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noninflammatory profiles

Hisako Kayama®®<"?, Masako Kohyama®®", Daisuke Okuzaki’, Daisuke Motooka', Soumik Barman .
Ryu Okumura®P<, Masato Muneta®, Katsuaki Hoshino?, Izumi Sasaki", Wataru Ise', Hiroshi Matsuno/, Junichi Nishimural,
Tomohiro Kurosaki', Shota Nakamura®, Hisashi Arase®®, Tsuneyasu Kaisho™*"2, and Kiyoshi Takeda®""<2

a,b,c
I

2Department of Microbiology and Immunology, Graduate School of Medicine, Osaka University, 565-0871 Osaka, Japan; ®The World Premier International
Research Center Initiative (WPI) Immunology Frontier Research Center, Osaka University, 565-0871 Osaka, Japan; “Core Research for Evolutional Science and
Technology, Japan Agency for Medical Research and Development, 100-0004 Tokyo, Japan; 9Laboratory of Immunochemistry, Immunology Frontier Research
Center, Osaka University, 565-0871 Osaka, Japan; “Department of Immunochemistry, Research Institute for Microbial Diseases, Osaka University, 565-0871
Osaka, Japan; fGenome Information Research Center, Research Institute for Microbial Diseases, Osaka University, 565-0871 Osaka, Japan; 9Department of
Immunology, Faculty of Medicine, Kagawa University, 761-0793 Kagawa, Japan; hDepartment of Immunology, Institute of Advanced Medicine, Wakayama
Medical University, 641-8509 Wakayama, Japan; 'Laboratory of Lymphocyte Differentiation, Inmunology Frontier Research Center, Osaka University, 565-0871
Osaka, Japan; 'Department of Gastroenterological Surgery, Graduate School of Medicine, Osaka University, 565-0871 Osaka, Japan; “Laboratory for Immune
Regulation, WPl Immunology Frontier Research Center, Osaka University, 565-0871 Osaka, Japan; and 'Japan Laboratory for Inflammatory Regulation, Research

Center for Allergy and Immunology RIKEN Center for Integrative Medical Science (IMS-RCAI), 230-0045 Kanagawa, Japan

Edited by Kenneth M. Murphy, Washington University, St. Louis, MO, and approved July 10, 2018 (received for review May 17, 2018)

The local environment is crucial for shaping the identities of tissue-
resident macrophages (M¢s). When hemorrhage occurs in damaged
tissues, hemoglobin induces differentiation of anti-inflammatory
M¢s with reparative function. Mucosal bleeding is one of the path-
ological features of inflammatory bowel diseases. However, the
heme-mediated mechanism modulating activation of intestinal in-
nate immune cells remains poorly understood. Here, we show that
heme regulates gut homeostasis through induction of Spi-C in in-
testinal CXsCR1M9" Mgs. Intestinal CX3CR1™9" Ms highly expressed
Spi-C in a heme-dependent manner, and myeloid lineage-specific
Spic-deficient (Lyz2-cre; Spic’?°*) mice showed severe intestinal
inflammation with an increased number of Th17 cells during dex-
tran sodium sulfate-induced colitis. Spi-C down-regulated the ex-
pression of a subset of Toll-like receptor (TLR)-inducible genes in
intestinal CX;CR1"'9" M¢s to prevent colitis. LPS-induced production
of IL-6 and IL-1«, but not IL-10 and TNF-a, by large intestinal Mds
from Lyz2-cre; Spic™/f°* mice was markedly enhanced. The inter-
action of Spi-C with IRF5 was linked to disruption of the IRF5-NF-xB
p65 complex formation, thereby abrogating recruitment of IRF5 and
NF-kB p65 to the /l6 and ll1a promoters. Collectively, these results
demonstrate that heme-mediated Spi-C is a key molecule for the non-
inflammatory signature of intestinal M¢s by suppressing the induc-
tion of a subset of TLR-inducible genes through binding to IRF5.
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Tissue-resident macrophages (M¢s) play a key role in innate
immune surveillance against tissue-invading pathogens. In
addition, they have been characterized as anti-inflammatory Mds
responsible for maintaining tissue homeostasis and resolving
inflammatory responses (1). For example, intestinal resident
CX;CR1ME" M¢s derived from Ly6C"e" CCR2™ monocytes after
birth (2, 3) mediate innate immune defense against intestinal
microorganisms by exerting high phagocytic activity (4). To
maintain mucosal tolerance, noninflammatory gene expression
patterns in intestinal CX;CR1"€" M¢s are precisely controlled
through IL-10 receptor signaling-dependent mechanisms (35, 6).
Intestinal CX3CR1%&" Mds in I/10ra-deficient mice displayed the
elevated expression of Toll-like receptor (TLR)-dependent proin-
flammatory mediators such as 1/12b, 1123a, and Nos2, while a subset
of TLR-inducible genes such as /l6 and Tnf was unchanged (5).
Accordingly, large intestinal CX;CR1™" M¢s from 107"~ mice did
not show increased IL-6 production (7). Thus, the activity of in-
testinal CX3CR1"" M¢s might be modulated by an unknown IL-
10-independent mechanism.
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In addition to precursor heterogeneity, local environmental
factors are implicated in the diversity of tissue-resident M¢s by
inducing tissue-specific transcription factors as well as epigenetic
modifications, leading to unique transcriptional profiles (8, 9).
When hemorrhage occurs in damaged tissues, hemoglobin pro-
vides either an anti-inflammatory feature or a restorative func-
tion for infiltrating M¢s through a scavenger receptor such as
CD163 (10-15). Among the colonoscopic features, bleeding
within the mucosa is commonly seen in patients with ulcerative
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colitis that is a form of inflammatory bowel disease (16). How-
ever, whether heme evokes the noninflammatory profiles in
Mg¢s, thereby contributing to mucosal healing, is unclear.

Spi-C, which belongs to the Spi subfamily of Ets transcription
factors including PU.1, Spi-B, and Spi-D (17), was reported to
regulate the differentiation of splenic red pulp M¢s (RPM¢s)
and F4/80" VCAM" bone marrow M¢s (BMM¢s) (18, 19) and the
development of B lymphocytes (20-22). In addition, erythrocyte-
derived heme is a tissue factor that drives the expression of Spic
during the development of RPM¢s and F4/80" VCAM* BMMds
(19). However, the function of Spi-C in the regulation of innate
immune responses remains poorly understood.

In this study, we identified the mechanism by which heme-
mediated Spi-C negatively regulates a subset of TLR-inducible
genes in intestinal M¢s through disruption of IRF5-NF-kB p65
complex formation to provide noninflammatory profiles for in-
testinal M¢s, thereby maintaining intestinal homeostasis.

Results

Expression of Spi-C in Intestinal CX;CR1"9" M¢s. Unlike other tissue-
resident M¢s, transcription factors that regulate the differenti-
ation and function of CX;CR1"" M¢s in the large intestine are
poorly understood. Thus, to identify transcription factors spe-
cifically expressed in CX;CR1"" M¢s among large intestinal
innate myeloid cells, we comprehensively analyzed gene expression
profiles in CX;CR1"®" M¢s, CX;CR1™ CD11b* CD11c* cells,
CD11b~ CD11c"" DCs, and CD11b* CD11c™ cells (SI Appendix,
Table S1). Among four subsets, CX;CR1"" M¢s highly expressed
Spic. Spic®?"®P mice showed that a subpopulation of CD11b*
innate myeloid cells in the colon, small intestine, and mesenteric
lymph nodes (MLN) expressed Spi-C, as did those in the spleen
and bone marrow (19) (Fig. 14). In the colon, Spi-C—expressing
CD11b* CD11c*~ cells highly expressed CX3;CR1 in both a
steady state and a dextran sodium sulfate (DSS)-induced inflam-
matory state (SI Appendix, Fig. S1), suggesting that Spi-C is selec-
tively expressed in CX3CR1™&" Mds among large intestinal innate
myeloid cells.

Exacerbated Colitis in Myeloid Lineage Cell-Specific Spi-C-Deficient
Mice. To assess the physiological role of Spi-C in intestinal
CX;CR1"€" Mds, myeloid lineage cell-specific Spi-C—deficient
(Lyz2-cre; Spic™"*) mice were generated (SI Appendix, Fig. S2
A-C). The expression of Spic mRNA was markedly reduced in
large intestinal CX;CR1ME" Ms in Lyz2-cre; Spic™* mice
compared with Spic™°* mice (SI Appendix, Fig. S2D). How-
ever, the frequency of CX;CR1"E" Mds was not altered in the large
intestinal lamina propria (S Appendix, Fig. S2E). In the steady state,
there was no difference in IL-17-, IFN-y—, and IL-10-producing
CD4* T cells as well as in Foxp3* Treg cells in the colon, MLN,
and spleen between Spic™ and Lyz2-cre; Spic™* mice (SI
Appendix, Fig. S2 F and G). In the spleen of Lyz2-cre; Spic™/x
mice, the number of RPM¢s was normal (SI Appendix, Fig. S34). In
addition, Spic expression was not reduced in RPM¢s isolated from
Lyz2-cre; Spic"e* mice (SI Appendix, Fig. S3B). This might be due
to the lower expression level of Lyz2 in RPM¢s than intestinal in
CX3CR1"" Mds (ST Appendix, Fig. S3C). _

We investigated whether Spi-C in CX;CR1™E" Mds regulates
intestinal inflammation by orally administering 1.5% DSS.
Compared with Spic™"* mice, Lyz2-cre; Spic™" mice showed
greater weight loss, more profound bleeding in the stools, slightly
increased pasty stools, and more severe intestinal pathologies (Fig.
1 B-E). In addition, the number of IL-17-producing CD4" T cells
was increased in the colon, but not in the MLN and spleen of
Lyz2-cre; Spic”™™* mice following DSS administration compared
with Spic™"°* mice &Fi}g. 1F). These findings indicate that Spi-C
in intestinal CX3CR1™"8" M¢s plays an important role in the sup-
pression of intestinal inflammation.
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Fig. 1. Lyz2-cre; Spic™/f°* mice showed exacerbated intestinal in-

flammation following DSS administration. (A) Flow cytometric plots of Spi-C-
EGFP- and CD11b-expressing cells. The cells from the spleen, bone marrow
(BM), large intestine (LI), small intestine (SI), mesenteric lymph nodes (MLN),
liver, and peritoneal cavity (PEC) from wild-type and Spic'RES-CFP/SFP mjce
were stained with anti-CD45 antibody, anti-CD11b antibody, and 7-AAD. All
data are representative of two independent experiments. (B—F) Spic'o*/flox
and Lyz2-cre; Spic™/fo* mice were administered with 1.5% DSS for 7 d. (B)
Weight changes of Spic™fo* (n = 9) and Lyz2-cre; Spic™®1°* (n = 8) mice.
*P < 0.05. (C and D) Bleeding score (C) and stool score (D) of mice admin-
istered with 1.5% DSS for 10 d (n = 5 per group). *P < 0.05, ****P < 0.001.
Mean + SEM from two independent experiments are shown. (E) H&E
staining and histopathological score of Spic™fo* (n = 9) and Lyz2-cre;
Spicfox (0 = 8) mice. *P < 0.05. (F) The frequency (Upper) and number
(Bottom) of IFN-y—, IL-17-, and IL-10-producing CD4" T cells from Spicﬁ""’ﬁ""
(n = 7) and Lyz2-cre; Spic®f°* (n = 4) mice. *P < 0.05. All graphs show
mean + SEM from two independent experiments.

Attenuation of DSS-Induced Colitis by Heme Is Spi-C-Dependent. A
previous study identified heme as an inducer of Spic expression
in M¢s (19). Heme-associated iron was present in the intestinal
lamina propria as well as the spleen in both a steady state and a
DSS-induced inflammatory condition (S Appendix, Fig. S44). In
addition, hemoglobin and iron were detected in the intestinal
lumen in the steady state, and their concentrations were in-
creased after DSS administration (SI Appendix, Fig. S4B), thus
indicating that intestinal M¢s have a chance to be exposed to
heme in the intestine. Therefore, we examined whether the in-
duction of Spic expression in CX3CR1"&" M¢s by heme mediates
the suppression of intestinal inflammation. The i.p. injection of
hemin (a Fe*" oxidization product of heme) up-regulated Spic
expression as well as iron/heme metabolism-related genes such
as Hmoxl1, Slc40al, and Blvrb in large intestinal CD11b" CD11c*
cells (SI Appendix, Fig. S4C). Among CD11b" innate myeloid
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cells in the large intestinal lamina propria of hemin-injected
mice, CX3CR1"™" M¢s most highly expressed Spic (SI Appen-
dix, Fig. S4D). We next examined the therapeutic effect of heme
on DSS-induced colitis in Spic™"* and Lyz2-cre; Spic"*/"*
mice (Fig. 2). Without hemin pretreatment, Lyz2-cre; Spic"*/*
mice exhibited severe clinical parameters such as weight loss,
stool bleeding, stool consistency, and colon shortening (Fig. 2.4-D),
which was associated with worsened colonic histopatholo

(Fig. 2E), compared with those in Spic/"** mice. In Spic/**/"*
mice, hemin treatment reduced all of the clinical parameters
with a marked amelioration of intestinal pathology, as reported
previously (23). In contrast, Lyz2-cre; Spic"*"** mice suffered
from profound weight loss with severe stool bleeding and
shortening of the colon even after hemin treatment, although a
partial suppression of the weight loss and amelioration of stool
consistency were observed. Moreover, histological analysis
did not show a hemin-mediated remediation of pathological
changes in Lyz2-cre; Spic™** mice. In accordance with the
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Fig. 2. Minimal therapeutic effects of hemin on symptoms of DSS-induced
colitis in Lyz2-cre; Spic™/fox mice. Spic™¥'f°* and Lyz2-cre; Spic™®°* mice
intraperitoneally injected with 1 mg hemin or vehicle on days -2 and -1 of
DSS administration and administered with 1.5% DSS for 7 d (n = 8-9 per
group) (A, E, and F) or 11 d (n = 5-8 per group) (B-D). (A) Weight changes.
*P < 0.05, ****P < 0.001, *P < 0.05, *P < 0.05, **P < 0.01, P < 0.05, #¥P < 2 x
107>, (B and C) Bleeding score (B) and stool score (C). *P < 0.05, **P < 0.01,
***P < 0,005, *P < 0.05, *P < 0.05, %P < 0.05, *P denotes significance between
heme-treated control and Spic mutant mice, *P denotes significance be-
tween vehicle-injected control and Spic mutant mice, $P denotes significance
between vehicle-injected and heme-injected Spic mutant mice, and P de-
notes significance between vehicle-injected and heme-injected control mice
(A-C). (D) Colon length. ***P < 0.005, ****P < 0.001. (E) Representative
colon sections (Upper) and histological score (Bottom) of the colons. *P <
0.05, ***P < 0.005. (F) Frequency (Left) and number (Right) of IFN-y—, IL-17-,
and IL-10-producing CD4* T cells. *P < 0.05, **P < 0.01.
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reduced severity of colitis in the colons of Spic™* mice, but not
of Lyz2-cre; Spicﬂ”/ﬂox mice, the number of colitogenic Thl and
Th17 cells after DSS administration was markedly decreased by
hemin pretreatment (Fig. 2F). Without pretreatment with hemin,
production of IL-6 and IL-17 in the colon was slightly increased in
Lyz2-cre; Spic"°* mice compared with that in Spic/)olw "% mice (ST
Appendix, Fig. S5). In Spiﬁ’xm"x mice pretreated with hemin,
production of proinflammatory cytokines including IL-6, IL-17,
IFN-y, and IL-la in the colon was greatly reduced compared
with that in untreated Spic™ mice. In contrast, Lyz2-cre;
Spic™°* mice did not show the hemin-mediated suppression of
IL-17, IFN-y, and IL-la production in the colons, although a
modest reduction of IL-6 production was induced. These findings
suggest that Spi-C is required for the heme-dependent suppres-
sion of intestinal inflammation.

Decreased Expression of a Subset of TLR-Dependent Genes by
Heme-Inducible Spi-C. To determine how Spi-C controls the func-
tion of intestinal CX;CR1ME" Mds, we investigated the overall
gene expression patterns in BMDMgs prepared from Spic™/*
and Lyz2-cre; Spic™®" mice. BMDMg¢s were stimulated with or
without LPS following hemin treatment and used for RNA-seq
analysis. In Spic”~ BMDMg¢s stimulated with LPS, 85 genes were
up-regulated compared with LPS-stimulated Spic™* BMDMds
(SI Appendix, Table S2). We focused on proinflammatory cytokine
genes such as [l6 and Illa among these genes because they were
reported to promote intestinal inflammation (24-28). To confirm
the RNA-seq results, we analyzed the LPS-induced expression of
116, Illa, and Tnf in hemin-pretreated M¢s derived from periph-
eral blood monocytes (PB-MO) isolated from Spic™/"* and Lyz2-
cre; Spic™™"™ mice using quantitative RT-PCR (Fig. 34). The
expression of 1/6 and I/la, but not Tnf, was markedly increased in
Spic™~ PB-MOM¢s compared with control cells (Fig. 34). To
confirm the effects of Spi-C on LPS-inducible gene expression, we
generated RAW264.7 cells stably expressing Spi-C (Fig. 3 B and
C) and analyzed the expression of 116, Il1a, and Tnf (Fig. 3D). Spi-
C—-expressing RAW264.7 cells showed a marked decrease in the
expression of 1/6 and Illa, but not of Tnf, following LPS stimu-
lation. In accordance with the mRNA expression patterns, the
production of IL-6 and IL-1a, but not of TNF-a, by hemin-treated
Spic™’~ PB-MOMg¢s in response to LPS was augmented compared
with control cells (Fig. 3E). These findings indicate that the heme-
mediated expression of Spi-C negatively regulates the expression
of a subset of LPS-inducible genes.

Enhanced Production of IL-6 and IL-1« by Spic™'~ Intestinal CX;CR1"9"
M¢s. We analyzed the role of Spi-C in the regulation of TLR-
induced proinflammatory cytokine production by intestinal my-
eloid cells. Among intestinal CD11b* innate myeloid cells,
CX;CR1"&" M¢s and CX3CR1™" cells from the large intestinal
lamina propria were cultured in the presence of LPS and ana-
lyzed for the production of IL-6, IL-1a, TNF-a, and IL-10 (Fig.
4). The Spi-C deficiency in intestinal CX;CR1"E" M¢s led to
increased production of IL-6 and IL-1a, but not of TNF-a and
IL-10, while there was no difference in the production of all
cytokines by CX;CR1" cells from control or mutant mice, in-
dicating that Spi-C suppresses a subset of TLR4-inducible genes
including 716 and Il1a in intestinal CX3CR1™&" M¢s.

Dietary Iron Mediates the Induction of Spi-C in Intestinal Innate
Myeloid Cells. We next attempted to identify factors driving Spic
expression in intestinal innate myeloid cells. Heme-mediated
degradation of the transcription repressor Bachl elicits the ex-
pression of Spic as well as Hmox1, Slc40al, and Blvrb (19, 29).
Previous studies have shown that a reduced intake of dietary iron
decreased hemoglobin levels in vivo (30, 31). Thus, we examined
the effect of dietary iron on Spic expression in large intestinal
CX3CR1Me" M¢ps. C57BL/6J mice fed with an AIN93G (control)
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Fig. 3. Expression of a subset of LPS-inducible genes up-regulated in Spic™’~
M¢s. (A) PB-MOM¢s prepared from control and Spic mutant mice were
stimulated with LPS following pretreatment with hemin for 18 h and ana-
lyzed for the expression of 116, ll1a, and Tnf. Graphs show the mean + SEM of
three independent experiments. *P < 0.05. (B) Expression of Spic in
RAW264.7 cells stably expressing Spi-C-His and control cells. Graphs show the
mean + SD. Data are representative of four independent experiments. *P < 0.05.
(C) Western blot analysis with anti-His and anti—B-actin antibodies using Spi-C-
His stably expressing RAW264.7 cells and control cells. Data are representative
of two independent experiments. (D) RAW264.7 cells stably expressing Spi-C-
His and control cells stimulated with LPS were analyzed for the expression of
116, ll1a, and Tnf. Graphs show the mean + SD. Data are representative of two
independent experiments. *P < 0.05, ***P < 0.005. n.s., not significant. (E)
Production of IL-6, IL-1a, and TNF-a in response to LPS by hemin-pretreated
PB-MOM¢s. Graphs show the mean + SEM from four independent experi-
ments. *P < 0.05. n.d., not detected; n.s., not significant.

or iron-reduced (AFe) diet were analyzed for the expression of
Spic in intestinal CX;CR1"&" M¢s. Mice fed with the AFe diet
had a lower concentration of blood hemoglobin compared with
the control diet (S Appendix, Fig. S6A4). In addition, AFe-diet—
fed mice exhibited a decreased concentration of iron in the se-
rum, spleen, and colon (SI Appendix, Fig. S6B). In this context,
expression of Spic, HmoxI, Slc40al, and Blyrb was reduced in
CX;CR1"€" M¢s isolated from the colon of mice given the AFe
diet (SI Appendix, Fig. S6C). Bacterial composition of feces an-
alyzed by 16S rRNA gene sequencing was not altered at the
phylum level between mice fed with the AIN93G and AFe diet,
although a minor Proteobacteria population was slightly in-
creased in the iron deficiency (SI Appendix, Fig. S6D). Thus, the
iron deficiency did not alter the bacterial composition at the
phylum level in the colon, indicating that the reduced Spic ex-
pression in the AFe-diet—fed mice was not induced by the altered
composition of microbiota. To assess the impact of the decline in
iron/hemoglobin levels by the AFe diet on the TLR-dependent
production of proinflammatory cytokines by intestinal CX;CR1"€"
Mgs, we compared the expression of /16 and Tnf in CX3CR1™e"
M¢s stimulated with or without LPS (SI Appendix, Fig. S6 E-G).
In large intestinal CX5CR1M8" M¢s from AFe-diet—fed mice, the
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LPS-induced expression of 1I6, but not of Tnf, was markedly in-
creased (SI Appendix, Fig. S6E). Accordingly, IL-6 production in
response to LPS by CX3CR1"" M¢s was enhanced in mice fed
with the AFe diet compared with the control diet, whereas TNF-o
was normally produced (SI Appendix, Fig. S6F). In contrast, ex-
pression of 7I6 was not increased by the AFe diet in Lyz2-cre;
Spic* mice (SI Appendix, Fig. S6G). Administration of hemin
reduced 116 expression in CX3CR1"E" Mgs of AFe-diet-fed
Spic™* mice, but not Lyz2-cre; Spic™" mice (SI Appendix,
Fig. S6G). Thus, the reduced Spic expression caused by the iron
deficiencZ_ is associated with the enhanced II6 expression in
CX;CR1MeM Mps.

Spi-C-Mediated Repression of a Subset of LPS-Inducible Genes by
Association with IRF5. Because dietary iron-mediated Spi-C ex-
pression is implicated in the down-regulation of 16 expression in
CX;CR1"€" Mds, we examined how Spi-C impacts on the tran-
scriptional initiation of its target genes in Mds. Ingenuity Path-
way Analysis displayed the upstream regulators of 85 genes up-
regulated in Spic™’~ BMMds (SI Appendix, Table S2). Among
the top five predicted upstream regulators, the IRF family
members such as IRF3, IRF7, and IRF5 were included (Fig. 54).
Therefore, we analyzed the association of Spi-C with IRF3,
IRFS5, and IRF7 by a coimmunoprecipitation assay (Fig. 5B).
Among the three molecules, Spi-C interacted with IRF5 and
IRF7, but not IRF3. A recent study demonstrated that IRF5-NF-
kB p65 complex formation is indispensable for driving the ex-
pression of a subset of LPS-inducible genes (32). Therefore, we
examined whether Spi-C altered the association of IRF5 and NF-
kB p65 (Fig. 5C). NF-xB p65 bound to IRF5 as previously
reported (32), but not to Spi-C. However, in the presence of Spi-
C, formation of the IRF5-NF-kB p65 complex was markedly
reduced. In contrast to IRFS, IRF7 did not bind to NF-kB p65
(Fig. 5D). IRF5 recruitment to the NF-kB-binding site in the
promoter of its target genes is guided by NF-xB p65 (32).
Therefore, to investigate the effects of the Spi-C-mediated dis-
ruption of IRF5-NF-kB p65 complex formation on transcrip-
tional initiation of II6 in response to LPS, we analyzed the
recruitment of NF-xB p65 and IRF5 to the NF-«xB site of the 1/6
promoter in the RAW264.7 cells stably expressing Spi-C-His
used in Figs. 3 and 5 E-G. Chromatin immunoprecipitation as-
say showed that Spi-C did not bind to the 1/6 promoter even after
LPS stimulation (Fig. 5SE). In control cells, the LPS-dependent
recruitment of IRF5 and NF-xB p65 was observed at the NF-xB
site of the 1/6 promoter (Fig. 5 F and G). However, neither IRF5
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Fig. 5. Spi-C suppresses the expression of a subset of TLR4-dependent genes

by interacting with IRF5. (A) Enrichment analysis of the upstream tran-
scriptional regulators of genes elevated in Spic”’~ BMDMds. (B-D) Coim-
munoprecipitation (IP) assay with anti-His (B) and anti-NF-xB p65 (C and D)
antibodies for immunoprecipitation and the indicated antibodies for im-
munoblotting. (E-G) ChIP assay for the //6 promoter of the NF-xB-binding
site was performed with anti-His (E), anti-IRF5 (F), and anti-NF-xB p65 (G)
antibodies. All graphs show the mean + SD. Data are representative of two
independent experiments. **P < 0.01. n.s., not significant. (H and /) ChIP
assay for the NF-«B site of the //6 promoter and //1a promoter was performed
with anti-IRF5 (H) and anti-NF-kB p65 (/) antibodies using control and Spic™’~
BMDM¢s stimulated with LPS following pretreatment with hemin for 18 h.
Graphs show the means + SD. Data are representative of two independent
experiments. *P < 0.05, ****P < 0.001.

nor NF-kB p65 was recruited to the /l6 promoter of Spi-C-
expressing RAW264.7 cells (Fig. 5 F and G). We analyzed the
LPS-induced recruitment of IRF5 and NF-xB p65 to the pro-
moters of Spi-C target genes in Spic”’~ BMDM¢ (Fig. 5 H and I).
BMDM¢ prepared from Spic™"* and Lyz2-cre; Spic™* mice
was pretreated with hemin for 18 h and stimulated with LPS. In
Spic™~ BMM¢, the recruitment of IRF5 to the II6 promoter was
increased after 1.5 and 5 h of LPS stimulation compared with
control cells (Fig. 5H). In addition, elevated IRF5 recruitment to
the I11a promoter was observed 5 h after LPS stimulation in Spic™~
cells (Fig. 5H), and significantly enhanced NF-xB p65 recruitment
to the promoters of 1l6 and Illa was found in Spic”’~ BMM¢ rel-
ative to that found in control cells (Fig. 5). Furthermore, the re-
cruitment of IRF5 to the promoters of 116 and I//a, but not of Tnf,
in large intestinal CX;CR1M" Mds was increased in Lyz2-cre;
Spic™* mice relative to that in Spic™ mice during DSS-
induced colitis (SI Appendix, Fig. ST). These findings suggest that
Spi-C suppresses the expression of a subset of LPS-inducible genes
such as 116 and Il1a by disrupting formation of the IRF5-NF-xB p65
complex through direct binding to IRFS.
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Discussion

In this study, we showed that induction of Spi-C by the dietary
iron-mediated heme in intestinal CX;CR1"&" Mds negatively
regulates the transcription of a subset of TLR-inducible genes
through IRF5 binding and subsequent disruption of IRF5-NF-xB
p65 complex formation, leading to the prevention of intestinal
inflammation. )

We demonstrated that Spi-C is expressed in CX;CR1"E" Mds
residing in the large intestine and small intestine. Although a
previous study reported that a lack of Spic resulted in the ab-
sence of splenic RPMds (18), intestinal CX3CR1™&" M¢s de-
veloped normally in Lyz2-cre; Spic™°* mice. Thus, it would be
important to determine if the reason for this discrepancy is as-
sociated with either a differential expression level of Spic or
distinct progenitors between RPM¢s and intestinal CX;CR 1"
M¢s in the future.

In the colon of hemin-injected mice, Spic expression was in-
creased in CX3CR1™&" M¢ compared with that in Ly6C*
monocytes, which give rise to CX3CR1M&" M¢s in the intestinal
lamina %ropria, indicating that the induction of Spi-C in
CX;CR1"E" M¢s by hemin might take place locally in the in-
testine. Intestinal lamina propria CX;CR1"" M¢s extend their
dendrites into the lumen, where hemoglobin and iron are present
even in the steady state. In addition, CX3CR1"&" M¢s express
CD163 (33, 34), which scavenges hemoglobin (35). Therefore,
endocytosis of the luminal hemoglobin-haptoglobin complex
through CD163 may induce the expression of Spic in intestinal
CX3CR1Me" Mds. In the current study, we verified that systemic
heme supplementation greatly remedied DSS-induced colitis in
Spic™*"** mice and suppressed 116 expression in CX;CR1™" Mds
in AFe-diet-fed mice. In Lyz2-cre; Spic™®"* mice, hemin treat-
ment partially prevented severe weight loss during the early phase
of DSS-induced colitis and only modestly suppressed expression of
116 in AFe-diet—fed Lyz2-cre; Spic™"** mice. Therefore, systemic
heme repletion might abrogate intestinal inflammation in at least
two ways: a Spi-C—dependent mechanism and a heme oxynase-1—
dependent mechanism as previously reported (23).

Previous studies have defined that the hemoglobin-mediated
modulation of M¢ phenotypes is implicated in reduction of tis-
sue injury in the brain (10-12, 36). Mucosal bleeding is a com-
mon symptom of inflammatory bowel diseases such as ulcerative
colitis. Therefore, it would be interesting to analyze whether
induction of SPI-C in human intestinal M¢s by local hemolysis is
implicated in their acquisition of noninflammatory features,
thereby associating them with mucosal healing.

The LPS-mediated recruitment of IRF5 to the NF-kB-binding
site in the promoters of its target genes was aided by NF-xB p65
(32). However, whether IRF5 mediates the persistent occupancy
of NF-kB p65 in these promoters is unclear. In the present study,
we observed a reduced recruitment of NF-kB p65 as well as of
IRF5 to the 1l6 promoter in Spi-C stably expressing RAW264.7
cells stimulated with LPS. In addition, the recruitment of NF-kB
p65 and IRFS to the promoters of 1/6 and I//a was enhanced in
Spic”'~ BMM¢s. These findings suggest that IRE5 may regulate
NF-kB p65 occupancy at the promoters of its target genes.
Therefore, it is important to analyze whether the LPS-induced
recruitment of NF-kB p65 to the promoters of IRF5 target genes
is altered in Irf5~~ M¢s. TNF-a is an IRF5-dependent gene as
are IL-6 and IL-1a (32). However, the IRF5 recruitment to the Tn(
promoter remained normal in Spic™'~ large intestinal CX;CR1"®
Mds, suggesting that proper IRF5 occupancy at the Tnf promoter is
controlled by a Spi-C-independent mechanism. Therefore, it would
be important to determine why Spi-C is selectively required for
modulation of a subset of IRF5-dependent genes in the future.

Collectively, our results indicate that heme-induced Spi-C in
intestinal M¢s regulates the transcriptional initiation of a subset
of TLR4-inducible genes including /6 and Illa to attenuate
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intestinal inflammation. Previous studies demonstrated that treat-
ment with neutralizing IL-6 mAbs improved DSS-induced colitis
(37, 38), whereas 116~ mice administrated with DSS showed severe
intestinal pathology with reduced epithelial cell proliferation (39).
Therefore, it appears that the IL-6-signaling pathway contributes
to the pathogenesis of intestinal inflammation while exerting its
homeostatic function by regulating intestinal epithelial integrity.
In addition to IL-6, some of the Spi-C target genes such as IL-1a
(26-28), TREM-1 (40), CD38 (41), and CXCLI11 (42) have been
reported to mediate intestinal inflammation. Thus, the development
of the method that controls Spi-C expression in human intestinal
M¢s may represent a therapeutic approach for inflammatory
bowel diseases.

Materials and Methods

Detailed information on the materials, methods, and associated references
can be found in SI Appendix, SI Materials and Methods.

Mice. C57BL/6J mice were purchased from Japan SLC. Spic9/ 9% mice were
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. Davies LC, Jenkins SJ, Allen JE, Taylor PR (2013) Tissue-resident macrophages. Nat
Immunol 14:986-995.

2. Bain CC, et al. (2014) Constant replenishment from circulating monocytes maintains

the macrophage pool in the intestine of adult mice. Nat Immunol 15:929-937.
3. Yona S, et al. (2013) Fate mapping reveals origins and dynamics of monocytes and
tissue macrophages under homeostasis. Immunity 38:79-91.

4. Bain CC, et al. (2013) Resident and pro-inflammatory macrophages in the colon
represent alternative context-dependent fates of the same Ly6Chi monocyte pre-
cursors. Mucosal Immunol 6:498-510.

. Zigmond E, et al. (2014) Macrophage-restricted interleukin-10 receptor deficiency,
but not IL-10 deficiency, causes severe spontaneous colitis. Immunity 40:720-733.

6. Shouval DS, et al. (2014) Interleukin-10 receptor signaling in innate immune cells
regulates mucosal immune tolerance and anti-inflammatory macrophage function.
Immunity 40:706-719.

7. Rivollier A, He J, Kole A, Valatas V, Kelsall BL (2012) Inflammation switches the dif-
ferentiation program of Ly6Chi monocytes from antiinflammatory macrophages to
inflammatory dendritic cells in the colon. J Exp Med 209:139-155.

8. Lavin Y, Mortha A, Rahman A, Merad M (2015) Regulation of macrophage develop-
ment and function in peripheral tissues. Nat Rev Immunol 15:731-744.

9. Amit |, Winter DR, Jung S (2016) The role of the local environment and epigenetics in
shaping macrophage identity and their effect on tissue homeostasis. Nat Immunol 17:
18-25.

10. Chang CF, et al. (2018) Erythrocyte efferocytosis modulates macrophages towards
recovery after intracerebral hemorrhage. J Clin Invest 128:607-624.

11. Min H, Jang YH, Cho IH, Yu SW, Lee SJ (2016) Alternatively activated brain-infiltrating
macrophages facilitate recovery from collagenase-induced intracerebral hemorrhage.
Mol Brain 9:42.

12. Gliem M, Schwaninger M, Jander S (2016) Protective features of peripheral mono-
cytes/macrophages in stroke. Biochim Biophys Acta 1862:329-338.

13. Boyle JJ, et al. (2009) Coronary intraplaque hemorrhage evokes a novel atheropro-
tective macrophage phenotype. Am J Pathol 174:1097-1108.

14. Angele MK, et al. (1999) Hemorrhage decreases macrophage inflammatory protein 2
and interleukin-6 release: A possible mechanism for increased wound infection. Ann
Surg 229:651-660; discussion 660-651.

15. Garton T, Keep RF, Hua Y, Xi G (2017) CD163, a hemoglobin/haptoglobin scavenger
receptor, after intracerebral hemorrhage: Functions in microglia/macrophages versus
neurons. Trans/ Stroke Res 8:612-616.

16. Paine ER (2014) Colonoscopic evaluation in ulcerative colitis. Gastroenterol Rep (Oxf)
2:161-168.

17. Carlsson R, Hjalmarsson A, Liberg D, Persson C, Leanderson T (2002) Genomic struc-
ture of mouse SPI-C and genomic structure and expression pattern of human SPI-C.
Gene 299:271-278.

18. Kohyama M, et al. (2009) Role for Spi-C in the development of red pulp macrophages
and splenic iron homeostasis. Nature 457:318-321.

19. Haldar M, et al. (2014) Heme-mediated SPI-C induction promotes monocyte differ-
entiation into iron-recycling macrophages. Cell 156:1223-1234.

20. Bemark M, Martensson A, Liberg D, Leanderson T (1999) Spi-C, a novel Ets protein
that is temporally regulated during B lymphocyte development. J Biol Chem 274:
10259-10267.

. Schweitzer BL, et al. (2006) Spi-C has opposing effects to PU.1 on gene expression in
progenitor B cells. J Immunol 177:2195-2207.

v

2

Kayama et al.

conducted in accordance with the guidelines of the Animal Care and Use
Committee of Osaka University.

ChIP Assay. BMDM¢s stimulated with 100 ng/mL LPS for the indicated pe-
riods following pretreatment with 40 pM hemin for 18 h and intestinal
CX3CR1M9" M¢ys were used for ChIP assay according to a previously described
protocol (43). 1l6- and I/1a-specific primers were designed to include the NF-
kB-binding site.

Statistical Analysis. Differences between the control and experimental groups
were evaluated by Student’s t test. Differences where P < 0.05 were
considered statistically significant.
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