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Abstract
Background & aims  Both macrophages and T cells play a critical role in inflammatory bowel disease (IBD) 
development. Since our previous studies have shown that a novel immune checkpoint molecule erythrocyte 
membrane-associated protein (ERMAP) affects macrophage polarization and negatively regulates T cell responses, we 
investigated the effects of ERMAP on DSS-induced colitis progression in mice.

Methods  C57BL/6 mice developed a dextran sodium sulfate (DSS) colitis model, treated with control Fc protein 
(Control Ig) and ERMAP-Fc fusion protein (ERMAP-Ig) for 12 days to assess colitis severity by disease activity index 
(DAI), weight loss, colon length, histology, flow cytometry, Q-PCR, WB, ELISA, and the effect of adoptive transfer of 
ERMAP knockout mice (ERMAP-/-) peritoneal macrophages on DSS colitis mice. In vitro, the effects of the RAW264.7 
macrophage cell line that interfered with ERMAP expression on macrophage polarization and T cells were analyzed by 
flow cytometry.

Results  We show here that administration of ERMAP protein significantly increases the proportion of anti-
inflammatory M2-type macrophages and inhibits T cell activation and proliferation in DSS-induced colitis mice. 
Knockdown of ERMAP in RAW264.7 macrophages reduces M2-type macrophage polarization and increases T cell 
responses. Adoptive transfer of macrophages from ERMAP-/- exacerbates DSS-induced colitis. Global gene expression 
analysis by RNA-seq shows that ERMAP inhibits the NOD-like receptor (NLR) protein family pathway in macrophages.

Conclusions  In summary, our results suggest that administration of ERMAP can protect DSS-induced colitis in mice 
by regulating T cell and macrophage functions. This study adds to the evidence for various mechanistic pathways 
associated to the pathogenesis of IBD, which could subsequently be translated to novel therapeutics.
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Introduction
Inflammatory bowel disease (IBD) is a group of disorders 
that are characterized by chronic inflammation of the 
gastrointestinal (GI) tract [1]. IBD includes Crohn’s dis-
ease and ulcerative colitis. Both T cells and macrophages 
play a critical role in the pathogenesis of IBD [2].

Specifically, CD4 + T cell subsets exhibit distinct pro-
inflammatory profiles in IBD. In Crohn’s disease, lamina 
propria CD4 + T cells predominantly secrete Th1/Th17-
associated cytokines (such as TNF-α, IFN-γ, IL-17A). In 
ulcerative colitis, CD4 + T cells can secrete a large number 
of Th2 effect-related inflammatory factors (such as IL-4, 
IL-13) and Th17 related pro-inflammatory cytokines (IL-
17A). These T cell-derived cytokines not only directly 
damage intestinal tissue but also stimulate macrophage 
polarization.

Intestinal macrophages originating from circulating 
monocytes in the blood or intestinal resident macro-
phages pools are important immune cells against foreign 
pathogens [3, 4]. Intestinal macrophages are situated at 
the interface of intestinal lumen; by identifying patho-
gen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), they quickly 
recognize pathogens and tissue damage, and deliver sig-
nals to different immune cells to maintain environmen-
tal homeostasis in the gut [5]. Macrophages can polarize 
into classically activated macrophages (M1) and selec-
tively activated macrophages (M2) [6]. M1 polarization 
can be induced by IFN-γ, lipopolysaccharide (LPS), and 
TNF-α, leading to increased production of pro-inflam-
matory cytokines (IL-1β, TNF-α, and IL-6) and active 
oxygen. These mediators further exacerbate inflamma-
tion and tissue damage by promoting T cell differentia-
tion and activation [7]. M2 polarization is stimulated by 
IL-4, IL-13 and M-CSF, resulting in decreased levels of 
pro-inflammatory cytokines and increased production 
of anti-inflammatory cytokines (IL-10, IL-4), mannose 
receptor (CD206) and arginase I (Arg1) [8]. The imbal-
ance of M1 and M2 macrophages is associated with 
the occurrence, development and prognosis of IBD [9]. 
M1 macrophages are dominating in IBD and inducing 
inflammatory responses in advanced stages of the dis-
ease, whereas M2 macrophages have anti-inflammatory 
properties and are involved in tissue recovery after injury 
[10]. Therefore, regulating macrophage polarization 
could be used in the treatment of IBD.

Immune cells are regulated by immune checkpoint 
molecules [11]. In past several years, several new drugs 
that target the immune checkpoint molecules have been 
approved by the FDA for the treatment of autoimmune 
disease and cancer, highlighting the importance of these 
molecules. For example, the recombinant CTLA-4-Fc 
fusion protein has been used to treat rheumatoid arthri-
tis and kidney graft rejection [12]. In contrast, antibodies 
against PD-L1/PD-1 or CTLA-4 have been used to treat 
a variety of cancer [13]. An increasing number of new 
immune checkpoint molecules are being discovered. For 
example, CD300c and TAPBPL have been identified as 
novel checkpoint molecules that can inhibit T cell func-
tions in vitro and in vivo [14, 15].

Erythrocyte Membrane-associated Protein (ERMAP) 
is also a new checkpoint molecule containing both an 
extracellular immunoglobulin domain and an intracellu-
lar B30.2 domain [16, 17]. ERMAP shares sequence and 
structural similarities with the existing immune check-
point molecules [17, 18]. It has been shown that ERMAP 
can enhance the generation of M2 macrophages and 
inhibit T cell functions in vitro [18]. Administration of 
ERMAP protein can ameliorate experimental autoim-
mune encephalomyelitis (EAE) and type I diabetes mel-
litus (T1D) by inhibiting auto-reactive T cell proliferation 
and activation and regulating macrophage polarization 
toward M2 [18].

In this study, we investigated the effects of ERMAP 
on dextran sodium sulfate (DSS)-induced colitis and 
found that administration of ERMAP-Fc fusion protein 
(ERMAP-Ig) effectively protected DSS-induced colitis as 
compared to control Fc protein (Control Ig) treatment. In 
contrast, adoptive transfer of macrophages from ERMAP 
gene knockout mice exacerbated DSS-induced colitis.

Materials and methods
Cloning and purification of ERMAP-Ig
The extracellular domain of hERMAP (aa30-145) was 
cloned and fused into a pCMV6- AC-FC-S expression 
vector containing the constant region of mouse IgG2a 
(ORIGENE, Rockville, MD). Vectors were transfected 
into HEK-293 cells, and ERMAP-Ig in the supernatant 
was purified by the protein purification apparatus (AKTA 
pure, Sweden). The purity was determined by Western 
Blot and Coomassie blue staining and protein quantifi-
cation was performed using the BCA protein detection 
kit (Beyotime Biotech, China) and function verified by 
FACS (Supplemental Fig. 1). The endotoxin levels of the 
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recombinant proteins were < 0.01 EU/ml µg-1. Control Ig 
(recombinant mouse IgG2a) was purchased from BioX-
Cell (West Lebanon, NH).

Mice and DSS-induced colitis
C57BL/6 mice were purchased from Tianqin Biotech Co., 
Ltd (Hunan, China). ERMAP-/- mice were generated by 
Shanghai Bangyao Biotechnology Co., Ltd. Stable whole-
body knockout mice were selected (Supplemental Fig. 2). 
The mice were housed in specific pathogen-free rooms 
and used following a protocol approved by the Institu-
tional Animal Care and Use Committee of Guizhou Med-
ical University (NO: 1900035). Eight to ten-week- old 
C57BL/6 wild-type (WT) mice were fed with 3% Dextran 
sodium sulfate (DSS, 36–50 kDa, YEASEN, China) for 7 
days. The mice were injected intraperitoneally (i.p.) with 
control Ig or ERMAP-Ig on days 3, 6, and 9 and mea-
sured for Disease activity index (DAI) scores daily. The 
criteria for the DAI scoring are shown in Supplemental 
Table 1 as described [19]. Mice were euthanized on day 
12, and samples were collected. After referring to The 
ARRIVE guidelines 2.0 (​h​t​t​p​​s​:​/​​/​a​r​r​​i​v​​e​g​u​​i​d​e​​l​i​n​e​​s​.​​o​r​g​​/​a​r​​r​i​
v​e​​-​g​​u​i​d​e​l​i​n​e​s), the method of choice for sacrifice of mice 
in this study was cervical dislocation. Cervical dislocation 
is a rapid and painless method of euthanasia in mice. The 
cervical vertebrae of the mouse are usually twisted rap-
idly by hand or tool, resulting in spinal cord injury, which 
causes immediate unconsciousness and cessation of res-
piration, and this method is only applicable to rodents 
weighing < 200 g. The mice selected in this study weighed 
an average of 30  g each and were eligible for the cervi-
cal dislocation method, in addition to being eligible for 
humanitarian execution of animals.

Histopathological and Immunofluorescence
Mouse colons were fixed with 4% formaldehyde for 24 h. 
Tissues were embedded in paraffin, and sections were 
prepared (5 μm). The Sections were stained with hema-
toxylin-eosin (H&E) and observed under an Olympus 
SLIDEVIEW VS200 slide scanner. The criteria for the 
colitis pathology scores are shown in Supplemental Table 
2 [19]. For immunofluorescence, sections were incubated 
with rat anti-CD86 antibody (1:100, Abcam) and rabbit 
anti-CD206 antibody (1:100, Cell Signaling) at 4 °C over-
night, and then secondary antibody with Cy3-sheep anti-
rat IgG and FITC-donkey anti-rabbit IgG (1:500) for 4 h 
at room temperature. The sections were counter-stained 
with DAPI and observed under a laser microscope 
(Olympus SpinSR10, Tokyo, Japan).

Isolation of colonic lamina propria cells
Colonic lamina propria cells were isolated as described 
[20] with minor modification. In brief, after washing 
with D-Hank’s, epithelial cells were removed by 10 mM 

DTT (30 min), 0.5 mM EDTA solution at 37 °C 30 min, 
digested in invisible tissue in collagenase I (1  mg/mL) 
containing 0.25  mg/mL DNase I and 2  mg/mL Dispase 
II, screened with a 70 μm cell filter. Percoll isolate mono-
cytes and lymphocytes in the colon lamina propria. Cells 
were stained with specific antibodies and analyzed by cell 
flow cytometer.

Flow cytometry analysis
Single cell suspension from the spleen and colon was pre-
pared and stained with fluorescent conjugated antibodies 
for direct or indirect staining. For intracellular staining, 
the cells were first permeabilized with a BD Cytofix/
Cytoperm solution for 20  min at 4  °C. Cell activation: 
anti-CD4, CD8 and CD69+, Cell proliferation: anti-CD4, 
CD8 and Ki67+, Macrophages: anti-F4/80, MHC-II and 
CD206, Regulatory T cells (Tregs): anti-CD4, CD25 and 
Foxp3. Detection of cytokine expression was incubation 
for 6 h with PMA (100 ng/mL) / BFA (100 ng/mL) / Iono-
mycin (500 ng/mL). Flow analysis of TNF-α, IFN-γ, IL-4, 
and IL-17A expression in CD4+ cells. All antibodies were 
obtained from Biolegend, San Diego, CA, except MHC-II 
(Abcam, USA), ERMAP (R&D, USA). Data were analyzed 
on a FACS Celesta™ (BD, USA), and data were analyzed 
using FlowJo-V10 software (BD, USA).

In vitro culture and interference of RAW264.7
RAW264.7 cells were purchased from American Type 
Culture Collection (ATCC) and cultured in endotoxin-
free Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% fetal bovine serum (FBS, Gibco). The 
mERMAP shRNA lentivirus used for cell transduction 
contains three expression constructs; each construct 
encodes a target-specific 19–25 nt (plus hairpin) shRNA 
(Supplemental Table 3). Validation of ERMAP knock-
down was done by qRT-PCR, Western blot, and flow 
cytometry after puromycin selection (Supplemental 
Fig.  3). After the ERMAP knockdown, RAW264.7 cells 
were cultured at M1 (LPS 100 ng/mL, IFN-γ 2.5 ng/mL) 
and M2 (IL-4 40 ng/mL) conditions and analyzed by flow 
cytometry 24 h later.

RNA-seq
RNA from control RAW264.7 and ERMAP knockdown 
RAW264.7 cells was extracted using standard methods. 
Qubit2.0 Fluorometer for preliminary quantification, 
then Agilent 2100 bioanalyzer to detect the insert size of 
the library, and qRT-PCR to accurately quantify the effec-
tive concentration of the library (> 2 nM) to ensure the 
quality of the library. Illumina sequencing was performed 
after pooling the different libraries. Sequenced fragments 
were converted into reads by CASAVA base calling. 
After raw data filtering, sequencing error rate checking, 
and GC content distribution checking, clean reads for 
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subsequent analysis were obtained. Use HISAT2 soft-
ware to quickly and accurately align the Clean Reads with 
the reference genome, and obtain the positioning infor-
mation of the Reads on the reference genome [21]. The 
feature Counts tool in the subread software was used to 
filter out reads with alignment quality values below 10, 
unpaired alignments, and alignments to multiple regions 
of the genome [22]. After the gene expression quantifi-
cation was completed, the expression data were statisti-
cally analyzed, and the genes with significant differences 
in the expression levels of the samples under different 
states were screened. The mainstream hierarchical clus-
tering was used to perform cluster analysis on the FPKM 
values of genes, the rows were normalized, and the clus-
terProfiler software was used to perform KEGG pathway 
enrichment analysis on differential gene sets, padj less 
than 0.05 as the threshold for significant enrichment.

SDS-PAGE and Western blot
Purified ERMAP-Ig was loaded on 10% SDS-PAGE, 
stained with Coomassie blue or transferred to PVDF 
membranes. Protein-containing membranes were incu-
bated with an HRP-conjugated anti-mouse IgG2 antibody 
or anti-ERMAP antibody (Origend, China) and then with 
an HRP-conjugated secondary antibody. Membranes 
were then analyzed by Super Signal West Pico chemilu-
minescent Substrate (Thermo Fisher Scientific, Waltham, 
MA). The colon tissue was lysed by RIPA; Proteins were 
separated by SDS-PAGE and subjected to Western blot as 
above.

Quantitative real-time PCR (qRT-PCR) analysis
Total RNA from the tissue was extracted with Trizol, and 
cDNA was synthesized by using a reverse transcription 
kit (MonScriptTM RTIII AII-in-One Mix with dsDNase, 
Monad, China). qRT-PCR (MonAmpTM SYBR Green 
qPCR Mix, Monad, China) was performed on a Bio-
Rad machine (Thermo Fisher Scientific, Waltham, MA). 
GAPDH was used as the internal reference. The qRT-
PCR primer sequences of the tested genes are listed in 
the Supplementary Information (Supplemental Table 4).

Enzyme-linked immunosorbent assay (ELISA)
Cytokines in mouse serum were analyzed using mouse 
IL-6 (Biolegend, San Diego, CA) and TGF-β1 (Neobio-
cisence, China) ELISA kits according to the manufactur-
er’s instructions.

In vivo depletion and adoptive transfer of macrophages
Mice were injected i.p. with 100 µL of clodronate on days 
− 1 and − 2 to deplete macrophages as described [23]. M0 
of peritoneal macrophages from WT or ERMAP-/- mice 
were transplanted into WT (1 × 106 per mouse) mice on 
day 0 [20]. DSS-induced colitis was induced 12  h after 

macrophage transferred. DAI scores were measured 
daily, and samples were harvested on day 9.

Statistical analysis
Data were analyzed using the SPSS package (v. 26 for 
Windows, Chicago, IL). Continuous variables with nor-
mal distribution were presents as mean ± standard devia-
tion (SD). Mean of two continuous normally distributed 
variables were compared by independent samples Stu-
dent’s test. For the in vitro macrophage experiments, an 
ordinary one-way analysis of variance (ANOVA) test was 
used. For the DAI scores and body weight measurements, 
the Repeated Measures ANOVA test was used.

Results
ERMAP-Ig ameliorates DSS-induced colitis in mice
To determine the possible effect of ERMAP on DSS-
induced colitis, C57BL/6 mice were fed with 3% DSS for 
7 days to induce colitis. The mice were injected i.p. with 
25 µg ERMAP-Ig or Control Ig protein on days 3, 6 and 
9. DAI scores were measured daily. ERMAP-Ig treatment 
significantly reduced DAI scores (Fig. 1A); Weight loss in 
ERMAP-Ig-treated mice was less than Control Ig-treated 
mice (Fig. 1B). ERMAP-Ig treatment also attenuated the 
colon length reduction (Fig.  1C-D). Histological exami-
nation revealed that control Ig-treated DSS-induced 
colitis mice had inflammatory cell infiltration, severe 
epithelial destruction and crypt loss, while these features 
were significantly improved in ERMAP-Ig-treated mice 
(Fig.  1E). Consequently, the histological scores of acute 
colitis in ERMAP-Ig-treated mice were significantly 
lower than those in Control Ig mice (Fig.  1F). The data 
suggest that ERMAP-Ig ameliorates the inflammatory 
response and histology damage in DSS-induced colitis. 
Interestingly, ERMAP-/- mice showed more severe colon 
shortening and weight loss during colitis induction, and 
even three mice failed to survive to the end of model-
ing (Supplemental Fig.  4). Knockdown of endogenous 
ERMAP deprived the mice of the protective effect of 
inflammation. Having established the therapeutic effect 
of ERMAP-Ig on DSS-induced colitis, we next investi-
gated its regulatory effects on immune cells.

ERMAP-Ig increases the population of colon M2-type 
macrophages
Macrophages play a critical role in the pathogenesis of 
DSS-induced colitis. Intestinal macrophages are located 
below the mucosal monolayer epithelium, where they 
exhibit functional diversity that can not only remove 
bacteria and foreign substances and eliminate senescent 
or dead cells, but also support regulatory T cells (Tregs) 
[24]. We therefore analyzed colon lamina propria macro-
phages by flow cytometry with antibodies against F4/80, 
MHCII, and CD206. As shown in Fig.  2A, M1-type 
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macrophages (F4/80+ MHCIIhi CD206lo) were decreased, 
whereas M2-type macrophages (F4/80+ MHCIIlo 
CD206hi) were significantly increased in ERMAP-Ig mice.

CD4+ CD25+ Foxp3+ Tregs have been reported to play 
a role in ameliorating DSS-induced colitis [25]. Induc-
tion of Tregs can repair tissues, reshape the extracellular 
matrix, and promote epithelial cell renewal. Macrophages 
are unique among lamina propria APCs in their ability 
to promote the generation of Tregs [26]. We found that 
ERMAP-Ig treatment increased the percentage of Tregs 
in the mice (Fig. 2B), which also increased the proportion 
of Th2-type cells (CD4+ IL-4+ T cells) and reduced the 
proportion of pathogenic Th1 (CD4+ TNF-α+ T cells and 

CD4+ IFN-γ+ T cells) and Th17(CD4+ IL-17A+ T cells) 
(Fig. 2E).

CD86 is a co-stimulatory factor. Our immunofluo-
rescence staining showed that the proportion of CD86+ 
cells were significantly lower in ERMAP-Ig-treated DSS-
induced colitis mice, whereas the percentage of CD206+ 
cells were higher in ERMAP-Ig-treated mice than in 
control Ig- treated mice (Fig. 2C). We also analyzed the 
expression levels of M2 and M1 macrophage- related 
genes. The mRNA levels of M2-related genes Arg1 and 
CD206 were increased in ERMAP-Ig colon tissues, 
whereas the expression level of M1-related gene iNOS 
was decreased (Fig. 2D), consistent with the data that M1 
macrophages were decreased, whereas M2 macrophages 

Fig. 1  ERMAP-Ig ameliorates DSS-induced colitis in mice. C57BL/6 were fed with 3% DSS for 7 days. The mice were injected i.p. with 25 µg ERMAP-Ig or 
Control Ig protein on days 3, 6 and 9. (A) DAI scores were measured daily (n = 12 for each group). (B) Weight loss was expressed as the average percent-
age of initial body weight ± SEM (n = 12 for each group). (C-F) The mice were euthanized on day 12. (C) Typical images and (D) statistical analysis of colon 
length in the Control Ig- and ERMAP-Ig-treated mice. (E) Representative histological HE staining images (200×) and (F) colon inflammation pathology 
scores. ****P < 0.0001 compared with DSS + Control Ig
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Fig. 2  ERMAP-Ig increases the number of intestinal M2 type macrophages in IBD mice. Flow cytometric analysis of colonic lamina cells of control Ig and 
ERMAP-Ig-treated DSS-induced colitis mice. (A) The percentages of MHCIIhi CD206lo M1 and MHCIIlo CD206hi M2 cells in F4/80+ cells. (B) The proportion 
of CD4+CD25+Foxp3+Tregs. (C) Colonic tissue sections were stained with anti-CD86 (red) and anti-CD206 (green) antibodies and observed under a mi-
croscope. (D) The mRNA expression levels of Arg1, CD206 and iNOS were measured in colon tissues by qRT-PCR. The expression level in control Ig-treated 
mice was defined as 1. (E) Flow analysis of inflammatory factor expression in CD4+ lymphocytes in colonic lamina cells. *P < 0.05, **P < 0.01, ****P < 0.0001 
and ns compared with DSS + Control Ig
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were increased in ERMAP-Ig mice. Given the observed 
effect of ERMAP-Ig on the number and differentiation 
of immune cells in DSS-induced colitis mice, we hypoth-
esized that its therapeutic effects involve modulation of 
macrophage polarization and T cell responses.

Effects of ERMAP-Ig on T cell responses and macrophage 
polarization in DSS-induced colitis mice
We then examined T cell activation in the spleen by 
analyzing the expression of CD69, an activation marker. 
ERMAP-Ig treatment significantly decreased the percent-
ages of CD69+ cells in CD4+ and CD8+ T cells (Fig. 3A), 
suggesting that ERMAP reduces T cell activation in DSS-
induced colitis mice [2, 27]. We also determined T cell 
proliferation by analyzing CFSE dilution and Ki67+ cells. 
After 3 days of culture in pre-coated anti-CD3 (5 µg/mL) 
plates, CFSE dilution assay showed that the percentage 
of proliferative CD4+ T cells from ERMAP-Ig-treated 
mice was lower than that from control Ig-treated mice 
(Fig.  3B), which was confirmed by reduced percentage 
of Ki67+ CD4+ cells (Fig. 3C). Reduced Ki67+ CD8+ cells 
were also detected in ERMAP-Ig-treated mice (Fig. 3C). 
The results suggest that ERMAP inhibits T cell prolifera-
tion in DSS-induced colitis mice. Furthermore, ERMAP-
Ig treatment increased the percentage of Tregs in the 
spleen (Fig. 3D). We also examined cytokines secreted by 
T cell subsets, and ERMAP-Ig increased IL-4 secretion 
by CD4+ T cells, and decreased TNF-α, IFN-γ, as well 
as IL-17 A secretion in the spleen (Supplemental Fig. 6). 
ERMAP-Ig also increased the percentage of MHCIIlo 
CD206hi M2 macrophages but decreased the percent-
age of MHCIIhi CD206lo M1 macrophages in F4/80+ 
cells (Fig.  3E). In addition, the percentage of TNF-α+ 
cell in F4/80+ macrophages were reduced in ERMAP-Ig-
treated DSS-induced colitis mice (Fig.  3F). The results 
suggest that ERMAP-Ig treatment affects macrophage 
polarization.

Knockdown of ERMAP in RAW264.7 inhibits M2-type 
macrophage polarization and increases T cell responses
Since the macrophage line RAW264.7 express ERMAP 
protein (Supplemental Fig. 3), we determined the role of 
endogenous ERMAP on macrophage polarization and T 
cell response. RAW264.7 cells were transduced by len-
tivirus containing ERMAP-specific or control shRNA. 
The knockdown of ERMAP in the cells was confirmed 
by qRT-PCR, Western blot and flow cytometry, show-
ing that the expression levels of the gene and protein 
in ERMAP-specific shRNA-treated cells were lower 
than those in control shRNA-treated cells (Supplemen-
tal Fig.  3). The cells were then induced to differentiate 
under the M1 or M2 condition. ERMAP knockdown 
increased MHCIIhi CD206lo M1 macrophages under the 
M1 differentiation condition, but decreased MHCIIlo 

CD206hi M2 macrophages under the M2 differentiation 
condition (Fig. 4A). The results suggest that endogenous 
ERMAP inhibits M1 differentiation but promotes M2 
differentiation.

To investigate the effect of macrophage ERMAP 
expression on T cells, the ERMAP shRNA or control 
treated RAW264.7 cells were co-cultured with spleno-
cytes from C57BL/6 mice for 16 h. T cell activation and 
proliferation were then analyzed by flow cytometry. Co-
culture with ERMAP knockdown macrophages increased 
the percentages of CD69+ CD4+ and CD8+activated T 
cells as compared with co-culture with control treated 
macrophages (Fig.  4B). The percentage of proliferative 
Ki67+ cells in CD4 and CD8 T cells were also increased 
after co-culture with ERMAP knockdown macrophages 
(Fig.  4C). This is consistent with the data that ERMAP 
inhibits T cell activation and proliferation.

ERMAP-Ig reduced macrophage-mediated inflammation
We analyzed global gene expression between control 
shRNA and ERMAP shRNA- treated RAW264.7 mac-
rophages by RNA-seq.  A total of 131 genes were up-
regulated and 14 genes were down-regulated in ERMAP 
shRNA-treated RAW264.7 macrophages (Supplemen-
tary Fig.  7). The cluster Profiler software was used to 
analyze the GO function enrichment of the differential 
gene set. The most significant 30 terms were selected to 
draw a bubble chart for display. The ordinate is the func-
tional description corresponding to the GO number. The 
abscissa is the ratio of the number of differential genes 
annotated to the GO number to the total number of dif-
ferential genes. The size of the dot represents the number 
of genes annotated on the GO Term, and the color from 
red to purple represents the significance of the enrich-
ment (Fig. 5A).

We found the expression levels of several pathways in 
ERMAP shRNA-treated RAW264.7 cells as compared 
with control shRNA-treated cells were altered, includ-
ing NOD-like receptor signaling pathway, RIG-I-like 
receptor signaling pathway, Toll-like receptor signaling 
pathway, and Cell adhesion molecules (CAMs). Among 
them, the number of differential genes related to NOD-
like receptor signaling pathway was the largest. The 
NOD-like receptor (NLR) protein family is a group of 
pattern recognition receptors (PRRs) known to medi-
ate the initial innate immune response to cellular dam-
age and stress. NLRP3 is mainly present in macrophages 
and dendritic cells, and signals from inflammasome for-
mation through classical Caspase-1 activation [28]. The 
mRNA expression levels of NLRP3, GSDMD, Caspase-1 
and IL-1β in ERMAP shRNA RAW264.7 macrophages 
activated by LPS were significantly increased compared 
with those in control RAW264.7 macrophages (Fig. 5B), 
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Fig. 3  Effects of ERMAP-Ig on T cell response and macrophage polarization in DSS-induced colitis. C57BL/6 mice were induced to develop DSS-induced 
colitis and treated with ERMAP-Ig or Control Ig as in Fig. 1. The spleens were collected on day 12. (A) FACS analysis for the expression of CD69 on CD4+ and 
CD8+ T cells. (B) CD4+ and CD8+ T cell proliferation was determined by (B) CFSE dilution assay and (C) Ki67 staining. (D) The percentages of CD4+ CD25+ 
Foxp3+ Tregs. (E-F) The percentages of M 1/ M2 and TNF-α+ cells in F4/80+ macrophages. This data is presented as the mean ± SD and represents three 
independent experiments with similar results. *P < 0.05, ****P < 0.0001 compared with DSS + Control Ig
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Fig. 4  Knockdown of ERMAP in RAW264.7 macrophages inhibits M2-type macrophage polarization and increases T cell responses. RAW264.7 macro-
phages were transduced with lentivirus containing ERMAP specific shRNA or control shRNA for 24 h. (A) The cells were induced to differentiate under M1 
condition (LPS 100 ng/mL、IFN-γ 2.5 ng/mL) and M2 condition (IL-4 40 ng/mL). The proportion of MHCIIhi CD206lo M1 and MHCIIlo CD206hi M2 were 
analyzed by flow cytometry. (B-C) Splenocytes of C57BL/6 mice were co-cultured with the ERMAP specific shRNA or control shRNA-treated RAW264.7 
macrophages. Cells were then analyzed for the percentages of (B) CD69+ activated CD4+ and CD8+ T cells and (C) proliferative Ki67+ cells in CD4+ and 
CD8+ T cells that had been cultured in pre-coated anti-CD3 (5 µg/mL) plates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. untreated RAW264.7 
macrophages and/or control shRNA treated macrophages. The data are representative of three independent experiments with similar results
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Fig. 5  ERMAP-Ig reduced macrophage-mediated inflammation. (A) Global gene expression between RAW264.7 with control shRNA and ERMAP shRNA 
treated RAW264.7 cells analyzed by RNA-seq, showing enrichment analysis of KEGG signaling pathway bubble diagram. (B) Control RAW264.7 and ERMAP 
shRNA RAW264.7 were stimulated by LPS for 24 h and then analyzed for the expression levels of the NOD-like receptor pathway-related genes by qRT-
PCR. (C) qRT-PCR and (D-E) Western blot analyses for the expression levels of NOD-like receptor pathway-related genes and proteins in the colon tissue 
between Control Ig and ERMAP-Ig-treated IBD mice. (F) The expression levels of cytokines IL-1β, IL-6, TNF-α, TGF-β1, IL-4, IL-10 in the colon tissues be-
tween control Ig and ERMAP-Ig-treated IBD mice were determined by qRT-PCR. (G) The contents of TGF-β1 and IL-6 in the serum between control Ig and 
ERMAP-Ig-treated IBD mice were measured by ELISA. Experiments were repeated at least three times with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
vs. control cells or control Ig treated mice
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suggesting these genes are the downstream targets and 
inhibited by ERMAP.

To confirm that NLRP3, GSDMD, Caspase-1, and 
IL-1β are inhibited by ERMAP, we analyzed the expres-
sion of these genes between control Ig and ERMAP-Ig-
treated DSS-induced colitis mice. The expression levels 
of all these genes in the ERMAP-Ig-treated mice were 
lower than those in control Ig-treated mice (Fig.  5C), 
which were also confirmed at protein level as analyzed by 
western blot (Fig. 5D-E).

We also detected the expression levels of cytokine 
mRNA in the colon. The relative mRNA expression of 
inflammatory cytokines IL-6, TNF-α, IFN-γ and TGF-
β was significantly decreased, while the relative mRNA 
expression of inflammatory suppressor IL-4 and IL-10 
was significantly increased in the ERMAP-Ig-treated 
DSS-induced colitis mice (Fig.  5F). Serum contents of 
TGF-β and IL-6 in the ERMAP-Ig-treated mice were also 
lower than those in the control Ig-treated mice (Fig. 5G). 
The results suggest that the effect that ERMAP-Ig allevi-
ates the inflammatory response in DSS-induced colitis is 
likely related to the GSDMD inflammasome-associated 
signaling pathways.

ERMAP-/- macrophages exacerbate DSS-induced colitis in 
WT mice
To confirm that ERMAP on macrophages play a pro-
tective role in DSS-induced colitis, we depleted 
macrophages (Mφ) from WT mice using liposome-
encapsulated clodronate, followed by transfer of WT or 
ERMAP-/- (KO) peritoneal macrophages (Fig. 6A). Mice 
given ERMAP-/- macrophages significantly increased 
their DAI scores from days 7 to 10 (Fig.  6B), and had 
more severe colon shortening (Fig.  6C-D) and body 
weight loss (Fig.  6F). Histological analysis revealed that 
mice given ERMAP-/- macrophages had increased colonic 
damage (Fig. 6E).

The flow cytometric analysis showed that mice given 
ERMAP-/- macrophages had fewer Tregs (Fig.  6G). In 
addition, both splenic T cell activation and proliferation 
in mice given ERMAP-/- macrophages were increased 
(Fig. 6H-I). Analysis of the mRNA expression of inflam-
matory cytokines from the colon revealed that mice 
given ERMAP-/- macrophages expressed more than given 
WT macrophages (Supplementary Fig.  8). Collectively, 
the results suggest that adoptively transfer of ERMAP-/- 
macrophages promote the proliferation and activation 
of T cells and ERMAP on macrophages play a protective 
role against DSS-induced colitis.

Discussion
Although the etiology of IBD is not fully understood, 
available evidence suggests that excessive immunity 
to normal flora leading to deregulation of the mucosal 

immune system is an important pathogenesis of IBD [29]. 
Anti-inflammatory drugs (glucocorticoid and amino-
salicylic), immunosuppressant (azathioprine and metho-
trexate), and biological drugs (anti-TNF-drugs such as 
ustekinumab and Vedolizumab; The anti-p40 (IL-12 / 
23) antibody ustekinumab) currently are the main drugs 
in IBD treatments [30]. However, these therapeutic 
approaches often have limited efficacy but severe adverse 
effects, calling for development of new therapies [31].

Increasing evidence has indicated that correct polar-
ized state of macrophages is very important for con-
trolling intestinal inflammation and maintaining 
homeostasis [32]. Despite the predominance of colonic 
M1 macrophages in colitis, M2 macrophages have impor-
tant roles in antagonizing inflammation and promoting 
healing, which contributes to the resolution of inflamma-
tion [33]. Modulating the Ml / M2 polarization status of 
macrophages can alter the process of local inflammatory 
responses in the colon. Macrophage-targeted therapy is 
increasingly recognized as a novel treatment for intesti-
nal inflammation [34].

Our previous studies have shown that ERMAP not 
only inhibits T cell functions, but also affect macro-
phage polarization [18]. In this study, we show that 
ERMAP-Ig treatment increases the number of M2 mac-
rophages in the colon and spleen, decreases the mRNA 
levels of the pro-inflammatory cytokines TNF-α, IL-1β, 
IL-6, IFN-γ and TGF-β1, increases the mRNA expres-
sion of the inflammatory suppressors IL-4 and IL-10, 
and significantly improves inflammation and tissue 
damage in the colon. Consistent with the in vivo find-
ings, the in vitro studies show that the ERMAP deletion 
increases the LPS-induced M1 polarization and reduces 
the IL-4-induced M2 polarization. Furthermore, adop-
tive transplantation of ERMAP-/- peritoneal macrophages 
into DSS-induced colitis mice exacerbates inflammatory 
response and tissue damage. These results suggest that 
ERMAP affects macrophage polarization by generating 
more anti-inflammatory M2 macrophages, which plays 
an important role in the amelioration of DSS-induced 
colitis by ERMAP.

ERMAP also inhibits T cell activation, proliferation 
and inflammatory cytokine production, which are likely 
by the direct effects of ERMAP on T cells and indirect 
effects through increased production of M2 macro-
phages. Indeed, we have shown that T cells express the 
ERMAP receptor and ERMAP directly inhibits T cell 
functions in vitro [18]. In this study, we also show that co-
culture T cells with ERMAP gene deleted macrophages 
increases the activation and proliferation of T cells. It is 
well known that CD4+ CD25+ Foxp3+ Tregs can prevent 
excessive inflammation [35]. ERMAP treatment increases 
the number of Tregs in DSS-induced colitis mice. The 
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Fig. 6  ERMAP-/- macrophages exacerbate DSS-induced colitis in WT mice. (A) Scheme of the macrophage adoptive transfer experiments. (B) Body weight 
and DAI scores of each group were measured daily (n = 6 for each group). (C, D) Colon’s length was measured on day 9. (C) Typical images and (D) statisti-
cal analysis of the colon’s length. (E) Representative histological images (200×) of the colon. (F) Body weight changes between the IBD mice that were 
transferred with WT or KO macrophages (n = 6 for each group). (G) The percentages of CD4+ CD25+ Foxp3+ Tregs. (H) The expression of CD69 on CD4+ and 
CD8+ T cells in spleen cells, (I) The percentage of Ki67+ proliferative cells in CD4 and CD8 T cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared 
with WT + WT Mφ. The data are representative of two independent experiments with similar results
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underlying mechanisms could also be due to direct and / 
or indirect effects of ERMAP on Tregs [36].

IBD represents an imbalance in the intestinal immune 
response. Recent studies have shown that excessive 
worsening of pyroptosis plays a key role in the develop-
ment of autoimmune diseases [37]. Pyroptosis is char-
acterized by pore formation in the cell membrane, cell 
rupture, and the excretion of cellular contents and pro-
inflammatory cytokines, such as IL-1β and IL-18. This 
hyperactive inflammatory programmed cell death dis-
rupts the homeostasis of the immune system and pro-
motes autoimmunity [38]. The NLRP3 inflammasome is 
highly expressed in patients with autoimmune diseases, 
and the NLRP3 axis readily triggers immune system 
over-response through the classical caspase1- dependent 
pathway / IL-1β axis [39]. Our RNA-seq analysis shows 
that the key genes in the NLRP3 axis were increased in 
ERMAP gene deleted macrophages. In contrast, ERMAP-
Ig administration significantly reduced the expression 
of NLRP3 axis genes in the colon of DSS-induced colitis 
mice. Our results suggest that the NLRP3 axis may plays 
a key role in the effects of ERMAP on macrophages.

In summary, our results suggest that administration 
of ERMAP can protect DSS-induced colitis in mice by 
regulating T cell and macrophage functions. This study 
adds to the evidence for various mechanistic pathways 
associated to the pathogenesis of IBD, which could sub-
sequently be translated to novel therapeutics.
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