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The intestine is constantly exposed to foreign antigens, which are mostly innocuous but can sometimes be harmful. Therefore, the
intestinal immune system has the delicate task of maintaining immune tolerance to harmless food antigens while inducing tailored
immune responses to pathogens and regulating but tolerating the microbiota. Intestinal dendritic cells (DCs) play a central role in
these functions as sentinel cells able to prime and polarize the T cell responses. DCs are deployed throughout the intestinal mucosa
but with local specializations along the gut length and between the diffuse effector sites of the gut lamina propria (LP) and the well-
organized immune inductive sites comprising isolated lymphoid follicles (ILFs), Peyer’s patches (PPs), and other species-specific gut-
associated lymphoid tissues (GALTs). Understanding the specificities of each intestinal DC subset, how environmental factors
influence DC functions, and how these can be modulated is key to harnessing the therapeutic potential of mucosal adaptive
immune responses, whether by enhancing the efficacy of mucosal vaccines or by increasing tolerogenic responses in inflammatory
disorders. In this review, we summarize recent findings related to intestinal DCs in steady state and upon inflammation, with a
special focus on their functional specializations, highly dependent on their microenvironment.
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INTRODUCTION
The intestinal immune system maintains a delicate balance
between the induction of immunity to pathogens and main-
tenance of immune tolerance to innocuous gut antigens, such as
those derived from food or commensal bacteria1,2. Crucial for this
equilibrium are dendritic cells (DCs) which are professional
antigen-presenting cells (APCs) that act as central regulators of
immunity and tolerance. As the name “dendritic cells” has been
given to different cell types, the general consensus in the field is
to refer to the main professional APC population as classical or
conventional DCs (cDCs) to avoid confusion with other cell types
that bear the name DC3. It is worth noting that plasmacytoid DCs
(pDCs) differ from cDCs in ontogeny and function, do not migrate
in lymph, and most likely do not contribute significantly to antigen
presentation and priming4,5. As such, they will not be discussed
further in this review. By contrast, tissue cDCs migrate from the
periphery to local lymph nodes (LNs) where they present antigen
to T cells. Uniquely among APCs, cDCs can prime naïve T cells and
induce their differentiation and polarization towards an inflam-
matory or regulatory phenotype. Therefore, cDCs represent a key
link between the activation of the innate and adaptive immune
systems as well as an anatomical link by which antigen and
various signals are transmitted from the peripheral to lymphoid
tissues.
In the intestine, cDCs are located scattered throughout the

lamina propria (LP) but are also concentrated in defined regions of
Peyer’s patches (PPs), isolated lymphoid follicles (ILFs), and other
species-specific gut-associated lymphoid tissues (GALTs). While

they share many phenotypic and functional properties, cDCs at
these different sites have distinct features and functions that act in
concert to orchestrate the intestinal immune response.
Intestinal cDCs act as immune sentinels in both GALTs and LP6,7.

They are seeded from blood-borne precursors, which differentiate
into immature cDCs that are thought to reside 7 to 10 days in the
intestine. During this time, cDCs acquire antigens from the
intestinal lumen for later presentation. Unlike macrophages, upon
maturation or activation, LP cDCs upregulate the chemokine
receptor CCR7 and migrate to the intestine-draining mesenteric
lymph nodes (MLNs), a chain of discrete LNs localized in the
mesentery, where they present antigens to naïve T cells8,9.
Similarly, PP cDCs upregulate CCR7 and migrate to the inter-
follicular regions (IFRs) of PPs, where they interact and present
antigen to naïve T cells10,11. Crucially, based on signals from their
initial microenvironment, these migratory cDCs are able to instruct
the polarization of the developing T cell response, which is one of
the key mechanisms controlling the balance between tolerance
and immunity in the intestine12.
In this review, we will summarize the current knowledge on the

biology of intestinal cDC as they are the principal APCs responsible
for the priming of naïve T cells. We primarily focus on phenotypic
and functional properties of mouse intestinal cDCs as the majority
of our understanding comes from the murine model. However, we
highlight specific results obtained from human studies, where
appropriate. Since some monocyte-derived phagocytes may
contribute and/or play a complementary role to cDC functions,
especially in PP, where one specific monocyte-derived phagocyte
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subset, termed LysoDC, shares many functional properties with
cDCs11,13, we will also describe the functional specificities of these
cells. Finally, we will discuss the pending questions concerning the
respective contribution of each cDC subset to the regulation of the
intestinal immune system.

PHENOTYPE OF INTESTINAL cDCS
As in other tissues, intestinal cDCs have originally been identified
by the surface expression of the antigen-presenting molecule,
class II major histocompatibility complex (MHCII), and the alpha-x
integrin, CD11c. However, these two markers are also expressed
by intestinal macrophages, necessitating the use of specific
macrophage markers such as Mer tyrosine kinase (MerTK) and
specific cDC markers such as fms-like tyrosine kinase 3 (Flt3) and
the transcription factor Zbtb46 to unambiguously distinguish the
two cell types (Table 1)14,15. CX3CR1, which had been proposed as
a macrophage-specific marker, is less reliable, as it can be
expressed both in the small intestine and the colon by a subset
of CD103− LP cDCs, although at lower levels than in macro-
phages16–18. In addition, F4/80 and CD64 are specific macrophage
markers that can be used to distinguish cDCs from macrophages
in the LP17,19 but not in PP where they are not expressed on
macrophages (Table 1)13,15. It should be noted that CD64 appears
also absent from a minor population of macrophages in the
colonic LP20 and has been shown to be expressed by a subset of
lung cDCs under inflammatory conditions21. Although such
inflammatory cDCs have not yet been detected in the intestine,
these observations necessitate caution when using CD64 alone as
a definitive macrophage marker.
Intestinal cDCs are heterogeneous and comprise two main

subpopulations, termed cDC1 and cDC23. These represent the two
developmentally, phenotypically, and functionally distinct cDC
lineages which can be distinguished in both mouse and human
tissues by the expression of the chemokine receptor XCR1 and
CD172a (SIRPα), respectively22,23. However, whereas XCR1 repre-
sents a specific marker of cDC1s, mouse cDC2s share expression of
CD172a as well as other markers, such as the alpha-M integrin
CD11b, with macrophages (Table 1). Therefore, caution must be
taken when interpreting data that do not include specific cDC and
macrophage markers in addition to CD172a, CD11c, CD11b, and
MHCII. In the mouse intestinal LP, in addition to XCR1, cDC1s
express CD103, CD8α, Clec9a, TLR3 and lack expression of CD11b

and CD172a24,25. Unlike cDC1s, intestinal cDC2s are a hetero-
geneous population, which makes their identification and
functional studies more difficult. Thus, in mouse PPs, cDC2s
express lower levels of CD11b than in the LP and immature PP
cDC2s even lack CD11b expression10. By contrast, in the mouse LP,
cDC2 universally express CD172a and CD11b but have a
heterogeneous expression of CD103 and CX3CR1

16–18. In the small
intestinal (SI) LP, the majority of cDC2s express CD103, while a
smaller population lack CD103 and express intermediate levels of
CX3CR1

16,17. This ratio is reversed in the colonic LP where CD103−

cDC2s form the majority of the cDC2 compartment18. Recently, an
additional subpopulation of colonic LP cDC2s has been identified
based on the expression of CD26 and CD1420.
Analogous subsets can be identified in the human intestinal LP.

In addition to XCR1, human cDC1s also express CD141 while the
cDC2 population shows an expression of CD172a and CD1c and,
like in the mouse, can be subdivided based on CD10326,27. Similar
to the mouse intestine, CD103+ cDC2 numbers decrease in favor
of CD103− cDC2 in the human colon as compared to the small
intestine27.

ONTOGENY OF LP cDCS
The development of LP cDC subsets broadly reflects the ontogeny
of cDC1s and cDC2s described in other tissues28. All LP cDCs
express the prototypical DC transcription factor Zbtb46, accumu-
late after administration of the DC growth factor Flt3 ligand (Flt3L),
and are absent in Flt3 or Flt3L deficient mice16,17,29–32. All subsets
of LP cDCs develop from committed pre-DC precursors17,29,33.
LP cDC1 development depends on the transcription factors

IRF8, Batf3, and Id2, which control the expression of typical cDC1
genes such as XCR1, CD8α, and Clec9a34,35. In contrast, the
mechanisms controlling cDC2 development are less well under-
stood, but maintenance of LP cDC2s is at least partially dependent
on the transcription factors IRF4 and KLF4. Thus, the number of
cDC2s is reduced in the SI LP and severely depleted in the MLN of
conditional knock-outs of IRF4 in CD11c-expressing cells, demon-
strating the crucial role of IRF4 in intestinal cDC2 survival and
potentially development26,36. Similarly, conditional depletion of
KLF4 in CD11c-expressing cells reduces the expression of IRF4 in
cDC progenitors and results in the selective reduction of SI LP
cDC2s37. Additionally, the numbers of LP cDC2s are markedly
reduced in mice with disrupted Notch2 signaling38,39 and in CSF2

Table 1. Mouse intestinal phagocyte markers.
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receptor-deficient mice40. There is uncertainty about the devel-
opmental relationship of the two cDC2 subpopulations present in
the LP. CD103− LP cDC2s appear less affected by CD11c-targeted
deletion of IRF4 than their CD103+ counterparts26, and expand
proportionally more upon treatment with Flt3L16. While this could

suggest that the two cDC2s subsets have distinct developmental
requirements, a more likely explanation could be that CD103−

cDC2s represent an earlier developmental stage, which may give
rise to CD103+ cDC2s. In line with this, the CD103+ SI LP cDC2s
have an overall transcriptional signature similar to that of CD103−
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Fig. 1 Functions of villus and Peyer’s patch dendritic cells in the induction of tolerance and immunity. Intestinal luminal antigen
acquisition by DCs can occur through several mechanisms in both the effector (1 to 5) and the inductive sites (6 to 8) of intestinal immunity.
(1) In villi, cDC1 can internalize materials, including self-antigens, from dying epithelial cells. (2) CD103+ cDCs can extend paracellular trans-
epithelial dendrites to sample luminal antigens. (3) Rare villus M cells or paracellular transepithelial leakage could also contribute to antigen
acquisition by cDC. (4) Finally, goblet cell-associated antigen passages allow the antigen to cross the epithelial barrier to be taken up by DCs
and macrophages, thereby promoting their tolerogenic properties and supporting tolerance to dietary antigens. This mechanism seems to be
dominant over the others. (5) Additionally, antigens that had been internalized by macrophages can be transferred to cDCs via gap junctions.
In Peyer’s patches (PPs), the specific properties of the follicle-associated epithelium (FAE) (lack of mucus, antimicrobial peptides and IgA
secretion, attenuated glycocalyx, specialized antigen-transporting M cells) facilitate access to larger antigens, including viruses and bacteria,
compared to villus epithelium. Like in villi, several mechanisms of uptake exist but they all depend on M cells. (6) LysoDCs can extend
dendrites through M cell-specific transcellular pores to sample luminal antigens including pathogenic bacteria, before retracting back to the
subepithelial dome (SED). (7) M cells transport many types of antigens to the SED or to their basolateral membrane invagination containing
cDC2s, LysoDCs, and lymphoid cells. They also release toward the SED vesicles and IgA-opsonized antigens that are taken up by subepithelial
LysoDCs and macrophages. (8) Finally, dying M cells containing internalized antigens are phagocytosed by LysoDCs and macrophages. (9)
Following antigen sampling, villus cDCs and SED cDC2s but not LysoDCs constitutively migrate to the mesenteric lymph nodes (MLNs) and
the interfollicular regions (IFRs), respectively. In steady state, migratory cDCs present antigens in the MLN to naïve CD4+ and CD8+ T cells in a
tolerogenic manner. (10) Thus, their production of retinoic acid (RA) allows the generation of regulatory T cells (Tregs) that express the gut-
homing molecules CCR9 and α4β7 integrin. In addition, cDC1s express the αvβ8 integrin that converts transforming growth factor-β (TGFβ)
into its active form, which contributes to Treg generation. (11) Finally, cross-presentation of antigens by cDC1s allows the generation of
cytotoxic T lymphocytes (CTLs). (12) In PP IFRs, SED-emigrated cDC2s likely drive the differentiation of follicular helper T cells that are essential
for germinal center formation and generation of antigen-specific high-affinity IgA-producing cells. (13) Interaction of B cells with cDC2s or
LysoDCs in the SED promotes their class switch to IgA prior to their migration into the germinal center (GC). (14) Upon stimulation leading to
their activation, villus cDC1s and cDC2s and dome-associated villus (DAV) cDC2s massively migrate into the MLNs and the IFRs, respectively.
LysoDCs migrate to the periphery of the IFR, with a delay. (15) Activated cDCs and LysoDCs produce inflammatory cytokines promoting the
differentiation of effector T cells as indicated. F, follicle.
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cDC2s, but show expression of genes atypical of the cDC2 lineage,
such as CD103, CD101, and Siglec F41. The CD103+ phenotype of
LP cDC2s is partially controlled by TGFβ, Runx/Cbfβ, and RA
signaling33,41,42 and thus likely represents an example of tissue-
specific conditioning, resulting in two subsets of cDC2s, which
exhibit functional differences, as discussed below.
More controversially, it has also been suggested that replen-

ishment by blood monocytes may contribute to the LP DC pool.
Indeed, in vitro, monocytes can be differentiated into cells with
the phenotypic properties of cDCs, including expression of
Zbtb4631, while monocyte lineage tracking potentially suggests
that they may make a small contribution to steady-state cDCs43.
Moreover, at least some of the CD103− LP cDC2s express CCR2,
possibly indicating a monocyte origin17. However, in transfer
experiments, cDCs overwhelmingly develop from pre-DCs
whereas monocytes give rise to intestinal macrophages17,29,44.
Thus, the bulk of the evidence points to dedicated pre-DCs as the
main gut cDC progenitors while leaving open the possibility of a
minor contribution by monocytes.

LP cDC FUNCTIONS
Antigen acquisition
Several mechanisms by which LP cDCs can acquire luminal
antigen have been proposed and observed, although their
relative importance in vivo is still a subject of much debate
(Fig. 1). A soluble antigen may reach LP cDCs via transcellular or
paracellular transport across the epithelium45, while particulate
antigen uptake may occur through isolated villus M cells46.
Notably, a series of publications demonstrated that goblet cells
can form so-called Goblet cell Associated Passages (“GAPs”) that
transport both soluble and particulate antigens to CD11c+ cells in
the SI LP47–49. The inhibition of GAP formation has functional
effects consistent with the loss of antigen presentation and
priming capacity of SI LP cDCs, both in the induction of tolerance
and immunity. Interestingly, the formation of GAPs in the colon is
inhibited by microbial products and may be tightly regulated to
limit microbiota and pathogen penetration and prevent over-
stimulation of the immune system while preserving tolerance
induction in early life48,50,51. Other mechanisms of antigen
acquisition, such as direct sampling of luminal antigen by
intestinal macrophages and cDCs, by extension of processes
between cells of the intestinal epithelium52,53 as well as antigen
transfer from LP macrophages to cDCs54 still require further
functional characterization to fully clarify their contribution to
antigen uptake by gut cDCs in vivo. In addition to luminal
antigens, LP cDCs can also acquire self-antigens from apoptotic
epithelial cells25,55.

Migration
While some antigens are able to passively diffuse from peripheral
tissue to draining LNs, initiation of de novo immune or tolerogenic
T cell responses crucially depends on carriage and presentation of
antigens by cDCs9,56. Migration from peripheral tissues to draining
LNs is the defining property of peripheral cDCs and central to their
function. Accordingly, all subsets of LP cDCs can be detected in
intestinal lymph16,18, as well as within the MHCIIhi CD11cint

population of migratory cDCs in the draining MLN25,26.
LP cDCs are present in the small intestine and colon in an

immature state, in which they sample antigen from their
environment. Eventually, cDCs undergo maturation and upregu-
late the C-C chemokine receptor 7 (CCR7), which interacts with
its ligand CCL21 on lymphatic endothelial cells. This interaction
enables cDC entry into lymphatic vessels and directed migration
towards the draining lymph node, in both steady state and
inflammation57,58. Interaction with CCR7 ligands also enables
migrating cDCs to enter the LN T cell zones, which facilitates
antigen presentation59,60.

Most studies on intestinal cDC migration have analysed so-
called induced or inflammatory cDC migration by activation of
Toll-like receptors (TLRs). For instance, oral administration of the
TLR7 ligand R848 leads to massive recruitment of LP cDCs and an
increase of migratory cDCs in the intestinal lymph and MLNs61,62.
Similar effects were observed after activation of TLR3 by poly I:C63.
In both cases, activation and migration of cDCs from the LP was
primarily the result of indirect activation via interferon type I or
TNFα produced by pDCs62–64. Interestingly, although type I
interferon leads to the activation of both cDC1s and cDC2s, only
cDC1s critically depend on direct type I interferon signaling for the
migration induced by both TLR3 and TLR7 ligands63.
In contrast, the mechanisms controlling steady-state cDCs

migration are still not fully understood, despite its importance in
inducing peripheral tolerance to self- or orally fed antigen9.
Indeed, cDCs continually migrate from the LP, through the
lymphatics, to the draining MLN in a CCR7-dependent manner,
even in the absence of overt stimulation16,18,65. It has been
proposed that this steady-state cDC migration may depend on
low-level stimulation by bacterial components continually present
in the gut mucosa. Indeed, disruption of TLR signaling in MyD88
deficient mice leads to a reduced amount of migrating cDCs in the
steady-state MLNs66. Similarly, blockade of NF-κB signaling in cDCs
results in a reduction of steady-state cDC migration and a decrease
in induction of Foxp3+ regulatory T cells (Tregs)67. However, steady-
state LP cDC migration appears largely unaffected in germ-free
mice66. Therefore, the exact molecular mechanisms controlling CCR7
expression and cDC migration in the steady state still require further
investigation.
Unlike cDCs, monocyte-derived cells appear largely confined to

the LP, fail to express CCR7, and do not migrate into intestinal
lymph towards MLNs16,17,25,68. It is worth noting that, under
inflammatory conditions, the number of LN monocyte-derived
cells is increased, which may have functional consequences for T
cell priming. However, these monocyte-derived cells mainly enter
the LNs through blood vessels and not via lymph69. Nevertheless,
several reports have suggested that, in inflammation, a small
proportion of monocytes infiltrating the intestinal LP may
upregulate CCR7, migrate to LNs and contribute to T cell
priming70,71. One should be cautious when interpreting these
data as the inflammatory monocytes have a surface phenotype
highly reminiscent of the CD103− cDC2s, including expression of
intermediate levels of CX3CR1

17,72. In addition, CD64 has been
shown to be expressed by a subset of lung cDC2s under
inflammatory conditions, making a distinction between CD103−

cDC2 and monocyte-derived cells even more complex21. The use
of additional phenotypic markers, such as MerTK, and, most
definitively, of fate mapping experiments, single-cell RNAseq
analyses, and direct transfers of potential progenitors will be
necessary to fully elucidate the putative contribution of
monocyte-derived cells to the pool of lymph-borne APCs in
inflammation.

Induction of tolerance
The MLN chain comprises individual LNs, which are linked to
lymphatic drainage in parallel, such that each MLN in the chain
drains a particular part of the intestine18,73–75. Thus, LP cDCs from
different gut segments migrate to distinct MLNs where they fulfill
their most important function by presenting antigens to naïve
CD4+ and CD8+ T cells and instructing their differentiation.
In the steady state, migration of cDCs from the intestinal LP

primarily results in the presentation of “harmless” antigens to naïve
T cells in the MLNs. Intestinal LP cDCs present these intestinal
antigens in a tolerogenic manner, inducing the differentiation of
naïve CD4+ T cells into Foxp3+ Tregs.
SI LP cDCs and migratory MLN cDCs express high levels of

aldehyde dehydrogenase enzymes76,77. These enzymes catalyze
the conversion of the Vitamin A metabolite retinal into retinoic
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acid (RA). Upon antigen presentation, RA signaling can instruct the
naïve T cells to differentiate into Foxp3+ Tregs (Fig. 1)76,77.
Interestingly, aldehyde dehydrogenase-expressing gut cDCs also
induce the upregulation of the gut homing factors CCR9 and the
integrin α4β7 on the developing T cells, in an RA-dependent
manner8,78,79. The induction of gut-homing Tregs by SI LP cDCs
may be one of the principal mechanisms by which the intestinal
immune system maintains tolerance to food-derived antigens, so-
called “oral tolerance”1. Indeed, genetic depletion of cDCs or the
blockade of steady-state cDC migration to the MLNs leads to a
failure of oral tolerance9,80. Interestingly, colonic LP cDCs have
relatively low expression of aldehyde dehydrogenases, correlating
with lower levels of RA in the colon LP and colon-draining MLNs74.
This may suggest an anatomical basis for the segregation of cDC
functional specialization, with proximal gut segments and
associated LN drainage being more prone to tolerance induction
whereas more distal sites may favor the induction of immunity.
However, it is important to note that colonic migrating cDCs can
induce Foxp3+ T cell responses and tolerance after intrarectal
administration of soluble antigen81. It will be important to further
elucidate the mechanisms that colonic cDCs use to induce
tolerance and how these may differ from those used by cDCs in
the SI LP. In addition, depending on their anatomical location,
cDCs are exposed to different sources of antigen. Hence, SI LP
cDCs may primarily be responsible for the processing and
presentation of soluble dietary antigens whereas colonic LP cDCs
may rather encounter higher levels of antigens derived from the
intestinal microbiota.
In the steady state, LP cDCs in both the small intestine and

colon have a range of adaptations that enable them to imprint a
gut-homing and tolerogenic profile on developing T cells. In
addition to RA metabolism, LP cDCs can produce the tolerogenic
cytokine TGFβ and express the αVβ8 integrin that cleaves the
inactive pro-TGFβ into its active form (Fig. 1). The deletion of the
β8 integrin on CD11c+ cells leads to a marked decrease in their
ability to induce Foxp3+ Tregs82. More recently, IL-33 deriving
from intestinal CD11c+ cells has been shown to enhance the
development of intestinal Foxp3+ T cells, which may represent
another mechanism by which LP cDCs can induce tolerogenic
responses and maintain gut homeostasis83. These adaptations of
LP cDCs are thought to be the result of accumulated signals from
the tissue microenvironment, sometimes referred to as tissue
conditioning. Most notably, dietary and bile retinoids induce the
expression of aldehyde dehydrogenase enzymes in SI cDCs78,84.
Moreover, blocking of RA85 or TGFβ signals41 in cDCs results in a
decrease of the tolerogenic CD103+ LP cDC2s, indicating a role of
these factors in the conditioning of LP cDC towards a tolerogenic
phenotype. In addition, a variety of local factors can have a
conditioning effect on intestinal cDCs, including thymic stromal
lymphopoietin (TSLP) production by epithelial cells86, aryl hydro-
carbon receptor (AhR) ligands87, prostaglandin E288, and vasoac-
tive intestinal peptide (VIP)89. In the colonic mucosa, bacterial
metabolites, such as short-chain fatty acids, can help maintain a
tolerogenic LP cDC phenotype90. Finally, in addition to intestine-
derived signals, the MLN microenvironment may influence the
tolerogenic function of migrating cDCs, notably via RA production
by the MLN stroma91,92.
It is not currently clear which LP cDC subset is primarily

responsible for the maintenance of oral tolerance. cDC1s express
higher levels of several tolerogenic factors, including aldehyde
dehydrogenase and integrin β8, than cDC2s. Moreover, despite
having a normal number of intestinal Tregs, cDC1 deficient mice
show a reduction in de novo differentiation of Foxp3+ Tregs from
naïve T cells in response to orally fed antigen80. In addition, one of
the best-characterized roles of the cDC1 lineage is cross-
presentation, the presentation of exogenous antigens on MHCI,
which is essential for the priming of CD8+ T cells93–95. Intestinal LP

cDC1s can take up enterocyte-expressed antigen and transport it
via lymph to the MLN25,55. In the absence of inflammatory stimuli,
cDC1s can cross-present this cellular cargo to cognate CD8+ T cells
in the MLN and induce their differentiation into a regulatory CD8+

Foxp3+ phenotype96.
However, it is important to note that both LP cDC1s and cDC2s

are capable of inducing Foxp3+ Tregs. Notably, CD103+ CD11b+

cDC2s induce Foxp3+ Tregs more efficiently, while CD103− cDC2s
prime T cells towards a more immunogenic phenotype16,17. In
addition, while depletion of total intestinal cDCs results in a loss of
intestinal Tregs, selective depletion of either cDC1s or the CD103+

subset of cDC2s does not alter the number or frequency of
Foxp3+ Tregs in the SI or the induction of oral tolerance80,97. It is
therefore likely that both major LP cDC subsets are capable of
maintaining tolerogenic responses, perhaps specializing for
different sources of antigen (Table 2)25,98.

Immunity and inflammation
While LP cDCs promote tolerance to gut antigens in the steady
state, in inflammation or upon direct stimulation they can adopt a
more immunogenic phenotype, characterized by increased
inflammatory cytokine production and induction of effector
T cells (Table 2)24,99,100. Indeed, LP cDCs retain functional plasticity
and can be activated to produce Th1 and Th17 promoting
cytokines, such as IL-12, IL-6, and IL-23, upon activation by TLR
ligands, often in combination with other factors. For example,
CD103+ cDCs in intestinal lymph respond to TLR2 stimulation by
producing increased concentrations of IL-12 p40 and IL-6101, and
by priming IFN-γ producing CD4+ and CD8+ T cells16. Similarly, LP
cDCs can be activated by TLR3, TLR7, or TLR9 agonists24,63, while
stimulation of cDC2s with the TLR5 ligand flagellin increases their
cytokine production and induces the differentiation of IFN-γ or IL-
17 producing effector CD4+ T cells100. Interestingly, CD103− LP
cDC2s show a higher basal level of IL-12 and IL-23 production
compared to CD103+ cDC2s and can induce IFN-γ or IL-17
producing T cells even without overt stimulation16,17. It is,
therefore, possible that CD103− cDC2s may represent a subset
of intestinal cDCs that have not been fully conditioned by the
intestinal environment and thus retain a largely immunogenic
phenotype. The balance between the two subpopulations of
cDC2s may thus contribute to the equilibrium between immunity
and tolerance in the intestine.
Several lines of evidence point to the important role of LP

cDC1s in the induction of Th1 responses (Fig. 1 and Table 2). IL-12
production by cDC1s is necessary for effective immune responses
to Toxoplasma gondii infection102. Notably, intestinal Th1, but not
Th17, cells are reduced in mice with a CD11c-targeted deletion of
IRF8, which lack all cDC1s, both in steady state35 and in
Tritichomonas musculis infection103.
In addition, cross-presentation by cDC1 is thought to be

essential for the priming of cytotoxic T lymphocyte (CTL)
responses93–95. In vivo activation by the TLR7 agonist R848
increases the migration of LP cDC1s to the MLN where they cross-
prime IFN-γ+ CD8+ effector T cells specific for enterocyte-
expressed antigen25. However, optimal CTL responses in this
model, as well as in rotavirus infection, are reduced, but not
abolished in the absence of cDC1s, indicating that other cDC
subsets may contribute in certain contexts96,104.
In contrast, most data points to the importance of intestinal

cDC2s in the induction of Th17 responses (Fig. 1 and Table 2).
Multiple genetic models of gut cDC2 depletion exhibit reduced
levels of Th17 cells in the intestine25,26,36,39,97, suggesting that LP
cDC2s play an important role in the priming of Th17 cells.
Depletion of cDC2s correlates with reduced expansion of both IL-
17 and IFN-γ producing T cells in the context of experimental
colitis105, but also with amelioration of macrophage-induced
inflammation in a mouse model of postoperative ileus106. In
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addition to cDC2s, monocyte-derived cells have been proposed to
play a role in Th17 cell generation in response to specific
microorganisms. Indeed, the Th17 responses to segmented
filamentous bacteria in the small intestine107 and to Candida
albicans in the colon108 do not require cDCs but monocyte-
derived cells, suggesting that, in some contexts, these T cells may
develop independently of the paradigm of cDC priming in
lymphoid organs. Interestingly, while it has been suggested that
the production of IL-23 by CD103+ cDC2s is indispensable for the
elimination of Citrobacter rodentium38, complete ablation of this
cDC population does not alter susceptibility to C. rodentium or
Salmonella sp. infection97. Notably, IL-23 production by CX3CR1

+

phagocytes, which include both CD103− cDC2s and monocyte-
derived cells, is responsible for both the induction of IL-22 as well
as the inhibition of deleterious IL-12 production by cDC1s in C.
rodentium infection109. While the exact identity of the IL-23
producing cells in C. rodentium infection is still uncertain, it is
worth noting that CD11c+ but not LysM+ cells produce IL-23 in
response to MyD88 activation110.
The induction of Th2 responses in the gut is comparatively less

well understood. Nevertheless, priming by cDCs is required as Th2
responses are completely abolished upon experimental depletion
of cDCs111. The results from several different infection models
point to the crucial role of cDC2s in the induction of Th2
responses112,113. Notably, the priming of Th2 responses to
Schistosoma mansoni eggs appears to be controlled by different
subpopulations of cDC2s in different tissues: CD103+ cDC2s in the
small intestine but CD103− cDC2s in the colon112.
In addition to their role in priming T cell responses, LP and

migratory MLN cDC subsets also aid the generation of mucosal
antibody responses, notably secretory immunoglobulin A (sIgA)
(Fig. 1). Indeed, flagellin-dependent induction of sIgA largely
seems to depend on the activation of the IRF4-dependent,
CD103+ CD11b+ cDC2 subset100,114,115. Conversely, cDC1s appear
to have a crucial role in the initiation of anti-rotavirus sIgA
responses in the MLNs but are dispensable for the maintenance of

homeostatic sIgA levels, suggesting a context-dependent role for
cDC subsets in sIgA induction (Table 2)116.

DENDRITIC CELLS OF GUT-ASSOCIATED LYMPHOID TISSUES
Mouse and human GALTs encompass PPs and large numbers of
ILFs but also species-specific cecal and colonic patches in mice
and appendix in humans (reviewed in refs. 117,118). Mouse and
human PP, cecal and colonic patches develop during embryogen-
esis and are clusters of B cell follicles forming domes at the surface
of the mucosa. By contrast, murine ILFs located both in the small
intestine and colon develop postnatally under the combined
influence of dietary products and microbiota119–121. Consequently,
they are highly dynamic structures with many different sizes and
maturation stages developing from small clusters of CCR6+ type 3
innate lymphoid cells (ILC3s) termed cryptopatches and giving rise
to B cell follicles containing germinal centers (GCs) in mature
ILFs122,123. Interestingly, in absence of murine ILFs the composition
of the microbiota is altered, demonstrating a reciprocal regulation
of the microbiota by ILFs119. In PP, each dome is separated from
the others by dome-associated villi (DAV) beneath which lie the
IFRs enriched in naïve T cells119–121. Murine mature ILFs strikingly
resemble a single dome of PP without the organized T cell zone of
the IFRs. By contrast, human ILFs contain a T cell area surrounding
the B cell follicle124. The follicle-associated epithelium (FAE) of
both human and murine ILFs and PPs contains specific cells
termed M cells that are specialized in the transport of antigens
from the lumen to the underlying subepithelial dome (SED). Like
PPs, ILFs are inductive sites for the generation of IgA-secreting
cells119. Whereas in murine ILFs, IgA-secreting cells are thought to
be mainly generated by a T cell-independent pathway125, the
existence of a T cell area and of putative follicular helper T cells
(Tfh) suggests a T cell-dependent pathway in human ILFs124. So
far, GALT-associated DCs have been mainly studied in PP and
small intestine cryptopatches and ILFs of mice and only these will
be discussed below.

Table 2. Functions of intestinal dendritic cells.

Tissue Type Subset Functions

cDC1 CD103+ CD11b-

Uptake, transport and Cross-presentation of IEC antigen  25, 55

Treg induction 80, 97

Th1 induction 35, 102 103

Priming of IFN-γ+ CD8+ effector T-cells 25

Initiation of anti-rotavirus IgA responses 116

CD103+ CD11b+

Treg induction 16, 17, 80, 97

Th2 induction (small intestine) 112

Th17 cell induction 17, 26, 36, 39, 97

Flagellin-dependent induction of mucosal IgA 100, 114, 115
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cDC2

CD103- CD11b+

Th2 induction (colon) 112

Th17 induction 16, 17

Induction of IFN-γ or IL-17 producing T cells (small intestine) 16, 17

cDC1 SIRPα- XCR1+
Naive helper T cells priming 13

T cell polarization for IFNγ production 13

Immature, CCR6+ SIRPα+ CD11b- Interaction with the FAE and LysoDC, antigen uptake 10, 137

cDC2
Mature, CCR7+ SIRPα+ CD11bint

Naive helper T cell priming 11, 13

IL-6 production and generation of Th17 cells 146

Subepithelial, BST2int MerTK+ Emb+ CD4-

CX3CR1+ Lysozyme+

Bacteria and particulate antigen uptake 11, 13, 138-140

Innate defense of the SED 13

Migration to the periphery of the IFR upon stimulation 11

IL-6 and TNF production 13

Naive helper T cell priming 11, 13

Induction of Th1 13 and Th17 cells 146

Antigen cross-presentation and antigen-specific naive cytotoxic T cell priming 147
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Follicular, BST2int MerTK+ Emb- CD4-

CX3CR1+ Lysozyme+
Unknown
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Specificity of ILF cDCs
Although observed long ago126,127, CD11c+ phagocytes of small
intestine ILFs and cryptopatches have only been characterized
recently. They are mainly made up of a unique CD103−CD11b+

cDC2 subset defined by its expression of lysozyme M, PLET1, and
of the IL-22 binding protein (IL22-BP), a soluble receptor of IL-22
that neutralizes its activity128. Interaction between the lympho-
toxin (LT) α1β2 produced by ILF and cryptopatch-specific CCR6+

ILC3s and the LTβ receptor (LTβR) expressed by newly recruited
cDC2s drive the differentiation of the latter into cryptopatch and
ILF-specific cDC2s. Interestingly, CCR6+ ILC3s secrete a large
amount of IL-22 that could be fine-tuned locally by cryptopatch
and ILF cDC2 production of IL22-BP128. Through inhibition of IL-22
signaling, IL22-BP could play a role in lipid absorption by
promoting free fatty acid transporter expression by enterocytes128.
Moreover, the IL-22BP blockade of IL-22 is known to facilitate
access of antigens to the PP FAE and their internalization by M
cells129. Therefore, similar functions could be assigned to IL-22BP
in ILFs, allowing an efficient uptake of local luminal antigens by M
cells and the initiation of adaptive immune responses by ILF-
specific cDC2s that could contribute to microbiota modulation. It
remains to be determined whether specific cDC1 populations or
monocyte-derived cells with DC functional properties, such as
those in PP, play also a role in the ILF-mediated adaptive immune
responses.

Phenotype, location, and specificity of cDCs in Peyer’s patches
Both cDC1s and cDC2s are present in PPs but with a cDC2
prevalence and distinct locations for each subset (Fig. 1). Whereas
cDC1s are mainly concentrated in the IFRs23, cDC2s are present
both in the SED and in the IFRs depending on their maturation
state10. Indeed, PP cDC2s display a continuum of differentiation
states ranging from immature cDC2s that express CCR6, low levels
of surface MHCII and no CD11b to fully mature cDC2s that express
CCR7, high levels of surface MHCII, and intermediate levels of
CD11b. Accordingly, immature cDC2s are mainly located in the
SED where CCL20, the ligand for CCR6, is secreted by the FAE
whereas fully mature cDC2s are mainly located in the IFR, where
CCL19 and CCL21, the ligands of CCR7 are expressed10. Therefore,
immature and mature cDC2 are ideally located to acquire luminal
antigens and present antigens to interfollicular naive T cells,
respectively. SED and IFR cDC2s in all their different flavors differ
phenotypically from DAV and conventional villus cDC2s at least by
their consistent lack of CD101 expression and their lower
expression of CD11b (Table 1). Therefore, caution must be taken
when using CD11b as a marker of PP cDC2s, especially by
microscopy for which CD11b expression in PP cDC2s is too low as
compared to that of LysoDCs and DAV cDC2s to be detected10.
Interestingly, like ILF cDC2s, half of CD11b+ cDC2s express

lysozyme M10. Moreover, Il22ra2, the gene encoding IL-22BP, is
expressed by CD11b+ cDC2s although at lower levels than in
monocyte-derived cells6. Finally, the homeostasis of LTβR-
expressing cDC2s depends on signaling by LTα1β2, which is
produced by ILC3s130. Therefore, like in ILFs, an imprinting of
cDC2s by ILC3s that leads to lysozyme M and IL22-BP expression is
likely to occur in PPs. Unlike cDC2s, up to now, no specific
expression profile has been ascribed for cDC1 in PPs or ILFs as
compared to other tissues.

Specificity of the PP specialized monocyte-derived LysoDCs
In PP, monocytes give rise not only to macrophages but also to
the specialized lysozyme-expressing DCs termed LysoDCs13.
LysoDCs are a hallmark of the SED where, together with
macrophages, they represent the main phagocyte subset (Fig. 1).
LysoDCs are also scattered through the follicle but are virtually
absent from the IFR at a steady state. Unlike most monocyte-
derived cells from peripheral tissues, LysoDCs but also PP
macrophages do not express CD64, F4/80, CD14, and many other

classic macrophage markers (Table 1)15. However, both retain
strong expression of CX3CR1 and MerTK. Unexpectedly, both also
express the classic pDC marker, BST2, which has led to confusion
in the past. Unlike neighboring macrophages, LysoDCs express
high levels of MHCII but no CD4 (Table 1), have a short lifespan
and their recruitment strongly depends on CCR2, the chemokine
receptor that allows monocyte egress from the bone marrow13.
Recruitment of LysoDC in the SED may also depend on DOCK8
expression131, a guanine exchange factor for Cdc42 required for
interstitial migration of cDC2s132–134. Immature LysoDCs can
proliferate in situ before differentiating either into subepithelial
mature LysoDCs in close contact with the FAE or into follicular
LysoDCs that lack the typical DC gene signature acquired by the
former11. All LysoDCs except follicular ones express embigin but
only subepithelial mature ones express CD24 and PLET1. Based on
conserved maturation marker expression, a similar differentiation
process is likely to occur in humans11.

Functions of Peyer’s patch LysoDCs and cDCs
Antigen sampling. Whereas villi, specialized for nutrient absorp-
tion, are well protected by physical (mucus, glycocalyx, and tight
junctions), chemical (antimicrobial peptides), and immune (sIgAs)
barriers from penetration of pathogens, PPs are sentinel sites
dedicated to their detection. Accordingly, PPs are selectively
exposed to particulate antigens and pathogens through the
permissive microenvironment of the FAE. For instance, the FAE
lacks goblet cells and polymeric IgA receptor expression and,
therefore, does not secrete mucus and sIgAs, respectively135,136.
Some of these FAE permissive characteristics, such as lack of
antimicrobial protein secretion and altered surface glycosylation,
rely on IL-22 signaling inhibition by IL-22BP produced mainly by
LysoDCs and subepithelial macrophages but also to a lesser extent
by cDC2s, like in ILFs6,128,129. In addition, subepithelial phagocytes
but also ILC3s produce S100A4, a key protein for the maturation of
M cells necessary for the efficient transcytosis of luminal antigens
to the SED131. Moreover, LysoDCs and cDC2s have privileged
interactions with M cells, as illustrated by their ability to extend
dendrites through M cell-specific transcellular pores or to reside
together with B and helper T cells in a basolateral invagination of
the M cell membrane termed pocket (Table 2)6,137,138. Since
LysoDCs outnumber cDC2s in the SED but also are more efficient
than them in phagocytosing particulate antigens10,11,13,139, it is
however unlikely that cDC2s play a major role in pathogen uptake.
Indeed, both Salmonella Typhimurium and Listeria monocytogenes
are mainly taken up by LysoDCs and/or subepithelial macro-
phages but not by cDC2s139,140. In addition, other particulate
materials have been shown to be selectively engulfed by LysoDCs
and subepithelial macrophages but not cDC2s, including micro-
spheres, adenoviral vectors, IgA-opsonized antigens, M cell-
released subepithelial vesicles, and dying M cells13,139,141–143. All
differentiation states of LysoDCs are equally able to internalize
particulate antigens in vitro but mature LysoDCs are the most
susceptible to encounter antigens in vivo due to their proximity to
the epithelium11. Although LysoDCs are the main phagocytes
extending dendrites into the gut lumen, subepithelial macro-
phages show the same efficiency in internalizing particulate
antigens in vivo13, strongly suggesting that the main path of
sampling is mediated by M cell transcytosis at a steady state
(Fig. 1). The contribution of cDC2s in antigen uptake remains to be
explored but could be related to soluble rather than particulate
antigen sampling and/or, as demonstrated in the LP54, to antigen
acquisition by transfer from LysoDC and subepithelial macro-
phages with which they strongly interact in the SED and FAE10. In
any case, the different mechanisms of luminal antigen uptake
(transcytosis, transcellular dendrites, and vesicle release in the
subepithelial extracellular milieu) strictly rely upstream on M cells
and lack of M cells prevents most sampling events and the
initiation of the subsequent IgA immune response144,145.
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Innate defense mechanisms. Whereas access to the FAE is
facilitated, the SED represents a hostile environment for patho-
gens. Subepithelial phagocytes are indeed fully equipped to fight
invading pathogens. This is highlighted by LysoDCs’ and
subepithelial macrophages’ unrivaled expression of the antibac-
terial enzyme lysozyme in several species including humans11,139.
These monocyte-derived cells also display strong antimicrobial
gene signatures as compared to cDCs, indicating that they are the
main actors in PP innate defense (Table 2)13. Thus, genes involved
in antiviral, antibacterial, and antifungal defense pathways,
including large panels of molecular pattern sensors (TLRs, C-type
lectin receptors, NAIPs, STING, ZBP1, and RIG-I), NLRC4 inflamma-
some formation, bacterial and viral replication inhibition, metal
sequestration, and detoxification mechanisms are upregulated in
monocyte-derived cells. Interestingly, the latter also promote
innate defense mechanisms at distant sites, i.e., in villi. Thus, upon
engulfment of the enteropathogenic bacteria, Listeria monocyto-
genes PP monocyte-derived cells produce IL-23 and IL-12, which
induce the production of IL-22 and IL-17 or IFN-γ, respectively140.
In turn, IL-17 causes pericryptal stromal cells to produce IL-11,
which, in conjunction with IL-22 produced by ILC3s, activates
STAT3. In parallel, IFN-γ activates STAT1. Finally, both transcrip-
tional factors lead to accelerated intestinal epithelium renewal and
a decreased number of mature goblet cells expressing accessible
E-cadherin, the receptor for Listeria invasion protein Internalin A,
thereby protecting villi from further infection. Detection of
microbiota species by Mincle/Clec4e, which is mainly expressed
by LysoDCs and macrophages, also promotes IL-23 production by
these phagocytes, followed by activation of ILC3s leading to IL-22
production, barrier integrity strengthening, and microbial translo-
cation limitation146.

Migration. In steady state, following their sampling activity,
cDC2s mature, lose CCR6 while gaining CCR7 expression, and
continually migrate from the SED to the IFRs in an unsynchronized
way, but these mature cDC2s never display a fully activated
profile10. However, upon stimulation of PP with the TLR7 ligand,
R848, the indirect activation of subepithelial cDC2s by TNF rapidly
leads to their synchronized activation, CCR7 expression, and
migration in the IFRs11. In parallel, DAV cDC2s also migrate into
the IFRs10, unlike conventional villus cDC2s that migrate to the
MLNs62. Interestingly, LysoDCs, which, unlike cDC2s, express TLR7
and can be directly activated by TLR7 ligands, also acquire CCR7
but much later than cDC2s, and their positioning following
migration is more at the IFR periphery than cDC2s (Fig. 1)11.
Nevertheless, this location at the border between the B and the T
cell zone coincides with the area of high proliferation observed
after stimulation, suggesting that LysoDCs could play a role in the
stimulation of both T and B cells.

T cell priming. PP cDC1s and cDC2s and fully mature LysoDCs,
but not macrophages, are able to induce naïve CD4+ T cell
proliferation in vitro (Table 2)11,13. Both cDC1s and LysoDCs prime
naïve antigen-specific CD4+ T cells for IFNγ production while both
cDC2s and LysoDCs promote T helper cell production of IL-613. In
addition, detection of some microbiota species by Mincle/Clec4e
expressed on LysoDCs and cDC2s fosters their IL-6 production and
their ability to generate Th17 cells, thereby promoting the
production of IL-17 and IL-22 that contribute to intestinal barrier
integrity146. Very recently, a LysoDC subset that expresses the
complement fragment C5a receptor, CD88, was shown to cross-
present antigens and prime antigen-specific naïve CD8+ T cells
when stimulated by C5a147. Indeed, C5a signaling in LysoDCs
induces the recruitment of NOX2 to the phagosomes, reactive
oxygen species production, lysosomal pH neutralization, translo-
cation of antigens into the cytosol, and formation of MHCI-antigen
complexes for antigen cross-presentation. Moreover, in vivo
infection with Listeria monocytogenes induces C5a production by

the stromal cell network of the SED where LysoDCs reside,
suggesting that they could be activated for T cell cross-priming
with Listeria antigens. However, the role of LysoDC in the
generation of cytotoxic T cells against enteropathogenic bacteria
in vivo still needs confirmation.
Unlike subepithelial cDC2s that migrate continuously to the IFR,

mature LysoDCs reside in the SED, making their encounter with
naïve T cells mainly located in the IFRs unlikely at steady state.
Based on their pro-inflammatory profile, lack of LysoDC migration
to the IFR at steady state could prevent an inflammatory response
to the innocuous antigens they continuously sample, especially
microbiota species. However, stimulation of PP can lead to their
migration to the periphery of the IFR fostering strong interaction
with naïve T cells that may induce priming (Fig. 1)11. Indeed,
among T cells strongly interacting with LysoDCs, some display the
features of newly activated and proliferating T cells. Nevertheless,
in steady state, given the lack of LysoDCs in the IFRs and the lack
of cDC1s in the SED, only migratory cDC2 may be able to present
luminal antigens to interfollicular naïve T cells and likely promote
their differentiation into antigen-specific Tfh, in line with recent
reports supporting the role of cDC2 in Tfh cell generation in other
lymphoid organs133,148. These Tfh are essential for germinal center
formation and generation of antigen-specific high-affinity sIgA-
producing cells.

IgA-secreting cell generation. PPs are the primary sites for the
generation of T cell-dependent antigen-specific sIgA-producing
cells in the small intestine. IgA class switching can already occur in
the SED before the migration of B cells to the germinal center130.
This requires the interaction between subepithelial CCR6+ B cells
and lymphotoxin-dependent phagocytes expressing CD11c,
MHCII, and CD11b. As this phenotype may correspond to any
type of phagocytes present in the SED, i.e., LysoDCs, macrophages,
and cDC2s6, future studies will be necessary to clarify the identity
of the phagocytes interacting with subepithelial B cells. Expression
of the integrin αvβ8 by these phagocytes may be required for
TGFβ activation and induction of IgA class switching130, although
a recent study using an Itgb8-specific fluorescent reporter mouse,
qRT-PCR and RNAseq analysis failed to detect the integrin β8 on
cDC2 or monocyte-derived cells in PP116. In summary, the
mechanisms leading to IgA class switching in the SED are just
starting to be deciphered and their elucidation will require further
investigation.

CONCLUSION
Research over the past 30 years has highlighted the importance of
intestinal cDCs in the initiation of tolerance, the maintenance of
physiological homeostasis to the microbiota as well as the
induction of protective immune responses against pathogens.
However, we are only now starting to unravel the relative
contributions of the different subsets of cDCs as well as those of
cDCs present within the different compartments of the small and
large intestine and their associated lymphoid tissues. Recent work
has indeed shown that the gut immune response is highly
compartmentalized providing targeted and adapted immune
responses to the different regions of the gut based on the
sensing of local luminal contents. This process is driven by
different accessibility of antigens to the intestinal mucosa, several
mechanisms of sampling, and various types and location of
immune inductive sites. In addition, the ability of cDCs to induce
either tolerogenic or immunogenic responses may rely on the
type of antigens they encounter and how they are recognized as
innocuous or harmful, but also on the location of their antigen
sampling activity and how that location has conferred specific
functional properties on them. For instance, it is now clear that LP
cDCs of the small intestine and colon exists in different
microenvironments, encounter different antigens and innate
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stimuli, and consequently have distinct functional properties.
Moreover, similarly to how intestinal macrophages display an anti-
inflammatory profile in the gut LP but pro-inflammatory proper-
ties in PPs, a specific imprinting of cDCs and monocyte-derived
phagocytes has begun to be appreciated in PPs and ILFs, although
its full complexity remains to be explored. Accordingly, imprinting of
cDCs but also LysoDCs by their microenvironment may influence the
outcome of the immune response and allow distinct adaptive
responses to be generated according to the sampling site, which
may act to prevent excessive inflammation in effector sites but
protect against infections and dysbiosis at immune inductive sites.
Therefore, further research will be necessary to fully understand how
the functionally distinct subsets of intestinal cDCs located at distinct
sites orchestrate immune responses to particular pathogens or
inflammatory disorders. Precise characterization of the functional
plasticity of these cell populations will allow more accurate targeting
of specific functional modules with a wide range of therapeutic
applications—such as the induction of effective immunity in
vaccination, fine-tuning of immune responses to the microbiota,
and prevention of inflammatory diseases and allergy.
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