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Abstract

Background: Myeloid differentiation factor 88 (MyD88) is the core adaptor for Toll-like receptors defending against microbial invasion
and initiating a downstream immune response during microbiota-host interaction. However, the role of MyD88 in the pathogenesis
of inflammatory bowel disease is controversial. This study aims to investigate the impact of MyD88 on intestinal inflammation and
the underlying mechanism.

Methods: MyD88 knockout (MyD88~/~) mice and the MyD88 inhibitor (TJ-M2010-5) were used to investigate the impact of MyD88
on acute dextran sodium sulfate (DSS)-induced colitis. Disease activity index, colon length, histological score, and inflammatory
cytokines were examined to evaluate the severity of colitis. RNA transcriptome analysis and 16S rDNA sequencing were used to
detect the potential mechanism.

Results: In an acute DSS-colitis model, the severity of colitis was not alleviated in MyD88~/~ mice and TJ-M2010-5-treated mice, despite
significantly lower levels of NF-«B activation being exhibited compared to control mice. Meanwhile, 16S rDNA sequencing and RNA
transcriptome analysis revealed a higher abundance of intestinal Proteobacteria and an up-regulation of the nucleotide oligomerization
domain-like receptors (NLRs) signaling pathway in colitis mice following MyD88 suppression. Further blockade of the NLRs signaling
pathway or elimination of gut microbiota with broad-spectrum antibiotics in DSS-induced colitis mice treated with TJ-M2010-5 ame-
liorated the disease severity, which was not improved solely by MyD88 inhibition. After treatment with broad-spectrum antibiotics,
downregulation of the NLR signaling pathway was observed.

Conclusion: Our study suggests that the suppression of MyD88 might be associated with unfavorable changes in the composition of
gut microbiota, leading to NLR-mediated immune activation and intestinal inflammation.
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Introduction

Inflammatory bowel disease (IBD) is a chronic and relapsing in-
flammatory disorder predominantly affecting the gastrointestinal
tract, including ulcerative colitis and Crohn’s disease [1]. In recent
years, the incidence of IBD has increased globally, which brings a
rising burden on health care [2]. Although it is generally accepted
thatIBD is a result of microbial dysbiosis, exaggerated immune re-
sponse, disrupted intestinal barrier, and genetic susceptibility, the
precise etiology of IBD remains elusive [1, 3]. This is the main rea-
son that current therapeutic strategies for IBD show limited effi-
cacy but substantial adverse effects in achieving long-term remis-
sion [4]. Dysregulated interaction between intestinal microbiota
and the immune system plays a pivotal role in the initiation and
progression of intestinal inflammation [5].

Invading microbiota can stimulate immune responses through
various approaches. Dendritic cells located in the lamina pro-
pria can directly interact with pathogens and serve as antigen-
presenting cells to stimulate adaptive T cells [6]. Diverse metabo-

lites from microbiota can regulate immune reaction through
metabolite-specific receptors such as Takeda G protein-coupled
receptor 5 (TGR5) and Aryl-hydrocarbon receptor (AhR) [7]. Im-
balance between gut commensal and pathogenic bacteria may
lead to immune activation responsible for intestinal inflamma-
tion. Pattern-recognition receptors (PRRs) are the major receptors
for a host to recognize the invading microbiota through conserved
molecular structures termed pathogen-associated molecular pat-
terns (PAMPs). Toll-like receptors (TLRs) and nucleotide oligomer-
ization domain (NOD)-like receptors (NLRs) are the two main fam-
ilies of PRRs [8]. TLRs are mainly localized in the cell membrane
and are capable of recognizing a broad range of exogenous PAMPs,
while NLRs specialize in defense against intracellular microbes
[9]. The recognition of TLRs can initiate a cascade of innate and
adaptive immune responses and play a central part in the patho-
genesis of IBD [9, 10].

The molecule myeloid differentiation factor 88 (MyD8&8)
is the core adaptor of TLRs and one of major mediators to
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activate the nuclear factor kappa-B (NF-«B) pathway [11].
Patients with IBD showed enhanced activation of MyD88
signaling in intestinal epithelial cells [12]. The upregu-
lation of MyD88/NF-«kB signal induces the production of
multiple proinflammatory cytokines in IBD ([13]. The differ-
entiation and effector function of T cells also require MyD88. It
was reported that deletion of MyD88 in CD4" T cells resulted
in defective differentiation of Th17 and decreased secretion of
interleukin (IL)-17 in mice with colitis [14]. These innate and
adaptive immune responses mediated by MyD88 promote the
development of intestinal inflammation and aggravate epithelial
injury in IBD patients [13]. Thus, MyD88 was regarded as a possi-
ble therapeutic target for IBD [11]. However, the role of MyD8&8 in
the development of IBD is complex and controversial. In addition
to regulating immune responses, MyD88 is also important in
modulating intestinal bacterial clearance, epithelial restoration,
mucosal permeability, and even microbial composition [15-18].
Several animal experiments showed that deletion of MyD88
could not mitigate intestinal inflammation and even increased
tissue susceptibility to colitis [19-21]. Therefore, further research
is required to investigate the effects of MyD88 on intestinal
inflammation and the underlying mechanism.

This study set out to analyze the in vivo impacts of MyD88 de-
ficiency or inhibition by a MyD88 inhibitor on acute intestinal in-
flammation in terms of the crosstalk between gut microbiota and
the innate immune system. Our results revealed a potential role
of MyD88 in shaping the structure of gut microbiota and a co-
operation mechanism of TLR- and NLR-mediated immunological
pathways.

Methods

Mice

MyD88~/~ mice with C57BL/6] background and their wild-type
(WT) littermates were obtained from Nanjing Medical University,
Nanjing, China. C57BL/6] female mice (6-8 weeks old) were pur-
chased from Beijing HFK Bioscience Co., Ltd. All mice were bred
and maintained under conventional laboratory conditions at the
animal center of Tongji Medical College. Experimental protocols
were approved by the Institute Animal Care and Use Committee
at the Tongji Hospital, Wuhan, China. WT C57BL/6] female mice
(6-8 weeks old) were purchased from HFK Bioscience and were
randomly divided into control and treatment groups. All mice
were bred under conventional laboratory conditions at the animal
center of Tongji Medical College. Experimental protocols were ap-
proved by the Institute Animal Care and Use Committee at the
Tongji Hospital, Wuhan, China.

Regents

The MyD88 inhibitor TJ-M2010-5 (TJ5) was generated in the School
of Pharmacy, Tongji Medical College, Huazhong University of Sci-
ence and Technology, Wuhan, China (WIPO Patent Application
Number: PCT/CN2012/070 811) and kindly provided by Prof. Ping
Zhou. NLRs inhibitor NOD-IN-1 (NI1) was purchased from Med-
ChemExpress (MJ], USA). Imipenem (Merck Sharp & Dohme Corp.
U.S.A) and vancomycin (VANCOCIN ITALIA S.R.L) were obtained
from Tongji Hospital. Antibodies used for western blotting were
purchased from Cell Signaling Technology (MA, USA), ABclonal
technology (Wuhan, China) and Proteintech (Chicago, IL< USA).

Induction of colitis and treatment

Acute colitis was induced in mice with C57BL/6] background by
treating them with 3% (wt/vol) dextran sulphate sodium (DSS, 36—

50 kDa; MP Biomedicals, USA) in their drinking water for 7 days.
The MyD88 knockout mice and their littermates were organized
into the following groups: WT group, WT-DSS group, MyD88~/~
group, and MyD88~/~-DSS group. For the MyD88 inhibition study,
C57BL/6] mice were intraperitoneally injected with 50 mg/kg of
TJ5 daily from one day before the first DSS administration to the
seventh day of DSS challenge. H,O or PBS was used as a solvent for
DSS and the MyD88 inhibitor TJS, serving as the control for DSS or
TJ5, respectively. To eliminate the gut microflora, mice were given
imipenem (1 g/l) and vancomyecin (1 g/l) in drinking water 3 days
before and during DSS administration. The NI1 was administrated
at a dose of 20 mg/kg per day via intraperitoneal injection.

Disease activity index and histological score

Mice were monitored daily for weight, stool consistency, and
rectal bleeding. The disease activity index (DAI) was calculated
under the guidance of a previously established scoring system
(supplementary Table S1, see online supplementary material)
[22].

The colonic tissues were fixed in 4% formaldehyde, paraffin-
embedded, then sectioned at 3-6 um and stained with hema-
toxylin and eosin (H&E). Each section was evaluated by three
blinded researchers through the histological score (HS) system
(supplementary Table S2, see online supplementary material)
[23].

RNA extraction and RT-PCR

Total RNA was extracted by lysing colonic tissue with Trizol
reagent. Complementary DNA (cDNA) was synthesized from 0.5
pg of total RNA using a reverse transcriptase kit (Vazyme, Nanjing,
China), and RT-PCR was performed using SYBR Green gPCR Master
Mix (Vazyme) on an ABI StepOne Real-Time PCR system (Thermo
Fisher Scientific, MA, USA). All primers were synthesized by Ts-
ingke Biological Technology (Beijing, China) (supplementary Table
S3, see online supplementary material). The relative mRNA ex-
pression levels of target genes were analyzed by using the 2-44CT
method with g-actin as the reference gene.

Western blotting

Colonic protein was extracted using a protein extraction kit
(Solarbio, Beijing, China). The protein lysates were run on SDS-
PAGE and transferred to a polyvinylidene fluoride (PVDF) mem-
brane (Millipore, Darmstadt, Germany). The PVDF membranes
were blocked with 5% non-fat milk and were incubated at 4°C
overnight. Afterwards, the membranes were incubated with anti-
rabbit/mouse IgG conjugated to horseradish peroxidase for 2 h
at room temperature, then visualized by an enhanced chemilu-
minescence (ECL) assay kit (Boster Biological Technology, Wuhan,
China).

Gut microbiota analysis

The microbial composition among studied groups was compared
using linear discriminant analysis effect size (LEfSe) analysis.
Feces were collected and washed with sterile PBS, then im-
mediately frozen at —80°C. Fecal bacterial DNA was extracted
using an E.ZNA® Soil DNA Kit (Omega Bio-Tek, GA, USA).
PCR amplification of 16S rRNA genes was carried out using
the paired primers for the V3-V4 region of the 16S rRNA gene
(supplementary Table S4, see online supplementary material).
The total numbers of bacteria per gram of feces were deter-
mined by the DNA copies level of the V3-V4 region of the bac-
teria 16S rRNA gene. The demultiplexed reads were clustered
into operational taxonomic units of >97% similarity using UP-
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ARSE. The Shannon, Simpson, and Chao indexes were used for the
alpha-diversity analysis by using mothur (version 1.33.3, http://
www.mothur.org/). Principal coordinate analysis (PCoA), heatmap
analysis, and species abundance analysis were performed using
R software (version 3.2.3, R Development Core Team, 2016). The
sequencing service was provided by Bioyi Biotechnology Co., Ltd.
Wuhan, China.

RNA transcriptome analysis

Total RNA was extracted from colonic tissue by Trizol. Preparation
of the cDNA transcriptome library followed the instructions of the
TruSeqTM RNA sample preparation kit from Illumina (CA, USA).
After qualification and quantification of cDNA, RNA sequencing
was performed on a NovaSeq 6000 system from illumine. Data
analysis was performed on the free online Majorbio Cloud Plat-
form (www.majorbio.com). The raw data were subject to quality
control, pre-processing, read mapping, and quantification of gene
expression level. Gene Ontology (GO) enrichment and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway analysis were
performed to identify the functional processes and metabolic
pathways enriched by the differentially expressed genes.

Statistical analysis

All data are expressed as the mean + SEM. Data between two
groups was compared using the unpaired t-test, and comparisons
between multiple groups was carried out using ANOVA via Graph-
Pad Prism software (version 7.01, GraphPad Prism Inc., USA). A
two-sided P value < 0.05 was considered statistically significant.

Results

MyD88~/~ mice exhibited comparable severity of
colitis to WT littermates in acute DSS-colitis

To investigate the involvement of MyD88 in the pathogenesis of
acute colitis, we utilized MyD88-deficient mice in a DSS-induced
colitis model. The administration of DSS resulted in an increase in
the expression of MyD88 and activation of NF-«B in WT-DSS mice
(Fig. 1A-C). Additionally, DSS exacerbated the indicators that re-
flect the severity of colitis, such as DAI, colonic shortening, and
histological pathology (Fig. 1D-G). Compared to the WT litter-
mates, MyD88~/~ mice showed less activation of NF-«B during
DSS-induced colitis (Fig. 1A-C). However, there was no significant
difference in DAI, colon length, and histological score between
WT-DSS and MyD88~/~-DSS groups (Fig. 1D-G). Analysis of the
mRNA expression level of TNF-«, IFN-y, and IL-18 suggested that
MyD88 deficiency could not reduce the levels of pro-inflammatory
cytokines in colon caused by DSS administration (Fig. 1H-J). No
considerable difference of colitis parameters was observed be-
tween MyD88~/~ mice and WTcontrols (Fig. 1A-J). The expression
level of epithelial tight junction proteins (TJs) zona occludens-
1 (ZO-1), occludin, and claudin-5 decreased in DSS-treated mice
compared to the normal controls. Loss of MyD88 could partially
reverse the expression of TJs after DSS administration (Fig. 1K-
L). Since MyD88 was associated with tissue repair after epithe-
lial damage, we detected the factors transforming growth factor
beta (TGF-B), epidermal growth factor (EGF), and cyclooxygenase-
2 (COX-2) that were involved in tissue repair within the intestinal
mucosa. The results revealed that after DSS challenge, MyD88~/~
mice exhibited no significant differences in the expression lev-
els of TGF-B, EGF, and COX-2 compared to the normal controls
(Fig. 1M). These data indicated that MyD88 deficiency does not
significantly ameliorate acute DSS-induced colitis in mice. Fur-
thermore, MyD88-associated tissue repair does not appear to con-
tribute to this effect.
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MyD88 inhibition failed to ameliorate the disease
severity of acute DSS-induced colitis in spite of
the restricted activation of NF-«B

We then tested the effects of the MyD88 inhibitor (TJ5) on acute in-
testinal inflammation. Western blot analysis showed that TJ5 ad-
ministration could significantly restrict the expression of MyD88
in colon tissue. In the colons of mice with DSS-induced colitis,
TJ5 treatment resulted in a significantly decreased level of phos-
phorylated NF-«B compared to mice treated with PBS (Fig. 2A
and B).

Mice challenged with DSS for 7 days had increased DAI, worse
histological score, and shortened colon compared with mice with-
out DSS challenge no matter whether TJ5 was administrated or
not (Fig. 2C-F). Moreover, the expression of proinflammatory cy-
tokines including TNF-«, IFN-y, and IL-18 was not significantly
suppressed in TJ5-treated mice (Fig. 2G). Suppression of MyD88
by TJ5 could partially reverse the expression of TJs ZO-1, occludin,
and claudin-5 after DSS administration (Fig. 2H), but no consider-
able differences were observed in the expression levels of TGF-g,
EGF, and COX-2 compared to the normal controls after DSS chal-
lenge (supplementary Fig. S1, see online supplementary material).

Taken together, these data suggested that TJ5 could inhibit
My88 expression and partially suppress the activation of NF-«B.
However, inhibition of MyD88 did not significantly ameliorate the
disease severity of acute DSS-induced colitis, which was in con-
cordance with data from MyD88-deficient mice.

MyD88 inhibition disturbed the composition of
intestinal microflora in mice

We next analyzed the possible reasons for the comparable col-
itis severity between MyD88-suppressed mice and their control
animals after DSS challenge. In light of the important role of
MyD88 in the interaction between gut microbiota and host im-
munity, we examined the effect of MyD88 suppression on the
gut microbial ecosystem. The analysis of 16S rDNA sequencing
in fecal samples unveiled significant variations in bacterial diver-
sity and abundance indexes (Sobs, Chaol, Shannon, and Simpson)
across the H,O + PBS, DSS + PBS, H,O + TJS, and DSS + TJ5
experimental groups. (Fig. 3A). PCoA analysis revealed that the
composition of gut microbiota separated significantly in the four
groups (Fig. 3B). At the phylum level, MyD88-suppressed mice
with TJS treatment showed an increase in Bacteroidetes and Pro-
teobacteria, and a decrease in Firmicutes in the colon compared to
the PBS-treated control. A similar trend of increased Proteobacte-
ria and decreased Firmicutes was also observed in MyD88-deficient
mice (supplementary Fig. S2, see online supplementary material).
These data revealed that MyD88 suppression led to an unfa-
vorable alteration in the composition of gut microbiota. In DSS-
induced colitis, the abundance of Proteobacteria was increased in
TJ5-treated mice as compared to PBS-treated mice (Fig. 3C and F,
and supplementary Fig. S3, see online supplementary material).
At the class level, the dominant bacterial community of PBS-
treated mice was Clostridia. Compared with the PBS-treated mice,
TJ5-treated mice showed reduced Clostridia and increased Bac-
teroidia (Fig. 3D). Compared to the DSS + PBS group, the abundance
of Gammaproteobacteria significantly increased in the DSS + TJS
group (Fig. 3D and F). Within the Proteobacteria phylum, Enterobac-
teriales were predominantly increased at order level in TJ5-treated
mice (Fig. 3E and F), whereas Clostridiales, which belong to Firmi-
cutes, exhibited a significant decrease in TJ5-treated mice (Fig. 3E).
These data revealed that MyD88 suppression leads to an unfavor-
able alteration in the composition of gut microbiota.
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Figure 1. MyD88 deficiency restricted NF-«B activation but failed to alleviate colitis severity in mice. (A-C) Western blotting analysis of MyD88 protein
expression and phosphorylation levels of NF-«B in colon tissue. (D) colon length, (E) DAI change, (F) representative H&E staining of colon sections, and
(G) histological score of MyD88~/~ mice and control administrated with water or 3% DSS for 7 days. (H-J) Relative mRNA expression levels of IL-18,
IFN-y, and TNF-« in colon tissue by RT-PCR. (K, L) Western blot analysis of ZO-1, claudin-5, and occludin expression in colon tissue obtained in the
four groups. (M) Relative mRNA expression levels of TGF-8, EGF, and COX-2 in the four groups. P < 0.05, xxP < 0.01, #*xP < 0.001, ns: not significant.
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NLR signaling pathway was the major
immune-related pathway upregulated in
DSS-induced colitis mice treated with TJ5

To explore the signaling pathways possibly mediating the un-
mitigated colitis in DSS-fed mice after MyD88 suppression, we
performed RNA transcriptome analysis of colon tissue from the
DSS + TJ5 mice versus the DSS + PBS mice. The comparative

analysis revealed that 56 genes were differentially expressed be-
tween the two groups (Fig. 4A). The differentially expressed genes
were subjected to additional GO analysis and KEGG enrichment
analysis. GO analysis showed that MyD88 suppression in acute
DSS-induced colitis was related to the defense response, im-
mune response and response to organism/external biotic stimu-
lus (supplementary Fig. S4, see online supplementary material).
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sxxP < 0.001.

KEGG pathway analysis showed that immune-related pathways,
including the IL-17, TNF, and NLR signaling pathways were the
major pathways associated with MyD88 inhibition in DSS-induced
colitis (Fig. 4B). Real-time PCR confirmed that only genes related to
the NLR signaling pathway exhibited enhanced mRNA expression
in DSS + TJ5 mice compared to the DSS 4 PBS mice (Fig. 4C and
supplementary Figs. S5-S7, see online supplementary material).

Further suppression of NLR signaling pathway
ameliorated the unmitigated colitis severity in
TJ5 treated DSS-colitis mice

The above results demonstrated that MyD88 inhibition could not
alleviate colitis severity and was associated with the alteration of
gut microbiota composition and upregulation of the NLR signaling
pathway in mice with DSS challenge. To better understand the role

of the NLR signaling pathway in colitis under MyD88 inhibition
conditions, TJ5-treated mice were intraperitoneally injected with
NLRs inhibitor NI1. Western blot analysis indicated that the pro-
tein expression levels of NLRs and NLR-induced mitogen activated
protein kinase (MAPK) signal were significantly upregulated in the
DSS + TJ5 group compared with the DSS + PBS group. Administra-
tion of NI1 could suppress the upregulation of the NLR signal in
mice with DSS-induced colitis (Fig. SA). Meanwhile, mice from the
DSS + TJ5 + NI1 group displayed significantly decreased DAI, HS,
and colon shortening than those from the DSS + PBS group or the
DSS + TJ5 group (Fig. SB-E). The mRNA expression of proinflam-
matory cytokines in colonic tissues, including IL-18, IFN-y, and
TNF-a, were decreased in DSS-induced colitis mice treated with
NI1 and TJ5 as compared to mice solely treated with TJ5 (Fig. 5F).
The data suggested that further inhibition of the NLR signaling
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pathway in TJ5-treated DSS-colitis mice could ameliorate colitis
severity, which was not improved by MyD88 inhibition with TJ5
alone.

Antibiotics treatment altered colonic bacterial
flora in mice

Considering the important role of MyD88 in the interaction be-
tween gut microbiota and host immunity, we next examined the
combination effect of MyD88 suppression and antibiotics on the
gut microbial ecosystem. Animals were given imipenem (I; 1 g/l)
and vancomycin (V; 1 g/l) in drinking water for 3 days before and
during DSS administration to eliminate the gut microflora. The
total number of bacteria per gram of feces was much less after
antibiotics treatment (Fig. 6A). Analysis of colonic mucosal sam-
ples via 16S rDNA sequencing revealed significant differences in
the diversity and abundance indexes of microbiota, such as Sobs,
Chaol, Shannon, and Simpson, among the H,O + PBS, DSS + PBS,
DSS + TJ5, DSS + 1&V, and DSS + TJ5 + &V groups (Fig. 6B).
PCoA analysis revealed that the composition of colonic micro-
biota differed significantly in the five groups (Fig. 6C). In DSS-
induced colitis mice at the phylum level, TJS-treated and/or [&V-
treated mice showed an increase in Proteobacteria and a decrease in
Bacteroidetes in the composition of the colonic microbiota com-
pared to the PBS-treated mice (Fig. 6D). Among the five groups,
the largest total number of Proteobacteria per gram of feces was ob-
served in the TJ5-treated mice (Fig. 6E). However, the total number

of Proteobacteria per gram of feces exhibited a significant decrease
after antibiotic treatment. (Fig. 6E). These data revealed that the
effect of MyD88 suppression on gut microbiota could be altered
after antibiotics treatment.

Antibiotics treatment impeded colitis progression
in MyD88-suppressed DSS-colitis mice

We hypothesized that the MyD88 inhibition-associated increase in
Proteobacteria in the gut might upregulate the NLR signaling path-
way, potentially leading to unmitigated colitis severity following
MyD88 inhibition. In our study, TJ5-treated mice were orally given
broad-spectrum antibiotics with a combination of imipenem and
vancomycin to eliminate gut bacteria. Compared to PBS- or TJ5-
treated DSS-colitis mice, the antibiotics plus TJ5-treated mice ex-
hibited significantly lower DAI, histological scores, and less colon
shortening after DSS administration (Fig. 7A-C). Pathological find-
ings and proinflammatory cytokine levels revealed ameliorated
colonic inflammation in TJ5-treated DSS-induced colitis mice af-
ter antibiotic treatment (Fig. 7D-E). Using broad-spectrum antibi-
otics to limit gut bacteria resulted in a significant decrease in
the expression level of NLRs and activated MAPK proteins in TJ5-
treated mice with DSS-colitis (Fig. 7F). The data suggest that the
increase in gut Proteobacteria in MyD88-suppressed mice may ex-
acerbate intestinal inflammation by stimulating NLR-mediated
inflammatory responses.
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Discussion

Suppression of the overactive immune response has been re-
garded as an important therapeutic strategy for IBD. Our study
suggests that inhibiting MyD88 with TJ5 may not improve the

severity of colitis in an acute DSS-induced colitis model, even
though the activation of the proinflammatory NF-«B pathway
was partially restricted. The results imply that the unfavorable
changes in the gut microbiota and the upregulation of the NLR
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signaling pathway after MyD88 suppression could account for
the sustained DSS-associated colonic inflammation and intesti-
nal mucosal injury following MyD88 inhibition (Fig. 8).

The MyD88-mediated innate immune response was suggested
to be an important promoter of intestinal inflammation and
could potentially serve as a therapeutic target for IBD. In a
mouse model of azoxymethane/DSS-induced colitis-associated
cancer, administration of a MyD88 inhibitor significantly alle-
viated azoxymethane/DSS-inaduced colitis, resulting in reduced
body weight loss and lower mortality rates [24]. Furthermore,
in the IL10~~ mouse model of chronic intestinal inflamma-
tion, the deletion of MyD88 protected IL10~/~ mice from sponta-
neous commensal-dependent colitis [25]. Interestingly, our study
demonstrated that blocking the MyD88-mediated immunological
pathway alone could not ameliorate DSS-induced colitis sever-
ity in terms of body weight loss, DAI, histological change, and
several proinflammatory cytokine levels including TNF-«, IFN-
y, and IL-1p, although the activation of NF-«B was significantly
inhibited. This result was similar to the observations in several
other recent studies. Araki [19] and Rakoff-Nahoum [20] found
that MyD88-deficient mice exhibited increased susceptibility to
DSS, resulting in severe mucosal injury, rectal bleeding, and even
higher mortality. Mice with intestinal epithelial-specific blockade
of MyD88 even developed spontaneous inflammation in the small
intestine at 36 weeks [26]. These contradictory results of MyD88
blockade in the above murine models of intestinal inflammation
may be attributed to the complex role of MyD88 in intestinal
inflammation.

The adaptor MyD88 could mediate the activation of the NF-
«B signaling pathway and was classically defined as a booster of
mucosal inflammatory responses [11]. Besides, MyD88 was impor-
tant in regulating epithelial repair and mucosal permeability [18,
20]. Our results indicated that MyD88 suppression could restrict
the activation of NF-«B but could not reduce the levels of sev-
eral proinflammatory cytokines, including IL-18, IFN-y, and TNF-
a. MRNA expression levels of tissue repair factors, including TGF-
B, EGE, and COX-2 within the intestinal mucosa, were not signif-
icantly decreased after MyD88 suppression. Additionally, the in-
tegrity of TJs could be partially preserved by MyD88 inhibition
following DSS administration. These results suggest that the sup-
pression of MyD88 in experimental colitis could restrict the acti-
vation of NF-«B without compromising tissue reconstruction abil-
ity and the production of epithelial TJs. Further investigation was
conducted to explore the possible explanation as to why inhibiting
MyDa88 did not alleviate the severity of acute DSS-induced colitis.

MyD88 plays a key role in the innate immune defense against
pathogens, and it has been reported that autosomal recessive
MyD88 deficiency in children is associated with increased sus-
ceptibility to pyogenic bacterial infection [27]. Production of anti-
bacterial agents such as antimicrobial peptides and secretory im-
munoglobulin A (slgA) also required MyD88 [26]. As the key adap-
tor of TLRs, MyD88 may participate in TLR-mediated shaping and
regulating of gut microbiota [28, 29]. Given that MyD88 is involved
in multiple antibacterial defense pathways, the hypo-expression
of MyD88 may lead to the accumulation of pathogens in the gut
and disrupt the structure of the gut microbiota. Our findings re-
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vealed that MyD88-suppressed mice had unfavorable alterations
in gut microbial composition, characterized by an increased abun-
dance of Proteobacteria. Proteobacteria is a minor phylum in the hu-
man gut, consisting of several known human pathogens, such as
Escherichia, Shigella, Salmonella, and Yersinia. These pathogens can
activate the host immune defense and trigger a proinflammatory
state [30, 31]. Patients with IBD were often found to have increased

Proteobacteria in the gut [32-34]. Thus, MyD88 suppression may
lead to dysbiosis and stimulate intestinal inflammation by acti-
vating other immunological pathways.

In our study, RNA transcriptome analysis showed that the
NLR signaling pathway was the primary upregulated immuno-
logical pathway associated with MyD88 suppression in DSS-
induced colitis. Further blockade of the NLR signaling pathway in
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Figure 8. Schematic diagram depicting gut dysbiosis and stimulation of the NLR signaling pathway after MyD88 suppression in intestinal
inflammation. In normal conditions, the extracellular and intracellular PPRs (TLRs and NLRs) sense intestinal microbiota through PAMPs and exert
anti-bacterial effects. In the state of intestinal inflammation, although MyD88 suppression can restrict the MyD88-mediated activation of NF-«B, it
also leads to unfavorable changes in the composition of gut microbiota and induces the upregulation of the NLR signaling pathway. Eliminating gut
microbiota with antibiotics or blocking NLR signal transduction with NLR inhibitor in combination with MyD88 suppression can ameliorate the

inflammatory response.

MyD88-suppressed mice could ameliorate the severity of colitis
that was not improved by MyD88 inhibition. Besides, the elimi-
nation of intestinal Proteobacteria in MyD88-suppressed mice by
broad-spectrum antibiotics could also alleviate colitis severity.
This effect is coupled with the reduced expression of NLRs and
the inhibition of the NLR-mediated MAPK signaling pathway. It
was acknowledged that both NLRs and TLRs were important fam-
ilies of PRRs, which collaborated to recognize PAMPs and induce
immune defense against invading pathogens in intestinal epithe-
lia [35]. The NLRs are localized in the cytoplasm and have been
shown to play a key role in defense against intracellular micro-
biota. PAMPs derived from pathogens can activate NLRs, leading to
downstream proinflammatory signal transduction and cytokine
production [9, 36]. This implies that the inhibition of MyD88 and
the dysbiosis related to hypo-expression of MyD88 can induce the
activation of the NLR signaling pathway in acute DSS-induced
colitis. This could be the reason why the inhibition of MyD88
failed to mitigate the severity of colitis, as evaluated by DAI, HS,
and several proinflammatory cytokines, including IL-18, IFN-y,
and TNF-a.

Conclusion

In conclusion, this study indicates that the blockade of the
MyD88-mediated immunological pathway is associated with un-
favorable changes in gut microbiota, leading to the induction of

NLR-mediated immune responses. The cooperation of PRRs is cru-
cial for modulating intestinal inflammation.

Acknowledgments

This work was supported by the National Natural Science Foun-
dation of China (Grant Nos. 81873556 and 82170546 to FX), China
Crohn’s & Colitis Foundation (Grant No. CCCF-QF-2022B67-3 to
FX), and the Tongji Hospital Clinical Research Flagship Program
(Grant No. 2019CR209 to DT). We thank Prof. Ping Zhou for provid-
ing the inhibitor of MyD88 TJ-M2010-5 (TJ5).

Author contributions

Y.C,,JL,, and Z.Y. contributed equally to this work and share first
authorship. Y.C., 2.Y,, ] X.,JH., J.L., L.C, and EX. performed experi-
ments; L.X. and S.X. studied the properties of the MyD88 inhibitor
TJ-M2010-5; Y.C, Z.Y,, L.C, JH., JL., LX,, and SX. analyzed data;
Y.C,JL.,, FX, and J.Z.L. wrote the manuscript; U.S,, J.Z.L,, and FX.
supervised parts of the project and reviewed the paper; EX. de-
signed the study; FEX. and D.T. obtained funding for the project.
All authors read and approved the manuscript.

Supplementary data

Supplementary data are available at PCMEDI Journal online.


https://academic.oup.com/pcmedi/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data

12 | Lietal

Conflict of interest

None declared.

Ethics approval and consent to participate

All experimental involving animals were conducted according to
ethical policies and procedures were approved by the Institute
Animal Care and Use Committee at the Tongji Hospital, Wuhan,
China (Approval no. TJH-201901004).

Data availability

The datasets supporting the conclusions of this article are in-
cluded within the article and the sequencing data in this study
are available in the NCBI online repository (https://www.ncbi.nlm
.nih.gov/, accession numbers: PRINA904645 and PRINA904649).

References

1. Ramos GP, Papadakis KA. Mechanisms of disease: inflammatory
bowel diseases. Mayo Clin Proc 2019;94:155-65. https://doi.org/10
.1016/j.mayocp.2018.09.013.

2. Kaplan GG, Ng SC. Globalisation of inflammatory bowel disease:
perspectives from the evolution of inflammatory bowel disease
in the UK and China. Lancet Gastroenterol Hepatol 2016;1:307-16.
https://doi.org/10.1016/52468-1253(16)30077-2.

3. Zeng Z,Jiang M, Li X et al. Precision medicine in inflammatory
bowel disease. Precis Clin Med 2023;6:pbad033. https://doi.org/10
.1093/pcmedi/pbad033.

4. Chapman TP, Gomes CF, Louis E et al. De-escalation of im-
munomodulator and biological therapy in inflammatory bowel
disease. Lancet Gastroenterol Hepatol 2020;5:63-79. https://doi.or
9/10.1016/52468-1253(19)30186-4.

5. ShiN,LiN, Duan X et al. Interaction between the gut microbiome
and mucosal immune system. Mil Med Res 2017;4:14.

6. Mehta M, Ahmed S, Dryden G. Immunopathophysiology
of inflammatory bowel disease: how genetics link barrier
dysfunction and innate immunity to inflammation. Innate
Immun 2017;23:497-505. https://doi.org/10.1177/175342591772
2206.

7. Kim CH. Immune regulation by microbiome metabolites. Im-
munology 2018;154:220-9. https://doi.org/10.1111/imm.12930.

8. Takeuchi O, Akira S. Pattern recognition receptors and inflam-
mation. Cell 2010;140:805-20. https://doi.org/10.1016/j.cell.2010.
01.022.

9. Elia PP, Tolentino YF, Bernardazzi C et al. The role of innate im-
munity receptors in the pathogenesis of inflammatory bowel
disease. Mediat Inflamm 2015;2015:936193. https://doi.org/10.115
5/2015/936193.

10. Zindel J, Kubes P. DAMPs, PAMPs, and LAMPs in immunity and
sterile inflammation. Annu Rev Pathol 2020;15:493-518. https://
doi.org/10.1146/annurev-pathmechdis-012419-032847.

11. Takeda K, Akira S. TLR signaling pathways. Semin Immunol
2004;16:3-9. https://doi.org/10.1016/j.smim.2003.10.003.

12. Jobin C. MyD88 signaling in the intestine: Dr Jekyll and Mr Hyde?
Gastroenterology 2010;139:383-5. https://doi.org/10.1053/j.gastro
.2010.06.027.

13. LuY, LiX, Liu S et al. Toll-like receptors and inflammatory bowel
disease. Front Immunol 2018;9:72. https://doi.org/10.3389/fimmu
.2018.00072.

14. Fukata M, Breglio K, Chen A et al. The myeloid differentiation
factor 88 (MyD88) is required for CD4+ T cell effector func-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

tion in a murine model of inflammatory bowel disease. J Im-
munol 2008;180:1886-94. https://doi.org/10.4049/jimmunol.180
.3.1886.

Scheibe K, Backert I, Wirtz S et al. IL-36R signalling activates in-
testinal epithelial cells and fibroblasts and promotes mucosal
healing in vivo. Gut 2017;66:823-38. https://doi.org/10.1136/gutj
nl-2015-310374.

Guo S, Nighot M, Al-Sadi R et al. Lipopolysaccharide regulation
of intestinal tight junction permeability is mediated by TLR4
signal transduction pathway activation of FAK and MyD88. ]
Immunol 2015;195:4999-5010. https://doi.org/10.4049/jimmunol
.1402598.

Han C, Guo L, Sheng Y et al. FoxO1 regulates TLR4/MyD88/MD2-
NEF-kappaB inflammatory signalling in mucosal barrier injury of
inflammatory bowel disease. J Cell Mol Med 2020;24:3712-23. ht
tps://doi.org/10.1111/jcmm.15075.

Peterson LW, Artis D. Intestinal epithelial cells: regulators of
barrier function and immune homeostasis. Nat Rev Immunol
2014;14:141-53. https://doi.org/10.1038/nri3608.

Araki A, Kanai T, Ishikura T et al. MyD88-deficient mice develop
severe intestinal inflammation in dextran sodium sulfate colitis.
J Gastroenterol 2005;40:16-23. https://doi.org/10.1007/s00535-004
-1492-9.

Rakoff-Nahoum S, PaglinoJ, Eslami-Varzaneh F et al. Recognition
of commensal microflora by toll-like receptors is required for
intestinal homeostasis. Cell 2004;118:229-41. https://doi.org/10
.1016/j.cell.2004.07.002.

Fukata M, Michelsen KS, Eri R et al. Toll-like receptor-4 is required
for intestinal response to epithelial injury and limiting bacterial
translocation in a murine model of acute colitis. AmJ Physiol Gas-
trointest Liver Physiol 2005;288:G1055-65. https://doi.org/10.1152/
ajpgi.00328.2004.

Sann H, Erichsen J, Hessmann M et al. Efficacy of drugs used in
the treatment of IBD and combinations thereof in acute DSS-
induced colitis in mice. Life Sci 2013;92:708-18. https://doi.org/
10.1016/j.1f5.2013.01.028.

Dieleman LA, Palmen MJ, Akol H et al. Chronic experimental col-
itis induced by dextran sulphate sodium (DSS) is characterized
by Thl and Th2 cytokines. Clin Exp Immunol 1998;114:385-91.
https://doi.org/10.1046/j.1365-2249.1998.00728.x.

Xie L, Jiang FC, Zhang LM et al. Targeting of MyD88 homod-
imerization by Novel synthetic inhibitor TJ-M2010-5 in pre-
venting colitis-associated colorectal cancer. J Natl Cancer Inst
2016;108:djv364. https://doi.org/10.1093/jnci/djv364.
Rakoff-Nahoum S, Hao L, Medzhitov R. Role of toll-like re-
ceptors in spontaneous commensal-dependent colitis. Immunity
2006;25:319-29. https://doi.org/10.1016/j.immuni.2006.06.010.
GongJ, Xu J, Zhu W et al. Epithelial-specific blockade of MyD88-
dependent pathway causes spontaneous small intestinal in-
flammation. Clin Immunol 2010;136:245-56. https://doi.org/10.1
016/j.clim.2010.04.001.

von Bernuth H, Picard C, Jin Z et al. Pyogenic bacterial infections
in humans with MyD88 deficiency. Science 2008;321:691-6. https:
//doi.org/10.1126/science.1158298.

Vijay-Kumar M, Aitken JD, Carvalho FA et al. Metabolic syndrome
and altered gut microbiota in mice lacking toll-like receptor 5.
Science 2010;328:228-31. https://doi.org/10.1126/science.117972
1.

Vaishnava S, Behrendt CL, Ismail AS et al. Paneth cells di-
rectly sense gut commensals and maintain homeostasis at
the intestinal host-microbial interface. Proc Natl Acad Sci USA
2008;105:20858-63. https://doi.org/10.1073/pnas.0808723105.


https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1016/j.mayocp.2018.09.013
https://doi.org/10.1016/S2468-1253(16)30077-2
https://doi.org/10.1093/pcmedi/pbad033
https://doi.org/10.1016/S2468-1253(19)30186-4
https://doi.org/10.1177/1753425917722206
https://doi.org/10.1111/imm.12930
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1155/2015/936193
https://doi.org/10.1146/annurev-pathmechdis-012419-032847
https://doi.org/10.1016/j.smim.2003.10.003
https://doi.org/10.1053/j.gastro.2010.06.027
https://doi.org/10.3389/fimmu.2018.00072
https://doi.org/10.4049/jimmunol.180.3.1886
https://doi.org/10.1136/gutjnl-2015-310374
https://doi.org/10.4049/jimmunol.1402598
https://doi.org/10.1111/jcmm.15075
https://doi.org/10.1038/nri3608
https://doi.org/10.1007/s00535-004-1492-9
https://doi.org/10.1016/j.cell.2004.07.002
https://doi.org/10.1152/ajpgi.00328.2004
https://doi.org/10.1016/j.lfs.2013.01.028
https://doi.org/10.1046/j.1365-2249.1998.00728.x
https://doi.org/10.1093/jnci/djv364
https://doi.org/10.1016/j.immuni.2006.06.010
https://doi.org/10.1016/j.clim.2010.04.001
https://doi.org/10.1126/science.1158298
https://doi.org/10.1126/science.1179721
https://doi.org/10.1073/pnas.0808723105

30.

31.

32.

33.

Mirpuri J, Raetz M, Sturge CR et al. Proteobacteria-specific IgA
regulates maturation of the intestinal microbiota. Gut Microbes
2014;5:28-39. https://doi.org/10.4161/gmic.26489.

Rizzatti G, Lopetuso LR, Gibiilno G et al. Proteobacte-
ria: A common factor in Human diseases. Biomed Res Int
2017;2017:9351507. https://doi.org/10.1155/2017/9351507.

NiJ, Wu GD, AlbenbergL et al. Gut microbiota and IBD: causation
or correlation? Nat Rev Gastroenterol Hepatol 2017;14:573-84. http
s://doi.org/10.1038/nrgastro.2017.88.

Sartor RB. Microbial influences in inflammatory bowel diseases.
Gastroenterology 2008;134:577-94. https://doi.org/10.1053/j.gast
10.2007.11.059.

MyD88 blockade fails to mitigate severity of acute colitis | 13

34. Jacobs JP, Goudarzi M, Singh N et al. A disease-associated

35.

36.

microbial and metabolomics State in relatives of pediatric
inflammatory bowel disease patients. Cell Mol Gastroenterol
Hepatol 2016;2:750-66. https://doi.org/10.1016/j.jcmgh.2016.06.
004.

Thaiss CA, Zmora N, Levy M et al. The microbiome and innate
immunity. Nature 2016;535:65-74. https://doi.org/10.1038/natu
1e18847.

Li R, Zan Y, Sui K et al. The latest breakthrough on NLRP6 in-
flammasome. Precis Clin Med 2022;5:pbac022. https://doi.org/10
.1093/pcmedi/pbac022.

Received 2 March 2024; accepted 28 May 2024. published 6 May 2024
© The Author(s) 2024. Published by Oxford University Press on behalf of the West China School of Medicine & West China Hospital of Sichuan University. This is an Open Access article distributed under the
terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.


https://doi.org/10.4161/gmic.26489
https://doi.org/10.1155/2017/9351507
https://doi.org/10.1038/nrgastro.2017.88
https://doi.org/10.1053/j.gastro.2007.11.059
https://doi.org/10.1016/j.jcmgh.2016.06.004
https://doi.org/10.1038/nature18847
https://doi.org/10.1093/pcmedi/pbac022
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	Author contributions
	Supplementary data
	Conflict of interest
	Ethics approval and consent to participate
	Data availability
	References

