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1. Introductory Summary

1.1 Conventional dendritic cells are critical activators of T cell
responses

Antigen presenting cells (APCs) are critical regulators of immunity through processing
and presenting antigens on MHC molecules to T cells. T cells with cognate T cell receptor
(TCR) are then activated to initiate antigen-specific adaptive immune responses’ 2. While
many immune cell types can serve as APCs, conventional dendritic cells (cDCs) are the
most potent APCs capable of activating naive T cells®. Importantly, cDCs integrate sig-
nals from their environment and direct context-specific T cell effector responses by se-
creting various cytokines and providing additional signals through co-stimulatory or co-
inhibitory molecules™ 2.

cDCs are an evolutionarily conserved immune cell type which have been phenotypically
and functionally characterized in various species®. Across mammalian lymphoid and
non-lymphoid tissues cDCs serve as immune sentinel cells that actively surveil their en-
vironment for signs of infection or damage. Armed with an array of pattern recognition
receptors (PRRs), they can recognize various pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs)?. Such endogenously or
exogenously derived signals are internalized and processed by cDCs, and antigen-de-
rived peptides are then loaded onto MHC molecules — a process termed ‘antigen presen-

tation’®®

. cDCs patrolling tissues typically exist in an immature state and upon pathogen
encounter undergo a maturation process which enhances their immunostimulatory ca-
pacity®. Termed ‘migratory cDCs’ (migDCs) these cDCs are characterized by an upreg-
ulation of surface MHC and costimulatory molecules and increased secretion of cyto-
kines and chemokines. MigDCs are also marked by high expression of chemokine re-
ceptor CCRY7, which enables them to migrate from tissues to draining lymph nodes, or
within lymphoid tissues to T cell zones where they activate T cells. Collectively these
features of antigen processing and presentation, maturation, and migration represent
hallmark characteristics of cDCs which allow them to excel at priming T cell responses.
cDCs are capable of orchestrating diverse T cell responses ranging from inducing toler-
ance to differentiation of distinct effector subsets in a context-dependent manner. This
makes them attractive targets for vaccination for instance in cancer immunotherapy
which is a burgeoning area of research in the cDC field” 8. However, it is not a singular
cDC population that directs diverse T cell responses. cDCs themselves are diverse and
exist as functionally distinct subsets. Understanding this diversity and its determinants is
key to uncovering the full functional spectrum of cDCs which would allow for targeting

specific functional subsets for therapy.



1.2 Revisiting dendritic cell nomenclature

cDCs belong to the mononuclear phagocyte system and are historically described to
arise in bone marrow from myeloid hematopoietic progenitors. Macrophage and DC pro-
genitors (MDPs) differentiate into common or conventional dendritic cell progenitors
(CDPs) which were initially described to give rise to cDCs as well as plasmacytoid den-
dritic cells (pDC)®. pDCs play a critical role in antiviral immunity as they are potent pro-
ducers of type | interferons. pDCs are transcriptionally distinct from cDCs and are shown
to largely arise from lymphoid progenitors'® '". Importantly, unlike cDCs, pDCs are poor
at antigen processing and presentation and do not migrate via lymphatics to T cell zones.
Therefore, due to their lack of such ¢cDC hallmarks it has been proposed that pDCs
should not be classified as “dendritic cells” and instead be aligned with innate lympho-
cytes and be called “plasmacytoid cells” or “interferon-producing cells”'? '3,

cDC-restricted CDPs express the gene Clec9a encoding c-type lectin receptor DNGR-1
which continues to be expressed as they differentiate into pre-cDCs'. Clec9a* pre-cDCs
exit the bone marrow and travel via blood to seed various tissues where they retain pro-
liferative capacity before they terminally differentiate into cDCs which can be broadly
divided into two subtypes — cDC1 which actively express DNGR-1 and cDC2, which do
not'®. A mouse model with expression of Cre-recombinase under the Clec9a promoter
(Clec9a®™), crossed to a Rosa26-stop-floxed fluorescent reporter mouse tracks cDCs
arising from Clec9a-expressing myeloid progenitors, allowing to distinguish them from
other mononuclear phagocytes and establishing them as a developmentally distinct lin-

eage'. Furthermore, Clec9a°™

can also be used for cDC-specific depletion when
crossed to Rosa26-stop-floxed-diptheria toxin mice (Rosa26°™), as this results in a de-
letion of all Clec9a-expressing myeloid progenitors and their progeny'®. Studies using
such models played a pivotal role in advancing knowledge of cDC development and bi-
ology. As cDCs were shown to be a distinct immune lineage descending from specific
myeloid progenitors, this led to defining cDCs based on ontogeny'” 8.

However, numerous recent studies challenge such an ontogeny-based definition of this
cell type. In the absence of myeloid cDC progenitors, a lymphoid contribution to the adult
cDC2 pool has been shown in adult Clec9a®®Rosa26°™ mice'®. Furthermore, Clec9a‘"™
based fate-mapping has revealed dual ontogeny for cDC2 in early life'®. ¢cDC2 in early
life develop in waves, first arising from fetal liver lymphoid progenitors which are then
replaced by cells arising from Clec9a-expressing myeloid progenitors'®. These cDC2 in
early life while of distinct origin are otherwise identical in terms of phenotype, transcrip-
tional profile and function to those arising from canonical myeloid cDC progenitors'® '°.
Notably, in these studies, dendritic cells arising from non-Clec9a-expressing progenitors

are called “DC2” not “cDC2” to reflect their different origin from ‘conventional’ dendritic
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cells. Other populations phenotypically and functionally resembling cDCs but having dis-
tinct origin are emerging. Sulczewski et al.?° describe a cell type resembling both cDC2
and pDC, termed ‘transitional DCs’ (tDCs)?". tDCs in mice arise from bone marrow lym-
phoid progenitors shared with pDC, however in steady state tDCs functionally align with
cDCs as they can internalize, process and present antigens to activate naive T cells®.
Another recent study describes a population of cells in mice termed ‘DC3’ which resem-
ble a homonymous population described in humans?* 2. Murine DC3 overlap in pheno-
type with monocytes and cDC2 and are reported to be a distinct lineage arising via a pro-
DC3 progenitor from a Ly6C-expressing fraction of MDP. Like cDCs, murine DC3s are
capable of activating naive T cells and are shown to be superior to cDC2 in polarizing
Th17 responses in vitro®. Collectively, these studies demonstrate that APCs which tran-
scriptionally, phenotypically, and importantly functionally resemble cDCs can arise from
diverse progenitors in steady state. Therefore, defining a dendritic cell solely based on
origin would exclude numerous APC populations which are phenotypically and function-
ally indistinguishable from cDCs. This would also lead to an expansion in new “cell
types”, which unless thoroughly characterised would lack proper contextualization and
lead to confusion regarding identity and lineage relationships. Therefore, current
knowledge strongly recommends employing the nomenclature of “DC” for cells in steady
state exhibiting hallmarks of cDCs, serving as immune sentinels excelling at activating

and polarizing T cell responses.

1.3 Dendritic cells exist as functionally and developmentally
distinct subsets.

cDCs residing across murine tissues are defined by high expression of the integrin
CD11c and MHCII. Broadly, cDCs can be divided into two developmentally distinct sub-
types — cDC1 and cDC2 in mice and humans®. cDC1 across tissues are characterised
by expression of chemokine receptor XCR1 and c-type lectin receptor DNGR-1
(CLEC9A)". They also express tissue-specific markers, for example cDC1 in peripheral
tissues express CD24 and CD103%. cDC1 are developmentally dependent on transcrip-
tion factors such as BATF3 and IRF8. Early commitment to pre-cDC1 at the CDP stage
is dependent for instance on Irf8%". cDC1 are absent in Batf3" mice, however pre-cDC1
do develop and are diverted to a cDC2-like transcriptional state due to the lack of Batf3-
dependent IRF8 expression indicating that these transcription factors act differentially in
cDC1 development?®2°. ¢cDC1 are specialized to present exogenous antigens via MHCI
to activate CD8" T cells in a process termed ‘cross presentation’. This makes them criti-
cal players in anti-tumor immunity. cDC1 are also important in protection against intra-

cellular pathogens through their production of IL-12 to initiate Th1 responses™.
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cDC2 are typically marked by high expression of integrin ITGAM (CD11b) and
Sirpa. (CD172a), and do not express XCR1 or DNGR-1. In peripheral tissues such as
lung or small intestine, fractions of cDC2 also express CD24 and CD103%. ¢cDC2 are
specialized in activating CD4" T cells and polarizing their differentiation into effector sub-
types in particular Th2 and Th17, making them important in immunity against parasites,
allergens and extracellular pathogens®'.

cDC2 themselves are diverse and were historically divided based on dependency on
transcription factors Notch2 or Kif4. Deletion of Kif4 in cDC2 was shown to result in im-
paired Th2 priming®?. Notch2-dependent cDC2, marked by high expression of cell adhe-
sion molecule ESAM (ESAM"9" ¢cDC2) in spleen and LNs and CD103 in the intestines,
were shown to regulate Th17 and Tfh responses in these tissues®* . Development of
high dimensional technologies in the last decade has enabled further study of cDC2 het-
erogeneity. For instance, using transcriptional profiling and chromatin analyses Brown et
al.*®, proposed that cDC2 in mice and humans may be divided into two transcriptionally
and functionally distinct lineages based on transcription factors T-bet and RORyt, which
were historically associated with subsets of lymphocytes. Phenotypic, transcriptional and
chromatin accessibility profiling aligned T-bet" cells with Notch2-dependent ESAM"d"
cDC2 which were named “cDC2A”. The second population lacking T-bet termed “cDC2B”
was heterogenous containing cells expressing surface markers CLEC10A and
CLEC12A. Chromatin accessibility analyses revealed that cDC2B had an enrichment of
peaks associated with the RORE motif leading to the proposal that the transcriptional
identity of cDC2B is regulated by RORyt. However, neither Rorc transcripts nor active
expression of RORyt was found in cDC2B and only a small fraction of cDC2 were shown
to have expression history of Rorc, the gene encoding RORyt. This division of cDC2 into
two lineages, and although tenuous - the notion that cDC2B express and are regulated
by RORyt, was widely adopted by the scientific community*®32. It is important to note that
active expression of RORyt was not shown in cDC2B, in light of an increasing number of
studies demonstrating that APCs marked by active expression of RORyt are critical for
regulating peripheral T cell mediated tolerance®.

Advancement in high dimensional technologies have also led to the description of sev-
eral new DC populations in mice and humans, providing a powerful way to map these
populations across species using transcriptional signatures. For example, the emerging
populations mentioned in the previous section - DC3 derived from monocytic progenitors,
and tDC arising from lymphoid progenitors were first identified through single cell RNA
sequencing (scRNAseq) of human PBMCs or various mouse tissues?' %2, However, stud-

ies using such technologies must be interpreted with caution to determine if they describe
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a cell state acquired due to external cues or a new cell subset as this is critical for putting

emerging populations into context.

1.4 Transcription factors shape dendritic cell identity

Transcription factors are critical in shaping various aspects of cDC identity such as de-
velopment, differentiation and consequently heterogeneity. Dependence on growth fac-
tor Fms tyrosine kinase 3 ligand (FLT3L) is a key feature of murine cDCs'%. Receptor for
FLT3L, FLT3 (CD135) is expressed on all cDC-committed progenitors and mice lacking
FLT3 or FLT3L exhibit a significant reduction in cDCs*’. FLT3L cultures are the gold
standard for generating both murine and human cDC subsets in vitro*" *2. Transcription
factors such as PU.1, RUNX1 and CBFp play an important role in shaping early cDC
differentiation from hematopoietic stem cells (HSCs) through their role in regulating FLT3
expression on cDC progenitors and thereby their access to cell-extrinsic signals.
ZBTB46 (zDC) is transcription factor typically used to define cDCs in mice and humans
as it was initially shown to be specifically expressed by cDCs and their progenitors* 44,
ZBTBA46 is not essential for cDC development, but regulates the activation of cDCs in
steady state and therefore their initiation of immune responses*®®. Mice expressing
Diptheria toxin receptor under the zDC promoter (zDC-DTR) have been commonly used
in studies investigating the role of cDCs in immunity*®. However, it should be noted that
recent studies show that ZBTB46 expression is not restricted to cDCs. ZBTB46 is also
expressed in a subset of intestinal CCR6-expressing type-3 innate lymphocytes (ILC3s),
and is critical for restricting their pro-inflammatory capacity allowing them to be important
regulators of intestinal inflammation*’. In tumors, ZBTB46 is expressed by endothelial
cells and fibroblasts and critically regulates their anti-tumor function*®. Therefore, while
ZBTB46 expression remains a key feature of cDCs, studies manipulating this transcrip-
tion factor need to consider other cell types which could be affected.

B cell lymphoma 6 (BCL6) is a transcription factor well-studied for its role in regulating
germinal center T follicular helper cells (Tfh) and B cells***°. BCL6 was also found to be
expressed in cDC subsets and cDC progenitors in mice and humans®'. Experiments with
Bcl6" mice suggested that BCL6 has a role in the development of cDC subsets in vitro
and in vivo, specifically in the development of cDC1 identified with the markers CD8a. in
the spleen, and CD103 in the small intestinal lamina propria®" *2. However, a study using
Csf1r°Bcl6™ Zbtb46°F mice in which only myeloid cell-specific Cre-expression results
in lack of Bcl6, showed lower CD11c expression in Bcl6-deficient cDCs®. This study
used Zbtb46°" expression as an alternative approach to quantify cDC subsets, which
revealed that there was actually a comparable number of cDC1 in WT and Csf1r°"Bcl6"

t53

mice suggesting that Bcl6 affects cDC phenotype, but not development™. Therefore, the
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exact role of Bcl6 in regulating the identity and function of cDC subsets remained unclear.
This question is investigated in Publication Il included in this thesis.

Functionally distinct cDC subtypes exhibit distinct transcriptional profiles and transcrip-
tion factor dependence as introduced in Section 1.3. Transcription factors such as /118,
Batf3, Id2 and Nfil3 are critical for development of cDC1 but not cDC2. Other transcription
factors such as DC-SCRIPT (Zfp336) not only affect cDC1 development, but also shape
the functional identity of mature cDC1 by regulating their key effector functions such as
secretion of cytokine IL-12 and cross presentation®*. More recently in the cDC field, Ascic
et al.%, harnessed key cDC1-associated transcription factors to reprogram tumor cells
into cDC1-like cells. Using an adenoviral vector to deliver transcription factors PU.1, IRF8
and BATF3 to tumor cells in vivo, they demonstrate that these three factors are sufficient
to reprogram tumor cells to adopt cDC1 phenotype as well as effector functions such as
cross presentation and priming of CD8" T cell responses. This study not only represents
a powerful advance for immunotherapy, but also highlights the importance of under-
standing how and which transcription factors critically shape the functional identity of
cDC subsets.

Understanding transcription factors governing cDC2 development and identity has
proven to be more complex as cDC2 themselves are heterogenous. High dimensional
studies as well as use of various mouse models to delete transcription factors globally
or conditionally have provided us with some pieces of information regarding the tran-
scriptional basis for development and functional diversification of cDC2. cDC2 express
high levels of Irf4, and Irf4” mice were observed to have a severely reduced cDC2 pop-
ulation®®. However, it was later shown that cDC2 in these mice do exist but with an altered
phenotype and function demonstrating that /rf4 regulates cDC2-associated genes im-
pacting specific aspects of cDC2 identity®” %8, T-bet* cDC2A corresponding to Notch2-
dependent ESAM"" cDC2 are more potent activators of CD4" T cell responses com-
pared to T-bet ¢cDC2B (largely corresponding to Kif4-dependent ESAM"" ¢cDC2) which
are more potent producers of cytokines® *°. It was initially thought that these subtypes
are induced in the periphery in response to environmental signals, however recent work
demonstrates that specification to these subtypes takes place at the progenitor level in
the bone marrow®®, providing insight into how these functionally distinct subtypes may
be affected in disease or be targeted for therapeutic modulation.

Identification of distinct enhancer elements regulating differentiation of cDC subsets has
added nuance to our understanding of the role of TFs in shaping cDC identity and diver-
sity. An example can be found in transcription factor Zeb2 which has a role in regulating
development of cDC subsets as well as pDCs. A specific enhancer -165kb upstream of

Zeb?2 transcription start site is required for development of pDCs®°. Binding of different
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transcription factors - Nfil3 versus C/EBPs at three sites within this enhancer region de-
termines development of cDC1 or cDC2 from CDPs, respectively®'. A mouse model lack-
ing all three of these sites in the Zeb2 enhancer exhibited a complete loss of cDC2 due
to the lack of C/EBP-mediated Zeb2 expression required for cDC2 development. This is
the first mouse model of total cDC2-decificiency allowing for the study of cDC2 specific
functions in vivo. Such studies highlight the significance of multiomic profiling such as
paired transcriptional and chromatin accessibility analyses in improving our understand-
ing of transcriptional and regulatory networks governing differentiation of cDC subsets.
Use of such methods is essential in advancing our understanding of the role of transcrip-
tion factors in unprecedented ways, providing avenues for future studies to answer long-
standing questions in the cDC field such as the lymphoid contribution to the ¢cDC pool,
or to understand the relationship between newly emerging DC populations such as tDC
and DC3 and cDC subsets.

1.5 Emerging family of RORyt-expressing antigen presenting
cells are also potent regulators of T cell responses

Apart from cDCs, APCs marked by expression of the transcription factor RORyt have
emerged in the last decade to also be potent regulators of T cell responses®. Encoded
by the gene Rorc, the longer isoform RORYy is found across various tissues, while the
shorter isoform RORyt was first described in the thymus, specifically in immune cells®2.
Historically, RORyt is mainly known to be a lineage specifying transcription factor ex-
pressed by Th17 cells and ILC3, leading to the notion that RORyt is a master regulator
of type 3 immune responses. In fetal life, RORyt is only expressed by lymphoid tissue
inducer cells (LTi) which are critical orchestrators of lymphoid tissue organogenesis. LTi
are developmentally dependent on RORyt, and consequently mice deficient in RORyt
are characterised by absent or aberrant secondary lymphoid tissues®. While LTi were
the first MHCII-expressing cell type described to express and depend on RORyt, it was
later shown that a subset of ILC3 also express MHCII and can serve as APCs. These
“LTi-like ILC3” were first described in adult murine intestinal tissues and were shown to
limit microbiota specific CD4" T cell responses®. Subsequently it was shown that intes-
tinal MHCII" ILC3s directly delete commensal-specific CD4™ T cells by inducing their
apoptosis®®. This ability of ILC3s to regulate adaptive immunity was also shown in an-
other study to be context specific, as peripheral ILC3s upregulate expression of co-stim-
ulatory molecules and MHCII upon stimulation with 1L-1p°¢.

The discovery of Autoimmune Regulator (AIRE) expression in some populations of
RORyt* APCs added further complexity to this field. AIRE is a transcription factor typically
expressed in medullary thymic epithelial cells (MTECs)®’. In mTECs, AIRE regulates the
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expression of tissue-restricted antigens (TRAs), critical for establishing central T cell tol-
erance. mTECs, while not of hematopoietic origin, express co-stimulatory molecule
CD80 as well as MHCII molecules in steady state and serve as APCs in the thymus to
regulate central tolerance with and without the support of thymic DCs®. In both mice and
humans, AIRE is also expressed outside of the thymus by cells which are termed extra-
thymic AIRE-expressing cells (eTACs). eTACs which were initially described in murine
lymph nodes as CD11¢°"ZBTB46"CCR7* cDC-like cells, are of hematopoietic origin and
regulate self-tolerance in the periphery through interactions with both CD8" and CD4" T

cells®”-¢°

. eTACs were subsequently shown to be heterogenous including other cell types
such as a population termed Aire*ILC3-like cells in murine peripheral lymph nodes ca-
pable of presenting endogenous antigens to CD4" T cells’®. These ILC3-like cells dis-
played lymphoid morphology, were intrinsically dependent on RORyt for their develop-
ment and shared expression of several TFs with ILC3s. Although they resembled
CCRG6'LTi-like ILC3, it is important to note that they lacked expression of IL7Ra, CD4
and CD90 which are expressed by LTi. Aire*ILC3-like cells were found primarily in pe-
ripheral lymph nodes and not those draining mucosal sites’™. A subsequent study using
a single cell multiomics approach to characterize eTACs in murine LNs divided them into
two populations of migratory-DC like cells — the first characterised by Aire and Ccr7 ex-
pression which they called “AmDCs” (Aire-expressing migratory DC) and the second by
co-expression of Aire and RORt which they termed “Janus cells” (JCs)'. Expression of
self-antigen by both populations, presumably via Aire promoter led to deletion of autore-
active CD8" T cells in the periphery. JCs, while expressing Ccré reminiscent of the pre-
viously described ILC3-like cells, aligned more with myeloid cells and displayed a cDC-
like phenotype in their analyses. JCs also shared transcriptional similarity and chromatin
accessibility landscape with mTECs, possibly due to an Aire-driven program. While
Aire’ILC3-like cells were lacking in mucosal draining LNs, JCs were described from
mixed LNs including those draining peripheral sites as well as the intestines.

RORyt" APCs rose to prominence in 2022 with the simultaneous release of three publi-
cations’?"* describing their indispensable role in generating microbiota-specific pTregs
in the intestines. These studies made waves in the scientific community as they proposed
that RORyt" APCs were the sole cell type required for tolerance to intestinal microbiota,
negating the role of cDCs in this process. While most of their major findings aligned,
these studies varied in their conclusion regarding which specific RORyt" APC subset

mediated this process. Lyu et al.”

, proposed that LTi-like ILC3s induce microbiota-spe-
cific RORyt" Tregs in the mLNs via an ITGAV-ITGB3 mediated mechanism of processing
TGFB. While they found JCs in their profiling of RORyt" APCs in the mLNs, they use

various mouse models to deplete Aire-expressing cells to show that JCs are not the cell
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type inducing pTregs. The second publication by Kedmi et al.”, remained inconclusive
on the identity of this population, attributing this function to either MHCII*ILC3 or JCs
having antigen presentation machinery, requiring CCR7 for homing to mLNs and integrin
aV for activating TGFB. While the two studies mentioned above looked in adult murine
mLNs, the third publication by Akagbosu et al.”®, looked at neonatal murine mLNs and
propose that an entirely different RORyt" APC population — a new cell type they term
“Thetis cells” (TCs) is responsible for the induction of pTregs. TC numbers peaked in the
mLNs in early life coinciding with the peak in pTreg differentiation. TCs share features
with mTECs and DCs, and consist of four subsets some of which express Aire. The
Aire"® TC subset IV also called ‘RORyt cDC2’ due to expression of CD11c and CD11b,
was shown to express integrin 8 and was proposed to be the cell type inducing pTregs
primarily in early life. Collectively, these three publications highlight the importance of
RORyt* APCs in regulating tolerance to microorganisms in the intestines and associated
tissues. A fourth publication that year revealed a new role for Aire-expressing RORyt"

APCs in anti-fungal Th17 immunity. Dobe$ et al.”®

, reported that cells they term
“Aire*ILC3s” resembling JCs, can sense, internalize, process and present C. albicans to
polarize effector Th17 responses. This function was dependent on cell-intrinsic expres-
sion of Aire, indicating that extrathymic Aire may have context-specific roles that extend
beyond regulating peripheral tolerance.

It is evident from the above publications that there is marked overlap in phenotype, func-
tion and molecular identity between some subsets of RORyt" APCs (Figure 1) but the
relationship between all these RORyt" APC subtypes remains unclear. Therefore, it was
proposed in a review from Sonnenberg and colleagues that this growing family of RORyt*
APCs can be broadly divided into RORyt" ILC3s, RORyt" eTACs and Rorc™ DC-like
cells®®. What remained controversial as evidenced from the proposed nomenclature, was
active expression of RORyt in cDCs or non-ILC3 cells resembling cDCs. While cDC2B
were proposed to express and be dependent on RORyt, active expression of this isoform
in these cells was not shown. The novel Rorc-reporter mouse model used to describe
Thetis cells reports both isoforms of Rorc gene leading to further doubt regarding active
expression of isoform RORyt in cDC-like cells. The first evidence of active RORyt ex-

pression in DCs was reported by our lab in 2021 in a study by Papaioannou et al'®. This
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Figure 1. Summary of key features associated with the indicated RORyt* APC subtypes.

(*) mark heterogeneously expressed molecules.
study described a fraction of cells expressing RORyt within the population of DC2 not
arising from Clec9a-expressing progenitors in the neonatal murine spleen. Using a trans-
genic mouse model specifically reporting RORyt, these cells were shown to actively ex-
press this isoform of Rorc. Phenotypic and transcriptional analyses revealed them to be
distinct from MHCII*ILC3, and aligned them with cDC2s. Therefore, they were initially
called ‘RORyt" DC2’ and were observed to reduce with age within the cDC2 compart-
ment. Interestingly these RORyt" cells phenotypically and transcriptionally resembled
cDC2A and not cDC2B further supporting their unique identity. Whether these cells dis-
played other hallmark features of cDCs such as the ability to activate naive T cells, re-
mained unanswered. This would be critical for resolving the debate of whether RORyt is
expressed by cDC-like cells. It remained to be seen if RORyt" DC2 persist with age within
the total cDC compartment and if they are present across other lymphoid and non-lym-
phoid tissues. Importantly, the relationship between RORyt" DC2 and cDC subsets, ILC3
as well as other emerging RORyt" APC populations remained a key question to answer.
The results of my PhD project investigating these questions are reported in Publication |

included in this thesis.
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2. Contribution to papers

2.1 Contribution to publication I:

“RORt-expressing dendritic cells are functionally versatile and evolution-

arily conserved antigen presenting cells”

DOI: 10.1073/pnas.2417308122

In this project, | set out to characterize the population of RORyt-expressing cells within
the dendritic cell compartment previously discovered in our lab' and to understand thir
function and relation to other emerging populations of RORyt-expressing APCs. As first
author of this resulting publication | designed, performed and analyzed experiments, or-
ganized international collaborative experiments, generated bioinformatics datasets and
drove the bioinformatics analyses under the supervision of Prof. Barbara Schraml-
Schotta. | prepared all figures and also contributed to writing and editing the manuscript
with Prof. Barbara Schraml-Schotta. A detailed account of my contributions to this publi-
cation is provided below.

| profiled RORyt" DCs in murine spleen, intestines, lung, and lymph nodes across mice
of different ages - data are shown in Fig. 1 A-F, Fig. 4 A,B and D, Fig. S1 A-D, Fig. S7,
and Fig. S8A-C. | designed experiments and analyzed data generated by collaborators
and colleagues who profiled RORyt" DCs in murine colon lamina propria and skin drain-
ing LNs (Fig 4C, E. Fig. S8D-F).

Experiments profiling RORyt" DCs in various mouse models used to investigate devel-
opmental requirements or ontogeny, | performed myself at collaborators facilities, or de-
signed experiments and analyzed data generated by collaborators (data are shown in
Fig 1G-I, Fig. S1E).

To better understand how splenic RORyt" DC relate to other cDC subsets and MHCII*
ILC3 we used a multiomic approach profiling RNA and chromatin accessibility from the
same nucleus. | established for our lab a protocol for multiomic profiling using the 10X
Genomics platform and generated the libraries with nuclei isolated from spleen of 2-
week-old and adult mice. This allowed for the analyses of both the transcriptional and
accessible chromatin profiles from the same cell allowing us to infer gene regulatory
networks which could impact cell identity. | drove the analyses of this dataset all of which
were performed by Dr. Maria L. Richter (data are shown in Fig. 2A-E, G, Fig. 5A, B, E-
G, Fig. S2A-F, Fig. S9A-C, F, and Fig. S10A-C). | performed the flow cytometric profiling

experiments accompanying these bioinformatics data — shown in Fig. 2F, H, Fig. 4C,D,



19

Fig. S2H, and Fig. S10D. Flow cytometry data in Fig. 5C-D and Fig. S9D,E were gener-
ated with Dr. Christina Stehle. The neonatal small intestine scRNAseq dataset was gen-
erated by me and analyzed by Kaushikk Ravi Rengarajan (Fig. 2I,J, Fig. S2J, Fig S3A,
B). To understand how RORyt" DCs relate to other subsets of RORyt" APCs we inte-
grated datasets generated in our lab with publicly available datasets describing other
populations of RORyt" APCs. Integration and analyses of these eight transcriptional pro-
filing datasets was performed by Dr. Maria L. Richter with direction provided by me and
Prof. Barbara Schraml-Schotta (Fig. 2I-J, Fig. S2J).

To determine if RORyt"™ DCs are also present in human spleen, | analyzed a publicly
available scRNAseq dataset of human splenic DCs from Brown et al. Cell, 2019. Here |
identified a cluster of cells excluded from the original analyses as ILC3 contaminant,
which | could show were RORyt" DCs (data shown in Fig. 3A, B, Fig. S4A-C). Ramin
Shakiba analyzed other human tissue scRNAseq datasets containing DCs with direction
from me, and performed the integration analyses of the two scRNAseq datasets from
human spleen shown in Figure 3C-F and Fig. S4D-F. Identification and analyses of
RORyt" DCs in other human and murine tissue scRNAseq datasets was also performed
by Ramin Shakiba (Fig.3H, I, Fig. S2J, Supplementary Fig. 3C,D, Fig. S5A-I, Fig. S6F).
Identification of RORyt" DCs in human CSF datasets was done by both Ramin Shakiba
and me (data are in Fig. 3 H,I, Fig. 7A, and Fig. S6A-E). Prof. Barbara Schraml|-Schotta
and | deduced the set of genes which identify RORyt" DCs across mouse and human
tissues which are shown in Fig. 3G-I and Fig. S6E,F.

To assess the functional repertoire of RORyt" DCs, Prof. Barbara Schraml-Schotta and
| designed various experiments. | performed flow cytometric profiling to show that RORyt*
DCs express costimulatory molecules in steady state (Fig. S10D). To demonstrate that
RORyt" DCs indeed bear the hallmark T cell activation and proliferation ability of cDCs,
| optimized a protocol for performing DC-T cell co-culture assays with limited cell num-
bers to demonstrate that RORyt" DCs can activate and polarize naive T cells upon load-
ing of peptide ex vivo or after targeted in vivo antigen delivery. These data are shown in
Fig. 6A-L, and Fig. S11. Kaushikk Ravi Rengarajan generated the flow cytometric profil-
ing data shown in Fig. 6M. Migration to LNs upon antigen encounter is another hallmark
feature of cDCs. Dr. Isabel Ulmert and | performed the experiments assessing the mi-
gration ability of RORyt" DCs in neonatal intestine after oral gavage with R848 shown in
Fig. 6N. Following the identification of RORyt" DCs in human CSF scRNAseq datasets,
we found that they expressed markers well studied in murine cDCs in the mouse model
of EAE. Therefore, we quantified RORyt" DCs in brain and spinal cord of mice subject to
MOG-induced EAE. These experiments were done in collaboration with Dr. Arek Kendirli

and Clara de la Rosa and data are shown in Fig. 7B,C and Fig. S12A.
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Our work shows that RORyt" DCs bear hallmark features of cDCs, which warrants their
affiliation with dendritic cells. RORyt" DCs encompass several previously described pop-
ulations of RORyt" APCs, and are a unique population of dendritic cells present across
tissues in mice and humans. RORyt" DCs can activate naive T cells and display a pro-
inflammatory transcriptional profile in neuroinflammation and after viral stimulus. This
indicates that they could have a function beyond pTreg induction reported in intestinal
tissues, and suggests that their functional state could be regulated by tissue-specific or
inflammatory signals. Future studies investigating their origin and factors regulating their
functional identity will be critical as our work suggests that RORyt" DCs harbor the po-

tential for being targeted for therapeutic intervention.

2.2 Contribution to publication lI:

“Genomic deletion of Bcl6 differentially affects conventional dendritic cell
subsets and compromises Tfh/Tfr/Th17 cell responses”

DOI: 10.1038/s41467-024-46966-6

In 2020 | set out to characterize the cDC compartment across tissues in Clec9a“™ Bcl6"*
Rosa""" mice. In this mouse model, Bcl6 is conditionally deleted in all cDCs derived from
Clec9a-expressing myeloid progenitors and YFP reports Cre activity. In these initial ex-
periments, a striking change in the cDC compartment was observed. cDCs expressing
XCR1 a marker specifically expressed on cDC1, co-expressed CD11b a marker for cDC2
which is typically absent on cDC1. Shortly after these observations, we began a collab-
oration with the lab of Dr. Katharina Lahl, who had observed a similar phenotype in the
cDC compartment of CD11¢“"Bcl6™* mice and was putting together this publication.

In this study various mouse models for conditionally depleting Bcl6 are used to investi-
gate the cell-intrinsic role of Bcl6 in cDCs and subsets. Using XCR1°"® and CD11c®" to
conditionally delete Bcl6 in all XCR1 or CD11c-expressing cells respectively, revealed a
population of XCR1"CD11b* cDCs across tissues, which is typically absent in WT mice.
Bulk RNA-sequencing of splenic cDC subsets from these conditional depletion models
showed that Bcl6 deficiency did not affect the core transcriptional identity of cDC subsets,
but did alter the gene expression profile of cDC1 and cDC2 in a differential manner.
However, Bcl6-deficient cDC1 remained functionally comparable to WT cDC1. Pheno-
type, numbers and transcriptomic profile of cDC2 were also affected in CD11c%®Bcl6"
mice. A specific reduction in the ESAM"" Notch2-dependent subset of cDC2 was ob-

served. This reduction in ESAM"" ¢cDC?2 in the spleen resulted in an impaired induction
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of Tth and Tfr cells. Lack of the corresponding Notch2-dependent CD103" ¢cDC2 popu-
lation in the colon LP resulted in an impaired Th17 response against C. rodentium in the
intestines.

However, CD11c expression is not exclusive to cDCs. It is also expressed on other im-
mune cells such as monocytes, macrophages, and subsets of B cells and activated T
cells. Therefore, to further support the point that Bc/6 has a cell-intrinsic role in cDC
subsets, especially cDC2, profiling the cDC compartment across tissues in mice with
Clec9a“"-based deletion of Bcl6 mice was important. | designed, performed and ana-
lyzed the flow cytometry experiments profiling the cDC compartment in Clec9a®™Bcl6"
mice. Data | generated are presented in Figure. 6 panels c-f, Supplementary Figure 6
panels a,b, and the plots in the lower row depicting staining of cDC compartment in
Clec9a.Bcl6"° mice in Supplementary Figure 7. Additionally, | designed panels and per-
formed flow cytometric profiling of myeloid progenitors in the bone marrow of
Clec9a°™Bcl6™* compared to controls, which was important in the review process and
shaping the direction of the study, but ultimately did not make it into the final publication.
In conclusion, this publication provides novel insights into the cell-intrinsic role of the
transcription factor BCL6 in regulating the subset-specific development, phenotype, and

function of cDCs across murine tissues.
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Conventional dendritic cells (cDCs) are potent antigen-presenting cells (APCs) that inte-
grate signals from their environment allowing them to direct situation-adapted immunity.
Thereby they harbor great potential for being targeted in vaccination, autoimmunity, and
cancer. Here, we use fate mapping, functional analyses, and comparative cross-species
transcriptomics to show that RORyt" DCs are a conserved, functionally versatile, and
transcriptionally distinct type of DCs. RORyt" DCs entail various populations described
in different contexts including Janus cells/RORyt-expressing extrathymic Aire-expressing
cells (€TAC:s), subtypes of Thetis cells, RORyt"-DC (R-DC) like cells, cDC2C and ACY3"
DCs. We show that in response to inflammatory triggers, RORyt" DCs can migrate to
lymph nodes and in the spleen can activate naive CD4" T cells. These findings expand
the functional repertoire of RORyt" DCs beyond the known role of eTACs and Thetis
cells in inducing T cell tolerance to self-antigens and intestinal microbes in mice. We
further show that RORyt" DCs with proinflammatory features accumulate in autoim-
mune neuroinflammation in mice and men. Thus, our work establishes RORyt" DCs as
immune sentinel cells that exhibit a broad functional spectrum ranging from inducing
peripheral T cell tolerance to T cell activation depending on signals they integrate from
their environment.

dendritic cells | RORyt; AIRE | innate lymphocytes | antigen presenting cells

¢DCs are immune sentinels located in lymphoid and nonlymphoid tissues (1-3). They effec-
tively sense pathogens and subsequently migrate to and initiate T cell responses in secondary
lymphoid organs (1-3). Their functional versatility makes them attractive for being targeted
in autoimmunity and vaccination against pathogens or cancer (2-5). Accordingly, considerable
work has been invested in understanding the functional and ontogenetic diversity of cDCs,
yet these cells remain ambiguous to define as fate mapping has recently uncovered novel
populations with overlapping phenotype but distinct origin (2, 6-11).

Type 2 cDCs (cDC2) are potent regulators of CD4" T cell responses (1-3) that entail
Notch2-dependent ESAM"®" or T-bet-expressing cDC2A and Notch2-independent ESAM™”
or T-bet-negative cDC2B that derive from myeloid progenitors (12-14). Both subtypes can
induce Th17 responses but cDC2A regulate T follicular helper cell (Tth) responses (15), while
¢DC2B may better promote Th2 responses (16). Recently, fetal liver lymphoid progenitors
and lymphoid-derived transitional DCs (¢DCs) have been shown to differentiate into cells
resembling cDC2A and ¢<DC2B (8-10, 17), the functional consequences of which are still
unclear. tDCs can also contribute to antiviral responses and inflammation induced-
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immunopathology (8, 9, 17). Additionally, DC3 arise from monocytic progenitors, resemble
¢DC2B but in vitro appear superior to cDC2B in polarizing producing Th17 cells (11, 18,
19). The above heterogeneity suggests a careful division of labor between DC subtypes which
needs to be better defined to uncover the full functional spectrum of ¢cDCs.

Next to cDCs, RORyt-expressing APCs have emerged as potent regulators of T cell-
mediated tolerance (20-30). RORyt is a ligand-activated transcription factor encoded by
the Rorc gene that differs from its isoform RORy by three amino acids at the amino ter-
minus (31-33). RORyt-expressing APCs include subsets of ILC3s, RORyt" extrathymic
AIRE-expressing cells (€TACs—including Janus and AIRE" ILC3-like cells), as well as
other surfacing populations like Thetis cells (28-31, 34, 35). Their lineage relationships
and functional specializations are ill-defined because RORyt-expressing APCs phenotyp-
ically resemble each other and share expression of CD11c¢ and ZBTB46 with cDCs (25,
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29, 30, 35, 36). Janus cells express Aire, RORyt and the integrin
b8 (/tgh8) but lack ILC3 markers CXCR6 and IL7R. They phe-
notypically and transcriptionally resemble CCR7" migratory
cDCs (29, 35) and have primarily been profiled from pooled
cervical, brachial, axillary, inguinal, and mesenteric lymph nodes
(mLN) (35). Thus, it is unclear if they exhibit site-specific heter-
ogeneity. Thetis cells have first been described in neonatal mLN
and resemble Janus cells although they are apparently absent from
skin draining LN (30). Only a fraction of Thetis cells (TCI and
TCIII) expresses Aire, while TCIV expresses ltgh8 but lacks Aire
(30). While Janus and Thetis cells in mice drive T cell tolerance,
human R-DC-like cells that resemble Thetis cells can activate
allogeneic T cells (37). Thus, the above cell types may function
beyond T cell tolerance, highlighting the need for a more accurate
alignment of Janus cells, Thetis cells, and RORyt" ¢TAC subsets,
and the tissue-specific signals that regulate them.

¢DC2B from adult mouse spleen show accessible chromatin at
ROR response elements (RORE) in bulk ATAC sequencing, leading
to the notion that cDC2B expresses RORyt (12, 31). However, active
RORyt protein expression in cDC2B from adult mice has not been
reported and only a minor fraction of cDC2B show RORyt expres-
sion history (10, 12). In contrast, we have demonstrated active
RORyt protein expression in a fraction of cDC2-like cells in neonatal
mouse spleen and Peyer’s patches, that phenotypically and transcrip-
tionally more closely resemble cDC2A than cDC2B (10, 38). These
RORyt" ¢DC2-like cells in the neonatal spleen do not arise from
Clec9a-expressing myeloid cDC progenitors (10), suggesting they
could be a unique type of APC, possibly related to Thetis cell subsets,
which resemble cDC2 in terms of CD11b expression (30).

Here, we show that RORyt" DCs are a transcriptionally distinct
and evolutionarily conserved DC subtype that reconciles various
previously described RORyt" APC populations, including RORyt"
eTAGCs, Janus and Thetis cells, RORyt" cDC2-like cells, R-DC like
cells, ACY3" DCs (39) and PRDM16" ¢cDC2C (40). We demon-
strate that RORyt" DCs are ontogenetically and transcriptionally
distinct from other ¢cDC subtypes, as well as from ILC3. Yet,
RORyt" DCs bear hallmark features of cDCs, including migration
to lymph nodes and ability to activate naive CD4" T cells in response
to inflammatory stimuli that warrant their affiliation with DCs.

Results

RORyt" DCsExistin the Murine Spleen Across Age. We ﬁrst7proﬁled
spleens from RORy ™ Clec9a“"Rosa™ and Clec9a"" Rosa™" mice
systematically across age by flow cytometry. In these mice, Tomato
expression tracks cells arising from committed Clec9a-expressing
myeloid cDC progenitors (41), while GFP expression reports the
RORyt-specific isoform encoded by Rorc (42). We first identified
MHCII'ILC3s as CD90"CD127"MHCII*GFP" cells and then
gated cDCs as CD11c"MHCII" cells lacking the canonical
ILC3 markers CD90 and CD127—also known as interleukin-7
receptor (IL-7R) (Fig. 14 and SI Appendix, Fig. S1A4). Within
CD11c"MHCII" splenocytes, we detected GFP-expressing cells at
all ages examined (Fig. 1A4). Importantly, GFP*CD11c"MHCII
cells also stained with an ant-RORC antibody (Fig. 1E),

confirming that GFP signal in RORy#“"” mice accurately reports
RORyt protein expression and that anti-RORC antibody staining
in CD11c"MHCII" cells predominantly identifies cells expressing
the yt isoform of RORC. Unbiased gating of GFP" cells showed
that RORyt"CD11¢"MHCII" cells lacked ILC3 markers CD127,
CD90, and CXCRG6 (Fig. 1 Band Cand SI Appendix, Fig. S1 Band
C). The frequency of RORyt" cells within CD11¢"MHCII" cells
declined with age; however, their absolute numbers correlated with
organ size and increased until weaning age and remained constant

https://doi.org/10.1073/pnas.2417308122

until adulthood (8 to 15 wk of age, Fig. 1F and S Appendix,
Fig. S1D).

We had previously found that CD11b* RORyt" cDC2-like cells
were nearly undetectable by two weeks of age (10). Indeed, at one
week of age, CD11c"MHCII'RORyt" cells uniformly expressed
CD11b but lacked CD24 Starting at two weeks of age RORyt"
cells showed a CD11b"" to negative phenotype, while retaining the
c¢DC2 marker CD172a (10) (Fig. 1D), and stained positive for
CD24 (Fig. 1 Aand B). Atall ages examined RORyt"CD11c"MHCII*
cells stained negative for the cDCl-specific marker XCR1 (Fig. 1B).
Thus, the apparent lack of CD11b by two weeks of age explains why
we had previously missed these cells in adult mice and suggests that
these cells are either heterogenous or change their phenotype with
age. In line with our previous work (10), RORyFCDl 1c"MHCII*
cells lacked Tomato expression in Clec9a“" Rosa” ™ mice at all ages
examined, supporting that they do not arise from Clec9a-expressing
DC progemtors (IO 41). RORyt"CD11c¢"MHCII" cells were pres-
ent in RagZ yc mice, which lack lymphocytes, including ILC3s
and their precursors (Fig. 1 G and H) (43), but fate mapped prom-
inently in lymphoid-specific hCD2'““Rosa™"" lineage-tracer mice
(SI Appendix, Fig. S1IE). RORyt'CD11¢"MHCII" cells were
strongly reduced in mice deficient for fms-like tyrosine kinase 3
ligand (FLT3L) (Fig. 11), a growth factor critical for the develop-
ment of all DCs and ILCs (44, 45). Thus, RORyt"CD11c"MHCII"
cells exist in the murine spleen across age and can either be detected
using an anti-RORC antibody or by GFP signal in RORy#""" mice
(Fig. 1 A and E). As these cells do not develop in FLT3L™" mice
and phenotypically resemble DCs (10), we refer to these cells as
RORyt" DCs from hereon in accordance with suggestions for DC
and ILC nomenclature (1, 31, 46).

Single-Cell Multiomic Profiling Aligns Murine RORyt+ DCs with
Janus Cells, ROR*{t+ eTACs and Thetis Cells. To gain insight into
the transcriptional and regulatory relatedness of RORyt" DCs to
cDCs and ILC3s across age, we performed paired single-cell RNA
sequencing (scRNA-seq) and single-cell assay for transposase-
accessible chromatin (scATAC) from the same cell using 10X
multiomic profiling. RORyt" DCs and MHCH ILC3s were sorted
from spleens of two-week-old or adult RORy#“™ mice and mixed at
a 1:1 ratio to enrich for RORyt" DCs. CD11c"MHCII" cDCs were
added in 10-fold excess to capture their heterogeneity. After quality
filtering, we retained chromatin accessibility and gene expression
profiles from 9,899 and 11,980 nuclei respectively. Unsupervised
clustering based on gene expression (RNA) and open chromatin
(ATAC) profiles revealed 18 and 16 clusters, respectively, that
were largely congruent and could be classified as cDC1, ¢cDC2,
migratory ¢DCs (migDCs), ILC3s, pDCs, and (DCs (Fig. 24
and SI Appendix, Fig. S2 A—F and Table S1). <DC2 split into 5
clusters based on gene expression, of which clusters 1, 2, and 3
corresponded to cDC2A (12, 47) (S Appendix, Fig. S2C). Of note,
cDC2 clusters 1 and 2 showed uniform chromatin accessibility
(81 Appendix, Fig. S2 B and D), as discussed below. cDC2 clusters
4 and 5 transcriptionally resembled both cDC2B and DC3 and
were denoted as cDC2B/DC3 as they could not confidently be
delineated as either cell type (Fig. 24 and S7 Appendix, Fig. S2 C
and £) (11, 12). pDCs showed uniform chromatin accessibility
but split into two clusters based on gene expression (S Appendix,
Fig. S2 A, B, and D). Rorc* cells distributed across 5 clusters, of
which ILC3_1 and ILC3_2 scored high for ILC3 signature genes
and expressed Rora, 1171, Cxcr6, and one cluster transcriptionally
resembled ex-ILC3 (48) (Fig. 2 A and B and SI Appendix,
Fig. S2C and Table S2). Additionally, one cluster expressed Rorc,
Prdm16, and Lingo4 (10) while lacking /77, Rora, and Cxcr6 and
transcriptionally resembled RORyt" cDC2-like cells from neonatal
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Fig. 1. RORyt" DCs exist in the murine spleen across age. (A and B) Splenocytes from Clec9a“*Rosa™™ or Clec9a“"*Rosa’"RORyt®" mice at the indicated ages were

analyzed by flow cytometry. () Live CD90'CD127°CD11c*MHCII* cells were gated and RORyt” cells revealed by GFP or anti-RORC intranuclear staining (2-wk time
point). GFP* or RORC" cells were further analyzed for CD11b and CD24 expression. (B-D) Expression of the indicated surface markers in cDC1 (gray), cDC2 (red),
MHCII" ILC3 (green), and CD11c¢"MHCII"RORyt” cells (blue) from spleens of mice at the indicated ages. Gating strategy S/ Appendix, Fig. S1A. (F) CD11¢"MHCII" cells
from RORyt” mice were stained using an anti-RORC antibody to demonstrate that anti-RORC staining and RORyt driven GFP are largely congruent. (F) Frequency
of RORyt" cells within CD11c¢"MHCII" cells and number of RORyt™ DCs in spleens of the indicated ages (1-wk-old n = 10; 2-wk-old, n = 9; 3-wk-old n = 8, 4-wk-old
n = 3; 8 to 12-wk-old n = 6; 15-wk-old n = 3). Data are pooled from 1 to 2 independent experiments; each data point represents a biological replicate. (G and H)

MHCII* ILC3 and RORyt" DCs were quantified in spleens from 2-wk-old (G) and adult Rag2 ™ yc”~

mice (H) and littermate controls. Each data point represents an

individual mouse from two independent experiments. (/) Quantification of cDC1, cDC2, RORyt" DC, and MHCII" ILC3 in spleens from 1-wk-old FIt3/"" and Fit3/"~
littermate controls. RORyt" DC quantified by intranuclear staining against RORC. Each dot represents one mouse, horizontal bars represent mean, error bars
represent SD. **P (0.0021) ***P (0.0002). Statistical analyses in (G-/) were performed using two-tailed Welch's t test.

mouse spleen (10), establishing it as RORyt" DCs (Fig. 2 B-D
and SI Appendix, Table S1). This cluster expressed higher levels
of Cer6, Cd200, and Epcam compared to other DC subtypes and
we could confirm higher expression of these markers on RORyt"
DCs compared to cDC1 and ¢DC2 by flow cytometry (Fig. 2F).

Some migratory DCs expressed Aire (Fig. 2 Band D), as expected
(35, 49) but we could also identify a distinct cluster of cells expressing
Aire, Rorc, and Prdm 16, which we termed RORyt" €TACs. RORyt"
DCs and RORyt" €TACs most closely resembled each other and
migratory cDCs transcriptionally and based on chromatin accessi-
bility (Fig. 2£). While RORyt" ¢TACs and RORyt" DCs showed

similar chromatin accessibility, they somewhat diverged based on

PNAS 2025 Vol.122 No.0 2417308122

gene expression profile (Fig. 24). The Aire locus, including the con-
served noncoding sequence 1 (CNS1) region (35) showed accessible
chromatin peaks in migDCs, RORyt" DCs and RORyt" ¢TACs.
Highest accessibility of the CNS1 region was observed in RORyt"
¢TACs and RORyt" DCs; however, some cell type—specific peaks
were observed close to the transcriptional start site of Aire only in
RORyt" eTAC:s (Fig. 2G). The RORyt" DC cluster was distinguished
from other clusters by expression of genes including PrdmI6,
Coll7al, Pigr, Lth, and Lingo4, of which Prdml16 and Coll7al
expression were shared with RORyt" €TACs (Fig.2D and
SI Appendix, Table S2). RORyt" ¢TACs showed specific expression
of Aire, Tnfrsf11a (RANK), and /zgb8 (Fig. 2D). Flow cytometry in
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reporter mice (50) confirmed that a fraction of RORyt"
DCs indeed express AIRE (Fig. 2H) but Aire deficiency did not
influence the development of RORyt" DCs in mixed bone marrow
chimeras (S/ Appendix, Fig. S2G). AIRE" RORyt" DCs stained
slightly higher for CCR7, CD24, MCHII, and CD200 but resem-
bled AIRE™® RORyt" DCs in terms of EpCAM, ICOSL, and CCR6
expression (S/ Appendix, Fig. S2H). Altogether, these data suggest
that RORyt" €TAC:s are a transcriptional state of RORyt" DCs.
Some of the aforementioned genes (Prdm16, Coll7al, Pigr;, Ltb,
Aire, Tnfrsf11a) have been reported in Thetis cells and Janus cells/

eTACs (29, 30, 34, 35). Therefore, we performed data integration
of the above dataset, together with published scRNA-seq datasets
of DCs from neonatal murine spleen (10), RORyt" APCs from
neonatal Peyer’s patch (38), Thetis cells from neonatal mLN (30),
Janus cells from mLN (87 Appendix, Fig. S3 C and D) and sdLN
(29, 35), and RORyt" €TACs from mLN (23). We additionally
integrated scRNA-seq data from neonatal small intestine in which
we identified a cluster of RORyt-expressing DCs (SI Appendix,
Fig. S3 A and B). After unsupervised dataset integration using scV1
(51) cells from individual datasets were distributed evenly across
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Leiden clusters (Fig. 2/). Cells originally annotated as the same
broad cell types in the individual datasets (cDC1, cDC2, migDCs,
pDCs, ILC3) clustered together in the integrated analysis irrespec-
tive of study and tissue of origin, and Leiden clusters corresponded
well to the different cell types included (Fig. 27 and SI Appendix,
Fig. §21). We found that cells originally annotated as € TACs, Janus
cells, Thetis cells, or RORyt" APC:s clustered together with RORyt"
DCs identified in our study, into a transcriptionally distinct cluster
(Leiden 6), termed RORyt" DCs (Fig. 2/ and SI Appendix,
Fig. $21). Of note, Thetis cells from neonatal mLN also show het-
erogeneity in terms of Aire expression (SI Appendix, Fig. S2J) (30),
supporting that RORyt" DCs entail distinct transcriptional states.
Together, this comprehensive multiomic profiling and meta-analysis
establishes RORyt" DCs as a transcriptionally distinct cell type
with strong resemblance to RORyt" €TACs, Janus and Thetis cells.

Comparative Transcriptomics Reveals RORyt+ DCs are Evolu-
tionarily Conserved. To investigate whether RORyt" DCs exist in
the human spleen, we analyzed a scRNA-seq dataset of human spleen
cDCs from a 61-year-old patient (12). 11 of 12 identified clusters
corresponded to the previously identified clusters, including cDC1,
CLECI10A™ cDC2A, and CLEC10A" cDC2B, DC progenitor-like
cells (pre-DC/ASDCs), CCR7" migratory DCs (CCR7* DCs), and
one cluster of dividing cells (Fig. 34 and SI Appendix, Fig. S4 A-C).
Cluster 11 expressed RORC and PRDM 16, but not the ILC3 genes
RORA and IL7R (SI Appendix, Fig. S4C), and had been excluded
from the original analyses as putative ILC3 contamination. Indeed,
this RORC" cluster scored high for expression of ILC3 signature
genes (Fig. 3B) but also for genes that distinguished RORyt" DCs
in muldome and scRNA-seq analyses from murine spleen (10)
(Fig. 3B and SI Appendix, Table S1). From the Tabula Sapiens
human reference atlas, we selected spleen cells annotated as CD1¢"
and CD141" myeloid DCs, pDCs, and ILCs (52), which formed
8 clusters corresponding to cDCI1 (cluster 2), cDC2 (cluster 4),
ILC3 (cluster 1, 0, 5), and pDCs (clusters 6 and 3) (Fig. 3 Cand D
and ST Appendix, Fig. S4 D-F). Cells in cluster 7 expressed RORC
and PRDM 16, but not RORA and IL7R and scored highest for
genes distinguishing RORyt" DCs in mouse spleen, whereas ILC3s
scored highest for ILC3 signature genes (Fig. 3D and SI Appendix,
Table S1). This RORC" cluster contained cells from multiple donors
aged 59, 61, and 69 y and did not segregate by the sequencing
method or cell cycle phase, validating it as a bona fide population
(SI Appendix, Fig. S4F). After integration, RORC" cells from both
datasets clustered together and away from DCs and ILCs (Fig. 3 £
and 7). Comparative gene expression analyses identified conserved
markers, including PRDM16, UBE2E2, IL411, PIGR, and LTB,
that distinguished RORyt" DCs in murine spleen and the RORC”
clusters in the human spleen (Fig. 3G). Thus, RORyt" DCs also
exist in the human spleen.

We also identified RORC- and PRDMI6-expressing cells that
lacked RORA and resembled the RORC" cluster in the human spleen
in single-cell RNA-seq data from small and large intestines from
healthy adults (25 to 75 y old) (53) (8] Appendix, Fig. S5 A-D and
Table S5), as well as in small intestine of healthy pediatric donors
and pediatric Crohn’s disease patients (S/ Appendix, Fig. SSE). These
data indicate that RORyt" DCs are conserved in the human intestine
across age. In the Tabula Sapiens lymph node dataset (52), we also
detected RORC-, PRDM16-, and LTB-expressing cells, some of which
expressed AIRE (SI Appendix, Fig. S5 F-I), and that derived from
multiple donors and anatomically distinct LNs (87 Appendix, Fig. S5
Fand H) and have recently been dubbed cDC2C (40).

By performing comparative gene expression analyses of RORyt"
DCs in each dataset described above and identifying commonal-
ities, we revealed a set of genes, including RORC, PRDM16, LTB,

PNAS 2025 Vol.122 No.0 2417308122

PIGR, and IL411, that reliably distinguished RORyt" DCs across
tissues and species in all of the above mouse and human datasets
(Fig. 3 H and 7 and SI Appendix, Tables S1 and S5 and Fig. S6 £
and F). R-DC-like cells from tonsil, which correspond to Thetis
cells (37) showed higher expression of these genes compared to
other populations in the same dataset (Fig. 3H), indicating that
these cells are homologous to RORyt" DCs. Additionally, we
could align RORyt" DCs with PRDM16" cDC2C from glioblas-
toma (GBM) (40, 54) and ACY3" DCs from cerebral spinal fluid
(CSF) of patients with multiple sclerosis (39) (Fig. 3H and
SI Appendix, Fig. S6 A and B) and identified RORyt" DCs in two
additional datasets from CSF of patients with demyelinating dis-
ease (55, 56) (SI Appendix, Fig. S6 C-E). This comprehensive
meta-analysis establishes RORyt" DCs as a transcriptionally dis-
tinct and evolutionarily conserved cell type that encompasses
previously described populations including RORyt" €TACs, Janus
cells, Thetis cells, R-DC-like cells, cDC2C and ACY3" DCs.

Distribution and Phenotype of RORyt+ DCs Across Lymphoid
and Nonlymphoid Tissues in Mice. We next assessed the tissue
distribution of RORyt" DCs across age in RORy#*"" mice. Migratory
¢DCs in nonlymphoid tissues express CD127 (25, 57) (SI Appendix,
Fig. S7A). Thus, we gated ¢DCs irrespective of CD127 as CD90’
CD11¢"MHCII" cells negative for the monocyte marker CD64.
In mLN, we detected RORyt" DCs at all ages examined and
found their frequency was highest in neonatal mLN and declined
with age (Fig. 44). As reported (30), we consistently detected the
highest numbers of RORyt" DCs at two weeks of age (Fig. 44 and
SI Appendix, Fig. S7B). In small intestinal lamina propria (siLP)
the frequency of RORyt" DCs within CD11¢"MHCII" ¢DCs was
highest in neonates and absolute numbers peaked at two weeks of
age (Fig. 4B). Of note, for technical reasons, Peyer’s patches (PP)
were removed from SI only for mice older than two weeks (Fig. 4B).
RORyt" DCs were present in the colon, which lacks PP, of neonatal
and adult mice (Fig. 4C). RORyt" DCs differed phenotypically from
MHCII'ILC3s (CD90"CD127"MHCII'GFP" cells, ST Appendix,
Fig. S7 A, C, E, and F) and in mLN lacked the ILC3 marker CXCR6
(SI Appendix, Fig. S7D). In mLN and siLP from one-week-old, but
not adult mice, RORyt" DCs expressed CD11b (S Appendix, Fig. S7
C and F). In both tissues RORyt" DCs expressed high levels of
MHCI], consistent with a migratory DC phenotype and lacked the
¢DC1 marker XCR1, although some RORyt" DCs expressed XCR1
in adule mLN (S Appendix, Fig. S7 Cand F). In the lung, RORyt"
DCs were least frequent and their numbers peaked at two weeks of
age (Fig. 4D and SI Appendix, Fig. S8 A-C). Pulmonary RORyt"
DCs lacked XCR1 but expressed CD11b and were distinguished
from ILC3s by expression of CD11¢, MHCII and lack of CD90
(SI Appendix, Fig. S8 A and B). Importantly, we also detected
RORyt" DCs with high MHCII expression in skin draining lymph
nodes (Fig. 4F and SI Appendix, Fig. S8 D-F).

Transcriptional Regulation of RORyt+ DCs. We next investigated
the transcriptional regulation of RORyt" DCs in the spleen (Fig. 2).
While cells from different ages distributed evenly across ATAC
and RNA clusters, RNA cluster cDC2_2 was dominated by cells
from the adult time point (S7 Appendix, Fig. S9A). Because cDC2
clusters 1 and 2 showed uniform chromatin accessibility but split
into two clusters based on gene expression (S Appendix, Fig. S2 A,
B, and D), these data indicate that while cDC2 chromatin identity
is conserved environmental signals may shape gene expression
in cDC2 across age, as reported (10, 38, 58). Accordingly, we
identified 687 differentially expressed genes between the cDC2
metacluster across age (SI Appendix, Table S3). cDC2 from
adult mice were enriched for genes downstream of IFNY, tumor
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Fig. 3. Comparative transcriptomics reveals RORyt" DCs are evolutionarily conserved. (A) Annotated UMAP of 4,717 cells from scRNA-seq dataset of human
splenic DCs. (B) Enrichment scores for the RORyt" DC and ILC3 signatures from the murine multiome dataset were calculated for each cluster. (C) Annotated
UMAP of 262 cells from scRNA-seq dataset of human spleen. (D) Enrichment scores for the RORyt” DC signature or ILC3 signature from the murine multiome
dataset were calculated for each cluster. (E and F) Annotated UMAP (£) of integrated scRNA-seq datasets generated using Seurat Integration of sScRNA-seq datasets
pipeline, and colored by dataset (F). (G) Venn diagram showing the overlap of genes distinguishing RORyt" DCs in the indicated mouse and human scRNA-seq
datasets. (H and /) Bubble plots of selected genes deduced from comparative gene expression analyses that distinguish RORyt" DCs in various human (H) and
murine (/) scRNA-seq datasets. Genes are ordered according to the species and organs they were found in to differentiate RORyt" DCs from other cell types.
*P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis was performed using the Wilcoxon nonparametric ranked sum test.

necrosis factor-a (TNF-ar), IL-2, and IFNa signaling (S/ Appendix,
Fig. S9B), corroborating our previous findings (10), and validating
the suitability of our dataset to compare populations across age.
Contrary to cDC2, RORyt" DC clusters had equal contribution of
cells from both ages and only 29 genes were differentially expressed
between RORyt" DCs across age (SI Appendix, Fig. S9A and
Table §3). Thus, RORyt" DCs are transcriptionally stable between
2 wk of age and adulthood.

Focused multiomic analysis of the RORyt" DC and RORyt"
€TAC clusters confirmed that RORyt" e TACs form a separate cluster
from RORyt" DCs in ATAC and mRNA profiles (Fig. 5 4 and B
and ST Appendix, Fig. S9C). Aire"*RORyt" DCs could further be
divided into 3 clusters (Fig. 5 A and B and SI Appendix, Fig. S9C).
Of note, ftgh8 expression, which promotes Treg differentiation (29,
30) was restricted to the RORyt" ¢TAC cluster (Fig. 5B). RORyt"
DC cluster b showed lower expression of Rorc than the other two
clusters (Fig. 5B), suggesting that RORyt" DCs can lose RORyt

expression. Indeed, in spleens from two-week-old and adult
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RORy1““Rosa™" RORy“FP-#nockin reporter mice cells with RORyt
expression history (YFP) outnumbered those with active RORyt
expression (GFP; Fig. 5C) although these cells were otherwise phe-
notypically similar (ST Appendix, Fig. S9D). Similar observations
were made in the lung, mLN and siLP (Fig. 5D and SI Appendix,
Fig. S9E). Espec1ally in lung and mLN from two-week-old mice,
cells with RORy#“" expression history largely outnumbered those
actively expressing RORyt (Fig. 5D and SI Appendix, Fig. SOE).
Finally, combining chromatin accessibility and gene expression
profiles from individual cells we used SCENIC+ (59) to identify
cell type-specific enhancer-driven gene regulatory networks (eReg-
ulons). Dimensionality reduction based on target gene and target
region enrichment scores of eRegulons separated the same main
cell states as identified above (Fig. 5E). Of note, RORyt" DCs and
RORyt" eTACs were similar in this analysis suggesting that they
are closely related cell states. SCENIC+ identified well-known
master regulators of cDCl (/rf8), ¢cDC2 (Runx3), pDCs
(Tcf4/E2-2, Spib), and ILC3 (Rora, Tkzfl, Rorc), confirming the
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Fig. 4. RORyt" DCs exist across lymphoid and nonlymphoid tissues in mice and humans. (A-C) RORyt" DCs were quantified in mLN (A4), siLP (B) colon LP (C),
lung (D), and skin draining lymph nodes (E) of RORyt°" reporter mice (representative gating in S/ Appendix, Fig. S7 and S8). (4) Frequency of RORyt" cells within
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n = 6). (B-D) Frequency of RORyt" cells within CD11c"MHCII*CD64 cells (Top) and number (Bottom) in siLP (1-wk-old n = 4 to 8; 2-wk-old n = 4; 3-wk-old n = 6,
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of RORyt™ cells within CD11c¢"MHCII™ cells (Top) and number of RORyt" DCs (Bottom) is shown.

validity of our approach (87 Appendix, Fig. SOF). RORyt" DCs
and RORyt" eTACS shared regulatory networks Nfaz5 and Relb
with migDCs and Re/ with ¢cDC2 and migDCs, aligning them
with DCs (Fig. 5F and SI Appendix, Fig. SOF). SCENIC+ pre-
dicted RORyt" DCs and RORyt" ¢TAC:s to be specifically regu-
lated by Prdm16, which is also specifically expressed in these cells
(Figs. 2 B and D and 5F and SI Appendix, Fig. SOF). eRegulons
of the nuclear receptors 7hrb/Nr1a2, Rore, and Ppara were equally
predicted by SCENIC+ to regulate RORyt" DCs (Fig. 5G and
SI Appendix, Fig. SOF). PRDMI16 is a master regulator of brown
adipogenesis that in adipocytes directly controls expression of Ppara,
a nuclear receptor that, like RORYyt, integrates signals from free fatty
acids and is involved in lipid metabolism (60, 61). Visualization of
the eRegulons formed by Rorcand Prdm16in RORyt" DCs suggests
cooperativity between these factors in RORyt" DCs (Fig. 5G).
Downstream target genes of PRDM 16 showed higher expression in
RORyt" DCs and RORyt" €TACs than in other cell types and some
of these genes, including L1b, appear coregulated by Prdm 16 and Rorc
(SI Appendix, Fig. S10B). SCENIC+ predicted Rore to regulate
expression of Pigr, Gtf2ird1, and Coll7al (Fig. 5G and SI Appendix,
Fig. S10B), suggesting that RORyt shapes the identity of RORyt"
DCs (Fig. 5G). Prdm 16 was predicted to regulate expression of 7/r12
and 7/23a, which showed highest expression in RORyt" DCs over
other clusters (Fig. 5G and ST Appendix, Fig. S10B). RORyt" DCs
did not show enrichment of genes reported to promote Tregs in Thetis
cells (87 Appendix, Fig. S10A) (30), except for expression of /1gh8 in
asubset of RORyt" DCs expressing Aire. Importantly, RORyt" DCs
showed comparable expression of genes involved in antigen process-
ing and presentation to cDCs and migratory DCs (SI Appendix,
Fig. S10C) and flow cytometry confirmed that RORyt" DCs express
costimulatory molecules, including CD80, CD86, PD-L1, and
CD83. Notably, RORyt" DCs expressed highest levels of CD40 and
CCR?7 when compared to cDC1 and cDC2 (8] Appendix, Fig. S10D),
altogether suggesting that RORyt" DCs have the necessary machin-
ery to serve as APCs.

RORYt" DCs are Bona Fide DCs. The capacity to activate naive T cells
is a hallmark feature of cDCs (2). We, thus, sort-purified RORyt"
DCs from spleens of two-weck-old and adult RORy/“™ mice,
pulsed them with Ovalbumin peptide 323 to 339 (OVA,,; 33)
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and cultured them with cell trace violet (CTV)-labeled naive OTII
transgenic T cells from adult mice with or without T cell polarizing
cytokines. cDC2 and MHCII'TLC3 from the same mice were used
as controls (SI Appendix, Fig. S11A4). As expected, cDC2 from
two-week-old and adult mice induced T cell proliferation under
all conditions tested, while MHCII'ILC3s were poor inducers
of OTII proliferation (Fig. 6 A and E and SI Appendix, Fig. S11
C, D, F, and G). Under all conditions tested RORyt" DCs from
two-week-old and adult mice stimulated the proliferation of naive
T cells, although to a lower extent than cDC2, and supported
the differentiation of OTII cells into effector T cells, as measured
by intracellular cytokine and FOXP3 staining (Fig. 6 A-H).
While RORyt" DCs supported the differentiation of FOXP3"
Tregs equally or better than cDC2, the induction of Th17 cells
by RORyt" DCs was reduced compared to ¢cDC2 (Fig. 6 C, D,
G, and H). Thus, RORyt" DCs can activate naive CD4" T cells
and induce their effector differentiation with qualitative and
quantitative differences compared to cDC2. In contrast, MHCII"
ILC3 induced little if any T cell proliferation and may require
cytokine stimulation to achieve their full APC potential (62).
We next asked whether RORyt" DCs have the capacity to process
and present antigen. Specific expression of CLEC4A4 on ¢DC2
and RORyt" DCs from neonatal and adult mice (10), but not on
cDCl or MHCII" ILC3 (Fig. 6)) (63), suggested that
anti-CLEC4A4-OVA (63) may allow to deliver anté%en to RORyt"
DCs invivo. We thus injected adult RORy/™" mice with
anti-CLEC4A4-OVA or isotype-matched control antibody in the
presence of the adjuvant CpG-B (Fig. 6 /~L), which did not alter
the activation status of RORyt" DCs relative to cDCI1 or cDC2
(Fig. 6M and SI Appendix, Fig. S11H). 12 h later, we sorted 300
cDCl1, cDC2, RORyt" DCs and MHCII'ILC3s and cocultured
them with 3000 naive CTV-labeled OTII T cells (Fig. 6 Kand L).
cDC2 and RORyt" DCs induced OTII proliferation after targeting
with anti-CLEC4A4-OVA but not isotype-matched control anti-
body (Fig. 2 Kand L), demonstrating successful targeting. In con-
trast, cDC1 and MHCII" ILC3s did not induce T cell proliferation
demonstrating cell type—specific antigen targeting (Fig. 2 K'and L).
OTII proliferation induced by RORyt" DCs appeared marginally
lower than that achieved by cDC2, which could be due to differ-
ences in CLEC4A4 targeting efficiency, responsiveness to CpG-B,
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Fig. 5. Single-cell multiomic profiling reveals the unique identity of RORyt" DCs. (4) RORyt" DCs and RORyt" eTACs from the multiome analysis in Fig. 2 A-E were
reclustered. The resulting UMAPs based on RNA and ATAC profiles are shown and annotated by timepoint. (B) Expression of Rorc, Aire, Itgav, and ltgh8 on the RNA-
based UMAP from (A). (Cand D) Spleen (C), mLN, siLP and lung (D) from 2-week-old and adult RORyt“"*Rosa""" RORyt°"* mice were analyzed by flow cytometry. YFP
(RORyt-expression history) versus GFP (active RORyt) expression in CD11¢"MHCII* cells were plotted and the ratio of YFP* to GFP* cells was calculated. Each dot
represents one mouse. (E) UMAP display of dimensionality reduction based on target genes and region enrichment scores generated using SCENIC+. (F) UMAP
colored by target gene activity of the indicated eRegulons predicted to regulate specific cell types (S/ Appendix, Fig. S9F). (G) Visualization of the gene regulatory
network formed by Prdm16, Thrb, and Rorc in RORyt” DCs. Genes that determine the identity of RORyt" DCs are colored in blue.

or expression of costimulatory molecules between RORyt" DCs
and ¢cDC2. Taken together, these data demonstrate that RORyt"
DCs can process and present antigen, and activate naive CD4" T
cells in response to an inflammatory trigger.

Finally, we tested whether RORyt" DCs have the capacity to
migrate to lymph nodes in response to inflammation. Gavage of
neonatal mice with R848 induces cDC migration to mLN (64).
Indeed, 24 h after R848 gavage we observed an increase in the
frequency and number of cDC1, but not ILC3s in mLN, which
served as positive and negative controls for migration, respectively
(Fig. 6V). RORyt" DCs also increased in frequency and number
in mLN (Fig. 6/N), suggesting that oral R848 stimulates RORyt"
DCs to migrate to mLN. Thus, RORyt" DCs bear classical migra-
tory features of cDCs upon inflammatory triggers, validating their
affiliation with DCs.

RORyt+ DCs Exhibit a Proinflammatory Profile in Autoimmune
Neuroinflammation. We next performed comparative gene
expression analyses of RORyt" DCs in three independent scRNA-
seq datasets from CSF of patients with autoimmune demyelinating
disease and found common genes that distinguished RORyt" DCs
from other cells in each dataset (Fig. 74). These genes included S100B
and L7B, which propagate neuroinflammation (65, 66), TNFSFI15
(TL1A), which promotes Th17 differentiation (67) and CCR6, which
enables trafficking of DCs to LN for the priming of autoimmune
T cells in EAE (68). Of note, RORyt" DCs also expressed the aryl
hydrocarbon receptor (AHR) and FFAR4 (also known as GPR120),
which are reported to integrate environmental signals to modulate
DC function in EAE (69, 70). We thus immunized mice with MOG
to induce EAE and observed an increase in frequency and number

of cDC1, RORyt" DCs and MHCII" ILC3s in the brain and spinal

https://doi.org/10.1073/pnas.2417308122

cord of mice at peak disease compared to healthy control mice (Fig. 7
Band Cand SI Appendix, Fig. S124). Of note, in inflamed CNS,
RORyt" DCs became a sizable population and reached comparable
numbers to cDCI and MHCII' ILC3s (Fig. 7 B and C), which
influence EAE pathogenesis (27, 71).

Discussion

Here, we demonstrate the existence of RORyt-expressing DCs that
are transcriptionally and developmentally distinct from other DC
subtypes and entail murine Janus cells/ RORyt" €TACs (29, 35),
Thetis cells (30), RORyt" APCs in Peyer’s patches (38), as well as
human R-DC-like cells (37), cDC2C (40), and ACY3" DCs (39).
Previous work has demonstrated that RORyt" DCs—also known as
Thetis and Janus cells induce peripheral T cell tolerance and Tregs,
particularly at mucosal sites (29, 35, 72-74). We show that RORyt"
DG, like cDCs, respond to inflammation by inducing the activation
of naive T cells and that they can migrate to lymph nodes. They
further accumulate in the inflamed CNS of mice and exhibit proin-
flammatory features in CSF of patients with inflammatory demyeli-
nating disease, including multiple sclerosis. Thus, RORyt" DCs are
bona fide immune sentinels with a versatile functional spectrum
ranging from inducing T cell activation to mediating peripheral T
cell colerance (87 Appendix, Fig. S12B). This versatility makes them
an attractive target for therapeutic manipulation in inflammatory
diseases, cancer, and neuroinflammation.

In the spleen, RORyt" DCs lack a particular tolerogenic profile
and, like ¢cDCs, respond to inflammation with the activation of
naive CD4" T cells. Similarly, R-DC-like cells from human lymph
nodes can stimulate allogeneic CD4" T cells, although their APC
potential has not been compared to that of cDCs (37). Although
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Fig. 6. RORyt" DCs are bona fide dendritic cells (DCs). (A-H) 250 cDC2, MHCII" ILC3, and RORyt" DCs from spleens of 2-wk-old (A-D) or adult (E-H) RORyt°™" mice
were pulsed with OVAs,5 535 and cocultured with 2500 CTV-labeled naive OTII cells as indicated. 3.5 d later, proliferation (CTV dilution), cytokine production, and
FOXP3 expression in proliferated T cells were quantified. (A) CTV-trace of OTII cells cocultured with cDC2, RORyt* DCs, MHCII" ILC3, or cDC2 without OVAsz,3 336
(gray) under nonpolarizing conditions (Th0). Right: Quantification of proliferated cells after culture with cDC2, RORyt" DCs, MHCII" ILC3, or cDC2 without OVA;5 559
(open circle) under the indicated conditions. (B-D) Proliferated OTII cells were analyzed for TNF and IFNy production (B), FOXP3 expression (C), or TNF, IL-17A,
and IL-17F production (D). (E-H) OTII T cells cocultured with cDC2, MHCII™ ILC3, and RORyt" DCs from adult mice were analyzed as in A-D above. (/) CLEC4A4
expression on the indicated populations. (/~L) Adult RORyt°" mice were injected i.p. with anti-CLEC4A4-OVA or isotype-OVA control antibody plus CpG-B. After
12 h 300 cDC2, cDC1, MHCII*ILC3, and RORyt" DCs were sorted and cocultured with 3000 naive CTV-labeled OTII cells. (/) Experimental setup. (k) CTV dilution and
(L) number of proliferated OTII cells after coculture with the indicated populations (n > 5). (M) Expression of the indicated markers on cDC1 (gray), cDC2 (red),
and RORyt" DCs (blue) 12 h after i.p injection of CpG-B. (N) Frequency and absolute number of cDC1, MHCII'ILC3, and RORyt" DCs in mLN of 11-d-old RORyt*"”
reporter mice 24 h after oral administration of R848. Each dot represents one biological replicate pooled from two independent experiments. Horizontal bars
represent mean, error bars represent SD. *P (0.0332), **P (0.0021) ***P (0.0002), ****P < 0.0001. Statistical analysis: two-tailed Welch’s t test (B-D, F-H, and L)
or one-way ANOVA with Tukey’s multiple comparisons (A and E). Only statistically significant comparisons are indicated.

" pDL1 " ccr7

RORyt" DCs are infrequent in steady-state tissues, we found them
to increase in the inflamed mLN and in the CNS of mice with
active EAE. They also accumulate in the inflamed esophagus, where
they express the eosinophilic esophagitis risk gene A7P10A4 (40),
and in the CSF from patients with demyelinating disease (39). In
patient CSE RORyt" DCs display a proinflammatory profile and
have been predicted to interact with memory CD4" T cells (39).
Since RORyt" APCs contribute to CNS pathology in EAE (27),

PNAS 2025 Vol.122 No.0 2417308122

the functions of RORyt" DCs in neuroinflammation require fur-
ther investigation. AhR cooperates with RORyt to drive 1L-22
expression in Th17 cells (70). In patient CSE, RORyt" DCs express
AHR, raising the possibility that these two transcription factors
drive gene expression in RORyt" DCs. Since AHR, FFAR4, and
RORC are druggable molecules, the possibility to manipulate
RORyt" DCs therapeutically in EAE can be explored in future
studies. The prominent expression of L7)3 in RORyt" DCs suggest
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that they can contribute to the spatial organization of immune
cells (75). RORyt" DCs also express the tryptophan-metabolizing
enzyme IL4i1 that generates bioactive immunomodulatory metab-
olites (76). IL4il-derived metabolites can for instance activate AhR
or protect cells from ferroptosis (76), suggesting that RORyt" DCs
may function beyond T cell priming, for instance, by modulating
metabolic communication between cells.

Taken together, the above data suggest that RORyt" DCs exhibit
tissue-specific functional diversity. Tolerogenic immune functions
in RORyt" APCs have been linked to AIRE (29, 35), the expression
of which is restricted to subtypes of RORyt" DCs (29, 30). AIRE
shapes gene expression in tumor-associated macrophages, DCs and
ILC3s (28, 49). Our data suggest that Aire marks a distinct func-
tional state since AIRE'RORyt" DCs express higher levels of CCR7
and MHCII than AIRE™® cells and show a distinct transcriptional
profile. RANK signaling induces AIRE in ¢TACs and ILC3s (34,
35) and RANKL or other tissue/age-specific signals may shape the
transcriptional and functional attributes of RORyt" DCs. RORyt"
DCs may receive such signals in specific tissue niches.

RORyt-Cre lineage tracing experiments show that some cells
that have previously expressed RORyt downregulate it. Although
they phenotypically still resemble those cells actively expressing
RORyt, these data indicate that RORyt itself may not be a good
lineage defining marker. CCR6, EpCAM, CLEC4A4, and CD200
are good candidates to design a combinatorial sort strategy to
identify RORyt" DCs in mice. However, RORyt is currently the
most reliable marker to identify these cells by flow cytometry in
mouse tissues either by using ROR}/t reporter mice or intracel-
lular staining using an anti-RORC antibody. Other genes, includ-
ing PRDM 16, may be better candidates to reliably define RORyt"
DCs across tissues and species. A gating strategy independent of
RORyt would be critical for example in neonatal lung, where cells
with RORyt" expression history vastly outnumber cells with
active RORyt expression. The neonatal lung is considered an envi-
ronment that promotes type 2 immunity (77), while RORyt is
generally associated with type 3/Th17 mediated immunity. Factors

specifically expressed in neonatal lung may suppress RORyt
expression, which could alter the phenotype and functions of
RORyt" DCs by rendering them unresponsive to natural ligands
of RORyt.

Indeed, SCENIC+ predicted RORyt itself to shape the tran-
scriptional identity of RORyt" DCs, consistent with a recent
report describing a role for RORyt in the development of Thetis
cells (72). PRDM16 is a master regulator of brown fat adipogen-
esis that can act as transcriptional activator and repressor. Loss
of PRDM16 increases yd T17 differentiation, suggesting
PRDM16 antagonizes RORytin y8 T cells (78). GTF2IRD1, a
predicted target of RORYt, can mediate the repressive action of
PRDM16 (79). PRDM16 also regulates stem cell quiescence (80),
raising the possibility that RORyt" DCs serve as progenitors.
Indeed, RNA velocity analyses in humans suggest that RORyt"
DCs may serve as alternative progenitors for cDC or ILC3-like
cells (37). Although we found no evidence for that in steady-state
neonatal spleen (10), the fact that cells with RORyt-expression
history outnumber those with active RORyt expression would be
consistent with the possibility of RORyt" DCs serving as progen-
itors. However, RORyt" DCs express costimulatory molecules and
can activate naive T cells, indicating that they themselves constitute
mature APCs. Consistent with previous reports (30), our obser-
vation that RORyt" DCs arise from lymphoid bone marrow pro-
genitors in a Rag2-common-y—chain-independent manner suggests
that these cells are a lineage distinct from myeloid cDCs and ILC3s.

Owing to their expression of CD11¢, ZBTB46, and RORye,
RORyt" DCs need to be considered in the interpretation of studies
using promoters for the above genes to drive Cre or other trans-
genes, such as diphtheria toxin receptor. Models to specifically
manipulate this cell type are urgently needed to understand its
functions in immunity. However, inducible depletion models are
necessary, given the necessity of RORyt" DCs for differentiating
RORyt'FoxP3" T regs, which regulate intestinal homeostasis and
dampen type IT immune responses (29, 35, 72, 73). In the absence
of such models, the anti-CLEC4A4 based antigen-targeting
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Fig. 7. RORyt" DCs in autoimmune neuroinflammation. (4) Bubble plots depicting expression of select genes that distinguished RORyt" DCs from other APCs in
at least two of the indicated human CSF datasets. (B8 and C). Quantification of total leukocytes, frequency and number of MHCII* ILC3, cDC1, and RORyt" DCs in
the spinal cord (B) and brain (C) of mice during peak EAE (day 16, n = 5/6) compared to healthy controls (n = 6). Each dot represents one mouse, horizontal bars
represent mean, error bars represent SD. *P (0.0332), **P (0.0021) ***P (0.0002), ****P < 0.0001. Statistical analysis was performed using two-tailed Welch’s
t test comparing cells from healthy mice vs EAE mice for each cell type. Only statistically significant comparisons are indicated.
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approach used here will prove valuable to determine the specific
functions of RORyt" DCs, especially compared to cDC2. RORyt"
DCs also express Ly75, the gene encoding DEC205, suggesting
they are targetable by anti-DEC205, enabling functional compar-
ison to cDCI.

RORyt" DCs have been termed Janus cells and Thetis cells in
other studies for their two-faced and shape-shifting transcriptional
features and resemblance to cDCs and thymic epithelial cells. Our
work shows that RORyt" DCs are indeed multifaceted in nature
and bear hallmark features of DCs including the ability to inte-
grate signals from the environment to direct appropriate immu-
nity. Their functional versatility ranging from inducing T cell
tolerance to T cell activation highlights the potential of these cells
to be targeted for therapeutic applications.

Materials and Methods

Mice. Female and male age and sex-matched mice and littermate controls were
housed under specific pathogen-free conditions and used in this study. Al ani-
mal procedures were performed in accordance with national and institutional
guidelines for animal welfare and approved by the respective authorities. See
also SI Appendix, Material and Methods.

Cell Isolation for Flow Cytometry. Tissues were enzymatically digested; see
SI Appendix, Material and Methods. For SI, Peyer's patches were removed only
for mice 3 wk or older. mLN from 2 to 3 one-week-old mice were pooled prior
to processing; mice older than 3wks were perfused with ice-cold PBS before
lung isolation.

Flow Cytometry and Cell Sorting. Cells were incubated with CD16/32/FcBlock
for 10 min at 4 °C and then for 30 min at 4 °C with antibodies against sur-
face epitopes and Fixable Viability Dye eFluor 780. To preserve GFP signal after
intranuclear staining, cells were prefixed with 2% paraformaldehyde at RT for
15 min. Intracellular cytokine and transcription factor staining was performed
using Intracellular Fixation and Permeabilization Buffer Set and FOXP3
Transcription Factor Staining Set, respectively (both Thermo Fisher Scientific).
Anti-RORC staining was performed for 1 h at RT.

Sorting: splenocytes were depleted of T cells (CD3e), B cells (CD19),
Neutrophils (Ly6G), and Erythroid cells (Ter119) using magnetic beads. Cells
were sorted on a BD FACSAria Fusion. Data were acquired on an LSR Fortessa
(BD Biosciences) and analyzed using FlowJo V10.8.1 (Tree Star). For antibodies
and further details see S/ Appendix, Material and Methods.

In Vitro T Cell Proliferation. 250 APCs were pulsed with 10 pg/mLOVA;93 339
(Invivogen)for 3 h, washed, and cocultured with 2500 naive CTV-labeled OTII
T cells. 5 ng/mL TGF-B, 10 pg/mL anti-IL-4, and 10 pg/mL anti-IFNy were
added for Treg polarization, and 5 ng/mL TGF-B, 20 ng/mL IL-6, 10 pg/mL
anti-IL-4, and 10 pg/mL anti-IFNy for Th17 polarizing condition. 3.5 d later
cells were restimulated with 10 ng/mL phorbol 12-myristate 13-acetate
(PMA) (Calbiochem) and 1 pg/mL lonomycin (Sigma-Aldrich) for a total of 5
h. Brefeldin A (BioLegend) was added during the last 3 h. See also S/ Appendix,
Material and Methods.

In Vivo Targeting. Adult RORyt™" mice were injected intraperitoneally (i.p.)
with 10 pg anti-CLEC4A4-OVA or 10 pg OVA-coupled-isotype matched control
antibody plus 0.2 pg/g body weight CpG-B ODN 1826 (InvivoGen). 12 h later 300
APCs were cocultured with 3000 naive CTV-labeled OTI cells as above.

R848 Treatment. Ten-day-old RORyt“" mice were orally gavaged with 2 pg

R848 (Invivogen) in 50uL PBS or 50pL PBS as control and analyzed 24 h later.

Single-Cell Multiomics and Transcriptomics. MHCII™ ILC3, CD11¢"MHCII*
DC, and RORyt" DCs were sorted from of 2-wk-old (P13, n = 2) and adult
(8-wk-old, n = 3) RORyt*Clec9a”™"'Rosa26™™" mice. EDTA-free buffer was
used for cell isolation. For each timepoint, cells were pooled at a ratio of 1:1:10
(RORyt" DCs: MHCII™ ILC3: CD11¢" MHCII™ DC) and nuclei isolated following
the 10X Genomics Low Cell Input Nuclei Isolation protocol. 20,000 cells were
lysed for 3 min on ice, resuspended in diluted Nuclei Buffer and lysis efficiency
and nucleus quality assessed by trypan blue staining. 8,400 nuclei for the adult
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timepointand 10,400 nuclei for the 2-wk timepoint were loaded for transposi-
tion. RNAand ATACseq libraries were prepared with the 10X Genomics Chromium
Next GEM Single Cell Multiome ATAC + Gene Expression Kit and sequenced as
recommended. Details of the analyses and all other transcriptomics are provided
in S Appendix, Material and Methods.

EAE. 12-wk-old male C57BL/6 mice were immunized subcutaneously with
250 pl of a 1:1 volume emulsion of recombinant MOG,.,5 (400 pg) and
Complete Freund's Adjuvant (Sigma). Pertussis toxin was injected i.p. on Day
0 and Day 2. Animals were scored as described in S/ Appendix, Material and
Methods and analyzed at peak disease three to five days after disease onset with
mice scoring 2.5 to 3. Cell isolation from brain and spinal cord as described in
Sl Appendix, Material and Methods.

Statistics. Statistical significance was calculated in Prism 10 software (GraphPad).
For pairwise comparisons two-tailed t test with Welch's correction was used. For
multiple comparisons, one-way ANOVA with Tukey's test was performed. The
Wilcoxon nonparametric ranked sum test was used to calculate differences in
AUC scores in R. A P-value < 0.05 was considered significant.

Data, Materials, and Software Availability. Single-cell RNA sequencing and
Multiome sequencing data have been deposited in BioStudies (S-BSST1322)
(81). All study data are included in the article and/or supporting information.
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ST Materials and Methods

Mice

Tg(Rorc-EGFP)1Ebe (1), C57BL/6-Fit3[m!Tmy/TacMmiax (MMRRC Stock No:37395-JAX), OTII
mice (Tg(TcraTcrb)425Cbn; Jackson Laboratory Stock No: 004194) crossed to a Thyl.1 (CD90.1)
background, Clec9a'™21lcre)Crs (Jackson Laboratory Stock No: 025523), Gt(ROSA)26Sorm?(CAG-
tdTomato)Hze (R gq 2 610x-STOP-lox-tdtomatoy (Jackson Laboratory Stock No: 007909), C57BL/6JRccHsd,
CD45.2 Adire”~, and CD45.1 BALB/c mice were bred and maintained at the Biomedical Center,
LMU, Munich. Rag2”"I12rg”, Rorc(yt) """ (2) crossed to Rorc(yt)cre (3) and Rosa26YFP mice were
bred and maintained at the Federal Institute for Risk Assessment (Berlin, Germany) and the
Research Institute for Experimental Medicine (FEM) of the Charit¢ (Berlin, Germany).
RORy(S**RORyt“*Rosa26®" were a gift from Vasileios Bekiaris and bred and maintained at the
Technical University of Denmark BioFacility. hCD2i" (4) mice crossed to RosaYF? reporter mice
were bred and maintained in Lund University. All mice were housed under specific pathogen free
conditions, with a 12 h dark/light cycle, in individually vented cages. Food and water were provided
ad libitum. Both female and male mice were used in this study. Age and sex-matched mice were
used for experiments. In most experiments littermates were used. All animal procedures were
performed in accordance with national and institutional guidelines for animal welfare and approved
by the Regierung of Oberbayern, Landesamt flir Gesundheit und Soziales, the

Landesuntersuchungsamt Rheinlandpfalz or the Danish Animal Experiments Inspectorate.

Cell isolation for flow cytometry

Spleens were cut into small pieces and enzymatically digested in 1mL RPMI containing 200 U/mL
Collagenase IV (Worthington) and 0.2 mg/mL DNasel (Roche, 11284932001) for 30 minutes at
37°C while shaking at 180 rpm. Digested suspensions were passed through a 70 um strainer and
washed with FACS buffer (PBS, 1% fetal calf serum (FCS), 2.5 mM EDTA, 0.02% sodium azide).
Erythrocytes were then lysed with Ammonium-chloride-potassium (ACK) lysis buffer (I mM
EDTA, 1.55 M NH4Cl, 100 mM KHCOs, filtered) for two minutes at room temperature (RT)
followed by a wash with FACS buffer. Cell pellets were resuspended in FACS buffer for further
analysis.

Mesenteric lymph nodes (mLN) from 2-3 one-week old mice were pooled prior to processing. For

all other timepoints mLN from individual mice were processed. Tissue was processed as above but
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without erythrocyte lysis. Axillary, brachial, inguinal, and cervical skin draining lymph nodes from
adult mice were enzymatically digested in 1 mL of RPMI with 200 U/mL Collagenase IV
(Worthington) and 0.2 mg/mL DNasel (Roche) for 30 minutes at 37 °C while shaking at 180 rpm.
Digested samples were passed through 70 pm strainer, washed and resuspended in FACS buffer
for further analysis.

Small intestines (SI) were isolated and flushed with ice-cold wash medium (Hank’s Balanced Salt
solution (HBSS), 5 mM EDTA, 5% FCS, 10 mM HEPES, without calcium or magnesium). For
mice 3 weeks or older, Peyer’s patches were then removed. Intestines from mice younger than 3
weeks were cut open with a scalpel and washed in ice cold PBS. SI from one-day old mice were
pooled by 2-3. Tissues were cut into pieces and incubated in wash medium and 1 mM dithiothreitol
(DTT) for 30 minutes at 37°C with shaking (180 rpm). Supernatant containing epithelial cells and
intraepithelial lymphocytes was discarded. Samples were then washed with digestion medium
(HBSS with Calcium and Magnesium, 5% FCS and 10 mM HEPES) and then cut to smaller pieces
for enzymatic digestion. Samples were then digested in 3 mL digestion medium containing 400
U/mL Collagenase IV (Worthington) and 0.4 mg/mL DNasel (Roche, 11284932001), for 30
minutes at 37 °C with shaking (180 rpm). Digested samples were passed through 100 um strainer
and washed with gut medium (RPMI with 1% Glutamine, 1% Penicillin/Streptomycin, 10% FCS,
10 mM HEPES, and 50 uM B-Mercaptoethanol). Supernatant was removed by suction with vacuum
pump. Leukocytes were enriched by 70%-37%-30% Percoll (Sigma Aldrich) gradient
centrifugation (2000 rpm, RT, 30 minutes, Accel=3, Decel=0).). Cells were collected from the
70%-37% interphase and washed once in gut medium and resuspended in FACS buffer (without
sodium azide) for further analyses.

For lung isolation mice were perfused with ice cold PBS. Lungs from mice younger than 3 weeks
were isolated without perfusion. Tissue was minced and enzymatically digested in 1 mL RPMI
containing 200 U/mL Collagenase IV (Worthington) and 0.2 mg/mL DNasel (Roche) for 1 hour at
37 °C with shaking (180 rpm). Digested tissue was passed through a 70 pm strainer and washed

with FACS buffer. Leukocytes were enriched by gradient centrifugation as above.

OTII enrichment

Spleens from OTII mice were collected in 1 mL RPMI, mechanically disrupted and passed through
a 70 um strainer and washed with FACS buffer without sodium azide ((PBS, 1% fetal calf serum
(FCS), 2.5 mM EDTA). Naive CD4" OTII cells were isolated using MojoSort™ mouse CD4 Naive

T Cell Isolation Kit (BioLegend) according to the manufacturer’s instructions. OTII cells were
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labelled with CellTrace™ Violet (CellTrace™ Violet Cell Proliferation Kit, Invitrogen) according

to the manufacturer’s recommendations.

Flow cytometry

Cells were first incubated with 50 pL purified anti-mouse CD16/32/FcBlock (BD Pharmingen, Cat
No. 553142) for 10 minutes at 4°C in 96-well v-bottom plates. Next, cell surface epitopes were
stained for 30 minutes at 4°C by addition of 50 pL antibodies in a 2X mastermix (total staining
volume of 100 pL). Fixable Viability Dye eFluor 780 (Thermo Fisher Scientific) was added at this
step. To preserve GFP signal after intranuclear staining, cells were pre-fixed with 2%
paraformaldehyde at RT for 15 min. Intracellular staining for cytokines was performed using
Intracellular Fixation & Permeabilization Buffer Set and for transcription factors with the FOXP3
Transcription Factor Staining Set (both Thermo Fisher Scientific) according to the manufacturer’s
instructions after staining for surface epitopes. Anti-RORC staining was performed for 1 hour at
RT. Cells were quantified using CountBright™ Absolute Counting Beads (Thermo Fisher
Scientific). Flow cytometry data was collected using LSR Fortessa (BD Biosciences) and analyzed
using FlowJo software V10.8.1 (Tree Star). Antibodies used for flow cytometry are provided in

Materials and methods Tablel below.

Cell sorting

For sorting of APC populations splenocytes were depleted of T cells (CD3e), B cells (CD19),
Neutrophils (Ly6G) and Erythroid cells (Ter119) by staining with FITC-conjugated antibodies
followed by anti-FITC magnetic bead negative selection with LS columns (both Miltenyi)
according to the manufacturer’s instructions. Cells were stained in total volume of 600 puL in 50
mL conical tubes. For in vitro coculture assays PBS + 10% FCS was used as collection medium.
Cells for single cell multiome analyses were collected in complete RPMI (1% L-Glutamine, 1%
Penicillin/Streptomycin, 10% FCS, 1% Sodium Pyruvate, 0.1% p-Mercaptoethanol and 1% non-
essential amino acids). Cell sorting was performed using BD FACSAria Fusion (BD Biosciences).

Antibodies used for sorting are provided in Materials and Methods Tablel below.

Sorting from neonatal small intestine for scRNA-seq: Single cell suspensions from small
intestines from one-day old (n=5, pooled as 2 and 3 for processing) and nine-day old (n=3)
Clec9a“™ Rosa™M mice were generated. Cells from each timepoint were stained with TotalSeq™

anti-mouse Hashtag antibodies (BioLegend) when staining for cell surface epitopes. Live CD45"
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singlets, CD19- CD90.2- CD11¢* MHCII" cells were sorted from each timepoint and pooled in a
1:1 ratio for sequencing using the 10X Genomics Chromium Next GEM Single Cell 3’ v3.1 (Dual

Index) with Feature Barcode Technology for Cell Surface Protein protocol.

In vitro T cell proliferation

MHCII* ILC3, ¢cDC2, and RORyt" DCs were sorted as described above (gating strategy Fig S11a).
250 cells from each population were pulsed with 10 pg/mL Ovalbumin peptide (OVA323-339,
Invivogen)in a 96-well v-bottom plate for 3 hours, then washed and resuspended in complete RPMI
(cRPMI; 1% L-Glutamine, 1% Penicillin/Streptomycin, 10% FCS, 1% Sodium Pyruvate, 0.1% [3-
Mercaptoethanol and 1% non-essential amino acids) and co-cultured with 2500 naive CTV-
labelled OTII cells at a 1:10 ratio. Cultures were supplemented with 5 ng/mL TGF-B, 10 pg/mL
anti-IL-4, and 10 pg/mL anti-IFNy for Treg polarization, and 5 ng/mL TGF-B, 20 ng/mL IL-6,
10 pg/mL anti-IL-4, and 10 pg/mL anti-IFNy (all Biolegend) for Th17 polarizing condition. Cells
were cultured in a total volume of 200 pL. After 3.5 days of culture at 37°C, supernatant was
collected from all samples, following which cells were restimulated with 10 ng/mL phorbol 12-
myristate 13-acetate (PMA) (Calbiochem) and 1 pg/mL Ionomycin (Sigma-Aldrich) for a total of
5 hours. 2 hours after start of restimulation 5 pug/mL of Brefeldin A (BioLegend) was added to each
well for the remaining 3 hours. Cytokines and FOXP3 were detected by intranuclear staining as

described above.

In vivo targeting

Adult RORyt°"? mice were injected intraperitoneally (i.p.) with 10 pg anti-CLEC4A4-OVA or
10 ug OVA-coupled-isotype matched control antibody as described (5) plus 0.2 pg/g body weight
of CpG-B ODN 1826 (InvivoGen). 12 hours later 300 ¢cDC1, ¢cDC2, and RORyt" DCs were sort-
purified from spleens and co-cultured with 3000 naive CTV-labelled OTII cells in cRPMI. 3.5 days

later OTII proliferation was assessed by flow cytometry.

R848 treatment
10-day old RORyt“** mice were orally gavaged with 2 pg R848 (Invivogen) in 50 puL PBS or

received 50 uL PBS as control. 24 hours later organs were isolated and processed as above.



Single cell multiome sequencing of RORyt" DCs, ¢DCs and ILC3s

MHCII* ILC3, CD11¢"MHCII* DC and RORyt" DCs were sorted from of 2-week-old (P13, n=2)
or adult (8-week-old, n=3) RORyt“""Clec9a***'Rosa26™°™* mice into cRPMI as described above.
EDTA-free buffer was used in all steps for processing of spleen tissue. For each timepoint, cells
were pooled in a ratio of approx. 1:1:10 (RORyt" DCs: MHCIT' ILC3: CD11¢” MHCII" DC) and
nuclei were isolated following the 10X Genomics Low Cell Input Nuclei Isolation protocol.
Briefly, 20,000 cells of mixture were lysed for 3 minutes on ice and resuspended in diluted Nuclei
Buffer. Lysis efficiency and nucleus quality were assessed after trypan blue staining by
microscopy. 8400 nuclei for the adult timepoint and 10,400 nuclei for the 2-week timepoint were
loaded for transposition. Gene expression and ATACseq libraries were prepared with the 10X
Genomics Chromium Next GEM Single Cell Multiome ATAC + Gene Expression Kit according
to the manufacturer’s instructions. Concentration and purity of the libraries were analyzed at the
required steps with a Agilent TapeStation. Libraries from each timepoint were pooled and
sequenced together in accordance with 10X Genomics recommended sequencing depth, using
NextSeq1000/2000.

Multiome computational analysis

Alignment: Cell Ranger ARC v2.0.2 was used to map the multiome reads against the mm10
reference genome customized to include sequences for eGFP, and tomato.

Gene expression analyses: The raw reads of the 2-week and the adult samples were combined and
genes that were present in fewer than 5 cells were removed. Cells were included if they had between
500 and 5,000 genes detected, fewer than 30,000 counts and less than 1% mitochondrial reads.
Library size normalization was done using scran before log-transforming the counts. Cell cycle
analysis was done in Scanpy. Initial Leiden clustering was performed at resolution of 0.5 and
expression of marker genes and scoring based on published signatures for cell types (S Table S1)
was used to annotate the clusters. Based on marker gene expression, cluster 7 was re-clustered at
resolution of 0.05 to separate migDCs from eTACs and cluster 3 was re-clustered at resolution of
0.1 to separate tDCs from cDC2s. Clusters were compared between RNA and ATAC to focus on
the cellular subtypes that were identifiable from both omics. Differential expression analysis was
performed between groups of interest using Scamnpy’s sc.tl.rank genes groups on all genes.
Significantly differentially expressed genes were defined by having an adjusted p-value below 0.05

and an absolute log>-fold change greater than 0.5. Gene set enrichment analysis was done using

gseapy (6).



ATAC analyses: The bam files output by Cell Ranger ARC were merged for the 2-week and adult
sample and peaks were called using macs3. Count matrices were built for the 2-week and adult
sample using epiScanpy’s epi.ct.peak _mtx function with the fragment files and the combined peak
set as input. After combining 2-week and adult, the counts were binarized and nuclei having
between 4,000 and 25,000 peaks were kept. Furthermore, cells with nucleome signal above 2 and
TSS-enrichment score below 0.5 were removed. Peaks were removed if they were present in fewer
than 2 cells. Highly variable peaks were selected using epi.pp.highly variable with
min_score=(0.53. Initial Leiden clustering was performed at resolution of 0.5. RNA labels were
transferred to the ATAC cells and clustering was refined to yield similar clusters between both
omics. Some clusters showed sample-wise separation based on gene expression, which could not
be observed in the ATAC. Apart from these RNA-specific subclusters, only those clusters present
in both RNA and ATAC were further considered. Differential chromatin openness was also
performed using Scanpy’s sc.tl.rank genes groups on all peaks. Significantly differentially open
peaks were defined by having an adjusted p-value below 0.05 and an absolute log,-fold change
greater than 0.5. In addition to the count matrix on peaks, a count matrix was built similarly on
known transcription factor binding sites (TFBS), obtained from https://remap2022.univ-amu.ft/. In
this matrix, cells were kept if they had between 4,000 and 50,000 TFBS and TFBS were removed

if they were present in fewer than 10 cells. Highly variable TFBS were selected using
epi.pp.highly variable with min_score=0.51. Cell labels from the gene expression and the peak
matrix were transferred to the TFBS matrix and Leiden clustering was performed to annotate the
same cell types as for the peak matrix. Finally, the counts were summed up per cell for all binding
sites of each unique transcription factor. For the visualization of chromatin openness between cell
types at specific regions of interest, we followed the blog post of Andrew John Hill

(http://andrewjohnhill.com/blog/2019/04/12/streamlining-scatac-seq-visualization-and-analysis/).

SCENIC+ analyses
To combine the information of gene expression and chromatin openness, SCENIC+ was used(7).
For this analysis, we followed the SCENIC+ tutorial on analyzing PBMC multiome data from 10X

Genomics  (https://scenicplus.readthedocs.io/en/latest/pbmc_multiome_tutorial.html#Tutorial:-

10x-multiome-pbmc). For the cistopic part of SCENIC+, 48 topics were chosen. In SCENIC+, only

eRegulons with a positive correlation between transcription factor expression and target region
openness were considered. Visualization was performed as described in the tutorial and network

graphs were modified in Cytoscape 3.10.1.



Mouse scRNA-seq analyses

Annotated sequencing data from scRNAseq in Lyu et al. (8) was downloaded from GEO:
GSE184175; annotated gene expression data from single cell multiome sequencing in Akagbosu
et al. (9) was downloaded from GEO: GSE174405. Without any further processing, expression of
signature genes for RORyt" DCs for the different annotated cell types in each dataset was plotted.
Raw gene expression matrices of sScRNAseq in Wang et al. (10) were downloaded from GEO:
GSE176282 and analyzed using the Seurat package in R. Doublets were identified using the
scDblFinder package and subsequently removed. Cells expressing less than 750 unique genes, or
with a mitochondrial gene content higher than 5% were also removed. The SCTransform function
was used to scale and normalize the data. After dimensional reduction, unsupervised clustering
resulted in 23 clusters. Cell types were identified using the genes provided in Fig. S2 of the original
publication (10) and equivalent populations could be identified. Expression of signature genes for
RORyt" DCs was plotted for the different cell types.

Raw gene expression matrices of the CITE-seq dataset in Kedmi et al. (11) were downloaded from
GEO: GSE200148 and analyzed in R using the Seurat package. Cells from both tdTomato-ON®P!1¢
and tdTomato-ONROR" x 7hth46-EGFP mice were combined into one workspace. Doublets were
removed using the scDblFinder package. Cells with more than 750 unique genes or with a
mitochondrial gene content lower than 5% were included for further processing. The SCTransform
function was used to scale and normalize the data. After dimensional reduction, unsupervised
clustering resulted in 23 clusters which were filtered to only retain cell types included in original
publication (11).The filtered dataset was re-scaled and dimensional reduction and unsupervised
clustering then resulted in 18 clusters, which were identified by the expression of marker genes
used for annotation in Fig. S3d of the original publication. Expression of signature genes for

RORyt" DCs was plotted for the different cell types.

Human scRNA-seq analyses

Raw sequencing data GEO: GSE137710 (12) was downloaded. Cells with more than 6000 total
RNA fraction and a mitochondrial gene content of less than 7% were isolated. Normalization,
scaling, and dimensional reduction of filtered raw counts was performed using the Seurat v4
package. Unsupervised clustering was performed with a resolution of 0.9 resulting in 11 clusters
which were identified by the expression of marker genes. Cells annotated as CD1c" myeloid
dendritic cells, CD141* myeloid dendritic cells, innate lymphoid cell and plasmacytoid dendritic

cells from the spleen scRNA-seq data from the Tabula Sapiens Consortium (13) were reclustered.
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Normalization, scaling, and dimensional reduction was performed using Seurat v4. Unsupervised
clustering at resolution 1.4 resulted in 7 clusters, which were classified by the expression of marker
genes.

The published normalized and log-transformed scRNA-seq data from the Gut Cell Atlas (14) was
analyzed using Scanpy. Cells annotated as derived from healthy adult donors and annotated as
lymphoid DC, ¢DC1, ¢cDC2 and pDC were selected for further analysis. After dimensionality
reduction, unsupervised clustering was performed at a resolution of 1.5. The resulting cluster 0,
which contained XCR1" ¢cDCI1 and ZFP36L2* ¢DC2 was subclustered at a resolution of 0.4 to
better reflect the DC subset heterogeneity. The resulting 13 clusters were identified by expression
of marker genes. Cells derived from paediatric healthy donors or donors with Crohn’s diagnosis
annotated as lymphoid DC, ¢DCI1, ¢cDC2 and pDC were selected for further analyses. Post
dimensionality reduction, unsupervised clustering was performed at a resolution of 1.6. The
resulting 13 clusters were identified by expression of marker genes.

The Tabula Sapiens Lymph Node dataset was analysed using Scanpy. After normalization and log-
transformation of the data, cells annotated as CDIlc* myeloid DC, CD141" myeloid DC,
conventional DC, hematopoietic stem cell, innate lymphoid cell and plasmacytoid DCs were
selected for further analysis. After performing dimensionality reduction, unsupervised clustering
at a resolution of 1.0 resulted in 15 clusters which were identified by expression of marker genes.
After pre-processing in Scanpy, the above datasets were converted to Seurat objects and further
processed using Seurat v4 package. Genes expressed in more than 20% of cells and with an adjusted
p-value <0.05 and log2 FC > 0.4 were considered for differential gene expression analyses. To
score cells for enrichment of specific gene signatures, the AUCell package was used. Signatures
from the mouse single cell multiome analyses were converted to human orthologs using the
Orthogene package prior to scoring. Integration of the two human spleen datasets was performed
according to the standard Seurat Integration workflow. Both datasets were normalized by
SCTransform before finding integration features and integration anchors. Subsequently,
dimensional reduction was performed to display cells from both datasets in the same low-
dimensional space.

Raw sequencing data from GSE194078 (15) were downloaded and analysed using the Seurat
Package. The CSF sample from one patient (ID: YYS; Disease: Ab-mediated IDD) was excluded
because of low cell numbers. From the remaining 10 CSF samples cells expressing less than 750
unique genes and cells with a mitochondrial gene content above 20% were excluded. The
normalized count data was integrated using Harmony. Unsupervised clustering of the integrated
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dataset resulted in 22 clusters, which were annotated by expression of marker genes. Myeloid cells
present in the dataset were reclustered and all DC subtypes as well as monocytes and microglia
were identified. The raw gene expression matrices and cell type annotations from GSE163120 (16)
and GSE234069 (17) were downloaded. Cells originally annotated as DC were analysed using the
Seurat Package in R re-annotated based on expression of marker genes. RORyt" DCs were
identified based on high enrichment score for RORyt™ DCs. The annotated dataset from
https://figshare.com/ndownloader/files/27405182 (18) was downloaded and cells annotated as

“mDC1”, “mDC2”, “pDC”, and “Mono” from CSF samples only were reclustered and annotated
based on expression of marker genes. ACY3" DCs, which were re-annotated as RORyt" DCs were

identified based on high enrichment score for RORyt" DCs.

Neonatal murine small intestinal scRNA-seq analyses

Sequencing data were processed using 10X Genomics Cell Ranger v6.0.0 pipeline using default
parameters. The resulting count matrix was loaded into R (v4.3.2) and downstream analyses were
performed using Seurat v4 and v5. We removed genes detected in less than 3 cells from further
analysis and only included cells with less than 5% mitochondrial gene content, or between 1500
and 6000 different genes detected per cell. Hash Tag Oligo (HTO) information was integrated and
HTO demultiplexing was performed per Seurat workflow, excluding cells marked as doublets. A
second round of doublet exclusion was performed using the DoubletFinder package

(https://github.com/chris-mcginnis-ucsf/DoubletFinder). The resulting Seurat object contained

1391 cells consisting of 662 cells belonging to P1 timepoint and 729 cells belonging to the P9
timepoint. Cell cycle state was scored based on published cell cycle gene lists

(https://satijalab.org/seurat/articles/cell _cycle vignette). SCTransform package was used for

scaling, normalization, and cell cycle regression. The first 60 Principal Components were used for
dimensional reduction using UMAP. Unsupervised clustering was performed with a resolution of
1.5. FindAllMarkers function of Seurat was used to calculate differentially expressed genes
between the clusters.

Integration of datasets

The indicated published datasets were downloaded from GEO: GSE184175, GSE174405,
GSE176282, and GSE200148 and the original cell type annotation used except for GSE200148
(11) and GSE176282 (10), which were annotated analogous to the original publications as

described above. For easier integration and higher comparability between datasets we grouped cell



types into broad categories, e.g. subgroups of T cells only described in one dataset (8) were
combined into one T cell cluster, B cell subgroups into a B cell cluster and so forth. Furthermore,
cell types that were present in only one of the datasets were removed to facilitate the integration
task. The raw datasets were combined into an AnnData object. On the combined data, cells were
included if they had between 1000 to 50,000 counts and if they had between 500 genes and 6000
genes. Any cells outside these ranges were excluded. Genes were removed if they were detected in
under 5 cells. Scanpy’s sc.pp.highly variable genes was used with the datasets as batch variable
to select the top 2000 variable genes for integration. Finally, scVI was used for unsupervised

integration, following the tutorial https://docs.scvi-

tools.org/en/stable/tutorials/notebooks/scrna/harmonization.html. For visualization, UMAPSs were

calculated on the scVI embedding. Additionally, Leiden clustering was performed on the scVI
embedded cells at resolution 0.2, resulting in 10 clusters closely corresponding to the originally
annotated broad cell types across datasets (exceptions: ILC2 clustered with T-cells, LTi-ILC3 and
ILC3 were together in one cluster, proliferating DC clustered with pDC, and Mac clustered with
cDC2). As shown in Fig. 2j, the “RORyt" DC” cluster contained Rorc* or Aire* APC populations
annotated distinctly in various publication as well as the RORyt" DCs and RORyt" eTACs reported
in this publication. To further validate how well the Leiden clusters represented the reported cell
types, the percentage of cells from a given cell type in each Leiden cluster was calculated and
visualized in a heatmap. Additionally, the ARI score between the broad cell type annotation based
on the original publications and the Leiden clusters on the integrated datasets was calculated. This

resulted in a score of 0.64.

Bone Marrow Chimeras

CD45.1/2 congenic BALB/C mice were irradiated (2 % 350 rad, 4 hours apart) and then
reconstituted with 1:1 mixture of CD45.1 WT and CD45.2 Aire”" bone marrow. Bone marrow cells
were depleted with antibodies against CD4, CD8, CD19 and NK1.1 using magnetic beads before
transfer. Each mouse was reconstituted with 4 x 10° total bone marrow cells and analyzed 7 weeks

later.

EAE induction

Active EAE was induced in 12-week-old male C57BL/6 mice by immunizing them with 250 pl of

a 1:1 volume emulsion of in-house-purified recombinant MOG1-125 (400 pg) and Complete

Freund’s Adjuvant (Sigma) containing 10mg/ml Mycobacterium tuberculosis (BD Difco), injected
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subcutaneously at the flanks and the base of the tail. Pertussis toxin (Sigma) dissolved in 100 pl of
PBS (350 ng) was administered intraperitoneally (i.p.) on Day 0 and Day 2 post-immunization.
Animals were scored daily for weight loss and as follows for clinical symptoms: 0, no clinical
signs; 0.5, partial tail weakness; 1, tail paralysis; 1.5, gait instability or impaired righting ability; 2,
hind limb paresis; 2.5, hind limb paresis with dragging of at least one foot; 3, total hind limb
paralysis; 3.5, hind limb paralysis and forelimb paresis; 4, hind limb and forelimb paralysis; 5,
death. The first day of a clinical score above zero was considered as onset, with analysis three to

five days post onset at peak of disease with mice scoring as 2.5 — 3 for clinical symptoms.

Tissue isolation from EAE animals

Animals with EAE clinical signs were sacrificed and perfused with PBS-heparin. Spinal cord and
brain cortex were isolated through microdissection. Spinal cord and brain tissues were
homogenized with a glass dounce homogenizer (Wheaton) with loose pestle, transferred into a PBS
solution containing Collagenase D (0.8 mg/ml, Roche) and DNase I (10 ng/ml, Roche) and
incubated for 30 minutes at 37°C with shaking (1000 rpm) for dissociation of cells. Cell
suspensions were passed through a 100 pm pore diameter cell strainer (Corning). Cells from spinal
cord and brain were isolated with Percoll (Sigma) gradient to remove the myelin. Cells were
resuspended with 1 ml of 100% FBS and 9 ml of 33% Percoll (in PBS), and 1ml of 10% FBS (in
PBS) was added on the top slowly to form a layer. Samples were centrifuged without brake at 800
g for 30 minutes at 4°C. The myelin layer was carefully sucked with vacuum and pelleted cells

were washed with PBS to remove the Percoll solution.

Statistical analyses

Statistical significance was calculated in Prism 10 software (GraphPad). For pairwise comparisons
two-tailed t-test with Welch’s correction was used. For multiple comparisons, one-way analysis of
variance with Tukey’s test was performed. Wilcoxon non-parametric ranked sum test was used to

calculate differences in AUCscores in R. A p-value <0.05 was considered significant.

11



Materials and Methods Tablel

Antibodies used for flow cytometry Clone Vendor 1?1?:1?[1)2%
anti-CD3¢ FITC 145-2C11 BioLegend 100306
anti-CD3¢e PE 145-2C11 eBioscience 12-0031-83
anti-CD4 APC GK1.5 BioLegend 100412
anti-CD8a BV605 53-6.7 BioLegend 100744
anti-CD11b BV421 M1/70 BioLegend 101236
anti-CD11b BUV737 M1/70 BD Biosciences 612800
anti-CD11b AF700 M1/70 Invitrogen 56-112-82
anti-CD11¢ BV421 N418 BioLegend 117330
anti-CD11¢ BV650 N418 BioLegend 121113
anti-CD11c BV785 N418 BioLegend 117336
CD16/CD32 (2.4G2) FcBlock 2.4G2 BD Biosciences 553142
anti-CD19 FITC 6D5 BioLegend 115506
anti-CD24 BUV395 M1/69 BD Biosciences 744471
anti-CD25 BV785 PC61 BioLegend 102051
anti-CD40 PE 3/23 BioLegend 124610
anti-CD45.1 PB A20 BioLegend 110722
anti-CD45.1 AF647 A20 BioLegend 110720
anti-CD45.2 BUV395 104 BD Biosciences 564616
anti-CD45.2 PB 104 BioLegend 109820
anti-CD45.2 FITC 104 BioLegend 109806
anti-CD45.2 PE Cy7 104 BioLegend 109830
anti-CD45R/B220 PB RA3-6B2 BioLegend 103227
anti-CD45R/B220 FITC RA3-6B2 BioLegend 103206
anti-CD45R/B220 PE RA3-6B2 BioLegend 103208
anti-CD45R/B220 AF647 RA3-6B2 BioLegend 103226
anti-CD62L PE Cy7 MEL-14 Tonbo Biosciences 60-0621-U100
anti-CD64 (FcyRI) PE X54-5/7.1 BioLegend 139304
anti-CD64 (FcyRI) PE Cy7 X54-5/7.1 BioLegend 139314
anti-CD64 (FcyRI) APC X54-5/7.1 BioLegend 139306
anti-CD80 PE 16-10A1 BioLegend 104707
anti-CD83 APC Michel-19 BioLegend 121508
anti-CD86 BV605 GL-1 BioLegend 105037
anti-CD90/CD90.1 AF700 0X-7 BioLegend 202528
anti-CD90.2 PE Cy7 30-H12 BioLegend 105320
anti-CD90.2 AF700 30-H12 BioLegend 105326
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anti-CD103 BUV395 M290 (RUO) BD Biosciences 740238
anti-CD103 PE 2E7 BioLegend 121406
anti-CD127 (IL-7Ra) PE Cy5 ATR34 eBioscience 15-1271-81
anti-CD127 (IL-7Ra) BUV737 SB/199 BDBiosciences 564399
anti-CD135 PE A2F10 BioLegend 135306
anti-CD172a (SIRPa) PE Cy7 P84 BioLegend 144008
anti-CD172a (SIRPa) PerCP ef710 P84 eBioscience 46-1721-82
anti-CD186 (CXCR6) APC DANID2 eBioscience 17-9186-82
anti-CD196 (CCR6) BV421 29-21.17 BioLegend 129817
anti-CD197 PE 4B12 BioLegend 120105
anti-CD197 BV650 4B12 BioLegend 120137
anti-CD200 (OX2) PE Cy7 0X-90 BioLegend 123817
anti-CD205 (DEC205) PE Cy7 NLDC-145 BioLegend 138209
anti-CD205 (DEC205) APC NLDC-145 BioLegend 138206
anti-CD274 (PD-L1) BV421 10F.9G2 BioLegend 124315
anti-CD275 (ICOSL) PE HKS5.3 BioLegend 107405
anti-CD326 (EpCAM) BV650 G8.8 BioLegend 118241
anti-F4/80-BV605 BMS BioLegend 123133
anti-F4/80-BV785 BM& BioLegend 123141
anti-F4/80-AF647 BM& BioLegend 123122
anti-F4/80-APC Cy7 BMS BioLegend 123117
anti-I-A/I-E (MHCII) PE M5/114.15.2 eBioscience 12-5321-82
anti-I-A/I-E (MHCII) AF700 M5/114.15.2 BioLegend 107622
anti-Ly-6G FITC 1A8 BioLegend 127606
anti-V-alpha2 TCR BUV395 B20.1 BD Biosciences 743834
anti-Clec4a4 (33D1) APC 33D1 BioLegend 124914
anti-XCR1 BV421 ZET BioLegend 148216
anti-XCR1 BV650 ZET BioLegend 148220
anti-XCR1 BV785 ZET BioLegend 148225
anti-TER-119 FITC TER-119 BioLegend 116206
anti-SiglecH APC 551 BioLegend 129611
anti-FOXP3 AF647 150D BioLegend 320014
anti-FOXP3 PE FIK-16s eBioscience 12-5773-80
anti-IFN-y BV650 XMG1.2 BioLegend 505831
anti-IL-17F AF647 9D3.1C8 BioLegend 517003
anti-IL-17A FITC TC11-18H10.1 | BioLegend 506907
anti-Ki-67 BV786 B56 BD Biosciences 563756
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anti-ROR gamma (t) BV421 Q31-378 BD Biosciences 562894
anti-TNF-alpha PE Cy7 MP6-XT22 BioLegend 506324
CD16/CD32 FcBlock 2.4G2 BD Biosciences 553142
TotalSeq™-B0305 anti-mouse . .
Hashtag 5 Antibody M1/42; 30-F11 | BioLegend 155839
TotalSeq™-B0302 anti-mouse . .
Hashtag 2 Antibody M1/42; 30-F11 | BioLegend 155833
Antibodies used for in vitro co- Catalog
Clone Source
culture number
Ezg;mbmant Mouse IL-6 (carrier- BioLegend 575706
Recqmbmant Mouse TGF-B1 BioLegend 763014
(carrier-free)
anti-1L-4 11B11 BioLegend 504135
anti-IFNy XMG1.2 BioLegend 505847
c T o c Catalog
Antibody used for in vivo targeting Clone Source
number
oaDCIR2-OVA 33D1 Diana Dudziak N/A
c 0 Catalog
Antibody used for hCD2 staining Clone Source
number
ahCD2-AF647 M-T910 Ludger Klein N/A
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SI Appendix Table Legends

e Table S1 Gene lists for scoring

e Table S2 Significant genes for clusters in murine spleen multiome

e Table S3 Differentially expressed genes across age cDC2 and RORyt" DCs
e Table S4 Top 20 genes for RORyt" DC subclusters

e Table S5 Human RORyt" DC signature
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Supplementary Figure 1. CD11¢"MHCIT'RORyt" cells are phenotypically more similar to
¢DCs than MHCII'ILC3s, and are conserved across age.

a-d. Spleens from RORyt“""Clec9a‘"*Rosa™" or Clec9a“*Rosa’" mice at the indicated ages were
analyzed by flow cytometry a. Representative gating strategy for cDC1, cDC2, MHCII'ILC3 and
RORyt" DC. Live autofluorescence negative cells were gated. Within CD127"CD90" cells
MHCII*GFP* cells were gated as MHCII* ILC3. In the CD127-CD90" fraction CD11¢"MHCIT*
cells were gated and RORyt" DC identified as GFP™ or RORC positive cells as indicated. b.
CD11c"MHCIT'RORyt" cells do not express CD127. CD90'CD11¢c"MHCII" cells were gated
without prior exclusion of CD127" cells and then analyzed for GFP and CD127 expression.
CD90"MHCII*GFP* ILC3 stained positive for CD127. ¢. RORyt"MHCII" cells in 1-week-old and
adult spleen were gated and further analyzed for expression of CD11¢c, CD90 and CD127. d. Spleen
leukocyte cellularity at the indicated ages. Each dot represents one mouse Data are representative
of at least two independent experiments with at least 2 mice per group. e. Frequency of YFP* cells

in RORyt" DC, ¢DC1, ¢DC2 and pDCs from spleen of adult ACD2"“"*Rosa" mice.
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Supplementary Figure 2. Cluster annotation and downstream analyses of single cell
multiomic profiling.

RORyt" DC, CD11¢"MHCII* ¢DC and MHCII" ILC3 from spleens of 2-week-old (n=2) or adult
(n=3) RORyt°*PClec9a‘"*Rosa’™ mice were sorted, pooled at a 1:10:1 ratio and subjected to 10X
multiome analyses. a. Annotated UMAP representing RNA-based analysis of 11,980 nuclei. b.
Annotated UMAP representing open chromatin-based analysis of 9899 nuclei. ¢. RNA-based
UMAPs depicting expression scores for the indicated gene signatures provided in SI Appendix,
Table S1. d. Correspondence of clusters between scATAC- and scRNA-based analyses. e, f.
Bubble plots showing mean expression of select DC3 genes (e), pDC and tDC genes (f). g. Lethally
irradiated CD45.1/2 mice were reconstituted with a 1:1 mix of CD45.1 WT and CD45.2 Aire™
bone marrow. Contribution of donor cells to cDC1, ¢cDC2 and RORyt" DCs in spleen 7 weeks post
transfer is shown. h. Expression of indicated markers on AIRE" (red) and AIRE™ (blue) RORyt"
DCs. i. Heatmap depicting fraction of overlap of cell types from the indicated datasets with each
Leiden cluster (see also Fig. 2i). j. Bubble blot showing expression of the indicated genes in Thetis

cell clusters from Akagbosu et al (9).
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Supplementary Figure 3. RORyt" DCs in scRNAseq datasets of murine tissues.

a, b. scRNA-seq of neonatal siLP. Live CD45"CD19:CD90CD11¢c"MHCII" cells from siLP of
one-day old and nine-day old Clec9a““Rosa’™™ mice were sorted, pooled, and subjected to 10X
scRNA-seq analyses. a. UMAP display of 2053 cells colored by cluster, cell type annotation,
timepoint and cell cycle phase. b. UMAP showing expression of the indicated genes used for
cluster annotation. ¢. UMAP display of 16,302 cells in dataset from Kedmi et al. (11) colored by
clusters and cell types. d. Stacked violin plots of selected genes from Extended Data Figure 2 in

Kedmi et al. (11).
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Supplementary Figure 4. RORyt" DCs exist in human spleen.

a-c. Human splenic DCs profiled by scRNA-seq in Brown et al. (12) were analyzed using Seurat.
a. UMAP display of 4717 cells colored by cluster. b. Proportion of cells per annotated cluster in
indicated cell cycle phases. ¢. Expression of genes used for cluster annotation. d-f. 262 cells
annotated as DCs, pDCs and ILCs in the scRNA-seq spleen reference dataset from the Tabula
Sapiens Consortium (13) were reclustered. UMAP displaying Leiden clustering (d) and expression
of the indicated genes used for cluster annotation (e). f. UMAP annotated by donor ID (left),
sequencing method (middle) and cell cycle phase (right).
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Supplementary Figure 5. RORyt" DCs in scRNAseq datasets of human intestine and lymph
nodes.

a-d. Human gut cell atlas scRNA-seq analyses. a. 480 cells annotated as lymphoid DCs, DC1 and
DC2 from healthy adult donors from the human gut cell atlas were reclustered using Scanpy.
UMAP display depicting Leiden clustering, original annotation, sex, donor age, cell cycle phase
(a) and the indicated genes used for cluster identification (b). ¢. UMAP from (a) annotated using
signature genes and zoomed in display of RORC* and CCR7* clusters to illustrate anatomical
location and expression of RORC, PRDM16, AIRE and LTB in individual cells. d. Enrichment
score for genes delineating RORC™ cells in human spleen computed for each cluster with AUCell
package. e. 644 cells annotated as lymphoid DC, DC1 and DC2 from pediatric donors from the
human gut cell atlas were reclustered using Scanpy, Leiden clusters are indicated on the left UMAP.
Middle UMAPs depict the original cluster annotation and stratification of cells per donor diagnosis
(healthy vs. pediatric Crohn’s disease). UMAPs on the right show expression of the PRDM16,
RORC, AIRE, and RORA to visualize presence of PRDM16"RORC" cells resembling RORyt" DC,
distinct from AIRE-expressing cells. f. 2668 cells from the Tabula Sapiens Lymph node reference
data set originally annotated as CD1¢"DC, CD141"DC, ¢DC (conv.DC), ILC, pDC, and HSC were
reclustered using Scanpy. The resulting UMAP is colored by Leiden clusters, original cell
annotation, sex, donor, anatomical location (f), and the indicated marker genes used for cluster
identification (g). h. UMAP from (f) annotated using signature genes and zoomed in display of
RORC" and CCR7* clusters to illustrate anatomical location and expression of RORC, PRDM16,
AIRE and LTB in individual cells. i. Enrichment score for expression of genes distinguishing
RORyt" DC in the healthy adult gut (left) and healthy adult spleen (right) across annotated clusters
in Tabula Sapiens Lymph Nodes dataset. *p (<0.05), **p (<0.01) ***p (<0.001), ****p < (0.0001.
Statistical analysis was performed using Wilcoxon non-parametric ranked sum test to calculate

differences in AUCscores between indicated clusters.



Supplementary Figure 6

a GBM, b CSF, c CSF, d CSF,
Antunes et al. Kang et al. Schafflick et al. Touil et al.
AUC Score for RORyt* DC AUC Score for RORyt* DC AUC Score for RORyt" DC AUC Score for RORyt* DC
15 A 5 | &2
Mg High 5 High ’\lﬁ High *° High
10 y '
,-.” b 0 ;‘:{3 54 ”
= , %-5— N = =
= . 5 3.57 Sy
Low 104 Low N ¢ { Low Low
5 54
154 10 .
-10 5 0 5 0 2b To b To i K [ 5 o 15 5 0 5 10
UMAPT UMAP1 UMAP1 UMAP1
Cell types Cell types Cell types Cell types
15 m\gDC*\ % Monocytes Microglia o DC2 o ngC
N 5
#cDC1
? cDC2C o ACY3*DC DC’1
& | (unk11) 4 , bc2 §° ASDC A
< . & | LAMP3 ACY3 < ' <
= y $e DC oc 3 3
unk DG % DCA 2 LAMf’3 pDC =]
°|TAMs . doDC2 ¥ 0 ASDC e DC'
5 & . pre-|
% pre-DC s .pDC ol . DC1
0 5 0 5 10 20 To 0 10 o 5 0 5 1t 15 0
UMAP1 UMAP1 UMAP1
Human
e Spleen, Gut Cell Atlas  Lymph Nodes CSF, CSF,
Brown etal.  (Healthy Adult) Tabula Sapiens Kang et al. Schafflick et al.
LINGO4] - - - . . . . j . e -
DENND4A] -« « « « o ooecs 10606000 @0 c - Mouse
SEMATA{ - - . - p . {o - o8 - - 4. 0 ae e 4
GTF2IRD1{ - 1 S R R IR - @ ° Mouse &
UBE2E2- 1 e @ ©@000@0@@®@ °coc 00 0 Human
TNFAIP2] {0 o @ o @@coo@e - - ° . - Spleen
RORCT ™ e ]
PRDM16 - 1 - e i .. e -
LTB 100 - @ c000@0@@® °°° - Q0@
PIGR - 1o v o e . ce - o - - @ - Mouse &
wa - 1. e 10 e Human Bubble plot legend
GSNH 10 o @@ Q0000000 02000 20406080 100 low high
s100PBP] « | D co:r0000@ {1+ - e °o @ . !
RUNX24 - 1. o o ccoco@oo@ |- . . ee Fraction of cells (%) Mean Expression
CTNND1 - {1 e e 1 e
S100B {@coc@ le - - - @-
ACY3q - 1. - e 4. @ -
DEFA4] - 1.0 . ] Human
CcA2d - 1. . - @ . B .. e -
RELT 1o . c@ge00
PLD4| {0 @ Q0 - 0@ (- c0 -0
RO NS
S SELS® SIS
SRS < Y&t
N
EE N
[
Mouse
f Wang et al. Lyu et al Neonatal SI Kedmi et al.
Col17a14 - O Y ] ° - | °
Lingo4,..............,.....o......QA.......,________.__ Mouse
Dennd4a,..o......o..o. 1¢e ¢« - = o+ - @ c @@ 0000@O00 {0 -00c0c00@c00 -
Sema’aioc o o @ © © @ - - - - o = o 4 ... ..o .. . @+ ¢+ J:.@oe -0 -@ -
Gtfird1H - - -+ - . .. i . . 1 . B e Mouse &
Ube2e2+ - - - o - o @ - - A ® - 1 ce - g . DR ) Human
Tnfaip2{® - @ @ > o @ - - Q® 4 - - - - L. . e e {o00c@@®@ - ° 1@:-00-:0@ce Spleen
Rore | IS G e Q@@ c @0 @@ E e
Prdm16- - . e e . . T . - @ - 1 . e e .
ioe:o-0@@e@00c-0 GOO00000OOOCO | > °-- (o - 00000
Pigr{ - « -« « o« o o . P T e - B M
ouse &
nitie - @@ - o @ - © c @ o @O 0@ | - o 1o @@ °°@®°°° - Hyman
Gsnl@e@® - -@@60 - e - @ - o o - c @ e o 1000°-000 o - - - 0000 -
S100pbp{ = « o o o o @ - T e . @ . e A c e e .
Runx27-.-o--..-.. A o . e s 0o @ @ 1 Y . * o o
Ctnnd14 = - o = o B ] o o T e
Relt{e - o o « o @ - o« o « =« + = 4 < ... e @ ©® o 1 o ¢ P o o - o ° Human
Pld4f..--..-- C v e e e . . Lo . e 06 0o 10000000 - c o @@ - o e
T T T T T T T T T T T T T T T T T T T T T T T T T T ,{ T d < T T R T e‘ T \‘ T \‘ T c)‘ T Pb‘ T e" e‘
O O NV AN QD@ A N PP NERNIRN N NA2 N N % NN @ OOk S K S AN AN B LRI
SEFFFES NIFLESEN i a X o o G’ SRR SSTHFTTHLY NG A
S S © & 0@ S EE VI & o & ® 00 N <@
° &< N 2 b« & < <2~O RN P &
S P ATRS & Q



Supplementary Figure 6. RORyt" DCs in human and murine scRNAseq datasets.

a-d. Cells annotated as myeloid cells from the indicated datasets were reclustered and annotated
by original annotation (a,b) or based on signature genes (c¢,d). Annoated UMAP (bottom) and
enrichment score for genes delineating RORC" cells (SI Appendix, Table S5) computed for each
cluster with AUCell package (top) are shown. e,f. Bubble plots showing expression of selected
genes deduced from comparative genes expression analyses that distinguish RORyt" DCs in the

indicated human (e) and mouse datasets (f).
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Supplementary Figure 7. Characterization of RORyt" DCs in mesenteric lymph node and
small intestinal lamina propria of neonatal and adult mice.

Mesenteric lymph node (mLN) (a-d) and small intestinal lamina propria (siLP) (e-g) from
RORyt°*F mice at the indicated ages were analyzed by flow cytometry. a. Representative gating
strategy for the identification of MHCII" ILC3, RORyt" DC, ¢DC1 and ¢cDC2 in mLN of 1-week-
old and adult mice. b. mLN cellularity across age (1-week-old n=5; 2-week-old n=3; 3-week-old
n=8, 4-week-old n=4; Adult n=6). ¢, d. Histogram overlays of the indicated surface markers on
cDCI1 (grey), cDC2 (red), RORyt" DC (blue) and MHCIT'ILC3 (green). e. Representative gating
strategy for identification of MHCII*ILC3, RORyt" DC, ¢DCI1 and ¢DC2 in siLP of 1-week-old
and adult mice. f. Histogram overlays of the indicated markers on ¢cDC1 (grey), cDC2 (red),
RORyt" DC (blue) and MHCIT'ILC3 (green). g. Total leukocyte count per siLP at the indicated
ages (1-week-old n=4-8; 2-week-old n=4; 3-week-old n=6, 4-week-old n=3; Adult n=6). mLN
from 1-week-old mice were pooled by 2 or 3, otherwise each dot represents one mouse. Error bars

represent mean + SD.



Supplementary Figure 8
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Supplementary Figure 8. Identification and phenotypic characterization of RORyt" DCs in
murine lung and skin draining lymph nodes.

a. Representative gating strategy for the identification of MHCIT'ILC3, RORyt" DC, ¢DC1 and
cDC2 in murine lung at indicated ages. b. Histogram overlays of the indicated surface markers on
cDCI1 (grey), cDC2 (red), RORyt" DC (blue) and MHCII* ILC3 (green). ¢. Lung cellularity across
age (1-week-old n=11; 2-week-old n=4; 3-week-old n=7, 4-week-old n=6; Adult n=6) from mice
of indicated ages. Data are pooled from at least 2 independent experiments. Each dot represents

one mouse. d-f. Axial, brachial, inguinal and cervical sdLN were isolated from adult RORyt“** o

r
WT mice. d. Representative gating strategy for identification of MHCII™ ILC3, Langerhans cells
(LC), RORyt" DC, ¢DC1 and ¢DC2 in adult murine adult skin-draining lymph nodes. e. Histogram
overlays of the indicated surface markers on ¢cDC1 (grey), cDC2 (red), RORyt" DC (blue), MHCIT*
ILC3 (green) and LC (pink). f. Axial, brachial, inguinal and cervical sdLN cellularity for each site.
Data pooled from 2 independent experiments performed with 3 mice each, each dot represents a

biological replicate. Error bars represent mean + SD.
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Supplementary Figure 9: Multiomic analyses of ATAC and gene expression profiles reveals
gene regulatory networks unique to RORyt" DCs.

a. Contribution of cells from the 2-week (yellow) or adult (red) timepoints to RNA and ATAC
based clusters. b. Normalized enrichment scores of selected gene sets enriched in all cDC2 clusters
from 2-week-old and adult mice. ¢. Heatmap showing top 20 differentially expressed genes
between RORyt" DC sub-clusters and RORyt" eTACs with selected genes highlighted. For full list
of genes see SI Appendix, Table S4. d. Expression of indicated markers on CD11¢"MHCII™ cells
with active RORyt expression (GFP) or RORyt expression history (YFP*) in spleen of adult
RORyt“*Rosa™" RORyt“FP"  mice. e. mLN, siLP and 1lung from 2-week-old
RORyt“"Rosa™" RORyt“F P mice were analyzed by flow cytometry. CD11¢"MHCII" cells were
gated as indicated above and analyzed for GFP (active RORyt) versus YFP (RORyt expression
history). f. Heat map/dot-plot showing eRegulons computed with SCENIC+. Transcription factor
expression is given on a color scale and cell-type specificity of the genes regulated by the

transcription factors (eRegulon) on a size scale.



Supplementary Figure 10
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Supplementary Figure 10. Unique transcriptional profile and expression of antigen
presentation genes in RORyt" DCs.

a. Bubble plot of genes implicated in promoting Treg differentiation in Akagbosu et al. (8) b.
Expression of genes regulated by PRDM16 or PRDM16 and RORyt in RORyt" DCs or RORyt"
eTAC:s. c. Expression of genes involved in antigen presentation. d. Expression of indicated markers

on ¢cDC1 (grey), cDC2 (red) and RORyt" DCs (blue) from spleen of adult mice.
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Supplementary Figure 11. Sort purity of APC populations and proliferation of OTII cells.

a-g. cDC2, MHCII" ILC3 and GFP" RORyt" DC were sorted from spleens of 2-week-old or adult
RORy“TF mice and pulsed with OV A323.330. 250 APCs were then co-cultured with 2500 CTV-
labelled naive OTII cells under the indicated conditions for 3.5 days. a. Gating strategy (top row)
and sort purity analyses of cDC2, MHCII* ILC3 and RORyt" DC from adult mice. b-g. Division
and proliferation indexes of OTII cells after co-culture with the specified populations from 2-week-
old (b-d) or adult (e-g) mice under indicated conditions. h. Expression of CCR7 on ¢DC1 and
RORyt" DC in spleen of adult ROR yC*? mice 12 hours post i.p. injection of CpG-B. Dots represent
biological replicates from at least 2 independent experiments. *p (0.0332), **p (0.0021) ***p
(0.0002), ****p <(0.0001. Statistical analysis was performed using two-tailed Welch’s t-test. Only

statistically significant comparisons are indicated.
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Supplementary Figure 12. Characterization of RORyt" DCs in CNS of mice with active EAE.
a. Representative gating strategy for identification of MHCII" ILC3s, RORyt" DCs and ¢DC1 in
CNS (brain) of mice during peak EAE (d16) compared to healthy controls. MHCII® ILC3s were
gated as CD127°CD90.2"MHCIT'RORyt" cells. Within CD127-CD90.2" cells CD11¢"MHCIT*
were gated and RORyt" DCs identified as anti-RORC" cells, and ¢cDCI1 as anti-RORCXCRI1" cells.
Fluorescence minus one (FMO) control for anti-RORC staining (no anti-RORC antibody was
added). Plots are representative of n=6. b. RORyt" DCs are a distinct immune lineage that entails
Janus cells, Thetis cells, RORyt" eTACs, R-DC-like cells, cDC2C, ACY3" DCs and RORyt" DC2.
RORyt" DCs exhibit a transcriptional and functional spectrum ranging from inducing T cell
activation to T cell tolerance that is shaped by tissue and age-specific signals, as well as

inflammation.
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Conventional dendritic cells (cDC) play key roles in immune induction, but
what drives their heterogeneity and functional specialization is still ill-defined.
Here we show that cDC-specific deletion of the transcriptional repressor Bclé
in mice alters the phenotype and transcriptome of ¢cDC1 and cDC2, while their
lineage identity is preserved. Bcl6-deficient cDC1 are diminished in the per-
iphery but maintain their ability to cross-present antigen to CD8" T cells,
confirming general maintenance of this subset. Surprisingly, the absence of
Bcl6 in cDC causes a complete loss of Notch2-dependent cDC2 in the spleen
and intestinal lamina propria. DC-targeted Bcl6-deficient mice induced fewer T
follicular helper cells despite a profound impact on T follicular regulatory cells
in response to immunization and mounted diminished Th17 immunity to
Citrobacter rodentium in the colon. Our findings establish Bcl6 as an essential
transcription factor for subsets of ¢cDC and add to our understanding of the
transcriptional landscape underlying cDC heterogeneity.

Conventional dendritic cells (cDC) have the unique ability to present  with LN-resident cDC to initiate immunity*. The spleen is the secondary
antigens to naive T cells within lymphoid organs'™. Upon encounter of  lymphoid organ responsible for the induction of immune responses to
antigen, migratory cDC scanning the peripheral environment mature  blood-derived antigen®, and maturation of splenic cDC leads to similar
and relocate to the draining lymph nodes (LN), where they collaborate  relocation from the marginal zone and red pulp into the white pulp,
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where naive B and T cells reside®’. “Resident” resting DC are also found
in the spleen, where they are located in the T cell zones in the absence
of stimulation®.

¢DC are broadly divided into two main subsets, cDC1 and cDC2'.
¢DCl1 are characterized by their expression of the cDCl-exclusive
chemokine receptor XCR1 and the absence of CD11b and Sirpa. Their
development and functions are dependent on the transcription factors
(TF) IRF8*'°, BATF3", Nfil3'>", and Id2", and they excel at cross-
presenting antigen to CD8" T cells, which is at least in part attributable
to their ability to engulf apoptotic material**. ¢cDC2 express high
levels of CD11b and Sirpa, but not XCR1 and the transcriptional net-
work governing their development is less well defined. cDC2 show a
higher level of heterogeneity than c¢DC1?°, and recent attempts to
subset cDC2 further have suggested separation based on Notch2 ver-
sus KIf4-dependency”. IRF4-deficiency leads to a partial loss of cDC2
and is thought to impact primarily on their survival and ability to
migrate?”*. Other TFs reported to influence ¢cDC2 development or
function include ZEB2%, IRF2*, and Rel-B”. In the spleen, the majority
of cDC2 express endothelial cell-specific adhesion molecule (ESAM), a
marker defining cDC2 located in the bridging channels of the marginal
zone, where they fulfill critical functions in activating CD4" T cells and
germinal center (GC) formation®**. The development of ESAM" cDC2
depends on Notch2-signaling induced by delta-like ligand 1 (DLL1)
expressed by stromal cells?*?**°*! and on the chemokine receptor Ebi2
(GPR183)*.

The TF Bclé6 plays an essential role in GC reactions, being required
for the differentiation of both germinal center (GC) B cells and T fol-
licular helper (Tfh) cells in a cell-intrinsic manner®, Bclé6 is expressed in
¢DCl and to a lower extent in cDC2%, and we have shown previously
that complete Bcl6-deficiency causes a loss of CD11b™ cDC, presumed
to be cDC1?°. Other work has confirmed that Bclé-deficient mice lack
splenic CD8-expressing cDC1 but also reported a reduction in splenic
CD4" cDC2*. However, a more recent study has disputed these find-
ings by showing normal cDC1 numbers in mice with conditional Bcl6
deletion driven by cre recombinase under the control of the Csfl
promoter. Importantly, these authors suggested that the down-
regulation of CD11c in the absence of Bcl6 may have compromised the
detection of ¢DCl in the earlier studies™.

Here we reconcile these conflicting data by performing in-depth
analysis of the cDC compartment in mice lacking Bcl6 in all cDC or
specifically in ¢cDC1, using CDl1c- and Clec9a- or XCRI1-driven cre dri-
vers, respectively. Our results show that while cDC1 showed substantial
alterations in gene expression including deregulation of genes
involved in cytokine signaling and cell adhesion, their ability to cross-
present antigen is largely conserved in the absence of Bcl6. Bcl6-
deficiency in DC leads to a complete loss of the Notch2-dependent
ESAM" ¢DC2 subset in the spleen and consequently to alterations in
splenic Tfh and T follicular regulatory (Tfr) cells as well as antibody
responses following immunization. Likewise, Notch2-dependent cDC2
in the intestinal lamina propria (LP) are reduced in the absence of Bclé
in DC, leading to a decrease in T helper 17 cell (Th17)-responses and
delayed healing upon infection with the enteric pathogen Citrobacter
rodentium. Our findings suggest that the core subset identities of cDC1
and cDC2 are maintained in the absence of Bcl6 but that its deficiency
in DC causes cell-intrinsic, subset-specific alterations in DC abundance
and function, which translates into corresponding defects in adaptive
immune responses.

Results

Bcl6-deficiency alters DC subset phenotypes and numbers
across tissues

We have previously shown that mice completely lacking Bcl6 are lar-
gely devoid of CD11b™ ¢DC, presumed to be cDC1?°. To better define
the impact of Bcl6-deficiency on cDC1, we generated mice lacking Bcl6,
specifically in cDC1, by crossing XCRl.cre mice to mice carrying a

floxed Bcl6 gene (XCR1.Bcl6°). Additionally, we deleted Bcl6 in all
CDllc-expressing cells by crossing CDIlc.cre mice to Bcl6™ mice
(CD11c.Bcl6). As controls, we used the respective cre negative Bcl6™
littermates (designated as control throughout). As expected, flow
cytometry revealed mutually exclusive populations of CD11c"MHCII*
cDC in control spleens based on the expression of XCR1 or CD11b to
identify cDC1 and cDC2, respectively. However, there was a clear
population of XCR1'CD11b* ¢cDC in the absence of Bcl6 in the spleens of
both Bcl6-deficient mouse lines (Fig. 1A, for complete gating strategies
see Suppl. Fig. 1). XCR1'CD11b* ¢DC were also abundant within the
resident populations of peripheral and mesenteric lymph node (pLN
and mLN) c¢DC in the absence of Bcl6 (Fig. 1B). The absolute numbers of
total XCR1" cDC (independent of CD11b expression) were only mildly
reduced in XCRI.Bcl6*° and normal in CDIIc.Bcl6®® mice, while
XCR1 CD11b* ¢DC were significantly diminished in CDI1c.Bcl6° mice,
but normal in XCR1.Bcl6"° mice (Fig. 1A). Resident cDC numbers were
not substantially altered in either pLNs or mLNs (Fig. 1B).

We next analyzed migratory DC populations in different organs.
Mice lacking Bcl6 in cDC1 or in all DC had significantly fewer migratory
XCRI' cDC in pLNs and mLNs, and these also expressed CD11b (Fig. 2A,
for complete gating strategies, see Suppl. Fig. 1). Interestingly, we also
detected a loss of XCR1"'CD11b*CD103" ¢DC in the migratory com-
partment of the mLNs of CDI1c.Bcl6*° mice, whereas the numbers of
XCR1"CD11b"CD103" cDC were normal (Fig. 2A). As the majority of
migratory cDC in the mLNs derive from the small intestinal lamina
propria (SILP), we next analyzed this compartment. There were fewer
XCR1" ¢DC in the SILP of both XCRI.Bcl6"° and CD11c.Bcl6*° mice, all of
which again expressed CD11b (Fig. 2B). In addition, the numbers of
XCR1°CD11b*CD103" cDC were reduced in CD11c.Bcl6" mice, while the
numbers of XCRI'CD11b*CD103™ cDC were less affected (Fig. 2B).
Together, these results suggest that the decreass in migratory XCR1*
and XCR1"CD11b*CD103" cDC seen in mLNs are caused by the absence
of these populations, rather than a disability to migrate. Similar
changes in cDC were seen in the lung and the blood in the absence of
Bcl6, with reduced numbers and upregulation of CD11b in XCR1" cDC
in both XCRI.Bcl6*° and CD1Ic.Bcl6*° mice, together with reduced
numbers of XCR1'CDI1b* ¢DC in CD1Ic.Bcl6® mice (Suppl. Fig. 2).
Interestingly, while XCR1* DCs upregulated CDIlb in all organs,
XCR1°CD11b* DCs further upregulated CD11b particularly in systemic
populations (spleen and resident DCs from the mLN and pLN), while
peripheral XCR1"CD11b" DC showed no further increase of their natu-
rally high levels of CD11b (Suppl. Fig. 3). Thus, Bclé deficiency affects
¢DC in several locations.

cDC1 and cDC2 signatures are preserved in the absence of
Bcl6 in DC

One of the most surprising findings from our studies was the expres-
sion of the cDC2 marker CD11b by the XCR1" cDC that were preserved
in Bcl6-deficient mice. To determine whether this reflects the acqui-
sition of CD11b by cDC1 or cDC2 with aberrant XCR1 expression, we
sorted splenic XCR1" ¢DC (independent of CD11b expression) and
XCR1 CD11b* ¢DC from control, XCR1.Bcl6*° and CD11c.Bcl6*° mice for
bulk RNA-sequencing (see Fig. 1A for gating). Principal component
(PC) analysis showed that XCR1" cDC segregated from XCR1 CD11b*
¢DC in all mouse models along PC axis 1, which accounted for 69% of
the variance. This strongly supports the idea that Bcl6-deficient cDC1
and cDC2 maintained overall lineage identity (Fig. 3A). Nevertheless,
PC2 separated the populations on the basis of Bclé presence or
absence, accounting for 13% of the variance and suggesting that Bcl6
has a significant impact on the gene transcription profile of both cDC1
and cDC2. Interestingly, cDC1 from XCRI.Bcl6*° and CD11c.Bcl6*° mice
clustered closely and were separated from control cDC1, while cDC2 in
CD11c.Bcl6*° mice were segregated from those in XCRI.Bcl6®° and
control mice, consistent with XCR1-cre being specific to ¢DC1 and
indicating that Bcl6 regulates gene expression in both cDC subsets in a
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Fig. 1| Phenotype and abundance of lymphoid tissue-resident cDC

lacking Bcl6. A Left: Splenic XCR1* and XCR1"CD11b* dendritic cell (DC) subsets in
control (black), XCRI.Bcl6 (red), and CD11c.Bcl6*° (orange) mice. Plots show
representative staining profiles of gated live, single lineage (CD3, CD19, CD64,
B220, NKL.1), MHCII*, and CD11c" splenocytes. Right: Absolute numbers of splenic
XCR1" and XCR1"CD11b" DC from control, XCRI.Bcl6"°, and CDIIc.Bcl6"° mice. Sta-
tistical analysis by one-way ANOVA, exact P values are annotated. Data points
represent values from individual mice pooled from 8 to 9 experiments with 1-5
mice per group, and lines represent means + SD. B Left: Flow cytometry plots
showing resident XCR1" and XCR1 CD11b" DC subsets in the peripheral and
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mesenteric lymph nodes (pLN and mLN) of control, XCRI.Bcl6*°, and CD11c.Bcl6"°
mice. Plots show representative staining profiles of gated single live, CD45",
lineage™ (CD3, CD19, CD64, B220, NK1.1), CD11c"MHCII™ resident DC. Right:
Absolute numbers of resident cDC subsets in the pLN and mLN of control,
XCR1.Bcl6*°, and CD11c.Bcl6"° mice. Statistical analysis by one-way ANOVA, exact P
values are annotated. Data points represent values from individual mice pooled
from 4 (pLN) and 8 (mLN) experiments with 2-3 (pLN) and 1-6 mice (mLN) per
group, and lines represent means + SD. Circles: females; triangles: males; squares:
sex-information missing.

cell-intrinsic manner. PC3 accounted for 4% of the variance and
showed opposite directional bias in Bcl6-deficient cDC1 and cDC2
(Fig. 3A). This suggests that Bcl6-mediated regulation of gene tran-
scription may affect some targets in ¢cDCI and cDC2 differently.

To explore further how Bclé might regulate cDC lineage identity,
we generated cDC1 and cDC2 signatures by identifying the top 50
genes that were differentially expressed between our control cDC1 and
¢DC2 and interrogated how these signatures were affected by a loss of
Bcl6 expression (for gene lists and expression levels see Suppl. Data 1).
Supporting their maintenance of lineage identity, XCR1" ¢cDC from
both XCR1.Bcl6"® and CDI1c.Bcl6*° mice retained the expression of

¢DC1 markers, including Irf8, Tir3, Clec9a, and Cadm1 (Fig. 3B). How-
ever, Cd8a was downregulated in Bcl6-deficient XCR1" ¢cDC and several
genes associated with cDC2 identity were upregulated by XCR1" ¢cDC in
the absence of Bcl6, including Sirpa, Zeb2, Csflr, and Iltgam (encoding
CD11b) (foldchange > 2, padjust <0.01). Although Bcl6-deficient CD11b*
¢DC2 did not express cDCl-specific markers, cDC2 from CDIIc.Bcl6°
mice showed altered expression of several classical cDC2 markers, of
which some were further upregulated, such as Csfl, Zeb2, and ltgam,
while others were downregulated, including Clec4a4 and CD4 (Fig. 3B).
Despite maintenance of core lineage expression patterns, the overall
transcriptional profiles of XCRI* and XCR1'CDIlb* cDC were
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significantly altered in the absence of Bcl6 (Fig. 3A, C). In total, 607
genes were differentially regulated in XCR1" ¢DC from XCRLBcl6*°
mice compared with control cDC1, with 473 being upregulated and 134
downregulated. In contrast, of the 452 differentially regulated genes in
¢DC2 from CDIIc.Bcl6*° mice, only 206 were upregulated, compared
with 246 downregulated genes (Fig. 3D, for a list of contributing genes,
see Suppl. Data 2). Interestingly, only 79 genes were coordinately

M control
Il XCR1.Bcl6k°
B CD11c.Bcl6ke

overexpressed in Bcl6-deficient cDC1 and cDC2, and 32 genes were
coordinately downregulated in the absence of Bcl6 in both subsets. 12
genes were reciprocally regulated in the two subsets, of which 11 genes
were upregulated in ¢DC1 and downregulated in cDC2 (including
receptor-encoding genes Ffarl and Lairl, enzyme-encoding genes
Tgm2, Pigv, and Malt1 and genes encoding proteins implicated in cel-
lular and intracellular adhesion and transport Cdh17, Ctnnd2, Ston2,
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Fig. 2| Phenotype and abundance of migratory cDC subsets lacking Bcl6. A Left:
Flow cytometry plots showing migratory XCR1" and XCR1"CD11b" dendritic cell
(DC) subsets in the peripheral lymph nodes (LN) (pLN, top) and mediastinal LN
(mLN, middle) of control (black), XCRI.Bcl6* (red), and CD11c.Bcl6*° (orange) mice.
mLN XCRI DC are further sub-divided into CD103" and CD103" (bottom). Plots
show representative staining profiles of live single, CD45", lineage™ (CD3, CD19,
CD64, B220, NK1.1), CD11c™MHCII" migratory DC. Right: Absolute numbers of
migratory cDC subsets from pLN and mLN of control, XCR1.Bcl6*°, and CD11c.Bcl6"°
mice. Statistical analysis by one-way ANOVA, exact P values are annotated. Data
points represent values from individual mice pooled from 4 (pLN) and 8 (mLN)

experiments with 2-3 (pLN) and 1-6 mice (mLN) per group, and lines represent
means + SD. B Left: Flow cytometry plots showing SILP XCR1" and XCR1 CD11b* DC
subsets from control, XCRI.Bcl6*°, and CD11c.Bcl6*° mice. Plots show representative
staining profiles of live, CD45", lineage™ (CD3, CD19, CD64, B220, NK1.1), MHCII",
CD11c" gated single cells. Right: Absolute numbers of XCR1* and XCR1"CD11b" DC
subsets from control, XCR1.Bcl6"°, and CD11c.Bcl6° mice. Statistical analysis was
performed by one-way ANOVA, exact P values are annotated. Data points represent
values from individual mice pooled from 2 to 3 experiments with 2-3 mice per
group, and lines represent means + SD. Circles: females; triangles: males; squares:
sex-information missing.

and Rin2). The gene for the actin-binding protein Plectin was the only
gene upregulated in ¢cDC2 and downregulated in c¢cDC1. Taken toge-
ther, although the lineage identity of splenic cDC1 and ¢DC2 is gen-
erally maintained in the absence of Bcl6, this does result in significant
changes in subset-specific gene expression in both cDC subsets.

Bclé6-deficient cDC1 maintain the ability to cross-present antigen
To better characterize the impact of Bcl6-deficiency on cDCI1, we next
compared the expression of cDCl-related markers using flow cyto-
metry. This confirmed the maintenance of TIr3, Xcrl, Irf8, CD103, and
Clec9a expression by XCR1' ¢DC from the spleen of XCR1.Bcl6*° mice,
as well as upregulation of CD11b and Sirpa and loss of CD8« (Fig. 4A).
In addition, we detected higher expression of the costimulatory ligand
CD24 on Bclé6-deficient cDCI.

The most characteristic property of cDCl1 is to cross-present
exogenous antigen to class | MHC-restricted CD8" T cells, a function
that involves cell-surface receptors such as Clec9A (Dngrl) that
mediate the uptake of dead cells’®”. Our gene expression analysis
suggested that XCR1" ¢DC1 maintained the expression of Clec9a in the
absence of Bcl6, and this was confirmed by flow cytometry (Fig. 4A).
We therefore examined whether cross-presentation was intact in
XCRI.Bcl6*° animals by injecting heat-killed ovalbumin-expressing
mouse embryonic fibroblasts (OVA-MEFs) into recipient mice adop-
tively transferred with OVA-specific TCR-transgenic CD8" T cells from
OT-I mice. OT-I cell proliferation strictly depends on cDCI-mediated
cross-presentation in this model”. OT-I cells proliferated to a similar
extent in the spleens of OVA-MEF-injected XCRI.Bcl6*° and control
mice (Fig. 4B, C), suggesting that Bcl6-deficient cDC1 retain their ability
to cross-present. OT-I cell proliferation was also observed in the mLN.
In the mLN of XCR1.Bcl6"° mice OT-I cells showed somewhat dimin-
ished proliferation compared to control mice. This most likely reflects
the decreased number of migratory cDC1 in the mLN of XCRI.Bcl6*°
mice (Fig. 2A), as mLN ¢DC1 from XCRI.Bcl6*° cross-presented antigen
with comparable efficiency as control ¢DCl1 in an in vitro cross-
presentation assay upon cDCl-input normalization (Suppl. Fig. 4).

Bcl6-deficiency in cDC1 causes alterations in immunologically
relevant pathways

For a broader assessment of whether the absence of Bcl6 influences
the immunological functions of cDC1, we next performed gene set
enrichment analysis of the RNA-Seq data from XCR1" ¢DC in
XCRI1.Bcl6"° and control mice. This showed that several immunologi-
cally relevant gene ontology pathways were enriched within the dif-
ferentially expressed gene sets, including leukocyte adhesion,
proliferation and activation, as well as production of IL-1 (Fig. 5A). In
parallel, KEGG pathway analysis highlighted differences in cytokine-
cytokine receptor interactions, NOD-like receptor signaling pathway,
MERK signaling pathway, hematopoiesis cell lineage, Tuberculosis and
C-type lectin receptor signaling pathway (Fig. 5B, C). Upregulated genes
were generally enriched for pro-inflammatory signals, and among
others, we found an over-representation of genes involved in the IL-6
pathway in ¢cDC1 from XCRI.Bcl6*° mice (Suppl. Fig. 5). Interestingly,
we detected higher levels of serum IL-6 in XCRL.Bcl6*° mice injected
with the double-stranded RNA-mimic poly(l:C) when compared to

treated controls (Fig. 5D). These data suggest that Bcl6-mediated
transcriptional repression in ¢DC1 may tune the function of this
subset'$*,

Taken together, although cDC1-specific Bcl6 deficiency alters the
phenotype and transcriptional profile of ¢cDC1, the hallmark function
of cDC1 to cross-present antigen is largely unaffected by the loss
of Bclé.

Bcl6-deficiency results in a selective loss of Notch2-

dependent cDC2

In addition to its role in cDC1, our initial results also revealed a sig-
nificant role for Bcl6 in the gene expression signature of ¢cDC2. Fur-
thermore, the numbers of c¢cDC2 were reduced in the spleen of
CD11c.Bcl6*° mice, as were the numbers of ¢DC2 expressing CD103 in
the intestinal LP and mLNs. Diminished cDC2 numbers in the blood of
CD11c.Bcl6*° mice suggest that this was not due to a release of cDC2
into the bloodstream (Suppl. Fig. 2B). The remaining cDC in the spleen
of CDI1c.Bcl6*° mice also showed somewhat lower expression of MHCII
and higher expression of CD11b than control cDC2 (Fig. 6A). Further
phenotyping of spleen ¢cDC2 in CD1Ic.Bcl6® mice revealed a striking
loss of the ESAM" cDC2 subset (Fig. 6B and Suppl. Fig. 2). We verified
our findings in an independent mouse model in which Bcl6 deletion was
induced by cre recombinase under the control of the Clec9a promoter,
which targets ¢cDC precursors and their progeny and some pDCs but no
other leukocytes®. These mice additionally carry a YFP reporter fol-
lowing a floxed stop cassette in the ubiquitous ROSA26 locus to
monitor targeting efficiency. As in CDIIc.Bcl6*° mice, spleen ¢DC in
Clec9a.Bcl6 mice showed altered CD11b expression and loss of ESAM™
cDC2 (Fig. 6C, D and Suppl. Fig. 6). This was apparent in the analysis of
bulk cDC2 in Clec9a.Bcl6"° mice and was even more pronounced when
pre-gating on YFP" instead of CD11c, which enriches cDC2 with a history
of Clec9a-promoter activity (Fig. 6E). Importantly, this also shows that
CD11c downregulation in the absence of Bcl6 does not account for the
reported phenotype (for a side-by-side comparison of CDIllc- and
Clec9A-reporter-based gating strategies see Suppl. Fig. 7).

As expected”, the ESAM" subset of cDC2 expressed slightly lower
levels of CDllc compared to their ESAM" counterparts, and a sig-
nificant proportion lacked expression of 33D1 and CD4, which were
expressed uniformly by ESAM" ¢DC2 (Fig. 6F). The total population of
¢DC2 remaining in CD11c.Bcl6*° mice resembled the ESAM'" population
in terms of these markers but expressed higher levels of CD11b and
IRF4 than either ESAM™ or ESAM" control ¢cDC2 subset, suggesting
these markers may be specific targets of Bcl6 repression.

To explore the nature of the ¢cDC2 remaining in the spleen of
CD11c.Bcl6"° mice further, we performed gene set enrichment analysis
(GSEA) of differentially expressed genes between CDIIc.Bcl6*° and
control cDC2 in gene sets derived from publicly available bulk RNA-
Seq data from ESAM" and ESAM" ¢DC2 from control spleen®. As
expected from their usual predominance in the control spleen, control
cDC2 gene signatures were highly enriched in ESAM" vs ESAM" gene
sets, while CD11c.Bcl6*° cDC2 gene signatures were highly enri-
ched in ESAM" vs ESAM" gene sets (Fig. 7A). We next directly
compared the set of genes that were differentially expressed in
ESAM" vs ESAM'" c¢DC2 with the gene set differentially expressed
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in CDI1Ic.Bcl6*° vs control c¢DC2. In accordance with the GSEA
data, the majority of the top 50 genes expressed more promi-
nently by ESAM" ¢DC2 were also significantly over-represented
in the population of total control cDC2, which expressed much
fewer of the top 50 genes from ESAM" c¢DC2 (Fig. 7B). Con-
versely, the genes overexpressed by total c¢DC2 from
CD11c.Bcl6*° spleen showed much more overlap with the top 50
genes expressed by ESAM" cDC2, while the genes over-
expressed by ESAM" ¢DC2 were mostly downregulated in Bcl6-

‘0 5 10
expression fold (log2)
cDC1 (XCR1.Bcl6X° vs control)cDC2 (CD11c.Bcl6° vs control)

deficient ¢cDC2 (Fig. 7B, for a complete gene list containing
expression levels, see Suppl. Data 3). These data confirm that
Bcl6 deficiency in DC causes the loss of the ESAM™ lineage of
splenic ¢cDC2.

DC-specific loss of Bcl6 causes defects in Tfh and Tfr cell
generation in the spleen

ESAM" spleen DC reside in the marginal zone bridging channels, where
they play a prominent role in the induction of germinal centers (GC)*.
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Fig. 3 | Lineage identity of splenic Bcl6-deficient cDC subsets. A Principal com-
ponent analysis (PCA) plot of gene expression data obtained from bulk RNA-seq
using DESeq2 (PRJNA834905). Color-coded icons show classical dendritic cells
(cDC)1 and ¢DC2 from the spleen of control, XCRI.Bcl6*°, and XCRI1.Bcl6*° mice.
Three replicates were included in each group. B Heatmap of selected highly
expressed cDC1 or cDC2 associated genes in all RNA-Seq samples (50 most dif-
ferentially expressed genes between cDC1 and c¢cDC2 chosen from the 100 genes
with highest expression level among total differentially expressed genes (fold
change > 2, padj: 0.01, calculated by DESeq2 using Benjamini-Hochberg correc-
tions of two-sided Wald test P values) in control samples). The color scale repre-
sents the row Z score. C Volcano plots showing the global transcriptional

differences between splenic cDC2 and cDCl in control (left), XCR1.Bcl6*° (middle)
and CDI1c.Bcl6 mice (right). Each circle represents one gene. The log2FoldChange
(LFC) is represented on the x-axis. The y-axis shows the —(log10 of the p adjust
value). A padj value of 0.01 (calculated by DEseq2 using Benjamini-Hochberg
corrections of two-sided Wald test P values) and an absolute LFC of 1is indicated by
dashed lines. The upregulated or downregulated genes are shown in red or blue
dots, respectively, and the top-ranked gene symbols with the lowest padj value
were annotated in the plot. D VENN diagram showing significantly elevated dif-
ferentially expressed genes (DEG) (JLog2foldchange | >1 and padj < 0.01) between
XCRI1.Bcl6*° cDC1 (red) and control cDC1 (blue), and between CD11c.Bcl6*° cDC2
(orange) and control cDC2 (green).

Confocal microscopy using CDI1Ic as a pan-DC marker and TLR3 and
Sirpa to define cDC1 and cDC2, respectively, confirmed a substantial
loss of DC from this region in the CD11c.Bcl6" spleen (Fig. 8A). This was
also evident in Clec9a.Bcl6*° and Clec9a.Bcl6"™ control mice carrying a
YFP reporter under the control of the Clec9a promoter, in which Bclé-
deficiency in DCs led to a similar decrease in marginal zone bridging
channel DCs (Fig. 8B). To test the functional relevance of this defect,
we adoptively transferred OVA-specific TCR-transgenic CD4" T cells
(OT-Il) into control and CD11c.Bcl6*® mice immunized the mice with
OVA + poly(I:C) intraperitoneally and assessed the generation of
antigen-specific Tfh cells three days later (Suppl. Fig. 8A). We chose
this timepoint because this early Tfh cell induction is independent of
GC B cells®™*°, which are known to express CD11c and are required for
the maintenance of Tfh cells at later times*. Although OT-II cells
expanded normally in the CDI1c.Bcl6° mice, in response to immuni-
zation, the early induction of antigen-specific CXCR5'Bclé6* Tfh cells
was markedly reduced in immunized CDI11c.Bcl6° mice compared to
control mice (Suppl. Fig. 8A), suggesting that Bcl6-dependent cDC
indeed drive early Tfh cell induction in this model. To enable analysis
of later time points of the Tfh cell response and to confirm our findings
in mice in which Bclé deletion is confined to cDC, we next adoptively
transferred naive OT-Il cells into Clec9a.Bcl6"" control or Clec9a.Bcl6*°
mice, followed by i.p. immunization with NP-OVA in alum adjuvants
and analysis of the spleen seven days later (Fig. 8C). The frequency of
CXCRS'PD-1" and CXCR5'Bclé* Tfh cells was significantly reduced in
OT-lI cells recovered from Clec9a.Bcl6*° hosts as compared to control
animals (Fig. 8D and Suppl. Fig. 8B). To better assess the long-term
effects of DC-restricted Bcl6 deficiency on Tfh cell and humoral
immune responses, we immunized Clec9a.Bcl6"” and Clec9a.Bcl6*°
mice i.p. with NP-KLH/alum and analyzed the spleens two weeks later
(Fig. 8E). Total spleen cellularity was not significantly increased in
Clec9a.Bcl6*° mice (Fig. SF). As regulatory T (Treg) cells do not develop
from naive OT-Il precursor cells, such as in the previous adoptive
transfer experimental setting, and Tfr cells share similarities with Treg
cells and Tfh cells**?, such as expression of Foxp3 and Bclé, respec-
tively, we quantified all three subsets within the endogenous T cell
compartment following NP-KLH/alum immunization. Total numbers of
Foxp3™ and Foxp3® CD4" T cells were not affected by DC-restricted
Bclé-deficiency (Fig. 8F and Suppl. Fig. 8C). While the frequencies of
endogenous CXCR5™PD-1" and CXCR5™Bcl6™ Tfh cells were reduced
among conventional Foxp3™ CD4" T cells of the conditional knockout
mice, the frequencies of GC Tfh cells, gated as CXCRS"PD-1" or
CXCR5"Bclé", were not altered in Clec9a.Bcl6*° mice at day 14 after
immunization (Fig. 8G, H, and Suppl. Fig. 8C). In contrast, we observed
a strong reduction in CXCRS"PD-1" or CXCR5"Bcl6" Tfr cells among
Foxp3* CD4" T cells (Fig. 8G, H, and Suppl. Fig. 8C), indicating that Bcl6
in DCs is particularly important for the generation of Tfr cells. To
address the impact of DC-restricted Bcl6-deficiency on the antibody
response, we assessed the NP-specific serum antibody levels at dif-
ferent time points following NP-KLH/alum immunization (Fig. 8 1),
focusing on total IgG and the signature isotype induced by type-2
immunization with alum adjuvants, IgGl. Quantifying both the
amounts of NP-specific antibodies against NP;4-coated BSA, a proxy

for total NP-binding antibodies, as well as against NP,-coated BSA, a
proxy for high-affinity NP-binding antibodies, we found reduced NP-
specific antibody responses in Clec9a.Bcl6*° mice (Fig. 8) and Suppl.
Fig. 8D). In conclusion, Bcl6 deficiency in cDC causes the loss of ESAMM
¢DC2 and impairs Tfh, Tfr, and antibody responses in the spleen.

DC-specific loss of Bclé causes defects in Th17 cell priming in the
colon of mice infected with C. rodentium

In addition to their role in driving GC reactions in the spleen, Notch2-
dependent cDC2 have been shown to support Thl7-dependent
immunity towards C. rodentium in the colon?. The colonic LP (cLP)
of CD11c.Bcl6"° mice contained significantly fewer ¢DC than control
mice, with the most pronounced loss detected in the CD103" cDC2
population (Fig. 9A, B). To analyze whether Bcl6-deficiency recapitu-
lated the functional consequences of Notch2-deficiency, we infected
CD11c.Bcl6"° and control littermates with C. rodentium. CDI11c.Bcl6*°
mice lost comparable weight to control littermates early after infec-
tion, with delayed recovery as evidenced by significantly lower body
weight from day 11 onwards (Fig. 9C). Consistent with a lack in weight
difference between genotypes at day nine post-infection, colon length,
and bacterial load were comparable at this time point, while there was
a tendency towards shorter colons and elevated bacterial load in
CD11c.Bcl6*° mice compared to control littermates 21 days post-
infection (Fig. 9C). At this late stage during infection, colons from
CD11c.Bcl6"° mice continued to show mild pathology, while control
littermates appeared fully healed (Fig. 9D). In parallel, there were
blunted Th17 responses in the cLP of CD11c.Bcl6*° mice nine days after
C. rodentium infection (Fig. 10A, gating strategies depicted in Suppl.
Fig. 9), while Thl and Treg numbers were not affected. This defect in
Th17 priming was no longer evident 21 days after infection (Fig. 10B).
To address whether our results were due to a lack of Bcl6 in bona fide
DCs, we infected Clec9a.Bcl6° mice and controls with C. rodentium
and analyzed their CD4 T cell compartment on day 9 post-infection.
While we detected a trend towards lower RORyt" CD4 T cell numbers,
Tbet" and Foxp3* CD4 T cells were more prominently affected (Suppl.
Fig. 10A). Analysis of YFP expression as a surrogate of Clec9a.cre
activity in intestinal DCs in Clec9a.Bcl6*° mice, however, revealed only
partial targeting of cDC2 in the gut, potentially explaining the mod-
erate deficiency in Th17 priming (Suppl. Fig. 10B).

These data show that Bclé-deficiency in CD1lc* mononuclear
phagocytes causes the loss of a prominent colonic cDC2 subset, with a
consequent defect in Th17 priming in response to C. rodentium infec-
tion, leading to delayed healing and recovery.

Discussion

We show here that Bclé-deficiency in the DC compartment causes
major transcriptional alterations with subset-specific consequences.
Specifically, Bclé-deficient ¢DC1 acquire an XCR1/CDI1lb double-
positive phenotype not seen in control mice, where XCR1 and CD11b
are mutually exclusive markers of ¢DC1 and cDC2, respectively. How-
ever, Bclé-deficient cDCI retained a cDCl-like transcriptome, cDC1
lineage markers, and the ability to cross-present. The lack of Bcl6 in DC
also revealed a critical role for Bclé6 in the development of the ESAM™

Nature Communications | (2024)15:3554



Article

https://doi.org/10.1038/s41467-024-46966-6

CD11b

IRF8 CD11c

—4 . 15 _109 0.0022 8 . o4
> ° o - i) - o A
%3 ‘Jf S 2 . 2o a o % s % :,LL
e} = = S o 6 % o
: Sl g cuas | El4 T 2L
o o — O 4 A x A A [a]
o, N &) =5 X 25k £, o,
i % i i i 2 T T
s | ° s s s s s
0 T T 0] T T 0 T T 0 T T 0] T T FMO
control
CD24 CD103 CLEC9A IRF4 MHCII XCR1.
: ~ Bcl6"©
b ql ] .,
o) 5‘/// ‘\A\\
s .‘\‘ \ ! \
1 15 NAZO gG 25 15
= 0.0022 = 0.0152 g S _ —
<) 2 x5 = s 520 : S
X1 s %10 ° = S 3 = ola X10
= . < % 3 S| oL {L Z15 4. s s,
ry — 10
£ : a T ke a o : ¥ 10 a B
) O 5 ‘1‘ O 4 0?2 x o5 :
T $ T T T T T
E T T E 0 T T E 0 EO T T E 0 T E 0 T T
B control control XCR1.Bcl6"° .
A PBS MEF-OVA MEF-OVA overlay =R I
] ] 100 5/
[m})
42 ] ] E 10
2 ] 2 ] 5 | 5= .l. spleen
! . s % Q 54
3 3 % & ' 5
i .3 4 3 ’,E ° ol2
% k] 'a 2 o
— . — ©c O——— 1
] ] S 87 oo
42.8 82.6] x
F E q'."», 3 2 + 6 8
o ] g = mLN
= _’ -T;" 3 o AN 3 5iie '6 4
3 i i ] 2 D
3 3 : - [m]
5 LR 3
O . o - o B — g oo g
o ' o w o o < 0-
»
CcTv > WT XCR1.
Bcl6k®

subset of cDC2 in the spleen and CD103°CD11b" ¢cDC2 in the intestines,
and there was a parallel defect in splenic Tfh cell induction in response
to protein antigen immunization and in intestinal Th17 induction in
response to C. rodentium infection. Together these findings extend the
role of Bcl6 to the regulation of cDC2 behavior in GC function and the
periphery.

We previously described a selective loss of putative cDCI in the
spleen of Bclé-deficient mice based on the absence of CD8«x'CD11b™
cDC?. Here we refine this interpretation by showing that the numbers
of resident cDC1 are, in fact normal when Bclé6 is lacking in CD11c" cells
or ¢DC1, but they upregulate CD11b and down-regulate CD8a, causing
them to merge into the classical cDC2 gate. In contrast, the numbers of
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Fig. 4 | Phenotype and cross-presentation abilities by cDC1 deficient in Bcl6.
A Flow cytometric analysis of classical dendritic cells (cDC)1in the spleen of control
and XCR1.Bcl6*° mice. Representative histograms show indicated protein expres-
sion by control (black) and XCRI1.Bcl6"° (red) cDC1, with fluorescent minus one
(FMO) staining shown in gray, and control cDC2 is shown as a dashed line. Dot plots
show FMO-subtracted mean fluorescent intensity (MFI) values. Pre-gating on cDC1
and cDC2 was performed as in 1A. Histograms are representative of 3 independent
experiments with 3 mice each MFI plots show 2 out of 3 experiments, and lines
represent means + SD. Statistical analysis using the Mann-Whitney test, exact P
values are annotated. B Representative flow cytometry plots showing cell tracer
violet (CTV) dilution and CD44 expression on OT-I cells (gated on live,

CD3*CD8'CD45.1" single cells) in the spleen (top) and mesenteric lymph nodes
(mLN, bottom) of control and XCR1.Bcl6"° recipient mice 3 days after i.p. immu-
nization with heat-shocked ovalbumin-expressing mouse embryonic fibroblasts
(OVA-MEF). Data are representative of 3 independent experiments with 2-5 mice
each. C Total number of OT-I cells in the spleen (right) and mLN (left) of immunized
control and XCR1.Bcl6" mice. Data are pooled from 3 independent experiments
with 1-4 mice each. Data points represent values from individual mice mouse, and
lines represent means + SD. Statistical analysis using the Mann-Whitney test, exact
P values are annotated. Circles: females; triangles: males; squares: sex-information
missing.

migratory CD11b~ CD103"* ¢cDCl1 are decreased in the mLN and intestinal
mucosa of mice lacking Bclé within the DC compartment, a finding
supported by defective cross-presentation activity in the mLNs. We
currently cannot explain the differential effects of Bcl6 deficiency on
resident versus migratory c¢DC1 populations. However, a similar
dichotomy has been described recently for dependence on DC-
SCRIPT, whose absence predominantly diminished resident cDC1*. As
Bcl6 primarily acts as a transcriptional repressor, it is possible that DC-
SCRIPT and Bcl6 integrate into a feedback loop to regulate cDC1
migration or survival upon maturation, and this idea requires
further study.

As Bcl6 is not expressed by DC progenitors in the bone marrow
and their frequency is not affected by the lack of Bcl6***, Bclé seems to
act downstream of other ¢DCl1 lineage specifying TFs such as IRFS,
Nfil3, BATF3, DC-SCRIPT, and Id2. In models deficient of those TFs, the
¢DCl lineage is affected from the precursor level onwards, preventing
their expression of all lineage markers, as well as their ability to cross-
present antigen'®'>**>#5*8 "hallmarks that were preserved in Bcl6-
deficient cDCL1. Rather, it appears that Bcl6 may fine-tune cDC1 identity
by suppressing selected cDC2 genes at the mature state, and as a
result, Bcl6-deficient cDC1 maintain key cDC1 genes such as XCRI,
TLR3, and CLEC9A as well as cross-presentation function. However,
they show a gene expression profile that suggests a cDC2-related “gain-
of-function”, with enhanced expression of genes of the cytokine-
cytokine receptor pathway, cell adhesion and migration pathways, and
pathways associated with inflammasome activity. Interestingly, cDC1
with upregulated CD11b and Sirpa have also been described when the
TF ZEB2 is over-expressed from the pre-cDC stage onwards®. Explor-
ing how Bcl6 interacts with this and other lineage-determining factors
to regulate cDC1 gene expression and functions will be an important
topic for future research.

CD11c.Bcl6" and Clec9a.Bcl6*° mice lacked the dominant subset
of ESAM" ¢DC2 in the spleen, and a comparison of gene expression
profiles between ESAM" and ESAM" control ¢cDC2 subsets and cDC2
from CDI1I1c.Bcl6®® mice showed that Bclé6-deficient ¢DC2 closely
aligned with control ESAM" cDC2. However, this overlap was not
absolute, suggesting that Bcl6-deficiency causes transcriptional chan-
ges in all cDC2. For example, the extent of dysregulation of IRF4 and
CD11b expression in the absence of Bcl6 cannot solely be explained by
the loss of ESAM" ¢DC2. In addition, both markers were also upregu-
lated in Bcl6-deficient cDCl, again indicating a wider role for Bcl6 in
control of mature cDC differentiation. Interestingly, the consequences
of Bclé-deficiency on ¢DC overlap with those previously shown for
Notch2-deficiency?*****, Specifically, both strains show deficiencies in
¢DC1 and ESAM" ¢DC2, but it remains to be determined whether the
apparent loss of cDC1 in Notch2-deficient animals reflects the genuine
absence of these cells, or is because their phenotype has simply
changed, as we show in Bcl6-deficient mice. Of note, the cDCI marker
CD24 is upregulated in both Bcl6- and Notch2-targeted mice (our
study and***®), arguing against a developmental defect within the
¢DC1 spleen compartment in Notch2-targeting models. It will be of
interest to explore how the Notch2- and Bcl6-pathways interact in DC
biology.

Consistent with the findings that cDC2 equivalent to the ESAM™
population located preferentially in marginal zone bridging channels
in the spleen*’, the dysregulation in splenic cDC populations in both
Bcl6- and Notch2-deficient mice was associated with a loss of cDC from
this region of the spleen (¥’ and current results). Localization of cDC2
to the bridging channels is dependent on the homing receptor
GPR183°°*' and Bcl6 regulates GPR183 expression in B cells*’. However,
GPR183 expression levels were not altered in Bclé-deficient ¢DC2,
suggesting either that additional factors are required for the correct
positioning of cDC2 in the spleen or that Bclé6-deficiency causes a
development block or diminished survival within ESAM™ ¢DC2 irre-
spective of their location. Along those lines, GPR183-deficiency in
cDC2 specifically diminished antibody response generation to parti-
culate antigen, while responses to soluble antigen were unaffected®.
The defect in ESAM" ¢DC2 we found in CD11c.Bcl6*° and Clec9a.Bcl6*°
mice were accompanied by reduced induction of Tfh cells in response
to parenteral immunization with soluble OVA, suggesting a general
deficiency in supporting GC reactions in these mice. While it has been
suggested that Notch2 is needed to ensure correct positioning of cDC2
for access to antigen in the bloodstream?, it has to our knowledge, not
been addressed whether response deficits were limited to particulate
antigen in these mice. Further investigation is needed to explore the
importance of correct localization on development, survival, and
antigen capture by c¢DC2 and how this might be controlled by a
Bcl6-Notch?2 axis.

DC-specific deletion of Bcl6 caused alterations in the generation
of Tfh cells, Tfr cells, and corresponding antibody responses. As T and
B cell-intrinsic expression of Bcl6 is known to be required for Tfh cell
and GC B cell differentiation®*, our findings extend this concept to
the DC stage. Our data indicate that Tfh and Tfr cell fates of activated
conventional CD4* T cells and Treg cells, respectively, are pre-
determined or imprinted by Bclé expression patterns already in DCs.
One interesting finding was the strong effect of DC-specific Bcl6é defi-
ciency on Tfr cells, which are believed to mainly develop from thymic
Tregs**>. Given the stronger reduction in Tfh cells in Clec9a.Bcl6°
mice at early stages following immunization (days three and seven), as
compared to later stages (day 14), it is possible that a continued lack of
Tfr-mediated suppression of Tfh cells may allow for a compensatory
outgrowth of Tfh cells over time, thus mitigating the net effects of DC-
specific Bcl6 deficiency. This would be in line with the multistep dif-
ferentiation process of Tfh cells in which B cells become the sole
antigen-presenting cell subset in GCs, with no classical DCs being
present in GCs**.

XCRI" CD11b*CD103" intestinal LP DC were also reduced in the
absence of Bcl6 in DC, again mirroring the phenotype observed in
Notch2-deficient mice**. cDC2 are potent drivers of Th17 responses
in the intestines**, but recent findings suggest that DC-independent
Th17 cell induction can also occur®®. As CDI1c.Notch2“° mice succumb
early to C. rodentium infection due to deficient IL-23-driven innate
immunity, the adaptive immune response has not been investigated in
this model*. In contrast, the early stages of infection were normal in
CD11c.Bcl6"° mice, but these mice showed a delay in recovery at later
stages and altered kinetics of Th17 induction, with significantly lower
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Fig. 5 | Differentially expressed genes in Bcl6-deficient splenic cDCI. A Gene
ontology (GO) term enrichment analysis of differentially expressed genes (DEG) in
XCR1.Bcl6° and control cDC1 (PRINA834905). The p value calculated from GO term
enrichment analysis is represented on the x-axis, and the y-axis shows the GO
Biological Process (BP) terms. P-values were calculated by using enrichGO function
from R package clusterProfiler with the one-sided hypergeometric test. B KEGG
(Kyoto Encyclopedia of Genes and Genomes) term enrichment analysis of DEGs in
XCR1.Bcl6* vs control ¢cDCL. The GeneRatio value calculated from KEGG term
enrichment analysis is represented on the x-axis, and the y-axis shows the KEGG

enriched terms. C Heatmap of all genes contributing to the enriched KEGG path-
ways depicted in (B). The color scale represents the row Zscore. D IL-6 levels in the
serum of XCRI.Bcl6"° vs control mice injected intraperitoneally with poly(l:C) 2 h
before analysis. Data are pooled from 6 experiments with 1-6 mice each (2
experiments without untreated controls), and lines represent means + SD. Statis-
tical analysis was performed by one-way ANOVA (and Tukey’s multiple comparison
test), and exact P values were annotated. Circles: females; triangles: males; squares:
sex-information missing.

Th17 numbers at day nine, which had normalized by day 21. We cannot
currently explain the differences in the early innate immune response
between CDI1c.Notch2*® and CDI11c.Bcl6*° mice, but our data are con-
sistent with the idea that DCs play the dominant role in coordinating
the adaptive immunity required to terminate the infection. However,
while Bcl6-dependent ¢cDC2 support optimal Thl7 induction to C.
rodentium, they are not essential for this response, as Th17 numbers
normalized over time, possibly due to continuous proliferation in the
presence of the pathogen.

Our results show that Bclé deficiency does not alter cDC1 and
cDC2 lineage identity, but it alters their transcriptional profile and
relative abundance of both lineages and their subsets in different tis-
sues. Specifically, although cDC1 in all tissues examined acquired
several cDC2 markers in the absence of Bcl6, they retained their
transcriptional and functional identity as ¢cDCL. In contrast, Bcl6 defi-
ciency had differing effects on cDC2 subsets that depended on their
location and phenotype, with selective depletion of ESAM" ¢DC2 in
spleen and CD103°CD11b* cDC2 in the intestine. These effects were
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similar to those described for a deficiency in Notch2 and had sig-
nificant functional consequences for adaptive immunity in the spleen
and intestine. These data add to the emerging and poorly understood
heterogeneity within the ¢cDC2 compartment by establishing that
certain ¢cDC2 subsets require Bcl6 expression in the DC compartment
in addition to Notch2- and lymphotoxin f-signaling. Finally, com-
plementary to its established roles in controlling B and T cell-intrinsic
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cell fate decisions®, our findings establish Bclé as a subset-specific
regulator of DC development and function with critical consequences
for the induction of adaptive immune responses.

Methods

All reagents, including manufacturer, catalog number, and dilutions,
are listed in Suppl. Data 4.
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Fig. 6 | Phenotype and gene expression profiles of splenic Bcl6-deficient cDC2.
A Representative flow cytometric analysis of classical dendritic cells (cDC)2 in the
spleen of control and CDI1c.Bcl6"° mice, showing expression of CD11c vs MHCII
(top panels) and XCR1 vs CD11b (lower panels) by live, lineage™ (CD3, CD19, CD64,
B220, NK1.1), CD1ic" single cell-gated splenocytes. Data are representative of at
least 8 independent experiments with 1-3 mice each. Reported mean fluorescent
intensity (MFI) levels of MHCII are raw values and average deviation from 3
experiments with 3 mice each. B Representative flow cytometric analysis of ESAM"
and ESAM® ¢DC2 in the spleen of control and CDIIc.Bcl6° mice. Cells were pre-
gated as XCR1'CD11b* ¢DC2 from live, lineage™ (CD3, CD19, CD64, B220, NK1.1),
CD1i1c*, MHCII" single cells. Data are representative of 3 independent experiments
with 1-3 mice each. C Representative flow cytometric analysis of cDC2 in the spleen
of control and Clec9a.Bcl6*° mice, showing expression of CD1lc vs MHCII (top
panels) and XCR1 vs CD11b (lower panels, gated on CD11c*, MHCII") by live, lineage™
(CD3, CD19, CD64, B220, NK1.1) single cell-gated splenocytes. Data are

representative of 2 independent experiments with 3 mice each. D Representative
flow cytometric analysis of ESAM™ and ESAM" cDC2 in the spleen of control and
Clec9a.Bcl6* mice. Cells were pre-gated as XCR1'CD11b" cDC2 from live, lineage
(CD3, CD19, CD64, B220, NK1.1), CD11c*, MHCII" single cells (top). Data are repre-
sentative of 2 independent experiments with 3 mice each, and lines represent
means + SD. E Same data as in D, but pre-gated on YFP* instead of CD11c" (see Suppl.
Fig. 4 for full gating strategy). Data are representative of 2 independent experi-
ments with 3 mice each, and lines represent means + SD. F Representative flow
cytometric analysis of expression of CDl1c, 33D1, CD4, CD11b, and IRF4 by splenic
XCR1°CD11b* ¢DC2 from control (ESAM": black, ESAM": blue) or CD1Ic.Bcl6*° mice
(orange). FMO controls are depicted in gray. Gates correspond to those depicted in
Fig. 6B. Results are representative of at least 2 (CD11c) or 3 (all others) independent
experiments with 3 mice each, and lines represent means + SD. Statistical analysis
was performed by one-way ANOVA. *P < 0.05, *P < 0.01, **P<0.001 and

P < 0.000L. Circles: females; triangles: males.
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Fig. 7 | Gene signature comparisons between ESAM" and ESAM'" ¢DC2 with
Bcl6-deficient cDC2. A Gene set enrichment plots following CDI1c.Bcl6*° vs control
classical dendritic cells (cDC)2 in an ESAM" c¢DC2 related gene set (top) vs an
ESAM® ¢DC2 related gene set (bottom) (ESAM" and ESAM" gene set derived from
GSE76132). NES normalized enrichment score. False discovery rate (FDR) g-value:
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0.0. B The top 50 genes associated with spleen ESAM" cDC2 (left) or ESAM" cDC2
(right) were derived from GSE76132. Heatmaps show the expression of these genes
in the RNA-Seq analysis of ¢cDC2 from control and CDI11c.Bcl6*° spleen. The color
scale represents the row Z score (Expression Z-scale).

Mice

Xcrl.cre (B6-Xcr1™c#)7 CD1Ic.cre®, and Clec9a.cre®® mice were cros-
sed to Bcl6™ mice™ (from Alexander Dent or JAX.org stock number
#023727) to obtain DC-specific Bcl6-knockout models. Clec9a.Bcl6*©
mice and Clec9a.Bcl6" control mice were both maintained homo-
zygous for cre and additionally contained homozygous a Rosa26™or#1""
allele (JAX.org stock number 006148). CDI1c.Bcl6 and XCRI1.Bcl6 models
were maintained heterozygous for cre and negative littermates were
used as control controls. Additional strains used in this study were
B6.SJL-Ptprc® Pepc®/Boy) (congenic C57BL/6.CD45.1 mice from the

Jackson Laboratory), C57BL/6-Tg (TcraTcrb)1100Mjb/) and B6.Cg-
Tg(TcraTcerb)425Cbn/) (OT-1 and OT-II mice from Jackson Laboratory).
Mice were group-housed in individually ventilated cages, maintained on
a 12 h light and dark cycle at 22 °C and 55% humidity, and maintained
under specific pathogen-free conditions. Euthanization was performed
using cervical dislocation without anesthesia. Experimental groups
were sex- and age-matched. Male and female littermates were used
between 8 and 15 weeks of age, and RNA-Seq was performed on female
mice only. All animal experiments were performed in accordance with
European regulations and federal law of Denmark and Germany.
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Permission was granted either by the Danish Animal Experiments
Inspectorate, the Regierung von Oberbayern, or the Landesamt fiir
Natur-, Umwelt und Verbraucherschutz NRW.

Cell preparation
Spleens, mLNs, and pLN (axillary, brachial, and inguinal) were
digested in RPMI containing 5% FCS, 0.5mg/ml Collagenase IV

(USBiological), and 30 pg/ml DNase I grade Il (Roche) for 45 min at
room temperature. Red blood cells in the spleen and blood samples
were subsequently lysed using red blood cell lysis buffer (ammo-
nium chloride, potassium bicarbonate, EDTA, and MiliQ water) for
3 min at room temperature. For the OT-Il adoptive transfer experi-
ments, splenic single-cell suspensions were prepared and analyzed
as previously described®.
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Fig. 8 | Impact of Bclé6 deficiency in splenic cDC on Tfh cell and antibody
responses. A Confocal microscopy of spleens from CD11¢.Bcl6"° and control mice.
TLR3 (gray), CD1lc (green), Sirpa (red), B220 (blue). Scale bar = 50 um. Arrows
indicate marginal zone bridging channels. Images are representative of 4
(CD11c.Bcl6¥?), or 3 (control) replicates from individual mice. B Confocal micro-
scopy of spleens from Clec9a.Bcl6""” and Clec9a.Bcl6*° mice, each carrying homo-
zygous Rosa26 P alleles. TLR3 (gray), YFP (green), CD1lc (red), B220 (blue).
Scale bar = 50 um. Single channel figures show areas in the yellow boxes. Images are
representative of 4 replicates from individual mice. C Experimental design.

D Representative flow cytometry of splenic OT-1I (CD45.1/2) cells from
Clec9a.Bcl6"" and Clec9a.Bcl6*° recipients 7 days after i.p. immunization with NP-
OVA. Tfh cells were gated as CXCR5'PD-1" live CD4'CD19~ lymphocytes. Statistical
analysis was performed by two-way Mann-Whitney, exact P values are annotated.
Each symbol represents one biological replicate (n =4-5), and lines represent
means + SD. Data are representative of 2 independent experiments. E Experimental
design. F Total cellularity and number of CD4‘Foxp3™ and CD4'Foxp3* cells in

Clec9a.Bcl6*® and control mice 14 days after i.p. injection with NP-KLH and alum.
Data are pooled from 2 independent experiments with 4-5 mice per group, and lines
represent means + SD. G Representative flow cytometry of Foxp3™ (left) and Foxp3*
(right) CD4" T cell-gated splenocytes 14 days post-NP-KLH/alum i.p. immunization
of Clec9a.Bcl6*° and control mice. Foxp3™: T follicular helper cells (Tfh) are gated as
CXCRS™PD-1™, and germinal center Tfh are gated as CXCR5"PD-1". Foxp3*: T fol-
licular regulatory cells are gated as CXCR5"PD-1". H Quantification of data shown in
(G). Statistical analysis was performed by the Mann-Whitney test and exact P values
were annotated. Data are pooled from two independent experiments with 4-5 mice
per group, and lines represent means + SD. I Experimental design. J NP-specific total
IgG in the serum from NP-KLH and alum immunized Clec9a.Bcl6*° and control mice
at indicated time-points as determined by ELISA for low (NP36)- and high (NP2)-
affinity antibodies. Data are representative of two independent experiments with
4-5 mice, and lines represent means + SED. Two-way ANOVA with Bonferroni post-
hoc, exact P values are annotated. Circles: females; triangles: males.

Single-cell suspensions of the intestinal LP were prepared as
described previously®. Briefly, the intestines were flushed with HBSS
supplemented with FCS (10%), Peyer’s patches were removed, and
epithelial cells and mucus were removed by incubating tissue in HBSS
supplemented with FCS (10%) and EDTA (2 mM) 3 times each for 15 min
at 37 °C with continual shaking at 450 rpm. The remaining tissue pieces
were digested in R10 media (RPMI 1640 supplemented with FCS (10%)
containing DNase I grade II (30 ug/ml) and Liberase TM (58 ug/ml) for
20 min at 37 °C with a magnetic stirrer.

Lungs were perfused with PBS prior to resection. All lung lobes
were cut into small pieces and digested in R5 media (RPMI 1640 sup-
plemented with FCS (5%) containing DNase I grade II (30 pg/ml) and
Liberase TM (50 pg/ml, Roche) for 45min at 37 °C with a magnetic
stirrer.

Intestinal LP and lung cell suspensions were filtered through
100 um cell strainers (Fisher Scientific), and leukocytes were enriched
by density gradient centrifugation with 40%/70% Percoll (GE Health-
care) prior to further analysis.

Flow cytometry

Single-cell suspensions were stained for multicolor analysis with the
indicated fluorochrome- or biotin-conjugated antibodies after block-
ing with Fc block (purified anti-CD16/32). Antibodies were diluted in
flow cytometry buffer (DPBS, 2% FCS), and staining was performed for
30 min on ice in the dark. LIVE/DEAD™ Fixable Near-IR Dead Cell Stain
Kit (Invitrogen) or Fixable Viability Dye eFluor™-780 (Invitrogen) were
used for determining the viability of cells.

Lymphocytes from C. rodentium infection experiments were
treated with rmiIL-23 (40 ng/ml, R&D) for 3 h at 37°C with 5% CO,,
washed and further incubated with rmIL-23 (40 ng/ml), PMA (50 ng/ml,
Sigma Aldrich), lonomycin (750 ng/ml, Sigma Aldrich) and BD Golgi-
Stop™ (containing monensin at 1:1000 dilution, BD) for an additional
3.5h at 37 °C with 5% CO,.

For intracellular staining, cells were fixed with the Foxp3 Fixation/
Permeabilization kit from eBioscience. Samples were acquired on a
Fortessa X20, an LSRFortessa, or a Symphony flow cytometer (BD
Biosciences) using FACSDiva software (BD Biosciences) and analyzed
with FlowJo software (Tree Star). All antibodies and working dilution
are listed in Suppl. Data 4.

Splenic dendritic cell sorting and cDNA library preparation for
RNA-seq

Splenic DC was enriched using the Dynabeads Mouse DC Enrich-
ment kit (Invitrogen) and sorted on a BD FACS Melody to obtain
¢DC1 (B220"CD64 CD3 CD19 NK1.1"CD11c"MHCII*XCR1*) and c¢DC2
(B220°CD64 CD3°CD19"NK1.1 CD11c"MHCII'CD11b*XCRI"). Sorted
cells (2-4x10* per sample) were resuspended in 350 ul RNeasy Lysis
Buffer (QIAGEN), and RNA was extracted using the QIAGEN RNeasy

Mini kit (QIAGEN). RNA was washed, treated with DNase I (QIAGEN),
and eluted per the manufacturer’s instructions. RNA-seq libraries
were prepared by combining the Nugen Ovation RNA-seq system V2
with NuGEN’s Ultralow System V2 (NuGEN Technologies). The
amplified libraries were purified using AMPure beads, quantified by
qPCR, and visualized on an Agilent Bioanalyzer using BioA DNA High
sensitivity (Agilent). The libraries were pooled equimolarly and run
on a HiSeq 2500 as single-end reads of 50 nucleotide length.

RNA-sequencing data analysis

Sequencing reads were mapped to the mouse reference genome
(GRCm38.85/mm10) using the STAR aligner (v2.7.6a)°". Alignments
were guided by a Gene Transfer Format (Ensembl GTF GRCm38.101).
Read count tables were normalized based on their library size factors
using DESeq2 (v1.30.1)%, and differential expression analysis was per-
formed with a filter of log2foldChange >1 and a p-adjust value < 0.01.
For selected gene signatures (cDC1 and cDC2 or ESAM" and ESAM"
DC2s), the 100 DEGs with the highest normalized count values were
selected, out of which then the top 50 genes with the highest absolute
log2FoldChange were depicted in heatmaps. RNA-seq reads aligned to
genes from the GENCODE gene annotation were counted using
Ensembl’s BiomaRt-v2.46.3. Heatmap visualizations were done using
pheatmap v1.0.12. Downstream statistical analyses and plot generation
were performed in the R environment (v4.0.5)*. The online tool Venny
2.1 was used for the drawing of the Venn plots. Package PlotMA was
used for visualizing gene expression changes from two different con-
ditions (parameters: alpha=0.01, type ="ashr”)**. Principal Compo-
nent Analysis (PCA) plots were drawn using PCAtools 2.2.0, with
removeVar=0.01%. Volcano plots were drawn using the function of
gepubr 0.4.0°. Gene Set Enrichment Analysis was performed using
Gene Ontology R package clusterProfiler 3.18.1 (category biological
process) on DEGs obtained from DESeq2. The p-values were adjusted
using “BH” (Benjamini-Hochberg) correction, and the cutoff was
0.01¢. GO biological process terms were ranked by GeneRatio. The
gene ratio is defined as the number of genes associated with the term
in DEGs divided by the number of DEGs. For KEGG enrichment,
DESeq2-derived DEGs were used®®. Enrichments with a p-value from
Fisher’s exact test < 0.05 were considered significant.

Confocal microscopy

Mice were sacrificed, spleens taken out, immediately washed with cold
DPBS, and fixed with either 4% PFA in PBS for 12 h or 1% PFA in PBS for
24 h, followed by an overnight wash with washing buffer PBS-XG
(PBS + 5% FCS + 0.2% Triton X-100). Samples were embedded in warm
4% low melting agarose for sectioning. 60-100 um sections were cut
using a Vibratome 1200S (Leica) and stored until use. For staining,
sections were incubated with primary antibodies in 500 pl washing
buffer in a 24-well plate overnight at 4 °C under constant agitation
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Fig. 9 | Citrobacter rodentium infection in mice with Bclé deletion in cDC. A Left:
Flow cytometry plots showing cLP XCR1" and XCR1 CD11b* DC subsets gated on all
dendritic cells (DC) (live, CD45", lineage™ (CD3, CD19, CD64, B220, NK1.1), MHCII",
CD11c" single cells. Right: XCR1 DC is further subdivided into CD103* and CD103~
classical DC2 (cDC2) from control and CDI1c.Bcl6° mice. B Absolute numbers (top)
and proportions (bottom) of colon lamina propria XCR1*, XCR1"CD103'CD11b*, and
XCR1"CD103 CD11b* DC subsets from control and CD11c.Bcl6"° mice. Data points
represent values from individual mice pooled from 3 experiments with 2-3 mice
each, and lines represent means + SD. Statistical analysis using the Mann-Whitney
test, exact P values are annotated. C Percentage of weight loss of mock and C.
rodentium infected control and CDI1c.Bcl6"° mice. Each symbol represents the
mean weight loss of all mice within the group at the indicated time point post-
infection versus their starting weight, and error bars represent SD; statistical

analysis using two-way ANOVA (and Tukey’s multiple comparison test) with
Geisser-Greenhouse correction, *P < 0.05 and **P < 0.01 (top left). Colon lengths in
mock and infected mice at 9 or 21 days post inoculation; statistical analysis by one-
way ANOVA (and Tukey’s multiple comparison test), exact P values are annotated
(bottom left). C. rodentium titers in feces were measured as colony-forming units
(CFU) of infected control and CD11c.Bcl6*° mice at indicated days post-infection;
statistical analysis using Mann-Whitney test, not significant (ns, right). All data
points represent values from individual mice, lines represent means + SD, and data
is pooled from 2 to 3 experiments with 3-5 mice per mock/C. rodentium-infected
group. D H&E-stained sections of the distal colon of mock and C. rodentium
infected control and CDIIc.Bcl6"° mice 21 days post-inoculation. Scale bar, 100 um.
Symbols: # epithelial lining; = leukocyte infiltration; % goblet cell destruction; &
villus length. Representative of 4-5 mice per group from one experiment.

(120 rpm), followed by at least 6 h of washing in 5 ml washing buffer.
To enhance the YFP signal, a primary unlabeled anti-GFP antibody was
used in the experiments based on Clec9a.Bcl6"™ and Clec9a.Bcl6*°
mice, each carrying homozygous Rosa26fl-Stop-fl-YFP alleles. This
antibody was detected in a secondary antibody incubation step over-
night in 500 ul PBS-XG in a 24-well plate, followed by an additional
washing step in 5 ml washing buffer for 6 h. All antibodies and working
dilution are listed in Suppl. Data 4. Sections were mounted using
ProLong Gold Glass and images were acquired on a Zeiss LSM710 or a
Zeiss LSM900 confocal laser microscope. Digital pictures were

acquired with Zen software (Zeiss) and processed using Imaris Viewer
(Oxford Instruments).

Cross-presentation assays

In vivo: Naive CD8" T cells from OT-I donors were enriched using the
Dynabeads® Untouched™ Mouse T Cells kit (Invitrogen) and stained in
1ml DPBS with CellTrace Violet dye (Invitrogen) for 10 min at 37 °C.
1x10° OT-I cells were transferred into recipients one day before i.p.
injection of 5x10° cells/mouse of H-2P™ MEFs expressing truncated
non-secreted OVA (OVA-MEF)”. One day after immunization,
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Fig. 10 | T cell responses to Citrobacter rodentium infection in mice with Bclé
deletion in ¢cDC. A Numbers of total CD4" T cells, IL-17A*IL-22", IL-17A*IL-22", IL-
17A'IFNY*, IFNY’IL-17" and Foxp3* CD4" T cells in the cLP of mock and C. rodentium
infected control and CDI11c.Bcl6*° mice at day 9 post-inoculation. Data points
represent values from individual mice pooled from 2 to 4 experiments with 2-4
mice per group, and lines represent means + SD. Statistical analysis is performed by
one-way ANOVA, and exact P values are annotated. B Numbers of total CD4" T cells,

IL-17A%IL-227, IL-17AIL-227, IL-17A'IFNY, IFNy'IL-17- and Foxp3® T cells in the cLP of
mock and C. rodentium infected control and CD1Ic.Bcl6*° mice at day 21 post-
inoculation. Data points represent values from individual mice pooled from 2
experiments with 4-5 mice per group, and lines represent means + SD. Statistical
analysis is performed by one-way ANOVA, and exact P values are annotated. Circles:
females; triangles: males.

recipients were injected with FTY720 (20 pg/mouse, Cayman) in saline
i.p. Mice were sacrificed three days after immunization.

In vitro: DCs were enriched from spleen and mLN using the
Dynabeads Mouse DC Enrichment kit (Invitrogen), and naive CD8
T cells from OT-I donors were isolated using the Dynabeads Untou-
ched Mouse T Cells kit (Invitrogen), both according to manufactures
protocol. OT-l cells were stained with CellTrace Violet dye
(1:1000, Invitrogen) for 10 min at 37 °C. Enriched DCs from both mLN
and spleen were incubated with OVA (EndoFit, InvivoGen) at a con-
centration of 250 ug/ml in culture media (RPMI 1640 supplemented
with 10% FCS, 55 uM B-mercaptoethanol and Penicillin-Streptomycin-
Glutamin 100x (Gibco)) for 2 h at 37°C and washed twice. DCs for
negative control were not incubated with OVA. The frequency of cDCls
in each sample was determined using flow cytometry, and 670 cDCls
were plated in a cell culture treated 96-well U bottom plate with
0.2 x10° OT-I cells in culture media supplemented with 1pg/ml LPS.
For the positive control, 0.2x10° OT-I cells were stimulated with
10 ug/ml aCD3 (eBioscience, clone 17A2) (plate bound) and 1pg/ml
aCD28 (eBioscience, clone 37.51). Flow cytometry-based analysis was
carried out after incubation for 65 h at 37 °C with 5% CO..

Induction of Tfh cells and antibody responses in vivo

For adoptive transfer experiments into CD11c.Bcl6"° or control hosts,
naive CD4" T cells were enriched from homozygous TCR-transgenic
OT-Il (CD45.1/.2) donors using the Dynabeads Untouched™ Mouse
CD4 Cells kit (Invitrogen). 1x10° OT-II cells were transferred intrave-
nously (i.v.), and one day later, recipients were immunized i.p. with

ovalbumin grade V (OVA, 0.5mg, Sigma Aldrich) together with
poly(I:C) (100 pg, Sigma-Aldrich). Controls received PBS alone, and
mice were sacrificed three days after immunization. For adoptive
transfer experiments into Clec9a.Bcl6"” or Clec9a.Bcl6° hosts, naive
CD8 CD19 CD44™**CD62L"CD25~ CD4* T cells were sorted from
heterozygous OT-II (CD45.1/2) donors on BD FACSAria Ill or Fusion cell
sorters. 5x10%* OT-II cells were injected i.v., and one day later, reci-
pient mice were immunized i.p. with a 1:1 mixture of 50 ug NP;;-OVA
(Biosearch Technologies/BioCat) in PBS and Imject Alum (Thermo
Fisher). Spleens were dissected and analyzed by flow cytometry on day
7. For assessment of endogenous Tfh and Tfr cell responses,
Clec9a.Bcl6"" or Clec9a.Bcl6® mice were immunized i.p. with 50 pg
NP3,-KLH (Biosearch Technologies/BioCat) in PBS and Imject Alum
(Thermo Fisher). Spleens were dissected and analyzed by flow cyto-
metry on day 14. In independent NP5,-KLH/alum-immunized cohorts,
blood samples were collected on days 7, 14, 21, and 28 using Microv-
ette 200 Serum Gel CAT tubes (Sarstedt), and NP-specific serum
antibody levels were determined by ELISA.

ELISA

IL-6 levels in the serum of mice injected intraperitoneally with PBS or
100 pg poly(I:C) 2 h before analysis were determined using BD OptEIA™
Mouse IL-6 ELISA Set.

To measure NP-specific serum IgGl and total IgG, half-area radio-
immunoassay plates (#3690, Corning) were coated with 25 ul of 10 pg/
ml NP-BSA in PBS (N-5050XL-10-BS with loading ratio of 2 or N-5050H-
10-BS with loading ratio of 36, both Biosearch Technologies/BioCat)
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overnight at 4 °C. The next day, plates were washed four times with
PBS +0,005% Tween20 and then blocked with 70 ul PBS +2% BSA for
2h at RT. After four washing steps, serial dilutions of serum from
immunized mice were added to the plate and incubated on a plate
shaker for 2 h at RT. Pooled sera from day 28-immunized mice were
used as standard. Next, plates were washed four times, and 25l of a
1:500 dilution of the respective detection antibody (goat anti-mouse
IgG(H + L)-alkaline phosphatase (AP) conjugate (Southern Biotech/
Biozol) or goat anti-mouse IgGl-AP (Southern Biotech/Biozol) was
added to each well and incubated for 45 min while shaking. Plates were
washed four times and then incubated with 70 ul of Alkaline Phos-
phatase Solution (Sigma Aldrich) for 20 min. Plates were read for
absorbance at 405nm (TriStar plate reader). Resulting data were
plotted as concentration (x-axis) versus OD (OD, y-axis) in Excel, then
fit to a sigmoidal 4-parameter logistic (4PL) model by utilizing the four
parameter logistic (4PL) curve calculator (AAT Bioquest Inc.). The
sigmoidal 4PL equations were then used to calculate the concentration
of individual samples. Values are expressed as arbitrary units (AU).

Citrobacter rodentium infection

The C. rodentium strain DBS100 (ATCC 51459; American Type Culture
Collection) was used as described® with some amendments. Briefly, C.
rodentium cultures were grown in Luria-Bertani (LB) medium to an
ODgoo of 1-1.5. Mice were orally inoculated with LB broth or 2 x10°
CFU C. rodentium, and their weight was monitored daily. Fecal samples
were collected on indicated days post-infection, serially diluted in PBS
and plated on Brilliance™ E. coli/coliform Agar (Thermo Fisher). C.
rodentium colonies, from at least three dilutions per sample, were
enumerated and normalized to the weight of feces.

For histopathology, 0.5cm of the distal colon was immediately
placed in 10% formalin and processed by the DTU Histology Core for
hematoxylin and eosin (H&E) staining. Images were acquired on a
Pannoramic MIDI Il scanner (3DHISTECH) and visualized with Case-
Viewer software 2.4 (3DHISTECH). The severity of the infection was
assessed in a blinded manner.

Statistical analysis

Statistical analyses were performed with Graphpad Prism 9.0 (Graph-
pad Software). While symbols in data graphs give information on the
sex of the individual mice in the experiments, we did not perform sex-
stratified statistics due to variable group size.

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

Data availability

The RNA-sequencing data generated in this study have been deposited
in the NCBI SRA database under accession code PRJNA834905. Flow
cytometry data is available upon request. Source data are provided in
this paper.
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Supplementary Figure 1: Full gating strategy for spleen, pLN, mLN and SILP ¢DC from control,
XCR1.Bcl6X°, and CD11c.Bcl6%° mice (used for main article Figures 1 and 2).
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Supplementary Figure 2

A. Left: Flow cytometry plots show XCR1* and XCR1-CD11b* DC subsets in the lungs of
control, XCR1.Bcl6X° and CD11c.Bcl6X° mice. The plots show representative staining
profiles of live, CD45*, lineage~ (CD3, CD19, CD64, B220, NK1.1), MHCII*, CD11c" gated
single cells. Right: Absolute numbers of cDC subsets in the lungs of control, XCR1.Bcl6X°,
and CD11c.Bcl6X° mice. Statistical analysis by one-way ANOVA.** P<0.01, **** P<0.0001.
Data points represent values from individual mice pooled from 2-3 experiments and lines
represent means +/- SD.

B. Left: Representative flow cytometry plots of blood XCR1* and XCR1-CD11b* DC subsets
from control, XCR1.Bcl6X® and CD11c.Bcl6X®. Shown are representative staining profiles
of live, CD45*, lineage~ (CD3, CD19, CD64, B220, NK1.1), MHCII*, CD11c" gated single
cells. Right: Absolute numbers of cDC1 and cDC2 in blood of control, XCR1.Bcl6X°, and
CD11c.Bcl6X© mice. Statistical analysis by one-way ANOVA, significance at * P<0.05.
Data points are normalized to volume of blood drawn and represent values from individual

mice pooled from 4 experiments; lines represent means +/- SD from each genotype.
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Supplementary Figure 3

Raw values of CD11b MFI in XCR1* and XCR1-CD11b* (spleen, mLN, pLN and lung) or XCR1*
and XCR1-CD11b*CD103- and CD11b*CD103* (SILP) cDC from control, XCR1.Bcl6%°, and
CD11c¢.Bcl6X° mice. Note that different organs were stained using different panels and CD11b
MFI values are therefore not comparable across organs. Data depicts one representative

experiment of at least 3 per organ with 2-3 mice each.
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Supplementary Figure 4

Representative flow cytometry plots showing CTV dilution and CD44 expression on OT-I cells
(gated on live, CD11c, CD8a* single cells) following 65h incubation with OVA pulsed and LPS
stimulated cDC1 isolated from spleen (top) and mLN (bottom) of control and XCR1.Bcl6X° mice.

Data are representative of four independent experiments with 2-3 mice each.

Histograms show CTV dilution in OT-I cells after incubation with OVA pulsed cDC1 isolated from
spleen and mLN of control and XCR1.Bc/6X° mice. Bottom histogram shows CTV dilution in OT-
| cells after incubation with anti-CD3 and anti-CD28 (positive control) and non-pulsed cDC1

(negative control).

Percentage of CD44* CTV'°v OT-I cells after incubation with cDC1s isolated from spleen and mLN
of control and XCR1.Bcl6X° mice. Data is pooled from four independent experiments. Each dot
represents one mouse, solid lines represent means +/- SD and dotted lines represent the average
percentage of CD44* CTV“ OT-l cells from negative controls across all independent

experiments.
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Supplementary Figure 5

A. IL-6 pathway gene ontology (GO) term enrichment analysis of differentially expressed
genes (DEGs) in XCR1.Bcl6X° and control cDC1. The p value calculated from GO term
enrichment analysis is represented on the x-axis and the y-axis shows the GO Biological
Process (BP) terms. Only terms related to positive regulation of IL-6 production are
depicted.

B. Heatmap of all upregulated genes in XCR1.Bcl6X° ¢cDC1 contributing to the enriched IL-6

pathways depicted in A. The color scale represents the row Z score.
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Supplementary Figure 6

A. Relative proportions of XCR1*, XCR1-CD11b*ESAM" and XCR1-CD11b*ESAM" subsets
in the spleen of Clec9a.Bcl6X° (top) and CD11c.Bcl6X° (bottom) mice. Cells were pre-
gated on single live, CD45*, lineage- (CD3, CD19, TER119, B220, NK1.1), MHCII*,
CD11c". Data points represent values from individual mice pooled from 2-3 experiments
and lines represent means +/- SD. Statistical analysis using Mann-Whitney test, ***
P<0.001 and **** P<0.0001.

. Numbers of XCR1*, XCR1-CD11b*ESAM" and XCR1-CD11b*ESAM" subsets in the
spleen of control, Clec9a.Bcl/6X° normalized to volume of suspension (top) and
CD11c.Bcl6X° shown as absolute numbers (bottom). Data points represent values from

individual mice pooled from 2-3 experiments and lines represent means +/- SD. * P<0.05,
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*** P<0.001 and **** P<0.0001, by Mann-Whitney test.
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Supplementary Figure 7

FACS plots showing alternative gating strategies for cDCs in Clec9a.Bcl/6%° and control mice.
CD11c pre-gate: classical CD11c-based gating; YFP pre-gate: Gating based on Clec9a fate
mapping (Clec9a.Bcl6° mice contain the R26-ROSAYFF locus). Data is representative for 3

experiments with 2-3 mice each.
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Supplementary Figure 8

A. Representative flow cytometric analysis of early Tth cell induction amongst OT-Il cells in
the spleen of control and CD17c.Bcl6%° mice 3 days after i.p. immunization with OVA and
poly(l.C) or with PBS as a contro. Tfh were gated as Ilive
CD4*VB5.2°CD45.1*CD45.2*CD44*Bcl6*CXCR5* and the results are representative of
three experiments with 3-5 mice each. Right: Numbers of total CD44* OT-II T cells (left
panel), left: proportions (right panel) of OVA-specific Tth cells in the spleens of control and
CD11c¢.Bcl6X° mice 3 days after i.p. immunization with OVA and poly(l:C) or with PBS as
a control. Statistical analysis was performed by one-way ANOVA. * P<0.05, ** P<0.01,
*** P<0.001 and **** P<0.0001. Data points represent values from individual mice pooled
from three experiments with 3-5 mice each in OVA/poly(l:C) immunized groups. Each
experiment contained at least one untreated control per genotype; lines represent means
+/- SD.

B. Bcl6-staining and Bcl6-based quantification of OT-II (CD45.1/2) Tfh cells of data presented
in Figure 8C, D.

C. Foxp3-staining of endogenous CD4* T cells and Bcl6-staining and Bcl6-based
quantification of Tth cells, GC Tfh cells, and Tfr cells complementary to data presented in
Figure 8E to H.

D. NP-specific IgG1 antibody titers accompanying total IgG data presented in Figure 8l, J.
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Supplementary Figure 9

A. Representative flow cytometry plots showing Foxp3* CD4* T cells (gated on live, CD45*,
CD3*TCRb* singlets) in the cLP of mock and C. rodentium infected control and
CD11c.Bcl6X° mice at day 9 (left) or day 21 (right) post inoculation (used for main article
Figure 10).

B. Representative flow cytometry analysis showing IL-17A*IL-22* CD4* T cells (gated on
live, CD45*, CD3*TCRDb" singlets) in the cLP of mock and C. rodentium infected control
and CD11c¢.Bcl6X° mice at day 9 (left) or day 21 (right) post inoculation (used for main
article Figure 10).

C. Representative flow cytometry plots showing IL-17A*IFNg* CD4* T cells (gated on live,
CD45+, CD3*TCRb* singlets) in the cLP of mock and C. rodentium infected control and
CD11c.Bcl6X® mice at day 9 (left) or day 21 (right) post inoculation (used for main article
Figure 10).
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Supplementary Figure 10

A. Numbers of total CD4* T cells, RORgt*, RORgt*T-bet*, T-bet*, and Foxp3* CD4* T cells in
the cLP of mock and C. rodentium infected control and Clec9a.Bcl6X° mice at day 9 post
inoculation. Statistical analysis performed by one-way ANOVA, * P<0.05, ** P<0.01, ***
P<0.001 and **** P<0.0001. Data representative of 3 independent experiments with 1-3
mice each.

B. Left: Flow cytometry plot showing XCR1* and XCR1-CD11b* gating on SILP DCs, pre-
gated on live, lineage~ (CD3, CD19, CD64, B220, NK1.1), CD11c*, MHCII* single cells;
right: Sub-gate on XCR1-CD11b* cells. Histogram shows YFP-expression in XCR1+ cDC1

(red) and XCR1-CD11b*CD103* cDC2 (blue). Data representative of 2 experiments with
3 mice each.
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