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Dendritic cells (DC) play critical roles in linking innate and adaptive immunity. DC are
heterogenous and there are subsets with various distinct functions. One DC subset,
conventional type 1 DC (cDC1), can be defined by expression of CD8o/CD103 in mice
and CD141 in humans, or by expression of a chemokine receptor, XCR1, which is a
conserved marker in both mice and human. cDC1 are characterized by high ability to
ingest dying cells and to cross-present antigens for generating cytotoxic CD8 T cell
responses. Through these activities, cDC1 play crucial roles in immune responses against
infectious pathogens or tumors. Meanwhile, cDC1 involvement in homeostatic situations
is not fully understood. Analyses by using mutant mice, in which cDC1 are ablated in vivo,
revealed that cDC1 are critical for maintaining intestinal immune homeostasis. Here, we
review the homeostatic roles of cDC1, focusing upon intestinal immunity.
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INTRODUCTION

The intestinal immune system responds to pathogenic organisms in a protective manner.
Meanwhile, it also prevents responses against a variety of commensal resident bacteria or viruses
and dietary components. Intestinal immunity should therefore be delicately tuned to maintain its
homeostasis. Intestinal immune homeostasis depends on intimate interactions between innate and
adaptive immune cells, epithelial cells and commensal microorganisms (1). Dysregulation of this
homeostasis could lead to a variety of inflammatory bowel diseases and also to systemic
inflammatory or metabolic diseases. Elucidation of the molecular and cellular mechanisms of
how intestinal immune homeostasis is regulated is therefore of great importance.

The intestine contains a variety of immune cells, including B and T lymphocytes and innate
immune cells such as macrophages or dendritic cells (DC). DC are professional antigen presenting
cells (APC) that can produce a variety of cytokines in response to innate immune sensor signaling
and that can support activation and differentiation of T cells (2). DC are heterogeneous and several
subsets have subset-specific functions (3, 4). One subset of DC, conventional type 1 DC (cDC1),
have recently been in the spotlight for its critical roles in anti-tumor immunity and cancer
immunotherapy (5, 6). Meanwhile, it is unclear whether ¢DC1 play certain roles in homeostatic
conditions, although retinoic acid, a metabolite of vitamin A derived from the diet, is involved in
regulation of intestinal homeostasis by affecting a variety of immune cells including subsets of DC
(7). cDCI have been shown to be critically involved in maintaining intestinal immune homeostasis
(8-10). Here, we review the homeostatic roles of cDC1 in intestinal immunity.
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DC SUBSETS AND THEIR
ABLATION /N VIVO

DC Subsets
DC include plasmacytoid DC (pDC) and ¢DC. In mice, pDC can
be defined by several pDC-specific markers such as BST-2 or
Siglec-H and is characterized by the ability to produce large
amounts of type I interferons (IFNs) following detection of viral
nucleic acids through binding to TLR7 or TLRY (11). Also in
humans, pDC exist as a type I IFN-producing cell in response to
TLR7/9 signaling. pDC are involved not only in antiviral
immunity, but also in the pathogenesis of certain autoimmune
diseases such as systemic lupus erythematosus or psoriasis (12).
In mice, ¢cDC are a major population of DCs and can be
further divided according to the expression of CD8c and CD11b.
CD103 can also be used instead of CD8c. In the spleen or dermal
lymph nodes, DC consist mainly of two subsets, CD103+CD11b-
DC and CD103-CD11b+ DC, corresponding with ¢cDC1 and
cDC2, respectively. cDC1 were originally identified as CD8oi+
DC and recognized for high crosspresenting activity, through
which exogenous antigens incorporated by endocytosis or
phagocytosis are presented with MHC class I to generate
cytotoxic T cell responses (13). cDC1 also have notable potent
ability to incorporate dying cells and produce proinflammatory
cytokines. The generation of ¢cDC1 depends on transcription
factors such as IRF8 and BATF3 (14-16). cDC2 are more
heterogenous than cDC1 and supports antigen presentation
with MHC class II to generate various types of Th responses,
including Th1, Th2 or Th17 responses, depending on situations
(17-25). Involvement of transcription factors for cDC2
generation is complicated. For example, cDC2 can be divided
into at least two subsets according to differential involvement of
Notch2 and Klf4 in ¢cDC2 generation (21, 23). IRF4 is highly
expressed in ¢cDC2, but is only partially involved in ¢DC2
generation, although it is critical for migration of cDC2 from
skin or intestine to the draining lymph nodes (19, 20, 26, 27).
In humans, DC can be defined in the peripheral blood as MHC
class I+ leucocytes that lack surface expression of lineage markers
for T cells (CD3), B cells (CD19), and monocytes (CD14) (28).
CD141 (thrombomodulin, BDCA-3) + DC correspond with
¢DCl, based on the crosspresenting activity and gene expression
pattern (28). CDlc+ DC are similar to ¢cDC2, although their
similarity is much less than that between murine ¢DCIl and
human CD141+ DC (28). In addition to these DCs, both
humans and mice have monocyte-derived inflammatory DC (28).

In Vivo Ablation of cDC1

Specific ablation of subsets of DC has provided useful
information on their in vivo roles (29). For ¢DCl, specific
ablation was observed in mutant mice lacking a transcription
factor, BATF3, also known as Jun dimerization protein
p21SNFT, which is expressed abundantly in ¢DC, including
cDC2, albeit not as highly as in ¢cDC1 (16). Mutant mice have
been widely used as cDCl1-ablated mice and studies on BATF3-
deficient mice clarified that ¢DC1 are critically involved in
protective immunity against viral or bacterial infection and

tumors (16, 30-35). Meanwhile, it should be noted that
pathogen infection or IL-12 administration can restore cDCl
in BATF3-deficient mice (32).

¢DC1 ablation can also be achieved also by genetically
manipulated mice, in which cDC1-specific genes were targeted.
A gene for a chemokine receptor, XCRI, is a representative
cDCl1-specific gene (36, 37). XCRI-DTR Venus mice were
generated by knocking the gene for a fusion protein consisting
of human diphtheria toxin receptor (DTR) and a fluorescence
protein, Venus, into the XcrI locus (Table 1) (38). XCR1+DC
can be ablated transiently in XCR1-DTR Venus mice, through
which a variety of immune responses have been analyzed (33, 38,
48-57). Mutant mice lacking XCR1+ DC constitutively were also
generated by crossing mutant mice carrying a gene encoding cre
recombinase in the Xcrl locus and R26:1lacZbpA™®™-DTA mice
(8, 58). Murphy et al. also generated knock-in mice carrying the
cre recombinase gene with a gene for a fluorescence protein,
mCherry in the Xcrl locus (40). In the mice, XCR1+DC can be
monitored by mCherry expression. Malissen et al. also generated
another mutant mouse, in which genes encoding cre
recombinase and monomeric teal fluorescent protein 1
(mTFP1) were knocked into the XcrI locus (41). In the mice,
XCR1+DC can be monitored by mTFP1 expression and
endogenous Xcrl expression is retained due to the effect of an
internal ribosomal entry site. Furthermore, mutant mice carrying
the DTR or cre recombinase gene casettes in the locus of other
cDCl-specific genes such as Clec9A or a530099/19rik (Gpri41b/
Karma) were also generated (39, 44-47).

Other reporter mice for monitoring XCR1+ DC are also shown
(Table 1). Fluorescence proteins used for monitoring include
Venus, green fluorescence protein (GFP), and Kikume Green-
Red (KikGR) (42, 43). KikGR is a photoconvertible fluorescence
protein that can turn red from green when illuminated with a blue
light and can be used for tracking cell migration (43).

TABLE 1 | Knock-in mice for analyzing XCR1+ DC.

Targeted Knocked-in gene Purpose Ref
gene locus
Xerl DTR Venus Inducible ablation (38)
Marking
cre Gene deletion (8, 39)
cre, mCherry Gene deletion (40)
Marking
cre, mTFP1 Gene deletion (41)
Marking
Venus Marking (38)
GFP Marking (42)
KikGR Marking (43)
(Photoconvertible)
Clec9a DTR Inducible ablation 44y
Cre Gene deletion (45)
GFP Marking (46)
Karma DTR, tdTomato™ Inducible ablation 47)
Marking
Cre Gene deletion (39

*This mutant was generated by transfection with a recombineered bacterial artificial
chromosome (BAC) clone carrying DTR in the Clec9a locus.
**tdTomato represents the fluorescent tandem dimer Tomato.
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These mice are useful for clarifying the in vivo roles and
behavior of XCR1+ DC.

CRITICAL ROLES OF XCR1+ DC IN
THE INTESTINE

In the intestine or mesenteric lymph nodes, CD103+CD11b+ DC
exist as a major subset and intestinal CD11c+ cells consist of three
subsets, including CD103+CD11b-, CD103+CD11b+, and CD103-
CD11b+ cells. CD103+CD11b+ cells are closely related to cDC2 in
terms of the gene expression profile and their dependency on IRF4.
CD103"CD11b" cells are involved in Th17 or regulatory T (Treg)
cell differentiation (19, 20, 59, 60) and critical for antifungal
immunity (61). CD103-CD11b+ cells include macrophages and
may be involved in regulating inflammation by producing anti-
inflammatory cytokines such as IL-10 or TGF-B (62, 63).
CD103+CD11b- cells are quite similar to cDC1 in other tissues in
terms of gene expression profiles and their dependence on IRF8 and
BATF3. Earlier studies on the intestine have analyzed CD103
+CD11c+ and CD103-CD11c+ DC (59, 60). However, it was not
clear whether or how a minor population, CD103+CD11b-CD11c+
cells, i.e. cDC1, are involved in intestinal immunity.

Constitutive ablation of cDC1 with the retention of other DC
subsets such as CD103"CD11b" as well as CD103'CD11b" cells
was achieved in XCR1-DTA and DC-specific IRF8-deficient
mice (8, 9, 64). In those mice, lamina propria (LP) T cells in
the small intestine were decreased. Significant numbers of
lymphocytes reside within the intestinal epithelium and are
known as intraepithelial lymphocytes. Intraepithelial T cells
include not only conventional CD4 or CD8 T cells expressing
TCRo but also T cells expressing TCRYS or both CD4 and CDS8.
A subpopulation of such intestine-specific T cells expresses a
CD8 homodimer, CD800., instead of a CD8 heterodimer,
CD80f, that conventional CD8 T cells have. In addition to LP
T cells, both conventional and intestine-specific T cell subsets in
IEL were decreased in mice with constitutive ablation of cDCI.

Importantly, T lineage cell numbers were retained in other
tissues, including the thymus, spleen, and dermal and mesenteric
lymph nodes, lung and large intestine (8, 9). Thus, although
c¢DC1 were deleted in the whole body, T cell decrease was
detected specifically in the small intestine. Intestinal T cells
remained in XCR1-DTA mice were more prone to death than
those in control mice, although their proliferative state was
normal, indicating that cDCI are not involved in proliferation,
but in survival of intestinal T cells (8). Furthermore, in wildtype
mice, LP T cells showed lower expression of CD62L and higher
expression of CD103 than splenic or lymph node T cells. This
expression pattern was less prominent in remaining T cells in
XCR1-DTA than in wildtype mice (8). DC-specific IRF8-
deficient mice also exhibited decreased expression not only of
CD103, but also of gut homing receptors such as CCR9 or 0437
on the intestinal T cells (9). The decreased expression of CCR9
can be ascribed to defective production of retinoic acid, which
depends on aldehyde dehydrogenase activity from cDC1 (9).
Concerning CD4 T cell differentiation, ablation of ¢DCI led to
decrease of IFN-y and increase of IL4, IL-5, IL-17 and IL-22

expression. These results indicate skewed differentiation from
Th1 towards Th2 or Th17 cells and suggest involvement of cDC1
in driving Thl cell differentiation in the steady state. Notably,
DC-specific IRF8-deficient mice also showed impaired IgG2c
responses after oral administration of eggs of a gastrointestinal
parasite, Trichulis muris, indicating that cDCI are required for
Th1 responses to the parasite (9). Thus, in the intestine, cDC1
maintain intestinal T cell homeostasis by supporting survival,
expression pattern of surface molecules including gut homing
receptors and Th1 differentiation of intestinal T cells.

Loss or decrease of intraepithelial T cells due to gene
mutations or chemical reagents lead to severe manifestations of
colitis, indicating that those T cells are involved in preventing
intestinal inflammation (65-69). The immunoregulatory activity
of the intraepithelial T cells depends on the production of anti-
inflammatory cytokines such as IL-10. XCR1-DTA mice showed
no overt signs of intestinal inflammation in the steady state. They
did show exaggerated manifestations of dextran sodium sulfate
(DSS)-induced colitis (8), indicating that XCR1+ DC are
involved in preventing intestinal inflammations likely through
the maintenance of intestinal T cell populations.

The critical roles of cDC1 in intestinal immune homeostasis were
also demonstrated by transient deletion of ¢cDC1 (10). Inducible
ablation of cDC1 in Clec9A-DTR mice led to decrease of intestinal T
cells and exaggeration of DSS-induced colitis. cDC1 were involved in
maintaining not only IFN-y expression from T cells, but also
expression of IFN-y inducible genes from epithelial cells. This IFN-
v-induced cascade is involved in preventing intestinal inflammation,
which was verified by the findings that IFN-y-deficient mice showed
enhanced susceptibility to DSS-induced colitis and that IFN-y
induction by an immunostimulatory oligonucleotide ameliorated
the severity of the colitis. This study further showed IL-12 or IL-15
from ¢DC1 should induce LP or intraepithelial lymphocytes to
produce IEN-y that subsequently can trigger an anti-inflammatory
response in intestinal epithelial cells. At present it remains unclear
how IFN-yexerts such protective roles, although induction of an anti-
inflammatory enzyme, indoleamine 2,3 dioxygenase (IDO1), which
is abrogated in both cDC1-ablated and IFN-y-deficient mice, may be
involved (10).

MOLECULAR MECHANISMS FOR
XCR1+ DC-DEPENDENT INTESTINAL
HOMEOSTASIS

XCRI1+DC occupy less than 10% of intestinal DC and the other DC
or macrophages fail to compensate for the functions of XCR1+ DC.
This suggests that certain molecule(s) specifically expressed by
XCR1+ DC play critical roles in maintaining intestinal
homeostasis. XCR1 itself should be a candidate molecule. A
ligand of XCR1 is XCL1 in mice and XCL1 and its close relative,
XCL2,in humans. In both species, XCL1 is abundantly produced by
NK cells and activated T, especially CD8 T cells. XCL1- or XCR1-
deficient mice show partial defects in CD8 T cell responses during
the late phase of immunization (36). XCL1 is also expressed in
thymic medullary epithelial cells and critical for localization of
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XCR1+ DC into the thymic medulla (70). XCL1 deficiency leads to
disturbance of this localization and partial defects in Treg cell
generation (70). Thus, the XCR1-XCL1 axis has the potential to
modulate interactions of T cells and DC. However, it was unclear,
however, whether the axis regulates intestinal T cell homeostasis
and how this happens.

In XCL1- and XCR1-deficient mice, intestinal, but not spleen
or lymph node, T cells were significantly decreased as observed
in the XCR1-DTA or DC-specific IRF8-deficient mice (8, 9, 64).
The XCR1-XCL1 axis is therefore suggested to be critical for
maintaining intestinal T cell populations.

It is important to consider the sources of XCL1. Upon viral
infection, activated CD8 T cells are known to recruit XCR1+ DC
by producing XCR1+ DC (50). In steady states, XCL1 expression
level is much higher in NK cells than in CD4 or CD8 T cells in
the spleen (8). However, all intestinal T cell subsets expressed
higher levels of XCL1 than splenic T cells and the expression
level was comparable with that of splenic NK cells. Importantly,
Xcll expression in LP T cells of XCR1-DTA mice was decreased
to approximately 20% of that in control mice (8). XCR1+ DC in
the intestine are therefore indicated to be critical for driving
XCL1 expression in intestinal T cells.

T cells are stimulated by XCR1+ DC to keep the XCL1
expression level, so it is important to address whether XCR1+
DC are also stimulated by T cells. In XCR1- and XCL1-deficient
mice, CD103+CD11b- DC were increased in LP, but decreased in
mesenteric lymph nodes (8). In the homeostatic conditions, DC
leave LP and migrates into the mesenteric lymph nodes. The
phenotype of XCR1- and XCLI-deficient mice therefore suggests
defects in this homeostatic migration of CD103+CD11b- DC.
Consistent with this speculation, expression of CCR7, a
chemokine receptor involved in migration of DC from LP to
mesenteric lymph nodes (71), was decreased in XCR1-deficient
CD103+CD11b- DC (8). Furthermore, increase of LP and
decrease of mesenteric lymph node CD103+CD11b- DC were
also observed in RAG2-deficient mice, which lack B and T
lymphocytes (8), also supporting the involvement of T cells.
Thus, XCR1+ DC migrate from LP to mesenteric lymph nodes
by the function of the XCRI-XCLI axis and the interaction
between XCR1+ DC and T cells is bidirectional.

It is interesting why T cells are decreased in the small, but not
large intestine due to loss of XCR1+ DC. Such a segment-specific
T cell decrease is interesting and not surprising, because
intestinal immunity is regulated in a segment-specific manner
(72-74). Notably, compartmentalization and gene expression
profiles of DC subsets are different among intestinal segments.
Furthermore, several reports also show differential roles of DC
subsets in intestinal immunity (74, 75). Further studies are
necessary to clarify segment-specific roles of XCR1+ DC or
other DC subsets in intestinal immunity.

SCENARIO FOR THE INTERACTION OF
XCR1+ DC AND T CELLS IN THE INTESTINE

Understanding the crosstalk between XCR1+ DC and intestinal
T cells may provide insight into the mechanisms that maintain

intestinal homeostasis. Based on current data we propose the
following model (Figure 1). First, intestinal T cells can be
activated by any type of APC in the steady state. Once
activated, T cells produce XCL1, which attracts XCR1+ DC
selectively among DC subsets. Then XCR1+ DC supports T
cell survival and activation, which is represented by decreased
expression of CD62L and increased expression of CD103.
XCR1+ DC produce retinoic acid due to their high aldehyde
dehydrogenase activity, thereby increasing T cell expression of
gut homing receptors such as CCR9 and 04p7 (9). XCR1+ DC
also show high expression of 38 integrin, which is required for
IEL generation (9). Furthermore, XCR1+ DC is involved in
skewing Th cell polarization from Th2 or Th17 to Thl cells (8,
9). High expression level of XCL1 in T cells is also driven and
kept by XCR1+ DC. Meanwhile, XCR1+ DC are also stimulated
by XCLI from T cells. XCR1 signaling should lead to
upregulation of CCR7 expression and promote homeostatic
migration of XCR1+ DC from LP to mesenteric lymph nodes.
This intimate and two-way crosstalk between XCR1+ DC and T
cells through the XCR1-XCL1 axis is critical for homeostasis of
intestinal immunity and prevention of aggravation of
intestinal inflammation.

In germ-free mice, intraepithelial T cells are significantly
decreased (76, 77). Furthermore, certain commensal bacteria,
such as Lactobacillus reuteri, have been shown to promote
generation of intraepithelial CD4+CD8co+ T cells (78).
Commensal microorganisms therefore contribute to
maintenance of intestinal T cell populations and XCR1+ DC
are likely involved in this step. Intriguingly, certain Klebsiella
strains, when colonized in the intestine, induce Thl cell
differentiation in an XCR1+ DC-dependent manner (79),
providing more evidence for the involvement of XCR1+ DC in
intestinal T, especially Th1, cell responses.

Discussion of whether or how ¢DCl1 are involved in Treg
generation, and how this might work, is important. In BATF3-
deficient, DC-specific IRF8-deficient or XCRI1-DTA mice,
CD4+Foxp3+ Treg cells show a normal population at the
steady state in the intestine (8, 9, 80). In BATF3-deficient
mice, Treg cell induction was attenuated after infection with a
gastric pathobiont, Helicobacter pylori (81). Furthermore, in
cDC-specific IRF8-deficient mice, in which Irf8 is deleted by
cre recombinase expression under the control of Zbtb46, a cDC-
specific gene, Treg cell induction after oral administration of
ovalbumin is impaired, but oral tolerance is intact (64). cDCI are
therefore dispensable for Treg cell population at the steady state
in the intestine as well as for oral tolerance, although it is
required for optimal Treg cell induction.

IN VIVO ROLES OF CDC1 IN
VARIOUS TISSUES

cDC1 are present not only in the intestine but also in various
peripheral tissues including skin, lung, and liver. It is interesting
to clarify how ¢DCI1 in those tissues function in homeostatic or
pathogenic conditions. In the nonobese diabetic (NOD)
background, autoreactive T cells were absent in islets of
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FIGURE 1 | Crosstalk between XCR1+ DC and intestinal T cells. (A) Immunofluorescence imaging of intestinal sections from XCR1-Venus (Xer1*vens) mice. XCR1+
DC can be detected by Venus expression. Cell nuclei were stained with Diamidino-2-phenylindole. (B) Once activated, intestinal T cells produce XCL1, which attracts
XCR1+ DC. XCR1+ DC support survival, upregulation of CD103, CCR9, a4p7, and XCL1 expression, downregulation of CD62L expression and generation of CD4
+CD8owoi+ |EL, thereby leading to maintenance of intraepithelial and LP T cell populations. T cell-derived XCL1 then keep CCR7 expression of XCR1+ DC to enable
migration of XCR1+ DC from the LP to the mesenteric lymph nodes. High expression of XCR1 and B8 integrin and high activity of aldehyde dehydrogenase, which
can convert retinal to retinoic acid, contribute to XCR1+DC-dependent mechanisms.

Langerhans and autoimmune manifestations were ameliorated
in BATF3-deficient mice, indicating that ¢DC1 in islets are
involved in the pathogenesis of autoimmune diabetes (82). In
atherosclerosis, cDC1 increase in the aorta and ablation of cDC1
by deleting Flt3, a cytokine receptor, leading to increase of
atherosclerotic lesion size and plaque area, concomitantly with
decrease of Treg cells (83). This implies protective roles of cDC1
in the pathogenesis of atherosclerosis, although it should be kept
in mind that Flt3 deletion results in decrease of cDC2 as well as
¢DC1. Meanwhile, in non-alcoholic steatohepatitis (NASH), DC
including cDC1 increase in the liver and depletion of XCR1+ DC
attenuated liver pathology, indicating that XCR1+ DC drive liver
pathology in NASH (84). Gene manipulated mice for XCR1+ DC
(Table 1) should be valuable tools for further clarification of in
vivo roles of cDCI in various tissues.

CONCLUSION

¢DC1 were found to be critical in maintaining intestinal immune
homeostasis, mainly by supporting intestinal T cell populations.
Notably, this homeostatic activity cannot be compensated by the
other DC or myeloid lineage cells such as macrophages. At
present it remains unclear yet how cDC1 exhibit their functions
in the intestine. Commensal bacteria may be involved in the
mechanisms, although further studies are still required.

XCRI is not only a specific marker to ¢cDC1, but also
involved in the specific roles of cDCI. Selective expression of

XCRI is observed in various species including mice, rats,
sheep, and humans (38, 85, 86). XCL1 is abundantly
expressed in NK and activated CD8+ T cells in both humans
and mice. The XCR1-XCL1 axis, therefore, seems to be well
conserved among species. It would be interesting to clarify
whether or how XCR1 or XCR1+ DC function in human
intestinal immune homeostasis.

AUTHOR CONTRIBUTIONS

All authors were involved in the writing of the manuscript, and
read and approved the final version.

FUNDING

This work was supported by the Practical Research Project for
Rare/Intractable Diseases under Grant Numbers JP19ek0109199
(to HH and TsK), and Grant-in-Aids for Scientific Research (B)
(JP26293106, JP17H04088 and JP20HO03505 to TsK), for
Scientific Research (C) (JP19K07628 to IS, JP18K07071 and
JP21K06956 to HH), for Scientific Research on Innovative
Areas (JP17H05799 and JP19H04813 to TsK), for Exploratory
Research (JP17K19568, JP21K19384 to TsK), for Young
Scientists (B) (JP16K19585 and JP18K16096 to YF-O), and for
JSPS Research Fellow (JP21]J22615 to TaK). This work was also
supported by the Uehara Memorial Foundation (to IS and TsK);

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 857954


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sasaki et al.

Conventional Type 1 Dendritic Cells

by Takeda Science Foundation (to IS, HH, and TsK); by the
Ichiro Kanehara Foundation for the promotion of Medical
Sciences and Medical care (to HH); by the Inamori Foundation
(to IS); by GSK Japan Research Grant 2021 (to IS); by Kowa Life
Science Foundation (to IS); by the Extramural Collaborative
Research Grant of Cancer Research Institute, Kanazawa
University; by a Cooperative Research Grant from the Institute
for Enzyme Research, Joint Usage/Research Center, Tokushima
University; by the Grant for Joint Research Program of the
Institute for Genetic Medicine Hokkaido University; by the

REFERENCES

. Mowat AM, Agace WW. Regional Specialization Within the Intestinal
Immune System. Nat Rev Immunol (2014) 14:667-85. doi: 10.1038/nri3738
2. Steinman RM. Decisions About Dendritic Cells: Past, Present, and Future.
Annu Rev Immunol (2012) 30:1-22. doi: 10.1146/annurev-immunol-100311-
102839
3. Liu K, Nussenzweig MC. Origin and Development of Dendritic Cells.
Immunol Rev (2010) 234:45-54. doi: 10.1111/j.0105-2896.2009.00879.x
4. Merad M, Sathe P, Helft ], Miller ], Mortha A. The Dendritic Cell Lineage:
Ontogeny and Function of Dendritic Cells and Their Subsets in the Steady
State and the Inflamed Setting. Annu Rev Immunol (2013) 31:563-604.
doi: 10.1146/annurev-immunol-020711-074950
5. Audsley KM, McDonnell AM, Waithman J. Cross-Presenting XCRI1(+)
Dendritic Cells as Targets for Cancer Immunotherapy. Cells (2020) 9:565.
doi: 10.3390/cells9030565
6. Cancel JC, Crozat K, Dalod M, Mattiuz R. Are Conventional Type 1 Dendritic
Cells Critical for Protective Antitumor Immunity and How? Front Immunol
(2019) 10:9. doi: 10.3389/fimmu.2019.00009
7. Zeng R, Bscheider M, Lahl K, Lee M, Butcher EC. Generation and
Transcriptional Programming of Intestinal Dendritic Cells: Essential Role
of Retinoic Acid. Mucosal Immunol (2016) 9:183-93. doi: 10.1038/mi.2015.50
8. Ohta T, Sugiyama M, Hemmi H, Yamazaki C, Okura S, Sasaki I, et al. Crucial
Roles of XCRI-Expressing Dendritic Cells and the XCR1-XCL1 Chemokine
Axis in Intestinal Immune Homeostasis. Sci Rep (2016) 6:23505. doi: 10.1038/
srep23505
9. Luda KM, Joeris T, Persson EK, Rivollier A, Demiri M, Sitnik KM, et al. IRF8
Transcription-Factor-Dependent Classical Dendritic Cells Are Essential for
Intestinal T Cell Homeostasis. Immunity (2016) 44:860-74. doi: 10.1016/
j-immuni.2016.02.008
10. Muzaki AR, Tetlak P, Sheng J, Loh SC, Setiagani YA, Poidinger M, et al.
Intestinal CD103(+)CD11b(-) Dendritic Cells Restrain Colitis via IFN-
Gamma-Induced Anti-Inflammatory Response in Epithelial Cells. Mucosal
Immunol (2016) 9:336-51. doi: 10.1038/mi.2015.64
11. Colonna M, Trinchieri G, Liu YJ. Plasmacytoid Dendritic Cells in Immunity.
Nat Immunol (2004) 5:1219-26. doi: 10.1038/ni1141

12. Gilliet M, Cao W, Liu YJ. Plasmacytoid Dendritic Cells: Sensing Nucleic Acids
in Viral Infection and Autoimmune Diseases. Nat Rev Immunol (2008) 8:594—
606. doi: 10.1038/nri2358

13. Heath WR, Carbone FR. Cross-Presentation, Dendritic Cells, Tolerance and
Immunity. Annu Rev Immunol (2001) 19:47-64. doi: 10.1146/
annurev.immunol.19.1.47
14. Schiavoni G, Mattei F, Sestili P, Borghi P, Venditti M, Morse HC3rd, et al.
ICSBP is Essential for the Development of Mouse Type I Interferon-
Producing Cells and for the Generation and Activation of CD8alpha(+)
Dendritic Cells. ] Exp Med (2002) 196:1415-25. doi: 10.1084/jem.20021263

15. Aliberti J, Schulz O, Pennington DJ, Tsujimura H, Reis e Sousa C, Ozato K,
et al. Essential Role for ICSBP in the In Vivo Development of Murine
CD8alpha + Dendritic Cells. Blood (2003) 101:305-10. doi: 10.1182/blood-
2002-04-1088

16. Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H, Kohyama M,

et al. Batf3 Deficiency Reveals a Critical Role for CD8alpha+ Dendritic Cells in

Cytotoxic T Cell Immunity. Science (2008) 322:1097-100. doi: 10.1126/

science.1164206

—

Grant for Joint Research Project of the Institute of Medical
Science, the University of Tokyo; by Wakayama Medical
University Special Grant-in-Aid for Research Projects.

ACKNOWLEDGMENTS

We thank Ms. Aoi Tawaki-Matsumura for secretarial assistance. We
acknowledge proofreading and editing by Benjamin Phillis at the
Clinical Study Support Center at Wakayama Medical University.

17. Kumamoto Y, Linehan M, Weinstein JS, Laidlaw BJ, Craft JE, Iwasaki A.
CD301b(+) Dermal Dendritic Cells Drive T Helper 2 Cell-Mediated
Immunity. Immunity (2013) 39:733-43. doi: 10.1016/j.immuni.2013.08.029

18. Plantinga M, Guilliams M, Vanheerswynghels M, Deswarte K, Branco-
Madeira F, Toussaint W, et al. Conventional and Monocyte-Derived CD11b
(+) Dendritic Cells Initiate and Maintain T Helper 2 Cell-Mediated Immunity
to House Dust Mite Allergen. Immunity (2013) 38:322-35. doi: 10.1016/
jimmuni.2012.10.016

19. Persson EK, Uronen-Hansson H, Semmrich M, Rivollier A, Hagerbrand K,
Marsal J, et al. IRF4 Transcription-Factor-Dependent CD103(+)CD11b(+)
Dendritic Cells Drive Mucosal T Helper 17 Cell Differentiation. Immunity
(2013) 38:958-69. doi: 10.1016/j.immuni.2013.03.009

20. Schlitzer A, McGovern N, Teo P, Zelante T, Atarashi K, Low D, et al. IRF4
Transcription Factor-Dependent CD11b+ Dendritic Cells in Human and
Mouse Control Mucosal IL-17 Cytokine Responses. Immunity (2013) 38:970—
83. doi: 10.1016/j.immuni.2013.04.011

21. Satpathy AT, Briseno CG, Lee JS, Ng D, Manieri NA, Kc W, et al. Notch2-
Dependent Classical Dendritic Cells Orchestrate Intestinal Immunity to
Attaching-and-Effacing Bacterial Pathogens. Nat Immunol (2013) 14:937-
48. doi: 10.1038/ni.2679

22. Linehan JL, Dileepan T, Kashem SW, Kaplan DH, Cleary P, Jenkins MK.
Generation of Th17 Cells in Response to Intranasal Infection Requires TGF-
Betal From Dendritic Cells and IL-6 From CD301b+ Dendritic Cells. Proc
Natl Acad Sci USA (2015) 112:12782-7. doi: 10.1073/pnas.1513532112

23. Tussiwand R, Everts B, Grajales-Reyes GE, Kretzer NM, Iwata A, Bagaitkar J,
et al. KIf4 Expression in Conventional Dendritic Cells is Required for T Helper
2 Cell Responses. Immunity (2015) 42:916-28. doi: 10.1016/
jimmuni.2015.04.017

24. Briseno CG, Satpathy AT, Davidson J, Ferris ST, Durai V, Bagadia P, et al.
Notch2-Dependent DC2s Mediate Splenic Germinal Center Responses. Proc
Natl Acad Sci USA (2018) 115:10726-31. doi: 10.1073/pnas.1809925115

25. Van der Borght K, Scott CL, Martens L, Sichien D, Van Isterdael G, Nindl V,
et al. Myocarditis Elicits Dendritic Cell and Monocyte Infiltration in the Heart
and Self-Antigen Presentation by Conventional Type 2 Dendritic Cells. Front
Immunol (2018) 9:2714. doi: 10.3389/fimmu.2018.02714

26. Suzuki S, Honma K, Matsuyama T, Suzuki K, Toriyama K, Akitoyo I, et al.
Critical Roles of Interferon Regulatory Factor 4 in CD11bhighCD8alpha-
Dendritic Cell Development. Proc Natl Acad Sci USA (2004) 101:8981-6.
doi: 10.1073/pnas.0402139101

27. Bajana S, Roach K, Turner S, Paul J, Kovats S. IRF4 Promotes Cutaneous
Dendritic Cell Migration to Lymph Nodes During Homeostasis and
Inflammation. J Immunol (2012) 189:3368-77. doi: 10.4049/
jimmunol.1102613

28. Schlitzer A, McGovern N, Ginhoux F. Dendritic Cells and Monocyte-Derived
Cells: Two Complementary and Integrated Functional Systems. Semin Cell
Dev Biol (2015) 41:9-22. doi: 10.1016/j.semcdb.2015.03.011

29. Durai V, Murphy KM. Functions of Murine Dendritic Cells. Immunity (2016)
45:719-36. doi: 10.1016/j.immuni.2016.10.010

30. Edelson BT, Bradstreet TR, Hildner K, Carrero JA, Frederick KE, Kc W, et al.
CD8alpha(+) Dendritic Cells Are an Obligate Cellular Entry Point for
Productive Infection by Listeria Monocytogenes. Immunity (2011) 35:236—
48. doi: 10.1016/j.immuni.2011.06.012

31. Fuertes MB, Kacha AK, Kline J, Woo SR, Kranz DM, Murphy KM, et al. Host
Type I IFN Signals are Required for Antitumor CD8+ T Cell Responses

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 857954


https://doi.org/10.1038/nri3738
https://doi.org/10.1146/annurev-immunol-100311-102839
https://doi.org/10.1146/annurev-immunol-100311-102839
https://doi.org/10.1111/j.0105-2896.2009.00879.x
https://doi.org/10.1146/annurev-immunol-020711-074950
https://doi.org/10.3390/cells9030565
https://doi.org/10.3389/fimmu.2019.00009
https://doi.org/10.1038/mi.2015.50
https://doi.org/10.1038/srep23505
https://doi.org/10.1038/srep23505
https://doi.org/10.1016/j.immuni.2016.02.008
https://doi.org/10.1016/j.immuni.2016.02.008
https://doi.org/10.1038/mi.2015.64
https://doi.org/10.1038/ni1141
https://doi.org/10.1038/nri2358
https://doi.org/10.1146/annurev.immunol.19.1.47
https://doi.org/10.1146/annurev.immunol.19.1.47
https://doi.org/10.1084/jem.20021263
https://doi.org/10.1182/blood-2002-04-1088
https://doi.org/10.1182/blood-2002-04-1088
https://doi.org/10.1126/science.1164206
https://doi.org/10.1126/science.1164206
https://doi.org/10.1016/j.immuni.2013.08.029
https://doi.org/10.1016/j.immuni.2012.10.016
https://doi.org/10.1016/j.immuni.2012.10.016
https://doi.org/10.1016/j.immuni.2013.03.009
https://doi.org/10.1016/j.immuni.2013.04.011
https://doi.org/10.1038/ni.2679
https://doi.org/10.1073/pnas.1513532112
https://doi.org/10.1016/j.immuni.2015.04.017
https://doi.org/10.1016/j.immuni.2015.04.017
https://doi.org/10.1073/pnas.1809925115
https://doi.org/10.3389/fimmu.2018.02714
https://doi.org/10.1073/pnas.0402139101
https://doi.org/10.4049/jimmunol.1102613
https://doi.org/10.4049/jimmunol.1102613
https://doi.org/10.1016/j.semcdb.2015.03.011
https://doi.org/10.1016/j.immuni.2016.10.010
https://doi.org/10.1016/j.immuni.2011.06.012
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sasaki et al.

Conventional Type 1 Dendritic Cells

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Through CD8{alpha}+ Dendritic Cells. /] Exp Med (2011) 208:2005-16.
doi: 10.1084/jem.20101159

Tussiwand R, Lee WL, Murphy TL, Mashayekhi M, Wumesh KC, Albring JC,
et al. Compensatory Dendritic Cell Development Mediated by BATF-IRF
Interactions. Nature (2012) 490:502-7. doi: 10.1038/nature11531

Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM, et al.
Critical Role for CD103(+)/CD141(+) Dendritic Cells Bearing CCR7 for
Tumor Antigen Trafficking and Priming of T Cell Immunity in Melanoma.
Cancer Cell (2016) 30:324-36. doi: 10.1016/j.ccell.2016.06.003
Sanchez-Paulete AR, Cueto FJ, Martinez-Lopez M, Labiano S, Morales-
Kastresana A, Rodriguez-Ruiz ME, et al. Cancer Immunotherapy With
Immunomodulatory Anti-CD137 and Anti-PD-1 Monoclonal Antibodies
Requires BATF3-Dependent Dendritic Cells. Cancer Discovery (2016) 6:71—
9. doi: 10.1158/2159-8290.CD-15-0510

Spranger S, Dai D, Horton B, Gajewski TF. Tumor-Residing Batf3 Dendritic
Cells Are Required for Effector T Cell Trafficking and Adoptive T Cell
Therapy. Cancer Cell (2017) 31:711-23 e4. doi: 10.1016/j.ccell.2017.04.003
Dorner BG, Dorner MB, Zhou X, Opitz C, Mora A, Guttler S, et al. Selective
Expression of the Chemokine Receptor XCR1 on Cross-Presenting Dendritic
Cells Determines Cooperation With CD8+ T Cells. Immunity (2009) 31:823—
33. doi: 10.1016/j.immuni.2009.08.027

Yamazaki C, Miyamoto R, Hoshino K, Fukuda Y, Sasaki I, Saito M, et al.
Conservation of a Chemokine System, XCR1 and its Ligand, XCL1, Between
Human and Mice. Biochem Biophys Res Commun (2010) 397:756-61.
doi: 10.1016/j.bbrc.2010.06.029

Yamazaki C, Sugiyama M, Ohta T, Hemmi H, Hamada E, Sasaki I, et al.
Critical Roles of a Dendritic Cell Subset Expressing a Chemokine Receptor,
XCRI. J Immunol (2013) 190:6071-82. doi: 10.4049/jimmunol.1202798
Mattiuz R, Wohn C, Ghilas S, Ambrosini M, Alexandre YO, Sanchez C, et al.
Novel Cre-Expressing Mouse Strains Permitting to Selectively Track and Edit
Type 1 Conventional Dendritic Cells Facilitate Disentangling Their
Complexity In Vivo. Front Immunol (2018) 9:2805. doi: 10.3389/
fimmu.2018.02805

Ferris ST, Durai V, Wu R, Theisen DJ, Ward JP, Bern MD, et al. Cdcl Prime
and are Licensed by CD4(+) T Cells to Induce Anti-Tumour Immunity.
Nature (2020) 584:624-29. doi: 10.1038/s41586-020-2611-3

Wohn C, Le Guen V, Voluzan O, Fiore F, Henri S, Malissen B. Absence of
MHC Class II on Cdcl Dendritic Cells Triggers Fatal Autoimmunity to a
Cross-Presented Self-Antigen. Sci Immunol (2020) 5:eabal896. doi: 10.1126/
sciimmunol.abal896

Daniels NJ, Hyde E, Ghosh S, Seo K, Price KM, Hoshino K, et al. Antigen-
Specific Cytotoxic T Lymphocytes Target Airway CD103+ and CD11b+
Dendritic Cells to Suppress Allergic Inflammation. Mucosal Immunol
(2016) 9:229-39. doi: 10.1038/mi.2015.55

Kitano M, Yamazaki C, Takumi A, Ikeno T, Hemmi H, Takahashi N, et al.
Imaging of the Cross-Presenting Dendritic Cell Subsets in the Skin-Draining
Lymph Node. Proc Natl Acad Sci USA (2016) 113:1044-9. doi: 10.1073/
pnas.1513607113

Piva L, Tetlak P, Claser C, Karjalainen K, Renia L, Ruedl C. Cutting Edge:
Clec9A+ Dendritic Cells Mediate the Development of Experimental Cerebral
Malaria. ] Immunol (2012) 189:1128-32. doi: 10.4049/jimmunol.1201171
Schraml BU, van Blijswijk J, Zelenay S, Whitney PG, Filby A, Acton SE, et al.
Genetic Tracing via DNGR-1 Expression History Defines Dendritic Cells as a
Hematopoietic Lineage. Cell (2013) 154:843-58. doi: 10.1016/j.cell.2013.07.014
Sancho D, Joffre OP, Keller AM, Rogers NC, Martinez D, Hernanz-Falcon P,
et al. Identification of a Dendritic Cell Receptor That Couples Sensing of
Necrosis to Immunity. Nature (2009) 458:899-903. doi: 10.1038/nature07750
Alexandre YO, Ghilas S, Sanchez C, Le Bon A, Crozat K, Dalod M. XCR1+
Dendritic Cells Promote Memory CD8+ T Cell Recall Upon Secondary
Infections With Listeria Monocytogenes or Certain Viruses. | Exp Med
(2016) 213:75-92. doi: 10.1084/jem.20142350

Shimizu K, Asakura M, Shinga J, Sato Y, Kitahara S, Hoshino K, et al.
Invariant NKT Cells Induce Plasmacytoid Dendritic Cell (DC) Cross-Talk
With Conventional DCs for Efficient Memory CD8+ T Cell Induction.
J Immunol (2013) 190:5609-19. doi: 10.4049/jimmunol.1300033

Eickhoft S, Brewitz A, Gerner MY, Klauschen F, Komander K, Hemmi H, et al.
Robust Anti-Viral Immunity Requires Multiple Distinct T Cell-Dendritic Cell
Interactions. Cell (2015) 162:1322-37. doi: 10.1016/j.cell.2015.08.004

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

66.

67.

Brewitz A, Eickhoff S, Dahling S, Quast T, Bedoui S, Kroczek RA, et al. CD8(+)
T Cells Orchestrate pDC-XCR1(+) Dendritic Cell Spatial and Functional
Cooperativity to Optimize Priming. Immunity (2017) 46:205-19.
doi: 10.1016/j.immuni.2017.01.003

Tsuchiya N, Zhang R, Iwama T, Ueda N, Liu T, Tatsumi M, et al. Type I
Interferon Delivery by iPSC-Derived Myeloid Cells Elicits Antitumor
Immunity via XCR1(+) Dendritic Cells. Cell Rep (2019) 29:162-75 e9.
doi: 10.1016/j.celrep.2019.08.086

Ashour D, Arampatzi P, Pavlovic V, Forstner KU, Kaisho T, Beilhack A, et al.
IL-12 From Endogenous Cdcl, and Not Vaccine DC, is Required for Thl
Induction. JCI Insight (2020) 5:e135143. doi: 10.1172/jci.insight.135143
Bertolini TB, Shirley JL, Zolotukhin I, Li X, Kaisho T, Xiao W, et al. Effect of
CpG Depletion of Vector Genome on CD8(+) T Cell Responses in AAV Gene
Therapy. Front Immunol (2021) 12:672449. doi: 10.3389/fimmu.2021.672449
de Mingo Pulido A, Hanggi K, Celias DP, Gardner A, Li ], Batista-Bittencourt
B, et al. The Inhibitory Receptor TIM-3 Limits Activation of the cGAS-STING
Pathway in Intra-Tumoral Dendritic Cells by Suppressing Extracellular DNA
Uptake. Immunity (2021) 54:1154-67 e7. doi: 10.1016/j.immuni.2021.
04.019

Stutte S, Ruf ], Kugler I, Ishikawa-Ankerhold H, Parzefall A, Marconi P, et al.
Type I Interferon Mediated Induction of Somatostatin Leads to Suppression
of Ghrelin and Appetite Thereby Promoting Viral Immunity in Mice. Brain
Behav Immun (2021) 95:429-43. doi: 10.1016/j.bbi.2021.04.018

Audsley KM, Wagner T, Ta C, Newnes HV, Buzzai AC, Barnes SA, et al.
IFNbeta Is a Potent Adjuvant for Cancer Vaccination Strategies. Front
Immunol (2021) 12:735133. doi: 10.3389/fimmu.2021.735133

Moriya T, Kitagawa K, Hayakawa Y, Hemmi H, Kaisho T, Ueha §, et al.
Immunogenic Tumor Cell Death Promotes Dendritic Cell Migration and
Inhibits Tumor Growth via Enhanced T Cell Immunity. iScience (2021)
24:102424. doi: 10.1016/j.is¢i.2021.102424

Brockschnieder D, Pechmann Y, Sonnenberg-Riethmacher E, Riethmacher D.
An Improved Mouse Line for Cre-Induced Cell Ablation Due to Diphtheria
Toxin A, Expressed From the Rosa26 Locus. Genesis (2006) 44:322-7.
doi: 10.1002/dvg.20218

Sun CM, Hall JA, Blank RB, Bouladoux N, Oukka M, Mora JR, et al. Small
Intestine Lamina Propria Dendritic Cells Promote De Novo Generation of
Foxp3 T Reg Cells via Retinoic Acid. ] Exp Med (2007) 204:1775-85.
doi: 10.1084/jem.20070602

Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, Belkaid Y,
et al. A Functionally Specialized Population of Mucosal CD103+ DCs Induces
Foxp3+ Regulatory T Cells via a TGF-Beta and Retinoic Acid-Dependent
Mechanism. ] Exp Med (2007) 204:1757-64. doi: 10.1084/jem.20070590

. Welty NE, Staley C, Ghilardi N, Sadowsky M], Igyarto BZ, Kaplan DH.

Intestinal Lamina Propria Dendritic Cells Maintain T Cell Homeostasis But
do Not Affect Commensalism. J Exp Med (2013) 210:2011-24. doi: 10.1084/
jem.20130728

Denning TL, Norris BA, Medina-Contreras O, Manicassamy S, Geem D,
Madan R, et al. Functional Specializations of Intestinal Dendritic Cell and
Macrophage Subsets That Control Th17 and Regulatory T Cell Responses are
Dependent on the T Cell/APC Ratio, Source of Mouse Strain, and Regional
Localization. J Immunol (2011) 187:733-47. doi: 10.4049/jimmunol.1002701
Kayama H, Ueda Y, Sawa Y, Jeon SG, Ma JS, Okumura R, et al. Intestinal
CX3C Chemokine Receptor 1(High) (CX3CRI1(high)) Myeloid Cells Prevent
T-Cell-Dependent Colitis. Proc Natl Acad Sci USA (2012) 109:5010-5.
doi: 10.1073/pnas.1114931109

Esterhazy D, Loschko J, London M, Jove V, Oliveira TY, Mucida D. Classical
Dendritic Cells are Required for Dietary Antigen-Mediated Induction of
Peripheral T(reg) Cells and Tolerance. Nat Immunol (2016) 17:545-55.
doi: 10.1038/ni.3408

Poussier P, Ning T, Banerjee D, Julius M. A Unique Subset of Self-Specific
Intraintestinal T Cells Maintains Gut Integrity. ] Exp Med (2002) 195:1491-7.
doi: 10.1084/jem.20011793

Das G, Augustine MM, Das ], Bottomly K, Ray P, Ray A. An Important
Regulatory Role for CD4+CD8 Alpha Alpha T Cells in the Intestinal Epithelial
Layer in the Prevention of Inflammatory Bowel Disease. Proc Natl Acad Sci
USA (2003) 100:5324-9. doi: 10.1073/pnas.0831037100

Yu S, Bruce D, Froicu M, Weaver V, Cantorna MT. Failure of T Cell Homing,
Reduced CD4/CD8alphaalpha Intraepithelial Lymphocytes, and

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 857954


https://doi.org/10.1084/jem.20101159
https://doi.org/10.1038/nature11531
https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.1158/2159-8290.CD-15-0510
https://doi.org/10.1016/j.ccell.2017.04.003
https://doi.org/10.1016/j.immuni.2009.08.027
https://doi.org/10.1016/j.bbrc.2010.06.029
https://doi.org/10.4049/jimmunol.1202798
https://doi.org/10.3389/fimmu.2018.02805
https://doi.org/10.3389/fimmu.2018.02805
https://doi.org/10.1038/s41586-020-2611-3
https://doi.org/10.1126/sciimmunol.aba1896
https://doi.org/10.1126/sciimmunol.aba1896
https://doi.org/10.1038/mi.2015.55
https://doi.org/10.1073/pnas.1513607113
https://doi.org/10.1073/pnas.1513607113
https://doi.org/10.4049/jimmunol.1201171
https://doi.org/10.1016/j.cell.2013.07.014
https://doi.org/10.1038/nature07750
https://doi.org/10.1084/jem.20142350
https://doi.org/10.4049/jimmunol.1300033
https://doi.org/10.1016/j.cell.2015.08.004
https://doi.org/10.1016/j.immuni.2017.01.003
https://doi.org/10.1016/j.celrep.2019.08.086
https://doi.org/10.1172/jci.insight.135143
https://doi.org/10.3389/fimmu.2021.672449
https://doi.org/10.1016/j.immuni.2021.04.019
https://doi.org/10.1016/j.immuni.2021.04.019
https://doi.org/10.1016/j.bbi.2021.04.018
https://doi.org/10.3389/fimmu.2021.735133
https://doi.org/10.1016/j.isci.2021.102424
https://doi.org/10.1002/dvg.20218
https://doi.org/10.1084/jem.20070602
https://doi.org/10.1084/jem.20070590
https://doi.org/10.1084/jem.20130728
https://doi.org/10.1084/jem.20130728
https://doi.org/10.4049/jimmunol.1002701
https://doi.org/10.1073/pnas.1114931109
https://doi.org/10.1038/ni.3408
https://doi.org/10.1084/jem.20011793
https://doi.org/10.1073/pnas.0831037100
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sasaki et al.

Conventional Type 1 Dendritic Cells

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Inflammation in the Gut of Vitamin D Receptor KO Mice. Proc Natl Acad Sci
USA (2008) 105:20834-9. doi: 10.1073/pnas.0808700106
Olivares-Villagomez D, Mendez-Fernandez YV, Parekh V'V, Lalani S, Vincent
TL, Cheroutre H, et al. Thymus Leukemia Antigen Controls Intraepithelial
Lymphocyte Function and Inflammatory Bowel Disease. Proc Natl Acad Sci
USA (2008) 105:17931-6. doi: 10.1073/pnas.0808242105

Jiang W, Wang X, Zeng B, Liu L, Tardivel A, Wei H, et al. Recognition of Gut
Microbiota by NOD2 Is Essential for the Homeostasis of Intestinal
Intraepithelial Lymphocytes. ] Exp Med (2013) 210:2465-76. doi: 10.1084/
jem.20122490

Lei Y, Ripen AM, Ishimaru N, Ohigashi I, Nagasawa T, Jeker LT, et al. Aire-
Dependent Production of XCL1 Mediates Medullary Accumulation of
Thymic Dendritic Cells and Contributes to Regulatory T Cell Development.
J Exp Med (2011) 208:383-94. doi: 10.1084/jem.20102327

Forster R, Schubel A, Breitfeld D, Kremmer E, Renner-Muller I, Wolf E, et al.
CCR7 Coordinates the Primary Immune Response by Establishing Functional
Microenvironments in Secondary Lymphoid Organs. Cell (1999) 99:23-33.
doi: 10.1016/5S0092-8674(00)80059-8

Esterhazy D, Canesso MCC, Mesin L, Muller PA, de Castro TBR, Lockhart A,
et al. Compartmentalized Gut Lymph Node Drainage Dictates Adaptive
Immune Responses. Nature (2019) 569:126-30. doi: 10.1038/s41586-019-
1125-3

Mayer JU, Brown SL, MacDonald AS, Milling SW. Defined Intestinal Regions
Are Drained by Specific Lymph Nodes That Mount Distinct Thl and Th2
Responses Against Schistosoma Mansoni Eggs. Front Immunol (2020)
11:592325. doi: 10.3389/fimmu.2020.592325

Moreira TG, Mangani D, Cox LM, Leibowitz J, Lobo ELC, Oliveira MA, et al.
PD-L1(+) and XCR1(+) Dendritic Cells are Region-Specific Regulators of Gut
Homeostasis. Nat Commun (2021) 12:4907. doi: 10.1038/s41467-021-25115-3
Demiri M, Muller-Luda K, Agace WW, Svensson-Frej M. Distinct DC Subsets
Regulate Adaptive Thl and 2 Responses During Trichuris Muris Infection.
Parasit Immunol (2017) 39:e12458. doi: 10.1111/pim.12458

Umesaki Y, Setoyama H, Matsumoto S, Okada Y. Expansion of Alpha Beta T-
Cell Receptor-Bearing Intestinal Intraepithelial Lymphocytes After Microbial
Colonization in Germ-Free Mice and its Independence From Thymus.
Immunology (1993) 79:32-7.

Suzuki H, Jeong KI, Itoh K, Doi K. Regional Variations in the Distributions of Small
Intestinal Intraepithelial Lymphocytes in Germ-Free and Specific Pathogen-Free
Mice. Exp Mol Pathol (2002) 72:230-5. doi: 10.1006/exmp.2002.2433
Cervantes-Barragan L, Chai N, Tianero MD, Di Luccia B, Ahern PP, Merriman J,
etal. Lactobacillus Reuteri Induces Gut Intraepithelial CD4(+)CD8alphaalpha(+)
T Cells. Science (2017) 357:806-10. doi: 10.1126/science.aah5825

Atarashi K, Suda W, Luo C, Kawaguchi T, Motoo I, Narushima S, et al.
Ectopic Colonization of Oral Bacteria in the Intestine Drives TH1 Cell
Induction and Inflammation. Science (2017) 358:359-65. doi: 10.1126/
science.aan4526

80. Edelson BT, K¢ W, Juang R, Kohyama M, Benoit LA, Klekotka PA, et al.
Peripheral CD103+ Dendritic Cells Form a Unified Subset Developmentally
Related to CD8alpha+ Conventional Dendritic Cells. ] Exp Med (2010)
207:823-36. doi: 10.1084/jem.20091627

81. Arnold IC, Zhang X, Artola-Boran M, Fallegger A, Sander P, Johansen P, et al.
BATF3-Dependent Dendritic Cells Drive Both Effector and Regulatory T-Cell
Responses in Bacterially Infected Tissues. PloS Pathog (2019) 15:e1007866.
doi: 10.1371/journal.ppat.1007866

82. Ferris ST, Carrero JA, Mohan JF, Calderon B, Murphy KM, Unanue ER. A
Minor Subset of Batf3-Dependent Antigen-Presenting Cells in Islets of
Langerhans is Essential for the Development of Autoimmune Diabetes.
Immunity (2014) 41:657-69. doi: 10.1016/j.immuni.2014.09.012

83. Choi JH, Cheong C, Dandamudi DB, Park CG, Rodriguez A, Mehandru S,
et al. FIt3 Signaling-Dependent Dendritic Cells Protect Against
Atherosclerosis. Immunity (2011) 35:819-31. doi: 10.1016/j.immuni.
2011.09.014

84. Deczkowska A, David E, Ramadori P, Pfister D, Safran M, At The B, et al.
XCR1(+) Type 1 Conventional Dendritic Cells Drive Liver Pathology in Non-
Alcoholic Steatohepatitis. Nat Med (2021) 27:1043-54. doi: 10.1038/s41591-
021-01344-3

85. Bachem A, Guttler S, Hartung E, Ebstein F, Schaefer M, Tannert A, et al.
Superior Antigen Cross-Presentation and XCRI Expression Define Human
CD11c+CD141+ Cells as Homologues of Mouse CD8+ Dendritic Cells. ] Exp
Med (2010) 207:1273-81. doi: 10.1084/jem.20100348

86. Crozat K, Guiton R, Contreras V, Feuillet V, Dutertre CA, Ventre E, et al. The
XC Chemokine Receptor 1 Is a Conserved Selective Marker of Mammalian
Cells Homologous to Mouse CD8alpha+ Dendritic Cells. ] Exp Med (2010)
207:1283-92. doi: 10.1084/jem.20100223

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sasaki, Kato, Hemmi, Fukuda-Ohta, Wakaki-Nishiyama,
Yamamoto and Kaisho. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 857954


https://doi.org/10.1073/pnas.0808700106
https://doi.org/10.1073/pnas.0808242105
https://doi.org/10.1084/jem.20122490
https://doi.org/10.1084/jem.20122490
https://doi.org/10.1084/jem.20102327
https://doi.org/10.1016/S0092-8674(00)80059-8
https://doi.org/10.1038/s41586-019-1125-3
https://doi.org/10.1038/s41586-019-1125-3
https://doi.org/10.3389/fimmu.2020.592325
https://doi.org/10.1038/s41467-021-25115-3
https://doi.org/10.1111/pim.12458
https://doi.org/10.1006/exmp.2002.2433
https://doi.org/10.1126/science.aah5825
https://doi.org/10.1126/science.aan4526
https://doi.org/10.1126/science.aan4526
https://doi.org/10.1084/jem.20091627
https://doi.org/10.1371/journal.ppat.1007866
https://doi.org/10.1016/j.immuni.2014.09.012
https://doi.org/10.1016/j.immuni.2011.09.014
https://doi.org/10.1016/j.immuni.2011.09.014
https://doi.org/10.1038/s41591-021-01344-3
https://doi.org/10.1038/s41591-021-01344-3
https://doi.org/10.1084/jem.20100348
https://doi.org/10.1084/jem.20100223
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Conventional Type 1 Dendritic Cells in Intestinal Immune Homeostasis
	Introduction
	DC Subsets and Their Ablation In Vivo
	DC Subsets
	In Vivo Ablation of cDC1

	Critical Roles of XCR1+ DC in the Intestine
	Molecular Mechanisms for XCR1+ DC-Dependent Intestinal Homeostasis
	Scenario for the Interaction of XCR1+ DC and T Cells in the Intestine
	In Vivo Roles of cDC1 in Various Tissues
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


