
 

Instructions for use

Title STAT1-mediated induction of Ly6c-expressing macrophages are involved in the pathogenesis of an acute colitis model

Author(s) Kii, Shuhei; Kitamura, Hidemitsu; Hashimoto, Shinichi; Ikeo, Kazuho; Ichikawa, Nobuki; Yoshida, Tadashi; Homma,
Shigenori; Tanino, Mishie; Taketomi, Akinobu

Citation Inflammation Research, 71(9), 1079-1094
https://doi.org/10.1007/s00011-022-01620-z

Issue Date 2022-09-01

Doc URL http://hdl.handle.net/2115/90332

Rights
This version of the article has been accepted for publication, after peer review (when applicable) and is subject to
Springer Nature’s AM terms of use, but is not the Version of Record and does not reflect post-acceptance
improvements, or any corrections. The Version of Record is available online at: http://dx.doi.org/10.1007/s00011-022-
01620-z

Type article (author version)

File Information Inflamm Res_s00011-022-01620-z.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


 1 

STAT1-mediated induction of Ly6c-expressing macrophages are involved in the pathogenesis 

of an acute colitis model 

 

Shuhei Kii1,2, Hidemitsu Kitamura1,*, Shinichi Hashimoto3, Kazuho Ikeo4, Nobuki Ichikawa2, 

Tadashi Yoshida2, Shigenori Homma2, Mishie Tanino5, Akinobu Taketomi2 

 

1Division of Functional Immunology, Section of Disease Control, Institute for Genetic Medicine, Hokkaido 

University, Sapporo, Japan. 

2Department of Gastroenterological Surgery I, Hokkaido University Graduate School of Medicine, Sapporo, 

Japan. 

3Department of Molecular Pathophysiology, Institute of Advanced Medicine, Wakayama Medical University, 

Wakayama, Japan. 

4DNA Data Analysis Laboratory, National Institute of Genetics, Mishima, Japan. 

5Department of Surgical Pathology, Asahikawa Medical University, Asahikawa, Japan.  

e-mail 

Shuhei Kii: one_good_reason_8@hotmail.com 

Hidemitsu Kitamura: kitamura@igm.hokudai.ac.jp 

Shinichi Hashimoto: hashimot@wakayama-med.ac.jp 

Kazuho Ikeo: kikeo@nig.ac.jp 



 2 

Nobuki Ichikawa: n_ichi@d5.dion.ne.jp 

Tadashi Yoshida: ta73825@dg7.so-net.ne.jp 

Shigenori Homma: homma.s@nifty.com 

Mishie Tanino: mtanino@asahikawa-med.ac.jp 

Akinobu Taketomi: taketomi@med.hokudai.ac.jp 

 

*Correspondence 

Hidemitsu Kitamura, E-mail: kitamura@igm.hokudai.ac.jp, Tel: +81-11-706-5520, Fax: +81-11-706-5519 

 



 3 

Abstract  

Background The development of inflammatory bowel diseases is thought to be multifactorial, but the exact 

steps in pathogenesis are poorly understood. In this study, we investigated involvement of the activation of 

STAT1 signal pathway in the pathogenesis of an acute colitis model.  

Methods A dextran sulfate sodium-induced acute colitis model was established by using wild-type C57BL/6 

mice and STAT1-deficient mice. Disease indicators such as body weight loss and clinical score, induction of 

cytokines, chemokines and inflammatory cells were evaluated in the acute colitis model. 

Results Disease state was significantly improved in the acute colitis model using STAT1-deficient mice 

compared with wild-type mice. The induction of Ly6c-highly-expressing cells in colorectal tissues was 

attenuated in STAT1-deficient mice. IL-6, CCL2, and CCR2 gene expressions in Ly6c-highly-expressing cells 

accumulated in the inflamed colon tissues and were significantly higher than in Ly6c-intermediate-expressing 

cells, whereas TNF-α and IFN-α/β gene expression was higher in Ly6c-intermediate-expressing cells. Blockade 

of CCR2-mediated signaling significantly reduced the disease state in the acute colitis model.  

Conclusions Two different types of Ly6c-expressing macrophages are induced in the inflamed tissues through 

the IFN-α/β-STAT1-mediated CCL2/CCR2 cascade and this is associated with the pathogenesis such as onset, 

exacerbation, and subsequent chronicity of acute colitis. 
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Introduction 

Inflammatory bowel diseases (IBDs), such as ulcerative colitis (UC) and Crohn’s disease (CD), are chronic, 

relapsing, and remitting inflammatory disorders of the gut. The number of IBD patients has increased all over the 

world [1,2]. However, the exact steps of pathogenesis, including onset, exacerbation, and the subsequent 

chronicity, are poorly understood because the development of IBD has been thought to be multifactorial [3,4]. 

The gut microbiota that is composed of bacteria, yeasts, fungi, and viruses have been implicated in IBD [5-9]. 

Recent researches have shown the gut virome alterations in IBD patients [10-12]. Therefore, infection by viruses 

and bacteria and the resulting composition of gut microbes may play a role in disease pathogenesis and the 

degree of severity in patients with IBD. During the pathogenesis of IBD, innate immune cells such as 

macrophages and dendritic cells directly drive intestinal inflammation by releasing large amounts of 

inflammatory cytokines, such as tumor necrosis factor (TNF)-α, and interleukin (IL)-6, IL-12, or IL-23 [13-18]. 

Interferons (IFNs), typically classified as Type I, Type II, and Type III, are produced by host cells in response to 

viral infections. Members of the signal transducer and activator of transcription (STAT) protein family are 

intracellular transcription factors that mediate many aspects of cellular immunity, proliferation, apoptosis, and 

differentiation [19]. They are primarily activated by membrane receptor-associated Janus kinases. When Type-I 

IFNs, IFN-α/β, and/or Type II IFN, IFN-γ, bind to the receptor, STAT1 is activated. In general, IFN-α/β is 

produced by innate myeloid-type immune cells and fibroblasts, and IFN-γ is produced by natural killer (NK) 

cells, NKT cells, and T cells [20, 21]. 
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Several experimental models reveal the relevance of STAT1 activation in the onset and progression of colitis. 

Previous research demonstrated that dextran sulfate sodium (DSS) treatment affected wild-type mice (WT mice) 

more than STAT1 knockout mice (KO mice) and phylotype-level 16S rRNA analysis revealed bacterial 

indicators of the health state in acute murine colitis [22]. Immunological and protective effects were observed in 

an acute DSS-induced colitis mouse model with conditional deletion of STAT1 in the intestinal epithelium [23]. 

A recent study revealed a role for STAT1 in enabling T cells to induce colitis by protecting them from NK 

cell-mediated cytotoxicity [24]. The IFN-γ–STAT1 signaling pathway was reported to be required for generating 

colitogenic macrophages, based on the finding that STAT1 KO mice had less severe colitis and fewer colitogenic 

macrophages [25]. Selective sequestration of STAT1 in the cytoplasm via phosphorylated SHP-2, ameliorates 

murine experimental colitis [26]. Hyaluronan-mediated leukocyte adhesion and DSS-induced colitis were 

attenuated in the absence of STAT1 [27]. It is reported that increased STAT1 activation is observed in 

monocytes and neutrophils in the inflamed mucosa of IBD patients [28]. However, details of relationship 

between STAT1 activation and pathogenesis of IBD, including onset, exacerbation, and the subsequent 

chronicity have not been fully elucidated. Therefore, we investigated the induction mechanism of colitogenic 

macrophages and the involvement of the STAT1 signal pathway and regulating factors in the onset of colitis. 

In this study, we found that DSS-induced acute colitis was attenuated in STAT1 KO mice and that Type I IFNs, 

IFN-α/β, proinflammatory cytokines, IL-6/TNF-α, and chemokines, CCL2/CCR2, are induced in two different 

types of Ly6c-expressing macrophages triggering the development of a colitis model in a STAT1-dependent 

manner. These findings reveal that the Type I IFN/STAT1–CCL2/CCR2 axis in colitogenic macrophages is 
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associated with the initial steps of colitis, suggesting a promising target to prevent the onset, exacerbation, and 

subsequent chronicity of IBD in patients. 
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Materials and Methods  

Reagents and antibodies  

The following monoclonal antibodies were obtained from BioLegend (San Diego, CA, USA) or BD Biosciences 

(San Diego, CA, USA): fluorescent dye-conjugated anti-CD45 (30-F11), anti-Ly6c (HK1.4), anti-CD11b 

(M1/70), anti-CD11c (N418), anti-I-Ad (AF6-120.1), anti-CD4 (GK1.5), anti-CD8 (53-6.7), and Gr-1 (RB6-8C5). 

7-AAD Viability Dye was purchased from Beckman Coulter (Marseille Cedex, France). Recombinant murine 

IFN-α (752802) and IFN-β (581302) were purchased from BioLegend. Recombinant murine IFN-γ was 

purchased from Peprotech Inc. (Rocky Hill, NJ, USA) and lipopolysaccharide (LPS) was from Sigma-Aldrich 

Co. (St Louis, MO, USA). CCR2 antagonist (RS504393) was purchased from Abcam (Cambridge, United 

Kingdom).  

 

Mice and cell lines 

Wild-type C57BL/6 female mice were obtained from Charles River Japan (Kanagawa, Japan). STAT1 KO mice 

were first established by Dr. R.D. Schreiber (Washington University, MO, USA). C57BL/6 background STAT1 

KO mice were established by backcrossing with WT C57BL/6 mice eight times. All mice were maintained in 

specific-pathogen-free conditions according to the guidelines of the animal department at Hokkaido University 

and were used at 6–8 weeks of age. 
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All mouse experiments were approved by the Animal Ethics Committee of Hokkaido University (No. 14-0039, 

19-0035, 19-0065) and were conducted in accordance with the recommendations in the Guide for the Care and 

Use of Laboratory Animals of the University. 

 

Human subjects  

Two active UC patients (Pt#1, severe, Matts grade 4; Pt#2, moderate, Matts grade 3) who underwent surgery at 

Hokkaido University Hospital were included in this study. Patients were followed up at 1- to -6-month intervals 

until March 31, 2018, or death. Research protocols involving human subjects were approved by the institutional 

review board of Hokkaido University Graduate School of Medicine (14-043) and the Institute for Genetic 

Medicine (14-0004). Written informed consent was obtained from each patient. All procedures in this study were 

carried out in accordance with the relevant guidelines and regulations and according to the Declaration of 

Helsinki. 

 

Cell culture  

Spleen cells and peritoneal exudate cells from wild-type and STAT1 KO mice were maintained in RPMI-1640 

medium (FUJIFILM Wako Pure Chemical Industries, Ltd., Osaka, Japan) supplemented with 10% fetal calf 

serum, 100 μg/ml streptomycin, 200 U/ml penicillin, 10 mM HEPES, and 0.05 mmol/l 2-mercaptoethanol 

(Sigma-Aldrich, Tokyo, Japan) at 37°C in 5% CO2. For flow cytometry, spleen cells (2.0×106) or PECs 

(5.0×105) were cultured in 12-well culture plates and treated with IFN-α, IFN-β, or IFN-γ (50 ng/ml) for 24 h.  
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Bone marrow cells were prepared from wild-type and STAT1 KO mice. Bone marrow-derived dendritic cells 

(BMDCs) were induced in 12-well culture plates in the presence of GM-CSF for 6 days as previously reported 

[29]. The WT and STAT1-deficient BMDCs were stimulated with IFN-β (50 ng/ml) or LPS (100 ng/ml) for 3 h 

or 6 h, respectively. 

 

An acute colitis model 

To induce experimental colitis, the female mice received 3% (w/v) DSS (FUJIFILM Wako Pure Chemical 

Corporation, Osaka, Japan) in their drinking water that was provided ad libitum for 7 days. Weight 

measurements were performed daily. The mice were euthanized on day 7 or day 10 and their large intestines 

were collected without the cecum as described previously [30]. Briefly, the colon was removed, cut 

longitudinally, and washed in PBS. Paraffin sections were stained with HE. Histological scoring was performed 

in a double-blind fashion by two investigators. The severity of the colitis was assessed according to the scoring 

system, as described previously [31]. The grading index was as follows: inflammation severity (0: none, 1: mild, 

2: moderate, and 3: severe), inflammation extent (0: none; 1: mucosa, 2: mucosa and submucosa, and 3: 

transmural), crypt damage (0: none, 1: one-third of the basal tissue damaged, 2: two-thirds of the basal tissue 

damaged, 3: only the surface epithelium intact, and 4: the entire crypt and epithelium is lost), and the percentage 

involved in the ulcer or erosion (1: <1%, 2: 1%–15%, 3: 16%–30%, 4: 31%–45%, and 5: 46%–100%). The sum 

of the first three scores (severity, extent, and crypt damage) was multiplied by the percentage involvement score 



 10 

to obtain the final value for comparison. These scores were evaluated for the distal colon, the middle colon, and 

the proximal colon. 

 

PCR analysis 

Total RNA was extracted using ISOGEN (Nippon gene, Toyama, Japan) according to the manufacturer’s 

instructions. First-strand cDNAs were synthesized using 1 μg of total RNA, oligo (dT) (Invitrogen, Carlsbad, CA, 

USA), and Superscript III reverse transcriptase (Invitrogen). Genes encoding murine Ifna, Ifnb, Ifng, Il6, Tnfa, 

Stat1, and Actb were amplified in a Real-time PCR Detection System (BIO-RAD, Tokyo, Japan). The primer 

sequences and numbers of universal probes used in this study were as follows; Ifna (left: 

5ʹ-tcaagccatccttgtgctaa-3ʹ, right: 5ʹ-gtcttttgatgtgaagaggttcaa-3ʹ, universal probe: #3), Ifnb (left: 

5ʹ-ctggcttccatcatgaacaa-3ʹ, right: 5ʹ-agagggctgtggtggagaa-3ʹ, universal probe: #18), Ifng (left: 

5ʹ-atctggaggaactggcaaaa-3ʹ, right: 5ʹ-ttcaagacttcaaagagtctgagg-3ʹ, universal probe: #21), Il6 (left: 

5ʹ-gctaccaaactggatataatcagga-3ʹ, right: 5ʹ-ccaggtagctatggtactccagaa-3ʹ, universal probe: #6), Tnfa (left: 

5ʹ-tcttctcattcctgcttgtgg-3ʹ, right: 5ʹ-ggtctgggccatagaactga-3ʹ, universal probe: #49), Stat1 (left: 

5ʹ-tgagatgtcccggatagtgg-3ʹ, right: 5ʹ-cgccagagagaaattcgtgt-3ʹ, universal probe: #99), and Actb (left: 

5ʹ-aaggccaaccgtgaaaagat-3ʹ, right: 5ʹ-gtggtacgaccagaggcatac-3ʹ, universal probe: #56). Sample signals were 

normalized to the reference gene beta-actin using the ΔΔCt method: ΔCt = ΔCtsample ˗ ΔCtreference, as described 

previously [32]. The percentages were then calculated for each sample relative to the control sample. 

 



 11 

ELISA 

We determined the IL-6 and TNF-α levels in serum obtained from wild-type and STAT1 KO mice 7 days after 

DSS challenge using OptEIA™ Mouse IL-6 and TNF-α ELISA Kits (BD Biosciences), according to the 

manufacturer’s instructions.  

 

Flow cytometry 

The surface expression of CD11b and Ly6c was evaluated by flow cytometry on a FACSCanto II™ (BD 

Biosciences), and the results were analyzed with FlowJo software (Tree Star, Ashland, OR, USA), as described 

previously [33]. The maximum percentage of Ly6c-expressing CD11b+ cells was calculated for each sample. A 

FACSAriaII™ (BD Biosciences) was used for the isolation of Ly6c-expressing CD11b+ cells from the colon 

tissue of wild-type or STAT1 KO mice. The purity of the isolated cells was more than 95%.  

 

Immunohistochemistry  

Colon tissues obtained from mice at day 7 were fixed in 4% paraformaldehyde phosphate buffer solution, 

embedded in paraffin, then immunohistochemistry was performed as described previously [32,34,35]. After 

deparaffinization, antigen retrieval for phospho-STAT1 was performed with a reagent kit (pH 9.0) (415211, 

Nichirei Bioscience, Inc., Tokyo, Japan) at 95°C for 20 min. Endogenous peroxidase activity was blocked by 

incubation with 0.3% hydrogen peroxide at room temperature for 10 min. After washing with rebuffed saline, 

sections were treated with anti-phospho-STAT1 (#9167, Cell Signaling Technology) antibodies overnight at 4°C. 
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Protein expression was visualized using N-Histofine Simple Stain MAX PO(R) (Nichirei Biosciences, Inc.). 

After washing, protein expression was visualized using 3-3ʹ-diaminobezidine-4 HCl at room temperature for 5 

min. Finally, all sections were counterstained with Mayer’s hematoxylin. The formalin-fixed, paraffin-embedded 

sections were stained with HE. 

Colon specimens from two patients with UC were formalin-fixed and paraffin-embedded and sections were 

stained with hematoxylin-eosin (HE). The slides were treated with anti-phospho-STAT1 (#9167, Cell Signaling 

Technology), anit-CD14 (MY4), anti-human CD68 (M0814, Dako ChemMate, Denmark A/S, Glostrup, 

Denmark), CD163 (NCL-CD163, Leica Biosystems, Newcastle, UK), and anti-CCR2 (clone; 7A7, ab6672, 

Abcam) antibodies. Protein expression was visualized using N-Histofine Simple Stain MAX PO (R) (Nichirei 

Biosciences, Inc.) and peroxidase (Envision/HRP; Dako, Tokyo, Japan). After washing, phosphor-STAT1, CD14, 

CD163, CD68, and CCR2 protein expression was visualized using 3-3ʹ-diaminobezidine-4 HCL at room 

temperature for 5 min and 10 min. Finally, all sections were counterstained with Mayer’s hematoxylin. Signal 

strength of CD14, CD163, CD68, and CCR2 in colon tissues of UC patients was calculated by ImageJ software.  

 

Multicolor immunofluorescence staining 

Triple-color immunofluorescence staining for the colon tissues of patients with UC was performed as described 

previously [36]. The sections were incubated with primary antibodies against CD68 (M0814, at 1:300 dilution, 

Dako ChemMate) and CCR2 (clone; 7A7, ab6672, Abcam) at 4°C overnight. The samples were treated with 

secondary antibody, biotinylated anti-rabbit IgG, at room temperature for 30 min, and were then treated with 
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AlexaFluor 488-conjugated streptavidin and AlexaFluor 594-conjugated anti-mouse IgG at room temperature for 

30 min. Nuclei were counterstained with DAPI. The fluorescence signals were evaluated by confocal 

microscopy. 

 

Statistical analysis 

In vitro experiments were repeated between three and five times. In vivo experiments were independently 

performed two to four times. Mean values and SDs were calculated for each data set. Significant differences 

between groups were determined by a two-tailed Student’s t-test. For some experiments, data were analyzed by 

one-way analysis of variance (ANOVA) and Dunnett’s post-test. P values < 0.05 were considered statistically 

significant.  
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Results 

Type I IFN–STAT1 signal cascade is augmented in the colon tissues of DSS-induced acute 

colitis model mice 

To address the involvement of STAT1 activation in the steps of pathogenesis, including the onset, exacerbation, 

and subsequent chronicity of IBD, we established a DSS-induced acute colitis mouse model. Intake of DSS 

reduced the body weight of the mice, shortened the colon length, and the histology of the colon tissues showed 

disease states (Fig. 1A–C). In the acute colitis model mice, we found that the gene expression levels of IFN-α 

and IFN-β, but not IFN-γ, as well as IL-6 and TNF-α, were significantly upregulated in the colon tissues (Fig. 

1D). Furthermore, we confirmed that the STAT1 gene expression level was augmented (Fig. 1E) in the inflamed 

colon tissues and phosphorylated STAT1 protein was detected in the pathological lesions (Fig. 1F). These 

findings suggested that Type I IFN (IFN-α/β)-mediated STAT1 activation may occur in the colon tissues during 

disease onset in acute colitis model mice. 

 

STAT1 deficiency significantly reduces the pathogenesis of DSS-induced acute colitis in vivo 

Next, we evaluated the effect of STAT1 in the pathogenesis of DSS-induced acute colitis using STAT1 KO mice. 

STAT1 deficiency significantly reduced the body weight loss of DSS-induced acute colitis model mice (Fig. 2A). 

Shortening of the colon length was significantly reduced in STAT1 KO mice compared with wild-type (WT) 

mice (Fig. 2B). Serum IL-6 and TNF-α levels were significantly decreased in STAT1 KO mice at day 7 (Fig. 

2C). Histology of the colon tissues showed that inflammation in the lesions of WT mice was more severe than in 



 15 

STAT1 KO mice (Fig. 2D). The histological scores based on the severity of inflammation, the depth of injury, 

and crypt damage were significantly lower in the STAT1 KO mice (Fig. 2E).  

Transfer of bone marrow cells from WT mice augmented the reduction of body weight of DSS-treated STAT1 

KO mice as well as WT mice on day 10, although the enhanced reduction of body weight was observed in the 

DSS-treated WT mice but not STAT1KO mice on day 6 (Fig. 3A). Transfer of bone marrow cells from WT 

mice augmented the shortening of the colon length of DSS-treated STAT1 KO mice that transferred with 

STAT1KO-derived bone marrow cells. The effect of WT bone marrow cells into STAT1 KO mice was similar to 

the case of the transfer into WT mice (Fig. 3B). Transfer of bone marrow cells from WT mice also exacerbated 

the histological scores based on the crypt damage, but not the severity of inflammation and depth of injury in the 

DSS-treated STAT1 KO mice, although all of the histological scores was exacerbated in the WT mice 

transferred with bone marrow cells from WT mice (Fig. 3C, D). These results suggested that STAT1 activation 

in hematopoietic cells may be associated with the pathogenesis of DSS-induced acute colitis. 

 

Ly6c-highly-expressing cells are induced in the inflamed colon tissues of DSS-induced acute 

colitis model mice in a STAT1-dependent manner 

We investigated the immune cells that accumulated in the inflamed colon tissues of the DSS-induced acute 

colitis model mice. The ratios and numbers of total CD45+ 7AAD- cells of STAT1 KO mice were not altered in 

the colon tissues of WT mice (Fig. 4A). Moreover, the ratios of CD4+ cells, CD8+ cells, CD11b+ cells, CD11c+ 

cells, and Gr-1+ cells among the CD45+ 7AAD- cells were not changed between WT and STAT1 KO mice, 
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although the average of CD8+ cells of WT mice were lower than STAT1 KO mice and CD11b+ cells and CD11c+ 

cells of WT mice were higher than STAT1 KO mice (Fig. 4B). In this study, we found that the accumulation of 

Ly6c-highly-expressing cells in the colon tissues was reduced in STAT1 KO mice (Fig. 4C, D). Furthermore, we 

confirmed that these cells expressed CD11b and partially CD11c on the cell surface (Supplementary Fig. S1). 

Flowcytometry using anti-Gr-1 antibody revealed that Ly6G/6C was intermediately expressed in the 

Ly6c-highly expressing cells. These data suggested that STAT1-mediated Ly6c-expressing cells may be 

involved in the inflammation and pathogenesis of acute colitis in vivo. 

 

Ly6c-expressing cells are induced by stimulation with IFN-α/β in a STAT1-dependent manner 

Next, we investigated the upstream effects of the STAT1-mediated induction of colitogenic effector cells in vitro. 

Ly6c-expressing cells were significantly induced by stimulation with IFN-α and IFN-β, and to a lesser extent 

IFN-γ, from both spleen cells and peritoneal exudate cells (PECs) in vitro (Fig. 5A, B, and Supplementary Fig. 

S2A, B). The IFN-α/β-induced Ly6c-highly-expressing cells from spleen cells, but not PECs, partially expressed 

CD11b, CD11c, and MHC class II (Supplementary Fig. S3). A small portion of Ly6c-highly-expressing cells 

and intermediate-expressing cells were induced by STAT1-deficient spleen cells and PECs (Fig. 5C-F). These 

data suggested that Type I IFNs, IFN-α/β may be preferentially involved in the induction of STAT1-mediated 

colitogenic Ly6c-expressing macrophages. 
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Ly6c-highly-expressing macrophages induce the IL-6 and CCL2/CCR2 genes and 

Ly6c-intermediate-expressing macrophages induce the TNF-α and IFN-α/β genes in 

DSS-induced acute colitis 

Next, we evaluated the gene expression levels of inflammation-related chemokines, chemokine receptors, and 

cytokines in Ly6c-expressing macrophages in the colon tissues of DSS-induced acute colitis model mice. Whole 

colon and spleen cells were collected from the inflamed colon tissues and spleen of WT mice, respectively. 

Ly6c+ cells, Ly6c-high-expressing cells, and Ly6c-intermediate-expressing cells were isolated from 

CD45+7AAD- cells of the whole colon cells. Ly6c+ cells were isolated from CD45+7AAD- cells in the inflamed 

colon tissues of WT mice. The gene expression levels of proinflammatory cytokines, chemokines, and 

chemokine receptors were evaluated by quantitative PCR. The gene expression levels of IL-6, CCR2, and CCL2 

were higher in Ly6c-highly-expressing macrophages compared with Ly6c-intermediate-expressing and 

low-expressing macrophages (Fig. 6A). The gene expression levels of TNF-α and IFN-α/β were higher in 

Ly6c-intermediate-expressing and low-expressing macrophages compared with Ly6c-highly-expressing cells 

(Fig. 6A). We further confirmed that the IL-6, TNF-α, CCR2, and CCL2 gene expression levels in all of the 

Ly6c-expressing cells from colon tissues of the acute colitis model mice were higher than those of cells from the 

spleen of acute colitis model mice (Fig. 6A). The gene expression levels of IL-6, TNF-α, CCL2, and CCR2 were 

significantly reduced in the inflamed colon tissues from STAT1 KO mice compared with WT mice (Fig. 6B).  

These data suggested that Ly6c-expressing macrophages may differentiate into inflammatory pathogenic effector 

cells during the process of colitis in a STAT1-dependent manner in vivo. 



 18 

 

Blockade of CCR2-mediated signaling significantly reduces the pathogenesis of DSS-induced 

acute colitis 

We tried to identify the involvement of CCR2-mediated signaling in the pathogenesis of DSS-induced acute 

colitis. In vivo injection of the CCR2 antagonist into wild type mice significantly reduced the body weight loss 

of DSS-induced acute colitis mice, whereas STAT1KO mice administrated with the CCR2 antagonist did not 

show the improvement of bodyweight loss (Fig. 7A). Shortening of the colon length was significantly reduced in 

the CCR2 antagonist-treated wild type but not STAT1KO mice compared with the control mice (Fig. 7B). 

Serum IL-6 and TNF-α levels were significantly decreased in the CCR2 antagonist-treated wild type mice at day 

7, although the inflammatory cytokine levels were low and not altered between the CCR2 antagonist-treated and 

the control STAT1KO mice (Fig. 7C). The histology of the colon tissues of wild type mice showed that 

inflammation in the lesions of the control mice was more severe than in the CCR2 antagonist-treated wild type 

mice and the severity of CCR2 antagonist-treated STAT1KO mice was similar with those of the CCR2 

antagonist-treated wild type mice and the control STAT1KO mice (Fig. 7D). Disease indicators such as the 

severity of inflammation, the depth of injury, and crypt damage were significantly lower in the CCR2 

antagonist-treated wild type mice (Fig. 7E). The scores of CCR2 antagonist-treated STAT1KO mice was similar 

with those of the CCR2 antagonist-treated wild type mice and the control STAT1KO mice. These data suggested 

that CCR2-mediated signaling is involved in the inflammation and pathogenesis of DSS-induced acute colitis in 

a STAT1-dependent manner. 
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CCR2-expressing macrophages accumulate in the inflamed colon tissues of UC patients 

Finally, we investigated the activation of STAT1 and CCR2 expression in the lesions of patients with UC. 

Phosphorylated STAT1 and CCR2 were expressed in the inflamed colon tissue and infiltration of CD14-, CD68-, 

and CD163-expressing monocytes and macrophages was observed in the lesions of UC patients (Fig. 8A). In this 

study, we found that CCR2 was expressed in some of the CD68-positive macrophages in the inflamed colon 

tissues (Fig. 8B). Furthermore, we confirmed that Pt#1 (Active UC, Severe, Matts grade 4) showed low 

expression levels of CD14 and high expression levels of CD163, and CCR2 but not CD68 compared to Pt#2 

(Active UC, Moderate, Matts grade 3) (Fig. 8C), suggesting that the severity of pathogenesis might be related to 

the expression levels of CD163 and CCR2. Based on these data we speculate that STAT1 and CCR2-mediated 

signal cascades may be involved in the induction of colitogenic inflammatory macrophages and the onset, 

exacerbation, and subsequent chronicity of human IBD.  
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Discussion 

In this study, we showed that the infiltration of Ly6c-highly-expressing cells into the colorectal tissues of acute 

colitis model mice was attenuated in STAT1 KO mice. The gene expression levels of IL-6, CCL2, and CCR2 in 

Ly6c-highly-expressing cells accumulated in the inflamed colon tissues of WT mice and were significantly 

higher than in Ly6c-intermediate-expressing cells, whereas TNF-α and IFN-α/β gene expression was higher in 

Ly6c-intermediate-expressing cells. Moreover, we confirmed that IFN-α/β rather than IFN-γ induced 

Ly6c-expressing cells from the spleen or PECs in a STAT1-dependent manner in vitro. These findings suggest 

that the two different types of Ly6c-expressing macrophages, preferentially induced by IFN-α/β, and may 

collaborate like as an IFN-α/β producer and a recruiter or conductor of colitogenic effectors and involved in the 

pathogenesis of the DSS-induced colitis model. 

Generally, exogenous virus and bacterium infections induced type I IFNs in vivo [37]. Phylotype-level 16S 

rRNA analysis revealed that the bacterial families, Ruminococcaceae, Bacteroidaceae, Enterobacteriaceae, 

Deferribacteraceae and Verrucomicrobiaceae increased in relative abundance in DSS-treated mice [22]. 

Therefore, we speculated that the type I IFN-mediated STAT1 activation by gut microbiota was closely related 

to the subsequent pathogenesis of acute colitis. Previous studies demonstrated the crucial roles of 

STAT1-mediated induction of Ly6c-expressing macrophages in the pathogenesis and onset of parasite infection 

in models with Leishmania and Toxoplasma [38-40]. Furthermore, there are several reports about the 

immuno-suppressive or stimulatory roles of Ly6c-expressing macrophages in various cancers including 

colorectal cancers [41-44]. Therefore, it is important to understand the diversity and heterogeneity of 
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Ly6c-expressing macrophages and to elucidate the regulatory mechanisms in the development of inflammation, 

which may lead to new prevention and therapeutic strategies for IBDs, as well as other infectious diseases and 

cancer. 

A previous study revealed the increased expression and activation of STAT1 in biopsies of the inflamed mucosa 

of UC and CD patients compared with the normal mucosa [28]. The expression and activation of STAT1 are 

predominantly heightened in the inflamed mucosa of UC patients, and phosphorylated STAT1 was detected in 

monocytic cells and neutrophils in the inflamed mucosa. Another study indicated that Type I IFN, IFN-β, was 

produced in the intestinal tissues of IBD patients and activated T cells to induce colitogenic effector cells [15]. 

These findings strongly suggest that Type I IFN-mediated STAT1 activation in macrophages is associated with 

the onset and development of IBD.  

A previous study demonstrated that CCR2 expression was essential to the recruitment of Ly6c-highly-expressing 

monocytes to the inflamed gut to become the dominant mononuclear cell type in the lamina propria during acute 

colitis and the ablation of Ly6c-highly-expressing monocytes ameliorated acute gut inflammation [45]. It was 

also reported that blockade of chemokine receptors CCR2, CCR5, and CXCR3 by antagonists, protected mice 

from DSS-induced colitis model [46]. Recent studies demonstrated that CCL2 production by macrophages was 

closely related to the onset of colitis [47-49]. In this study, we showed a decrease in Ly6c-highly-expressing cells 

in the inflamed colon tissues of STAT1 KO mice compared with WT mice. In addition, we found that the gene 

expression levels of IL-6, CCR2, and CCL2 were higher in Ly6c-highly-expressing cells. We confirmed that 

stimulation with Type-I IFNs induced Ly6c-expressing cells from the PECs and spleen cells of wild-type mice. 
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The induction of Ly6c-expressing cells was significantly reduced or not induced at all in STAT1 KO mice. On 

the basis of these findings, we speculated that Type I IFN–STAT1 signaling in myeloid precursor cells is 

required for the induction of two different types of Ly6c-expressing macrophages, suggesting that the 

amelioration of acute colitis in STAT1 KO mice was caused by the inhibition of recruitment of the colitogenic 

macrophages into the inflamed colon tissues in a CCL2/CCR2-dependent manner.  

Once the newly extravagated monocytes are stimulated by microorganisms and the cytokines from resident 

immune cells or epithelial cells, they transform into inflammatory M1-type macrophages to promote colonic 

inflammation via the production of pro-inflammatory cytokines, such as IL-6 and TNF-α. It is reported that 

autonomous TNF is critical for in vivo monocyte survival, maintenance, and function in a steady state and during 

inflammation [50]. It is also reported that human CCR2+ monocytes release TNF by stimulation [51]. On the 

basis of these findings, we speculate that Ly6c-highly-expressing macrophages produce TNF, function in 

inflamed colon tissues, and may be related to the pathology of our DSS-induced acute colitis model.  

Drug therapy for IBD includes aminosalicylates, corticosteroids, immunosuppressive drugs, and biologic drugs, 

although these are unable to cure all patients [52]. During the pathogenesis of IBD, innate immune cells such as 

macrophages and dendritic cells directly drive intestinal inflammation by releasing large amounts of 

inflammatory cytokines, such as tumor necrosis factor TNF-α, IL-6, IL-12, or IL-23 [13-18]. Recently, several 

clinical studies were conducted to evaluate the efficacy of antagonists against the p19 subunit of IL-23 or the p40 

subunit of IL-12 and IL-23 for IBD patients [53-55]. One biologic drug, antagonizing anti-TNF-α monoclonal 

antibody, is effective but the loss of response to infliximab was observed in 37% of CD patients [56-60]. Severe 
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UC is one of the risk factors for colorectal cancer, resulting in the appearance of cancer cells and the promotion 

tumorigenesis leading to colorectal cancer. Therefore, novel approaches are needed to maintain complete 

remission of IBD. Our experimental models reveal that the Type-I IFN/STAT1–CCL2/CCR2 axis in 

macrophages is associated with acute colitis. Furthermore, we confirmed activation of STAT1 and infiltration of 

CCR2-expressing macrophages into the lesions and inflammation sites of colorectal tissues in UC and CD 

patients, suggesting a promising target to prevent the initial steps of pathogenesis through from onset, to 

exacerbation, and the subsequent chronicity of IBDs. 

In conclusion, the IFN-α/β-mediated activation of STAT1 in myeloid precursor cells and two different types of 

Ly6c-expressing cells induced in inflamed colon tissues are associated with the initial steps of pathogenesis of 

colitis. Interactions with Ly6C-high-expressing and intermediate-expressing macrophage subsets may play an 

important role in the onset and progression of IBD. From these results, we speculated that blockade of the Type I 

IFN–STAT1 signaling cascade might be a new therapeutic option to prevent and/or ameliorate the initial onset of 

IBD. 
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Figure captions 

Fig. 1 Activation of STAT1 in the colon tissue of DSS-induced colitis mice. C57BL/6 wild type (WT) mice 

were administered 3% (w/v) DSS in drinking water for 7 days. On day 7, the DSS solution was replaced with 

normal drinking water. (A) Body weight of the control mice (DW, n=6) and DSS-treated mice (DSS, n=6) was 

monitored for 10 days and alterations in body weight compared with day 0 were calculated and are presented as 

percentages. *P < 0.05 by Student's t-test. The data are representative of four experiments of 4-8 mice per group. 

(B, C) Colons tissues were collected from the colitis model mice on day 7. HE staining was performed on 

sections of the lesions and inflammation areas. The data are representative of four experiments of 4-8 mice per 

group. Representative images are presented. Bars represent 200 μm. (D, E) IL-6, TNF-α, IFN-α, IFN-β, IFN-γ 

and STAT1 gene expression levels of whole cells collected from the colon tissues of DW- or DSS-treated mice 

were evaluated by quantitative PCR. The relative gene expression levels were calculated and the means and SDs 

of the two separate experiments performed in duplicate with six to eight colons per group are indicated in the 

figure. *P < 0.05 by Student's t-test. (F) Phosphorylated STAT1 protein was detected in the pathological lesions. 

Immunostaining using anti-phospho-STAT1 antibodies was performed on sections of colon tissue from 

DW-treated mice and the lesions and inflammation areas of DSS-treated mice. Representative images are 

presented. Bars represent 100 μm.  

 

Fig. 2 Improvement of DSS-induced colitis under STAT1-deficient conditions. C57BL/6 wild type (WT) (n=8) 

and STAT1KO (n=9) mice were administered 3% DSS for 7 days. On day 7, the DSS solution was replaced with 
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normal drinking water. (A, B) Body weight of the mice was monitored for 10 days and the Δbody weights (%) 

against day 0 were calculated. The data are representative of four experiments of 4-7 mice per group. (C) Serum 

IL-6 and TNF-α levels of DSS-treated WT and STAT1 KO mice were evaluated by ELISA. The data are 

representative of three experiments of 4-8 mice per group. Means and SDs (n=6) are indicated in the figure. *P < 

0.05 by Student's t-test. (D, E) HE staining of colon tissues were performed on day 10 and histological score 

were evaluated. Representative images are presented. Bars represent 500 μm. Means and SDs are indicated in the 

figure. *P < 0.05 by Student's t-test.  

 

Fig. 3 Exacerbation of pathogenesis in DSS-induced colitis model with STAT1KO mice by transfer of bone 

marrow cells from WT mice. C57BL/6 wild type (WT) mice (n=8) were intravenously inoculated with 

bone-marrow cells (2×107) from WT mice and STAT1KO (n=8, 9) mice were inoculated with bone-marrow 

cells from WT or STAT1KO mice. The bone-marrow transferred WT and STAT1KO mice were administered 

3% DSS for 7 days. On day 7, the DSS solution was replaced with normal drinking water. (A) Body weights of 

the WT and STAT1KO mice were monitored for 10 days and the Δbody weights (%) against day 0 were 

calculated. The representative data on day 6 and 10 are separately indicated in the figure. (B, C) Colons were 

collected from the mice on day 7 and the lengths and histological score were evaluated. Means and SDs are 

indicated in the figure. *P < 0.05 by Student's t-test. 
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Fig. 4 Ly6c-highly-expressing cell populations in the inflamed colon tissues of DSS-treated WT and STAT1 KO 

mice. C57BL/6 wild type (WT) and STAT1 KO mice were administered 3% DSS for 7 days. (A) Total cells 

were collected and pooled from the colon tissues of 3% DSS-induced colitis model mice at day 7. The 

percentages of 7AAD˗CD45+ cells among the total cells were determined by flow cytometry. Representative 

profiles are indicated in the figure. The numbers of 7AAD˗CD45+ cells were calculated from the numbers of the 

collected total colon cells. The data are pooled from four experiments of 4-6 mice per group. Means and SDs 

(N=4) are indicated. (B) The percentages of CD4+, CD8+, CD11b+, or Gr-1+ cells among CD45+ cells were 

determined by flow cytometry. (C) Ly6c expression levels of 7AAD˗CD45+ cells of the colon tissues of 

DSS-treated WT and STAT1 KO mice were evaluated by flow cytometry. Representative profiles are indicated 

in the figure. (D) Ratios of Ly6c-highly-expressing, intermediate-expressing, and low-expressing cells in the 

colon tissues of WT and STAT1 KO mice were calculated. Means and SDs (N=4) are indicated. *P < 0.05 by 

Student's t-test.  

 

Fig. 5 IFNs induce Ly6c-expressing cells in a STAT1-dependent manner. Spleen cells and PECs were collected 

from C57BL/6 wild type (WT) mice and stimulated with IFN-α, IFN-β, or IFN-γ for 24 h in vitro. (A, B) CD11b, 

CD11c, and I-Ab expression levels of the Ly6c-expressing cells in IFN-treated spleen cells (A) and PECs (B) 

were evaluated by flow cytometry. Representative profiles and the percentage of cell numbers in each quadrant 

are indicated in the figure. (C, D) Ly6c expression levels of 7AAD˗CD45+ cells of the IFN-treated spleen cells 

(C) and PECs (D) were evaluated by flow cytometry. Representative profiles are indicated in the figure. (E, F) 
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Ratios of Ly6c-highly-expressing and intermediate-expressing cells in the IFN-treated spleen cells (E) and PECs 

(F) of WT and STAT1 KO mice were calculated. Means and SDs are calculated from the data of four samples of 

each mouse and one representative result from three independent experiments is indicated in the figure. *P < 

0.05 by Dunnett's test. 

 

Fig. 6 CCL2 and CCR2 but not IFN-α/β gene expression levels in Ly6c-highly-expressing cells in the inflamed 

colon of colitis mice were high compared with Ly6c-intermediate-expressing cells. 

Whole cells and whole Ly6c+ cells were collected from colon and spleen of DSS-treated C57BL/6 wild type 

(WT) mice. The data are pooled from four experiments of 13-21 mice per group. 

CD45+7AAD-Ly6c-highly-expressing and Ly6c-intermediate-expressing cells were collected from the pooled 

colon tissues of DSS-treated WT mice. (A) Gene expression levels of IL-6, TNF-α, CCL2, CCR2, IFN-α, and 

IFN-β for each cell were evaluated by quantitative PCR. Quantitative PCR was carried out in duplicate for each 

sample from two independent experiments. The relative gene expression levels were calculated and the means 

and SDs (N=4) are indicated in the figure. *P < 0.05 by Dunnett's test. (B) Gene expression levels of IL-6, 

TNF-α, CCL2, and CCR2 of whole cells collected from DSS-treated WT and STAT1 KO mice were evaluated 

by quantitative PCR. The relative gene expression levels were calculated and the means and SDs (N=4) are 

indicated in the figure. *P < 0.05 by Student's t-test. 
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Fig. 7 In vivo administration of a CCR2 antagonist improved the disease state of DSS-induced acute colitis 

modes. C57BL/6 wild type (WT) and STAT1KO mice were administered 3% (w/v) DSS in drinking water (DW) 

for 7 days. On day 7, the DSS solution was replaced with normal drinking water. DMSO, as a control, or CCR2 

antagonist (20 μg in 200μL of PBS) was intraperitoneally injected into the DSS-treated or DW control mice 

every day from day ˗1. (A, B) Body weights of the DMSO control mice and CCR2 antagonist-treated mice were 

monitored for 10 days and alterations in body weights as a percentage of that at day 0 are presented. Colons were 

collected from the mice on day 7 and the colon lengths at day 7 are indicated in the figure. The data are 

representative of three experiments of 4-8 mice per group. (C) Serum IL-6 and TNF-α levels of the DMSO 

control- and CCR2 antagonist-treated mice were evaluated by ELISA. The data are representative of two 

experiments of 5-8 mice per group and the means and SDs (DMSO control n=7, CCR2 antagonist n=8) are 

indicated in the figure. (D) HE staining of colon tissues were performed on day 7. Representative images are 

presented. Bars represent 200 μm. (E) Histological scores of colitis induced by 3% DSS administration were 

evaluated at day 7. Means and SDs (DMSO control n=8, CCR2 antagonist n=8) of the severity of inflammation, 

the depth of injury, crypt damage, and the total score are indicated in the figure.  

 

Fig. 8 Activation of STAT1 and expression of CCR2 in CD68+ macrophages in the lesion of a patient with UC. 

(A) Hematoxylin and eosin (HE) staining and immunostaining using anti-pSTAT1, anti-CD14, anti-CD168, 

anti-CD68, anti-CD68, or anti-CCR2 antibodies were performed for sections of the lesions and inflammation 

areas from two representative patients with ulcerative colitis (UC). Representative microphotographs are 
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indicated. Bars indicate 200 μm. (B) Triple-immunofluorescence staining of CD68 (red) and phosphor-STAT1 

or CCR2 (green) was performed for the sections from two patients with UC. Blue indicates cell nuclei stained 

with DAPI. (C) Signal strengths of CD14, CD163, CD68, and CCR2 in colon tissues of UC patients were 

calculated by ImageJ software. Box plots of the data are shown. 
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Fig. 2 Kii et al.
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Fig. 5 Kii et al.
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Fig. 8 Kii et al.
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Supplementary Fig. S1 Kii et al.
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Supplementary Figure S1. Expression of CD11b, Ly6G/C, and CD11c on Ly6c-highly-expressing
cell populations. C57BL/6 wild type (WT) and STAT1 KO mice were administered 3% DSS for 7
days. Total cells were collected and pooled from the colon tissues of the colitis model mice at day 7.
CD11b, Ly6G/C, and CD11c expressions on Ly6c expressing cells of 7AAD˗CD45+ cells of the
colon tissues from the DSS-treated WT and STAT1 KO mice were evaluated by flow cytometry.
Representative images are indicated in the figure.



0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

Supplementary Fig. S2 Kii et al.

BA
None IFN-α IFN-β IFN-γ None IFN-α IFN-β IFN-γ

Po
pu

la
tio

n 
fro

m
 

sp
le

en
 c

el
ls

 (%
)

Po
pu

la
tio

n 
fro

m
 

PE
C 

(%
)

* *
**
*

**
*

* *

* *

* *

* *
**
*

**
*

**
*

**
*

**
*

**
*

* *

Ly6c
I-Ab − −+ +

− − ++ Ly6c
I-Ab − −+ +

− − ++

Po
pu

la
tio

n 
fro

m
 

sp
le

en
 c

el
ls

 (%
)

Po
pu

la
tio

n 
fro

m
 

PE
C 

(%
)

Po
pu

la
tio

n 
fro

m
 

sp
le

en
 c

el
ls

 (%
)

Po
pu

la
tio

n 
fro

m
 

PE
C 

(%
)

Ly6c
CD11b − −+ +

− − ++ Ly6c
CD11b − −+ +

− − ++

Ly6c
CD11c − −+ +

− − ++ Ly6c
CD11c − −+ +

− − ++

Supplementary Figure S2. Expression of CD11b, CD11c, and I-Ab on IFN-treated Ly6c-
expressing. Spleen cells and PECs were collected from C57BL/6 wild type mice and stimulated
with IFN-α, IFN-β, or IFN-γ for 24 h in vitro. CD11b, CD11c, and I-Ab expression levels of the Ly6c-
expressing cells in IFN-treated spleen cells (A) and PECs (B) were evaluated by flow cytometry.
The percentage are calculated for each quadrant populations and means and SDs (n = 4) are
indicated in the figure. *P < 0.05.



Supplementary Fig. S3 Kii et al.
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Supplementary Figure S3. Expression levels of CD11b, CD11c, and I-Ab on Ly6c-highly-
expressing papulation. Spleen cells were collected from C57BL/6 wild type mice and stimulated
with IFN-α or IFN-β for 24 h in vitro. CD11b, CD11c, and I-Ab expression levels of the Ly6c-highly
expressing cells in IFN-treated spleen cells were evaluated by flow cytometry. Representative
histograms and the percentages of CD11b, CD11c, and I-Ab-expressing cells are indicated in the
figure.
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