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Abstract

The liver is a physiological site of immune tolerance, the breakdown of which induces immunity. Liver antigen-presenting
cells may be involved in both immune tolerance and activation. Although inflammatory diseases of the liver are frequently
associated with inflammatory bowel diseases, the underlying immunological mechanisms remain to be elucidated. Here we
report two murine models of inflammatory bowel disease: RAG-2 ™/~ mice adoptively transferred with CD4*CD45RB"9" T
cells; and IL-1077" mice, accompanied by the infiltration of mononuclear cells in the liver. Notably, CD11b CD1 1c'°‘”PDCA~
1* plasmacytoid dendritic cells (DCs) abundantly residing in the liver of normal wild-type mice disappeared in colitic
CD4*CD45RB"9" T cell-transferred RAG-2""~ mice and IL-107/~ mice in parallel with the emergence of macrophages (Mos)
and conventional DCs (cDCs). Furthermore, liver Mep/cDCs emerging during intestinal inflammation not only promote the
proliferation’ of naive CD4* T cells, but also instruct them to differentiate into IFN-y-producing Th1 cells in vitro. The
emergence of pathological Mg/cDCs in the liver also occurred in a model of acute dextran sulfate sodium (DSS)-induced
colitis under specific pathogen-free conditions, but was canceled in germ-free conditions. Last, the Mg/cDCs that emerged
in acute DSS colitis ‘significantly exacerbated Fas-mediated hepatitis. Collectively, intestinal inflammation: skews the
composition of antigen-presenting cells in the liver through signaling from commensal bacteria and predisposes the liver to
inflammation. ; ‘
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and regulatory T cells, macrophages (M@) such as Kupffer cells,
and dendritic cells (DCs) [8]. Recent studies have shown that
plasmacytoid DCs (pDCs), a subgroup of resident DCs, induce
anergy or rapid depletion of antigen-specific T cells in the liver via
a CD4" T cell-independent mechanism [9,10]. These findings
suggest that regulation and dysregulation of APCs in the liver
contribute to liver tolerance and inflammation, respectively.
However, the mechanisms of immune regulation and dysregula-
tion in human IBD and experimental colitis models are not yet

Introduction

Patients with inflammatory bowel diseases (IBD) are susceptible
to developing extraintestinal disorders in the joints, eyes, skin, or
liver [1]. For example, primary sclerosing cholangitis (PSC) has
been diagnosed in 3.7% of patients with ulcerative colitis [2] and
in 3.4% of those with Crohn’s disease [3]. The liver and the biliary
system are the usual sites for extraintestinal lesions, despite being
located between systemic and portal circulations. The portal vein

contains a large amount of gut-derived products, such as short-
chain fatty acids and microbe-associated molecular patterns
(MAMPs) [4]. Although MAMPs, such as LPS from gram-
negative commensal bacteria, act as a strong stimulants for
antigen-presenting cells (APCs) [5], the liver has been shown to be
an immunologically tolerant organ [6,7]. The portal venous
tolerance system is regulated by various immune compartments

which contain natural killer (NK) cell, natural killer T (NKT) cell,
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fully understood. A few studies have focused on the role of gut
microbiota and MAMPs in promoting high-fat induced steatohe-
patitis [11], however, mechanism of immunological dysregulation
in the liver during colitis still remains to be elucidated.

Our group has previously reported that increased numbers of
Mges and conventional DCs (cDCs) in experimental colitis models
[12] and human IBD [13] have pro-inflammatory characteristics
through excess production of IL-12 and IL-23 in response to
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Figure 1. Accumulation of mononuclear cells in the liver
develops in chronic colitis models. (A) H&E specimens of the liver
(left) and colon (right) derived from WT, IL-10™/~ mice, and RAG-2"/~
RBMI" mice. Magnification: x100 (left) and x400 (right). (B) Absolute
number of hepatic mononuclear cells. FACS data are representative of
three independent experiments. Values are expressed as means *= SEM
for each group. WT (n=5), IL-10™/~ mice (n=7) and RAG-2™/~ RB"'gh
mice (n=4). *P<0.05.

doi:10.1371/journal.pone.0084619.g001

bacteria. This leads to the development of Thl immunity in
inflamed intestinal mucosa. More recently, we demonstrated that
migrating macrophages contribute to the induction of acute liver
inflammation in murine hepatitis models [14].

To clarify hepatic immunological regulation under colitic
conditions, we used three murine IBD models: (1) RAG-Q*/ B
mice adoptively transferred with splenic CD4*CD45RB"8" T cells
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from wild-type (W) mice [15]; (2) an acute dextran sulfate sodium
(DSS)-induced colitis model [16]; and (3) IL-107"" mice [17] that
spontancously develop chronic IBD-like colitis.

Materials and Methods
Mice

W1 C57BL/6) mice {8-12 wecks old) were purchased from
Japan Clea (Tokyo, Japan). C37BL/6-Ly5.1 mice and RAG-27/"
mice were obtained from Taconic Laboratory (Hudson, NY, USA)
and the Central Laboratories for Experimental Animals (Kawa-
saki, Japan), respectively, 1L-10777 mice were purchased from
Jackson Laboratories (Bar Harbor, Maine, USA). Recipient RAG-
277" mice were used when they were 6 or 14 weeks old. Colitic
1L-107"" mice were used when they were 20 weeks old. Germ-
free (GI) C57BL/6-Ly5.2 mice (8 weeks old) were purchased from
Sankyo Laboratories (Tokyo, Japan). GF mice were maintained in
vinyl isolators within the gnotobiotic facility of the Miyarisan
pharmaceutical company (Tokyo, Japan).

All experiments were approved by the Commiittee on the Ethics
of Animal Experiments of Keio University School of Medicine,
and conducted in accordance with institutional guidelines and
Home Oflice regulations. [No. 24-026-1].

Adoptive Transfer Studies

For adoptive transfer, CD4" 'I" cells were isolated from spleen
cells of C57BL/6-Ly5.1 mice using the anti-CD4 (L3T4)-MACS
system (Miltenyi Biotec, Auburn, CA, USA} according to the
manufacturer’s instructions. Enriched CD4% T cells (96-97%
pure) were labeled with PE-conjugated anti-mouse CD4 (RM4-5;
BD bioscicnce, San Diego, CA, USA) and FITC-conjugated anti-
CD45RB (16A; BD bioscience). CD4"CD45RBM" cells were
purified (>98.0%) using a FACS Aria (Becton Dickinson Co.).
RAG-277" mice (6 weeks old) were injected ip. with 3x10°
CD4*CD45RB" T cells. At 6 weeks post-transfer, these mice
developed a wasting disease and colitis as previously reported [15].

For adoptive retransfer, lamina propria (LP) CD4" T cells were
isolated from colon LP mononuclear cells of RAG-27/~ RBMeh
mice using the anti-CD4 (L3T4)-MACS s )fstem Isolated LP CD4*
T cells were injected 1.p. into RAG-27"" mice (RAG-27/" LP
CD4* mice). Mice were maintained under specific pathogen-free
(SPF) conditions in the Animal Care Facility of Keio University.

DSS-induced Colitis Model

Mice were treated under SPF conditions with 2% DSS (MW
50 kDa; Ensuiko Sugar Refining Co., Yokohama, Japan) in
drinking water for 7 days (>4 mice per group). Mice were treated
under GF conditions with 1% DSS in drinking water for 7 days
followed with regular drinking water for 3 days (>4 mice per

group).

Animal Models of Liver Injury

Concanavalin A (Con A, type IV) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Intravenous injections of Con A
(20 mg/kg) were administered into the tail vein of animals 10 h
before examination. The Fas-activating antibody Jo2 (0.3 mg/kg
of body weight; BD bioscience) was injected 1.p. and mice were
sacrificed 6 h later [18,19].

Preparation of Liver Mononuclear Cells

Liver mononuclear cells were separated from the liver as
previously described [20]. Livers were perfused through the portal
vein with PBS, then minced and passed through a 100 jim nylon
mesh. The filtrate was centrifuged at 50xg for 1 min, and the

January 2014 | Volume 9 | Issue 1 | e84619

— 378 —



>

WT

iL-107-

RAG-2-"
RBhigh

IL-10"

Association between Colitis and the Liver

RAG-2"
RBhigh

0.1%

%)

14.8¢

PDCA-1— CD11c——

b
L4

85.8%

F4/80

67.4% 82.9%

— * ;\? P
\O 10" i'*—""_—‘ VGO' *
S 6 . A 8 ey
8 61 0 40
oy &
_— = 201
(4 -
2 2 3
- 2 o
0 - 0 X
IR
AP
S
Ol
&
C F4/80*CD11b* F4/80*CD11b*
CD11chigh CD11clow
607 H—— 60
i
= 40 40
&
20- 20-
0- N 0-——-1——-\':!---!-—
\Xé ;\é %;‘é\ é“ '\' Q‘f&
¥ & \\:i\:e
Oﬂ' (o

&

PLOS ONE | www.plosone.org

»
>

PDCA-1— CDl1ic— OJ

Cbh11c

81.3%

CD11b*
CD11c* |

78.2%]

F4/80

— 379 —

- e N
2. e °

5]
1

Colon M¢/cDC (%)

January 2014 | Volume 9 | Issue 1 | e84619



Association between Colitis and the Liver

Figure 2. Chronic intestinal inflammation was associated with reciprocal changes in the balance of APCs. (A) Flow cytometry results
related to mononuclear cells isolated from the livers of WT (left column), IL-107/" (middle), and RAG-2"'" RB"" (right) mice. Dead cells were
excluded with 7AAD staining, followed by proper use of a FSC/S5C gate. CD11b ™, CD11b*CD11c™", and CD11b*CD11c cells were gated from the
cells shown in the first row. CD11b™ cells are shown in the second row and PDCA-1"CD11b7CD11¢™ cells were analyzed. The expression of F4/80 in
CD11b*CD 11" cells and CD11H'CD11¢" cells are analyzed in the third row and the fourth row. (B) Proportion of PDCA-1"CD11b™CD11¢™ pDCs
and F4/80"CD11b" Mg/cDCs among whole mononuclear cells. (C) Proportion of F4/80" CD11b'CD11¢™" M/cDCs and F4/80" CD11b"CD11¢"% M/
cDCs among whole mononuclear cells. (D) Flow cytometry analysis of mononuclear cells isolated from the colons of WT (left column), IL-107""
(middle), and RAG-27"" RBM" (right) mice. (E) Proportion of PDCA-1*CD11b"CD11c* pDCs and F4/80'CD11b*CD11¢” Mg/cDCs among whole
mononuclear cells. FACS data are representative of three independent experiments expressed as means = SEM for each group. WT (n=4), it-107""

(n=4) and RAG-2""" RB"" (n=3) mice. *P<0.05.
doi:10.1371/journal.pone.0084619.g002

supernatant washed once. Cells were suspended in Histopaque
solution (Sigma-Aldrich) and overlaid on HBSS. After centrifuga-
tion (780 xg for 20 min), cells were collected from the upper phasc.

Preparation of LP Mononuclear Celis

Cell isolation was performed as previously described [21].
Dissected colon mucosa was incubated with Ca”, Mg**-frce
HBSS containing 1 mM DT'T" (Sigma-Aldrich) and 5 uM ED'TA
(Gibco) for 30 min, then treated with 3 mg/ml collagenase (Roche
Diagnostics GmbH, Germany) and 0.01% DNase (Worthington
Biomedical Co., Frechold, NJ, USA) for 1 h. Cells were pelleted
twice through a 40% isotonic Percoll solution and then subjected
to Ficoll-Hypaque density gradient centrifugation (40%/75%).

Histological Examination

Liver and colon were fixed in 10% formalin and embedded in
paraffin. Sections were stained with H&E and then examined.
Histological examination of acute colitis was performed as
described previously [22]. Briefly, histological activity score was
assessed as the sum of three parameters as follows: extent, 0-3 (0,
none; 1, mucosa; 2, mucosa and submucosa; 3, transmural);
inflammation, 0-3 (0, nonc; 1, slight; 2, moderate; 3, severe); crypt
damage, 0-4 (0, none; 1, basal 1/3 lost; 2, basal 2/3 lost; 3, only
surface epithelium intake; 4, entire crypt and epithelium lost). The
score of each parameter was multiplied by a factor of 1-4 (1, 0-
25%; 2, 26-50%; 3, 51-75%; 4, 76-100%) according to the
percentage of epithelial involvement.

Flow Cytometry

After blocking with anti-FeR (CD16/32, BD bioscience) for
20 min, cells were incubated with specific mAbs at 4°C for
30 min. The following mAbs were used: anti-mouse CD3c-APC-
Cy7; and-CD4-PE-Cy7; ant-NKI1.1-APC; ant-CD11b-PE-Cy7;
anti-CD11cFITC; 7-AAD; anti-PDCA-1-APC; anti-CCR9-PE;
anti-IFN-y-FITC; and anti-IL-17-APC (eBioscience, BD biosci-
ence). Background fluorescence was assessed by staining with
irrclevant anti-rat isotypes (BD bioscience). Stained cells were
analyzed by flow cytometry (FACS Canto II, Becton Dickinson
Co.) and data analyzed using FlowJo software (Tree Star Inc.)

[12].

Quantitative RT-PCR (gPCR)

All gPCR assays were performed as described previously [14].
RINA was extracted from LP mononuclear cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and cDNA was
synthesized from 100 ng of total RNA using TagMan® Reverse
Transcription Reagents (Applied Biosystems, Foster City, CA,
USA). Reverse transcription was performed at 25°C for 10 min,
48°C for 30 min, and then 95°C for 5 min. cDNA was analyzed
by gPCR using TagMan® Universal PCR Master Mix (Applied
Biosystems) in an Applicd Biosystems StepOne’™/StepOne-
Plus™ Real-Time PCR System. Cycling conditions for PCR
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amplification were 50°C for 2 min and 95°C for 10 min, followed
by 40 cycles of 95°C for 10 s, then 60°C for 1 min. Relative
quantification was achicved by normalizing to the B-actin gene
(Applicd Biosystems). The following probes were purchased from
Applied Biosystems: ffng (99999071 _m1), Tn/(99999068_m1) and
Acth (01205647_g1).

In vitro Proliferation Assays

APCs, PDCA-1" pDCs from the livers of G57BL/6 mice,
CD11b™ Megs from the inflamed livers of Con A-injected C57BL/
6 mice (Con A Mes), IL-107"" mousc Mgs, and DSS-treated
C57BL/6 mouse Mes (DSS Mes) were isolated using a FACS
Aria (Becton Dickinson Co.). Enriched naive CD4" splenocytes
obtained from O'T-1I mice were sorted using a CD4* CD62L" T
Cell Isolation Kit II (Miltenyi Biotech, Auburn, CA, USA) and
labeled with 1 mM CIFSE (Molecular Probes, Eugene, OR, USA)
for 10 min at 37°C, followed by the addition of 1.0 ml of FCS for
2 min and washed three times in PBS. CFSE-labeled CD4+ naive
cells (1x10° cells/well) were co-cultured with pDCs or Mes
2x10" cells/well) in 96-well round-bottom plates for 72 h in the
presence of OVA peptides (1 uM). After incubation, cells were
collected, incubated with anti-CD4-PE-Cy7 and anti-CD3e-APC-
Cy7 and analyzed by FACS; 7-AAD was added to exclude dead
cells. Proliferation analysis is based on division times of
CFSE*CD4" T cells.

Unlabeled CD4" naive T cells (1 x10° cells/well) were also co-
cultured with pDCs or Megs (2x10* cells/well) for 120 h in the
presence of OVA peptides followed by incubation with anti-IFN-y
and/or anti-IL-17 mAbs, and then treated with a Cytofix/
Cytoperm kit (BD bioscience). Culture supernatant was collected
and analyzed with the BD™ Cytometric Beads Array Mouse
Th1/Th2/Th17 Cytokine Kit (Becton Dickinson Co.).

Statistical Analysis

Results are expressed as mean = SEM. Data groups were
analyzed with GraphPad Prism using Tukey-Kramer test and
Student’s ftests. A P-value less than 0.05 was considered
statistically significant.

Results

Accumulation of Mononuclear Cells was Induced in the
Liver of Mice with Chronic Colitis

To investigate hepatic immunological regulation in the colitic
condition, we first used two murine IBD models, RAG-2""" mice
adoptively transferred with splenic CD4*CD45RB™" T cells from
WT mice (RAG-27/" RB"®® mice) and IL-107/ mice.
Consistent with previous reports [15], RAG-27"" RB™" mice
showed severe colitis, and infiltration of mononuclear cells in the
portal vein arca of the liver (Fig. 1A). This was not observed in WT
mice. IL-107"" mice spontaneously developed colitis, character-
ized by prominent epithelial hyperplasia with leukocyte infiltration
into the liver (Fig. 1A). Consistently, the absolute number of liver
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Figure 3. Hepatic Mg/cDCs cells under colitic conditions induce
a Th1 inflammatory response. (A) FACS analysis of PDCA-
1*CD11b~CD11c™ pDCs from the livers of WT (left column) mice. We
also analyzed CD11b"CD11c™ Mgs from the livers of ConA-treated
(middle) and IL-107/" (right) mice, respectively. Dead cells were
excluded with 7AAD staining. (B) Proliferation of naive CFSE-labeled
splenic CD4* T cells from OT-ii mice, and co-cultured WT pDCs, ConA
Mes, or IL-107"~ Mgs in the presence of OVA. Dead cells were excluded
with 7AAD staining and CD4" T cells gated on CD3™ CD4" cells are
shown (B and C). Data are representative of three independent
experiments. (C) Intracellular IFN-y and IL-17A expression in CD4™ T
cells co-cultured with WT pDCs, ConA Mgs, or IL-107/" Mgs in the
presence of OVA. Data are representative of three independent
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experiments. (D) Proportion of IFN-y*IL-17A7, IFN-y~IL-17A*, and IFN-
¥*IL-17A" cells among the Th cell population. (E) Cytokine concentra-
tions in the culture supernatant of OT-ll CD4* T cells that were co-
cultured with WT pDCs or ConA Mgs. Data are representative of three
independent experiments. Each experiment was performed using
duplicate samples. *P<0.05.

doi:10.1371/journal.pone.0084619.g003

mononuclear cells in both colitis models was significantly increased
when compared with age-matched C57BL/6 mice (Fig. 1B). Liver
enzymes (aspartate aminotransferase and alanine aminotransfer-
ase) demonstrated no significant changes between WT mice and
the two colitis groups (data not shown).
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Figure 4. Immune dysregulation in the liver independent of T
cell accumulation in the liver. (A) Numbers of hepatic mononuclear
cells. Data are presented as the mean = SEM for each group. RAG-27/~
mice (n =4) and RAG-2"/~ LP CD4" mice (n =4). (B) Representative data
from flow cytometry analysis of Th cells in each organ. Dead cells were
excluded by 7AAD staining. (C) Numbers of hepatic CD3* CD4" Th cells
and non-T cells. (D) Representative data from flow cytometry analysis of
pDCs and Mos in the liver of each experimental group. Dead cells were
excluded using 7AAD staining. Scatter plots for CD11b~CD11c™ and
CD11b*CD11¢™ cells are shown in the middle and bottom rows,
respectively. (E) Proportion of PDCA-1*CD11b~CD11¢™ pDCs and F4/
80'CD11b*CD11c” Mgs among whole mononuclear cells. Data are
representative of three independent experiments. Values are presented
as the mean = SEM from seven mice in each group. *P<<0.05, **P<0.01,
#*¥p<0.005.

doi:10.1371/journal.pone.0084619.9004
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doi:10.1371/journal.pone.0084619.g006

Chronic Colitis is Associated with APC Balance in the
Liver

Since it has been reported that M@/cDGCs and pDCs represent
subgroups of APCs differentiated from Me/DC precursors [23],
we further investigated the composition of APCs in the liver.
Analysis of flow cytometry data revealed that the proportion of
CD11b*CD11cM81°Y Me/cDCs in the livers (Fig. 2A, first row)
of RAG-27/" RB™" and IL-107/7 mice was significantly
increased when compared with WT mice. Almost all
CD11b*CD11c"8"*™ Me/cDCs expressed F4/80 (Fig. 2A, third
and fourth rows), therefore we classified them as mononuclear
phagocyte system cells. In contrast, the proportion of
CD11b~CD11d°"PDCA-1" pDCs in the livers of WT mice was
significantly higher than those in RAG-2"/~ RB"®" and IL-10™/~
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colitis predispose it to inflammation. WT mice were treated under
SPF conditions with 2% DSS for 5 days and subsequently with water for
2 days (n=5 mice per group). The Fas-activating antibody, Jo2, was
injected i.p. into mice. (A) Changes in body weight are expressed as a
percentage of original weight. Values are presented as the mean = SEM
for each group. Data are representative of two independent
experiments. (B) Macroscopic view of livers from water- (left) and
DSS-treated mice. (C) Levels of aspartate aminotransferase (left) and
alanine aminotransferase (right) in water- and DSS-treated mice 6 h
after Jo2 injection.

doi:10.1371/journal.pone.0084619.g007

mice (Fig. 2A, second row). Statistical analysis confirmed
reciprocal changes, where a decrease in the proportion (and
absolute number) of pDCs corresponded to an increase in Mg/
cDCs in the liver of colitic mice (Fig. 2B). F4/80"
CD11b*CD11c"e" cells, but not F4/80*CD11b"CD11c™ cells,
were predominant in hepatic M@/cDGCs (Fig. 2C). Only a small
number of pDCs were found in the LP of the colon under both
healthy and colitic conditions (Fig. 2D and E).

Hepatic M/cDCs Under Colitic Conditions Induce a Th1
Inflammatory Response

Owing to finding drastic compositional changes of liver APCs in
colitic conditions, we assessed the function of hepatic
CD11b™CDI11c®"PDCA-1* pDCs isolated from the livers of
WT mice (WT pDCs), and CD11b*CD11¢™"* Mg/cDCs isolated
from the livers of colitic IL-107" mice (IL-107/~ Mq/cDCs)
(Fig. 3A). The positive controls were M@/cDCs isolated from
ConA-treated livers (ConA Mg/cDCs) (Fig. 3A). We co-cultured
pDCs or M@/cDCs with naive CFSE-labeled CD4" T cells in the
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Figure 8. GF condition abrogates the compositional changes of
hepatic APCs in acute colitis models. (A) H&E staining of colon
sections taken from mice treated with water (left) or DSS (right).
Magnification, x100. (B) H&E staining of liver sections from water- (left)
and DSS-treated (right) mice. Magnification, x100. (C) Number of liver
mononuclear cells. (D) Proportion and (E) absolute number of PDCA-
1*CD11bCD11c¢™ pDCs and CD11b*CD11c™ Megs among whole
mononuclear cells. (F, G) Comparisons between SPF and GF in the
histology (F) and the numbers of Mgs (G) in DSS-treated mice. Data are
representative of two independent experiments. Values are presented
as the mean = SEM for each group (n =5, water-treated GF group; n=4,
DSS-treated GF group; n=5, DSS-treated SPF group). N.S., no significant
difference.

doi:10.1371/journal.pone.0084619.g008

presence of OVA peptides. After 72 hin culture, CD4" T cells had
extensively divided in the presence of M@/cDCs from not only
Con A-treated mice but also colitic IL-107/" mice, but divided
litde in the presence of WT pDCs (Fig. 3B). To further assess pro-
inflammatory responses of M@/cDCs, we cxamined cytokine
production from cultured CD4* T cells. Flow cytometry showed a
significant increase in the proportion of IFN-y-expressing CD4* T
cells following co-culture with IL-107"" Mg/cDCs. A similar
result was seen with ConA M@/cDCs; however, there was no
significant increase in IL-17-producing CD4" T cells (Fig. 3C and
D). Consistent with these data, culture supernatants from CD4* T
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cells following co-culture with IL-10777 M@/cDCs or ConA Mo/
cDCs exhibited a significant increase in IFN-y and other pro-
inflammatory cytokines such as 1L-6 and TNF-o (Fig. 3E).

Immune Dysregulation in the Liver

Given the evidence that activated Mg/c¢DCs in the liver instruct
naive CD4" T cells to differentiate into Thl cells (Fig. 3C), we
then examined whether the primary recruitment of colitogenic
Th1 cclls to the liver or other mechanisms induced a dysregulation
in the balance of M@/cDCs and pDCs in the liver under colitic
conditions, as mononuclear cells expanded in the liver in colitic
RAG-2777 RE"" mice and IL-1077 mice (Fig. 1). As an
alternative mechanism, the breakdown of the colonic barrier and
scquential uptake of MAMPs or other gut-derived antigens during
the colitis state may play an important role in drastic changes of
APCs in the liver. To minimize the effects of liver-infiltrating ‘T
cells, we used an adoptive retransfer system: colitogenic LP GD4*
T cells obtained from established RAG-27"~ P\B?‘i“h mice were
transferred into RAG-2777 mice to generate RAG-27/7 LP
CD4" mice, as colitogenic CD4" T cells residing in the intestine
express gut-specific homing receptors and have an ability to
preferentially migrate to the intestine but not to liver [24,25].
These mice developed severe colitis (data not shown) and also
showed significant increases in the number of liver-infiltrating
mononuclear cells (Fig. 4A). The RAG-27/7 LP CD4" mice
showed almost no CD37CD4™ T cell infiltration in the liver, but
did exhibit severe colitis with marked infiltrations of CD37CD4* T
cells in the colon (Fig. 4B). We confirmed statistically that the
significant increascs in liver mononuclear cells in RAG-2"/" LP
CD4* mice was due to the emergence of non-T cells (possibly
APCs) (Fig. 4C). We further investigated compartments of APCs in
the liver of RAG-27/" LP CD4" mice. Consistent with the data
from colitic RAG-277" RB™" or IL-10"/" mice (Fig. 2), RAG-
2777 LP CD4" mice also showed reciprocal changes; a significant
decrease in pDCs corresponded with an increase in Me/cDCs
(Fig. 4D and E). RAG-2~"~ LP CD4" mice exhibited severe colitis
without infiltration of T cells in the liver (Fig. 4B and 4C). These
data suggest that intestinal inflammation induce changes in the
compartments of APCs.

Accumulation of Me/cDCs in the Livers of Mice with DSS-
induced Colitis

To further determine whether hepatic immune dysregulation is
caused by barrier disruption of the intestinal wall, we looked at
livers from immune-sufficient WT mice subjected to DSS-induced
colitis under SPF conditions. Seven days after the start of DSS
administration, mice exhibited severe colitis and infiltration of
mononuclear cells in the liver (Fig. 5A and B). Consistent with
histological data, liver mononuclear cells were upregulated in
DSS-treated mice when compared with water-treated mice
(Fig. 5C). Flow cytometry revealed that the number of M¢/cDCs
was significantly increased in the livers of DSS-treated mice;
however, there were no significant changes in the numbers of
pDCs (Fig. 5D). Expression levels of IFN-y and TNF-o in the liver
were significantly increased in DSS-treated mice (Fig. 5E).
Furthermore, hepatic M@/cDCs in the DSS-treated mice
promoted proliferation of CD4" T cells (Fig. 5F), and increased
the proportion of IFN-y-expressing CD4" T cells (Fig. 5G). We
detected a significant increase in pro-inflammtory cytokines in co-
culture supernatants (Fig. 5H).

We also confirmed the reciprocal changes for pDCs and Mg/
¢DCs in DSS-treated RAG-277" mice, which had severe colitis
and infiltration of mononuclear cells in the liver (Fig. 6A, B and C).
The proportion of pDCs was decreased in DSS-treated RAG-277
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~ mice (Fig. 6D). Furthermore, the proportion and number of
M@/cDCs was increased, even in mice lacking CD4" T cells
(Fig. 6D and E). These data suggest that colon inflammation
induces the recruitment of M@/cDCs and these newly recruited
Meg/cDCs stimulate Thl cells or promote differentiation of Thl
cells.

We also assessed whether these M@/cDCs that emerged under
colitic conditions contributed to acute liver inflammation, which
had been initially induced by Fas-activating antibody (Jo2) [18,19].
As shown in Fig. 7A, DSS-treated mice with significant body
weight loss underwent Jo2 treatment. The livers of DSS-induced
colitic mice in which Jo2 was administered showed significant
blood accumulation (Fig. 7B). Consistently, the levels of aspartate
aminotransferase and alanine aminotransferase were significantly
increased in DSS mice after Jo2 treatment compared with non-
DSS mice (Fig. 7C).

Leukocyte Infiltration was not Detected in Acute Colitis
Models Under GF Conditions

We investigated whether MAMPs or other bacterial degrada-
tion products induce hepatic immune dysregulation and analyzed
the livers of mice treated with DSS under GF conditions. Bacteria
do not reside in the intestines of GF mice, meaning there is no
inflow of bacterial components into the liver. Mice treated with
DSS under GF conditions showed severe colitis; however, there
was no evidence of leukocyte infiltration (Fig. 8A and B).
Consistent with histological data, we observed no significant
changes in the number of liver mononuclear cells for controls and
DSS-treated mice (Fig. 8C). Flow cytometry data showed that
there were no significant changes in the ratios of pDCs to Me/
cDCs (Fig. 8D); or in the absolute numbers of these cells in the
livers of DSS-treated mice (Fig. 8E). DSS-treated GF mice also
exhibited severe colitis compared with SPF mice (Fig. 8F), but
Me/cDCs were not increased (Fig. 8G). These findings indicate
that bacterial products play a crucial role in inducing infiltration of
Me/cDCs into the liver.

Discussion

In this study we demonstrated: (1) hepatic pDCs are decreased
and M@/cDCs are increased in mice with chronic intestinal
inflammation; (2) newly emerged M@/cDCs during the develop-
ment of colitis possess pro-inflammatory characteristics that drive
differentiation of naive T cells toward Th1 cells; (3) M@/cDCs that
emerge during colitis possibly result in the exacerbation of
hepatitis symptoms; and (4) the reciprocal changes we observed
in the compartments of the liver’s innate immune system during
intestinal inflammation were mainly caused by MAMPs, other
bacterial degradation products, or bacteria themselves subsequent
to the disruption of the intestinal wall. Changes in APC
compartments were seen not only in RAG-27/7 RB"E" mice
and DSS-administered mice but also in RAG-27/" mice
retransferred with gut-tropic colitogenic LP CD4" T cells in SPF
conditions; but were not seen in mice of the DSS colitis model in
the GF condition that lack commensal bacteria in the gut.

Previous studies have suggested a relationship between intestinal
and liver inflammation [2,3,11,26]. These previous reports
support our hypothesis that intestinal inflammation skews the
balance of immune cells in the liver. However, no expansive
research has been conducted to clarify the inflammatory
relationship between the liver and the intestine. In this study, we
are the first to demonstrate distinctive changes in compartments
(PDCs vs. M@/cDCGCs) of hepatic immune cells due to chronic
intestinal inflammation. Increased hepatic M@/cDCs appeared
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irrespective of whether the colitis model was acute or chronic.
Immunological changes were not only observed in the liver during
colitis, but also in ConA-induced liver injury (Fig. 3A) [14],
suggesting that these changes are universal phenomena during
liver stress.

We hoped to clucidate how these crucial changes of hepatic
APCs occur during intestinal inflammation. The liver is between
the portal and systemic circulatory systems. The liver receives
continuous blood supplements from the intestine via the portal
vein and is presumably exposed to MAMPs or other degradation
products from viable or non-viable commensal bacteria [8]. We
used a GF system to demonstrate the importance of bacterial
components in causing immunological dysregulation in the liver.
Most models of experimental colitis fail to develop under GF
conditions [27,28]; however, we used a DSS model, which is
known to result in the development of severe colitis [29,30]. DSS-
treated mice under SPF conditions exhibited M@/cDC infiltration
into the liver (Fig. 5 and 8). This was not observed for DSS-treated
mice under GF conditions despite the existence of severe colitis.
This means that the accumulation of M@/cDCs is not just a
consequence of nonspecific inflammation related with colitis. Mice
under GF conditions lack the protective effects against colitis from
microbiota [31], but also lack the stimulant transferred from the
intestine to the liver. These data suggest that stimulation from
degradation products from intestinal commensal bacteria play an
important role in recruitment of M@/cDCs.

Various commensal bacteria that usually reside in the intestine
(such as C. coccoides, C. leptum and Enterococcus) were found in ConA-
treated and untreated livers [20]. Such a finding lends support to
the hypothesis that intestinal bacterial products or bacteria
themselves are transferred from the intestine to the liver. The
rate (and amount) of uptake of bacteria-derived products, such as
microbial DNA and LPS, is thought to increase during colitis
because of the fragility of the colon wall [11,32]. Further study is
required to estimate the amount and type of bacterial products
that stimulate the liver during colitis.

Despite our finding that recruitment of M@/ cDCs is stimulated
by bacterial degradation products or bacteria themselves, several
scenarios may be considered as additional mechanisms underlying
the accumulation of Me@/cDCs. First, activated Me/cDCs
themselves migrate from the intestine to the liver. Alternatively,
circulating monocytes accumulate in the liver stimulated by pro-
inflammatory cytokines transferred via the portal vein, such as
TNF-o produced by LP CD4" T cells or APCs in the intestine
[30]. However, pro-inflammatory cytokines are produced in the
colon of GF mice, so this possibility may only have a partial effect.
Whether increased M@/cDCs originate from monocytes or
resident macrophages in the liver should be explored in future
studies. Third, activated T cells migrate from the intestine to the
liver and stimulate the liver to recruit and activate circulating or
resident Mg/cDCs. RAG-27/~ LP CD4" mice (Fig. 3) and DSS-
treated RAG-27/~ (Fig. 6) mice show increased Mge/cDCs
without infiltration of T, B, and NKT cells in the liver, which
suggests that M@/ cDCs are recruited to the liver independently of
T, B, and NKT cells. However, there still remains involvement of
cytokines, DSS itself and other types of the cells such as NK cells
and liver sinusoidal endothelial. Macrophages accumulated during
both acute and chronic colitis models in the liver produced
inflammatory cytokines and promoted differentiation of Thl cells
or activation of NK cells. Thus, it is likely that systemic IFN-y
production leads subsequent upregulation of the sensitivity of FAS-
mediated signal in the liver.

The current study suggests that hepatic APC compartments
alter in parallel with the progression of colitis, and increased Mo/
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cDCs have pro-inflammatory characteristics. T'wo major hepatic
diseascs presenting as  extraintestinal  manifestations in - IBD

patients are PSC and autoimmune hepatitis. The prevalence of

these liver discases is reported, both in Crohn’s discase and

ulcerative colitis, to correlate with the severity and expansion of

the intestinal discase [3,26,33]. The active discase is associated
with ongoing extraintestinal manifestations in  patients  with
Crohn’s discase [26]. The prevalence of PSC was 5.5% in patients
with substantial colitis and 0.5% in patients with distal colitis [2].
Therefore, Mg/cDCs infiltrating into the liver in the colitis models
may be involved in the pathogenesis of IBD-related liver discases.
However, liver enzymes demonstrated no significant changes
during colitis unlike autoimmune hepatitis or PSC. Thus, we
hypothesized that accumulated Mg@/cDCs may increase the
susceptibility of hepatitis. We combined the Fas-mediated modcl
of hepatitis with the DSS colitis models to show the clinical
importance of our study. Fas-mediated hepatitis models are widely
used as a model of hepatids [18,19]. TNF-o released by activated
hepatic macrophages is one of the very important factors that
damage hepatocytes, which are highly sensitive to cell-extrinsic
stimulation in Fas-mediated hepatitis [19]. We also suggest the
importance of the infiltration of macrophages in fulminant
hepatitis models {10]. Mg@/cDCs recruited to the liver during
colitis in a 'I" cell-independent manner produce pro-inflammatory
cytokines and promote Thl reaction. CD11b"CD1 1" Mo/
cDCs are already detectable in healthy W'T' mice (Fig. 2B), but
previous studies suggest that these resident macrophages including
Kupffer cells have a immunorcgulatory character, such as
producing IL-10 [6,34]. Taken together with the previous studies
and our findings, M¢/cDCs infiltrating into the liver during colitis
may contribute to making the hepatitis worse. Some additional
stimulation would be nceded for breaking down liver tolerance
and causing hepatitis or cholangitis which mimics liver discases
associated with IBD.
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An additional finding of our study is that pDCs are significantly
decreased in the late phase of colitis in the chronic modcls.
Hepatic pDCs plays an important role in maintaining liver
homeostasis  [9,10,14], so not only increased Me/cDCs but
decrcased pDCs may have eflects on the infiltration of mononu-
clear cells in the Hver during chronic colitis. This is known as
sustained negative regulation of LPS signaling in response to a
sccond LPS stmulus. pDCs express certain toll-like receptors
(TLR) [14], with the number of spleen pDCs decreasing following
TLR treatment {35]. These previous reports suggest that pDCs are
one of the initial sensors of MAMPs or other degradation
products, and possibly decrease when the endotoxin tolerance is
broken down. Further studies will be needed to address this issue.

In conclusion, the findings from our study suggest that
dysregulation in the balance of liver APCs, especially in the
recruitment of pro-inflammatory Me/cDCs, during colitis occurs
in a T-cell-independent manner for chronic and acute murine
colitis models. This report may provide the basis for a novel
strategy to treat intractable immune diseases in the liver. We have
also highlighted the relevance of the relationship between liver and
intestine immunology during intestinal inflammation.
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ORIGINAL ARTICLE

Classical Thl Cells Obtain Colitogenicity by Co-existence of
RORyt-expressing T Cells in Experimental Colitis

Keiichiro Saigusa, MD,* Tadakazu Hisamatsu, MD, PhD,* Tango Handa, MPharm,*" Tomohisa Sujino, MD, PhD,*
Yohei Mikami, MD, PhD,** Atsushi Hayashi, PhD,*5 Shinta Mizuno, MD, PhD,* Kozue Takeshita, MD,*
Toshiro Sato, MD, PhD,* Katsuyoshi Matsuoka, MD, PhD,* and Takanori Kanai, MD, PhD*

Background: Both Thl and Thi7 cell types are involved in the pathogenesis of chronic intestinal inflammation. We recently demonstrated that
retinoid-related orphan receptor gamma t (ROR+yt)-expressing Th17 cells are progenitor cells for alternative Th1 cells, which have the potential to induce
colitis. However, the involvement of classical Thl (¢Th1) cells generated directly from naive T cells without RORyt expression in the pathogenesis of
colitis remains poorly understood. i

Methods: We performed a series of in vivo experiments using a murine chronic colitis model induced by adoptive transfer of splenic CD4*CD45RBhigh
T cells obtained from wild-type, RORyts#4%, or RORyt?"* mice into RAG-27/~ mice.

Results: RAG-2"/~ mice receiving transfer of in vitro-manipulated RORy#?%? Th1 cells developed colitis. RAG-27/~ mice co-transferred with splenic
CD4*CD45RB"e" T cells obtained from wild-type mice and RORyt#?%% mice developed colitis with a significant increase in RORyt<#&% ¢Thl cell
numbers when compared with noncolitic mice transferred with splenic CD4*CD45RB"2! T cells obtained from RORy#P%# mice. Furthermore, RAG-27/~
mice transferred with in vivo-manipulated RORyt#”2% cTh1 cells developed colitis with a significant increase in RORy#”% ¢Thl cell numbers.

Conclusions: These findings indicate that both alternative Th1 cells and ¢Th1 cells have the potential to be colitogenic in an adaptive transfer model.
The development of ¢Th1 cells was dependent on the co-existence of RORyt-expressing T cells, suggesting a critical role for the interactions of these cell

types in the development of chronic intestinal inflammation.

(Inflamm Bowel Dis 2014,;20:1820-1827)

Key Words: colitis, alternative Th1, classical Thl, RORyt, CD4"CD45RB"e" T cell

lnﬂammatory bowel diseases, including Crohn’s disease and
ulcerative colitis, are chronic, relapsing, and remitting inflam-
matory conditions of the gastrointestinal tract.* The activation
and expansion of colitogenic CD4* T cells are required for colitis

induction.*”
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T helper (Th) 1 cells are characterized by the production of
Thl cytokines, such as interferon-y (JFN-v), and the expression of
Thil-polarizing transcription factor, T-bet,* whereas Th17 cells are
characterized by the production of Th17 cytokines such as interleukin
(IL)-17A and the expression of the Thl7-polarizing transcription fac-
tor, retinoid-related orphan receptor gamma t (RORyt).>'® Previous
studies have shown that either CD4*CD45RBY2" T cells obtained
from T-bet™~ mice,'" which are defective in Thl cell generation
but have Th17 cell differentiation, or from RORyt™~ mice, which
are defective in Th17 cell generation but retain Thl cell differentia-
tion, do not develop colitis.">'? These studies indicated an indispens-
able role for both cell types in colitis. Both Thl and Th17 cells are
known as colitogenic CD4* T cells that play important roles in
chronic intestinal inflammation of human inflammatory bowel disease
and murine colitis models.'*'® Th17/Thl double-positive cells char-
acterized by the production of both IL-17A and IFN-y, were involved
in the pathogenesis of human inflammatory bowel disease and murine
colitis models.”2° Moreover, several recent studies demonstrated the
plasticity of T cells**’; for example, Th17 cells can be converted to
IFN-y—producing cells."***3! Although a critical role for each cell
type has been established, the impact of each cell type in the devel-
opment of intestinal inflammation is not fully understood.

Using an adoptive T-cell transfer model, we recently
demonstrated that Thl17 (RORvyt"™ T-bet™) cells further
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differentiated into Thl (RORyt™ T-bet*) cells via Th17/Thl
double-positive cells (RORyt" T-bet™), independent of classical
Thl (cThl) cells, which directly differentiated from naive T
cells.*> Th1 cells differentiated from Th17 cells were termed alter-
native (aThl) cells. These results indicate that Th1l7 cells are
progenitors of colitogenic aThl cells, which are key cells in the
development of colitis.

Since Thl cells were identified, it was proposed that they
play critical roles in adaptive immune responses,® although the
phenotypic classification of Thl cells has not been fully investi-
gated. In previous studies, we identified 2 types of Th1 cells, aTh1
cells and cThl cells, and demonstrated the contribution of aThl
cells in intestinal inflammation.*? However, the role of cTh! cells
in the development and promotion of intestinal inflammation re-
mains unclear. Therefore, in this study, we aimed to clarify the
role of cThl cells in the development of intestinal inflammation.

MATERIALS AND METHODS

Mice

C57BL/6 (Ly5.1) and C57BL/6-background RAG-27/~
(Ly5.2) mice were obtained from Taconic Laboratory (Hudson,
NY) and Central Laboratories for Experimental Animals (Kawa-
saki, Japan), respectively. Mice with a green fluorescent protein
(GFP) reporter complementary DNA knocked-in at the site for
initiation of ROR~yt translation on the C57BL/6 (Ly5.2) back-
ground were previously described.** Mice were maintained under
specific pathogen-free conditions in the Animal Care Facility of
Keio University School of Medicine. All experiments were
approved by the regional animal study committees.

Cell Isolation

Single-cell suspensions of spleen were aseptically prepared
by mechanical mashing. Single-cell suspensions of intestinal
lamina propria mononuclear cells were prepared as previously
described®” with slight modifications. Briefly, colons were
removed and placed in Ca?*- and Mg?*-free Hanks’ balanced salt
solution (Nacalai Tesque, Kyoto, Japan). After removal of resid-
ual mesenteric fat tissue, the colons were opened longitudinally,
washed in Hanks’ balanced salt solution, and cut into small pieces.
The dissected mucosa was incubated with Hanks’ balanced salt
solution containing 1 mM dithiothreitol (Sigma-Aldrich, St. Louis,
MO) and 5 mM EDTA (Gibco, Carlsbad, CA) for 30 minutes at
37°C to remove the epithelial layer. The pieces of colons were
washed and placed in digestion solution containing DNase
(Sigma-Aldrich) for 1 hour at 37°C. Colon supematants were
washed, resuspended in 40% Percoll, and overlaid on 75% Percoll
fraction. Percoll gradient separation was performed by centrifuga-
tion at 840g for 20 minutes at room temperature. Mononuclear cells
were collected at the interphase of the Percoll gradient, washed, and
resuspended in FACS buffer or RPMI-1640 (Sigma-Aldrich) con-
taining 10% fetal bovine serum and penicillin/streptomycin (Gibco).
Lamina propria (LP) CD4" cells were isolated from colon lamina

propria mononuclear cells using the anti-CD4 (L3T4) MACS mag-
netic separation system (Miltenyi Biotec, Auburn, CA).

In Vitro Induction of Th1 Cells

CD4* T cells were isolated from spleens of C57BL/6
(Ly5.1) mice, RORytE?”* mice, or RORyt&?”2% mice using the
anti-CD4 (L3T4) MACS magnetic separation system (Miltenyi
Biotec). Enriched CD4* T cells were stained with CD4 and
CD45RB monoclonal antibodies and then were sorted to yield
a CD4*CD45RBhgh T-cell fraction by FACSAria (Becton, Dick-
inson, NJ). Naive splenic CD4*CD45RBMg" T cells were cultured
in 96-well plates containing 5 ng/mL of plate-bound anti-CD3
(BD Pharmingen, San Diego, CA), 1 ng/mL of soluble anti-
CD28 (BD Pharmingen), 10 pg/mL of anti-IL-4 (BD Pharmin-
gen), and 0.5 ng/mL of rmIL-12 (R&D systems, Minneapolis,
MN) for 3 days.

In Vitro Induction of Th17 Cells

Naive splenic CD4*CD45RBheh T cells were cultured in
96-well plates containing 5 ng/mL of plate-bound anti-CD3 (BD
Pharmingen), 1 ng/mL of soluble anti-CD28 (BD Pharmingen), 5
ng/mL of thTGF-B1 (R&D systems), 30 ng/mL of rmIL-6 (Pe-
proTech, Rocky Hill, NJ), 10 pg/mL of anti-IFN-y (BD Phar-
mingen), and 10 pg/mL of anti-IL-4 (BD Pharmingen) for 3 days.

Adoptive Transfer

Purified CD4*CD45RBhgh T cells (3 x 10° cells per mouse)
or LP CD4" T cells (3 x 10° cells per mouse) were intraperitone-
ally injected into RAG-2"/~ mice. RAG-2"/~ mice transferred
with CD4*CD45RBleh T cells or LP CD4" T cells developed
chronic colitis 6 to 8 weeks after cell transfer.””>>¢ Mice were
killed at the indicated time point after transfer.

Histological Scoring of Colitis

Tissue samples were fixed in phosphate-buffered saline
containing 10% neutral-buffered formalin. Paraffin-embedded
sections (5 pm thick) were stained with hematoxylin and eosin.
The most affected area of pathological specimens was assessed
for histological score as the sum of 3 criteria: cell infiltration,
crypt elongation, and the number of crypt abscesses. Each was
scored on a scale of 0 to 3 in a blind fashion *”’

Flow Cytometry and Antibodies

For intracellular cytokine staining, cells were incubated for 5
or 12 hours with 50 ng/mL of phorbol-12-myristate-13-acetate
(Sigma, St. Louis, MO), 1000 ng/mL of ionomycin (Sigma), and 1
pL/mL of GolgiPlug (eBioscience, San Diego, CA) in an incubator
at 37°C. Surface staining was performed with the corresponding
cocktail of FITC-, PE-, PerCP-Cy5.5-, APC-, PE-Cy7-, APC-
Cy7- or Alexa Fluor 647-conjugated monoclonal antibodies for
20 minutes at 4°C. After staining surface molecules, the cells were
resuspended in fixation/permeabilization solution (BD Pharmin-
gen), and intracellular staining was performed. Standard six-color
flow cytometry analyses were performed using the FACSCanto 1T
(Becton Dickinson) and analyzed by FlowJo software (Tree Star,
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Inc., Ashland, OR). The following monoclonal antibodies were
obtained for purification of cells population and flow cytometry
analysis: CD3 (145-2C11) (BD Pharmingen), CD4 (RM4-5) (BD
Pharmingen), CD45RB (C363.16A) (eBioscience), CD45.1 (LyS.1;
A20) (BD Pharmingen), CD45.2 (Ly5.2; 104) (BD Pharmingen),
IFN-y (XMG1.2) (BD Pharmingen), and IL-17A (eBiol7B7)
(eBioscience).

Statistical Analysis

Results are expressed as the mean * standard error of
mean. Groups of data were compared using the Student’s ¢ test.
A P-value of =0.05 was considered statistically significant.

RESULTS

RORvt-deficient Naive T Cells Differentiate
into Th1 Cells

We first investigated whether in vitro differentiated
c¢Thl cells, differentiated directly from RORwyt-deficient
(RORyt&%2/7) naive T cells, could induce colitis. Splenic
CD4*CD45RBMeh T cells obtained from control mice
(RORt#7/*) or RORyt7/% mice, were cultured in vitro for 3
days under Thl or Th17 polarizing conditions. We confirmed
that CD4*CD45RB"Meh T cells obtained from RORyt&?/* dis-
played a normal induction of Th17 cells, although
CD4*CD45RBMe! T cells obtained from RORvt&7/&? ghowed
a marked reduction in Th17 cell numbers after in vitro polari-
zation as reported previously.® In Thl polarizing conditions, the
same number of Thl cells was acquired from each mouse strain
(Fig. 1). These data demonstrate that RORvyt-deficient naive T
cells retain the ability to differentiate into Thl cells under
in vitro Thl polarizing conditions. The in vitro differentiated
ROR+yt-deficient Thl cells represent cThl cells because of the
lack of Th17/Thl1 cell generation.

CD4*CDA5RBYN T Thi Th17
4 0.14 0.00.10.00 0.06 5.28” 0.03
RORyto/*
0.41:133.16  166.79194.34 0.35
0.061/0.00 0.02:10.36 0.00
RORyto#igh

IL-17A

7.78198.46 | 1.17

0.23[32.20

FIGURE 1. RORyt-deficient naive T cells differentiate into Th1 cells.
Expression of IL-17A and [FN-y in splenic CD4*CD45RBM9h T cells
obtained from RORyt9™9% or RORyt9* mice cultured for 3 days
under Th1 or Th17 polarizing conditional medium.
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RORvyt-independent cTh1 Cells are colitogenic
Upon In Vitro Manipulation

We next transferred splenic naive RORyt8#* CD4* T cells,
(Group [Gr]. 18), splenic naive RORyts#2? CD4*™ T cells
(Gr. 2™, in vitro-manipulated RORyt#7* Thl cells (Gr. 34),
and in vitro-manipulated RORvt#”e% Thl cells (Gr. 44) into
RAG-277" mice (Fig. 2A).

As expected, Gr. 1* and Gr. 3* mice developed colitis, as
assessed by weight loss (Fig. 2B), stool scores (Fig. 2C), gross
colon appearance (Fig. 2D), microscopic mucosal appearance,
histological scores (Fig. 2E, F), and the absolute number of LP
CD4* cells (Fig. 2G). Gr. 2* mice developed a wasting disease
but did not develop colitis. Unexpectedly, Gr. 4% mice developed
severe colitis. Additionally, the percentage of LP Thl cells in
Gr. 4* mice was similar to that in Gr. 14 and Gr. 3” mice but
it was significantly higher than that in Gr. 24 mice (Fig. 2H, I).
Although naive RORvyt-deficient CD4* T cells had an impaired
ability to differentiate into Thl cells in vivo and failed to induce
colitis, because of the lack of aThl cell generation as previously
shown,'*** in vitro-differentiated RORyt-deficient Thl cells
(cThl) expanded and induced colitis. This suggested that ¢cThl
cells become colitogenic following differentiation.

Differentiation of RORvyt-independent cTh1
Cells is Accelerated in the Presence of
ROR~t-expressing T Cells In Vivo

We hypothesized that impaired Thl cell differentiation of
splenic naive RORyt-deficient CD4* T-cell transferred mice (Gr. 24)
was because of a lack of co-existence with RORyt*CD4* T cells. To
examine this, we used splenic CD4"CD45RBh#h T cells obtained
from wild-type mice (Ly5.1) and CD4*CD45RBMeh T cells obtained
from RORyt&”2% mice (Ly5.2). Ly5.2 cells (Gr. 1B), Ly5.1 cells
(Gr. 3B), or both Ly5.1 and Ly5.2 (Gr. 2B) cells were transferred to
RAG-2"/~ mice (Fig. 3A).

Gr. 3% mice and Gr. 28 mice developed colitis, whereas Gr. 1B
mice developed wasting disease but did not develop colitis, as assessed
by weight loss (Fig. 3B), stool scores (Fig. 3C), gross colon appear-
ance (Fig. 3D), macroscopic mucosal appearance and histological
scores (Fig. 3E, F), and the absolute number of LP CD4* cells
(Fig. 3G). The percentage of Thl cells was significantly higher in
Gr. 3B mice than in Gr. 1B mice. Surprisingly, the percentage of
Ly5.2* Thl cells in Gr. 2B mice increased significantly compared with
the percentage of Thl cells derived from the Ly5.2* T-cell population
in Gr. 1B mice (Fig. 3H, I). These results suggested that RORyt-
independent cThl cells obtained colitogenicity when present with
RORyt-expressing T cells in vivo and that RORyt-expressing T cells
might strengthen the cThl differentiation pathway, allowing ROR~yt-
independent cThl cells to participate in the development of colitis.

RORvyt-independent cTh1 Cells are
Colitogenic upon In Vivo Manipulation

We further investigated whether ROR+yt-independent
cThl cells could induce colitis upon in vivo manipulation.
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FIGURE 2. ROR+vyt-deficient Th1 cells are colitogenic upon in vitro manipulation. A, Transfer protocol. The following cells types were transferred into
RAG-2~/~ mice: splenic CD4*CD45RBMg" T cells obtained from RORyt9™/* (Gr. 14, n = 5), RORyt9P/4 (Gr. 2A, n = 5), or in vitro-manipulated Th1
cells under Th1 polarizing conditions from RORyt9/* (Gr. 3, n = 5) or RORy19P/9% (Gr. 4%, n = 5) mice. Mice were killed 6 to 8 weeks after transfer.
B, Change in body weight. C, Stool score. D, Representative gross appearance of colon. E, Histopathology of distal colon at 6 to 8 weeks after
transfer (original magnification x40 and x100). The scale bar represents 200 wm. F, Histological score. G, Absolute cell number of recovered LP
CD4+ T cells at 6 to 8 weeks after transfer. H, Expression of IL-17A and IFN-y in LP CD4* T cells. Data are representative of 5 mice in each group. |,
Mean percentage of Th17, Th17/Th1, and Th1 cells in LP CD4* T cells. Data (F, G, |) show mean = standard error of mean (n = 5 per group). *P <

0.05. NS, not significant.
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group. I, Mean percentage of Th1 cells in LP CD4* T cells. Data (F, G, I) show mean * standard
not significant.
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LP Ly5.1" CD4" cells or LP Ly5.2" CD4* cells obtained from
colitic Gr. 2 mice were transferred to naive RAG-27/" mice
(Gr. 2€ and Gr. 3¢). LP Ly5.2* CD4" cells obtained from
Gr. 18 mice were transferred to new RAG-27/" mice (Gr. 1)
as a control.

We confirmed that Ly5.17 cells and Ly5.2" cells were pres-
ent at the same proportion in LP CD4* cells obtained from colitic
Gr. 28 mice (Fig. 4A). We also confirmed that the degree of colitis
did not depend on the number of transferred CD4*CD45RBhigh
T cells (data not shown).

Gr. 3¢ mice developed colitis as assessed by weight loss
(Fig. 4B), stool score (Fig. 4C), colon appearance (Fig. 4D),
microscopic mucosal appearance and histological scores (Fig.
4E, F), and the absolute number of LP CD4* cells (Fig. 4G).
As expected, Gr. 1¢ mice did not develop colitis but unexpectedly
did not develop a wasting disease either. Interestingly, Gr. 2€
mice developed colitis with a significantly increased percentage
of Thl cells when compared with the percentage of Thl cells
in Gr. 1€ (Fig. 4H, ). These results suggest that ROR~vyt-inde-
pendent cThl cells obtain colitogenicity in the presence of
RORvyt-expressing T cells in vivo. Thus, RORyt-expressing T cells
strengthen the cThl differentiation pathway, resulting in the ¢Thl
cells becoming colitogenic.

DISCUSSION

We recently classified Thl cells into 2 subsets, aThl cells
and cThl cells, based on their dependence of ROR~yt expression.
However, the role of each cell type has not been extensively stud-
ied. In the current study, we demonstrated that RORyt-independent
cThl cells, generated directly from naive T cells without
RORvt expression, also obtain colitogenicity in the presence
of ROR~yt-expressing T cells in the pathogenesis of colitis using an
adoptive transfer model of colitis and Ly5.1/5.2 congenic system.
These studies also suggested RORyt-expressing T cells have a role
as both progenitor cells for aThl cells, but also as T cells that
strengthen the cThl differentiation pathway, resulting in the devel-
opment of experimental T-cell-dependent colitis.

To investigate a role for c¢Thl cells, we first transferred
in vitro manipulated ROR<yt-deficient Thl cells to RAG-27/~
mice. A previous study reported that RORvyt-deficient T cells
failed to induce colitis."* Unexpectedly, our results clearly dem-
onstrated that in vitro-differentiated Thl cells derived from
RORyt&72® mice strongly induced colitis in an adoptive transfer
model. This result indicated that RORyt-independent cTh1 cells,
at least those differentiated in vitro, are colitogenic and that they
might also be colitogenic in vivo.

Thus, we next examined whether cThl cells were colito-
genic in vivo. Based on a recent report by Huh et al*® reporting
antagonizing RORyt activity suppressed colitis in experimental
colitis, we assumed that ¢Th1 cells were colitogenic and contrib-
ute to development of colitis in co-existence with RORyt-express-
ing T cells in vivo. We co-transferred naive T cells obtained from
wild-type mice and RORyt###”2% mice into RAG-27/~ mice.

1826 | wwwibdjournalorg

FIGURE 5. Model of the development of colitogenic cTh1 cells from
naive T cells in the presence of RORyt-expressing T cells. Th17 cells
differentiate into Th17/Th1 cells and then become colitogenic aTh1
cells. Stimulation will switch differentiation toward colitogenic Th1
cells. Similar to Th17 cells, Th1 cells are colitogenic in the presence of
RORyt-expressing T cells.

Using a surface staining method that precisely discriminates
ROR~yt-expressing T cells from RORyt-deficient T cells by using
the Ly5.1/5.2 congenic system identified an unexpected mecha-
nism. The co-transfer of RORyt-expressing T cells resulted in an
increased ratio of c¢Thl cells that were polarized from RORwvt-
deficient T cells. These results indicated that differentiation of
ROR~yt-independent c¢Thl cells was accelerated in the presence
of RORvyt-expressing T cells during the development of colitis.

However, it was still unclear how c¢Thl cells acquired
colitogenicity in vivo. To investigate this, we transferred
ROR~yt-independent cThl cells to naive RAG-2"/~ mice a sec-
ond time, by in vivo manipulation, and these mice developed
colitis. These results clearly indicated that ¢Thl cells develop
colitogenicity in vivo and are consistent with previous reports
that CD4*CD45RBbz2h T cells obtained from T-bet™~ mice'! or
from RORyt™/~ mice do not induce colitis.'*"* Our current
immunologic scenario is depicted in Figure 5.

Although, we showed that cThl also obtained colitogenic-
ity in the presence of RORvyt-expressing T cells in vivo, the
mechanism of how RORvyt-expressing T cells affect cThl cells
in developing colitis has not been extensively studied. Our pre-
vious study showed that the differentiation status of macrophage/
dendritic cells determined the level of IL-12/IL-23 production.®
Thus, one possibility is that RORyt-expressing T cells may induce
macrophage/dendritic cells to produce proinflammatory cytokines
such as IL-12 or IL-23. These proinflammatory macrophage/den-
dritic cells may contribute to the cThl differentiation pathway.
Another possibility is that direct cell-to-cell contact between
ROR-~yt-expressing T cells and RORyt-deficient T cells may exist.
Further studies will be warranted to address these possibilities.

In conclusion, our data show for the first time that
cThl cells developed colitogenicity in the presence of RORyt-
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expressing T cells. These findings provide new insights into the role
of colitogenic CD4* T cells during the development of intestinal
inflammation.

ACKNOWLEDGMENTS

The authors would like to express special thanks to Drs.

Kaoru Takabayashi, Kayoko Kimura, Mina Kitazume, Miho
Takabe (Keio University) and Nobuhiko Kamada (University of
Michigan Medical School) for helpful discussions.

13.

14.

17.

REFERENCES

. Podolsky DK. Inflammatory bowel disease. N Engl J Med. 2002;347:

417-429.

. Kaser A, Zeissig S, Blumberg RS. Inflammatory bowel disease. Annu Rev

Immunol. 2010;28:573-621.

. Strober W, Fuss 1J, Blumberg RS. The immunology of mucosal models of

inflammation. Annu Rev Immunol. 2002;20:495-549.

. Abraham C, Cho JH. Inflammatory bowel disease. N Engl J Med. 2009;

361:2066-2078.

. Toms C, Powrie F. Contro] of intestinal inflammation by regulatory

T cells. Microbes Infect. 2001;3:929-935.

. Maynard CL, Weaver CT. Intestinal effector T cells in health and disease.

Immunity. 2009;31:389-400.

. Powrie F, Leach MW, Mauze S, et al. Phenotypically distinct subsets of

CD4+ T cells induce or protect from chronic intestinal inflammation in C.
B-17 scid mice. Int Immunol. 1993;5:1461-1471.

. Szabo SJ, Sullivan BM, Stemmann C, et al. Distinct effects of T-bet in

TH1 lineage commitment and IFN-gamma production in CD4 and CD8 T
cells. Science. 2002;295:338-342.

. Ivanov I, McKenzie BS, Zhou L, et al. The orphan nuclear receptor

RORgammat directs the differentiation program of proinflammatory
IL-17+ T helper cells. Cell. 2006;126:1121-1133.

. Atarashi K, Nishimura J, Shima T, et al. ATP drives lamina propria T(H)

17 cell differentiation. Nature. 2008;455:808-812.

. Szabo SJ, Kim ST, Costa GL, et al. A novel transcription factor, T-bet,

directs Th1 lineage commitment. Cell. 2000;100:655-669.

. Neurath MF, Weigmann B, Finotto S, et al. The transcription factor T-bet

regulates mucosal T cell activation in experimental colitis and Crohn’s
disease. J Exp Med. 2002;195:1129-1143.

Leppkes M, Becker C, Ivanov II, et al. RORgamma-expressing
Th17 cells induce murine chronic intestinal inflammation via redun-
dant effects of IL-17A and IL-17F. Gastroenterology. 2009;136:
257-267.

Brand S. Crohn’s disease: Th1, Th17 or both? The change of a paradigm:
new immunological and genetic insights implicate Th17 cells in the path-
ogenesis of Crohn’s disease. Gut. 2009;58:1152-1167.

. Mikami Y, Kanai T, Sujino T, et al. Competition between colitogenic Thl

and Th17 cells contributes to the amelioration of colitis. Eur J Immunol.
2010;40:2409-2422.

. Powrie F, Leach MW, Mauze S, et al. Inhibition of Th1 responses pre-

vents inflammatory bowel disease in scid mice reconstituted with
CD45RBhi CD4+ T cells. Immunity. 1994;1:553-562.

Rovedatti L, Kudo T, Biancheri P, et al. Differential regulation of inter-
leukin 17 and interferon gamma production in inflammatory bowel dis-
ease. Gut. 2009;58:1629-1636.

Sopywrtaht © 2004 Crohn's & Colltls Poundetion of Ameriog, Ino. Unauthorized re

— 395 —

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

. Annunziato F, Cosmi L, Santarlasci V, et al. Phenotypic and functional

features of human Th17 cells. J Exp Med. 2007;204:1849-1861.

. Acosta-Rodriguez EV, Rivino L, Geginat J, et al. Surface phenotype and

antigenic specificity of human interleukin 17-producing T helper memory
cells. Nat Immunol. 2007;8:639—-646.

Yang Y, Weiner J, Liu Y, et al. T-bet is essential for encephalitogenicity
of both Th1 and Th17 cells. J Exp Med. 2009;206:1549-1564.

Murphy E, Shibuya K, Hosken N, et al. Reversibility of T helper 1 and 2
populations is lost after long-term stimulation. J Exp Med. 1996;183:901-913.
Zhou L, Chong MM, Littman DR. Plasticity of CD4+ T cell lineage
differentiation. Immunity. 2009;30:646-655.

Xu L, Kitani A, Fuss I, et al. Cutting edge: regulatory T cells induce CD4
+CD25-Foxp3- T cells or are self-induced to become Th17 cells in the
absence of exogenous TGF-beta. J Immunol. 2007;178:6725-6729.
Zhou X, Bailey-Bucktrout SL, Jeker LT, et al. Instability of the transcrip-
tion factor Foxp3 leads to the generation of pathogenic memory T cells
in vivo. Nat Immunol. 2009;10:1000-1007.

O’Shea JJ, Paul WE. Mechanisms underlying lineage commitment and
plasticity of helper CD4+ T cells. Science. 2010;327:1098—1102.

Zhu J, Paul WE. Heterogeneity and plasticity of T helper cells. Cell Res.
2010;20:4-12.

Totsuka T, Kanai T, Nemoto Y, et al. Inmunosenescent colitogenic CD4
(+) T cells convert to regulatory cells and suppress colitis. Eur J Immunol.
2008;38:1275-1286.

Lee YK, Turner H, Maynard CL, et al. Late developmental plasticity in
the T helper 17 lineage. Immunity. 2009;30:92-107.

Martin-Orozco N, Chung Y, Chang SH, et al. Th17 cells promote
pancreatic inflammation but only induce diabetes efficiently in lympho-
penic hosts after conversion into Thl cells. Eur J Immunol. 2009;39:
216-224.

Bending D, De la Pena H, Veldhoen M, et al. Highly purified Th17 cells
from BDC2.5NOD mice convert into Th1-like cells in NOD/SCID recip-
ient mice. J Clin Invest. 2009;119:565-572.

Peck A, Mellins ED. Plasticity of T-cell phenotype and function: the T
helper type 17 example. Immunology. 2010;129:147-153.

Sujino T, Kanai T, Ono Y, et al. Regulatory T cells suppress development
of colitis, blocking differentiation of T-helper 17 into alternative T-helper
1 cells. Gastroenterology. 2011;141:1014-1023.

Mosmann TR, Cherwinski H, Bond MW, et al. Two types of murine
helper T cell clone. 1. Definition according to profiles of lymphokine
activities and secreted proteins. J fmmunol. 1986;136:2348-2357.

Eberl G, Littman DR. Thymic origin of intestinal alphabeta T cells revealed
by fate mapping of RORgammat+ cells. Science. 2004;305:248-251.
Kanai T, Tanimoto K, Nemoto Y, et al. Naturally arising CD4+CD25+
regulatory T cells suppress the expansion of colitogenic CD4+
CD44highCD62L- effector memory T cells. Am J Physiol Gastrointest
Liver Physiol. 2006;290:G1051-G1058.

Kanai T, Kawamura T, Dohi T, et al. TH1/TH2-mediated colitis induced
by adoptive transfer of CD4+CD45RBhigh T lymphocytes into nude
mice. Inflamm Bowel Dis. 2006;12:89-99.

De Jong YP, Comiskey M, Kalled SL, et al. Chronic murine colitis is
dependent on the CD154/CD40 pathway and can be attenuated by anti-
CD154 administration. Gastroenterology. 2000;119:715-723.

Huh JR, Leung MW, Huang P, et al. Digoxin and its derivatives suppress
TH17 cell differentiation by antagonizing RORgammat activity. Nature.
2011;472:486-490.

Kamada N, Hisamatsu T, Okamoto S, et al. Abnormally differentiated
subsets of intestinal macrophage play a key role in Th1-dominant chronic
colitis through excess production of IL-12 and IL-23 in response to bac-
teria. J Immunol. 2005;175:6900-6908.

wwwibdjournalorg | 1827




ORIGINAL ARTICLE

Cross-talk Between RORyt" Innate Lymphoid Cells and Intestinal
Macrophages Induces Mucosal IL-22 Production in Crohn’s Disease

Shinta Mizuno, MD, PhD,* Yohei Mikami, MD, PhD,*’ Nobuhiko Kamada, PhD,* Tango Handa, MPharm,*
Atsushi Hayashi, MPharm,* Toshiro Sato, MD, PhD,* Katsuyoshi Matsuoka, MD, PhD,*

Mami Matano, MAgr,* Yuki Ohta, BSc,® Akira Sugita, mD,I" Kazutaka Koganei, mD,!

Rikisaburo Sahara, MD," Masakazu Takazoe, MD," Tadakazu Hisamatsu, MD, PhD,*

and Takanori Kanai, MD, PhD*

Background: Interleukin (IL)-22-producing RORyt" innate lymphoid cells (ILCs) play a pivotal role in intestinal immunity. Recent reports demon-
strated that ILCs contribute to mucosal protection and intestinal inflammation in mice. In humans, numbers of RORyt* ILCs are significantly increased in
the intestine of patients with Crohn’s disease (CD), suggesting that ILCs may be associated with intestinal inflammation in CD. However, the mechanism
by which ILCs are regulated in the intestine of patients with CD is poorly understood. This study aimed to determine the activation mechanism of
intestinal ILCs in patients with CD.

Methods: CD45" lineage marker [LCs were isolated from intestinal lamina propria of patients with CD. ILCs were then subdivided into 4 distinct populations
based on the expression of CD56 and CD127. Purified ILC subsets were cocultured with intestinal CD14% macrophages, and 11.-22 production was evaluated.

Results: CDI127CD56~ and CD127°CD56" ILC, but not CD1277CD56" or CD127-CD56™ ILC, subsets expressed RORvyt and produced IL-22.
IL-22 production by these ILC subsets was enhanced when ILCs were cocultured with intestinal macrophages. IL-23 or cell-to-cell contact was required
for macrophage-mediated activation of ILCs. IL-22 production by ILCs was perturbed in inflamed mucosa compared with noninflamed mucosa. IL-22
induced the expression of Regla and Claudin-1 in human intestinal epithelial organoids.

Conclusions: RORyt* ILCs might enhance mucosal barrier function through the upregulation of Regla through production of IL-22. Although CD14*
macrophages augment intestinal inflammation in patients with CD, macrophages also promote a negative feedback pathway through the activation of
IL-22 production by RORyt" ILCs.

(Inflamm Bowel Dis 2014,;20:1426-1434)
Key Words: RORvyt" ILC, IL-22, macrophages, Crohn’s disease

C rohn’s disease (CD) is one of the major forms of human Although several studies have revealed various different immu-

inflammatory bowel disease (IBD), and sustains inflamma- nological pathways involved in the pathogenesis of IBD, the pre-
tion throughout the entire gastrointestinal tract. It is well known cise mechanism(s) remain poorly understood.
that genetic background, food, intestinal flora, and immunological Innate lymphoid cells (ILCs) are newly identified subsets of

factors can affect the course of its pathological condition.' immune cells. ILCs comprise several functionally distinct subsets.
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