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Within the intestine, the immune system encounters a vast array of microbial
antigens, as well as dietary components. Antigen-presenting cells (APCs)
playacritical rolein tailoring an appropriate immune response, ensuring

bothtolerance to innocuous antigens and protection from pathogens. An
explosion of single-cell transcriptomic studies has revealed new subsets

of APCs within mucosal tissues and lymph nodes, most notably within the
gut. Harnessing their full potential to elicit protective immunity during oral
vaccination or restoration of tolerance ininflammatory or allergic diseases
requires anin-depth understanding of their unique functional roles and
differentiation programs. Here we review the growing understanding of APC
heterogeneity and discuss how balance and cooperation between distinct
subsets shape mucosalimmunity, inflammation and tolerance.

Maintaining homeostasis at mucosal surfaces represents a daunting
task for theimmune system. Diverse classes of pathogens can breach
epithelial barriers, necessitating distinct types of inflammatory
responses for successful clearance and host protection. At the same
time, the immune system must establish and maintain tolerance to
the trillions of symbiotic commensal microorganisms that colonize
epithelial tissues. APCs express pathogen-sensing molecules and can
initiate tolerogenic or inflammatory T cell responses, thereby serving
asboth sentinels and gatekeepers that regulate this delicate balance to
achieve tissue homeostasis. Moreover, APCs provide critical signals,
such as cytokines, that direct the differentiation of naive T cells into
specific subsets, thus coordinating an immune response tailored to
the nature of the antigen.

Mucosal barriers and associated lymphoid tissue harbor a spec-
trum of APCs, including classical dendritic cells (cDCs), monocytes,
macrophages and epithelial cells. The role of these APCs in shaping
T cell-mediated immunity and tolerance, and the mechanisms by which
different APCs instruct diverse CD4" T cell programs remain incom-
pletely understood. Recent single-cell transcriptomic studies have
uncovered awealth of new information regarding the diversity of these
cell types, including identification of new DC subsets and previously
uncharacterized retinoic acid receptor-related orphan receptor-yt

(RORyt)-positive APCs. As the arsenal of identified APCs continues to
grow, now encompassing as many subsets as effector T (T.¢) and regula-
tory T (T,.,) celltypes, a‘one APC-one T cell fate’ framework becomes
plausible. Here, we review recent advances in our understanding of
APC heterogeneity, the role of individual subsets in shaping mucosal
immunity, inflammation and tolerance, and discuss emerging models
forhow APCs collectively regulate the full spectrum of T cell responses.

The expanding spectrum of APCs

APCs are defined by their expression of major histocompatibility
complexes (MHCs) and their ability to stimulate T cells via their cog-
nate T cell antigen receptor (TCR). Among APCs, cDCs are classically
regarded as the principal initiators and modulators of both CD4* and
CDS8'T cell responses, owing to their superior ability to prime naive
Tcellsrelative to other known APC types. The division of cDCs into two
subsets—cDC1 and cDC2-on the basis of mutually exclusive expres-
sion of cell-surface markers such as XCR1 and CD11b, demarcates a
clear functional separation: cDCls express key molecules required
for cross-presentation of antigens’, and have an essential role in
activation of cytotoxic CD8" T cells during viral infection and tumor
immunity’. Conversely, cDC2s are often suggested to preferentially
instruct CD4' T cell priming. However, CD4" T cell responses are highly
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Fig.1| The expanding spectrum of APCs. cDCs are derived mainly from the CDP.
cDCs are broadly divided into two major subgroups: cDC1and cDC2; however,
cDC2s are a heterogeneous group of cells, composed of two discrete subsets,
c¢DC2A and cDC2B, that can be distinguished by characteristic cell-surface
markers and transcription factors. In the spleen, cDC2As uniformly express
ESAM; however, this marker is variably expressed by cDC2A in other lymphoid
tissues. In mice, all cDC2As express the transcription factor T-bet. cDC2Bs are
distinguished by expression of CLEC12A, CD209a and variable expression of
MGL2/CD301b, depending on the tissue or LN. Although some of these genes
are characteristic of monocytes, cDC2Bs are derived from the CDP. In contrast,
athird ‘DC’ subset, DC3, that shares transcriptional features and cell-surface
markers with cDC2B, is derived from monocytic progenitors. In addition to the
classical pathway of cDC differentiation, tDCs that share similarities with pDCs,
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including a proposed lymphoid pathway for development, can give rise to both
pDCsand cDC2s. Activating or inflammatory cues can promote the acquisition
of additional dendritic cell states: cDC1and cDC2s can differentiate into CCR7*
DCs that migrate from tissue to LNs; inf-cDC2s arise during infection. A new
family of APCs, TCs, that express RORyt have recently been identified within
LNs and Peyer’s patches. TCs are composed of four subsets (TC1-1V) that are
distinguished by characteristic patterns of cell-surface markers and transcription
factors. TCs can be distinguished from RORyt"MHC class II' ILC3s by absence

of CXCR6 and RORa expression, and expression of PRDM16 by TCII-IV. TCI

and Il express Aire. TCs are ontogenically distinct from cDCs. Lineage-tracing
approaches suggested that TCs are derived from lymphoid progenitors. AllcDC
and TC subsets express Zbtb46. MDP, monocyte-dendritic cell progenitor; CLP,
common lymphoid progenitor.

heterogeneous, spanning tolerogenic and inflammatory subsets, each
with specialized functions. Different models have been proposed to
account for the ability of cDCs toregulate the fullgamut of CD4" T cell
responses, including discrete subsets of cDCs, each endowed with
particular CD4" T cell priming properties, versus cDC plasticity. In the
latter scenario, environmental cues are thought to promote acquisition
of specialized functions of APCs, such as loss of tolerogenic potential
and expression of CD4-polarizing cytokines. The discovery of a previ-
ously uncharacterized RORyt" APCsubset that instructs peripheral T,.,
(pT,) celldifferentiation and intestinal tolerance®”, as well as recently
described cDC subsets® ™’ (Fig. 1), adds further weight to a division of
labor among APCs, whereby each subset preferentially mediates a dis-
crete branch of mucosalimmunity or tolerance, akin to the functional
division between cDC1and cDC2 subsets.

cDC2 heterogeneity

Here we consider cDCs according to their ontogeny in which cDC sub-
sets are predominantly derived from a CLEC9A" common dendritic
cell progenitor (CDP) that undergoes progressive differentiation and
commitment toa particular cDC type within the bone marrow'*", These
pre-DCsthen seed lymphoid and nonlymphoid tissues, where they com-
plete their differentiation, guided by environmental cues that shape

their fate’®". In contrast to cDCls, which represent a relatively homo-
geneous group of cells, cDC2s are transcriptionally and functionally
diverse.Initial studies identified subsets of cDC2s whose differentiation
was dependent on Notch2 or KLF4 (refs.12-14). Subsequent single-cell
transcriptomic analysis of cDC2s demonstrated two major subsets,
cDC2A and cDC2B, conserved across mice and humans®. cDC2As cor-
respond to previously described ESAM* Notch2-dependent cDC2s%",

whereas cDC2Bs are dependent on KLF4 (ref.15). Although no umfymg
pan-tissue cell-surface marker has been identified for cDC2As, their
expression of T-bet affords the use of T-bet reporter mice for their
characterization®". By contrast, cDC2Bs express signature cell-surface
markers that include CLEC12A and CX3CR1. In addition, a variable pro-
portion of cDC2Bs express MGL2 (also known as CD301b) and CLEC10A
depending on tissue or lymph node (LN) of origin®.

The original description of cDC2A/cDC2B subsets identified a
small proportion of cells marked by RORyt genetic lineage tracing
or gene expression within T-bet™ ¢cDC2s, which were presumed to
be cDC2Bs°. However, subsequent studies demonstrated that these
RORyt'CD11c*CD11b* APCs belonged to a lineage of RORyt* APCs
that have a distinct ontogeny from ¢cDCs* . An orthogonal study
of human DCs in peripheral blood similarly identified a division in
cDC2s, here termed DC2 and DC3 (ref. 17). Although it was initially
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suggested that DC3 and ¢cDC2B classifications were synonymous,
owing to their transcriptional similarity in both mice and humans®,
DC3s were later shown to be descended from monocyte-dendritic
progenitors”®'®', suggesting that these cells represent monocytes,
whereas cDC2Bs are CDP-derived". Given their transcriptional con-
cordance, further studies are needed to determine whether cDC2Bs
and DC3s are functionally distinct. The relative abundance of cDC2A
and cDC2B subsets varies across LNs, with notable enrichment of
cDC2As in gut-draining versus skin-draining LNs*"*°, suggesting that
environmental cues shape cDC2A and cDC2B differentiation or recruit-
mentof pre-committed bone marrow progenitors". A quartet of signals
encompassing Notch2, lymphotoxin-a,f3, (LTa,3,), retinoic acid (RA)
and noncanonical NF-kB signaling have been identified as regulators
of cDC2A differentiation 2> providing clues as to how the tissue
or LN environment might drive particular cDC2 fates during steady
state or inflammation.

Single-cell RNA-sequencing (scRNA-seq) analysis of intes-
tinal DCs in wild-type mice identified a unique population of
cryptopatch-associated and isolated lymphoid follicle-associated DCs
(CIA-DCs), characterized by expression of /122ra2, encoding IL22BP, a
natural antagonist of interleukin (IL)-22, the mucosal barrier protec-
tive cytokine®. Similar cells have been identified in Peyer’s patches?,
suggesting that environmental cues common to gut-associated lym-
phoid follicles promote CIA-DC differentiation. Independent strands
of evidence have demonstrated dependency of IL-23" CIA-DCs on type 3
innate lymphoid cell (ILC3)-derived LTa,f3,, retinoic acid, Notch2 and
noncanonical NF-kB signaling?*>%, the same signals that regulate
cDC2A differentiation, suggesting a developmental link between
these subsets.

Duringinflammation, a population of cDC2s termed inflammatory
¢DC2s (inf-cDC2s) have been identified by scRNA-seq analyses*.
Inf-cDC2s arise inresponse to cell-intrinsic type linterferon signaling
and share phenotypic and transcriptional features with both mono-
cytesand cDCls, including IRF8 expression®®. Whether these inf-cDC2s
correspond to cDC2As or cDC2Bs that have sensed type I interferons
orrepresentadistinct subset of cells that directly arise from pre-DC2s
has not yet been established. Although not dependent on IRF8 for
their development, IRF8-deficient inf-cDC2s had reduced expression
of genes associated with antigen presentation and activation®. The
expressionof the cDCl1 lineage-determining transcription factor IRFS,
by asubset of cDC2s, strikes anote of caution inattributing phenotypic
changes followingloss of a particular transcription factor solely to the
missing cell type.

An additional DC subset or precursor has been described in
humans and mice that exhibits overlapping transcriptional features
and cell-surface markers with both cDC2s and plasmacytoid DCs
(pDCs)*°**, These cells, variably termed transitional DCs (tDCs),
pDC-like cells, pre-DC2s or, in humans, AXL or AS-DCs, share a lym-
phoid developmental pathway with pDCs”***, a lineage of DCs that
serve as key producers of type | interferons during innate immune
responses. In keeping with their moniker, tDCs can differentiate into
pDCsand cDC2s”, suggesting that tDCs represent a transient progeni-
tor cell state. However, tDCs can prime T cells in vitro* and produce
pro-inflammatory cytokines in response to viral sensing’, and thus may
still contribute toinflammatory responses during their differentiation
into mature cDCs or pDCs.

CCR7" “‘migratory’ DCs—conduits between tissue and LNs

An essential feature of cDCs is their ability to migrate from tissues to
LNs, providing avital conduit for antigen to sites of T cell priming. cDC
migrationisintricately linked to their ‘activation’, which at the transcrip-
tionallevelisreflected by expression of asignature gene program. This
includesincreased expression of MHC class Il and co-stimulatory mol-
ecules, as well asmolecules associated with cell migration, notably the
chemokine receptor CCR7, which mediates homingto LNsinresponse

to CCL19 and CCL21. Thus, activated CCR7* cDCs are predominantly
foundinLNsand are oftenreferred to as migratory DCs, implying migra-
tion from tissues to LNs. However, spleen and LN-resident DCs can
acquire expression of CCR7 and the signature gene profile associated
withmigratory DCs®**, allowing migration of CCR7* resident DCs to the
LNT cellzoneinresponse to the relevant chemokine gradients. Besides
increased expression of co-stimulatory molecules, CCR7* cDCs express
co-inhibitory molecules, including PD-L1, PD-L2 and CD200, and have
beenreferredtoas mreg DCs (‘mature DCs enriched inimmunoregula-
torymolecule’ DCs)*, although a predominantimmunoregulatory role
for these cells has not been established.

cDCactivationand migration occur during both homeostasis and
inflammation, driven by various signals, including uptake of apoptotic
cells or cholesterol, nuclear mechanosensing and microorganism-
and inflammation-associated signals®* %, The prevailing paradigm is
that homeostatic or inflammation-induced CCR7* cDCs have tolero-
genic or pro-inflammatory functions, respectively. However, further
research is needed to delineate the type of T cell tolerance induced
by CCR7" ¢DCs, given that recent studies have shown that cDCs are
dispensable for intestinal pT,, cell generation and tolerance to food
and microbiota antigens®>*~**. In the steady state, cDC1s are the major
cDC subtype that samples ‘self’ antigens within the periphery with
subsequent activation and migration to LNs, as evidenced by uptake
of model self-associated or tumor-associated antigens in mice***,
suggesting roles in self-tolerance. Although these CCR7* ¢cDCls can
induce T, cell differentiation in vitro®**, the type of T cell tolerance
induced after presentation of these antigens in vivo, for example,
clonal deletion, anergy induction or T, cell differentiation, has not
formally been established. Both imaging and intercellular contact
labeling approaches have demonstrated that, among cDCs, T, cells
predominantly interact with CCR7* cDCs**. Whether this reflects cDC
regulation of T, cells or regulation of cDCs by T, cells—a canonical
mechanism of T, cell-mediated immunosuppression—remains to
bedetermined.

Thetis cells—a lineage of RORyt" APCs

A subset of RORyt" ILC3s, termed lymphoid tissue-inducer (LTi) or
LTi-like cells, express MHC class 1. At steady state, LTi cells lack expres-
sion of key co-stimulatory molecules that are required for T cell activa-
tion, although inflammatory MHC class II" ILC3s have been described in
mouse models of central nervous systeminflammation*®. Early studies
in mice examining the function of MHC class Il expression on RORyt"
cells attributed a number of roles to MHC class II* ILC3s, most nota-
bly tolerance to the gut microbiota*>*°. However, recent single-cell
transcriptomic studies identified a previously unappreciated group
of RORyt" APCs that include bona fide professional APCs expressing
gene programs associated with antigen processing and presentation,
co-stimulation and cell migration®>*",

The first clue to the existence of additional subsets of RORyt"
APCs came from analyses of peripheral Aire-expressing cellsinmice,
which revealed a population of RORyt"Aire” cells, variably termed
ILC3-like Aire-expressing cells, RORyt" extra-thymic Aire-expressing
cells (eTACs) or Janus cells®*, Three parallel studies investigat-
ing the role of RORYt" APCs in microbiota tolerance provided fur-
ther insights into these cells through scRNA-seq and the assay for
transposase-accessible chromatin by sequencing analyses of RORyt"
or Aire* cells®. Although two studies suggested that non-ILC3 RORyt"
APCs spanned two subsets of RORyt"Aire* cells (termed RORyt" eTAC
I-11, or Janus cells 1-2)*°, we found that RORyt"Aire* cells belong to a
broader lineage of cells that we named Thetis cells (TCs). TCs comprise
four subsets (TC I-1V) of which two subsets, TC I and IlI, represent
eTACs>. This classification was subsequently validated by extensive
single-cell transcriptomic analyses of RORyt" APCs in studies examin-
ing their rolein oral tolerance®*°. Since the original description of the
TC family, additional studies have not only provided new insightsinto
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indicate the presence of five RORyt" APCs: LTi ILC3 cells, and four subsets of TCs
(TCI-1IV). TC subset composition varies across LNs with almost complete absence
of TCIVinnon-gut LNs, suggesting that the presence of pT,,-inducing TCIV

may underlie the unique tolerogenic properties of mesenteric LNs that results
inoral tolerance. TCsare enriched in the peri-weaning period but are presentin
low numbers in LNs of adult mice.)C, Janus cell; TolDC, tolerizing dendritic cell;
R-eTAC, RORyt" extra-thymic Aire-expressing cell.

their biology, transcriptional regulation and function, but also given
new names to the cells, including RORyt* DC I-1V*°, RORyt" eTAC 1-3
(ref.41) or tolDCs (tolerizing DCs)**. To allow cross-comparison among
studies, we have integrated published scRNA-seq analyses of RORyt"
APCs, reconciling nomenclature for these subsets (Fig. 2). A unifying
finding is the presence of TC I-1V subsets in all studies, although TC
11, lTand IV, or TC Il and IV are often annotated as one subset, owing
to cell sparsity. Although they are sometimes defined as a lineage of
Aire-expressing cells, our integrated analysis confirmed that TC Il and
TCIVdonotexpressAire.

Each TCsubset can be distinguished by unique cell-surface mark-
ers(Table 1), allowing phenotypic and spatial characterization. TCs pos-
sessanintriguing phenotype, exhibiting transcriptional similarity with
both migratory CCR7" cDCs>'***and Aire* medullary thymic epithelial

cells (mTECs)>*, the canonical tolerogenic APC that instructs T, cell
differentiation and tolerance to self-antigens within the thymus>'**,
Lineage-tracing and genetic targeting approaches demonstrated that
TCsarenot derived fromthe Clec9a® CDP***, or RORa-expressing ILC
precursors®*, While some studies have suggested myeloid ontogeny
and DC identity, on the basis of shared expression of cDC-associated
genes, such as Zbtb46 and CdlIc, as well as chromatin accessibility
at several genes typically expressed by DCs, none of these genes are
uniquely expressed by DCs**%. By contrast, other studies using ex vivo
culture of progenitors or lineage-tracing approaches showed that TCs
are derived from lymphoid progenitors'®*°, and suggested a develop-
mental relationship with ILCs*’. Adding to the lineage controversy,
TCs were found to be absent in FIt3[7~ mice'®. However, other studies
have demonstrated modest or negligible effects of FLT3 or anti-FLT3L
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Table 1| Distinguishing cell-surface markers and
transcription factors for TC and cDC subsets in mice

Marker TCs ILC3 cDC2
expression T ren Tem TC LW cDC2A  cDC2B
[\

RORyt Low + + + + - -
CXCR6 - - - - + - -
CD11c -/lo + + + - + +
CD11b - - - + - + +
NCAM1 + - - - - - -
EpCAM - + + + - - -
CCR6 + + - - + -/lo -/+
NRP1 + + = = + = -/+
OX40 - - + - - - -
Aire Low - High - - - -
AIRE + - + - - - -
PRDM16 -/lo + + + - - -
CX3CR1 - - - - - - +
Mgl2 - + - - - - -/+
Clec10a - + - - - - -/+

on TC differentiation***. Thus, at present, the lineage identity of TCs
and theirimmediate precursor remains enigmatic.

Ourunderstanding of the transcriptional regulation of TC differenti-
ationisrapidly evolving. Two studies demonstrated that TCII-IV subsets
were dependent on RORyt and identified a critical +7-kb cis-regulatory
elementinthe Rorclocus (which encodes RORyt)***2, The role of RORyt
in TC1differentiation remains to be determined as genetic approaches
toablateRORytrelied ondeletion of the enhancer, whichis notactivein
TCI, or CD11c-credriven RORyt ablation, whichis likely to be inefficientin
TCI, owingtolow or absent CD11c expression’. TC -1V were also shown
to be dependent on PRDM16 (ref. 42) and IRFS8 (ref.39), suggesting a
bifurcation in TC I differentiation from that of TC lI-1V. Future studies
addressing the upstream cues that regulate this trio of transcription
factors will provide important insights into TC development.

Thus far, functional roles have been identified for ITGB8* TC1V,
which were found to instruct intestinal pT,, cell differentiation, dis-
cussed below. The functions of TCI, Il and Ill are not known, although
subset-specific gene expression programs suggest unique roles.
Although expression of Aire by TC I and Ill subsets and overlapping
transcriptomes with Aire"mTECs hintat rolesin peripheral tolerance,
Aire expression by RORyt" cells was required for T,17 immunity to
systemic Candida albicans infection®. Further studies are required
todetermineif Aire" TC1and Il have distinct roles in tolerance versus
immunity. Further clues about the roles of TCs are provided by their
distribution. Although first characterized in gut- and skin-draining
LNs, TCs are present in all LNs examined'®***° but are extremely rare
in nonlymphoid tissue'. Individual TC subsets exhibit LN-specific
patterns of enrichment—TC I are notably absent from Peyer’s patches,
whereas TC IV are almost exclusively present in mesenteric lymph
nodes (mLNs) and Peyer’s patches®. The distribution of TCIV mirrors
sites of pT,, cell induction®, in keeping with their role in intestinal
tolerance. A notable feature of TCs is their enrichment in LNs during
early life, peakingin number in the peri-weaning period and declining
rapidly thereafter®'**%>>, Age and site of sampling are, therefore, major
factorsin capturingthe full heterogeneity of these cells, as well as their
functions. Technical issues related to isolation techniques may be an
additional consideration, whereby the use of enzymatic digestion leads
tounderestimation of their true abundancein LNs, similar to previously
reported findings for transcriptionally related mTECs>®.

Although first described in mice, human RORyt" APC populations
with transcriptional homology to mouse TCs have been described by
multiple groups across aspectrumoftissues, including nasal mucosa,
intestinal lamina propria, tonsils and mLNs'®*>*”, Human TCs express
the transcriptional regulator PRDM16, a defining feature of TC II-1V,
as well as the polymeric immunoglobulin Fc receptor, PIGR, a TC Il
signature marker. However, they do not express Aire. By contrast, a
population of RORyt™ Aire"CCR7" APCs has been described in human
tonsils®®, mLNs® and thymi*’. Whether these cells represent Aire* TC
I, which in mice express low levels of RORyt?, or CCR7* cDCs, remains
to be determined. Given that in mice, TCs are enriched during early
life,and TCIV arerare outside gut LNs, further studies profiling larger
numbers of cells across the spectrum of development are required to
determine whether human TCs encompass distinct subsets, and exhibit
adevelopmental wave in early life, akin to their mouse counterparts.
One challenge to the investigation of human TCsis their scarcity within
nonlymphoid tissues, as demonstrated by a recent analysis of TCs in
human LNs and tissues using imaging approaches®°.

CX3CR1" mononuclear phagocytes

The intestinal lamina propria harbors abundant populations of
CX3CRI1" APCs, often referred to as CX3CR1" mononuclear phago-
cytes, aloosely defined heterogeneous group of myeloid cells that
encompass monocytes, macrophages, cDC2Bs and DC3s’. Diphtheria
toxoid (DT)-mediated ablation using CD1lc-cre driven DT receptor
(DTR) expression in CX3CR1" cells has revealed important roles for
CD11¢"CX3CR1" cells in suppressing inflammatory responses to com-
mensal fungi and bacteria, as well as enteric pathogens®, Further
studies are required to delineate the exact CX3CR1" cell type respon-
sible for these phenotypes.

Functional interrogation of APC subsets

Delineating the roles of specific APCs requires genetic tools for their
selective ablation. For the vast majority of studies addressing DC func-
tion, CD11c has been used as a ‘DC’ Cre driver. However, despite its
broad use and wide acceptance as a valid tool to target DCs, CD11c
is expressed by a range of myeloid and lymphoid cell types. Among
hematopoietic cells, Zbtb46 was shown to have restricted expression
on cDCs®; however, recent studies revealed expression of Zbtb46 by
TCs and ILC3s***, highlighting a caveat to the use of this Cre or DTR
driver for the study of cDC-specific functions. Moreover, Zbtb46 is
expressed by endothelial cells, and bone marrow chimeras are needed
to prevent lethality following ablation of Zbtb46" cells in Zbtb46-DTR
mice®. Clec9ais expressed by the CDP and its expression is maintained
on ¢DC1s%. Thus, Clec9a“ mice can be used to target cDCls, cDC2s
and myeloid-derived pDCs, with increased efficiency in cDC2s when
used at homozygosity®®**. The efficiency of Clec9a“ for cDC2 target-
ingincreases during the first weeks of life, owing to layered ontogeny
of cDC2s*. By adulthood, >90% of cDC2s, encompassing cDC2A and
cDC2B subsets, are effectively targeted by Clec9a“™ (refs. 20,43,67).
cDClsuniquely express XCR1and multiple XCR1-cre alleles have been
developed®®°. In addition, cDC1 differentiation is dependent on the
activity of IRF8; thus, mice with conditional ablation of Irf8 or specific
enhancers can be used to study cDC1 functions’. Precise targeting
of cDC2s has been more challenging, given their heterogeneity and
overlapping markers with other myeloid cells, but new genetic tools
areemerging. Inanelegantstudy addressing the role of Zeb2 activityin
DCdifferentiation, allcDC2 subsets were shown to be dependent on the
combined activity of three enhancersin the Zeb2locus™. In additiontoa
blockin ¢cDC2 differentiation, Zeb2*""*** mice exhibit impaired differen-
tiation of myeloid-derived pDCs, as well as of monocytes. Among cDC2
subsets, cDC2B, as well as asubset of CD11b"CD24 ™ DCs in skin-draining
LNs, are dependent on KLF4 (ref. 15), whereas cDC2As are dependent
onNotchsignaling" . These divergent transcriptional dependencies
allow their functional investigation, for example, with Clec9a“ drivers
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for specific ablation of cDC2A or cDC2B differentiation, with the caveat
thatloss of a particular transcription factor may perturb the function
of the remaining DC subsets. Variable proportions of cDC2B express
MGL2 (CD301b), and studies utilizing Mgl2-driven DTR ablation have
beenused to functionally interrogate these cells, albeit with the caveat
that Mgl2is also expressed by other myeloid cells, such as monocytes™.
Currently, no specific tools exist for the DC3 subset although their
descendancy from Ms4a3-expressing monocyte progenitors affords
the use of intersectional approaches using Ms4a3“* mice.

Delineating the role of newly identified TCsis complex, given their
overlapping transcriptomes with DCs, as well as shared expression of
RORytbyILC3sand TCs. Comparative transcriptional analyses, as well
as lineage tracing, identified Clec9a and Rora as driver genes that can
be used to selectively target DCs and ILC3s, respectively®. In addition,
arecentstudy identified Serinc2 as an ILC3-specific marker and dem-
onstrated selective loss of ILC3s but not TCs in Serinc2““Rorc™ mice*°.
Conversely, TC II-1V express PRDM16 and its loss in RORyt" cells led
to impaired TC development, although specific TC subsets were not
examined in this study*. Given that TCs encompass four transcription-
ally, and likely functionally, distinct subsets, delineating their unique
functions will require new genetic tools.

A division oflabor among APCs

Effectiveimmunity againstintracellular microorganisms requires type
1responsesled by type1helper T (T,1) cells, extracellular helminths
activate type 2immune responses, which are directed by type 2 helper
T (T,;2) cells, and defense against extracellular bacteria and fungi is
orchestrated by type 3immunity and IL-17-producing helper T (T,17)
cells.Inaddition, follicular helper T (Ty,,) cells contribute to all types
of immune responses by promoting germinal center formation and
humoral immunity. During T cell priming, APCs provide the critical
cytokines that direct expression of lineage-defining transcription
factors and downstream CD4" T cell programs, including IL-12 for
Tyl cells; IL-6 for T,17 differentiation; and activation of latent trans-
forming growth factor-p (TGFp) for pT,, cellinduction. The expres-
sion of an array of pattern recognition receptors could, in theory,
allow one APC type to decode the nature of the pathogen leading
to pattern-specific rewiring of their transcriptional programs and
acquisition of particular molecules, such as polarizing cytokines
thatinduce corresponding T, cell responses. Arguing against such a
model, recently characterized cDC2 and RORyt" APC subsets express
distinct patterns of Toll-like receptors, cytokines or related T cell
fate-directing molecules, suggesting aless promiscuous relationship
between APCs and their T cell partners. Emerging evidence, discussed
below, lends credence to a‘division of labor’ model whereby each APC
subset is transcriptionally programmed to drive a particular T cell
differentiation program both at steady state and during inflammation
(Fig. 3). This APC specialization may be pre-instructed during their
differentiationin the bone marrow or shaped by environmental cues
within their tissue or LN niche.

Inadditiontothestereotypical CD4" T cell responses observedin
response to particular classes of infectious microorganisms, certain
commensals also have a propensity to elicit particular CD4"* T cell
fates. For example, segmented filamentous bacteria (SFB) induce
mainly T,17 cell differentiation’”, Akkermansia muciniphila pro-
motes a dominant Ty, response in Peyer’s patches with a mixed pT,,,
Tyl and T,17 cell response observed in intestinal lamina propria of
specific-pathogen-free (SPF) mice’, Bacteroides thetaiotaomicron
induces pT,, cells, and Helicobacter hepaticus induces both pT,,
cells and T, cells’~®. The factors that govern the nature of the T cell
response to microbiota antigens are not well understood, but recent
studies have shed light on the importance of particular APC subsets
in regulating the balance between different pT,, and T cell sub-
sets. When discussing the role of specific APCs in driving particular
CD4" T cell fates, we consider immune responses to microbiota and

pathogens together, asemerging evidence suggests that APC functions
are conserved across different types of antigenic encounters.

cDCl1 regulation of T,1-mediated immunity and inflammation
Incontrastto the CD8" priming abilities of cDCls, cDC2s are often said
to have asuperior ability to prime CD4" T cell differentiation. However,
accruingevidence strongly suggests that cDCls are the chief DC subset
responsible for T,,1 cell differentiation. Mice with a CD11c-driven dele-
tion of Irf8 and thus cDC1 deficiency, have reduced T, 1 cells both at
steady state and in response to colonization with Tritrichomonas mus-
culis®. Although these mice have additional defects inimmune cells, a
subsequent study established that small intestinal T,1 cells arising in
response to microbial colonizationare dependent onboth MHC class
Il antigen presentation and production of IL-27 by cDC1s*.. Whereas
cDCl-derived IL-27 is the key cytokine for microbiota-induced T,,1 dif-
ferentiation, IL-12 production by cDCls is essential for T, 1-mediated
immunity during Toxoplasmagondiiinfection®. Although cDCls were
thought toinduce tolerogenic T, cell responses to food antigens, two
recent studies have shown that cDCls are neither sufficient nor required
for pT,, cell priming, but instead promote both Tl immunity**** and
CDS8* T cellimmunity* to food antigens. The ability of cDCls to pro-
mote both T,1and cytotoxic CD8" T cell differentiation highlights a
role for cDCls in coordinating type 1 inflammation against intracel-
lular pathogens, as well as homeostatic ‘type 1’ responses to food and
microbiota antigens.

cDC2B regulation of T,;2 immunity

Zeb2"**3 mice, which lack all cDC2 subsets, exhibit a profound
impairment in T,;2-induced immunity after infection with the hel-
minth Heligmosomoides polygyrus™>. Among cDC2s, cDC2Bs, or their
migratory counterparts, seem to be the critical subset for T,;2 differ-
entiation, as studies in mice that lack cDC2Bs, owing to loss of KLF4
in CD11c-expressing cells or DT-mediated ablation of MgI2* cells have
impaired T,;2immunity in mouse models of type 2-mediated hypersen-
sitivity or parasitic infection'’**, The exact mechanism underlying
the ability of cDC2Bs to induce T2 cell differentiation remains to be
determined, giventhat DCs do not produce the T,;2-polarizing cytokine
IL-4, which is instead secreted by a variety of other innate immune
cellsassociated with type 2 inflammation, including basophils, eosino-
phils, mast cells, tuft cells and ILC2s*"%. In the skin, ILC2s regulate
DC2-mediated T,2 differentiation in an IL-13-dependent manner®®*’,
Invitro studies indicated that IL-13 regulation of cDC2 differentiation
required KLF4 (ref. 88), suggesting potential modulation of cDC2B
differentiation. This axis of regulation may be specific to the skin, as
IL-13 signaling on DCs is not required for T,;2 differentiation in house
dust mite-induced lung hypersensitivity, a mouse model of allergic
asthma®®. Two recent studies have demonstrated an important role
for IL-2 signaling in determining T2 cell fate’>". In one study, Mgl2*
cDC2Bs were shown to regulate IL-2 signaling via production of IL-2,
as well as expression of CD25 (IL2RA)”". Besides cytokine regulation
of T2 differentiation, targeted deletion of MARCH1 ubiquitin ligase
on Zbtb46" or CD11c" cells abrogated T,;2 cell development following
house dust mite-induced lung hypersensitivity®. This response was
dependent onubiquitylation of MHC class Iland CD86, suggesting that
reduced TCRstimulation promotes T2 differentiation at the expense
of alternative CD4" T cell fates®™.

cDC2 regulation of T, 17 differentiation

T,17 cells perform vital roles at mucosal barriers, protecting the host
from bacterial and fungalinfections. At steady state, T,17 cells are most
prevalent withintheintestine, reflecting theirinductioninresponse to
microbiotaantigens. IL-6 and TGFf3 promoteinitial T,,17 lineage commit-
ment, butIL-23and IL-6 are critically required for their maintenance”**.
Amultitude of studies have implicated cDC2s in theregulation of T,,17
differentiation; however, a more recent study suggested a role for
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Fig.3| A division oflabor among APCs. Commensal and dietary antigens are
transported to LNs, either by lymphatic flow or by migration of cells residing
beneath the intestinal epithelium. In addition to capture by phagocytic

cells, antigens can be transported across the intestinal epithelium through
goblet cell-associated passages or microfold cells. Naive T cells circulate and
are primed within mLNs. The APC composition differs across anatomically
distinct LNs. In early life, TCs are enriched within mLNs and the TCIV subset
is almost exclusively found within mLNs and Peyer’s patches. cDC2As are also
enriched in gut LNs, pointing to a potential role for local environmental cues
inshaping APC heterogeneity. Each DC or TC subset seems to have distinct
rolesininitiating particular CD4" T cell differentiation programs. MHC class Il

Microbiota

~

Pathogens

Antigen
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antigen presentation by cDCls is required for T,,1 differentiation in response

to food, commensal or pathogen-associated antigens. cDC2s, specifically
KLF4-dependent CD301b" (Mgl2) cDC2Bs, promote T2 differentiation. In the
spleen, cDC2A drive T, differentiation, although the specific role of cDC2As
inintestinal Ty, responses has not been examined. The APC subset that primes
T,17 cellsis debated and may depend on whether the antigen is associated with
commensals, pathobionts or pathogens, which caninduce different types of T,17
responses. T,;17 differentiation is maintained by IL-23, for which DCs residing
within cryptopatches and isolated lymphoid follicles (CIA-DCs) are likely the
critical source.

alternative CD11c” APCs®. These conflicting resultslikely in part reflect
the complex nature of T,;17 differentiation with spatiotemporally dis-
tinct phases of cytokine signaling during their inductionin LNs versus
maintenance within tissues’. Additionally, T,;17 cells are heterogene-
ous, comprising ‘homeostatic’ T,;17 cells that produce IL-10 and play
akey role in maintaining epithelial barrier integrity and immunity to
commensals and pathogens, and ‘pathogenic’ T,;,17 cells that produce
interferon-y and play a role in autoimmune disease pathogenesis®.
Thus, the APC that regulates T, 17 priming versus maintenance, as well
as the differentiation of homeostatic versus pathogenic T,17 cells,
may differ. In mice, intestinal T;17 cell differentiation has been most
widely studied following colonization with SFB or H. hepaticus, which
induce homeostatic or pathogenic T,17 cells, respectively’’%%, or
following infection with the attaching and effacing (A/E) pathogen
Citrobacter rodentium.

Early studies examining the role of Notch2 signaling in DCs
revealed a critical role for Notch2-dependent cDC2s in intestinal
T,17 cell differentiation and immunity to Citrobacter>". Orthogonal
genetic approaches established that these cells expressed ‘DC’ mark-
ers Zbtb46 and CD11c and were the critical source of IL-23 (refs. 12,13).
Recent phenotypic and spatial characterization of IL-23" DCs using a
new IL-23 reporter mouse defined a unifying signature for IL-23" DCs

that included Zbtb46, CD11c and CLEC4A4 (also known as DCIR2),
and demonstrated their enrichment in cryptopatches and isolated
lymphoid follicles in small and large intestine?, indicating that these
cells represent previously described CIA-DCs?**. Interrogation of a
spatially resolved gut cell atlas, available as aresource, confirmed that
transcriptionally and spatially defined CIA-DCs are the sole source of
IL-23 within the gut and express the IL-23" DC gene signature”. Of note,
although previous studies have divided IL-23" DCs into subtypes on
the basis of expression of CD103, in this dataset, CIA-DCs represent a
transcriptionally homogeneous cluster of cells with variable expression
of Itgae (which encodes CD103)”".

Although these studies demonstrate a clear role for cDC2s in the
IL-23-mediated maintenance phase of T,17 differentiation, the exact
identity of the APC that primes T,,17 cells has not been established. In
onestudy, adoptively transferred SFB-specific 7B8Tg naive T cells failed
to proliferate in the LNs of mice with acute ablation of Zbtb46* cells®.
However, mice that lack MHC class Il on CD11c" cells are still able to
support the differentiation of Helicobacter-specific TCR-Tg T,17 cells
in mLNs*. Similarly, mice with Clec9a“*-driven deletion of MHC class
Il on DCs have normal steady-state T,17 cell numbers®. This finding
suggests that anas-yet-unidentified CD11c"Zbtb46" APC, distinct from
cDCs, may contribute to intestinal T,17 cell differentiation. Overall,
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the T,17 cell-inducing APC may depend on the type of commensal or
pathogen, and the location of T,17 cell priming.

cDC2 regulation of Ty, differentiation

Within theintestine, mLNs and Peyer’s patches are the main sites of Ty,
induction. Their presence during steady state, and absenceingerm-free
mice, indicates a homeostatic T, response to food or commensal
microorganisms. While DCs initiate Ty, priming during immuniza-
tion or infection, cognate interactions with B cells at the T cell-B cell
border are required for further differentiation®. Among cDCs, several
lines of evidence point toward arole for cDC2sin Ty, cell differentiation.
Loss of cDC2 migration to the T cell-B cell border led to reduced T,
cell priming during intranasal immunization'°. Among cDC2 subsets,
Notch2-dependent Esam* cDC2As are critical for Ty, differentiation
in the spleen following immunization with sheep red blood cells?.
Mechanistically, IL2RA expression by DCs has been shown to quench
IL-2, creating a favorable environment for Ty, differentiation'®. Bone
marrow chimeric mice with deficiency of IL2ZRA on DCs have impaired
Ty, responses following sheep red blood cellimmunization, alum-OVA
or listeria-OVA immunization'®% Inflammation induces expression of
IL2RA on DCs, although in LNs a subset of migratory DC2s constitutively
express IL2RA%,

Thus far, most studies examining DC regulation of T, priming
have focused on Ty, differentiation elicited by systemic immuniza-
tion. Whether similar APCs and mechanisms underlie intestinal T,
cellresponses to commensal microorganisms or enteric pathogensin
gut LNs and Peyer’s patches remains to be determined. Insupport of a
role for cDC2inintestinal T, differentiation, a recent study address-
ing the role of cDC2s in food tolerance using Zeb2*"?* mice revealed
aglobal reduction in mLN T, cells, as well as specific impairment of
food-induced T, differentiation®’. However, huLangerin-DTA mice that
lack Notch2-dependent CD103* DC2s exhibit only modest impairment
inintestinal T, responses to OVA/cholera toxinimmunization despite
decreased IgA responses'®. Further studies are required to delineate
therole of specific cDC2 subsets in intestinal Ty, responses.

Regulation of food and microbiota-specific pT,.,
differentiationby o, Bs" TCs

pT.cellsplay an essential role in maintaining intestinal homeostasis,
suppressing harmfulimmune responses to innocuous commensal and
dietary antigens. In the intestine, microbiota-specific pT,., cells canbe
distinguished by expression of RORyt'**, whereas food-specific pT,,
cells exist in both RORyt" and RORyt™ forms® *'%, A longstanding
paradigm was that cDCs determine the balance between T cell toler-
ance and immunity by using pathogen recognition ‘switches’ to convert
from steady-state tolerogenic cells to pro-inflammatory cells. How-
ever, rather than all cDCs possessing T,.,-inducing abilities at steady
state, parallel studies identified a superior ability of mLNs or small
intestinallamina propria CD103*DCs to promote in vitro T, (iT,) cell
differentiation'**'””. Of note, within mLNs and small intestinal lamina
propria, CD103 is universally expressed by cDCl1s as well as a propor-
tionof cDC2s. Intestinal CD103" DCs express key molecules foriT,, cell
induction, including the retinoic acid-synthesizing enzyme RALDH2
and the TGFB-activating integrin «, 5 (refs.106-110). Arole for cDCsin
intestinal pT,, cell differentiation was supported by in vivo studies in
whichloss of integrin o, 3 expression by CD11c" cells or deletion of MHC
classllon Zbtb46-expressing cells, which resulted in reduced intestinal
T, cellnumbersand microbiota-dependentinflammation, seemed to
supportarole for cDCsinintestinal tolerance®*'", However, mice with
MHC class Il ablation on RORyt" cells, presumed at the time tobe ILC3s,
also exhibit loss of tolerance to the microbiota***°. Reconciling these
previous studies, RORyt" TCs, in particular TCIV, were found to express
Zbtb46, CD11c, RORyt and a,35; notably, ILC3s do not express /tgb8
(refs. 3,5). In three contemporaneous studies, loss of MHC class Il, or
integrin o, 3g expressionin RORyt" cells led to impaired differentiation

of host RORyt" pT,, cells or impaired H. hepaticus-specific pT,, cell
differentiation®>. Moreover, deletion of MHC class Ilin CDP-derived
cDCs or ILC3s, using Clec9a-cre or RORa-cre respectively, did not
impact pT,, cell generation. Together, these studies identified o,
TCsas the pT,,-inducing APCs and established a new paradigm for
APCregulation of intestinal tolerance.

Building on this, five subsequent studies have shown that TCs,
specifically a,3g" TCIV, have aunique ability to promote food-induced
pT, cell differentiation and oral tolerance®*. Across these studies,
several new genetic approaches were deployed to selectively target
TCsor particular TC or cDC subsets. Deletion of a+7-kb cis-regulatory
elementin Rorc or ablation of Prdmi6 or Irf8in RORyt" cells led to loss
of TCII-1V subsets and impaired food-specific or microbiota-specific
pT,cell differentiation®****2, Among these TC subsets, food-specific
pT. cell differentiation was dependent on the expression of «,f3s by
TCs****, While TC Ill also express low levels of o, 35, a role for Aire*
TCs in food-specific T, cell differentiation was excluded using a
Rorgt™-driven Aire®™ 44 gllele, which resulted inloss of TC land I, but
no impact on food-specific or microbiota-specific pT, cells*, thus
establishing TCIV as the pT,,-inducing subset.

A number of complementary genetic approaches excluded
a contribution of cDCs to food-specific T, cell priming, including
cDC2-deficient Zeb2"1*?® mice***?, cDCl1-deficient Clec9aIf8"" mice™®
or mice with restricted expression or deficiency of MHC class Il in
particular cDC subsets®**>** Overall, these studies have led to a new
paradigm for intestinal tolerance to microbiota and food antigens,
highlighting the existence of TC IV as a dedicated tolerogenic subset
of APCs. Given that cDCs also express a,fg, it will be important to
identify the other molecules or properties that endow TC IV with the
unique ability to induce food-specific and microbiota-specific pT,.,
cell differentiation. Interrogation of the TC IV-specific programs, as
wellasthe cues that regulate their developmentin early life, may yield
new insightsinto mechanisms of intestinal tolerance and provide new
therapeutic strategies for intestinal inflammation and food allergy.

Cooperationbetween APCs

While induction of each CD4" T cell differentiation program seems to
rely onone APC subset, accumulating evidence suggests cooperation
between different APCsis required for terminal differentiation or main-
tenance of lineage-primed CD4" T cells. Collaboration between APCs,
withtwo temporally distinct phases of antigen presentation, was origi-
nally described during subcutaneousimmunization>"*, LN-resident
DCs primed CD4" T cells, while subsequent MHC class II-dependent
interactions with migratory DCs promoted their expansion and differ-
entiation. An analogous model was suggested for food-induced T cell
differentiation in which antigen presentation by o, TCs instructs
initial pT,, cell differentiation butasubsequent MHC class Il-dependent
interaction with a cDC is required for pT,, cell maintenance®**'*. In
supportof sequentialinteractions by distinct APC types, miceinwhich
MHC class Il antigen presentation is restricted to RORyt" APCs have
reduced capacity for pT,, cell differentiation compared to mice in
which both cDCs and TCs can present antigen, despite an inability of
cDCs toinitiate pT,,cell differentiation®>*. Biphasic interactions with
distinct APCs have also been described for Ty, T,;17 and CD8" T cell
differentiation®>">™"", Besides TCR and co-stimulation, the second
APC ‘hit’ can also provide additional cytokine signals that promote
full effector functions®>"$1,

Delineating these spatiotemporally distinct APC interactions is
of therapeutic importance, given that clinical presentation of many
inflammatory diseases occurs days to weeks after the initiation of
an aberrant immune response. Therapeutic intervention may be
best targeted to the APC interactions that sustain dysregulated T cell
responses. In this regard, chronic antigen stimulation drives the dif-
ferentiation of CD4" and CD8" stem-cell-like memory T cells that sus-
tain T cells. Stem-cell-like memory T cells have been associated with
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several diseases, including chronicinfection, cancer, food allergy and
autoimmune disease’'?%, Although these cells are critically depend-
enton TCRsignaling'?, the exact nature of the APC that regulates their
quiescence or differentiation has not been determined.

APCs as matchmakers between antigens and
Tcells
Althoughresearchintofood- or microbiota-directed T cell differentia-
tion has focused heavily on pT,, responses, these antigens canelicita
spectrumof CD4" T cell responses, with parallel Tand T, responses to
the same antigen® 76788012128 In studies in which TCR-Tg T cells have
been used to study pT,, cell differentiation in response to H. hepati-
cus colonization or oral ovalbumin, only 10-20% of LN-primed cells
are Foxp3' T, cells in adult mice, increasing to ~80% in peri-weaning
mice, the remainder spanning different T, cell lineages***~*>11#128:129,
Despite this difference, T, cells emerge as the dominant cells that
are critically required for intestinal tolerance®'*'*, A multifaceted
T cell response may serve to protect the host from pathobionts in the
event that these microorganisms become pathogenic, or when food
antigens are encountered in the context of food poisoning. Outgrowth
of previously tolerated commensals may lead to sufficient activation
of Tyrcells and their escape from T, cell-mediated suppression.
Theoccurrence of identical, microorganism-reactive TCRs across
distinct T,.;and T, cell lineages suggests T cell plasticity after priming,
perhaps driven by cooperative sequential interactions with APCs,
as discussed above. However, diverse responses of microbiota or
‘food’-specific TCR-Tg T cells to their cognate antigen and the require-
ment for specific cDC or TC subsets for induction of these fates, sug-
gest that antigen presentation by different APC types determines the
heterogeneity of the T cell response. If such a division of labor exists,
therelative abundance of different APC types within LNs, as well as their
location and ability to access commensal, pathogen or food-derived
antigens, would dictate the balance of T.;and T, cell differentiation.
The concept of APC subset abundance determining the diversity of
T cell responses within particular LNs is perhaps best illustrated by the
window of opportunity for enhanced commensal and food-specific
pT. cell differentiation in early life that in mice coincides with the
wave of TC differentiation in gut LNs™°. Itis tempting to speculate that
enrichment of pT,,-inducing TC IV during the peri-weaning period,
alongside developmentally timed opening of goblet cell-associated
antigen passages, small channels that facilitate transport of antigens
across the epithelium**™, synergize to create an environment that
favors uptake and presentation of antigens by tolerogenic TCs.
During homeostasis, the LN or tissue microenvironment may
provide specific cues that promote the development of particular APC
subsets to meet the demands of that tissue. For example, Notch2, RA,
lymphotoxinand additional, as-yet-undefined signals could shape the
APC landscape, with differential abundance of cDC2A, cDC2B and TC
subsets, and altered CCR7* DC transcriptomes observed in mLNs and
gut-associated lymphoid tissue*”"***2 If dedicated APCs are prepro-
grammed to prime particular CD4" T cell fates, as demonstrated for
cDClregulation of T,limmunity or TCIV-induced pT,, cell differentia-
tion, how does theimmune system ensure the appropriate balance of
APCsubsets during homeostasis and inflammation? The short lifespan
of cDCs (estimated to be 3-6 days)'*, which requires constant replen-
ishment from pre-DCs present within tissues and LNs, as well as the
rapidincrease in DC-poiesis observed duringacute inflammation®?, in
theory providesaresponsive and adaptable APClandscape that canbe
quickly redrawnin response to microbial or inflammation-associated
cues. Thus, it is conceivable that tailored CD4" T cell responses are
achieved through changesin‘APC-poiesis’ rather than APC plasticity at
the cellular level, with subset-specific expression of particular pattern
recognition receptors providing an additional mechanism to ensure
activation of the relevant APC type. Although speculative, this notion is
supported by the finding that homeostatic and inflammation-induced

DC maturation exhibit concordant changes in their transcriptional
programs, distinguished by a small subset of interferon-responsive
genes that reflect sensing of the inflammatory milieu rather than
arole for interferons in their differentiation**. Moreover, no stud-
ies have yet demonstrated transdifferentiation of an APC from, for
example, a Tl-inducing cell state to a T,;2- or T,17-inducing cell state
or vice versa; instead, the transcriptional changes observed in DCs
afterinflammation typically represent enhanced functions related to
increased expression of molecules related to antigen presentation and
co-stimulation. Better understanding of the ontogeny of individual DC
and TC subsets, and the pathways that regulate the differentiation of
immediate progenitorsinto functionally distinct subsets, is crucial to
discerning how responses are coordinated between APCs, T cells and
their cognate antigens.

Conclusions

Recent studies have revealed increased diversity of APCs, and inves-
tigations into their function have provided new insights into how the
intestinal immune system balances tolerogenic and inflammatory
immuneresponses. While adedicated subset of tolerogenic APCs may
be inherently less risky than APC plasticity, a monogamous relation-
ship between preprogrammed APC subsets and particular T,,or T,.,
cell lineages raises several interesting questions that require further
investigation. What are the mechanisms that underlie the nonredun-
dant functions of specific APC subsets? How are antigens delivered to
the appropriate APC subset? To what extent are APC differentiation
programs hard-wired during development or acquired in response to
specificinflammatory or metabolic environments? New genetic tools
thatallow precise targeting of particular APC subsets are necessary to
unravel their unique contributions to mucosalimmunity and tolerance.
Understanding the mechanisms by which diverse APC subsets regulate
distinctimmune responsesto the wide range of antigens encountered
at mucosal barriers has substantial therapeutic value for approaches
aimed at promoting immunity to vaccine antigens or tolerance to aller-
gens or self-antigens.

Code availability
The scripts used to annotate and integrate published scRNA-seq data
canbeaccessed at https://github.com/pty0111/nat-imm-review-TC/.
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