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Peripherally-induced regulatory T cells (pTregs) expressing the retinoic acid receptor-related orphan-receptor gamma t (RORyt) are
indispensable for intestinal immune homeostasis. Nuclear factor kappa family members regulate the differentiation of thymic Tregs
and promote their survival in the periphery. However, the Treg intrinsic molecular mechanisms controlling the size of the pTregs in
the intestine and associated lymphoid organs remain unclear. Here, we provide direct evidence that B-cell lymphoma 3 (Bcl3) limits
the development of pTregs in a T cell-intrinsic manner. Moreover, the absence of Bcl3 allowed for the formation of an unusual
intestinal Treg population co-expressing the transcription factors Helios and RORyt. The expanded RORyt* Treg populations in the
absence of Bcl3 displayed an activated phenotype and secreted high levels of the anti-inflammatory cytokines interleukin (IL)-10
and transforming growth factor beta. They were fully capable of suppressing effector T cells in a transfer colitis model despite an
intrinsic bias to trans-differentiate toward T helper 17-like cells. Finally, we provide a Bcl3-dependent gene signature in pTregs
including altered responsiveness to the cytokines IL-2, IL-6, and tumor necrosis factor alpha. Our results demonstrate that Bcl3 acts
as a molecular switch to limit the expansion of different intestinal Treg subsets and may thus serve as a novel therapeutic target for

inflammatory bowel disease by restoring intestinal immune tolerance.

Mucosal Immunology (2024) xx:xxx—xxx; https://doi.org/10.1016/j.mucimm.2024.04.002

INTRODUCTION

The adaptive immune system has developed multiple ways to
prevent over-reaction and autoreactivity. T cells are particularly
vulnerable to recognize self-antigen and therefore undergo neg-
ative selection based on cognate self-antigen recognition by the
T-cell receptor (TCR) in the thymus. Alternatively, T helper cells
harboring intermediate-affinity TCRs specific for self-antigen
can differentiate into Foxp3 expressing regulatory T cells (Tregs)
to control T-cell immunity in the periphery. While Treg develop-
ment in the murine thymus culminates in the expression of the
lineage-defining transcription factor Foxp3, a variety of control
mechanisms including epigenetic mechanisms of conserved
non-coding sequences prior to the Foxp3 locus regulate Treg
differentiation and stability'. Surprisingly, several members of
the Nuclear factor kappa (NF-kB) pathway — previously mostly
associated with inflaimmation—also seem to be essential for
proper Treg differentiation and maintenance®®. For example,
deficiency of c-Rel and RelA in T cells or Tregs decreases thymic
Treg differentiation and Treg function in the periphery® .

The intestinal tract is particularly vulnerable to undesired T-
cell reactivity due to the constant presence of a plentitude of
harmless antigens of dietary or commensal bacterial origin. Mul-
tiple cell types contribute to the establishment and maintenance
of active and passive immune tolerance in the intestinal tract,
many of which express the retinoic acid receptor-related
orphan-receptor gamma t (RORyt)’. Among these RORyt-
expressing cell types, a specialized subtype of Foxp3* Tregs
has been identified which is thought to control activation of
effector T cells in response to harmless microbial antigens’°.
In contrast to other Treg subsets, RORyt" Tregs differentiate
locally from naive T cell precursor cells [peripherally-induced
Tregs (pTregs)] to establish active immune tolerance toward
commensal microbes”'’. Given the enormous surface of the
intestinal tract in close proximity to a vast amount of non-self-
antigens, elucidation of molecular nodules controlling the induc-
tion and maintenance of microbiota-dependent Tregs offers the
possibility to develop more targeted approaches to manipulate
the local pTreg pool. This insight could be useful to either fight
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inflammatory bowel disease (IBD) that is known to be often
tightly connected to non-functional Tregs or enforce effector
T-cell responses in case of chronic infections.

Interestingly, this pTreg subset also depends on RelA expres-
sion®. Next to prototypic members of the NF-kB family, atypical
IkB family members are thought to control NF-kB activity in var-
ious cell types including cluster of differentiation (CD)4* T cells.
For instance, we have recently shown that IBD patients show
high expression of the atypical NF-kB member B-cell lymphoma
3 (Bcl3) in colonic T cells, and overexpression of Bcl3 in T cells
results in defective Treg differentiation and more severe intesti-
nal inflammation in a T cell transfer colitis model'". In contrast,
Bcl3-deficient T cells were unable to induce intestinal inflamma-
tion possibly due to enhanced trans-differentiation of T helper
(Th)1 cells to less-pathogenic Th17 cells'>. Whether and how
Bcl3 regulates different Treg subsets and whether such Treg
alterations may be relevant for intestinal homeostasis has not
been investigated in detail.

Here, we show that the absence of Bcl3 results in an
expanded RORyt" Treg population. Interestingly, Bcl3 deficiency
also induced the appearance of an unusual intestinal Treg pop-
ulation co-expressing the lkaros family member Helios and
RORyt", generally excluding each other. All Bcl3-deficient Treg
subsets had an activated phenotype, secreted anti-
inflammatory cytokines, and were fully capable of suppressing
effector T cells in a transfer colitis model despite an intrinsic bias
to trans-differentiate toward Th17-like cells. Mixed bone marrow
chimeras, as well as mice lacking Bcl3 specifically in Foxp3*
Tregs, revealed that pTreg expansion and the appearance of
the atypical RORyt*Helios™ Treg population was a direct conse-
quence of T cell-intrinsic Bcl3 deficiency. Bulk and single-cell
transcriptional profiling revealed that Bcl3 deficiency in Tregs
resulted in an activated signature in Tregs including //10, TGFb,
Bcl2I1, Furin, and Cd83. Lastly, we provide evidence that,
although loss of Bcl3 leads to a stable increase in CD83 expres-
sion, CD83 deficiency alone is not sufficient to recapitulate
effects of Bcl3 deficiency. Our results demonstrate that Bcl3
can be considered as a molecular switch to limit the expansion
of different intestinal Treg subsets and may thus serve as a novel
therapeutic target to enforce intestinal tolerance and fight IBD.

RESULTS

BclI3 deficiency quantitatively and qualitatively alters Foxp3
+ Tregs subsets

Colonization of the intestinal tract by commensal microbes
imposes a particular challenge to the adaptive immune system
by the need to tolerate dietary antigens and antigens derived
from commensal microbes while simultaneously maintaining
responsiveness to infectious agents. As specialized Treg subsets
are thought to contribute to the maintenance of tolerance, we
profiled CD4* T cells isolated from the small intestine (SI) lamina
propria of wildtype (WT) mice at the single-cell level. Besides var-
ious CD4™" effector T cells and a small population of naive CD4* T
cells, we also detected a distinct cluster similar to Tregs (Foxp3,
I2ra, Stat5) (Supplementary Figs. 1A and 1B). Reclustering of the
Foxp3 expressing cluster revealed five distinct Treg subclusters,
two of these resembled thymic-derived Tregs (tTreg) with either
repair features (tTreg repair, e.g. Klrg1, ll1rl1, and Pdcd1) or effec-
tor features (tTreg effector, e.g. Itgae, Gzmb). Two other clusters
showed transcriptional similarities with peripherally-induced
Tregs (pTregs, e.g. Rorc, Maf) while cluster 4 was scattered across
all other clusters, possibly due to a distinct cell cycling stage
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(Fig. 1A). This transcriptional information was used to create
and calculate scores for the different Treg subsets that could
then be used in further experiments (Fig. 1B and Supplementary
Fig. 1D). When searching for overarching transcriptional differ-
ences between tTregs and pTregs, we noticed that an NF-kB-
associated gene signature was particularly abundant among
tTregs (especially repair tTregs; Fig. 1C). However, although the
expression of the atypical kB family member Bcl3 seemed to
be particularly high in Tregs (Supplementary Fig. 1E) there was
no Treg subset dependent difference in Bcl3 expression (Fig. 1C).

Given that Bcl3 is highly expressed in colonic biopsies of
patients with IBD'', we next asked whether interfering with
the NF-kB-pathway via Bcl3 deficiency would affect the intestinal
Foxp3™ Treg landscape. In animals with constitutive Bcl3 defi-
ciency, we found a systemic increase in overall Foxp3* Treg fre-
quencies in lamina propria of the SI, mesenteric lymph node
(mLN), Peyer’s Patches (PP), peritoneal cavity, and to a minor
degree even in the thymus (Figs. 1D and 1E) although this effect
was less pronounced in total cell numbers (Supplementary
Fig. TF). As the lamina propria of the Sl showed the most striking
difference and besides the colon is also one of the sites where
most pTregs can be found®'?, we stained for the transcription
factors RORyt and Helios, a combination that allows distinguish-
ing between pTregs and tTregs™'°. Indeed, we observed a con-
sistent increase of RORyt"Helios™ Tregs (pTregs) in the SI lamina
propria, mLN, and even spleen (Figs. 1F and 1G). Surprisingly, we
noticed the additional appearance of a RORyt"Helios™ Treg pop-
ulation (DPTreg) in Bcl3-deficient animals that is typically absent
in WT animals (Figs. TF and 1H). Consistent with these observa-
tions we found elevated cell numbers of pTregs and DPTregs in
most organs (Supplementary Fig. 1G). Given that Bcl3 pro-
foundly affects intestinal Tregs we next asked whether Bcl3-
deficient Tregs are still able to execute effector functions such
as anti-inflammatory cytokine production. Notably, ex vivo-
isolated Bcl3-deficient Tregs were even superior producers of
interleukin (IL)-10 and transforming growth factor beta (TGFf)
suggesting either a direct regulation by BclI3 or a higher activa-
tion status of Tregs devoid of Bcl3 (Figs. 11-K). Importantly, supe-
rior TGFP and to a lesser degree also higher IL-10 secretion was
found in all previously defined Treg subsets (tTreg, pTreg) of
Bcl3-deficient animals including the newly defined DPTreg
(Figs. 1J and 1K) while IL-17 production remained unchanged
(Supplementary Fig. TH). Altogether, these results suggest that
Bcl3 is a major regulator affecting particularly RORyt* Treg sub-
sets and their capacity for anti-inflammatory cytokine
production.

Bcl3 influences RORyt expressing Tregs in a cell-intrinsic
manner

Our results show an increased abundance of Tregs and espe-
cially RORyt" Tregs in mice lacking Bcl3 expression with a simul-
taneous increase in their cytokine production potential.
However, the spontaneous expansion and the atypical pheno-
type of DPTregs in Bcl3¥?“° animals could theoretically also
be caused by cell-extrinsic effects of Bcl3 in other cell types as
published for B cells or dendritic cells'*'®. Therefore, we next
investigated whether Bcl3 exerts these effects on the phenotype
of Tregs in a cell-intrinsic manner by generating a Foxp3-specific
conditional knockout of Bcl3 through an intercross of Foxp3<®/
WT x BcI3™ mice. Contrary to global loss of Bcl3, steady-state
analysis of spleen, mLN, and lamina propria of the SI from Fox-
p3<™MT 5 Bcl3" mice did not show a clear difference in the
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total frequency of Foxp3* Treg in secondary lymphoid organs
but in the SI (Figs. 2A and 2B and Supplementary Fig. 2A). How-
ever, we were able to confirm sustained changes in the percent-
ages of both pTregs (Figs. 2C and 2D) and DPTregs (Figs. 2C and
2E) among Foxp3* Tregs as well as an increase in total numbers
of pTregs and DPTregs in mLN and SI (Supplementary Fig. 2B),
indicating an important cell-intrinsic effect of Bcl3 on RORyt"
Tregs. We furthermore hypothesized that the expression levels
of Bcl3 act as a rheostat for the size of the RORyt expressing Treg
pool. Therefore, we analyzed mice specifically overexpressing
Bcl3 in CD4™ T cells (BcI3™F""). Splenic Tregs isolated from
BcI3™E expressed around eight times more Bcl3 compared to
Tregs from control animals (Fig. 2F). Analysis of spleen and
mLN (and in tendency also in the SI) showed that conditional
overexpression of Bcl3 leads to significantly decreased Foxp3*
Treg abundance (Figs. 2G and 2H) and decreased absolute Treg
numbers (Supplementary Fig. 2C). Furthermore, the percentage
and total cell number of RORyt* pTregs in Bcl3™F mice were
decreased accordingly (Figs. 2I and 2J and Supplementary
Fig. 2D). On the other hand, while abundance and number of
DPTregs were decreased in the spleens of Bcl3™F animals as
anticipated, there was a high variation in the DPTreg percentage
in mLN and Sl of BcI3™F mice (Figs. 21 and 2K) probably due to
the low Treg counts in Bcl3™F mice as this was not observed in
absolute numbers (Supplementary Fig. 2D). In summary, these
data suggest that Bcl3 expression in Tregs is sufficient to sup-
press RORyt" Treg formation in a cell-intrinsic manner.

Bcl3 regulates RORyt* Treg expansion independent of the
intestinal microbiome and under equal microenvironmental
conditions

As pTreg populations are very dependent on the intestinal
microenvironment and can vary between different animal facil-
ities due to a varying microbiome, we wanted to exclude any
influence of a possibly different microenvironment in Bcl3-
deficient or Foxp3<®™"T x BcI3™f animals raised in different facil-
ities. Therefore, we analyzed Treg populations of Bcl3-deficient
and control mice that were initially colonized with a reduced
microbiome (RM) based on the Altered Schaedler flora'®. Indeed,
we found an attenuated effect of Bcl3 deficiency on RORyt" Treg

subsets while the overall increase of Tregs was not affected
(Supplementary Fig. 3) highlighting the general microbiome
dependency of RORyt" Treg induction. To allow RORyt* Treg
induction from cells deficient and sufficient for Bcl3 within the
same microenvironmental conditions we next generated mixed
bone marrow chimeras by reconstituting lethally irradiated T-
and B-cell deficient Rag1¥®’*® animals with 50% congenically
marked control (CD45.1) and 50% of Bcl3-deficient (CD45.2)
bone marrow cells. In fact, Bcl3-deficient bone marrow cells gave
rise to a higher percentage of total Tregs in the lamina propria of
the Sl and spleen compared to WT cells (Figs. 3A and 3B). Again,
this effect was particularly pronounced among RORyt*Helios™
pTregs (Figs. 3A and 3C) and we also found the atypical RORyt*-
Helios* DPTreg population exclusively among Bcl3-deficient
Tregs (Figs. 3A and 3D). Although equal numbers of Bcl3-
deficient and competent bone marrow cells were transferred
to the recipients, the absolute numbers showed drastic differ-
ences in the Treg compartment (Fig. 3E). Furthermore, the sub-
stantial surplus in pTreg and DPTreg cell counts hinted toward a
developmental bias in Bcl3-deficient cells toward RORyt™ Tregs
(Figs. 3F and 3G). Interestingly, WT cells dominated over Bcl3-
deficient cells in the thymus and to a lesser degree also in sec-
ondary lymphoid organs while in the SI Bcl3-deficient cells were
at least as good or even superior to WT cells in filling the
hematopoietic compartment of mixed bone marrow chimeras
(Figs. 3H and 3l). This effect became gradually even more promi-
nent for CD4"* T cells, Tregs, or pTregs with Bcl3-deficient cells
competing out WT cells (Figs. 3) and 3K). Altogether, these
results clearly suggest that Bcl3 regulates Treg cell biology and
especially the formation of RORyt" Tregs in a cell-intrinsic man-
ner and not via affecting other immune cells or local
microenvironments.

Bcl3-deficient Tregs have an unabated suppressive capacity
in transfer colitis

Our data indicate that inflated Bcl3-deficient Foxp3* Treg popu-
lations were functionally superior in terms of cytokine produc-
tion (Fig. 1). Additionally, Bcl3-deficient Th1-differentiated cells
were unable to induce intestinal inflammation in a transfer col-
itis model'?. Furthermore, we have previously demonstrated

P
N

Fig. 1 Bcl3 deficiency quantitively and qualitatively alters Foxp3* regulatory T cell subsets. (A) tSNE dimensionality reduction of Foxp3* T cells
reclustered from a dataset with sorted CD4"* T cells from Sl (see Supplementary Fig. 1). (B) Mean expression levels of differentially expressed
genes in clusters labeled as peripherally induced RORyt expressing Tregs (pTregs) compared to clusters defined as thymically derived repair or
effector Tregs (repair/effector tTregs). (C) Feature plot showing expression of selected NF-kB genes (left) and Bcl3 (right) for cells from (A) (D)
Representative flow cytometry plot for Foxp3 expression in CD4* T cells from the lamina propria of the Sl of WT and Bcl3¥®%° mice. (E)
Summary of FACS analysis shown in (D) for SI lamina propria, PP, mLN, PEC, spleen and thymus. (F) Representative flow cytometric analysis of
RORyt and Helios expression in Foxp3™ regulatory T cells from SI of WT and BcI3X%/“° animals. (G and H) Percentage of RORyt"Helios™ (pTreg)
(G) or RORyt*Helios™ (DPTreg) (H) Foxp3™ regulatory T cells. (I) Representative flow cytometry plot for IL-10 (top) and TGF (bottom) cytokine®
regulatory T cells from WT and Bcl3*%’X° after ex vivo restimulation of lymphocytes from mLN with PMA/lonomycin. (J and K) Relative
quantification of IL-10 (J) and TGFp (K) expression in different subpopulations of restimulated regulatory T cells as in (1). Each dot represents an
individual mouse and mean + SD from at least two independent experiments is shown. Control n >9 mice, Bcl3¥°’*° n >9 mice. Statistical
analysis was performed using two-tailed Student’s t test and corrected for multiple comparison using the Holm-Sidak method. A p value
of < 0.05 was considered statistically significant with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. CD = cluster of
differentiation; DPTreg = double-positive Tregs; FACS = fluorescence-activated cell sorting; IL = interleukin; mLN = mesenteric lymph node;
NF-kB = nuclear factor kappa; PEC = peritoneal cavity; PMA = phorbol myristate acetate; PP = Peyer’s Patches; pTregs = peripherally-induced
regulatory T cells; RORyt = retinoic acid receptor-related orphan-receptor gamma t; SD = standard deviation; SI=small intestine;
TGF = transforming growth factor; tSNE = t-distributed stochastic neighbor embedding; tTregs = thymic-derived regulatory T cells;
WT = wildtype.
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that Bcl3 overexpression in Tregs diminished their in vivo sup-
pressive capacity''. Therefore, we hypothesized that loss of
Bcl3 in Tregs would not negatively impact the suppression of
gut inflammation in vivo. Thus, we next analyzed whether Bcl3
sufficient and Bcl3-deficient Tregs were equally capable of sup-
pressing effector T cells in a transfer colitis model. As antici-
pated, the transfer of naive CD45.1* CD4" T cells into Rag1X®”’
KO induced weight loss starting around 4 weeks post-transfer
(Fig. 4A). Importantly, the co-transfer of Bcl3-deficient Tregs
was at least as efficient as the co-transfer of control Tregs in pro-
tecting animals from weight loss and control of CD45.1* effector
T-cell expansion in different organs (Figs. 4A and 4B). Moreover,
histological hematoxylin and eosin (H&E) analysis of the colon
and distal SI showed that cellular infiltration in the colon, epithe-
lial hyperplasia, and goblet cell loss were drastically reduced by
both Bcl3 sufficient and Bcl3-deficient Tregs (Figs. 4C and 4D).
Lastly, we also investigated the fate of transferred CD45.2* Tregs
originating from the spleens of control or Bcl3-deficient animals.
Surprisingly, the overall frequency of Foxp3* cells among trans-
ferred Bcl3-deficient Tregs was diminished under these inflam-
matory conditions, suggesting that Bcl3 is necessary to
maintain overall Treg stability (Fig. 4E). Interestingly, these ex-
Tregs from Bcl3-deficient animals primarily adopted a Th17 cell
fate (Fig. 4F), a phenomenon that has been described as patho-
genic conversion or trans-differentiation of Tregs to Th17 cells in
autoimmune arthritis'’. This observation prompted us to inves-
tigate whether Bcl3 deficiency might also provoke increased
Th17 cell numbers in the aforementioned models. Indeed, we
also observed elevated RORyt*Foxp3™ Th17 cell frequencies in
global Bcl3*9%® mice, in Foxp3<™T x Bcl3™ animals, and
among Bcl3-deficient cells in mixed bone marrow chimeras
(Supplementary Figs. 4A-C).

Consistent with our previous findings, we observed increased
abundances of pTregs in animals receiving Bcl3-deficient Tregs
and correspondingly lower percentages of RORyt Helios™ Tregs
(tTregs) (Figs. 4G-l). Moreover, we again confirmed the appear-
ance of the RORyt'Helios* DPTreg population exclusively in
Tregs derived from Bcl3-deficient animals (Figs. 4G and 4J).
Given that the spleen typically harbors only very few pTregs
(based on RORyt and Helios expression, see Supplementary
Fig. 1), these results suggest that the DPTreg population may
be derived from Helios* tTregs and not caused by de novo Treg
cell differentiation. In summary, these results demonstrate that

P

Bcl3-deficient Tregs are at least as functional and capable of sup-
pressing effector T-cell expansion and intestinal inflammation as
their Bcl3 sufficient counterpart.

Bcl3 deficiency results in a transcriptional profile favoring
RORyt+ Tregs

To be able to further characterize the effect of Bcl3 on Tregs at
the transcriptional level, we backcrossed the Bcl3 deficient
mouse line to a double reporter mouse line for Foxp3 and RORyt
(Foxp3®PxRorc(yt)°™ x Bcl3K%%C), This line enabled us to identify
and isolate total Foxp3™* Tregs, RORyt" Tregs, and RORyt™ Tregs
from Bcl3 deficient and respective control reporter mice
(Fig. 5A) to perform bulk ribonucleic acid sequencing (bulkRNA-
seq) of sorted populations. First, we sequenced total Foxp3™
Tregs from mLN and spleens of Bcl3X%“°, WT, and BcI30E™™9
mice (Fig. 5B and Supplementary Fig. 5A). As expected, overex-
pression or the absence of Bc/3 in BcI30E™9 and Bcl3¥°/© Tregs
corresponded with the respective genotype (Fig. 5B). In addition
to that, Tregs lacking Bcl3 demonstrated increased expression of
genes that were previously described to be associated with T cell
and Treg activation and differentiation such as Ctla2a, Tnfrsf8,
and Cd86. However, we could also observe decreased expression
of Treg marker genes Foxp3 and /l2ra in Bcl3 overexpressing
Tregs which is in line with their reduced appearance (Fig. 2F
and™). In agreement with the phenotype seen in flow cytomet-
ric analysis (Figs. 1 and 2), we found an increase in genes asso-
ciated with a pTreg transcriptional profile (as shown in
Supplementary Fig. 1D) such as Rorc, Cxcr6, and Asb2 in Tregs
of Bcl3 deficient mice compared to Tregs of WT or BcI3OE™™9
mice (Fig. 5B). As this effect presumably resulted from a different
cellular composition of sorted total Foxp3* Tregs, we focused
our analysis on pTregs by sorting only RORyt" Tregs for bulkRNA-
seq from Bcl3 deficient and control mice. As expected, we no
longer observed an increase in pTreg signature genes in Bcl3
deficient Tregs but elevated expression of numerous tTreg sig-
nature genes such as lkzf2 (Helios), Ccr8, and Cd83 (Fig. 5C and
Supplementary Figs. 5B and 5D). Again, these observations likely
reflect a different composition of subpopulations among RORyt*
Tregs within the sorted fraction, namely the presence of RORyt*-
Helios* DPTregs solely in Bcl3 deficient Tregs explaining the
increase in tTreg genes in Bcl3 deficient Tregs (Fig. 5C). In accor-
dance with our previous data Bcl3 deficient RORyt™ Tregs

|

Fig. 2 Increased numbers of RORyt expressing Tregs in mice with Foxp3 specific knockout of Bcl3. (A) Representative flow cytometry plots of
Foxp3 expression among CD4™ T cells from the lamina propria of the small intestine of Foxp3 specific conditional Bcl3 knockout (Foxp3<"®/
WTBcl3>ﬂ/ﬂ) and littermate control animals. (B) Percentages of analysis shown in (A) in spleen, mLN and SI. (C) Representative flow cytometry
plots for Helios and RORyt expression in Foxp3™ T cells of small intestine lamina propria cells from Foxp3<"BcI3 and control animals. (D
and E) Percentages of RORyt"Helios™ pTregs (D) and RORyt*Helios* Tregs (DPTregs) (E) among Foxp3* Tregs from spleen, mLNs and small
intestine as shown in (C). (F) Relative expression of Bcl3 in Tregs isolated from spleens and mLNs of WT and BcI3™F mice. (G) Representative
flow cytometry plots of Foxp3 expression among splenic CD4" T cells from mice overexpressing Bcl3 in T cells (BcI3™F) and control animals. (H)
Summary of Foxp3™ regulatory T cell percentages shown in (F) in spleen, mLN and small intestine. (I) Representative flow cytometry plot from
mLN showing RORyt and Helios in pre-gated Foxp3* T cells from Bcl3"™F and control mice. (J and K) Percentages of RORyt*Helios™ pTregs (J)
and RORyt"Helios* DPTregs (K) among Foxp3* Tregs in spleen, mLN and SI from the animals in (H). Each dot represents an individual mouse
and mean =+ SD from at least two independent experiments is shown. Control n >3 mice, Foxp3<"TBcI3" n = 7; BcI3™F n >2 mice. Statistical
analysis was performed using two-tailed Student’s t test and corrected for multiple comparison using the Holm-Sidak method. A p value
of < 0.05 was considered statistically significant with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. CD = cluster of
differentiation; DPTregs = double-positive Tregs; mLN = mesenteric lymph node; pTreg = peripherally-induced regulatory T cell; RORyt = re-
tinoic acid receptor-related orphan-receptor gamma t; SD = standard deviation; SI = small intestine; WT = wildtype.
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expressed increased levels of genes associated with Treg activa-
tion such as CD44, Bcl2l1, Tnfrsf8, 119r, CD86, Ctla2, Ccl5, and II10.

To further narrow down the impact of Bcl3 on Treg gene
transcription we calculated the overlap of differentially
expressed genes (DEGs) from Bcl3 deficient compared to WT
and BcI30E™9 total Tregs (Fig. 5B) with the DEGs of Bcl3 defi-
cient RORyt"™ Tregs relative to their WT counterpart (Fig. 5C).
The influence of Bcl3 on gene expression in RORyt™ Tregs was
substantially less intense according to the number of DEGs of
Bcl3 deficient and sufficient RORyt™ Tregs (Supplementary
Fig. 5C). Thus, we further focused on the comparison of total
Treg and RORyt* Treg DEGs (Fig. 5D). It was evident that both
RNAseq analyses had considerable overlap in up- and downreg-
ulated DEGs suggesting that up to one-third of DEGs could be
accounted to differences in RORyt" Tregs. Among the shared
upregulated genes, we found Furin, II19r, Cd86, and Cd83, which
are associated with Treg function, activation, and differentiation.
Finally, we wanted to pinpoint possible biological pathways that
could therefore explain the transcriptional profile of Bcl3-
manipulated Tregs. We performed gene set enrichment analysis
(GSEA) against a published hallmark gene list representing vari-
ous biological processes'®. GSEA revealed significant decrease in
tumor necrosis factor alpha (TNFa) target genes/signaling via
NF-kB such as Bcl3, Nfkbia, and Ccl20 whereas GSEA also
revealed a significant increase in genes correlated with IL-2/
STATS5 signaling (Bcl2l1, Cd83, and Icos) and IL-6/JAK/STAT3 sig-
naling (Cd44, Stat1, and 119r) (Fig. 5E). In summary, this data sug-
gests a transcriptional influence of Bcl3 on T-cell activation as
well as the response to IL-2, IL-6, and TNFa in Tregs.

Overlapping DEGs reveal signature of altered Bcl3
expression in Tregs

The bulkRNAseq data presented above has highlighted the influ-
ence of different Treg subsets on the informative value of DEG
and GSEA analysis. As the appearance of tTreg signature genes
was likely derived from DPTregs, we decided to investigate the
transcriptional profile at the single-cell level. We therefore per-
formed single-cell RNAseq (scRNAseq) of CD4* T cells from SI
lamina propria derived from mixed bone marrow recipients
(see Fig. 3) (Fig. 6A, left). As the focus of this study was the dif-

A

ferences within Tregs, we filtered for clusters with high Foxp3
expression (Clusters 5, 6, 11 and 12) and reclustered the selected
cells (Fig. 6A, right and Supplementary Fig. 6A). This created
seven new clusters representing different Treg subpopulations
(Fig. 6B). We used the transcriptional signatures for pTreg, tTreg
and resting Tregs gained from steady-state scRNAseq (Fig. 1) to
calculate scores for the respective signature of each cell (Fig. 6C).
In addition, expression profiles and a heatmap illustrating the
cluster-defining genes was used to identify the nature of the
respective cell clusters (Fig. 6D and Supplementary Fig. 6B). This
enabled us to label Cluster0 and Cluster1 as pTregs (based on
Ccr2, Zfp36, Asb2, Ccr9, and Jun expression) and Cluster2 and
Cluster4 as tTregs (based on lkzf2, Cd83, Tnfrsf9, and Fam46a
expression). Cluster5 and Cluster6 were likely to represent a mix-
ture of cells undergoing stress (based on Hsp90ab1, Hspa8, and
Hspd1) or clustering according to a different activation status
(based on Tnfsf8, Ccr7, Evl, S100a4 and Tcf7 expression), respec-
tively. We wanted to further investigate the influence of Bcl3
deficiency on the composition of Treg subpopulations in scRNA-
seq data. Indeed, we were able to reproduce the phenotype
seen after ex vivo flow cytometry analysis of mixed bone marrow
chimeras from Fig. 3 in the sequencing data. Lack of BcI3 in
Tregs leads to more cells in pTreg clusters (Cluster0 and Clus-
ter1) and fewer cells in tTreg clusters (Cluster2 and Cluster4)
(Fig. 6E). Furthermore, Cluster3 appeared to be almost exclu-
sively composed of Tregs originating from Bcl3 deficient bone
marrow. Together with the gene expression profile of this cluster
(Fig. 6D), it can be assumed that Cluster3 represents DPTregs
that exclusively arise in Bcl3 deficient Tregs. Interestingly, the
Cluster3 defining genes include genes associated with T-cell
activation (Fosb and Furin) and production of Th1 or Th17 cytoki-
nes (Ifng, lI17a, and 1122) suggesting an overall activated pheno-
type (Fig. 6E).

To further narrow down the Bcl3-dependent transcriptional
signature in Treg subclusters at the single-cell level, we calcu-
lated the DEGs of Bcl3 deficient versus Bcl3 competent Tregs
within each of the tTreg and pTreg clusters (Supplementary
Fig. 6C). Thereby, we were able to diminish the effects of
microenvironment and cellular composition on the respective
gene signature. We then overlapped the DEGs from all four clus-

|

Fig. 3 Increase of RORyt expressing Treg numbers in the Bcl3-deficient T cell compartment of mixed bone marrow chimeras. Irradiated
Rag1““’%® animals were transplanted with an equal amount of CD45.2* BcI3X?/“® and CD45.1* WT bone marrow cells and analyzed 16 weeks
after transfer. (A) Representative flow cytometry plot showing RORyt and Helios expression among pre-gated WT cells (CD45.1%, top) or Bcl3**
KO cells (CD45.2*, bottom) Foxp3™ T cells from small intestine lamina propria of mixed bone marrow recipients. (B) Percentage of total Foxp3*
regulatory T cells of CD45.1% or CD45.2* CD4" T cells from SI lamina propria and spleen of mixed bone marrow chimeras. (C and D)
Percentages of RORyt"Helios™ pTregs (C) and RORyt*Helios™ Tregs (DPTregs) (D) among pre-gated WT cells (CD45.1%, top) or Bcl3%*C cells
(CD45.2%, bottom) Foxp3™* Tregs from S| and spleen as shown in (A). (E-G) Absolute cell number quantification of data shown in (B-D). (H)
Representative flow cytometry plots depicting the different distribution of CD45.1+ WT and CD45.2* Bcl3*%%° cells among all living cells
isolated from the thymus (left) or colon lamina propria (right). (I) Quantification of analysis shown in (H) depicting the percentage of CD45.1*
WT cells out of all living CD45" cells isolated from the indicated organs. (J) Representative flow cytometry plots depicting the different
distribution of CD45.1* WT and CD45.2* BcI3¥%’KC cells among all living cells (left) and pTregs isolated from small intestine lamina propria. (K)
Quantification of the percentage of CD45.1* WT cells among all CD45* cells, pre-gated on the indicated cell populations isolated from small
intestine lamina propria and spleen. Each dot represents the respective cell compartment within an individual mouse. Mean + SD from at least
two independent experiments is shown. Rag1“®™*® mixed bone marrow recipients n > 11. Statistical analysis was performed using two-tailed
Student’s t test and corrected for multiple comparison using the Holm-Sidak method. A p value of < 0.05 was considered statistically
significant with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. CD = cluster of differentiation; DPTregs = double-
positive Tregs; pTreg = peripherally-induced regulatory T cell; RORyt = retinoic acid receptor-related orphan-receptor gamma t; SD = standard
deviation; SI = small intestine; Tre = regulatory T cell; WT = wildtype.
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ters to reveal 26 consistently upregulated and seven consistently
downregulated genes representing the core Bcl3-dependent
genes across all tTreg and pTreg clusters (Fig. 6F and Supple-
mentary Table 1). Finally, we wanted to compare these overlap-
ping DEGs with the previously analyzed bulkRNAseq DEGs and
therefore once more calculated the overlap of DEG which
resulted in nine universally upregulated genes such as Cd83,
Bcl2l1, and Furin and two genes that were downregulated in
Bcl3 deficient Tregs throughout all data (Ctse and Nfkbid)
(Fig. 6G). In summary, scRNAseq transcriptional profiling con-
firmed the effect of Bcl3 deficiency on our phenotypic descrip-
tion of individual Treg subsets and suggests an activated
phenotype for the atypical RORyt*Helios* DPTregs as well as sev-
eral possible target genes for the Bcl3-dependent regulation of
Treg formation.

Bcl3-dependent suppression of CD83 expression is
insufficient to account for the increase of RORyt expressing
Tregs
Among the consistently upregulated genes in Bcl3 deficient
Tregs was Cd83. CD83 has been shown to play an important role
in Treg stability and differentiation'®. Accordingly, we reasoned
that enhanced expression of CD83 caused by the absence of
Bcl3 may result in enhanced Treg differentiation and Treg stabil-
ity/survival. We therefore aimed to first verify the Bcl3-
dependent regulation of CD83 on the protein level. In addition
to Treg subpopulation markers, isolated lymphocytes from
spleen, mLN, and Sl lamina propria were stained with an anti-
body specific for CD83. In agreement with bulk and scRNAseq
data, we found increased frequencies and mean fluorescence
intensity of CD83 expression on pTregs, tTregs, and DPTregs
and in all analyzed organs of Bcl3 deficient animals (Figs. 7A
and 7B and Supplementary Fig. 7A). Furthermore, the expression
of CD83 was higher in tTregs as compared to pTregs irrespective
of genotype (Fig. 7C), supporting the previously described tTreg
signature (Supplementary Fig. 1D). To further support the
hypothesis of Bcl3-dependent regulation of CD83, we confirmed
the increased expression of CD83 in Tregs with a Treg-specific
loss of Bcl3 in comparison with littermate controls (Figs. 7D
and 7E).

Finally, we aimed to investigate a possible effect of increased
CD83 expression on the formation of RORyt" Treg populations.

A

We hypothesized that loss of CD83 in Tregs would have an
adverse effect on pTreg development and hence lead to
decreased abundance of RORyt* Tregs. Thus, we analyzed abun-
dance of Treg subsets in spleen, mLN, and S| lamina propria of
mice with a T cell-specific loss of CD83 (CD4“*"'cD83™™) and
control animals. Although Tregs of CD4<*"TcD83"" indeed
were devoid of CD83 expression (Supplementary Fig. 7C), we
did not find any reduction in overall Treg abundance (Figs. 7F
and 7G and Supplementary Fig. 7D). Moreover, there were no
significant changes in pTreg and tTreg frequencies or cell num-
ber (Figs. 7H-J and Supplementary Fig. 7D). Altogether, these
data suggest that Bcl3 influences the expression of CD83; yet
the sole manipulation of CD83 expression in CD4* T cells is
not sufficient to recapitulate the profound effect of Bcl3 on
RORyt* Treg formation.

DISCUSSION

Dominant immune tolerance by an expanded RORyt" pTreg
population may be detrimental to fighting intestinal pathogens.
Therefore, both cell-extrinsic and cell-intrinsic regulatory loops
may control the size of intestinal the pTreg population to allow
immune responsiveness while ensuring tolerance to commensal
bacteria. For instance, a favorable level of intestinal tolerance
may even be transmitted to the following generation by inheri-
tance of an immunologic setpoint for the frequency for RORyt"
pTreg”. However, whether Treg intrinsic mechanisms limit the
expansion of intestinal pTregs remains unclear. Gene signatures
of major intestinal Treg subsets and previously reported effects
of individual knockouts for NF-kB family members on Tregs sug-
gested a key role for the NF-kB pathway in regulating Treg dif-
ferentiation and survival®.

In the current study, we provide direct evidence that the
atypical IkB protein Bcl3 acts as a major Treg intrinsic determi-
nant for the regulation of Foxp3* Tregs and in particular for
RORyt* Treg subsets. Both global and Treg-specific knockout of
Bcl3 as well as mixed bone marrow chimeras resulted in an
expanded RORyt" pTreg population. In contrast to many other
knockouts affecting Treg survival or limiting Treg function, glo-
bal knockout, and conditional knockout of Bcl3 in Tregs surpris-
ingly results in an expansion of the well-known microbiome-
induced RORyt*Helios™ Treg subset®’. To date, only a few tran-
scriptional regulators for the regulation of this microbiome-

|

Fig. 4 Bcl3“°%© Tregs have unabated suppressive capacity and are protective in T cell transfer colitis. T cell transfer colitis was performed as
described in the material and methods section. (A) Kinetic of body weight loss at indicated time points after cell transfer. (B) Total number of
recovered CD45.1" T cells isolated from each organ. (C) Representative H&E staining of histological cross sections from proximal colon (upper
row) and swiss rolls from distal small intestine (lower row) from each group. <scale bars = 100 um>. (D) Quantification of histological scores
from (C) concerning inflammatory cell infiltrate, loss of goblet cells and epithelial hyperplasia. (E) Percentage of Foxp3* regulatory T cells
among transplanted CD45.2* CD4" T cells isolated from spleen, mLN and proximal colon at the end of the experiment in (A). (F) Percentage of
RORyt expressing cells among Foxp3™ cells (Th17) in the transferred CD45.2* T cell compartment. (G) Representative flow cytometry plot
depicting RORyt and Helios expression among Foxp3* regulatory T cells in mLN of WT or Bcl3*%’K° Treg recipients. (H-J) Quantification of the
data in (G) depicting percentages of RORyt*Helios™ pTregs (H), RORyt Helios™ tTregs () and RORyt"Helios* DPTregs (J) among transferred
CD45.2% WT or Bcl3¥%’%C Tregs. Each dot represents an individual mouse. Mean + SD from at least two independent experiments is shown.
CD45.1" naive CD4 T cells only n =9 mice, naive T cells + WT Tregs n =9, naive T cells + BcI3¥*/%° Tregs n = 9 mice. Statistical analysis was
performed using either two-way ANOVA corrected via Sidak (A + B), one-way ANOVA corrected via Sidak (D) or two-tailed Student’s t test
corrected for multiple comparison using the Holm-Sidak method (E-J). A p value of < 0.05 was considered statistically significant with *
p <0.05, ** p<0.01, *** p<0.001, *** p<0.0001, ns=not significant. ANOVA = analysis of variance; CD = cluster of differentiation;
DPTregs = double-positive Tregs; H&E = hematoxylin and eosin; mLN = mesenteric lymph node; pTregs = peripherally-induced regulatory T
cells; RORyt = retinoic acid receptor-related orphan-receptor gamma t; SD = standard deviation; Th =T helper; Treg = regulatory T cell;
tTreg = thymic-derived regulatory T cell; WT = wildtype.
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dependent Treg subset have been identified despite their huge
therapeutic potential in inflammatory bowel disorders (reviewed
in references®>%). For instance, expression of c-MAF has been
shown to be essential for the differentiation of RORyt*Helios™
Treg®?® as was the NF-kB member RelA°. In contrast to these
examples, Bcl3 like other IkB members lacks a deoxyribonucleic
acid (DNA)-binding domain and must therefore exert its effect
on RORyt* Treg subsets indirectly via yet-to-be-discovered inter-
actions with other pathways or via interfering with the binding
of NF—kB family members to consensus kB binding sequences
in the DNA®°,

Surprisingly, we noticed the appearance of a RORyt"Helios™
Treg subset in the absence of Bcl3. This Treg subset is normally
not found in naive mice on the C57BL/6 background as RORyt
expression is normally confined to Helios™ Tregs presumably
due to their distinct differentiation in the periphery. Importantly,
both RORyt" Treg subsets were not only found in global Bcl3
knockout animals but also Treg-specific conditional knockouts
or mixed bone marrow chimeras pointing toward a Treg intrinsic
effect and thereby excluding secondary effects of Bcl3, for exam-
ple, in dendritic cells for the described Treg phenotype'.

What is the nature of this atypical RORyt*Helios* Treg subset?
Previously, we have noticed this Treg subset under conditions of
immune dysregulation but did not pay attention to it. For exam-
ple, mice with an autoimmune myeloproliferative disorder due
to constitutive deficiency of dendritic cells®?” or autoimmune
syndrome in IL-2 deficient animals (unpublished results) showed
a similar upregulation of RORyt expression among Helios* Tregs.
Similarly, Treg-specific ablation of STAT3 signaling® favored the
increase of RORyt*Helios* Tregs suggesting that highly inflam-
matory conditions and failure to properly signal via STAT3 are
permissive conditions for the upregulation of RORyt expression
among Helios expressing tTregs. STAT3 signaling has been
reported before to correlate and interfere with Bcl3 expression
in cancer cells*®%°, highlighting the possibility that this interac-
tion is also necessary for proper Treg homeostasis. Indeed, it
has been reported that tTregs are able to upregulate RORyt
under inflammatory conditions such as high IL-6 levels®® and
IL-6 supports the differentiation of RORyt" Tregs®. Additionally,
we observed here the appearance of RORyt"Helios* Tregs after
rescue of colitis upon co-transfer of splenic Tregs devoid of
Bcl3. The vast majority of splenic Tregs before transfer were
Helios* and expressed only little RORyt but while the transferred
Tregs remained positive for Helios expression after rescue from
transfer colitis, only Bcl3 deficient Tregs upregulated RORyt. This
result indicates that RORyt*Helios™ Tregs are indeed derived

o

from Helios* tTregs and not from RORyt" pTregs upregulating
Helios expression. Although transcriptional analysis of RORyt"-
Helios* Tregs revealed an overall activated phenotype and a
transcriptional signature associated with interferon-y and IL-17
we did not find any evidence for impaired rescue of colitis ani-
mals by Bcl3 deficient Tregs. Importantly, IL-17-expressing have
been readily identified in humans wunder rather pro-
inflammatory and colitogenic conditions®' 33, and the DPTregs
identified in this study may correspond to such IL-17-
expressing Tregs. Thus, the appearance of RORyt"Helios* Tregs
in the periphery can be regarded as a sign of strong pro-
inflammatory conditions that are negatively regulated by Bcl3
and possibly by IL-6/STAT3 signaling.

Strong pro-inflammatory conditions have been shown to
eventually allow trans-differentiation of Tregs toward a Th17 or
Th17-like cell fate that under some conditions may even con-
tribute to disease pathology'’. However, in most conditions,
such a trans-differentiation of thymic Tregs (with a TCR selected
based on recognition of self-antigens) bears a high risk of unde-
sired self-reactivity and must thus be prevented. We made the
interesting observation that even though Bcl3 deficient Tregs
were at least as suppressive as their WT counterparts and pro-
duced superior levels of suppressive cytokines IL-10 and TGF,
Bcl3 deficient Tregs partly lost their Treg identity after co-
transfer to suppress transfer colitis. Instead, Bcl3 deficient Tregs
upregulated RORyt and thus adopted a Th17-like fate. In fact,
such a bias toward a Th17 fate in Bcl3-deficient T cells has been
reported before'? and we have also observed increased frequen-
cies of RORyt™ Th17 cells in the lamina propria of the SI of Bcl3
deficient animals (Supplementary Fig. 4A). To our surprise, this
was also the case in mixed bone marrow chimeras or Treg-
specific Bcl3 deficient animals suggesting that these RORyt"
Th17 cells might indeed be derived from trans-differentiation
of ex-Foxp3™ T cells (Supplementary Figs. 4B and 4C). Thus,
Bcl3 may also serve as a safeguard to prevent trans-
differentiation of Tregs toward Th17-like cells. An alternative
explanation for increased Th17 cells might be a shared Bcl3-
dependent regulation across all T cell subsets with enhanced
expression of RORyt (RORyt* Th17 cells, RORyt*Helios™ pTregs
and RORyt'Helios* Tregs) even though mixed chimeras and
transfer experiments argue against the latter possibility.

How might Bcl3 exert such profound effects on differentiat-
ing T helper cells? As discussed above, Bcl3 itself does not
directly bind to DNA due to a lack of a consensus DNA binding
motif but Bcl3 is able to regulate the transcriptional activity of
other NF-kB family members and consequently regulate the sen-

|

Fig. 5 Bcl3 expression influences cytokine responsiveness in Tregs. Bulk RNA sequencing data of Treg subsets from mLN, spleen or Sl lamina
propria of Bcl3¥%° x Foxp3RFPxRorc(yt)°™ (BcI3K/C), BcI3OE™? or Foxp3™xRorc(yt)®™ WT littermates purified via FACS. (A) Representative
gating strategy for cell isolation from mLN of Bcl3*/%° x Foxp3f*FxRorc(yt)°™" mice. Colored squares indicating sorted population: Total
Treg-yellow, RORyt™ Treg—green and RORyt" Treg—pink. (B) Heatmap showing selected DEG (log2 fold change >2, adjusted p < 0.05) in Bcl3¥®’
KO Tregs compared to WT and BcI30E™®" Total Tregs annotated with gene names. (C) Heatmap of selected DEGs (log2 fold change >2,
adjusted p value < 0.05) in RORyt expressing Tregs from Bcl3¥%/“® mice compared to WT RORyt expressing Tregs annotated with gene names.
(D) Overlapping DEG from RNA sequencing analysis of total Tregs (yellow), RORyt expressing Tregs (pink) and RORyt negative Tregs (green).
Shared upregulated genes—top, shared downregulated genes—bottom. (E) GSEA of DEG in RORyt expressing Tregs from BcI3¥°KC mice
compared to WT RORyt expressing Tregs shown in (C). Each column represents an individual mouse and n =3 mice per group. Statistical
analysis was performed using either R package fgsea or R package DESeq2. DEG = differentially expressed genes; FACS = fluorescence-
activated cell sorting; GSEA = Gene Set Enrichment Analysis; mLN = mesenteric lymph node; RNA = ribonucleic acid; RORyt = retinoic acid
receptor-related orphan-receptor gamma t; Sl = small intestine; Treg = regulatory T cell; WT = wildtype.
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sitivity to additional external signals, for example, cytokines. To
address this question, we performed comparative RNAseq anal-
ysis of Bcl3-deficient and control Tregs and calculated the over-
lapping DEGs from three independent experiments combining
transcriptomic data from scRNAseq and bulkRNAseq. Hence,
we were able to create a list of genes with minimal bias. Next
to genes involved in signal peptide processing (Sec77c) and reg-
ulation of different metabolic pathways (Dhrs3, Galnt7, Tecr, and
Ubel6), several Bcl3-regulated signature genes are known to play
a role in Treg differentiation or function. In accordance with their
expansion and the activated phenotype of Bcl3-deficient Tregs,
DEGs Bcl2I1 and Furin were upregulated in Bcl3-deficient Tregs
and have been shown to be upregulated in activated Tregs
and support their survival and functionality®*>’. However, also
few DEGs like Ctse (Cathepsin E) and Nfkbid (IkBys) were down-
regulated in Bcl3-deficient Tregs even though they have been
implicated in the suppressive mechanism of IL-10/IL-35 deficient
Tregs®® and the development of Treg precursors®®. Whether
Bcl3-dependent regulation of IkBys expression may be causative
for the reduced Treg stability remains to be investigated. Fur-
thermore, given that IkBys has been shown to promote the de
novo differentiation of Th17 cells*®*' our results suggest that
elevated Th17 cell counts observed in Bcl3-deficient and Treg-
specific Bcl3 knockout animals are rather the consequence of
trans-differentiation of Tregs toward the Th17 lineage and not
due to de novo Th17 cell differentiation or impaired control of
Th17 cells by Bcl3-deficient Tregs. Considering that CD83 affects
the differentiation and stability of effector Tregs'®, we specu-
lated that regulation of CD83 expression levels might contribute
to the increased occurrence of Tregs. We demonstrated that Bcl3
indeed induces CD83 on RNA and protein levels, but loss of
CD83 in CD4* T cells did not impede pTreg formation making
it unlikely that enhanced CD83 expression is solely responsible
for the profound effects of Bcl3 on Tregs described here.
However, several universally upregulated genes in Bcl3-
deficient Tregs are associated with IL-2 signaling (Bcl2I1l, Cd83,
Cd86, Dhrs3, and Furin) indicating an altered cytokine respon-
siveness. Consistently, GSEA confirmed that IL-2 and IL-6 signal-
ing was increased in Bcl3-deficient pTregs while TNFa signaling
was reduced. In agreement with our data indicating reduced
Treg stability in the absence of Bcl3, it has been previously
reported that TNFa signaling is important to retain phenotypic
stability of Tregs by inhibiting methylation of the Foxp3 region®?.

o

Furthermore, reduced IL-6/STAT3 signaling in tTregs may result
in decreased stability of Foxp3 expression®®. IL-2/STAT5 and IL-
6/STAT3 are essential for the normal development of tTregs***
and the differentiation of pTregs® further supports the hypothe-
sis that loss of Bcl3 in Tregs leads to Foxp3 destabilization and a
bias toward pTreg development via altered cytokine sensitivity.
Additional work will be needed to determine if targeting Bcl3
with novel small molecule inhibitors*® could potentially aid
patients with IBD.

METHODS

Mice

Foxp3™™xRorc(yt)°™ mice® were crossbred with Bc/3*%/“C mice®’
to create Bcl3¥9’KC double reporter mice. Foxp3“ mice*® were
crossed to Bci3™° mice'® to generate Foxp3“"xBcI3"! ani-
mals. Mice were maintained at the central animal facility of
Helmholtz Munich. Rag1®’*°, CD45.1, and BcI3™F / Bc/30E™9
mice'' were bred in the animal facility at the University of Mainz.
For Bcl3X%’%° mice with a different microbiome, mice were bred
under specific pathogen-free conditions at the animal facility of
the Helmholtz Centre for Infection Research, Braunschweig, and
initially colonized with an RM based on the Altered Schaedler
flora (ASF)'®. CD4“*"TcD83™" mice* were obtained on a
BALB/c background from the Animal Facility of the University
Hospital Essen. In all experiments, littermate control mice or
age- and sex-matched WT animals were used as controls. If
not stated otherwise, all mice were maintained on a C57BL/6
background and kept under specific pathogen-free conditions.
All interventions were performed in accordance with the Euro-
pean Convention for Animal Care and Use of Laboratory Animals
and were approved by the local ethics committee and appropri-
ate government authorities.

Bone marrow chimeras

For bone marrow chimeras Rag mice were irradiated twice
with 5.5 Gy with a 5-hour gap to allow start of repair processes
and then injected intravenously with 1 x 10” bone marrow cells
from either CD45.1% congenic mice or CD45.2* Bcl3K%"*C mice or
with a 50:50 mixture thereof. For the first 3 weeks, animals were
maintained on antibiotics. Animals were analyzed 16 weeks after
transfer.

1 KO/KO

W«

Fig. 6 scRNAseq analysis reveals Bcl3-dependent signatures in Treg subsets. scRNAseq of CD4* T cells isolated from small intestine lamina
propria of Rag1¥?’“® mixed bone marrow chimeras shown in Fig. 3. (A) tSNE dimensionality reduction of scRNAseq data from CD4* T cells of
three mixed bone marrow chimeras showing clustering (left) and Foxp3 expression (right). (B) tSNE dimensionality reduction of reclustered
cells from Foxp3 expressing clusters 5, 6, 11 and 12. (C) Treg subset definition according to predefined scores. tTreg (left) showing average
expression of Nrp1, Ikzf2, Cd83, Il1rl1, Calca, Ccr8, Tnfrsf9, Ipmk, Nfkbil, Fam46a, Rel and Dusp10. pTreg score (middle) showing average
expression of Rorg, Ltb4r1, Ccr2, Cxcr6, Zfp36, Asb2, Ccr9, Jun and Gimap1. resting Treg score (right) showing average expression of Ccr7, Satb]1,
Lef1, Tcf7, Evl, KIf2, Tnfsf11, Tnfsf8 and Xcl1. (D) Heatmap of top 20 DEGs of each cluster shown in (B). (E) Distribution of Treg subclusters
depending on all reclustered Foxp3* cells separated by origin of cells in mixed chimeras (CD45.1* WT—left and CD45.2% Bcl3*%"%°_right). (F)
Overlapping DEGs comparing cells of WT and Bcl3%°%© origin from the Treg subclusters 0, 1, 2 and 4. (G) Overlapping DEGs from different RNA
sequencing experiments: bulk RNA sequencing analysis of total Tregs (yellow), bulk RNA sequencing analysis of RORyt expressing Tregs (pink)
and shared DEGs from single-cell clusters shown in (F) (brown). Shared upregulated genes-left, downregulated genes—right. Each column
represents an individual cell use or average over all selected cells and n =3 mice. Statistical analysis was performed using the R package
Seurat. CD =cluster of differentiation; DEG = differentially expressed genes; pTregs = peripherally-induced regulatory T cells; RNA =
ribonucleic acid; RORyt = retinoic acid receptor-related orphan-receptor gamma t; scRNAseq = single-cell ribonucleic acid sequencing;
Treg = regulatory T cell; tSNE = t-distributed stochastic neighbor embedding; tTreg = thymic-derived regulatory T cell; WT = wildtype.
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T cell transfer colitis

Splenic CD4"CD62L* naive T cells were purified from spleens of
CD45.1" mice by magnetic-activated cell sorting enrichment
(Miltenyi Biotec, Bergisch Gladbach, Germany) and 5 x 10° naive
T cells were injected intraperitoneally into Rag1*?’%° mice at the
age of 6-8 weeks. Two additional groups received 5 x 10°
magnetic-activated cell sorting-enriched CD4*CD25* splenic
Tregs from either WT or Bcl3 “/© animals. Recipients were then
monitored and weighed for 5-6 weeks.

Histology

Colonic cross sections and small intestinal swiss rolls were fixed
in 4% Formaldehyde (Honeywell, Charlotte, NC, USA) for 24
hours, followed by paraffin embedding (Leica Camera, Wetzlar,
Germany). Then. 4 um tissue sections were stained with H&E
for histological analysis according to manufacturer’s instructions.
Histopathological scoring was performed by pathologist blinded
to the samples.

Cell isolation and stimulation

Lamina propria cells from SI, colon, and PP were isolated as pre-
viously described®. In short, PPs were separated from the Sl, then
the intestines were opened lengthwise, cut into 0,5-1 cm pieces,
and incubated in 30 mM ethylenediaminetetraacetic acid (EDTA,
ThermoFisher, Waltham, MA, USA) in Dulbecco’s phosphate-
buffered saline (DPBS) (ThermoFisher) for 30 minutes on ice
and thoroughly washed in DPBS. The intestines, as well as PP,
were then digested slowly shaking at 37°C in RPMI 1640 medium
(ThermoFisher) containing 25 mM 2-(4-(2-hydroxyethyl)pipera
zin-1-yl)-ethane-1-sulfonic acid (HEPES, ThermoFisher), 0.5 mg/
mL Collagenase D and 10 pg/mL DNAse | (Sigma-Aldrich, Burling-
ton, MA, USA). To disintegrate the tissue, tissue pieces were
pipetted up and down between digestion steps, and super-
natants were collected. PP were digested for 30 minutes and
intestines were digested three times for 10 minutes, 20 minutes,
and 30 minutes. Digestion was halted by addition of ice-cold
RPMI 1640 containing 10% FCS (Sigma-Aldrich). These isolations
were then filtered through 100 um filters (Corning Inc., Corning,
NY, USA) to achieve single-cell suspension and centrifuged.
Single-cell solutions were further purified via a Percoll (GE Health-
care, Chicago, IL, USA) density gradient with a ratio of 40/80%

P

(v/v). The interphase containing lamina propria mononuclear
cells was retrieved and washed in DPBS. For peritoneal cavity
cells, the peritoneal cavity of mice was flushed with 10 ml of
DPBS, and subsequently retrieved cells were washed. Spleen,
lymph nodes, and thymus were meshed through a 70 pm filter
(Corning Inc.) and then washed in DPBS. For spleens, lysis of ery-
throcytes was performed by incubating cells in 2ml of
Ammonium-Chloride-Potassium (ACK) lysis buffer [0.15 M ammo-
nium chloride (Sigma-Aldrich), 10 mM potassium hydrogen car-
bonate  (Merck KGaA, Darmstadt, Germany), 1mM
ethylenediaminetetraacetic acid-di sodium, pH-adjusted to 7.3]
for 2 minutes, before samples were washed and resuspended
in DPBS.

Intracellular staining of cytokines

For staining of intracellular cytokines, up to 5 x 10° cells in
single-cell suspension were seeded in U-bottom 96 well plates
(Sarstedt). Cells were incubated in complete RPMI [RPMI 1640,
2 mM L-Glutamine (ThermoFisher), 10,000 U Penicillin G and
10 mg/mL Streptomycin (ThermoFisher), 10% fetal calf serum
(FCS), 50 pM B-mercaptoethanol (Sigma-Aldrich)] containing
200 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-
Aldrich) and 1 pg/ml lonomycin (Cayman Chemical Company,
Ann Arbor, MI, USA) for 3 hours at 37°C, 5% carbon dioxide.
Afterward, 5 pg/mL Brefeldin A (Sigma-Aldrich) was added,
and cells were incubated for an additional 2 hours before pro-
ceeding with staining for flow cytometry.

Flow cytometry

Before antibody staining, single-cell suspensions were incubated
with Fc-Block (BD Biosciences, Franklin Lakes, NJ, USA) for 5 min-
utes on ice. Next, cells were stained with Zombie Aqua™ Fixable
Viability Dye (BioLegend, San Diego, CA, USA) according to the
manufacturer’s instructions together with the following antibod-
ies for 30 minutes on ice: CD45 APC-eFlour780 clone 30-F11
(ThermoFisher) or CD45 BV605 clone 30-F11 (BioLegend),
CD45.1 BV605 clone A20 (BioLegend) or CD45.1 AlexaFluor700
clone A20 (SouthernBiotech, Birmingham, AL, USA), CD45.2
APC-Cy7 clone 104 (BioLegend), CD3e FITC clone 145-2C11 (BD
Biosciences) or CD3e AlexaFluor700 clone 17A2 (BioLegend),
CD4 BV785 clone GK1.5 (BioLegend) or CD4 BV711 clone

|

Fig. 7 Bcl3-dependent suppression of CD83 expression is insufficient to account for the increase of RORyt expressing Tregs. (A) Representative
flow cytometry histogram illustrating CD83 staining intensity on WT or Bcl3*%’© regulatory T cells (CD4*Foxp3*) from mLN and an FMO
control lacking the CD83 stain. (B and C) Quantification of analysis presented in (A) showing mean MFI of CD83 staining on Tregs from spleen,
mLN and lamina propria of the SI (B) and on all Foxp3*CD4" Tregs (total Tregs), RORyt Helios™ tTregs, RORyt Helios™ pTregs and RORyt Helios*
DPTregs isolated from the lamina propria of the S| of WT or BcI3*%*° mice (C). (D) Representative flow cytometry histogram depicting CD83
staining intensity on regulatory T cells from Sl of Foxp3<"*"TBcI3"" conditional knockout and control mice. (E) Summary of data shown in (D).
(F) Representative flow cytometry plots of Foxp3 expression among CD4* T cells from mLN of CD4 specific conditional CD83 knockout (CD4<™
WTcp83™ and control animals. (G) Percentages of analysis shown in (F) in spleen, mLN and SI. (H) Representative flow cytometry plots for
Helios and RORyt expression in pre-gated Foxp3* T cells from mLN of CD4<*"TcD83"" and control animal. (I and J) Percentages of
RORyt*Helios™ pTregs and RORyt Helios" tTregs of Foxp3* Tregs from spleen, mLN and Sl as shown in (H). Each dot represents an individual
mouse. Mean + SD from at least two independent experiments is shown. (A-C) WT n = 7 mice and BcI3X9KO 1y = 6 mice; (D+E) Control n =7
mice and Foxp3<*"BcI3" n = 7 mice; (F-J) Control n = 6 mice and CD4“*"VTCD83"f ! n = 6 mice. Statistical analysis was performed using
two-tailed Student’s t test and corrected for multiple comparison using the Holm-Sidak method. A p value of < 0.05 was considered
statistically significant with * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001, ns =not significant. CD = cluster of differentiation;
DPTregs = double-positive Tregs; FMO = fluorescence minus one; MFI = fluorescence intensity; mLN = mesenteric lymph node;
pTregs = peripherally-induced regulatory T cells; RORyt = retinoic acid receptor-related orphan-receptor gamma t; SD = standard deviation;
S| = small intestine; Treg = regulatory T cell; tTreg = thymic-derived regulatory T cell; WT = wildtype.
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RM-4.5 (BioLegend) or CD4 APC-eFluor780 clone RM-4.5 (Ther-
moFisher), CD8a eFluor450 clone 53-6.7 (eBioscience) or CD8a
APC-eFlour780 clone 5H10 (ThermoFisher), CD83 BV650 clone
Michel-19 (BioLegend). After washing, cells were fixed overnight
on 4°C (eBioscience™ Foxp3 / Transcription Factor Staining Buf-
fer Set, ThermoFisher) according to manufacturer’s protocol and
then stained intracellularly with the following antibodies for 1
hour at room temperature: Foxp3 PerCP-Cy5.5 clone FJK-16S
(ThermokFisher), RORyt PE clone AFKJS-9 (ThermoFisher), GATA3
eFluor660 clone TWAJ (ThermoFisher), Helios PacificBlue clone
22F6 (BioLegend), IL17A PE-Cy7 clone TC11-18H10.1 (BioLe-
gend), IL10 BV711 clone JES5-16E3 (BD Biosciences), TGF3 APC
TW?7-16B4 (BioLegend). All flow cytometric experiments were
performed with an LSRFortessa (BD Biosciences) and FlowJo
(version10, Tree Star, Ashland, OR, USA) software was used for
data analysis.

Fluorescence-activated cell sorting of Tregs

Single-cell suspensions from the lamina propria of the SI, spleen,
and mLN were generated as described above. For mLN and
spleen, CD4* T cells were enriched prior to sorting using a
CD4 T-cell enrichment kit (Miltenyi Biotec) according to manu-
facturer’s protocol. Enriched CD4" T cells were stained extracel-
lularly and 7-Aminoactinomycin D (7AAD, Enzo Lifesciences,
Farmingdale, NY, USA) was added directly before sorting. Cell
sorting was performed with a FACSAria Fusion cell sorter (BD
Biosciences) and live CD45"CD3*CD4*Foxp3/RFP"RORyt/GFP’,
CD45*"CD3*CD4* Foxp3-RFP*RORYt/GFP* or CD45*CD3*CD4"
Foxp3/GFP* populations were sorted for bulk analysis. For
single-cell RNAseq analysis, live CD45"CD3*CD4" cells from four
Sl lamina propria samples of steady-state WT animals or Rag1¢?’
KO bone marrow chimeras were sorted. Purity check was rou-
tinely performed with each sample and typically reached <99%.

Quantification of Bcl3 overexpression

Total RNA Isolation was performed from fluorescence-activated
cell sorting (FACS)-sorted splenic Treg cells, using QIAzol (Qia-
gen, Hilden, Germany). After DNAse | digestion, RNA was reverse
transcribed for 1 hour at 42°C using Random Hexamer primer
and Revert Aid M-MulV Enzyme (ThermoFisher). Relative gene
expression was quantified by real-time polymerase chain reac-
tion using Genaxxon master mix (Genaxxon, Ulm, Germany)
and self-designed primers (5-3') against Bcl3 (forward:
CGGAGGCCCTTTACTACCAG, reverse: GGGTGAGTAGGCAGGTT-
CAG). Polymerase chain reaction conditions were as follows: ini-
tial denaturation 15 minutes at 95°C, followed by 40 cycles of 95°
C for 15 seconds and 60°C for 45 seconds. Relative messenger
RNA levels were calculated by normalization to the reference
genes Actb (forward: AGGAGTACGATGAGTCCGGC, reverse:
GGTGTAAAACGCAGCTCAGTA) using the 2-AACT method.

RNA sequencing

Bulk RNA sequencing

RNA isolation of bulk Treg populations was performed using the
Rneasy Plus Micro Isolation Kit (Qiagen). Cells were sorted into
lysis buffer containing 3-mercaptoethanol and isolation was per-
formed according to manufacturer’s instructions. The SMART-
Seq v4 ultra-low input RNA kit (Takara, Shiga, Japan) was used
for complementary DNA synthesis using the ERCC ExFold RNA
Spike-In Mixes (ThermoFisher). Library preparation was done
using the lllumina Nextera XT DNA Library Preparation Kit. For
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bead cleanup, AMPure XP (Beckman Coulter, Brea, CA, USA)
was used.

Single-cell RNA sequencing

Single-cell RNA sequencing data were generated using the
droplet-based Chromium system from 10x Genomics. Prior to
cell sorting of cells from mixed bone marrow chimeras, single-
cell suspensions from four animals were labeled with
TotalSeq™-B0178 anti-CD45.1 and TotalSeq™-B0157 anti-CD45.2
feature barcoding antibodies (BioLegend). Total CD4* T cells
were then FACS-sorted and adjusted to a cell number of
~7000-9000 cells per sample. For each experiment, four sepa-
rate samples were prepared in separate chip inlets and pooled
during the bioinformatic analysis. Library preparation was per-
formed according to manufacturer’s instructions using either
the Chromium™ Single Cell 5’ Library & Gel Bead Kit or the Chro-
mium Next GEM Single Cell 3’ Kit v3.1 (10x Genomics, Pleasan-
ton, CA, USA).

Bioinformatic data analysis

BulkRNAseq data analysis

Alignment and quantification of bulkRNAseq data were done
using the Nextflow nf-core/rnaseq pipeline (https://zenodo.org/
record/7998767). Mapping against the Illumina reference gen-
ome GRCm38 was performed via STAR aligner and RSEM was
used as quantification method. Downstream analysis was done
using the R/Bioconductor packages DESeq2°° and tximport for
differential gene expression analysis and biomaRt for annota-
tions. DEGs were then filtered according to a log2 fold change
of 2 and adjusted p value of <0.05. Prior to visualization, raw
count data was log-transformed using the rlog function. For
Gene Set Enrichment Analysis, the R Bioconductor packages
fgsea and org.Mm.eg.db were used and genes were analyzed
against the murine orthology-mapped hallmark gene set from
MsigDB (mh.all.v2022.1.Mm.symbols.gmt). For visualizations,
the R packages EnhancedVolcano, pheatmap, ggplot2, eulerr
and RcolorBrewer were used.

ScRNAseq data analysis

The 10X scRNAseq data alignment and quantification were per-
formed using the CellRanger software (10X Genomics) with
default parameters. To exclude empty droplets and doublets,
only cells with nFeature between 300 and 4000 were analyzed.
Dead cells with a percentage of mitochondrial genes over 5%
were excluded. Data presented in Fig. 1 were further analyzed
using the Loupe CellBrowser software (10x Genomics). Reclus-
tering of filtered cells after quality control and reclustering of
Foxp3* Treg was performed using the Recluster function with
default parameters. Marker genes were then calculated with
the built-in differential expression analysis.

For cells derived from mixed bone marrow chimeras, the R
package Seurat was used for downstream analysis. Data was
normalized and scaled according to variable features and the
influence of different cell cycle stages was regressed out using
ScaleData. Additionally, one sample with subpar quality was
excluded from further analysis. For dimensionality reduction
principal component analysis and t-distributed stochastic neigh-
bor embedding were calculated using RunPCA and RunTSNE,
respectively. Then, cluster-defining genes were analyzed using
the FindAllMarkers function. To specifically analyze Treg, the
subset function was used to create a dataset only containing
Foxp3 expressing clusters and repeating the previously
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described steps for cluster and marker gene calculation. To
incorporate the genotype of cells, cells were labeled according
to their expression profile in the feature barcoding assay. Cells
expressing both markers or neither of them were excluded. Then
Treg subcluster identification and genotype characterization
were combined to enable calculation of genotype-dependent
gene expression analysis within each Treg cluster. Visualizations
were created using the Seurat DoHeatmap function,
EnhancedVolcano, ggplot2, eulerr, and RcolorBrewer.

Statistical analysis

For statistical analysis, GraphPad Prism (version 7.0.4, Boston,
MA, USA) was used (excluding RNAseq data). If not stated differ-
ently, each dot represents an individual mouse and mean + stan-
dard deviation is shown. Statistical analysis was performed using
two-tailed Student’s t test with Holm-Sidak correction or analysis
of variance with Sidak correction for multiple comparison. A p
value of <0.05 was considered statistically significant with
*p <0.05 **p<0.01, ***p<0.001, ****p<0.0001, ns=not
significant.
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