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Abstract

Antigen-presenting cells (APCs) are master regulators of the immune response by directly
interacting with T cells to orchestrate distinct functional outcomes. Several types of professional
APC exist, including conventional dendritic cells, B cells and macrophages, and numerous

other cell types have non-classical roles in antigen presentation, such as thymic epithelial

cells, endothelial cells and granulocytes. Accumulating evidence indicates the presence of a

new family of APCs marked by the lineage-specifying transcription factor retinoic acid receptor-
related orphan receptor-yt (RORvyt) and demonstrates that these APCs have key roles in

shaping immunity, inflammation and tolerance, particularly in the context of host-microorganism
interactions. These RORyt" APCs include subsets of group 3 innate lymphoid cells (ILC3s),
extrathymic AIRE-expressing cells (eTACs) and potentially other emerging populations. Here, we
summarize the major findings that led to the discovery of these RORyt* APCs and their associated
functions. We discuss discordance in recent reports and identify gaps in our knowledge in this
burgeoning field, which has tremendous potential to advance our understanding of fundamental
immune concepts.
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Introduction

Antigen-presenting cells (APCs) are master regulators of the immune response by displaying
antigenic peptides on their cell surface in the context of MHC molecules that are recognized
by somatically recombined T cell receptors (TCRs)1 . These cognate interactions result

in diverse outcomes for T cells, including clonal deletion, tolerance or differentiation

into distinct effector T cell types, depending on the quality or context of the APC. Key
contributing factors include the strength and/or duration of TCR—peptide—-MHC interactions,
the presence of co-stimulatory or co-inhibitory signals, and the delivery or sequestration

of cytokine signalsl=6. Through these complex interactions, APCs are essential for the
initiation and regulation of adaptive immune responses, which facilitate protection from
pathogens or malignancies, or enforce tolerance to self, microbiota or other innocuous
stimuli. Many current biologic therapies aim to augment the specificity or quality of APCs,
and a greater understanding of these cell types may hold the key to developing new
strategies to combat human disease.

Not all APCs are equal in their functional roles and control over immune responses.
Professional APCs [G] include conventional dendritic cells (cDCs), B cells and
macrophages, which modulate CD4* T cell responses through their capacity to phagocytose
and subsequently to present antigenic peptides on their MHC class I (MHC-I1)
molecules?”. Other non-professional APCs [G] also substantively impact the quality of
CD4* T cell responses, including thymic epithelial cells (TECs), which are required for the
development and shaping of the T cell repertoire in the thymus, and various other epithelial
cells, endothelial cells and granulocytes, which modulate the quality of CD4* T cell
responses in peripheral tissues®8. Among all types of APC, cDCs are considered to have the
primary role in the initiation of T cell responses in secondary lymphoid organs?’. Recently,
we and others have defined a new family of APCs that are distinct from these conventional
subsets and are marked by high levels of MHC-I1 and the lineage-specifying transcription
factor retinoic acid receptor-related orphan receptor-yt (RORvyt). These RORyt* APCs [G]
comprise several molecularly and functionally distinct subsets, including subsets of group

3 innate lymphoid cells (ILC3s), extrathymic autoimmune regulator [G] (AIRE)-expressing
cells (eTACs) and potentially other emerging populations that resemble DCs. These DC-like
populations lack expression of the chemokine receptor CXCR6 or IL-7 receptor (IL-7R;
CD127), which defines MHC-11* ILC3s, and of AIRE, which defines RORyt* eTACs.

Although RORyt* APCs have only recently been described, studies have already shown
their indispensable role in shaping diverse T cell responses in the periphery, particularly

in the context of host-microorganism interactions. Here, we discuss the discovery and
functions of this emerging family of RORyt" APCs. In outlining the key properties of these
cell types, we address discordance in recent reports and identify key gaps in our knowledge
that require further investigation in this exciting new field of immunology. For transparency,
we indicate those studies that were carried out by authors of this Review.
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The discovery of RORyt* APCs

The first identification of a RORyt* APC occurred only ten years ago, but the field has
moved rapidly since and has been supported by fundamental advances in our understanding
of RORyt, ILC3 subsets, AIRE and eTACs. Here we provide a brief, historical overview of
the discovery of RORyt* APCs (FIG. 1) and discuss key gaps in our knowledge regarding
their lineage relationships, phenotypic markers and developmental ontogeny. Many of these
discoveries originated in mice, and although some have already been translated into humans,
this remains at the early stages of investigation. Therefore, we also highlight the key
differences and/or unknowns between mice and humans.

RORyt: from lymph nodes to type 3 immunity

The RORC gene, which was cloned in the 1990s%11, encodes two major transcription factor
isoforms; whereas the longer RORy isoform is expressed in many different tissues or cell
types, the shorter RORyt isoform was later found to be enriched in thymocytes and to
impact T cell survivall2-14, Deletion of Rorcin mice revealed surprisingly extensive effects
on adaptive immunity, including a complete lack of secondary lymphoid organs314, and
this was also later observed in humans through the study of inborn errors of immunityl°.

A seminal discovery that accounted for this phenotype showed an essential role for RORyt
in the development of innate immune cells known as lymphoid tissue inducer (LTi) cells'6
— CD4*CD3~ haematopoietic cells that produce surface-bound lymphotoxin to directly
promote secondary lymphoid organogenesis during fetal development1/~19 and support the
generation or maturation of tertiary lymphoid structures in the gut following microbiota
colonization0:21,

It is now known that ROR-yt is not only essential for the development of LTi cells and
associated formation of secondary or tertiary lymphoid organs, but also has an indispensable
role as a master regulator of type 3 immune responses [G]. Seminal studies identified
RORyt as a lineage-specifying transcription factor of T helper 17 (Tw17) cells?2, and
showed that it is expressed by a unique type of peripherally induced regulatory T (Tyeg)
cells23-25 and in subsets of innate-like y6 T cells, invariant natural killer T (NKT) cells and
mucosal-associated invariant T (MAIT) cells!126, Furthermore, RORyt is required for the
development of a broader family of innate lymphocytes, termed group 3 innate lymphoid
cells (ILC3s), which include fetal LTi cells and adult LTi-like ILC3s that highly express
CCRS6, conventional ILC3s that co-express T-bet or natural cytotoxicity receptors such

as NKp46, and recently described inflammatory 1LC3s derived from the circulation?’-34,
Although the mechanisms are not fully understood, RORyt executes key functions in these
diverse types of lymphoid cells to promote their development, preserve their cellular identity
or drive their effector programmes.

Intriguingly, in early studies that initially characterized fetal LTi cells, these populations
were shown to express MHC-I1 and have the potential to adopt an APC-like phenotype
under certain /n vitro conditions!®. This observation and the findings above created a
foundation for the discovery of RORyt" APCs, such that it is now appreciated that
expression of MHC-11 is a defining feature of several ILC3 subsets (LTi cells, LTi-like ILC3s
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and inflammatory ILC3s), types of eTAC and potentially other emerging populations34—43
(FIG. 2).

Discovery of MHC-II* LTi-like ILC3s

Beginning in 2010, many groups became interested in the emerging family of ILCs,
exploring their development, transcriptional regulation and functional potential. This often
necessitated the use of mice lacking adaptive immunity, such as RagZ~~mice, to account
for the substantial overlap between T cells and ILCs in terms of marker expression and
genetic tools. However, in 2013, the group of Gregory Sonnenberg found that the absence
of ILC3s in the presence of adaptive immunity surprisingly resulted in inflammatory T cell
responses directed against the intestinal microbiota®®. This observation was complemented
by transcriptional or protein analyses of ILC3s in mice and humans, which revealed an
unexpected enrichment in transcripts for MHC-II or other pathways associated with antigen
processing and presentation3®. Indeed, LTi-like ILC3s isolated from mesenteric lymph node
or large intestine (and also from many other peripheral tissues) express high levels of
MHC-II protein and can take up protein antigens and present processed peptides on MHC-II.
This suggests that ILC3s are potent APCs. However, rather than promoting T cell responses,
these LTi-like ILC3s were found to have a key role in immune regulation, as Rorc*"® (herein
referred to as RORytC™® to reflect isoform specific targeting) -mediated ablation of MHC-II
expression by ILC3s resulted in the expansion of Ty17 cell and Tyl cell populations in

the large intestine and the spontaneous onset of chronic inflammation. This is consistent
with a lack of key co-stimulatory molecules CD80, CD86 and CD40 on LTi-like ILC3s.
Moreover, unfractionated CD4* T cells from the mice with RORytC"-mediated ablation

of MHC-I1 were sufficient to transfer intestinal inflammation to specific-pathogen-free
(SPF) Rag1~~mice but not to germ-free Ragl~~ recipients. Furthermore, broad-spectrum
antibiotics prevented intestinal inflammation in mice lacking MHC-I1 in the RORyt* cell
compartment and prevented T cells derived from these mice from transferring disease to SPF
Rag1~~ recipients. Thus, this study defined for the first time a RORyt* APC population

and unexpectedly revealed that MHC-11* ILC3s educate CD4* T cell responses to the
microbiota, enforcing tolerance and preventing intestinal inflammation3®.

At steady state, MHC-I1 expression is restricted mainly to the LTi-like ILC3 subset,

rather than the conventional NKp46* or T-bet* ILC3 subset3°. This result, as well as

the spontaneous expansion of T17 cells in the large intestine of mice with a RORytCre-
mediated ablation of MHC-I1, was independently replicated in a subsequent study*4.
There are several other notable distinctions between these two major subsets of ILC3s.
Specifically, whereas the LTi-like ILC3s are derived from a unique LTi-cell progenitor,
conventional ILC3s are derived from a common helper innate lymphoid cell precursor
(CHILP) that is marked by PLZF or ZBTB16 expression*®. Also, unlike conventional
ILC3s, the LTi-like ILC3 subset appears to colonize the intestine prior to birth, is localized
in lymphoid clusters, does not require microbiota-derived signals for development or
homeostasis*® and is more stable, such that these cells retain lineage identity following

the transient inhibition or deletion of RORyt expressiont”48, Indeed, emerging studies in
humans indicate that LTi-like ILC3s are one of the most abundant haematopoietic cell types
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present in the developing gut prior to or shortly after birth#9:50, suggesting that they have key
roles in establishing tissue homeostasis and preparing for colonization with microorganisms.

Given that additional RORyt* APC subsets have been identified recently, it is important

to robustly scrutinize and carefully interpret previous findings or conclusions that were
attributed to MHC-11* ILC3s. However, it is equally important to stress that these original
studies were not solely reliant on RORyt®"¢ mice — which are well known to also target
gene deletion in double-positive thymocytes, Ty17 cells, some peripherally induced Teg
cells, subsets of -y6 T cells, invariant NKT cells and MAIT cells — and rather encompassed
robust phenotypic and transcriptional profiling, co-cultures of IL-7R* ILC3s and T cells,
imaging strategies and cell-based adoptive transfer approaches34-36:4251.52 Fyrthermore,
the gating strategy used in the above study of MHC-11 ILC3s3 involved high IL-7R
expression in tissues from adult mice and humans, and often the intestine as a source of
these cells. This is important to note, as high IL-7R expression and the presence in adults
or large intestinal tissues remains a key distinguishing feature of MHC-11* ILC3s compared
with the other RORyt* APC subsets discussed in detail below. Therefore, it seems unlikely
that the observed phenotypes attributed to MHC-11* ILC3s in these early studies were the
result of major contamination by other RORyt* APC subsets.

Discovery of RORyt* APCs expressing AIRE

Subsequent studies expanded the family of RORyt" APCs to additional cell subsets (FIG.
2), including a rare extrathymic cell population expressing Airethat has been reported by
several independent studies373%-43, Although all of these studies highlighted some similar
markers that characterize the Aire"RORyt* cell subset, different groups named this subset
differently as eTACs*2, AIRE* ILC3-like cells37:40, Aire-APCs®3, Janus cells3%41 or a
subset of Thetis cells*3 (FIG. 2, Table 1). The variable nomenclature that refers to these
Aire*RORyt* APCs introduced considerable confusion in the field concerning their cellular
identity, ontogeny and putative functional roles. Here, we refer to these cells collectively
as RORyt* eTACs as this abbreviation has been used for the longest period>* and well
describes a key molecular characteristic of these populations that distinguishes them from
LTi-like ILC3s.

The discovery of RORyt* eTACs stemmed from the study of A/RE, which encodes

a transcriptional regulator whose loss of function is responsible for autoimmune
polyendocrine syndrome type 1 (APS1)55:56 (BOX 1). Although the expression of AIRE
is mainly restricted to a subset of medullary thymic epithelial cells (mTECSs), which have
a crucial role in the induction of central tolerance by presenting self-antigens to developing
thymocytes, early studies indicated that AiJre transcripts are also clearly detectable in

the secondary lymphoid organs®:57. However, the identity of such Ajre-expressing cells
outside the thymus remained puzzling and controversial for a relatively long time, as their
proper identification and characterization has been technically challenging. Initially, using
mice expressing a transgenic green fluorescent protein (GFP) reporter driven by the AJre
promoter (A/reéCFP), it was shown that the A/reSFP reporter signal is mainly restricted to
EpCAM*MHC-11*CD45~1oW stromal cells within the lymph node and spleen. Moreover,
using immunofluorescence microscopy the authors showed that some of the AsreSFP
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reporter-positive cells expressed AIRE protein and, similar to its expression in mTECs,
AIRE was localized in nuclear speckles®®. The identity of these e TACs was subsequently
revisited in another study from the same group using bone-marrow chimera experiments,
which showed that eTACs are not stromal cells but rather have a haematopoietic origin®8.
Moreover, the study demonstrated that the AJréSFP reporter signal could be detected

in a subset of CD11c!°"ZBTB46"CCR7* cells, which suggested that eTACs might be

a subset of cDCs®8. It should be noted, however, that both studies characterized the
CD11c*IoWEpCAM* e TACs based on expression of the Airé®FP reporter and Aire mRNA,
rather than AIRE protein.

To further characterize the AIRE-expressing cell population in secondary lymphoid organs,
a study co-authored by Jan Dobe$ used AIRE-specific antibodies in conjunction with the
AiréSFP reporter and found that although part of the AJréSFP reporter signal was indeed
expressed by CD11c* and/or CD11c*EpCAM?* cells, the expression of AIRE protein was
restricted to a rare lineage-negative population characterized by high expression of MHC-

Il and RORt37. Therefore, some but not all e TACs express RORyt, and the originally
described population of Aire®FP-expressing eTACs is, in fact, a heterogeneous group of cells
consisting of at least three major subsets — CD11c*RORyt™ and CD11c*EpCAM*RORyt™
cells (both of which have undetectable AIRE protein and cDC characteristics) and a lineage-
negative population characterized by co-expression of RORyt and AIRE protein. Because of
the lack of conventional lineage markers and the expression of RORyt, as well as expression
of other ILC3-specific genes including Ccr6, Kit, 1d2and //1r1, this subpopulation of eTACs
was originally termed AIRE™ ILC3-like cells®’. Interestingly, whereas AIRE* ILC3-like
cells were present in lymph nodes and to a lesser extent in the spleen, they were absent

from the Peyer’s patches, lamina propria or intraepithelial compartments3’, suggesting that
they may be involved in the regulation of immune responses in lymphoid organs draining
most peripheral tissues, but not directly in the intestinal mucosa. In addition, RORyt" eTACs
express low levels of or no IL-7R. These are clear distinctions from the LTi-like ILC3s
described above, which have a high level of expression of IL-7R and are present at both
peripheral lymph nodes and mucosal sites.

This original study by Dobe$ and others did not provide any lineage tracing data for the
AIRE™ ILC3-like cells, but it found that these cells have a clear lymphoid morphology3’
and that stimulation of 1LC3s with RANKL induced expression of the Aire®P reporter

in a fraction of these cells, suggesting that some ILC3s have the capacity to give rise to
RORyt* eTACs37. Moreover, a recent study from the Sonnenberg laboratory using A/re°Te-
based lineage tracing also highlighted interconversion potential between LTi-like ILC3s and
RORyt" eTACs*2:59 (additional data, not peer reviewed, can be found in the preprint of

this study®9). This, together with the apparent lack of conventional lineage markers and
expression of several key ILC3-specifying markers, suggests that RORyt* eTACs share
some developmental ontogeny with ILC3s. However, subsequent studies based on bulk RNA
sequencing and/or single-cell RNA sequencing (scRNA-seq) showed that RORyt* eTACs
have distinct transcriptomes from ILC3s*3:60, These studies suggested that RORyt* eTACs
are composed of several distinct subsets expressing varying levels of Aire mRNA (Table

1). However, AIRE protein was detected only in the RORyt* e TAC subset characterized by
high expression of the co-stimulatory molecules CD80, CD86 and CD404%:43, Importantly,
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focusing on transcriptome profiling and chromatin accessibility, these studies show that
RORyt* eTACs have the greatest molecular similarity with CCR7* migratory cDCs3941
rather than ILC3s. In addition, the studies reported some limited overlap between the
RORyt* eTAC-specific gene signature and that of mTECs, which — in addition to Ajre and
genes of the nuclear factor-xB signaling pathway and antigen-presentation machinery —
included several stroma-specific transcription factors (such as FoxjZ and THx3)3°.

Although RORyt* eTACs share some transcriptional similarity with cDCs, several recent
studies that used different lineage tracing models to better determine their developmental
origin suggest that RORyt* eTACs are likely not part of the cDC lineage. Specifically,
Clec94~"e-driven fate mapping, which traces all cDC1s and targets approximately half of
the cDC2 subset®l, does not occur in RORyt* eTACs or ILC3s%243.62 (Table 2). These
data therefore suggest that RORyt* eTACs do not share a developmental history with

cDC subsets. This conclusion is further supported by lineage tracing using /tgaxC"e-driven
reporter mice (/tgax encodes CD11c), which showed detectable reporter signal only in

a fraction of RORyt" e TACs (~5-20%) and LTi-like ILC3s (~5-10%)%243 (Table 2).
Nonetheless, although most of the RORyt* eTACs are not labelled by /fgax“"e-based fate
mapping, they were detected in SCRNA-seq experiments based on sorting of fate-mapped
cells from /tgax© mice*l. Furthermore, RORyt" e TACs express ZBTB4639:41:43.58 \which
was originally assumed to be exclusive to the cDC lineage®3:64, However, a recent study
from the Sonnenberg laboratory showed that ZBTBA46 is also robustly expressed in LTi cells
and LTi-like ILC3s%2.

Additional lineage tracing models have helped to shed light on the identity of RORyt*
eTACs. Specifically, the use of RagiCe-based reporters validated that RORyt* e TACs are,
as expected, not derived from progenitors that give rise to the adaptive immune system?3
(Table 2). By contrast, the use of //7/°"-based fate mapping®®, which is considered to be
one of the most reliable reporters of the lymphoid lineage, marked a substantial fraction
(~75%) of RORyt™ e TACs*? (Table 2). Although //7/°"-based fate mapping marks only a
minor fraction of myeloid cells or granulocytes in the spleen and thymus®, other studies
have shown that it can mark certain embryonic yolk sac-derived subsets of the myeloid
lineage, including tissue-resident macrophages such as microglia®®. Therefore, although the
117/°"¢ reporter signal indicates that RORyt* eTACs are likely of lymphoid origin, additional
lineage tracing or progenitor transfer-based studies are needed to provide more definitive
answers. Using a Rord~"¢-based reporter system, which was previously shown to label most
ILC2s and a limited proportion of 1LC3s%7, no positive fate mapping was identified in
RORyt* eTACs*3. In addition, //22"e-based fate mapping was found to label some of the
ILC3 subsets, presumably following activation, but it failed to label RORyt" e TACs*2:43.62
(Table 2). In conclusion, it still remains unclear whether RORyt* eTACs constitute an
entirely separate lineage of APCs or whether they may represent a developmental branch
within the ILC lineage. These and other open questions require better characterization of
RORyt* eTAC progenitors, as well as the transcription factors that control their specification
and development.

Although most studies of RORyt* eTACs were carried out in mice, emerging evidence
suggests that a similar population might exist in human lymph nodes®8:%8, Similar to
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RORvyt* eTACs in mice, A/RE-expressing cells in human lymph nodes were reported

to express high levels of molecules associated with antigen presentation (HLA-DR) and
co-stimulation (CD80, CD86 and CD40) (Table 1). However, the human eTACs also
expressed high levels of IL-7R and CCR7, which are expressed only at very low levels

on mouse RORyt* eTACs. Based on these results, the authors concluded that human
eTACs are likely to be a subset of migratory CCR7* cDCs%, Nevertheless, a detailed
molecular characterization of these cells in humans remains incomplete and somewhat
controversial. For example, whereas one independent study showed that AIRE does not
co-localize with the myeloid markers CD11c or CD11b in immunofluorescence analyses
of human lymph nodes®8, another study using immunohistochemical analyses showed that
AIRE is co-localized with CD11c, CCR7 or CD40%°. Moreover, although human eTACs
share several key features and markers with mouse RORyt* and RORyt™ eTACs, it remains
to be determined whether they actively express RORyt and/or may be derived from RORyt*
precursors.

Discovery of Rorc* DC-like subsets

It was recently proposed that RORvyt is expressed by a subset of CD11b* ¢cDC2s in the
spleen, termed cDC2Bs38. However, it should be noted that this conclusion was not fully
corroborated by supporting evidence, including no detection of Rorctranscripts in the
SCRNA-seq dataset of this proposed cell type and no demonstrated detection of RORyt
protein. Moreover, the study found that RORytC'e fate mapped only ~0.2% of cDC2s in
the spleen of mice38, suggesting that a RORyt* ¢cDC population would be exceedingly
rare. Indeed, several recent studies, including a study by the same group that proposed

the presence of RORyt* cDC2Bs, have challenged the notion that RORyt is expressed

by genuine cDCs3742:62_ |nstead, these studies highlighted the existence of Rorct APCs
that are developmentally unrelated to cDCs but that share some molecular characteristics.
Specifically, based on scRNA-seq analysis of MHC-11* and Rorc-expressing cells isolated
from the mesenteric lymph nodes of 2—-3-week-old mice, they found that in addition to
MHC-11* LTi-like ILC3s there is a unique though heterogeneous population of Rorc™ APCs
that the authors collectively termed Thetis cells (TCs). Whereas some subsets of these
Thetis cells are analogous to previously described RORyt* eTACs (TC | and TC I11), two
other molecularly distinct clusters termed TC 1l and TC 1V were readily distinguished
from MHC-I1" ILC3s by the lack of expression of CXCR6 and IL-7R, and from RORyt*
eTACs by the lack of active Aire expression (Table 1). Whereas the TC Il subset seems

to have relatively high transcriptomic similarity to RORyt* eTACs and shares with them
some key molecular characteristics, the TC 1V subset has a rather distinct transcriptome
and chromatin landscape compared with RORyt* eTACs, the TC Il subset and LTi-like
ILC3s. Specifically, the TC IV subset was found to stain for CD11b and CD11c integrin
protein, as well as express relatively high levels of various surface marker-encoding genes
(including Ca274, 1/2raand /tgb8) that appear to be less robustly expressed by RORyt*
eTACs* or ILC3s. Like RORyt* e TACs, these cells were found to express high levels of
the co-stimulatory molecules CD80, CD86 and CD40. The authors proposed that the TC IV
subset likely corresponds to their previously described Rorct cDC2B subset. Nevertheless,
unlike a majority of cDC1s and portion of cDC2s, this cell type is not developmentally
derived from CLEC9a* progenitors. Finally, these Rorct DC-like cells were found to have
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transcriptomic and chromatin accessibility profiles with similarities to those of TECs, as had
been previously described for the RORyt* e TACs3°,

It is still not clear whether the TC Il and TC IV subsets are part of a larger cell compartment
that is developmentally related to RORyt* eTACs or whether they are separate terminally
differentiated entities with defined functional roles and possibly different progenitors. It is
also worth noting that whereas cell subsets analogous to TC |1 have been reported by other
independent scRNA-seq studies of RORyt* cell types (Table 1), there seems to be less
consensus about the identity of the TC IV subset, which has not been found in other studies.
One possibility for this variability could be that the study identifying TC IV cells used
mesenteric lymph nodes of 2-3-week-old mice*3, whereas nearly all other studies profiling
RORvyt* cell types have used tissues from adult mice. Another possibility may be that

this study#3 used a novel Rorc-reporter mouse in which the reporter sequence was inserted
downstream of exon 11, which is shared between RORyt and the more broadly expressed
RORYy isoform12-14, As there was no validation that the TC IV subset expresses the RORyt-
specific isoform encoded by Rorc, additional investigation is needed, and presently we refer
to these cells as Rorc™ DC-like cells. Finally, these reports suggest that RORyt* eTACs and
the putative TC IV subset are not only molecularly distinct but may have different functional
roles in modulating T cell responses to microorganisms (discussed in more detail below).
Elucidating the exact functional roles of these emerging Rorc™ DC-like APC subsets that

do not express CXCR®, IL-7R or AIRE, as well as their developmental relationships with
RORyt* eTACs and LTi-like ILC3s, will require extensive further investigation.

RORyt* APCs in tolerance and immunity

It is clear from many studies that RORyt* APCs have crucial roles in shaping T cell
responses with diverse functional outputs, including the peripheral tolerance of microbiota-
specific T cells3536, instruction of microbiota-specific T cells to FOXP3*RORyt" Teq
cells*1-43 regulation of antibody production’%:"1, control of allergen-specific T cells®2,
augmentation of antitumour immunity or neuroinflammation34°1, and the induction of
Candida-specific Ty17 cells?0. These reports indicate that RORyt* APCs are characterized
not only by large molecular diversity but also by a substantive diversity of biological
functions that stimulate opposing immunological outcomes (FIG. 2). The capacity of
RORyt* APCs to induce both T cell tolerance and T cell activation is not surprising, as

it is a hallmark of all types of APC. Specifically, the output of the T cell response is
determined by the specific context in which the APC presents a given antigen to cognate

T cells. In the absence of proinflammatory triggers and under homeostatic conditions,
APCs ‘see’ the antigen as non-dangerous and induce T cell tolerance’273 through various
mechanisms, including clonal deletion”75, induction of T cell anergy’® and conversion to
or proliferation of Teq cells”’. Under inflammatory conditions, APCs ‘see’ the acquired
antigen as dangerous and promote the activation of effector T cell responses and/or their
polarization to individual helper subtypes based on the nature of the threat.
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MHC-II* ILC3s

Subsequent research since MHC-11* LTi-like ILC3s were first identified has highlighted
several diverse mechanisms that are used by these cells to shape immune responses in the
gastrointestinal tract. For example, in the absence of MHC-I1I on LTi-like ILC3s, Ty17

cell populations in the gut are expanded, independently of colonization with segmented
filamentous bacteria (related to the genus Clostridium) or intestinal inflammation#4:78. Using
TCR-transgenic mice responding to a model Clostridium flagellin, CBirl, the Sonnenberg
laboratory subsequently determined that in the absence of MHC-I11 on LTi-like ILC3s,
CBirl-specific T cells expand in response to microbiota-derived antigen and provoke robust
intestinal inflammation. Further /n vitro co-culture studies with IL-7R* LTi-like ILC3s,
cell-based adoptive transfers and /n vivo mouse models in which MHC-11 expression was
restricted to RORyt" cells showed that I1LC3s promote MHC-11-dependent and antigen-
dependent apoptosis of CBirl-specific effector T cells in part through the sequestration of
pro-survival signals such as IL-2 (Ref.3). Intriguingly, expression of MHC-I1 on LTi-like
ILC3s in the large intestine or mesenteric lymph nodes was not affected by inflammatory
signals such as interferon-v, but rather was constitutively high and required promotor 1V
of the MHC-II transactivator CIITA. This is similar to the pathway that promotes MHC-I1
expression on thymic epithelium, which led to the concept of ‘intestinal selection” —
which proposes that the education of microbiota-specific effector T cells by MHC-I1*
LTi-like ILC3s is required for immune tolerance and intestinal health3¢ (FIG. 2). This
concept is supported by the finding that human ILC3s from the intestine of individuals with
inflammatory bowel disease (IBD) had decreased MHC-I11 expression relative to non-IBD
controls, which correlated with increased Tp17 cells®.

This tolerogenic role for MHC-11* LTi-like ILC3s was also found in other contexts and
anatomical locations (FIG. 2). Following infection with an enteric pathogen, MHC-11*
LTi-like ILC3s restrict T follicular helper (Tgy) cell expansion, in part through PD-L1
signaling, thus reducing the activation of germinal centre B cells and subsequent IgA
production against colonic microorganisms’%71. During the formation of colorectal tumours,
the Sonnenberg laboratory found that MHC-11* LTi-like ILC3s become dysregulated and
exhibit plasticity towards group 1 ILCs. Loss of the tolerogenic LTi-like ILC3s unleashed
microbiota-specific T cells to drive inflammation and caused alterations in the composition
of the microbiota and resulted in reduced type 1 immunity, subsequently favoring tumour
progression or invasion, and resistance to immune checkpoint blockade®2. Outside of the
gut, the Sonnenberg laboratory found that MHC-11* LTi-like ILC3s are present in the
airway of humans and are enriched in the lung-draining lymph nodes. In this location

also, LTi-like ILC3s are tolerogenic and restrict both allergen-specific T2 cell responses
and microorganism-reactive Ty17 cell responses via MHC-II and following exposure of
mice to papain or house dust mite extracts, thus protecting from experimental airway
inflammation>®2.

Nonetheless, not all MHC-I1* ILC3s deliver tolerogenic signals to CD4* T cells. Using

in vitro cultures and mice with MHC-11 deletion in RORyt" cells, cytokine-activated,
peripheral ILC3-like cells in the spleen were shown to promote T cell responses following
experimental immunization’®. In contrast to the LTi-like ILC3s in the large intestine

Nat Rev Immunol. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Abramson et al.

Page 11

and mesenteric lymph nodes, it was found that IL-1p and interferon-ry upregulated the
expression of MHC-I11 and co-stimulatory molecules on these ILC3-like subsets from

the spleen or small intestine in mice, whereas microbiota-induced IL-23 was found to
downregulate MHC-11 expression by these cells’80, TL1A (also known as TNFSF15) also
increases the expression of co-stimulatory molecules by ILC3s and their ability to promote
T cell responses®l. Similarly, IL-1p, 1L-18 and transforming growth factor-p (TGF)
increase expression of MHC-11 and co-stimulatory molecules on human ILC3s derived
from distinct anatomical locations82. For example, ILC3s isolated from the peripheral blood
of humans can activate autologous T cells via MHC-11 when cultured with cytokines®2,
Tissue-resident ILC3s in humans express similar antigen-presentation machinery to blood
ILC3s, but autologous co-culture studies have not yet been carried out to test their ability to
activate T cells. It should also be noted that lineage-negative, IL-7R*KIT™ cells in peripheral
blood also include circulating ILC precursors as well as mature ILC3s in humans83,

These studies raise many questions as to what shapes the ability of MHC-11* ILC3 subsets
to promote or inhibit T cell responses, and whether key differences exist between mice

and humans. One possibility is that there is unexpected heterogeneity among ILC3s and
across distinct tissues. Indeed, a recent study from the Sonnenberg laboratory using the
experimental autoimmune encephalomyelitis (EAE) mouse model defined a unique IL-7R*
ILC3 subset in the central nervous system (CNS) characterized by co-expression of T-bet
and ROR+yt, and a lack of CD4 and NKp46 expression. This subset was distinct from
LTi-like ILC3s or conventional ILC3s in that the ILC3s in the CNS were derived from

the circulation rather than being tissue resident3*. The authors refer to these cells as
‘inflammatory ILC3s’ to mirror the terminology used to describe ‘inflammatory ILC2s’

that can uniquely enter the circulation3484. Intriguingly, these inflammatory ILC3s in the
CNS express MHC-11 and the co-stimulatory molecules CD80 and CD86. Co-culture studies
and mouse models determined that the inflammatory 1LC3s were required to restimulate
myelin-specific T cells upon entry into the CNS to promote autoimmune neuroinflammation
in a MHC-11-dependent manner34 (FIG. 2). The inflammatory ILC3s lacked expression

of AIRE and deletion of AJrein RORyt" cells did not impact EAE, indicating a distinct
functional role for inflammatory ILC3s relative to other RORyt* APC subsets.

In addition, the Sonnenberg laboratory recently found that the transcriptional repressor
ZBTB46, which is highly expressed by LTi-like ILC3s in addition to cDCs, affects whether
MHC-11* ILC3s acquire activating or tolerogenic properties®2. The ZBTB46 pathway is
upregulated during chronic intestinal inflammation in mice and humans, and lineage-specific
knockouts indicated that ZBTB46 restricts co-stimulatory pathways on ILC3s and limits
their ability to promote T cell effector responses following enteric infection®2. ZBTB46

is also expressed by RORyt* eTACs and Rorc™ DC-like cells, but a function has not

yet been described. Interestingly, genetic variants of ZB7B46 associate with IBD and
multiple sclerosis in humans8°86, ZBTB46 expression has been widely used to study

the function of cDCs in immunity, inflammation and tolerance8’, and analysis of these
data should therefore also consider potential contributions of ZBTB46-expressing RORyt*
APCs. ZBTB46 expression in LTi-like ILC3s is also shaped by the microbiota, RORyt and
inflammatory cytokines, suggesting a dynamic ability to regulate this pathway and that it
may represent a key molecular determinant of tolerance in LTi-like 1LC3s%2,
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RORyt* eTACs

RORvyt* eTACs have been suggested to have the capacity to induce both peripheral tolerance
to self-antigens39:54.58 and antigen-specific T17 cells in response to C. albicans infection0.
Specifically, the putative tolerogenic potential of the e TAC compartment is supported by
several studies showing that it can mediate deletion of CD8" T cells® and anergy of CD4* T
cells®® specific for a neo-self-antigen that was expressed by eTACs under the Ajre promoter
in homeostatic conditions. It should, however, be noted that as the A/reSFP reporter is
expressed not only in RORyt* eTACs but also in a fraction of DCs%, it is difficult to
determine which of these subsets makes the main contribution to tolerance induction. In
comparison to all other RORyt* APC subsets, including LTi-like ILC3s, the AIRENRORyt*
eTAC subset expresses by far the highest levels of co-stimulatory molecules (Table 1), which
suggests that these cells are likely to be more immunogenic than tolerogenic.

Another important question relates to whether the expression of AIRE in RORyt* eTACs
has the capacity to promote expression of tissue-restricted antigens [G] (TRAS) and whether
it is required for the induction of peripheral self-tolerance. It is well established that in
mTECs, AIRE facilitates the expression of hundreds of TRA-encoding genes®’, which is
required for the elimination of potentially self-reactive T cell clones®® or their conversion
to Treg Cells with suppressive function®90. Intuitively, one would assume that AIRE

has an analogous role in eTACs. However, several independent studies showed that in

both the bulk AJre° P reporter-positive population and RORyt* eTACs, AIRE does not
seem to promote promiscuous gene expression. Specifically, using microarray analysis®®,
bulk RNA sequencing®” or scRNA-seq3%42 of RORyt" eTACs, it was shown that AIRE
induces the expression of only several dozen TRA genes in RORyt* APCs. Similarly,
human eTACs were found not to be enriched for the expression of TRA genes®8. The
numbers of AIRE-induced and AIRE-repressed TRA genes were almost the same in the
RORyt* eTACs, suggesting that in these cells AIRE is not the inducer of the promiscuous
gene expression programme. Thus, although Airé®FP reporter-positive cells have putative
tolerogenic capacity under noninflammatory conditions, they do not seem to produce TRAS
in levels and quality comparable to mTECs.

If AIRE does not have the capacity to induce TRA expression in RORyt* eTACs, is it then
required for the induction of peripheral tolerance to self? A possible answer to this important
question was in fact partially provided already in a seminal study from 2002 using reciprocal
bone-marrow chimeras; whereas transplantation of wild-type bone marrow into Aire”~
recipients resulted in a multi-organ autoimmune phenotype, the reciprocal transplantation of
Aire”~bone marrow into wild-type recipients did not result in any signs of autoimmunity®’.
This suggests that whereas AIRE expression in stromal cells (such as mTECS) is essential
for self-tolerance induction, the expression of AIRE in the haematopoietic compartment,
including RORyt* eTACs, seems largely dispensable to prevent autoimmunity. It should,
however, be noted that the capacity of thymic AIRE expression to induce self-tolerance

is restricted to an early developmental time window®! and thus it is possible that the use

of bone-marrow chimeras in adult mice may not fully address the potential role of AIRE
expression in the periphery in the induction of self-tolerance. In addition, recent studies
showed that RORytC"e-dependent ablation of Airein RORyt* eTACs does not have any
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impact on the development of EAE34 or induction of tolerance to the microbiota?142,
More recently, it was shown that ablation of the eTAC compartment resulted in increased
resorption of mouse embryos®2. However, the study did not directly address whether this
result was owing to the ablation of RORyt* eTACs or of AIRE itself.

Collectively, these studies suggest that, under homeostatic conditions, AIRE might have
different roles in RORyt* eTACs and mTECs. Indeed, a more recent study authored by

Jan Dobes$ and Jakub Abramson showed that RORyt* eTACs have a strong immunogenic
potential, as they were essential for the induction of antigen-specific Ty17 cells in response
to Candida albicans infection®® (FIG. 2). The expression of AIRE in these cells was essential
for their capacity to induce Candida-specific Ty17 cells, as its selective ablation in RORyt*
eTACs using RORyt®'® resulted in a failure to expand C. albicans-specific Ty17 cell clones
and consequent overgrowth of C. albicans in the gastrointestinal tract*C. The exact molecular
mechanisms by which RORyt* eTACs induce expansion of Candida-specific TH17 cells

are still incompletely understood, but likely involve the action of co-stimulatory molecules,
as well as high-level expression of various cytokines, such as 1L-12p40 (a key component

of 1L-23 heterodimer) or IL-6, which were previously found to have crucial roles in the
induction of Ty17 cells. In addition, it is possible that AIRE may regulate the antigen
processing and presentation capacity of RORyt* eTACs by a similar, yet incompletely
understood, mechanism as has been suggested for mTECs%3. It is worth noting that a similar
decrease in C. albicans-responsive Tiy17 cells was reported in individuals with APS140.94,
who develop chronic mucocutaneous candidiasis as early as one year of age (BOX 1).

In conclusion, under steady-state conditions, RORyt* eTACs have, similarly to other types
of APC, the capacity to be tolerogenic. However, the importance of AIRE in this process
is questionable as it does not induce TRA expression in RORyt* eTACs and its peripheral
deficiency does not seem to result in any obvious autoimmune phenotype. During immune
challenge, however, AIRE expression in RORyt* eTACs is indispensable for mounting an
effective C. albicans-specific adaptive immune response.

Promoting microbiota-specific Tyeq cells

Three recent studies identified that RORyt* APCs, encompassing LTi-like ILC3s, RORyt*
eTACs and Rorct DC-like cells, have an indispensable role in the generation of microbiota-
specific Tyeq cells that uniquely co-express FOXP3 and RORyt*143, which were previously
shown to be crucial for maintenance of tolerance to intestinal microorganisms23-25,
Instrumental in these studies was the development of TCR-transgenic mice specific

for Helicobacter species, which revealed a key role for these bacteria in inducing the
differentiation of antigen-specific RORyt* Tyeq cells®>%. Originally, it was assumed that
the generation of microbiota-specific RORyt" Tyeq cells is orchestrated by cDCs, or at
least CD11c-expressing cells, but multiple CD11c* subsets were shown to be redundant

in this process2495:97_ Surprisingly, the three recent studies reported a paradigm shift

that the generation of microbiota-specific RORyt™ Tyq cells requires RORyt* APCs but
not cDCs*-43, These studies differed in their conclusion as to which RORyt* APC

subset is the main mediator of this process, implicating either MHC-11* LTi-like ILC3s%2,
CD11b*ITGB8"Rorct DC-like APCs*3 or, potentially, RORyt* eTACs*L. Although there
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are notable discrepancies between these three reports (BOX 2), many of the major

results are congruent. These include the finding that microbiota-specific RORyt* Treg

cells are markedly impaired in mice lacking MHC-11 on RORyt* APCs, a contribution

of TGFB-processing integrins on RORyt* APCs, and a lack of a requirement for MHC-

I on cDCs*1~43, This induction of microbiota-specific RORyt* Tyeq cells by RORyt*
APCs occurs in a key developmental window (2—3 weeks of age for mice) but also
following colonization of adult mice with Helicobacter hepaticus**~*3. Furthermore, it

may involve CCR7-dependent migration of RORyt* APCs to the mesenteric lymph nodes,
where MHC-11* LTi-like ILC3s closely associate with RORyt™ Tyeq cells at interfollicular
regions36:41.4298 Finally, in the context of MHC-II* LTi-like ILC3s, the Sonnenberg
laboratory found that these cells are reduced in patients with IBD and that this correlates
with reduced RORyt™ Tyq cells (and TCR-signaling associated transcripts) in the inflamed
intestine of humans*2. This extends previous findings that ILC3s are inherently dysregulated
in the inflamed human intestine®%. Additional tools and research are required to further
dissect the contribution of each RORyt* APC subset to the induction of microbiota-specific
Treg cells in the gut, and it remains possible that all three subsets could contribute in a
spatial-temporal manner.

Perspectives and future directions

The past decade of research on ILC3s and recent studies on other emerging RORyt* APC
subsets has yielded many exciting advances. However, study of the functional interactions
and lineage relationships among these cell types is still in the early stages, and several
confusing points exist including numerous different nomenclatures. We propose a new
preliminary nomenclature to add clarity in this field of research (BOX 3), which will likely
need to be amended with new discoveries in the future. RORyt" ILC3s, RORyt* eTACs
and Rorct DC-like cells share some phenotypic markers but are distinguished by other
markers, including IL-7R, CXCR6, CCR6, AIRE, SIGLECG, DPP4, CD11b and CD11c
(Table 1, FIG. 2). Future studies therefore need to better define these cell subsets from
molecular, functional and developmental perspectives. For example, it will be necessary

to decisively determine the identity of RORyt" eTACs. As these cells are distinct from
classical ILC3s and seem to be developmentally unrelated to the cDC lineage, it will be
crucial to determine what are their immediate and distal precursors. It is also worth noting
that RORyt* eTACs and Rorct DC-like cells seem to reach peak levels between days

10 and 20 after birth in mice and are notably absent from the intestine, but the fate and
migratory potential of these cells in adult mice is unknown. Data in a recent preprint from
the Sonnenberg laboratory (not peer-reviewed) suggest that RORyt* eTACs and ILC3s have
interconversion potential when transferred into lymphocyte-deficient receipients®®, which
further highlights the possibility that RORyt* APCs share lineage relationships and warrants
further investigation. New tools to specifically and robustly target each RORyt* APC subset
are urgently needed to clarify their ontogeny, lineage relationships and functional potential.

Moreover, whether the expression of AIRE in RORyt* eTACs is required for the

induction or maintenance of peripheral tolerance to self or microorganisms requires further
clarification. Additional studies using different models of autoimmunity with targeted
deletion of AIRE will be needed to address this important question in a more comprehensive
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manner. Correspondingly, although we have an extensive understanding of how AIRE
induces promiscuous gene expression in mTECs, its mechanism of action in RORyt* eTACs
remains largely elusive. It is unclear why AIRE fails to induce promiscuous gene expression
in RORyt* eTACs or how it regulates, at a molecular level, the induction of Candida-specific
TH17 cells. Similarly, it will also be important to determine whether RORyt* eTACs are
essential for the induction of adaptive immune responses (or tolerance) to other pathogens.

Finally, additional research into human RORyt" APCs is extensively needed and raises the
possibility to harness these cell types to drive optimal immunity or immune regulation in
humans. For example, RORvyt expression in human eTACs or Rorc* DC-like cells has not
yet been clearly investigated. Answering these questions will lead to a better understanding
of how ILC3s and other RORyt* APCs crosstalk with adaptive immune responses to
promote protective T cell responses to pathogens or malignancy, or to induce immune
tolerance and prevent inflammatory disorders.
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Professional APCs

Professional antigen-presenting cells (APCs) are a subset of immune cells, mainly
conventional dendritic cells, macrophages and B cells, that are specialized in activating
naive CD4* T cell responses through phagocytosis of exogenous antigens, and processing
and presentation of antigenic peptides on their MHC class Il molecules, together with
costimulatory signals.

Non-professional APCs

A subset of cells such as thymic epithelial cells, endothelial cells and granulocytes that
modulate the quality of the CD4* T cell response in peripheral tissues through antigen
presentation on MHC class 1.

RORyt* APCs
A newly defined family of antigen-presenting cells that express ROR-yt and can present
antigens to CD4* T cells through MHC class Il and other associated molecules.

Autoimmune regulator
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(AIRE). AIRE is a transcriptional regulator initially reported to be expressed by medullary
thymic epithelial cells, where AIRE has role in central immune tolerance by inducing the
expression of tissue-restricted antigens.

Type 3 immune responses

Type 3 immune responses involve RORyt* lymphocytes, including Ty17 cells, that
produce the cytokines IL-17 and IL-22 to mediate antimicrobial responses and neutrophil
recruitment. Type 3 responses are protective in the case of extracellular bacterial or fungal
infections, but if dysregulated, can drive chronic inflammation.

Tissue-restricted antigens

(TRAs). Self-antigens whose coding genes are expressed in less than five different
parenchymal tissues (out of approximately 60) based on currently available expression
atlases. Expression of these genes may also be restricted to a particular developmental
period, be sex-specific or be regulated by complex biochemical pathways.
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Box 1 |
Autoimmune polyendocrine syndrome type 1

Autoimmune polyendocrine syndrome type 1 (APS1; OMIM entry: 240300), also known
as autoimmune polyendocrinopathy—candidiasis—ectodermal dystrophy (APECED), is a
rare genetic disorder caused by loss of function in the gene encoding autoimmune
regulator (A/RE)10, Individuals with APS1 characteristically develop at least two
clinical components of a diagnostic triad including Addison disease (primary

adrenal insufficiency), hypoparathyroidism or chronic mucocutaneous candidiasis.
Other components of the disease include enamel hyperplasia, ovarian insufficiency,
diarrhea, vitiligo, autoimmune hepatitis or type 1 diabetes and other autoimmune
conditions199-102_ The autoimmune components of this syndrome are readily explained
by the deficiency of AIRE in medullary thymic epithelial cells (nTECs), which results
in defective presentation of tissue-restricted antigens by mTECs and hence the escape of
self-reactive T cells to the periphery. However, the aetiology of chronic mucocutaneous
candidiasis remained puzzling until recently, when several different mechanisms have
been identified as contributing to this pathology. First, individuals with APS1 develop
autoantibodies targeting effector cytokines of the T helper 17 (TH17) cell response,
IL-17 and IL-22, which are crucial for anti-fungal immune responses®#103, Second,
individuals with APS1 were shown to have high levels of interferon-y production by T
cells in the oral mucosa, leading to excessive epithelial cell death in mucosal tissues104,
Finally, individuals with APS1 were found to have impaired production of T17 cell
signature cytokines in response to Candida albicans*®105. Correspondingly, ablation of
Airein RORyt* extrathymic AIRE-expressing cells (eTACs) impaired the generation of
antigen-specific Ty17 cells in response to Candida albicans challenge in mice®?,
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Box 2 |
Identity of RORyt" APCs that promote microbiota-specific Tyeg cells

Three co-published studies showed an essential role for retinoic acid receptor-related
orphan receptor-yt (RORyt)* antigen-presenting cells (APCs) in promoting RORyt*
microbiota-specific regulatory T (Tyeg) cells. Here, we discuss the similarities and
differences between these reports, as well as their limitations.

A study by Lyu et al. from the group of Gregory Sonnenberg concluded that lymphoid
tissue inducer (LTi)-like group 3 innate lymphoid cells (ILC3s) are the major RORyt*
APC subset that promotes the generation of microbiota-specific Tyeq cells through MHC-
I 'and in part through ITGAV-ITGB3 integrin-mediated processing of transforming
growth factor-B (TGFp)*2. However, it should be noted that RORyt“"e-mediated ablation
of ITGAV results in a modest phenotype relative to MHC-I11 deletion. Their conclusion
was based on co-cultures, single-cell RNA-sequencing (SCRNA-seq), imaging and
analyses of various mouse models using different Cre drivers. This included //22C7e-
driven selective ablation of MHC-II in the ILC3 compartment, which resulted in reduced
numbers of RORyt" Tpeq cells when exposed to a new microorganism. This was studied
both in endogenous T cells and in an antigen-specific manner following colonization of
adult mice with Helicobacter hepaticus. A gain-of-function study revealed that selective
restoration of MHC-11 on a limited number of ILC3s, but not RORyt* extrathymic
AIRE-expressing cells (€TACs) or conventional dendritic cells (cDCs), was sufficient to
instruct microbiota-specific Tyeq cell differentiation. Furthermore, the study also showed
that RORyt* e TACs and c¢DCs are dispensable for the induction of microbiota-specific
Treg cells, as no phenotypes were observed in several mouse models selectively targeting
these cell types but not ILC3s. All experiments were carried out in adult mice. This study
also found altered MHC-11* ILC3s and RORyt* Teq cells in the inflamed intestine of
patients with inflammatory bowel disease.

A study by Kedmi et al. concluded that a type of RORyt* APC is essential to induce
microbiota-specific Tyeg cells, through ITGAV-ITGBS integrin-mediated processing of
TGFB*L. The paper indicated that this was likely mediated by either MHC-11* ILC3s

or RORyt* eTACs (termed Janus cells in this study) but did not make a definitive
conclusion. Furthermore, the study showed that expression of the chemokine receptor
CCR7 on RORyt* APCs facilitates their homing from the gut to the mesenteric lymph
nodes and is required for the subsequent generation of microbiota-specific Tyeq cells.
This was supported by CITE-seq and lineage-specific deletion approaches. Interestingly,
RORytC"e-mediated ablation of Ajre had no effect on Treg cell generation, suggesting
that if RORyt* eTACs are involved then their expression of AJreis dispensable for this
process. It is also notable that this study suggested limited expression of ITGB8 on both
ILC3s and RORyt* eTACs. All experiments were carried out in adult mice.

A study by Akagbosu et al. concluded that RORyt* DC-like cells (termed Thetis cells
(TC-1V) in this study and previously referred to as cDC2B) in intestine-draining lymph
nodes are essential for the generation of microbiota-specific Tyeg cells*3. This conclusion
was based on findings that these cell types are present in the mesenteric lymph nodes of
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mice at early points of development (2—3 weeks after birth), that they express ITGBS8 (a
key integrin associated with processing of TGFp) and that RORytC"-mediated deletion
of /tgb8 consequently results in lower numbers of RORyt™ Tyq cells. Furthermore,

this study suggested that MHC-I1 ILC3s or RORyt" e TACs were dispensable for the
induction of RORyt* Treg cells, as these APCs did not express /tgh8, and that MHC-

I deletion mediated by RoraC™ did not affect RORyt* Treg cell frequencies despite
targeting of ILC3s. It should be noted that Rora-" is an atypical way to target ILC3s,

as prior studies suggest that it targets a moderate proportion (~40-60%) of ILC3s and
does not affect ILC3 homeostasis or secondary lymph node generation when crossed

to //7~floxed mice. Instead, RoraC" //7/M0X/flox mice are routinely used as a model to
selectively target 1LC2s57:106.107 Moreover, this paper did not explore antigen-specific
interactions with Tyeq cells and did not explore whether RORyt®"® induces deletion of
either MHC-I1 or ITGB8 on these DC-like cells. This is notable as the dual reporter

and creERT2 mouse used to define and characterize these cell types reports fluorescence
downstream of exon 11 of the Rorc locus, which is shared with RORyt as well as

the more common ROR-y isoform and thus cannot differentiate between them. Unlike
the other two studies, this study analyzed young (2—-3-week-old) mice and showed that
tamoxifen-induced deletion of MHC-I11 in Rorc™ cells in adult mice had a minimal impact
on the abundance of RORyt* Tyeq cells in naive mice a few weeks after weaning.
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Box 3 |
Proposed classification of the major RORyt* APC subsets in mice

The collective body of literature identifies that retinoic acid receptor-related orphan
receptor-yt (RORvyt)* antigen-presenting cells (APCs) are essential regulators of
immunity, inflammation and tolerance, with involvement in secondary lymphoid tissue
formation and the generation of inflammatory or tolerogenic CD4* T cell responses.
However, a major complication in the study of RORyt" APCs has been the use of distinct
nomenclatures to characterize each cell type. For example, RORyt" extrathymic AIRE-
expressing cells (6TACs), AIRE* group 3 innate lymphoid cell (ILC3)-like cells, AIRE*
APCs, Thetis | cells (TC I) and Janus cells all express CCR6, AIRE and SIGLECG. Also,
TC IV cells and the Rorct cDC2B population seem to represent the same cell subset

and are developmentally distinct from conventional dendritic cells (cDCs). This diverse
nomenclature adds substantive confusion to the field, particularly when many names are
likely referring to the same cell type. Therefore, we propose to provisionally categorize
these emerging RORyt™ APCs into three distinct groups, based on their expression of
key transcription factors, phenotypic markers and function (FIG. 2, Table 1), until more
accurate nomenclature can be established.

The purpose of this nomenclature is to provide clarity to this rapidly emerging field and
allow robust discussion of the existing literature. The proposed nomenclature is a starting
point that may be modified in the future once additional functional and developmental
studies in both mice and humans become publicly available. Of particular importance,
we currently have a limited understanding of the phenotype or functionality of RORyt*
eTACs and Rorct DC-like cells in humans. Although additional research on these cell
types in humans will be challenging because of limited tools to study specifically the
ROR-yt isoform of Rorcand the need to examine early life lymph nodes, these studies are
expected to be transformational as this field continues to move forward and may lead to
revision of the proposed nomenclature.

RORyt* ILC3s

These are currently the best characterized members of the RORyt* APC family and
include tissue-resident LTi-like ILC3s that are found in early life and in adulthood. They
are CCR6*, IL-7R* and CXCR6*, co-express ZBTB46, lack expression of AIRE, are
tissue resident at barrier surfaces and lymph nodes, have constitutively high expression
of MHC-II, and are tolerogenic in most contexts owing to a lack of co-stimulatory
molecules CD80 and CD86, their ability to sequester pro-survival cytokines and their
expression of TGFp-processing integrins. These LTi-like ILC3s orchestrate tolerance to
microbiota, allergens and other microorganisms by restraining antigen-specific T helper
cells (Tyl7, TH1, Tey and TH2 cells), as well as instructing the differentiation of
microbiota-specific regulatory T (Tyeg) cells. This group also encompasses circulating
‘inflammatory ILC3s’ that are IL-7R*, express T-bet and co-stimulatory molecules CD80
and CD86, promote T cell responses in the context of neuroinflammation or vaccination,
and are markedly shaped by cytokine signals.

RORyt* eTACs
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Previously AIRE™ ILC3-like cells, AIRE* APCs, Janus cells, TC | and TC Ill. They
express no or limited IL-7R and lack expression of major lineage markers and CXCR6.
Most of these cells co-express AIRE (as a transcript or protein) and ZBTB46, as well
as co-stimulatory molecules, including CD40, CD80 and CD86. A minor fraction of
these cells (previously TC Il or JC3) has very low to no expression of AjJre transcripts
or co-stimulatory molecules. RORyt* eTACs are more abundant in early life and are
mainly present in lymph nodes, whereas they are almost undetectable in the intestine.
They promote T cell responses to Candida albicans.

Rorct DC-like cells

Previously TC IV and cDC2B. These cells are the least well studied so far, lack IL-7R,
CXCR®6 and AIRE expression, express ZBTB46 and variable levels of ITGB8, CD11b
and CD11c, are found in early-life lymph nodes before declining, seem to be absent from
the intestine, and have been reported to induce microorganism-specific Tyeq cells. These
cells also express co-stimulatory molecules and, so far, it remains unclear whether they
express the RORyt isoform of Rore.
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Figure 1 |. A timeline of research leading to the characterization of RORyt* APCs.
AIRE, autoimmune regulator; APC, antigen-presenting cell; APS1, autoimmune

polyendocrine syndrome type 1; CRC, colorectal cancer; DC, dendritic cell; eTAC,

2022:

ZBTB46 shapes
tolerogenic -
potential of ILC3s

2022:

RORyt* APCs
induce microbiota-
specific Ty, cells41-43

2022:
Identification of 5
Rorc* DC-like cells

2022:

RORyt* e TACs
induce expansion of
Candida-specific
Ty17 cells®®

extrathymic AIRE-expressing cell; ILC3, group 3 innate lymphoid cell; LTi cell, lymphoid
tissue inducer cell; MHC-II, MHC class 1I; RORyt, retinoic acid receptor-related orphan

receptor-yt; scCRNA-seq, single-cell RNA-sequencing; Ty17 cell; T helper 17 cell; Tyeg
regulatory T cell.
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Figure 2 |. The phenotype and function of RORyt* APCs in mice.
Retinoic acid receptor-related orphan receptor-yt (ROR+yt)* antigen-presenting cells (APCs)

are a heterogeneous family of cells, composed of many different subsets that differ in their
ontogeny, tissue residence, functions and molecular characteristics. Three major subsets

are highlighted. a, RORyt* group 3 innate lymphoid cells (ILC3s). This group includes
lymphoid tissue inducer (LTi)-like ILC3s, the first type of RORyt* APC to be discovered,
which are defined by the surface markers IL-7 receptor (IL-7R; also known as CD127) and
the chemokine receptors CXCR6 and CCR6, by the transcription factor ZBTB46 (as well as
ROR+yt), and by the T cell-impacting molecules MHC class Il (MHC-I1) and CD25. They
lack expression of conventional co-stimulatory molecules such as CD40, CD80 and CD86.
LTi-like ILC3s are tissue resident, found in lymph nodes and intestinal lamina propria during
early life and adulthood. They co-localize with T cells in the follicular zone of mesenteric
lymph nodes to restrain effector T cell responses or instruct the differentiation of regulatory
T (Treg) cells specific for intestinal microorganisms through various mechanisms. A separate
subset of inflammatory ILC3s is derived from the circulation and can take residence in the
central nervous system (CNS), where these cells have a proinflammatory role. Inflammatory
ILC3s express the key surface markers IL-7R, CXCR6 and CCR®, the transcription factor T-
bet, and the T cell-impacting molecules MHC-11, CD80 and CD86. Inflammatory ILC3s re-
stimulate effector T cells that drive autoimmune neuroinflammation. b, RORyt* extrathymic
AIRE-expressing cells (eTACs). These cells — which include Janus cells, AIRE* ILC3-like
cells, and group I and 111 Thetis cells (TC I and TC I1l) — reside in secondary lymphoid
organs and are defined by varying expression levels of A/retranscript and/or protein. They
are CCR6"CXCR6™, express no or limited IL-7R, express the transcription factor ZBTB46,
and are positive for expression of MHC-II. A large fraction of these cells expresses high
levels of co-stimulatory molecules such as CD80, CD86 and CD40. RORyt* eTACs were
shown to promote Candida albicans-specific T helper 17 (TH17) cell responses. ¢, Rorct
dendritic cell (DC)-like cells. These are a potential subset of RORyt* APCs, including

TC IV cells and potentially a minor fraction of cDC2Bs, that are found in early life

lymph nodes. They express CD11c, CD11b, ZBTB46, MHC-II, CD80, CD86 and CD40,
but no IL-7R, CXCR6 or AIRE, and are proposed to drive tolerogenic responses. EAE,
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experimental autoimmune encephalomyelitis; Try cell, T follicular helper cell; Ty2 cell, T
helper 2 cell.
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Table 1 |
Similarities and differences in key markers across RORyt* APC subsets in mice

Name of subset Marker expression

AIRE | Aire | Gal | H2-Abl | Cdso | Cd86 | Siglecg | Ccr7 | Ccr6 | Cxcr6 | Cd11b | 1tgh8
RORyt*ILC3s
LTi-like ILC3%:364142 | — - - + - - - + + + - —/low
Inflammatory ILC3%* | — - - + + + ND ND + ND - ND
RORyt*AIRENeTACs
1LC3-like cell37:40 + + + + + + ND Low/+ | + - - -
eTAC1#? ND + ND | + ND ND + ND + - - -
Janus cell (JC)3° ND + + + + ND + Low + ND - -
Jjci4 ND + + + + + ND Low + - - -
Thetis cell I (TC 1)*3 + + ND | + + + + Low + - - -
Aire-APC54 ND + + + + + + Low + - - -
RORyt*AIRE"e TACs
eTAC24 ND + ND | + ND ND | - ND - - - -
hovass ND + - + - - ND Low/+ | + - - Low
TC % Low + ND | + - - - + - - - -
RORyt* AIRE~ eTACs?
Jc3# ND Low/- | - Mid/+ - - ND + Low | - - Low
TC 43 - - ND | + - - + Low + - - -
Rorc*DC-like cells
TC IV - - ND | + - - - + - - + +
cDC2B38 ND - ND | + ND - ND + - ND + ND

AIRE, autoimmune regulator; APC, antigen presenting cell; DC, dendritic cell; eTAC, extrathymic AIRE-expressing cell; ILC3, group 3 innate

lymphoid cell; LTi, lymphoid tissue inducer; ND, not determined; RORyt, retinoic acid receptor-related orphan receptor-yt.
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Table 2 |

Available reporter or fate mapping approaches for RORyt* APCs

Reporter strain

Labelled RORyt* APC subsets

LTi-like ILC3s | RORyt* eTACs | Rorc* DC-like cells | cDCs
Clec9 e () - - 5% +(9
Itgaxr (3) 5-10% 5-20% 5-20% +
75 (& + >75% ND <20%
Ragicre () - - - -
RORytC™ (3 + ~50-75% ND -
Rorere (ab) 40-60% - - -
2 (@b +(d - - -
Zbth46°™P + + + +
Airere (3) ~20% ~60% ND ND
Itgb&Tomato ~0-5% ~1-15% ~40% ND

Page 31

aAbiIity to fate map cells depends on the strains being used for gene recombination. For example, Rosa26-STOP-eYFP mutant mice have a lower
efficiency than Rosa26-STOP-CAG-TdTomato mice.

b . . Lo . .
RordCTe and 1/22CTe target ILC3s in a spatial and temporal manner, dependent on microbiota status, age of mice and location. For example,

1122T€ efficiently fate maps intestinal ILC3s after weaning but has modest fate mapping in peripheral tissues.

CC/ecgacre is more effective at inducing gene recombination in cDC1s, whereas targeting of cDC2s is limited to 50-60% of the population.

APC, antigen presenting cell; cDC, conventional dendritic cell; eTAC, extrathymic AIRE-expressing cell; ILC3, group 3 innate lymphoid cell; LTi,

lymphoid tissue inducer; ND, not determined; RORt, retinoic acid receptor-related orphan receptor-yt.
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