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Histopathology, H. hepaticus colonization and distributi

mucus in proximal colon were examined.

ion of IL-17A impaired the integrity of the intestinal epithelium, weakened the
1 regeneration, reduced the ability to resist microbial infection, and finally led to colitis

Proteobacteria, e-proteobacteria, and Heliobacterium, bacteria that infect rodents such as mice and rats.*® In susceptible
strains of mice such as nude, 1-107 , RagZ_/ -, and A/JCr, H. hepaticus infection can induce colitis, hepatitis, and even
liver and breast cancer.® An H. hepaticus infection model has been widely used in the study of pathogenesis of IBD,
especially for studying the inflammatory response and immune tolerance related to intestinal microorganisms.

In general, the abnormal continuous stimulation of intestinal flora can alter the intestinal immune homeostasis and
lead to intestinal inflammation. For example, the flagellin of segmented filamentous bacteria can induce Th17 cell
aggregation in the lamina propria of the intestine and promote IL-6 and IL-17 expression, leading to alterations of the

intestinal immune environment.”
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IL-17, usually referred to as IL-17A, was first isolated in 1993.% There are six members of the [L-17 family, namely, IL-
17A-IL-17F. IL-17 can robustly recruit and activate immune cells that cooperate with a variety of pro-inflammatory factors
such as TNF and IFN-y and finally mediate the inflammatory response.’ In the acute inflammatory response, IL-17 acts on
non-myeloid cells to induce chemokines and further recruits concentrated granulocytes to act on damaged or infected
tissues.'® Furthermore, IL-17 also plays an important role in maintaining immune barrier function. It has been reported that
IL-17 can induce a variety of immune cells to express IL-22, an interleukin that promotes crypt proliferation and the
production of antimicrobial peptides;''*'? IL-17 can also induce the expression of Claudin-1 and Claudin-2 in epithelial
cells, thus promoting the formation of tight junctions of intestinal epithelial cells and accelerating the repair of the epithelial
barrier.'* However, the function and mechanism of IL-17 in H. hepaticus infection have not been clearly characterized.

In this study, we investigated whether H. hepaticus infection in I1-17a"~ mice caused typical colitis. By comparing

the degree of enteritis and the expression of IL-17A in 11-107", BABL/c, and C57BL/6 mice infectcdmmgh H. hepaticus,

and development of colon glands and crypts were all inhibited in the infected II-17a™"~
of IL-22 and the number of Paneth cells were significantly decreased in the infected
the main cause of severe colitis. Taken together, our findings imply that the, U
H. hepaticus may suppress colitis via promoting epithelial repair and crypt dggfopme

Materials and Methods
Mice

[-10 mice (B6.129P2-IL10tmICgn/J) were purchased from@ackson LaWratory. Il-17a~ mice (B6.129 (SJL)-
zhou University. Wild type C57BL/6

and BABL/c mice were purchased from GemPharmate
in an accredited specific pathogen-free facility, and in Sacnts were conducted in accordance with the China
laboratory Act (2017) under a Project License

Bacterial Culture and
H. hepaticus 3B1 (ATCC 514

reading was 1."°

s negative BALB/c, 11107~ and wild type C57BL/6 male mice were used, respectively.
Then, each stral@mice were randomly divided into 2 groups. All mice were given gentamicin orally once. On the second
day, 0.1 mL (ODO¥
administration of H. hepaticus or Brucella broth was performed again. Then, after 4 days, the feces of each mouse were

1) H. hepaticus or Brucella broth were administration by gavage. Three days later, intragastric

collected to detect H. hepaticus colonization. Five mice in each group were scarified at 2, 4 and 8 weeks after
confirmation of H. hepaticus colonization, and colon samples were collected to detect the amount of H. hepaticus
colonization and mouse enteritis.

Animal Experiment 2
Fifty 4-week-old H. hepaticus negative 11-17a”’~ and wild type C57BL/6 male mice were randomly divided into 2 groups,
respectively. The method of infecting mice with H. hepaticus was the same as that in animal experiment 1. Five mice in
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each group were scarified at 2, 4, 8, 12 and 16 weeks after H. hepaticus colonization, and the colon length, the amount of
H. hepaticus colonization, and the degree of enteritis were detected respectively.

DNA Extraction and PCR Analysis

Bacterial DNA was extracted from colon tissue according to manufacturer’s instructions using the TIANamp Bacteria
DNA kit (Tiangen, China). Abundance of H. hepaticus in colon was determined according to HH1450 gene primers, Hs-
16s-F1 and Hs-16s-R1 (see as in Table 1), by qPCR using AceQ Universal SYBR qPCR Master Mix (Vazyme, China) in
the Applied Biosystems StepOne Real-Time PCR System (ABI, US)'C. Briefly, to quantify the DNA copy number of
H. hepaticus, the colon tissue DNA (diluted to 10 ng/uL) was used as a template for Real-time PCR assay in the Applied
Biosystems StepOne Real Time PCR System using AceQ Universal SYBR qPCR Master Mix. Serial dilutions of

H. hepaticus DNA, including 2 x 107, 2 x 10%,2 x 10%,2 x 10%,2 x 10", and 2 fg, were used tog a standard curve.

Histopathology

During necropsy, colon tissues of each animal were fixed in 4% paraformaldehy

Immunohistochemistry Analysis
The methods of immunohistochemistry test and analysis w
sections of intestinal tissues in each group were soaked in
performed with EDTA-citrate solution. Then, Rabbit anti-

and PBS in turn. Then, antigen repair was
y (Abcam, China), Rabbit anti-Lysozyme

Gene Symbol Product Size (bp)
GAPDH-F 123
GAPDH-R © A 5
IL6-F CCAAGAGGTGAGTGCTTCCC 76
IL6-R TTGTTCAGACTCTCTCCCT
NOS2-F GTT®TCAGCCCAACAATACAAGA 127
GTGGACGGGTCGATGTCAC
GACGTGGAACTGGCAGAAGAG 228
TTGGTGGTTTGTGAGTGTGAG
TTTAACTCCCTTGGCGCAAAA 165
CTTTCCCTCCGCATTGACAC
ATGCTGGATTGCAGAGCAGTA 213
ACGGGGCACATTATTTTTAGTCT
CTGGACAGCCAGACACTAAAG 145
CTCGCGGCAAGTCTTCAGAG
IL22-F ATGAGTTTTTCCCTTATGGGGAC 124
IL22-R GCTGGAAGTTGGACACCTCAA
IL10-F GCTCTTACTGACTGGCATGAG 105
ILI0-R CGCAGCTCTAGGAGCATGTG
MUCI-F GGCATTCGGGCTCCTTTCTT 132
MUCI-R TGGAGTGGTAGTCGATGCTAAG
ZOlI-F GCCGCTAAGAGCACAGCAA 134
ZOI-R TCCCCACTCTGAAAATGAGGA
CLDNI-F GGGGACAACATCGTGACCG 100
CLDNI-R AGGAGTCGAAGACTTTGCACT
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antibody (Abcam) or Rabbit anti-H. hepaticus polyclonal antibody was added and incubated at 4 °C overnight. After
treatment with biotin labeled secondary antibody (Boster, China), HRP labeled streptavidin and DAB solution (Boster),
the sections were observed with Leica DM 1000 microscope (Leica, Germany), and the area and gray value of positive
cells were analyzed with Image Pro Plus software. The anti-H. hepaticus polyclonal antibody was prepared by ourself.
Briefly, H. hepaticus was cultured and collected; Then, sheep blood cells were removed by low-speed centrifugation and
soluble proteins were washed by high-speed centrifugation; After that, formaldehyde was added to inactivate the
bacteria; Lately, the inactivated H. hepaticus was used to immunize rabbits; Finally, the anti- H. hepaticus antibody
was purified from serum by protein A/G beads.

Detection of SOD Concentration

The SOD concentration in colon tissue of mice was measured by SOD activity detection kit (Be hina). At the

same time, the protein concentration was determined using BCA protein concentration assay
calibrate SOD concentration.

Cytokines Quantification by Real-Time RT-PCR

Total RNA was extracted from proximal colon tissue trituration in liquid nitro
was synthesized from 1 pg total RNA using Prime Script RT reagent Kit wi
transcription levels were amplified by qPCR using the Universal SYBR
gene in each cDNA sample was measured and used for normalizgig

synthesized by Shanghai Shenggong Biotech Co., Ltd. All sampleg#ere run in triplicate? Relative expression levels were

calculated using 2”**“T method, as previously described."®

Statistical Analysis
Statistical analysis was performed using SPSS 18.0 softwie @2l scores were analyzed using a Mann—Whitney
nonparametric U-test. H. hepaticus colonizatiQ ¥ eene expression, SOD value, and IHC positive area were

analyzed using one-way ANOVA and Tukg s were drawn using GraphPad 8.0 software.

Results
H. hepaticus Colonizati ith Colitis

eport® cotMrmed that hepatitis, liver fibrosis and mild chronic enteritis were induced by
. However, it was difficult to observe the inflammation in liver or colon from

C57BL/6 mice i s. We suspect that the content of H. hepaticus in colon may be an important reason
for the great g logical changes among different mice strains. Therefore, we examined inflammation,
H. hepati evels, and expression of other inflammatory factors in the colon from II-10”~, BALB/c,
and C57BL/6 ith or without H. hepaticus infection. It is not surprising that I1-10" mice infected with H. hepaticus

showed typical syq@toms of colitis. Only mild inflammation and crypt atrophy were found in BALB/c mice infected with

H. hepaticus. In contM¥st, there were no pathological changes in the colon of C57BL/6 mice infected with H. hepaticus or in
uninfected controls (Figure 1A and B). Similar to the pathological analysis, colon length was significantly shortened in I1-
107" mice, slightly shortened in BALB/c mice, but unaffected in C57BL/6 mice at 8 weeks post infection (WPI)
(Figure 1C). The weight gain was also significantly inhibited from 4 WPI in II-10”~ mice and slowed slightly after 7
WPI in BALB/c mice (Figure 1D). Corresponding to the pathological analysis, the expression levels of IL-6, TNF, iNOS,
and IL-17 also showed a similar trend (Figure 1E—H). In addition, the colonization of H. hepaticus in the colon was the
highest in I1-10”" mice, followed by that in BALB/c mice, and was the lowest in C57BL/6 mice (Figure 11). These results
suggested that H. hepaticus infection could promote the expression of a variety of cytokines, including IL-17, that were

related to the symptoms of colitis in different strains of mice.
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Figure | H. hepaticus colonization correlated with colitis. (A) Pathological analysis of H&E staining in the proximal colon of 110", BALB/c and C57BL/6é mice infected with
or without H. hepaticus at 8 weeks, bar = 20 um. (B) The statistics of pathological according to (A). (C) The colon length of 110", BALB/c and C57BL/6 mice infected with
or without H. hepaticus at 8 weeks. The difference analysis was carried out between the two groups of the same strain at the same time. (D) The body weight of o,
BALB/c and C57BL/6 mice infected with or without H. hepaticus from 0 to 8 weeks. (E-G) and (I) The mRNA expression of IL-6, TNF-a, iNOS and IL-17A in colon tissue of
111077, BALB/C and C57BL/6 mice infected with or without H. hepaticus at 8 weeks. (H) The quantitative PCR of H. hepaticus 16s rDNA in 110", BALB/c and C57BL/6 mice
infected with H. hepaticus at 2, 4 and 8 weeks, Data are expressed as the means £ SEM (n = 5/group), ** P < 0.01; *, P < 0.05.
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H. hepaticus Infection Induced Moderate Colitis in ll-17a™~ Mice

It has been reported that the colitis induced by H. hepaticus infection is also associated with the abnormality of IL-17 or
Th17 cells,® 2% and the colitis caused by H. hepaticus infection could be alleviated by blocking IL-17A/F.?* Therefore, it
was necessary to explore whether Il-17a”" mice infected with H. hepaticus would develop colitis. Pathological
examination of the colon and statistical analysis of the results (Figure 2A and B) showed that in 1I-17a”" mice, the
loss of goblet cells and lymphocytic infiltration in the lamina propria of the colon were not observed precisely until 8
WPI. The mild lamina propria hyperplasia has appeared from 4 to 16 WPI; crypt atrophy and gland reduction were found
during 8-16 WPI in II-17a~ mice. In addition, the weight gain of Il-17a~'~ mice decreased significantly from 5 WPI
(Figure 2C); the length of colon also decreased from 4 WPI (Figure 2D). Surprisingly, the colonization of H. hepaticus in
Il-17a” mice was much higher than that in C57BL/6 mice from 2 to 16 WPI (Figure 2E). In addition, the concentration
of SOD representing antioxidant capacity in the colon also decreased from 4 WPI (Figure 2F). In -17a deletion
was conducive to the colonization of H. hepaticus and promoted colitis in C57BL/6 mice.

Expression in the Colon of Il-17a”’~ Mice
It is well known that IL17 has a strong ability to recruit inflammatory cells and

IL17 deficiency changes the degree of inflammatory response caused by H, aticus s xplored. Our results
showed that the proinflammatory genes IL-6, IL-23, and TNF-a were su uch higMgP levels in I1-17a™" mice
compared with C57BL/6 mice after H. hepaticus infection (Figure 3A_ ion levels of iNOS and MMP9 in
i with C57BL/6 mice during
H. hepaticus infection (Figure 3D and E). Unlike pro-inflammalliry genes, expression of IL-10 was only slightly
upregulated in II-17a”" mice at each point in time (Figure 3 e expression of HMGBI, a late pro-
inflammatory protein, gradually increased in the epithg nd submucosa in II-17a~ mice during
H. hepaticus infection (Figure 3G and I). Lysozyme is
plays an important role in resisting bacterial invasion an omposition of mucolytic microbiota.>*** In our
results, the lysozyme-positive cells in the pro} mainly located in the lamina propria, and these cells may

26,27

be monocyte/macrophages J). Surprisingly, the number of lysozyme-positive cells

of the proximal colon was significantl

MWy aticus infection in I1-17a " mice, especially at 12 and 16
'nlﬁcantly more lysozyme-positive cells in the C57BL/6 mice. These
yession of inflammation genes, but inhibited the expression of anti-
¢ the pathological injury to the colon in I-17a’~ mice.

the prolongation of H. hepaticus infection in I-17a”"~ mice; however, these factors were increased
after H. hepaticus infection (Figure 4A and B). Similarly, the expression of Mucin-1, a type
I transmembrane nWein, was decreased in II-17a~ compared with C57BL/6 mice after H. hepaticus infection
(Figure 4C). The tight junctions and the extracellular matrix are also important components of the intestinal barrier.
According to our results, the mRNAs of Claudin-1 and Zo-1, two major tight junction genes, were significantly
suppressed in 11-17a” mice from 4 weeks after H. hepaticus infection, while there was no significant difference between
the other groups (Figure 4D and E). In addition, the upregulation of IL-22, a key cytokine regulating crypt growth,
induced by H. hepaticus was significantly suppressed in Il-17a”~ mice compared with C57BL/6 mice from 2 to 16 WPI
(Figure 4F). The colon crypt is not only the basis of maintaining the ability of epithelial regeneration but also the origin
of goblet cells and colorectal glands. Moreover, the colonization of H. hepaticus was clearly observed in colon crypts of
II-17a"" mice but was nearly absent in C57BL/6 mice at 16 WPI (Figure 4G). In general, the deletion of IL-17A
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Figure 2 H. hepaticus infection induced moderate colitis in Il-17a”~ mice. (A) Pathological analysis of H&E staining in the proximal colon of Il-17a”’~ and WT mice infected
with or without H. hepaticus at 2, 4, 8, 12 and 16 weeks, bar = 20 um. (B) The statistics of pathological according to Il-17a™"" mice infected H. hepaticus in A. (C) The body
weight of l-17a"" and WT mice infected with or without H. hepaticus from 0 to 16 weeks. The difference analysis was carried out between the two groups of the same
strain at the same time. (D) The colon length of IIl-17a”’~ and WT mice infected with or without H. hepaticus at 2, 4, 8, 12 and 16 weeks. (E) The quantitative PCR of
H. hepaticus 16s rDNA in Il-17a” and WT mice infected with H. hepaticus at 2, 4, 8, 12 and 16 weeks. (F) The SOD value of colon tissue from IIl-17a”~ and WT mice
infected with H. hepaticus or uninfected control at 2, 4, 8, 12 and 16 weeks. Data are expressed as the means + SEM (n = 5/group), ** P < 0.01; *, P < 0.05.
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Figure 3 H. hepaticus infection promoted inflammatory factors but inhibited lysozyme expression in the colon of ll-17a”’~ mice. (A—F) The mRNA expression of IL-6, IL-23, TNF-q,
iNOS, MMP9 and IL-10 in colon tissue of ll-17a~ and WT mice infected with or without H. hepaticus at 2, 4, 8, 12 and 16 weeks. (G) IHC analysis of HMGBI antibody in the proximal
colon of ll-17a~ and WT mice infected H. hepaticus at 2, 4, 8, 12 and 16 weeks, bar = 20 um. (H) IHC analysis of Lysozyme antibody in the proximal colon of Il-17a~ and WT mice
infected H. hepaticus at 2, 4, 8, 12 and |6 weeks, bar = 20 pum. (I and J) The statistics of antibody positive area according to (G). Data are expressed as the means + SEM (n = 5/group). **
or *Indicates significance at the 0.01 or 0.05 level between the two groups at the same time point, respectively;  or “Indicates significance at the 0.01 or 0.05 level between the two
groups at different time point, respectively.
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barrier and destroys the function of the colorectal gland in II-1 727" mice. (A) Mucus analysis by Alcian blue staining in the

'ed H. hepaticus at 2, 4, 8, 12 and |6 weeks, bar =20 pm. (B) The statistics of Alcian blue positive area according to (A). (C-F)
audin-1, and IL-22 in colon tissue of Il-17a™~ and WT mice infected with or without H. hepaticus at 2, 4, 8, 12 and 16 weeks. (G)
antibody in the proximal colon of ll-17a”’~ and WT mice infected H. hepaticus at 16 weeks. The black dashed box area was enlarged to 4
‘epresented muscularis, and the arrow indicated H. hepaticus, bar = 10 pm. Data are expressed as the means + SEM (n = 5/group), **

indicates signi £ at the 0.01 level, and * indicates significance at the 0.05 level.

impaired the integrity of the intestinal epithelium, weakened the secretion of mucus, attenuated the regeneration ability of
the intestine, reduced the ability to resist microbial infection, and finally led to colitis after infection by H. hepaticus.

Discussion

The mouse model of chronic colitis caused by H. hepaticus infection has been widely studied and applied. Although
H. hepaticus can infect a variety of rodents, not all strains of mice present the disease. C57BL/6 mice infected with
H. hepaticus usually have no obvious symptoms, which may be related to the significant increase of H. hepaticus-specific
iTreg cells.'” In addition, the large polysaccharides secreted by H. hepaticus could induce anti-inflammatory cytokines in
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macrophages via the TLR2/MSK/CREB signaling pathway and accelerate the proliferation of intestinal stem cells in
crypts to maintain the homeostasis of the colonic barrier.”” The H. hepaticus infected 11-10”", Ragl ™", or Rag2™ and
other immunodeficient or genetically engineered mice could present different degrees of chronic colitis symptoms similar
to those of human IBD. In most cases, the colonic symptoms in the early stages of H. hepaticus infection were mild. With
the extension of infection time, the colonization of H. hepaticus in the colon increased significantly, and the symptoms of
colitis gradually became serious. Our previous study>” has also confirmed that the colonization of H. hepaticus is
correlated with the severity of colitis in I1-10”7" mice. Our results showed that various inflammatory cytokines in the
colon were upregulated in the three strains of mice infected with H. hepaticus compared with mock infection mice
(Figure 1A). Interestingly, most inflammatory cytokines, including IL-17A, showed similar trends in H. hepaticus
infection groups. These results suggest that H. hepaticus can promote the basic expression levels of inflammatory
cytokines in the colon, and this may increase the risk of colitis.

It is believed that an abnormal colorectal expression level of IL-17 is associated with c
cancer.”>'** Abnormal IL-17 expression and signal transduction are closely associated wi
response during microbial infection.>® IL-17A is the most representative cytokine in th
binding to target cells and thereby indirectly regulate the intestinal microbiota.>*2
caused by H. hepaticus were mild, with a low degree of lymphocyte infiltratio

g-resistant bacteria could still exist in
the colonic mucosa, which may have an uncertain impacigg i . hepaticus. Therefore, the difference of

IL-17 plays a vital role in host defensg®

Bbial homeostasis*®>’. Studies have shown that deletion of
8

antimicrobial proteins, including lyso
various antimicrobial peptides,®® and this may be conducive to the

$, one of the most important anti-bacterial proteins in the innate

fcrophages.***? The decrease of lysozyme-positive cells in I1-7a”~ mice may be caused by
S@hacterial components entering the submucosa after the epithelial barrier is destroyed.

It is reported tha

proliferation of intestinal stem cells and has been linked to colitis and colorectal tumorigenesis.**** The excessive

. hepaticus can express a variety of virulence proteins such as CDT. This expression can affect the

H. hepaticus colonization in crypts may lead to the decrease of colonic goblet cells and atrophy of colonic glands, which
could be the reason for the decrease of mucus secretion in Il-17a”"~ mice (Figure 4A and C). Although, C57BL/6 mice
infected with H. hepaticus did not show obvious colonic pathological symptoms, the immunoregulatory factors, such as
IL-10, IL-17A, IL-22 and IL-23 were still up-regulated (Figures 1H, 3F and 4F). It has reported that H. hepaticus could
induces an IL-23-driven colitis in the absence of an intact IL-10 signaling in C57BL/6 mice.”’ And IL-23 is the main
stimulator of IL-17A and IL-22* production. We speculate that the “asymptomatic” in colon of C57BL/6 mice once post
H. hepaticus infection is closely related to the mutual regulation and balance of these cytokines.
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Mucus and mucins are also important for intestinal barrier and immune homeostasis. It has reported that IL-10 could
promote the production of intestinal mucus;* and IL-17A, along with IL-22, could stimulates colonic epithelial cells to
produce Mucin-1.*" These may be the part of reason why H. hepaticus increase both Alcian blue positive cells and Mucin-1
expression during the infection in C57BL/6 mice (Figure 4A and C). On the other hand, Mucin-1 can also be strongly induced
by proinflammatory cytokines such as TNF-a and IFN-y through the NF-kB or STATI signal.*® The higher levels of
proinflammatory factors, like TNF-o and IL-6 (Figure 3A and C), may also promote Mucin-1 transcription in Il-17a
mice with incomplete Th17 signal. Moreover, IL-22 is a key cytokine that functions to maintain the integrity of the intestinal
barrier and to boost stem cell proliferation in crypts.* In our results, the upregulation of IL-22 was not significant in Il-17a "
mice compared with that in WT C57BL/6 mice after H. hepaticus infection (Figure 4F), which may be an important reason for
the crypt atrophy caused by H. hepaticus. The insufficient upregulation of IL-22 expression in the colon of I-17a”~ mice may
be related to the inefficient recruitment of lymphocytes such as Th22 in the absence of IL-17A.

Conclusion

Taken together, these data suggest that the deletion of IL-17A is beneficial to H. hep, d predisposes
mice to chronic colitis. In view of the inhibitory effect of IL-17A on colitis indu . ¢ role of IL-17A
in regulating intestinal microbiota, maintaining barrier integrity, and immune,h is worthy” of further study.
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