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The intestinal immune system has an ability to distinguish be-
tween the microbiota and pathogenic bacteria, and then acti-
vate pro-inflammatory pathways against pathogens for host
defense while remaining unresponsive to the microbiota and
dietary antigens. In the intestine, abnormal activation of in-
nate immunity causes development of several inflammatory
disorders such as inflammatory bowel diseases (IBD). Thus,
activity of innate immunity is finely regulated in the intestine.
To date, multiple innate immune cells have been shown to
maintain gut homeostasis by preventing inadequate adaptive
immune responses in the murine intestine. Additionally, sev-
eral innate immune subsets, which promote Th1 and Th17 re-
sponses and are implicated in the pathogenesis of IBD, have
recently been identified in the human intestinal mucosa. The
demonstration of both murine and human intestinal innate
immune subsets contributing to regulation of adaptive im-
munity emphasizes the conserved innate immune functions
across species and might promote development of the in-
testinal innate immunity-based clinical therapy.

[Immune Network 2013;13(6):227-234]

INTRODUCTION

The intestine is a unique tissue where a refined balance is
maintained between immune responses and tolerance against
a variety of environmental factors including microflora and
food antigens, In the intestine, aberrant inflammatory re-

sponses can cause development of inflammatory bowel dis-
ease (IBD), which is characterized by two main clinical forms,
Crohn’s disease (CD) and ulcerative colitis (UC), Moreover,
it was commonly assumed that intestinal inflammation was
caused by a disruption in the balance between Thl and Th2
cytokine responses, In addition, abnormal activation of Th17
cells has been implicated in the pathogenesis of CD. The
number of Thl cells and Th17 cells increased in the lamina
propria of patients with IBD compared with healthy in-
dividuals, suggesting that a Th1/Th17 pathway may contribute
to the development of IBD (1),

At steady state, the number and activity of effector T cells
are tightly regulated by FoxpS+ regulatory (Ty) T cells, since
excessive Thl and Th17 responses can result in the gut
inflammation. Foxp3+ Treg cell has the ability to suppress in-
flammatory responses through the production of anti-inflam-
matory cytokines including IL-10 and transforming growth
factor (TGF)- £, in addition to other mechanisms which can
inhibit the function of antigen-presenting cells via expression
of CTLA-4, LAG-3, CD39 and Nrp-1 (2). The transcription fac-
tor Foxp3 has been identified as a master regulator of Treg
cells. Indeed, loss of function mutations in Foxp3 causes IPEX
(immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome) (3). Intestinal FoxpS+ Treg cells produce
a large amount of IL-10 compared with those present in other
tissues and play an important role in the maintenance of the

Received on December 2, 2013. Revised on December 12, 2013. Accepted on December 13, 2013.

@0 This is an open access article distributed under the terms of the Creative Commons Attribution Non-Commercial
License (http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribu-
tion, and reproduction in any medium, provided the original work is properly cited.

*Corresponding Author. Kiyoshi Takeda, Laboratory of Immune Regulation, Department of Microbiology and Immunology,
Graduate School of Medicine, Osaka University, 2-2, Yamadaoka, Suita, Osaka, Japan. Tel: 81-6-6879-3980; Fax: 81-6-

6879-3989; E-mail: ktakeda@ongene.med.osaka-u.ac.jp

Keywords: Innate immunity, IBD, Intestinal homeostasis

Abbreviations: IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis; IPEX, immune dysregulation,

polyendocrinopathy, enteropathy, X-linked syndrome

IMMUNE NETWORK Vol. 13, No. 6: 227-234, December, 2013

227



228

Regulation of Intestinal Homeostasis by Innate Immune Cells
Hisako Kayama, et al.

gut homeostasis (4). Trg cell-derived IL-10 is thought to regu-
late the activity of intestinal myeloid cells.

Recently, several innate immune subsets have been re-
ported to modulate the intestinal homeostasis through regu-
lation of adaptive immune responses in mouse (5-7). In the
intestine, activity of innate immune myeloid cells such as den-
dritic cells and macrophages is finely regulated by several
mechanisms because the excessive and inadequate initiation
of innate immunity leads to the development of IBD. Accord-
ingly, patients with CD possess inappropriate or defective in-
nate immune functions, including cytokine production, patho-
gen clearance, and recruitment of neutrophils. Genome-wide
mapping has identified the genes and genetic loci that con-
tribute to IBD susceptibility, including IL-10, IL-12p40, IL-23R
and CARD9 (8,9). Thus, intestinal innate immune cells are re-
sponsible for maintenance of the gut homeostasis, and dysre-
gulation of activity of these cells lead to development of IBD
through induction of colitogenic effector T cells,

This review focuses on a variety of murine innate immune
subsets, which are responsible for maintenance of the gut ho-
meostasis leading to prevention of intestinal inflammation,
and human intestinal myeloid cells implicated in pathogenesis
of 1BD,

(B) TLR5*CD103*CD11b*
(A) CD103*CD11b*

REGULATION OF ADAPTIVE IMMUNITY BY THE
INTESTINAL INNATE IMMUNE SUBSETS

The intestinal mononuclear phagocytes could be subdivided
several subsets possessing different ability to maintain gut ho-
meostasis either through promoting or preventing T cell re-
sponses (10-13), according to expression pattern of character-
istic surface marker including CD11b, CD1lc, CD103 and
CX:CR1. In particular, CD103 " dendritic cells and CXsCR1"
CD11b" cells have been well characterized in the murine in-
testine (14-16), Pre-cDCs (cDC precursors) give rise to CD103"
dendritic cells whereas Ly6Chigh monocytes differentiate into
CX3CR1Jr cells, Several studies have revealed that both CD103™
dendritic cells and CX3CR1 ™ cells are a heterogeneous pop-
ulation implicated in either protective immunity or immune

tolerance,

CD103" dendriic cell

CD103" dendritic cells can stimulate CD4 " and CD8" T cell
proliferation (17,18) and CD103 " dendritic cells activated by
TLR ligands strongly induce cytotoxic T lymphocytes (17). In
addition, IL-6-producing CD1037CD11b" dendritic cells mi-
grate to mesenteric lymph node via expression of CCR7 and
induce Th17 development in a transcription factor IRF4-de-

Figure 1. Murine CD103" dendritic
cells. (A) IRF4'CD103"CD11b"
dendritic cells induce Th17 devel-
opment through the production of
IL-6. (B) IL-23-expressing TLR5 "
CD103*'CD11b"  dendritic  cells
promote differentiation of Th1 and
Th17 cells and induce antimicrobial
peptide Reglllg from epithelial cells
through the induction of IL-22 by
innate lymphoid cells (ILC). (C)
CD103*CD11¢" dendritic cells in-
duce differentiation of Fo><p3+ Treg
cells through the production of
retinoic acid and TGF-8. (D) B.
breve enhances accumulation of
Tr1 cells via TLR2 signa]ingdepend—
ent activation of CD1037CD11c”
dendritic cells.

(C) cp103*CD11c*
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pendent manner (19-21) (Fig. 1A). TLR5-activated cp103*
CD11b " CD11¢"™" dendritic cells induce Th1/Th17 responses
(22). Moreover, recent study revealed that IL-23 production
by TLR5 CD1037CD11b" dendritic cells in response to flag-
ellin promotes epithelial expression of Reglll 7 through in-
duction of IL-22 production by innate lymphoid cells (23)
(Fig. 1B), Furthermore, CD103" CD11b"CD24 " dendritic cells
have been reported to drive Thl7 development by IL-23
production, Thus, CD1037CD11b " dendritic cells can medi-
ate the maintenance of gut homeostasis through promotion
of protective immunity by inducing T cell activation and anti-
microbial defense in the intestinal epithelial cells.

At steady state, IL-10-producing CcD4" T cells containing
two subsets: Foxp3+ Treg cells and type I regulatory T cells
(Trl cells). CD1037CD11c” dendritic cells have been re-
ported to be responsible for immune tolerance to the in-
testinal antigens by promoting FoxpSJr Treg cell differentiation
through the production of retinoic acid and TGF- 8 (12,24,25)
(Fig. 1C). In addition, it has recently been clarified that one
of the common probiotics, Bifidobacterium breve can induce
Trl cell development via TLR2-dependent activation of cp103 "

Commensal bacteria

TGF-B

(B) CX,CR1Mig" M, cell
e O

@® o0
Th17

Th1
-

| Intestinal inflammation |

/

Foxp3* Ty,
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dendritic cells (26). B. hreve activates intestinal CD103" DCs
to produce IL-10 and IL-27 via the TLR2/MyD88 pathway
thereby inducing IL-10-producing Trl cells in the large intes-
tine (Fig. 1D). Oral B, breve administration ameliorated colitis
through the induction of intestinal IL-10-producing Trl cells
(26).

CXsCR1™M*™?*CD70"CD11b " dendritic cells

CX;CR1™ mononuclear cells have been identified as major pop-
ulations in the intestinal lamina propria by using CX3CR1-GFP
transgenic mice (27). To date, in the colonic lamina propria,
several subsets of CXgCRlJr cell have been characterized,
such as CD11c CXsCR1 ™, CD11c "CX3CR1TCD68 F4/80" and
CD11¢ " CX5CR17CD68 F4/80  cell population (15). Studies
have shown that CX3CR]+ cells can drive the induction of
Th17 development (28,29). In particular, CXsCR1™™*¢
CD70CD11b" dendritic cells express a series of ATP re-
ceptors that can induce Th17 cell development (28) (Fig. 2A).
Administration of ATP to germ-free mice with few Th17 cells
enhances the accumulation of Th17 cells in the lamina prop-
ria, indicating that commensal bacteria-derived ATP is respon-

o o

lamina

(C) macrophage i . . . .
Figure 2. Murine innate myeloid

subsets. (A) CX;CR1™e™ReCcp70*
CD11b* dendritic cells can induce
Th17 cell development in a com-
mensal bacteria-derived ATP de-
iL-10 — TNF-o pendent manner. (B) Meg cells tightly
Stat3 :::'?2 regulate Th17/Th1 cell proliferation

in an IL-10/Stat3-dependent fashion.
(O) Macrophages mediate sustained
expression of Foxp3 in Teg cells by
producing IL-10. In addition, macro-
phage- derived IL-10 acts on inte-
stinal macrophages, dendritic cells
and neutrophils to inhibit colito-
genic cytokine production including
IL-12p40, TNF-2, IL-23 and IL-6,
which contribute to the initiation of
Th1/Th17 cell development.
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sible for initiation of Th17 cell development.

CX3CR1™ intestinal innate immune cells do not always in-
duce pro-inflammatory responses, even though a part of
these cells can enhance the differentiation of Th17 cells
(28,29). IL-10 derived from CX;CR1™ macrophage in a
CX3CL1-dependent manner support the expansion of Foxp3 "
Treg cells (30). In addition, CXsCR1" macrophages limit Th17
cells-dependent intestinal inflammation by controlling the
bacterial clearance (31). In addition, recent study revealed
that antigen cross-presentation by CXgCRlJr cells in the small
intestinal lamina propria is responsible for differentiation of
IL-10/IL-13/IL-9-expressing CD8 " T cells with ability to sup-
press antigen-specific activation of CD4 " T cells, leading to
inhibition of intestinal inflammation (32).

CX3CR1"" regulatory myeloid cells

CX5CR1™'CD11b "CD11c” subset, which has been named
regulatory myeloid (M) cells, has been identified to possess
a negative regulatory function (33). M, cells are distributed
in the intestinal lamina propria, suppress CD4" T cell pro-
liferation in a cell-cell contact-dependent manner, and con-
tribute to the prevention of intestinal inflammation. Mg cells
preferentially associate with CD4" T cells via highly ex-
pressed adhesion molecules such as ICAM-1 and VCAM-1, but
do not activate CD4 " T cells owing to the TL-10/Stat3-depend-
ent suppression of CD80/CD86 expression (Fig. 2B). LysM-
cre; Star3 ™"

show defective Mg cell function. Administration of wild-type

mice, which spontaneously develop colitis,

Mg cells to Stat3 mutant mice ameliorated intestinal in-
flammation, indicating that a dysfunction of M, cells is in-
volved in the pathogenesis of IBD. Taken together, several
subsets of CX3CR1Jr innate immune cells contribute to both
anti-inflammatory and pro-inflammatory responses in the in-
testine, suggesting that the disrupted functions of these cells
lead to dysregulation of intestinal immune responses resulting
in development of IBD.

Others

Intestinal CD11b"CD11c macrophages produce substantial
amounts of IL-10 in response to microflora (34-36) (Fig. 2C).
IL-10 produced by intestinal macrophages limits the intestinal
inflammation through the persistence of Foxp3 expression in
Treg cells (37). In addition, intestinal macrophages-derived
IL-10 inhibits IL-12 and TNF-a production against the micro-
biota in intestinal myeloid cells in an IL-10/Stat3 signal-de-
pendent manner, Consequently, IL-10-deficient mice and

myeloid cell-specific Stat3 mutant mice (LysM-cre; Stai3 ™)

spontaneously develop enteric inflammation,

Apart from CD103" dendritic cells, CXsCR1™ cells and
macrophages, E-cadherin-expressing dendritic cells, which
highly express TLRs and produce colitogenic cytokines in-
cluding IL-6 and IL-23, enhance the intestinal inflammation
by increasing Th17 responses (23). Thus, several subsets of
intestinal innate immune myeloid cells contribute to main-
tenance of gut homeostasis, and dysregulation of activities of

these cells leads to development of IBD,

REGULATION OF IBD BY HUMAN MYELOID
SUBSETS

Numerous murine studies have shown that intestinal innate im-
mune cells are heterogeneous and comprise several subtypes
with different phenotypes and functional properties. Recently,
studies have reported human counterpart to murine intestinal
macrophages, CD103" dendritic cells and CXiCR1™™"*¢
CD70" dendritic cells,

Human intestinal macrophage

Recent studies have suggested that the intestinal macrophages
play important roles in protecting host from invading patho-
gens and regulating excess immune responses to commensal
bacteria by producing IL-10 (Fig. 3A). Interestingly, numbers
of CD14" macrophage are increased in patients with CD and
produce greater amounts of colitogenic cytokines including
IL-6, IL-23 and TNF-@ against microbiota than do healthy in-
dividuals (38). Furthermore, human intestinal CD14" macro-
phage-derived IL-23 may enhance colitogenic IL-17 and IFN- -
producing T cell differentiation, suggesting that abnormal in-
nate immune responses by macrophages play a major role
in the pathogenesis of IBD (38-41) (Fig. 3B).

Human CD103" dendritic cells

Similar to murine CD103" dendritic cells, human cD103™"
dendritic cells that can induce homing receptors such as CCR9
and integrin @487 on T cells have been reported (18). In
addition, transcription factor IRF4-expressing CD103"CD141 "~
SIRP "
small intestine (21) (Fig, 3A), suggesting that these cells might

dendritic cells have been clarified in the humane

be equivalent to murine CD103CD11b " dendritic cells pos-
sessing the ability to enhance Th17 cell differentiation,
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Several findings on human counterpart to the murine in-
testinal macrophages and €D103 " dendritic cells have been
shown, as described above. Furthermore, it has recently been
identified HLA-DR"®'CD147CD163"™" cells as equivalents of
CX5CR1™™*“cD70"CD11b " dendritic cells driving Th17
cell differentiation (42).

In the human intestinal mucosa, HLA-DR"®'Lin ™ cells could
be divided into CD14"CD163™, CD14"CD163™" CD14~
CD11¢", and CD14 CD11c™" subsets. CD14 CD163™" cells
can induce Th17 differentiation by high expression of IL-6,
1L-23p19, TNF-@ and IL-1/3, via TLR2, TLR4 and TLR5 signal
pathway even in steady state (Fig. 3A). In addition, cD14”
CD163”" cells produce a low level of IL-10, Recent study re-
ported that murine CXsCR1™™ ™ dendritic cells promoting
Th17 polarization produce not only IL-6 and TNF-«, but also
IL-10. In addition, CD14 " CD163" cells express both macro-
phage-related and dendritic cell-related marker as well as
CX;CR1™™ dendritic cells, suggesting that CD14 " CD163™"
cells are the putative equivalents of CXsCR1™™"™ cells,
Furthermore, the activity of CD14' CD163*" cells to drive
Th17 differentiation is increased in the intestinal mucosa of
patients with CD (Fig. 3B), further suggesting that CD14"
CD163™" cells might play a crucial role in pathogenesis of
CD.

ed.
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Figure 3. Human intestinal innate
myeloid cells. (A) At steady state,

‘ CD14" macrophages play impor-

B tant roles in maintaining immune

tolerance by producing IL-10. In
l contrast, IRF4-expressing CD103"

CD141 SIRP&™"  dendritic cells
IL-23 and CD14"CD163"™ cells activate
pro-inflammatory pathway for host
defense through the promotion of

@@ g Th17 development. (B) In patients
©

gg with Crohn'’s disease, IL-23-express-
ing CD14" macrophages enhance

colitogenic 1L-17 and IFN- 7 -pro-
ducing T cell differentiation and the

activity of CD147CD163"" cells to

drive Th17 differentiation is increas-

CONCLUSION

Recent advances have revealed crucial roles of innate im-
mune cells for protection against foreign pathogens and im-
munological tolerance in mice, The aberrant activation of in-
nate immunity in the intestinal mucosa can lead to develop-
ment of several inflammatory diseases by triggering Th1/Th17
responses, Thl and Th17 cells contribute to the protective re-
sponses to pathogens during physiological conditions in
steady state, whereas excessive activation of these cells is re-
sponsible for intestinal inflammation. Thus, FoxpSJr Treg cells
abundantly exist in the intestinal mucosa and inhibit innate
and adaptive immune responses for preventing intestinal
inflammation.

To date, several studies have clarified human counterparts
to the murine intestinal innate immune subsets inducing
Th1/Th17 differentiation. Compared with innate inflammatory
subsets, other subsets inducing FoxpSJr Treg cells in the hu-
man intestinal mucosa remains poorly characterized, Thus,
further studies to identify innate immune subsets driving
Foxp3+Trg cells in the human intestine may promote ad-
vances in therapeutic approaches for IBD.

A previous study showed that IL-10-producing Foxp3+CD4+
CD25" cells accumulate at inflamed sites in patients with IBD
(43), indicating that IBD is not simply a result of defective

flox/flox

Treg cell function, In LysM-cre; Stat3 mice, the severity

of intestinal inflammation was improved by administration of
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wild-type Mg cells. These findings raise the possibility that
the impaired M., function is responsible for onset or/and
progression of IBD. Accordingly, it will be important for the
clinical application of Mg cells for intestinal inflammation to
determine whether M, cells are present in the human intes-
tine and fully functional in patients with IBD.
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