, 2). BTB-ZF transcription factors control the lineage specification and/or
development of key effector functions of lymphocytes (1, 3). The BTB-ZF transcription
factor Zbtbl (Zbtb1), for example, is important for the commitment of developing
leukocytes into the lymphoid compartment, and, later in development, another BTB-ZF
transcription factor, LRF (Zbtb7a) is involved in T cell versus B cell lineage commitment
(4-6). Other members include ThPOK (Zbtb7b) and MAZR (Zbtb19) which define the
CD4* versus CD8* T cell lineages, respectively (7). PLZF (Zbtb16) is crucial for the
development of the innate-like effector functions and phenotype of natural Killer T cells
(NKT) and Zbtb32 (ROG) is necessary for NK cell proliferation in response to viral
infections (3, 8, 9).

BTB-ZF transcription factors are, therefore, important for the development or function of
several types of leukocytes (1). Furthermore, the expression of these genes often is restricted
to specific subpopulations. Hence, we hypothesized that the discrete expression of BTB-

ZF transcription factors in lymphocyte subpopulations might identify new T cell effector
populations. Analysis of gene expression reporter mouse models led to the identification of
Zbtb20 (Zbth20) as a candidate. Zbtb20 expression identified a distinct subset of FoxP3*
regulatory T cells (Tregs).

The specialized immunosuppressive function of Tregs balances and prevents unwanted or
excessive immune responses. In doing so, Tregs play an important role in the protection and
maintenance of tissues (10). For example, the interplay between the host immune system
and the complex network of microbes inhabiting the intestine relies on the activities of
Tregs (11). Phenotypic diversity among regulatory T cells (Tregs) suggests the existence of
functionally distinct subsets. For example, Foxp3* Tregs that express the 1L-33 receptor,
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ST2, and the transcription factors, GATA3 and Helios, produce high levels of amphiregulin
(Areg), which mediates tissue repair (12). Another subset of Foxp3* Tregs, defined by
expression of ROR+yt, ICOS, and CTLA-4 has enhanced suppressive capacity during T-
cell-mediated intestinal inflammation (13, 14). T-bet expressing Tregs, on the other hand,
suppress the responses of Th1 and CD8* T cells (15). Thus, the tissue-specific milieu and
the expression of different transcription factors contribute to the functional diversity of
Tregs.

Zbtb20-expressing Tregs had an activated phenotype (CD62L!°, CD44M), constitutively
expressed /LZ0mRNA, and rapidly secreted the cytokine after primary stimulation. 1L-10
is of particular importance for modulating intestinal homeostasis (16—18). Consistent with
this, Zbth20-expressing T cells protected mice from experimental colitis. Zbth20* T cells
impacted homeostatic maintenance of intestinal integrity as young mice with targeted
deletion of Zbtb20in T cells had detectable changes in mucosal architecture, inflammation,
and an increase in the unrestricted pathways of luminal contents, indicating epithelial cell
damage. Although Zbtb20-expressing Tregs were enriched in the intestine, cells with a
similar phenotype and ability to produce IL-10 were also found in the thymus and spleen,
suggesting that Zbth20™ Tregs are a committed, rather than an induced, effector population.
Collectively, our data show that the transcription factor Zbtb20 identified and controlled a
functionally potent subset of regulatory T cells that is important for intestinal homeostasis.

Zbtb20 was expressed in discrete T cell subsets

To identify subpopulations of T cells that discretely expressed a BTB-ZF transcription
factor, we generated or obtained several bacterial artificial chromosomes (BACs) in which
the BTB-ZF gene of interest was replaced by enhanced green fluorescent protein (eGFP).
These BACs were then used to generate transgenic mice which were screened for eGFP
expression by FACS. Mice carrying a modified ~210kb BAC that was obtained from the
Gene Expression Nervous System Atlas (GENSAT) (19) were used to study the expression
of Zbtb20. This BAC had an eGFP gene with its own start codon and polyadenylation

signal inserted immediately 5’ of the Zbtb20 ATG start site. This design prevented the
expression of the BAC-encoded Zbtb20 gene but retained the regulatory elements and
promoter region for Zbtb20. gPCR, RNA-Seq, and Western blots of sorted GFP* and GFP~ T
cells showed that eGFP closely mimicked the expression of Zbtb20 (Fig. S1A, B, C, D, E).
Also, consistent with published reports of Zbtb20 expression (20), GFP was found in most
B1 B cells and some B2 B cells in the peritoneal cavity (Fig. S1F) and Fas*, germinal center
B cells in the spleen (Fig. S1G). Combined, these data supported the accuracy of the BAC
reporter system.

As detected by GFP expression, ~3% of CD3" spleen T cells expressed Zbth20 (ZEG20*

T cells) (Fig. 1A); these cells were CD4* and ~20% CD25* (Fig. 1B). ZEG20 mice

were crossed to a FoxP3-RFP reporter (21) mouse (ZEG20;FoxP3-RFP) which allowed for
detection of both Zbtb20 and FoxP3 expression by FACS. Based on RFP expression, nearly
all ZEG20* CD25* CD4* T cells expressed FoxP3. Additionally, more than 30% of ZEG20*
CD25 CD4* T cells also expressed FoxP3 as compared to 8% of the non-ZEG20 CD25
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CD4* T cells (Fig. 1C, D). Similar results were obtained by direct staining for FoxP3 protein
in sorted ZEG20* CD25* and ZEG20" CD25" T cells (Fig. S1H). In total, approximately
50% of ZEG20* T cells express FoxP3 in healthy mice. Among T cell subsets, Zbtb20
expression was present in spleen CD4* T cells, CD4*CD25* T cells, CD4*CD25 T cells,
but not in total CD8" T cells (Fig. 1E). Therefore, using a reporter mouse that identifies
Zbth20 expression in T cells, we found that a small percentage of CD4* spleen T cells
expressed the transcription factor and that nearly half of these cells also expressed FoxP3.

Zbtb20 was expressed in phenotypically distinct subsets of CD4* T cells and Tregs

Next, we compared the phenotype and expression of genes in Zbtb20* Tregs to Zbtb20"
Tregs. Nearly all of the ZEG20" Foxp3* Tregs had no expression or reduced levels of
CD62L (Fig. 2A). This might have suggested that Zbtb20 was induced simply by activation
of Tregs, but, overall, more than half of the CD62L!° Tregs did not express the transcription
factor (Fig. 2A). ZEG20*CD4*FoxP3" T cells also had low CD62L expression (Fig. S2A).
Gene expression in ZEG20* Tregs, non-ZEG20 CD62L!° Tregs, and non-ZEG20 CD62LN
Tregs that were sorted from ZEG20;FoxP3-RFP double reporter mice was assessed by
RNA-Seq. We focused on the fold change of RNA expression in the phenotypically similar
ZEG20™" and non-ZEG20 CD62L° populations as compared to the larger non-ZEG20
CD62LM population. This analysis showed that ZEG20* Tregs expressed 109 genes at
higher levels and 85 genes at lower levels as compared to non-ZEG20 CD62L° Tregs

(Fig. S2B). Several genes, known to be associated with Treg function (22), including 7ig/,
Tnfrsf18 (GITR), Kirgl, Icos, Pdcdl (PD-1), Lag3, Nrp1 had higher expression in ZEG20*
FoxP3* Tregs (Fig. 2B). ZEG20™ Tregs also had slightly higher FoxP3 expression (Fig. 2B),
which was confirmed by FACS (Fig. S2C). ZEG20* Tregs had high levels of //Z0mRNA
(Fig. 2B). FACS analysis showed that ZEG20* FoxP3* Tregs had the highest expression

of CD44, TIGIT, GITR, ICOS as compared to non-ZEG20 CD62L'° or CD62LM Tregs

(Fig. 2C). Similarly, ZEG20* FoxP3- CD4* T cells also had the highest expression of these
markers when compared to non-ZEG20 CD62L'° and CD62L" CD4* T cells (Fig. S2D).
Lastly, FACS analysis with antibodies against common TCR variable regions showed a
similar distribution of expression between ZEG20* and non-ZEG20 Tregs indicating that the
Zbtb20-expressing T cells were clonally diverse (Fig. S2E). Phenotypic and genetic analysis,
therefore, showed that Tregs that expressed Zbtb20 were distinct from their non-Zbtb20
counterparts.

Zbtb20-expressing T cells constitutively express 1110

The expression of IL-10 is tightly regulated through chromatin structure, histone
modification, DNA methylation, and active transcription factors (23). IL-10 is considered

to be an effector cytokine that is produced as a result of activation and differentiation of T
cells, including Tregs (23). It was unexpected, therefore, that RNA-Seq analysis showed that
spleen ZEG20™" Tregs had high levels of //Z0mRNA directly ex vivo (Fig. 2B). To further
test /L 70mRNA levels, we sorted ZEG20" Tregs and ZEG20* CD4* T cells, CD62L!° and
CD62LN non-ZEG20 Tregs, and CD4* T cells from the spleens of ZEG20;FoxP3-RFP mice.
RNA from the sorted cells was isolated, reverse transcribed and the resultant cDNA was
used to perform TagMan based qPCR. ZEG20* Tregs and ZEG20* CD4* T cells had a
100-fold and 30-fold higher //Z0expression, respectively, as compared to their non-ZEG20
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counterparts (Fig. 3A). //Z0mRNA was also highly expressed in antigen inexperienced
thymic ZEG20™ cells (Fig. 3A). Next, the levels of IL-10 secreted by PMA/ionomycin
(PMAVion) activated, FACS sorted ZEG20™ Tregs, non-ZEG20 CD62L'° Tregs, non-ZEG20
CD62LNi Tregs, ZEG20* CD4* T cells, and non-ZEG20 CD4™* T cells was determined.
ZEG20" Tregs and ZEG20" CD4™" T cells produced 3- and 5-fold higher amounts of IL-10
compared to their non-ZEG20 counterparts (Fig. 3B). IL-10 was produced only by the
Zbth20-expressing Tregs following 3 hours of activation (Fig. 3C). Similarly, the secretion
of 1L-10 was evident for ZEG20* thymocytes (Fig. 3C). The transcription factor Helios is
a marker of thymic derived Tregs that produce high levels of IL-10 (24-27). Therefore, we
checked the expression of Helios in ZEG20* T cells. Approximately 30% of ZEG20* T
cells in the thymus (Fig. 3D) and the spleen (Fig. S3A, B) expressed Helios, however, both
Helios™ and Helios® ZEG20* T cells were able to secrete 1L-10 (Fig. 3D and S3B).

Mice with an IRES-GFP knocked into the 3’ untranslated region of the /L 70gene were
analyzed by FACS. Results showed that a small percentage (~3%) of CD3* T cells in

the spleen expressed GFP, suggesting that the /L0 locus was in an open configuration in
these cells (Fig. S3C). We sorted 1L-10-GFP* Tregs, IL-10-GFP~ Tregs, IL-10-GFP* CD4*
T cells, and IL-10-GFP- CD4* T cells and stained them for Zbtb20 protein expression.
Both the Tregs and CD4* T cells that were 1L-10-GFP* expressed the Zbth20 (Fig. 3E).
Furthermore, the IL-10-GFP* Tregs had a phenotype similar to ZEG20™* Tregs, with higher
expression of CD44, GITR, and TIGIT as compared to non-GFP Tregs (Fig. S3D).

Finally, we used chromatin immunoprecipitation (ChlP) assays to determine if Zbtb20
bound the /L 10 promoter. We identified a human Treg-like T cell line, MT-2, that expresses
FoxP3 and IL-10 (28-30). FACS and Western blot analysis showed that MT-2 cells also
expressed Zbtb20 (Fig. 3F and S3E). Proteins crosslinked to the chromatin were precipitated
with a monoclonal antibody specific for Zbtb20. gPCR was performed using primers
amplifying 11 regions 5’ of the IL-10 mRNA transcription start sites, previously identified
as accessible to transcription factor binding. Three regions, located at positions -1,810,
-6,004, and —12,113 were enriched as compared to an IP with an irrelevant antibody (Fig.
3G). The expression of 1L-10 protein by Zbtb20-expressing thymocytes, Tregs, and T cells
upon primary activation, the constitutive expression of IL-10 mMRNA, and the indication
that the I1L-10 locus is open in the IL-10-GFP mice suggested that Zbth20-expressing

T cells were “pre-committed” to produce 1L-10 without the need for activation induced
differentiation. ChlP assays were consistent with the possibility that Zbtb20 might directly
control IL-10 production in these cells.

Enrichment of Zbtb20-expressing Tregs in the gastrointestinal tract

Regulatory T cells (Tregs) use various mechanisms to balance the immune response
including the secretion of Interleukin-10 (IL-10), which is of particular importance for
modulating intestinal homeostasis (16—18). Since Zbtb20-expressing T cells produced IL-10,
we considered the possibility that they accumulate in the intestine. Up to 40% of the

small intestine and colon intraepithelial (SIEL and clEL) Tregs were ZEG20™, as compared
to ~15% ZEG20* Tregs in the spleen from the same mice (Fig. 4A, B, D). The lamina
propria lymphocytes (LPL), particularly the colon LPL (cLPL), had more than 50% of
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Tregs expressing Zbtb20 (Fig. 4C and D). ZEG20* Tregs were not enriched in the Peyer’s
Patches (PP) (Fig. 4A and D). Similar to ZEG20* T cells in the spleen and thymus, intestinal
ZEG20™" T cells also produced substantial amounts of 1L-10 (Fig. 4E). These data suggested
that Zbth20-expressing Tregs might have a function in the intestine.

To determine if the Zbth20* T cells were involved in protecting the intestine from
inflammation, we induced colitis in ZEG20 mice by the use of 3% dextran sodium sulfate
(DSS) in the drinking water for 5 days followed by a 3-day recovery period (31). On day

8, the clEL and cLPL were isolated and assessed by FACS. The induction of colitis led to

a 3-fold increase in both the frequency and absolute numbers of intraepithelial ZEG20* T
cells (Fig. 4F) and a ~20% increase in the percentage and a 2.5-fold increase in the absolute
number of ZEG20* T cells in LP (Fig. 4G). The increase in the number of intestinal ZEG20*
T cells suggested that ZEG20* T cells, and possibly their IL-10 production, were active
participants in the regulation of colitis.

Deletion of Zbtb20 in T cells resulted in epithelial layer damage in the intestine

To understand the function of Zbtb20 in T cells, we generated Zbtb20 conditional knock
out (Zbtb20-cKO) mice using conventional methods of homologous recombination in
embryonic stem (ES) cells derived from C57BL/6 mice. Using a CD4-Cre transgene (32)
we deleted Zbtb20 specifically in T cells during thymocyte development. A FoxP3-GFP
reporter gene can label Tregs that develop in mice that have the FoxP3 gene deleted.

These so-called “FoxP3 want to be” or, for short “wannabe Tregs are a valuable tool for
understanding the features of Tregs that are controlled by FoxP3 (33). We employed a
similar strategy by breeding the ZEG20 reporter to CD4-Cre; Zbtb 20/ mice to produce
ZEG20;CD4-Cre;Zbth20/f (Zbth20-cKO/GFP) mice. We anticipated that even though the
gene had been deleted in T cells in these mice, the regulatory elements and promoter
region for Zbtb20 contained in BAC would allow the expression of GFP. Analysis of these
“Zbtb20 want to be” T cells (Zbth20"annabe Tregs and Zbtb20Wannabe T cells) collected from
Zbtb20-cKO/GFP mice provided an ideal means to specifically study the function of the T
cells that were potentially altered by the loss of Zbtb20 expression. Importantly, the BAC
transgene was constructed such that the Zbtb20 gene was inactive (19). To confirm that

the Zbtb20 gene was deleted and that protein was not made, we sorted GFP* and GFP-
Tregs and CD4* T cells from Zbtb20-cKOIGFP and Zbth20fIGFP (WT/GFP) littermates.
PCR of cDNA from these cells showed that the exon flanked by loxP sites was deleted in
Zbtb20-cKOIGFP mice (Fig. S4A) and FACS analysis showed that Zbtb20Wannabe T ce||s
did not express the Zbtb20 protein (Fig. S4B). Combined, these data show that conditional
deletion of the gene was efficient.

There was no difference in the total lymphocyte numbers in thymuses and spleens of the
Zbth20-cKO/GFP mice when compared to sex-matched WT/GFP mice (Fig. S4C). The
frequency of Zbtb20wannabe T cells in the thymus of Zbtb20-cKO/GFP mice was, however,
decreased by half (Fig. S4D). The number of Zbth20Wannabe T ce|ls was not decreased in

the spleen, but fewer of the cells had the activated CD62L'® phenotype (Fig. 5A). There
was, however, no change in expression of CD44, GITR, TIGIT, or ICOS (Fig. S4E, F).
Sorted Zbth20Wannabes Tregs and Zbth20 Wanabes CD4* T cells from Zbtb20cKOIGFP mice
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and ZEG20* Tregs and ZEG20* CD4 T cells from WT/GFP mice were next activated 7
vitrowith PMA and ionomycin to assess the level of IL-10 production. Consistent with a
potential role for Zbtb20 in regulating the production of I1L-10, the Zbth20Wannabe Tregs and
Zbtb20Wwannabe T ce|s secreted ~40% less IL-10 compared to the WT controls (Fig. 5B).
There was also a 50% decrease of the Tregs capable to produce IL-10 in Zbtb20-<KO mice
(Fig. 5C). Thus, Zbtb20 is involved in the development and function of these two T cell
populations.

FACS analysis of the colons showed that the frequency of Zbtb20Wannabe T ce|ls among IEL
and LPL in WT and cKO mice was similar (Fig. S4G) indicating that the deletion of Zbtb20
did not alter the accumulation of the ZEG20* T cells. Blinded histological assessment of
colons collected from 8-week-old animals showed statistically significant changes in the
mucosal architecture in Zbtb20-cKO mice with 4.5 fold-higher histological scores in these
mice (Fig. 5D). The changes observed in cKO mice included lymphocytic nodules, mild
crypt hyperplasia, and mild mucosal edema (Fig. 5D). Several of the Zbtb20-cKO mice had
increased inflammation, but, overall, these data did not reach significance and the length

of the colon was not measurably altered in the cKO mice (Fig. S4H). Next, we tested

the integrity of the epithelial barrier by gavage of fasting 14-week-old Zbtb20-cKO and
WT mice with a mixture of size-selective probes including creatinine, 4 kDa FITC dextran
(FD4), and 70 kDa Rhodamine B dextran (RD70). Mice sera collected 5 hours later had
elevated levels of all three probes in Zbt620-cKO animals as compared to matched WT
controls (Fig. 5E). There was no change in the creatinine/RD70 or FD4/RD70 ratios (Fig.
5G). Combined, these data demonstrated an increase of the unrestricted pathway, which
allows particles of any size, including large proteins, viruses, and bacteria to breach the
epithelial barrier (34). The flux of luminal contents of this size is a result of the epithelial
layer damage (35). Thus, these data were consistent with the damage that was observed

in the histology of the intestines in Zbtb20-cKO mice. Zbtb20 transcription factor was
expressed in both ZEG20* FoxP3* and ZEG20* FoxP3- T cells thus we used FoxP3-Cre
mice to specifically delete the gene only in Tregs (FoxP3-Cre;cKO mice). Results of the
gavage experiments, as done above, showed that the mice with Treg specific deletion of
Zbtb20 also experienced epithelial damage that allowed the contents of the intestinal lumen
to leave via the unrestricted pathway (Fig. 5F, H). The increase of the three probes was not
as high in the mice with Zbtb20 deletion in Tregs as compared to all T cells which suggested
that ZEG20* Foxp3™ T cells were also involved in the regulation of intestinal homeostasis
(Fig. 5F).

Colitis was exacerbated in Zbtb20 conditional knock out mice

To further assess the requirement for Zbth20-expressing T cells in protecting the intestine,
we challenged Zbtb20-cKO mice with 3% DSS in their drinking water for 5 days followed
by a 4-day recovery period. The cKO mice presented with more severe symptoms of colitis
including greater loss of body weight (Fig. 6A). Occult blood was also detected in the stool
of Zbtb20-cKO mice two days earlier than in WT which was consistent with the more
severe intestinal inflammation observed in the absence of Zbtb20 expression in T cells (Fig.
S5A, 6D). Additionally, approximately 60% of the cKO mice died post-induction of colitis,
whereas all of the wild-type mice recovered from the experimental procedure (Fig. 6B).
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The colons of DSS-treated Zbtb20-cKO mice that survived were significantly shorter

than WT mice (Fig. 6C) and exhibited more severe injury and inflammation (Fig. 6D).
Histological assessment of the colons showed substantial ulceration in the Zbtb20-cKO
mice with approximately 50% of the colonic surface being an ulcer as compared to 25%

in WT mice, which was mostly focal (Fig. 6D, underlined). Colons of both WT and Zbtb20-
cKO mice had atypical hyperplasia of the crypts (marked by arrowheads) and with crypt
dilatation (marked by black arrow). Lastly, scoring of inflammatory infiltrates (Fig. 6D
white arrow and quantified in bar graphs) revealed a high density of transmural lymphocyte
infiltration (size of GALT >50%) and severe epithelial exfoliation in the cKO mice, with
less florid transmural inflammation (size of GALT 20-50%) and focal exfoliation observed
in WT mice throughout the sections shown (Fig. 6D). Mice with the FoxP3-Cre deletion of
Zbtb20also experienced more severe symptoms from DSS-induced colitis (Fig. 6E) which
resulted in the death of about half of the cKO mice and shortened colon length in the
surviving FoxP3-Cre;cKO mice (Fig. 6F). The consequences of deletion of Zb6tb20 with
FoxP3-Cre overall were less severe than deletion with CD4-Cre (Fig. 6E and F), which again
suggested that the Zbtb20-expressing CD4* T cells also played an active role in suppressing
inflammation.

FACS analysis of cells collected from colons of mice with DSS-induced colitis showed

that the numbers of ZEG20* T cells and Zbth20Wannabe T ce|ls similarly increased in both
the epithelium and LP (Fig. S5B), while Non-Treg, non-Zbtb20-expressing CD3* T cells
increased only in the Zbtb20-cKO mice (Fig. S5C). Combined these results indicated that
the exacerbated severity of colitis in mice with the deletion of Zbtb20in T cells, specifically
Tregs, was most likely due to changes in the function of the cells (e.g. decrease in IL-10
production), rather than a change in the frequency, of the Zbtb20Wannabe T cells in the
intestine.

Adoptive transfer of Zbtb20-expressing Tregs rescued the cKO mice with colitis

Next, we asked if Zbth20* Tregs might be more effective than “conventional” non-Zhtb20
Tregs in protecting or rescuing mice from DSS-induced colitis. We adoptively transferred of
5x10° total Tregs (both Zbtb20-expressing and not expressing) from WT mice into Zbtb20-
cKO mice one day before treatment with DSS. This transfer resulted in the progression of
the disease and bodyweight change that closely resembled WT mice (Fig. 7A). Transfer of
1x10° sorted ZEG20™ Tregs also rescued the cKO mice from weight loss and death after
colitis induction (Fig. 7B). On the other hand, the transfer of 1x10° non-Zbtb20 Tregs was
not sufficient to rescue the cKO mice (Fig. 7B). Of note, 100% of the Zbtb20-cKO mice
that received 1x10° ZEG20™ Tregs survived colitis, whereas 40% of the mice that received
the Tregs depleted of the Zbth20-expressing T cells (non-ZEG20 Tregs) died (Fig. 7B). The
transfer of a larger number of non-ZEG20 Tregs (5x10°) was able to rescue the cKO mice,
suggesting that Zbth20™ Tregs were more effective in suppressing the inflammation (Fig.
S6).

IL-10 is essential in controlling intestinal inflammation (16-18). We crossed the ZEG20
mice with IL-10 deficient mice to interrogate the importance of IL-10 specifically produced
by ZEG20™ T cells. To test this, ZEG20* IL-10~/~ Tregs were adoptively transferred into
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Zbth20-cKO mice followed by treatment with DSS. The cKO mice that received I1L-10
deficient ZEG20™" Tregs had excessive weight loss and 30% succumbed to the disease (Fig.
7C). Colitis was not as severe in these mice though, suggesting that IL-10 production was
not the only means by which Zbth20-expressing Tregs protected the intestine. Therefore,
although IL-10 can be produced by many different cell types (36), IL-10 expression
specifically in Zbtb20-expressing Tregs played a role in protecting the intestine. Overall,
these data showed that Zbtb20-expressing Tregs, partly due to the production of IL-10, were
more effective than non-Zbtb20 Tregs at rescuing mice from colitis.

Induction of Zbtb20 occurred during thymic development

Although intestinal Tregs are phenotypically diverse, they can be broadly divided into
thymus-derived or peripherally induced Treg subsets (37, 38). The prominent subtype of
Treg in the colon appears to be induced, possibly resulting from activation of conventional
CD4* T cells by antigens derived from commensal bacteria (39). This conclusion is
consistent with the finding that the frequency of Tregs in mice devoid of microbiota is
markedly reduced (40, 41). To determine if Zbtb20 was peripherally induced, we utilized
different T cell activation strategies followed by FACS to assess the expression of Zbtbh20.
First, total T cells in single-cell suspensions of spleens from ZEG20 mice were activated,
in vitro, with antibodies against CD3 for four days. Compared to the input, there was no
increase of eGFP positive cells among CD4* T cells and CD8* T cells, which did not
express Zbtb20 to start and remained negative (Fig. S7A, B). To determine if Zbtb20 was
induced upon activation of differentiated T cells, we rested the T cells for a total of 6 days
and then reactivated with anti-CD3/anti-CD28 beads for four more days. As for the primary
activation, the secondary activation did not induce additional Zbtb20 expression in CD4*

T cells. CD8* T cells remained negative for Zbth20 expression (Fig. S7B). Addition of
exogenous TGF and IL-6 during the activation, which induces FoxP3 expression (42),
also did not induce Zbtb20 expression (Fig. S7C). Next, allelically marked (CD45.2),
FACS sorted eGFP negative CD4* spleen T cells from ZEG20 mice were adoptively
transferred into CD45.1 (B6.SJL) host mice. After two weeks, lymphocytes were isolated
from the Peyer’s Patches, and the transferred CD45.2* T cells were analyzed by FACS.
GFP expression was not detected in these cells (Fig. S8A). Lastly, we transferred FACS
sorted GFP negative CD4SP thymocytes into B6.SJL host mice. We used thymocytes with
the expectation that more immature cells were less likely to already have committed to a
specific lineage. Mice were treated with DSS to induce colitis and activate T cells. Ten days
post-induction, spleen and intestinal T cells were analyzed by FACS (Fig. S8B). Induction of
GFP in the donor cells was not detected.

Since Zbtb20 induction was not observed following T cell activation in the periphery,

we next asked if the transcription factor was induced during thymic development.

FACS analysis showed that Zbtb20 was expressed in CD3"MCD4*CD8" single-positive

cells (CD4SP), but not in CD8SP thymocytes (Fig. 8A). Zbth20 was also expressed in

very immature CD3!°CD4*CD8*CD24*DP (double positive) thymocytes (Fig. 8C, S9A).
Peripheral Tregs that migrate back to the thymus tend to express CD73 (43). Approximately
half of the ZEG20™ CD4SP thymocytes were negative for CD73 (Fig. 8B), which was
comparable to the number previously reported for the total FoxP3* CD4SP population (43).
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This suggested that not all the ZEG20" CD4SP were mature cells that had trafficked back
to the thymus. ~30% of ZEG20* CD4SP cells expressed CD25 and ~30% of the ZEG20™*
CD25" CD4SP cells expressed FoxP3 (Fig. 8D). ZEG20* CD4SP thymocytes expressed low
levels of CD62L suggesting that this phenotype was induced during development, rather
than as a consequence of peripheral activation (Fig. 8C). Despite the CD73 staining, it was
still possible that Zbtb20-expressing Tregs in the thymus were mature cells that recirculated
from the periphery. To eliminate this possibility, we did fetal thymic organ culture (FTOC)
with thymuses taken from ZEG20 mouse fetuses or WT controls. Thymocytes were
analyzed after 14 days of culture. Only CD4SP cells from the reporter thymuses expressed
GFP, directly showing that Zbtb20 could be induced during T cells development (Fig.

S9B). Of note, the low expression of Zbtb20 may have been a consequence of cells not
reaching full maturity in FTOC. Combined, these data suggested that Zbtb20-expressing T
cells were a thymic-derived subset rather than an activation-induced derivative of peripheral
conventional T cells. This was further supported by the fact that both FoxP3* and FoxP3-
Zbtb20* T cells expressed Neuropilin-1 (Nrp-1) (Fig. 2B, 8E and F), a marker of thymus-
derived Tregs (44-46).

Discussion

Here, we identified a subset of T cells that expressed the BTB-ZF transcription factor,
Zbtb20. Half of these T cells expressed FoxP3 and the population constitutively transcribed
/L 10and produced the cytokine upon primary activation. Zbth20™ Tregs were enriched in
the large intestine and specifically expanded during experimental colitis. Zbt620 conditional
knock out mice had substantially more intestinal inflammation and damage in response

to induction of acute colitis. Indeed, the severity of the disease often led to the death

of the cKO mice. Adoptive transfer of sorted Zbth20-expressing Tregs prevented the
exacerbated weight loss and mortality in Zbtb20-cKO mice, whereas the transfer of non-
Zbth20-expressing Tregs did not. Combined, these data showed that protection from disease
was directly attributed to Zbtb20* Tregs. Therefore, Zbth20™ Tregs had protective abilities in
the intestine that complement the overall function of the Treg population.

Tregs in the intestine are required for maintaining tolerance to dietary antigens, commensal
organisms, and pathogens (47). Tregs also play an active role in homeostasis, tissue repair,
and epithelial barrier functions. To manage this array of responsibilities, gut-resident Tregs
are phenotypically and functionally heterogeneous and develop by diverse means (47, 48).
Many intestinal Tregs acquire their functionality /7 situ following activation by microbial
antigens (49) (50). Zbth20™ Tregs, however, were a distinct, thymic-derived population. This
conclusion was drawn both from data showing that Zbtb20 was not induced by activation
of peripheral Tregs and that Zbtb20 was first expressed at a very early stage of thymic
development (CD24MNCD3!°DP). Zbtb20* Tregs also appeared to be distinct in that they had
the capacity to produce IL-10 upon primary activation as compared to the other intestinal
Tregs that secrete the cytokine as a result of differentiation upon peripheral activation (23,
51).

The regulation of /L 10transcription is complex, with different chromatin organization in
different cell types (23, 52). Our data suggest that in Zbtb20* T cells, IL-10 transcription
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might be directly controlled by Zbtb20 since the transcription factor occupies at least three
sites in the promoter region. /LZ0mRNA and protein were evident in Zbtb20-expressing
thymocytes, which implied that this was a “hard-wired” cell intrinsic function that likely was
maintained throughout the life of the cell. Experiments showed that IL-10 deficient Zbtb20*
Tregs were unable to rescue Zbtb20-cKO mice from severe colitis. Therefore, despite the
abundant number and variety of other cells that can produce IL-10 in the intestine, the 1L-10
produced by Zbth20* Tregs was important.

While the severe outcomes of induced colitis were dramatic, the more subtle impact that
loss of Zbtb20in T cells had on the maintenance of the intestinal epithelial barrier (IEB)
integrity may ultimately be of greater importance. The IEB has multiple functions including
preventing the release of potentially harmful pathogens and antigens, while also directly
aiding in the absorption of nutrients and water (53). As such, IEB integrity is associated
with a broad range of diseases including inflammatory bowel disease, irritable bowel
syndrome, and even Celiac Disease (54-56). A complete loss of Zbtb20 expression in

T cells resulted in a measurable increase of the unrestricted pathway, which is distinct
from both the paracellular and transcellular pathways that have charge- and size-selectivity
(57) and directly indicated IEB damage in young (8-week old), otherwise healthy mice.
Therefore, it is tempting to speculate that reduced activity or frequency of Zbtb20* Tregs
might be associated with cumulative IEB damage over time leading to a predisposition for
the diseases like those mentioned above.

Several of the 49 BTB-ZF transcription factors fit the definition of “master regulators”;
genes that occupy the top of a regulatory hierarchy and are essential for the development

of a lineage or cell type (58). We propose that Zbtb20 should be added to this list since, in
T cells, its expression was induced very early in development, it defined a type of T cell
that, in the absence of the gene, lose their distinctive functions. It will be interesting to see
if like ThPOK, PLZF, and Bcl6 (1), the characteristics of Zbtb20* T cells can be transferred
to other T cells via ectopic expression of the transcription factor. In addition to iINKT cells,
PLZF also controls several other innate-like cells that are broadly linked to the Type Il
immune response, such as ILC2s, basophils, MAIT cells, and others (59-62). In these cells,
PLZF generally controls the ability to rapidly produce cytokines upon primary activation.
Zbtb20 is also expressed in other cell types (20, 63-65). It will be interesting to learn if, like
PLZF, there is a commonality to its function in these cells.

Our screen for new T cell effector populations identified a functionally and phenotypically
distinct T cell lineage defined by expression of the BTB-ZF gene, Zbtb20. Zbtb20 impacts
the function of other cells including some B cells, some myeloid cells, and, possibly
indirectly, CD8* T cells (20, 63—65). Our data suggested that Zbth20* Tregs are a player

in the complex network of cells that control intestinal homeostasis. However, unlike many
other cell types which acquire their specific functions /n situ, Zbth20-expressing T cells can
be detected outside of the intestine. Therefore, monitoring the frequency or function of these
cells may prove to be a biomarker for the risk of IBD development.
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Methods and Materials

Study Design

Mice

The objective of this study was to determine the phenotype and function of a subset of
regulatory T cells that express the transcription factor, Zbtb20. Genetic reporter mice were
used to isolate the Tregs and to determine gene expression and function. Mice with a
genetically induced deletion of Zbth20 were tested for the onset of colitis. Experiments were
done three or more times, as indicated in the figure legends. Sample sizes were determined
on the basis of power calculations, guided by earlier similar studies from our laboratory.
Outliers were not excluded. Male and female were used, with no statically significant
differences in results. Observational studies, such as pathology reports were carried out by
blinded, the third party not involved in the study.

Zbth20-eGFP reporter mice (ZEG20) were made with an engineered BAC obtained from the
Gene Expression Nervous System Atlas (GENSAT) (19) and microinjected into fertilized
C57BL/6 eggs by MSKCC’s Mouse Genetics Core Facility. The resulting founders were
backcrossed to C57BL/6 mice and screened for GFP expression by FACS. Multiple
founders showed similar expression and one was selected for further study. The CD4-

Cre, Foxp3i/es-mip (FIR), 1L-107e5-GFP (tiger), RAG1~/~, C57BI/6, B6.CD4-Cre, B6.129P2-
1120tm1Can/3. B6.129(Cg)-Foxp3tm4(YFPlicre)Ayr/y (Foxp3YFP-cre) and B6.SJL mice were
purchased from The Jackson Laboratory (Bar Harbor, ME). Zbtb20floX/flox mice were
generated by Dr. Lynn Corcoran’s laboratory (The Walter and Eliza Hall Institute of Medical
Research) using conventional methods of homologous recombination in embryonic stem
(ES) cells derived from C57BL/6 mice. The targeting vector contained 5.4kb (5’) and 4.2kb
(3”) of homologous Zbth20 genomic sequence flanking a 1605bp central protein-coding
exon, which was flanked by loxP sites. In these mice, Cre-mediated recombinase deletes
exon 14 (Transcript: Zbtb20-204 ENSMUST00000114694.8), resulting in a Zbtb20 protein
lacking 535 central residues, including the BTB/POZ domain and the first Zn finger.

Unless otherwise mentioned, experiments were done using 8-12-week-old mice (age- and
sex-matched). Both sexes were included to account for possible biological variability. Mice
were co-housed at least 4 weeks before each experiment to account for potential differences
in the microbiome. Mice were euthanized by carbon dioxide asphyxiation, followed by
cervical dislocation. Mice were in the CHINJ animal facility. Animal care and experimental
procedures were carried out following the guidelines of the Institutional Animal Care and
Use Committee of Rutgers University and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The loss of 30% of starting weight was specifically
approved by the IACUC once shown to be a scientific necessity.

Cell isolation

Thymuses, spleens, and PPs were dissociated between glass slides, filtered through a
40-um mesh, and treated with RBC Lysing Buffer (Sigma-Aldrich) to obtain single-cell
suspensions. Small intestines and colons were longitudinally opened, rinsed in Ca?*- and
Mg?2*-free HBSS (Sigma-Aldrich), and incubated on a shaker (at 250 rpm), in HBSS
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with 5% (wt/vol) heat-inactivated FBS (HI FBS) (Gibco) and 2mM EDTA, 1h at 37°C.
Cell suspensions were filtered through a 100-um mesh then applied to nylon wool packed
columns to remove debris. LP leukocytes were isolated by two 20 min digestions with
100U/mL and 200U/mL of Collagenase type IV (Worthington) in RPMI (Gibco) with 5%
(wt/vol) HI FBS.

Flow Cytometry and cell sorting

Cells were stained for 30 min at 4 °C in FACS buffer (PBS with 1% HI FBS) after

blocking with 2% mouse serum, 0.1% anti-Fcy Ab, and 0.1mg/mL streptavidin (20 min

at 4 °C). Intracellular staining was done with the FoxP3/Transcription Factor Staining
Buffer Set (eBioscience). The following antibodies were used: anti-CD4 (RM4-5)(GK1.5),
anti-CD62L (MEL-14), anti-Zbtb20 (4A3), anti-CD11b (M1/70), anti-CD80 (16-10A),
anti-FAS (Jo2), anti-CD19 (1D3), anti-CD5 (53-7.3) anti-TCR Valpha2 (B20.1), anti-

TCR Valpha3.2b and 3.2c (RR3-16), anti-TCR Valpha8 (B24), anti-TCR Vbeta6 (RR4-

7), anti-TCR Vbeta7 (TR310), anti-TCR Vbeta8 (F23.1) (BD Bioscience). Anti-CD44
(IM7), anti-CD45.2 (104), anti-CD45.1(A20), anti-CD3 (500.A2), anti-CD24 (16-10A),
anti-CD25 (PC61)(PC61.5), anti-CD69 (H1.2F3), anti-CD8 (53-6.7), anti-ICOS (15F9),
anti-GITR (DTA-1), anti-FoxP3 (FIK-16s), anti-TIGIT (GIGD7), anti-CD73 (eBioR2/60),
anti-lgM (11/41) and anti-Neuropilin-1 (3DS304M) (eBioscience). Anti-Ly-6C (16—-10A),
anti-F4/80 (16-10A), anti-CX3CR1 (16-10A), anti-CD103 (16-10A) and anti-Helios (16—
10A) (BioLegend). Anti-MHC Il (212.A1) was generated by the MSKCC Ab Core Facility.
Dead cells were excluded by DAPI staining or Bioscience™ Fixable Viability Dye eFluor™
506, Doublets were excluded by comparing FSC width to height. LSRII (BD Biosciences) or
Cytek™ Aurora cytometers were used. Data were analyzed with FlowJo software (TreeStar,
Ashland, OR). Cell sorting was done on either Miltenyi autoMACS PROseperator or BD
Influx.

RNA-Seq analysis

Spleen cells from four ZEG20;FoxP3-RFP double reporter mice were sorted using the
expression of GFP, RFP, CD62L., and CD4 to obtain highly pure (~99%) populations of
Zbtb20* FoxP3* Tregs, Zbth20" FoxP3* CD62L1° Tregs, and Zbth20" FoxP3* CD62LHi
Tregs. Approximately 1 x 10° cells were resuspended in 100uL of TRIzol (Sigma-Aldrich)
solution and stored at —80°C until the RNA extraction. RNA was isolated from the cell
using the Direct-zol RNA MicroPrep Kit (Zymo Research). RNA quality, SMARTer mRNA
Amplification, libraries preparation, and RNA-Seq was done at the Lewis-Sigler Institute
for Integrative Genomics, Princeton University. Sequencing was done on an Illumina HiSeq
2500 in Rapid mode as one lane of single-end 75nt reads following the standard protocol.
Raw sequencing reads were filtered by Illumina HiSeq Control Software and yielded about
160 million Pass-Filter (PF) reads for further analysis. PF Reads were de-multiplexed using
the Barcode Splitter in FASTX-toolkit, and the reads from each library were mapped to the
mouse genome. The htseg-count software was used next to obtain gene expression value as
the total number of reads mapped to all exons of each gene, and these counts were further
normalized to minimize the variation among samples and log2-transformed after raising all
zero values to 0.5 to obtain a log2-fold change between each pair of samples. Heat maps
were generated using GraphPad Prism (La Jolla, CA) software.
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gPCR and RT-PCR

Cells were FACS sorted to obtain >98% purity of GFP* and GFP- cells. RNA purification
and cDNA synthesis were carried out with the Qiagen RNeasy kit (JDNA shredder),
GoScript™ Reverse Transcription, and random hexamers (Promega). The resultant cDNA
was used to perform TagMan (Life Technologies) based gPCR with TagMan p2M
(MmO00437762_m1), IL-10 (Mm01288386) and Zbtb20 (Mm00457764_m1) probes, and
TagMan Universal PCR Master Mix No AmpErase UNG (Life Technologies). Samples
were run on a QuantStudio6 Flex Real-Time PCR System (Life Technologies). Data were
normalized to 2M and expressed as a relative target amount using the AACT method.
Zbtb20 expression in sorted GFP* and GFP- cells, collected from ZEG20 and Zbtb20-
cKO/GFP mice were assessed using Tag2X Master Mix (NB BioLabs) and primers designed
in our laboratory (Table 1). The PCR products were run on 1% agarose (Hoefer) gel and
imaged using Kodak’s Logic 200 Imaging System.

Western Blots

T cells and B cells from the spleen of ZEG20 mice were sorted to >98% purity of GFP* and
GFP cells. 150 x103 T cells and 25 x 103 B cell were lysed with buffer containing 25 mM
Tris*HCI pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.2% SDS. Equal
amounts of protein were separated by 8% SDS-PAGE gels and transferred to polyvinylidene
fluoride membrane (Millipore). Membranes were probed with anti-Zbtb20 antibody (clone:
7C8; made by L.M.C. and anti-b-Actin Clone AC-15 (Sigma A5441).

T-cell line MT-2, acquired from the AIDS Research and Reference Reagent Program of
the National Institutes of Health (Rockville, MD) and Jurkat T cell line (ATCC TIB-152),
were grown in RPMI 1640 (Life Technologies) supplemented with 10% FBS (Gemini Bio-
Products), 100u/ml Penicillin/Streptomycin (Life Technologies), 2mM GlutaMAX-1 (Life
Technologies), and 10 mM HEPES (Life Technologies).

MT-2 and Jurkat cells were lysed in hypotonic lysis buffer: 0.2% NP-40, 10mM HEPES,
1.5mM MgCI2, 10mM KCI, 5mM EDTA, and protease inhibitor cocktail; nuclei were
pelleted then resuspended with lysis buffer: 20mM HEPES, 300mM NaCl, 20mM KCl,
0.05% NP40, protease inhibitor cocktail. Equal amounts of lysates were separated by

8% SDS-PAGE gels and transferred to polyvinylidene fluoride membrane (Millipore) and
probed with anti-Zbtb20 (clone: 7C8) and anti-HDAC1 (Cell signaling). After washing,
blots were developed with HyGlo chemiluminescent HRP detection reagent (Denville
Scientific) and exposed to autoradiography film followed by film development using X-ray
film processor (Kodak). The images were captured by scanning the developed film.

Chromatin immunoprecipitation

ChromaFlash High-Sensitivity ChIP Kit (Epigentek p-2027) was used with anti-ZBTB20
(clone: 4A3) Rat IgG2a antibody (made by L.M.C.) and non-specific isotype control, anti-
H2M 2C3M Rat 1gG2a antibody. MT-2 cells were cross-linked with 1% formaldehyde
(Sigma-Aldrich F8775), for 10 min at room temperature, and quenched with 125mM
glycine, sonicated on ice and the fragmented chromatin was immunoprecipitated using 4ug
anti-Zbtb20. RT- PCR was performed with PowerUp SYBR Green Master Mix (Thermo
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Fisher Scientific). Three independent ChIPs were done. Primers (Table 1) were chosen based
on DNAse hypersensitivity and ChiP-seq data presented on the UCSC Genome Browser for
the Human, Feb. 2009 (GRCh37/hg/19) Assembly.

Cytokine Bead Array

5x10% (Fig. 5) or 2x10° (Fig. 3) sorted T cells were stimulated with Phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich) (100ng/mL) and ionomycin (Sigma-Aldrich) (500ng/
mL). Supernatants were collected after 24 hours. Cytokines were measured with BD
Cytometric Bead Array as recommended.

IL-10 Secretion Assay

Histology

The Mouse IL-10 Secretion Assay (Miltenyi Biotec) was used as recommended. 20x10°
cells were stimulated with PMA (100ng/mL) and ionomycin (500ng/mL) at 37°C for 3h,
washed, and incubated with the anti-IL-10 capture antibody for an additional 45 min.

Cells were stained with the IL-10 detection antibodies, anti-CD25, anti-CD4, anti-CD3, and
anti-CD62L and analyzed by FACS.

The collection and preparation of the intestine for the histological analysis was done as
described in Bialkowska et al., 2016 (66). The colons of 8-week old Zbtb20-cKO and

WT mice were harvested and gently rinsed with modified Bouin’s fixative (a mixture of
50% ethanol and 5% acetic acid in water) using a 10-mL syringe filled and a gavage

needle. Swiss rolls were fixed in 10% buffered formalin overnight at room temperature, next
rinsed, and stored in 70% ethanol at 4°C. The embedding in paraffin, sectioning (5um), and
hematoxylin and eosin staining of the colons was done by Nationwide Histology LLC. The
pathologists at Nationwide Histology LLC performed also blinded histological evaluation
and scoring of the severity of the colitis as described in Koelink PJ. et al., 2018 (67), Kim JJ.
etal., 2012 (68) and Erben U. et al. (69). Disease severity was scored from 0 to 5, where 0 is
a healthy colon and 5 severe colitis (histological and inflammation scores). The histological
evaluation was further confirmed and photographed by A.B.R. at the Rutgers Child Health
Institute of NJ.

Intestinal permeability

The intestinal permeability assay was performed as described before by Edelblum KL et al.,
2017 (35). 14-week old Zbtb20-cKO and WT mice were fasted for 2 hours and then gavaged
with a mixture of 100 mg/mL creatinine (Sigma C4255), 80 mg/mL FITC-dextran 4kDa
(FD4) (Sigma 46944), and 20 mg/mL Rhodamine B-dextran 70 kDa (Sigma R9379). After
5h the 250-300pL of blood was collected by the retroorbital bleed. Samples were spun down
at 1000 RPMs and ~100uL of serum was collected for the analysis. Fluorescence intensity
for FD4 and RD70 was determined by using a plate reader at 495 nm excitation/525

nm emission and 555 nm excitation/585 nm emission, respectively. The concentration of
creatinine was measured using the Sciteck SVT creatinine kit (Sciteck 139-30) according to
the manufacturer’s protocol.

Sci Immunol. Author manuscript; available in PMC 2022 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krzyzanowska et al. Page 16

Dextran sodium sulfate treatment

The DSS-induced colitis model was done as described before (31). Briefly, mice received
3% colitis grade DSS (MP Biomedicals) in drinking water for 5 days and regular water for
an additional 2—6 days. The body weight of the mice was assessed daily and presented as a
percent of the initial weight. The presence of the occult blood in the stool was detected with
the Hemoccult Il test (Sensa).

Treg adoptive transfer and colitis rescue experiments

Total Tregs from spleens were isolated using the CD4* CD25" Regulatory T Cell Isolation
Kit (Miltenyi Biotec) and autoMACS PROseperator. The cells were washed 3 times with
sterile PBS and 5x10° were resuspended in 200pL of sterile saline. Tregs were i.p. injected
with a 1 mL sterile sub-Q syringe 26 G, one day before induction of the colitis with

3% DSS. Treg subpopulations were sorted from the spleens of ZEG20;FoxP3-RFP double
reporter mice or ZEG20/IL-10~/~ mice. 1x10° or 5x10° of the sorted cells were resuspended
in 200puL of sterile saline and i.p. injected into Zbtb20 cKO mice one day before induction of
colitis.

Fetal thymic organ culture (FTOC)

Timed breeding of ZEG20 reporter males with B6 WT females was set up. Thymic lobes

of E16 embryos were collected, placed in transwell plates (Costar; 0.4 u m pore size) and
cultured in DMEM supplemented with 10% HI FBS for 14 days (according to Current
Protocols in Immunology). The cells were FACS analyzed for expression of surface markers
(CD45.2, CD3, CD4, CD8 CD25, Thy1) and GFP. The genotype of each embryo was
determined by PCR.

In vitro induction of Zbtb20

2x106 of total splenocytes from ZEG20 mice were activated by adding 2.5 pg/mL anti-CD3
(purified 2C11) in RPMI containing 5% HI FBS. After 96h cells were stained with anti-
CD3, anti-CD8, anti-CD4, anti-CD44, anti-CD62L, anti-MHC Il and analyzed by FACS
for the presence of GFP* T cells. The remaining cells were reactivated 6 days later with
anti-CD3/CD28 microbeads at 1:1 bead:cell ratio (mouse T Cell Activation/Expansion Kit,
Militenyi) in RPMI containing 5% HI FBS and 50 U/ml IL-2. After 96h cells were stained
and FACS analyzed as described above.

2x106 of sorted GFP~ CD4* T cells from ZEG20 mice were activated for 72h with 5 pg/ml
plate-bound anti-CD3 (2C11) and soluble anti-CD28. The cells were cultured in RPMI
containing 5% HI FBS and 50 U/ml IL-2, supplemented with 20 ng/mL IL-6, 5 ng/mL
TGF-, or both. After 72h cells were FACS analyzed as described above.

In vivo induction of Zbtb20

GFP- CD4* CD45.2" T cells from spleens of ZEG20;FoxP3-RFP double reporter mice
were sorted and 3x108 of the cells were i.p. injected into B6.SJL mice (CD45.1*, non-GFP
recipient). After 2 weeks, the recipient mice were sacrificed and lymphocytes from intestines
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were isolated and stained with anti-CD45.2, anti-CD45.1, anti-CD3, anti-CD4, anti-CD8,
anti-CD62L, anti-MHC |1 and analyzed by FACS for the presence of GFP* T cells.

GFP- CD4SP CD45.2* thymocytes from ZEG20;FoxP3-RFP double reporter mice were
sorted and 2x10° of the cells were i.p. injected into B6.SJL/B6 mice (CD45.1+/CD45.2*,
non-GFP recipient). The next day the recipient mice received 3% DSS for 6 days following
3 days of recovery. Cells from the spleen, PPs, small intestine, and colon were collected on
day 10 post-injection and FACS analyzed as described above.

Statistical analysis

Data from at least three samples in two or more independent experiments were collected

as detailed in the figure legends. Statistical analysis was performed using GraphPad Prism
(La Jolla, CA\) software. Data were expressed as the mean; error bars represent + SEM.
Unpaired t-tests were used when two groups were compared. One-way ANOVA with Tukey
correction was used for the comparison of three or more groups. Two-way ANOVA with
Tukey correction was used for changes in body weight. P values <0.05 were considered
significant. * P<0.05, ** P<0.01, *** P<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Zbtb20 expression in T cell subsets
(A) Representative FACS plot and quantification of Zbtb20-GFP* expression in spleen

cells from ZEG20 mice (left). A non-transgenic (TG) littermate is shown as a control.
Quantification of ZEG20* T cells as a percent of total CD3* T cells and absolute cell
numbers (right). (B) Representative FACS plot and quantification of CD4 and CD25
expression on ZEG20* T cells (left). Quantification of CD4* CD25* T cells as a percent

of total ZEG20* CD4* T cells and absolute cell numbers (right). (C) Representative
histogram and quantification of FoxP3 expression detected by RFP in ZEG20" CD25" CD4*

T T T etope.
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T cells and non-ZEG20 CD25* CD4™* T cells and in (D) ZEG20* CD25 CD4* T cells

and non-ZEG20 CD25" CD4* T cells. (E) Representative FACS plots and quantification of
Zbth20-GFP* and CD62L expression in CD4*, CD8*, CD25* CD4* and CD25" CD4* T
cells in spleen of ZEG20 mice. At least two independent experiments were performed. A-B,
E n=7 mice/group; C-D n=3 mice/group
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Figure 2. The phenotype of Zbtb20-expressing Tregs
(A) Representative FACS plot and quantification of CD62L and Zbtb20 expression in Tregs

from the spleen of ZEG20;FoxP3-RFP mice. Percent of the ZEG20* and non-ZEG20
populations among CD62L° Tregs is shown in the graph. (B) Heat map of RNA-Seq

data represented as the fold-change difference in gene expression in ZEG20* Tregs vs
non-ZEG20 CD62LN Tregs or non-ZEG20 CD62L' Tregs vs non-ZEG20 CD62LN Tregs
collected from spleens of ZEG20;FoxP3-RFP mice (n=4 mice/group). The heat map shows
genes associated with Treg function. (C) Representative FACS histograms of CD44, TIGIT,
GITR and ICOS expression in ZEG20* or non-ZEG20 CD62!° or non-ZEG20 CD62M
FoxP3* Tregs. Mean fluorescent intensity (MFI) is quantified in graphs. At least three
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independent experiments were performed. A-B n=4 mice/group; C n=5 mice/group. Data
were analyzed using unpaired One-way ANOVA with Tukey correction and represented as
mean + SEM. Significance represents * P<0.05, ** P<0.01, *** P<0.001
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Fig. 3. Zbtb20-expressing T cells constitutively express 1110
/170 mRNA level measured by qPCR in the indicated subsets of (A) spleen Tregs, CD4*

T cells and thymocytes. (B IL-10 released into the medium by the indicated FACS

sorted cell subsets 24h post-PMA/ion activation measured with CBA. (C) Representative
FACS histogram showing 1L-10 production by the indicated cell subsets detected by cell
surface capture reagent 3h post-PMA/ion activation. (D) Representative FACS dot plot and
quantification of 1L-10 and Helios expression in ZEG20* and non-ZEG20 thymocytes (left).
IL-10 is detected by cell surface capture reagent 3h post-PMA/ion activation. Percent of
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the 1L-10 and Helios expressing populations among ZEG20* and non-ZEG20 thymocytes
is shown in the graph (right). (E) ) Representative FACS histogram of Zbtb20 protein
expression in IL-10-GFP* and IL-10 GFP- Tregs and CD4* T cells sorted from spleens
of I1L-10765"GFP mice. Cells were permeabilized and stained with anti-Zbth20-PE antibody
(F) Zbtb20 expression in MT-2 cells assessed by Western blot. (G) ChIP of Zbtb20 bound
to the IL10 promoter in MT-2 cells. The X-axis indicates 11 regions identified in the
ENCODE database as accessible to transcription factor binding (the indicated base pair
number is the position of the 5’ primer used for PCR, Table 1), the Y-axis shows the fold
enrichment at each site as compared to an IP with an irrelevant antibody (the dotted line).
The shaded bars indicate regions with significantly enriched binding of Zbtb20, based on
three independent ChIP experiments. For FACS, gPCR and IL-10 release at least three
independent experiments were performed. A,C,E total n=3 mice/group; B total n=5-11
mice/group; D total n=4 mice/group. Data were analyzed using an unpaired t-test (D)

or One-way ANOVA with Tukey correction (A,B,G) and represented as mean + SEM.
Significance represents * P<0.05, ** P<0.01, *** P<0.001.
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Fig. 4. Zbtb20-expressing Tregs enriched in the gastrointestinal tract
(A) Representative FACS plot of Zbtb20 and CD62L expression in Tregs from spleens and

Peyer’s Patches (PP), (B) epithelium of the small intestine (sIEL) and colon (clEL), and

(C) LP of the small intestine (sLPL) and colon (cLPL). (D) Quantification of ZEG20*

Tregs shown in A-C and presented as percentage of ZEG20* cells among Tregs. (E)
Representative FACS histogram of IL-10 expression by the indicated subsets detected with
cell surface capture reagent after 3h activation with PMA/ion. (F) Representative FACS plots
and quantification of the increase in ZEG20* CD4* T cells in colon epithelium and (G) LP
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in ZEG20;FoxP3-RFP mice following the DSS treatment. Three independent experiments
were performed. A,B,C,D total n=5-7 mice/group; E total n=4 mice/group; F,G total n=6
mice/group. Data were analyzed using an unpaired t-test (E,F,G) or One-way ANOVA with
Tukey correction (D) and represented as mean + SEM. Significance represents * P<0.05, **
P<0.01, *** P<0.001.
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Fig. 5. Zbtb20 deletion impacts T cell function and compromises intestinal integrity
(A) Representative FACS plots of CD62L and CD44 expression in ZEG20* and

Zbtb20Wannabe Tregs from spleens. (B) IL-10 released into the medium by sorted ZEG20*
and Zbth20Wannabe T ce|ls 24h post PMA/ion activation and measured with CBA. (C)
Representative FACS plots of IL-10 expression by Tregs from Zbtb20%% (WT) and Zbth20-
cKO (cKO) mice detected by cell surface capture reagent 3h post-PMA/ion activation.

(D) Representative sections of colons stained with H&E (left). The histological and
inflammation scores reported by blinded analysis of sections done by an uninvolved
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third party (right). Images at 10x (scale bar = 200um) and 40x (insert) magnification.
Lymphocytic nodules indicated by arrows, and areas of mild crypt hyperplasia and mucosal
edema are shown by arrowheads. The black line and white arrow in the insert of WT show
abundant goblet cells. (E, F) The concentration of creatinine, FITC-dextran (FD4), and
rhodamine B-dextran (RD70) in the serum of 14-week old WT, cKO (CD4-Cre;Zbtb20f!/
and (F) FoxP3-Cre;Zbtb20™fl mice 5h after gavage. (G, H) Ratios of creatinine to
rhodamine B-dextran (Creatinine/RD70) and FITC-dextran to rhodamine B-dextran (FD4/
RD70). At least two independent experiments were performed. A total n=5 mice/group; B,C
total n=4 mice/group; D,E,G total n=6 mice/group; F,H total n=4 mice/group. Data were
analyzed using an unpaired t-test and represented as mean £ SEM. Significance represents *
P<0.05, ** P<0.01, *** P<0.001.
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Fig. 6. Zbtb20-cKO mice develop severe colitis
(A) Bodyweight and (B) survival of Zbtb20/fl (WT) and Zbt620-cKO (cKO) mice with

DSS-induced colitis; * indicates significance, the single red x indicates the presence of
occult blood in the stool, the double red x indicates the presence of visible blood. (C)
Representative image and measurements of the lengths of the colons from WT and cKO
mice with DSS-induced colitis. (D) Representative H&E stained sections of colons collected
from 8-week old WT and cKO mice collected 9 days after initiation of DSS treatment

(left). Ulcerated regions indicated by underlying lines (focal in WT and extensive in cKO);
atypical crypt hyperplasia in WT (arrowhead) and cKO with crypt dilatation (black arrow);
inflammatory infiltrate (white arrow). Histological and inflammation scores and size of the
ulcer were reported by blinded analysis of sections done by an uninvolved third party;
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(right); 10x magnification (scale bar = 200um). (E) Bodyweight and survival of WT, CD4-
Cre;cKO, and FoxP3-Cre;cKO mice following induction of colitis. (* indicates significance
between CD4-Cre;cKO and WT; # indicates significance between FoxP3-Cre;cKO and WT.
(F) The lengths of the colons in the mice with DSS-induced colitis. A,B,E n=10-14 mice
mice/group; C,D n=7 mice/group; F,G total n=4-9 mice/group. Data were analyzed using
an unpaired t-test and represented as mean + SEM. Significance represents * P<0.05, **
P<0.01, *** P<0.001.
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Fig. 7. Adoptive transfer of Zbtb20-expressing Tregs reduces the severity of colitis.

(A) Bodyweight and survival of WT and Zbt620-<KO (cKO) mice that received an i.p.
injection of the vehicle (PBS) or 5x10° of total Tregs collected from the spleen of healthy
WT mouse (* indicates significance between WT + PBS and cKO + PBS; * indicates
significance between cKO + Tregs WT and cKO + PBS). (B) Bodyweight and survival

of WT and cKO mice that received an i.p. injection of PBS or 100x103 sorted ZEG20*
Tregs or 1x10° sorted non-ZEG20 CD62L'° Tregs (¥ indicates significance between cKO +
ZEG20™* and cKO + non-ZEG20 CD62L°; * indicates significance between cKO + ZEG20*
and cKO + PBS; * indicates WT + PBS and cKO + PBS). (C) Bodyweight and survival

of WT and cKO mice that received an i.p. injection of PBS or 100x103 sorted ZEG20*
IL-10*"* Tregs or 1x10° sorted ZEG20™ IL-10~"~ Tregs (2 indicates significance between
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cKO + ZEG20* Tregs and cKO + PBS; * indicates significance between cKO + ZEG20™*
Tregs and cKO + ZEG20 IL-107/~ Tregs; * indicates significance between WT + PBS and
cKO + ZEG20 IL-107/~ Tregs ; * indicates significance between WT + PBS and cKO +
PBS). The injections were done a day before induction of the colitis with DSS. At least
two independent experiments were performed. A total of n=6 mice/group. B total n=5-9
mice/group. C total n=6-9 mice/group. Data were analyzed using two-way ANOVA with
Tukey correction and represented as mean + SEM. Significance represents * P<0.05, **
P<0.01, *** P<0.001.

Sci Immunol. Author manuscript; available in PMC 2022 November 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Krzyzanowska et al.

Page 35
A. . .
CD3M" CD4SP CD3h CD8SP DP CD3P -
3 04
%_ 0.20 ] 0 ] 0.03 "
T 03
S &
2. R o02
5]
1 i E 01
s S — . — | A 00! s
CD4-PE-Cy7 CD8-BV605 CD4-PE-Cy7 DP CSDP4 CSDPS
ZEG20* CD4SP 100 C cD3" CD4SP 3%
Joss 0.083 '
80 .
- 0.8
51.6 o & o
R [CF N 06
8 | F L 8 |
< 40 + e_ (&) 0.4 T
* a X 1
20 N 02 .
- 0 E . : o
CD73-PE-Cy7 ZEG20 "~ ZEG20*
CD4sp CD4SP
D. ZEG20* ZEG20* ZEG20*
CD4sP CD25* CD4SP CD25- CD4SP
] 333 1 1
N ] ]
94 P
w r ] ]
& . 89.0 30,0
o~ 4 4 ]
2 =
SF ._.-“-7 ]
b Lo |
CD4-Pac Blue FoxP3-RFP ""FoxP3-RFP
E n E. g
FoxP3-RFP FoxP3-RFP
. 1 15 _": Ll
S 2 o
3 " E 1.0
o 2
z z
T = — 05
s s
0 ; 0 _
Nrp1-PE ZEG20* 62L° 62LM ZEG20* 621 G2Lh
Non- Non-
ZEG20 ZEG20

Fig. 8. Zbtb20 expression during thymic development _ _
(A) Representative FACS dot plot of Zbtb20 expression in CD3MCD4SP and CD3"CD8SP

and CD3'°DP thymocytes in ZEG20 mice. (B) Representative FACS plots showing
expression of CD73, (C) CD62L, (D) CD25, and FoxP3 in ZEG20* CD4SP thymocytes. (E)
Representative FACS histogram of Nrp-1 expression in the indicated subsets of Tregs and
(F) T cells from spleens of ZEG20;FoxP3-RFP mice. At least two independent experiments
were performed. A,C,D total n=3 mice/group. B,E,F total n=5 mice/group. Data were
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analyzed using One-way ANOVA and represented as mean + SEM. Significance represents
* P<0.05, ** P<0.01, *** P<0.001.
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Table 1.

Primers used for PCR
Primers Forward (5’-3’) Reverse (5’-3")
Exon 13 CTAGAACGGAAGAAACCCAAGAA
Exon 14 CTGACCTTGACCAGCAACACACG AGCAAATGGAGCGCTACCTGTCCA
Exon 15 GGATTACCTTATCAAGCACATGGTGAC
hIL10_-107 GGAGGAGCTCTAAGCAGAA AAGCCCCTGATGTGTAGAC
hIL10_-336 CTAGGAACACGCGAATGAGAA TTTAGGATGGGCTACCTCTCT
hIL10_-701 GCAGACTACTCTTACCCACTTC TGTGTTCCAGGCTCCTTTAC
hIL10_-1032 GAGGAAAGTAAGGGACCTCCTA CTTCTGTGGCTGGAGTCTAAAG
hIL10_-1810 AGTTTCTAGCAGGCTCTTTCTC GGTGTCTCTTCCCAACTCTTC
hIL10_-2920 CTTCAGCAAATGGCTTGAGATAAT | TGCTGAGATTACAGGCATGAG
hIL10_-4035 GCTCTAATGGGAGGCAGATT GTGTGTGTGTGTGTGCTTATG
hIL10_-6004 GTGGAGACTGGAGCAAACTAA GTCTGCATGACTACCTAGGATAAC
hIL10_-8050 CGCCTGGAAGAGCACTAAT TGAAGAAACCACTGTCCTTACA
hIL10_-10218 | GACAGGTCACTGGCAAATCA CCAGGGTGGTCTTTCAGTTTAG
hIL10_-12113 | TCTTCTGATTTCCACTGCTCTC TGTATTTCCTTCTCGCAATCCT
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