2 eLife

*For correspondence:
zwenlong123@126.com (W2);
ygcao82@jlu.edu.cn (YC)

Competing interest: The authors
declare that no competing
interests exist.

Funding: See page 19

Sent for Review

17 January 2024

Preprint posted

18 January 2024

Reviewed preprint posted
05 March 2024

Reviewed preprint revised
20 May 2024

Version of Record published
31 May 2024

Reviewing Editor: Peter

J Turnbaugh, University of
California, San Francisco, United
States

© Copyright Xie et al. This
article is distributed under the
terms of the Creative Commons
Attribution License, which
permits unrestricted use and
redistribution provided that the
original author and source are
credited.

3

RESEARCH ARTICLE

©

Neutralizing gut-derived
lipopolysaccharide as a novel therapeutic

strategy for severe leptospirosis
Xufeng Xie', Xi Chen', Shilei Zhang", Jiuxi Liu', Wenlong Zhang'*, Yongguo Cao™"?*

'Department of Clinical Veterinary Medicine, College of Veterinary Medicine,

Jilin University, Jilin, China; *State Key Laboratory for Diagnosis and Treatment of
Severe Zoonotic Infectious Diseases, Key Laboratory for Zoonosis Research of the
Ministry of Education, Institute of Zoonosis, and College of Veterinary Medicine, Jilin
University, Changchun, China

Abstract Leptospirosis is an emerging infectious disease caused by pathogenic Leptospira

spp. Humans and some mammals can develop severe forms of leptospirosis accompanied by a
dysregulated inflammatory response, which often results in death. The gut microbiota has been
increasingly recognized as a vital element in systemic health. However, the precise role of the gut
microbiota in severe leptospirosis is still unknown. Here, we aimed to explore the function and
potential mechanisms of the gut microbiota in a hamster model of severe leptospirosis. Our study
showed that leptospires were able to multiply in the intestine, cause pathological injury, and induce
intestinal and systemic inflammatory responses. 16S rRNA gene sequencing analysis revealed that
Leptospira infection changed the composition of the gut microbiota of hamsters with an expansion
of Proteobacteria. In addition, gut barrier permeability was increased after infection, as reflected
by a decrease in the expression of tight junctions. Translocated Proteobacteria were found in the
intestinal epithelium of moribund hamsters, as determined by fluorescence in situ hybridization,
with elevated lipopolysaccharide (LPS) levels in the serum. Moreover, gut microbiota depletion
reduced the survival time, increased the leptospiral load, and promoted the expression of proin-
flammatory cytokines after Leptospira infection. Intriguingly, fecal filtration and serum from mori-
bund hamsters both increased the transcription of TNF-q, IL-18, IL-10, and TLR4 in macrophages
compared with those from uninfected hamsters. These stimulating activities were inhibited by LPS
neutralization using polymyxin B. Based on our findings, we identified an LPS neutralization therapy
that significantly improved the survival rates in severe leptospirosis when used in combination with
antibiotic therapy or polyclonal antibody therapy. In conclusion, our study not only uncovers the
role of the gut microbiota in severe leptospirosis but also provides a therapeutic strategy for severe
leptospirosis.

elLife assessment

The gut microbiota influences many infectious diseases; however, its role in Leptospirosis remains
unclear. In this fundamental work, Xie et al. use a hamster model to show that Leptospira infec-
tion leads to gut pathology, an altered gut microbiota, and increased translocation. A combined
use of antibiotics and LPS neutralization prolonged survival, providing a potential new therapeutic
approach. This study utilizes compelling methods to provide new insights into this emerging
disease, which could be dissected further in future studies aimed at gaining mechanistic insight and
assessing the translational relevance of these discoveries.

Xie et al. eLife 2024;13:RP96065. DOI: https://doi.org/10.7554/eLife.96065

10of 23


https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.96065
mailto:zwenlong123@126.com
mailto:ygcao82@jlu.edu.cn
https://doi.org/10.1101/2024.01.17.576119
https://doi.org/10.7554/eLife.96065.1
https://doi.org/10.7554/eLife.96065.2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

e Llfe Research article

Microbiology and Infectious Disease

Introduction

Leptospirosis is a worldwide emerging zoonotic disease caused by Leptospira spp. (Coburn et al.,
2021). Leptospira interrogans impacts approximately 1 million people, resulting in 60,000 deaths
every year (Coburn et al., 2021). In human leptospirosis, the clinical manifestations can range from
mild illness to multiorgan failure, characterized by jaundice, kidney, and liver failure, and even death
(Haake and Levett, 2015; Maia et al., 2022). Currently, one important challenge is that leptospirosis
is often misdiagnosed as other febrile diseases, and once the optimal treatment period is missed,
leptospirosis quickly develops into the severe form, which often ends in death (Coutinho et al., 2014).
However, antibiotic treatment is often useless in severe leptospirosis and even aggravates it, called
the Jarisch-Herxheimer Reaction (Guerrier and D'Ortenzio, 2013). Thus, it is imperative to explore
precision medicine strategies for the treatment of severe leptospirosis.

Ninety percent of infected humans may resolve spontaneously while 10% of patients are desig-
nated as susceptible hosts (Cagliero et al., 2018). Intestinal bleeding is a common but neglected
symptom of severe leptospirosis in humans and hamster (Alventosa Mateu, 2017). A healthy gut
environment, shaped by the presence of a healthy functional microbial ecosystem, is fundamental to
instruct the immune system toward homeostasis. The intestine harbors a densely populated resident
microbial community, which consists of bacteria, viruses, and fungji, called microbiota (Kamada et al.,
2013). Gut dysbiosis has been linked to increased susceptibility to disseminated bacterial infections
and sepsis in humans. In addition, studies of patients in intensive care units (ICUs) have found that
dysbiosis increases the risk of nosocomial infections, sepsis, and mortality (McDonald et al., 2020).
Our previous study proved that the gut microbiota contributed to the defense against Leptospira
infection in mice, a resistant model of leptospirosis, without obvious intestinal lesions or increased
intestinal permeability (Xie et al., 2022), while diarrhea was a common symptom in the late leptospi-
rosis of hamster. As is known, the gut microbiota is closely related to the homeostasis of the intestine
(Lee et al., 2022). A previous study demonstrated that the variation of the gut microbiota mediated
the different susceptibility to cholera infection (Alavi et al., 2020). Focusing on the role of the gut
microbiota in leptospirosis may help explain the differences in susceptibility to Leptospira infection in
humans and develop targeted therapy for acute leptospirosis. However, whether a relationship exists
between the gut microbiota and severe leptospirosis is still unclear.

In this study, we used the hamster model of leptospirosis to explore the functional role of the
gut microbiota in acute leptospirosis. We provide evidence that Leptospira infection disrupted intes-
tinal homeostasis, and targeting gut-derived lipopolysaccharide (LPS) improved the survival rates of
hamsters with severe leptospirosis. Our study provides a basis for the development of novel thera-
peutic strategies to control severe leptospirosis.

Results

L. interrogans proliferated in the intestine, impaired the intestinal
structure, and induced proinflammatory response

Recently, Inamasu et al. reported that subcutaneous infection with leptospires led to intestinal
dissemination (Inamasu et al., 2022). We wondered whether different challenge routes affected
the dissemination of Leptospira into the intestine. Thus, we compared the common intraperitoneal
challenge with subcutaneous challenge in a hamster model of leptospirosis. Our study indicated that
subcutaneous challenge and intraperitoneal challenge both led to leptospiral proliferation in the
ileum and colon (Figure 1—figure supplement 1A, Figure 1B). There were approximately seven
times more leptospires in the colon than in the ileums at articulo mortis (AM) post infection (p.i.) after
intraperitoneal challenge (Figure 1B). Hamsters infected by intraperitoneal challenge had shortened
survival time compared with hamsters infected by subcutaneous challenge (Figure 1—figure supple-
ment 1B). L. interrogans infection disrupted the intestinal structure, caused bleeding, and led to
the infiltration of inflammatory cells (Figure 1C). In addition, L. interrogans infection promoted the
inflammatory response in the colons as determined by the upregulated gene expression of lipo-
calin 2 (Lcn2)/neutrophil gelatinase-associated lipocalin (NGAL), a marker of intestinal inflammation
(Kitamoto et al., 2020), TNF-a, IL-18, Nos2, and TLR4 (a well-known receptor of LPS that is vital
against Leptospira infection [Viriyakosol et al., 2006] and the downregulated gene expression of
IL-10) (Figure 1D-I). We wondered whether proinflammatory gene expression was also related to
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Figure 1. L. interrogans proliferated in the intestine, destroyed the intestinal structure, and increased intestinal
inflammation. (A) Flow diagram of the experiment. Six-week-old female hamsters were injected intraperitoneally
with 107 leptospires. Hamsters were euthanized at 0 hr, 6 hr, 48 hr, 96 hr, and AM post infection (p.i.). The ileums
and colons were collected aseptically for further analysis. (B) Leptospiral burdens in the ileums and colons of
Leptospira-infected hamsters were determined by gPCR (n = 6). (C) Left panel: histopathology of the colons of
DO hamsters (scale bar, 50 pm; n = 4) and AM hamsters (scale bar, 50 pm; n = 4). Representative photographs are
presented. Right panel: histopathology scores of the colons. DO, uninfected hamster; AM, articulo mortis. (D-I) The
gene expression of Len2 (D), TNF-o. (E), IL-1B (F), IL-10 (G), TLR4 (H), and Nos2 (I) was analyzed by RT-gPCR. The
mRNA levels of genes in the colons of the DO group (n = 3) and the AM group (n = 3) were normalized to the
expression of the housekeeping gene GAPDH. Each infection experiment was repeated three times. Data are
shown as the mean + SEM and analyzed by using the Wilcoxon rank-sum test. *p<0.05, **p<0.01, ***p<0.001.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Original data for data analysis in Figure 1B-I.

Figure supplement 1. The effect of challenge routes on leptospirosis.

Figure supplement 1—source data 1. Original data for data analysis in Figure 1—figure supplement 1A and B.

Figure 1 continued on next page
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Figure 1 continued
Figure supplement 2. The gene expression of TLRs in the intestine and inflammatory cytokines in the blood.

Figure supplement 2—source data 1. Original data for data analysis in Figure 1—figure supplement 2A-H.

other TLRs (Aldape et al., 2010). The results showed that the gene expression of TLR2 and TLR9
was significantly increased, while TLR3, TLR5, and TLR7 showed no obvious difference in the AM
group compared with the DO group (Figure 1—figure supplement 2A-E). It is well known that
Leptospira infection can cause leptospiremia and cytokine storms at late stages (Cagliero et al.,
2018; Limothai et al., 2021). Our results also proved that the gene expression of TNF-q, IL-18, and
IL-10 was increased in the blood of the AM group compared with that of the DO group (Figure 1—
figure supplement 2F-H). These results indicate that L. interrogans was able to proliferate in the
intestine and impair the intestinal structure, along with inducing intestinal inflammation and systemic
inflammation.

The disruption of the gut microbiota after L. interrogans infection

To obtain insight into the composition of the gut microbiota during leptospirosis, we analyzed the
feces of Leptospira-infected hamsters by 16S rRNA gene sequencing at the indicated time points
(Figure 2A). The results showed that the bacterial richness (observed species and ace) and the diver-
sity (Simpson index and Shannon index) of the gut microbiota were decreased at 2 d p.i., while they
were increased at AM p.i. (Figure 2B-E). Then, we pooled all groups together to perform principal
coordinate analysis (PCoA). The results showed that the composition of the gut microbiota in the AM
group was significantly different from that in the DO group (Figure 2G). There was a large degree of
dispersion among different individuals 2 d p.i. (Figure 2F), and the composition of the gut microbiota
in the D2 group was also different from that of the other two groups (Figure 2—figure supple-
ment 1A and B). To identify bacterial taxa that were common in the DO group or the AM group, we
performed linear discriminant analysis effect size (LEfSe) analysis. The results showed that the abun-
dance of Proteobacteria was increased in the AM group (Figure 2I and K), while the abundances of
Lactobacillus and Allobaculum were decreased compared with those in the DO group (Figure 2I, L,
and M). The composition of the bacterial taxa in the D2 group was also various compared with that of
the other two groups, especially the abundance of Lactobacillus was also decreased in the AM group
compared with that of the D2 group (Figure 2—figure supplement 1C and D). Although the relative
abundance of Firmicutes seemed to gradually decrease after Leptospira infection (Figure 2H), the
ratio of Firmicutes to Bacteroidetes showed no difference in the DO and AM groups (Figure 2J). These
results demonstrated that L. interrogans infection changed the composition of the gut microbiota of
hamsters.

L. interrogans infection increased intestinal permeability by disrupting
tight junctions

The intestinal barrier is essential for maintaining intestinal homeostasis (Turner, 2009). Epithelial tight
junctions define the paracellular permeability of the intestinal barrier, which is related to some tight
junction proteins, such as claudins, occludin, and zona occludens 1 (Zo-1) (Horowitz et al., 2023). The
epithelium separates the organism from the external environment and defines individual compart-
ments within tissues. At some sites, the epithelial cells form a nearly complete barrier, the disruption
of which is catastrophic (Horowitz et al., 2023). Most studies have relied on a probe, FITC-4 kDa
dextran, which has a hydrodynamic diameter of 28 A, to probe intestinal permeability (Tsai et al.,
2017; Zeng et al., 2023; Yang et al., 2022). As shown in Figure 1B, we detected leptospiral prolifera-
tion in the gut. We wondered whether Leptospira infection could influence intestinal permeability. The
results showed that the intestinal permeability of hamsters was increased significantly after infection
(Figure 3A). Then, we further investigated the gene expression of tight junction proteins and Mucin-2
in hamsters. The results showed that the gene expression of Claudin-2 was increased, while the gene
expression of Claudin-3, JAMA, ZO-1, and Mucin-2 was decreased in the AM group compared with
the DO group (Figure 3B—F).
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Figure 2. L. interrogans infection changed the composition of the gut microbiota. (A) Flow diagram of the experiment. Six-week-old female hamsters
were injected intraperitoneally with 107 leptospires. Fecal pellets were collected aseptically for 165 rRNA gene sequencing at 0 d, 2 d, and AM post
infection (p.i.). DO, uninfected hamster; AM, articulo mortis. (B, C) Observed species (B) and ace (C) in the feces of hamsters. Observed species and
ace indicate species richness. (D, E) Simpson index (D) and Shannon index (E) in the feces of hamsters. Simpson and Shannon indexes indicate species
diversity. (F) Principal coordinate analysis (PCoA) of fecal samples based on 16S rRNA gene sequencing using weighted UniFrac. (G) PCoA of fecal
samples based on 16S rRNA gene sequencing using weighted UniFrac. (H) Relative abundance of the top 10 phyla in the feces of hamster. (I) Linear
discriminant analysis (LDA) of effect size (LEfSe) between DO and AM hamsters (LDA score > 3). Cambridge blue bars indicate taxa enrichment in DO
hamsters, and pink bars indicate taxa enrichment in AM hamsters. (J) The ratio of Firmicutes to Bacteroidetes in the DO and AM groups. (K-M) The
relative abundance of Proteobacteria (K), Lactobacillus (L), and Allobaculum (M) in the DO and AM groups (DO, n = 10; D2, n = 10; AM, n = 8). Data are
shown as the mean = SEM and analyzed by using the Wilcoxon rank-sum test. *p<0.05, **p<0.01.

Figure 2 continued on next page
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The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Original data for data analysis in Figure 2B-E, J-M.

Figure supplement 1. The effect of Leptospira infection on the composition of the gut microbiota.

L. interrogans infection caused the translocation of Proteobacteria
Damaged intestinal structure may increase the translocation of pathobionts (Mufioz et al., 2019,
Bertocchi et al., 2021), and our 16S rRNA sequencing showed an increase in Proteobacteria in the
AM group. We hypothesized that the pathogenic Proteobacteria could translocate into the intestinal
epithelium or bloodstream after infection. First, we found that the intestinal epithelium of the AM
group had more bacteria than that of the DO and D2 groups, as determined by the EUB 338 probe,
which was supposed to hybridize with all bacteria (Figure 4). Then, we examined the intestines of
the DO group and the AM group by fluorescence in situ hybridization (FISH) assays with the GAM42a
probe, which was supposed to hybridize y-Proteobacteria, and immunofluorescence (IF) assays with
the anti-L. interrogans serovar Lai strain Lai 56601 antiserum. The results showed that the intestinal
epithelium of the AM group indeed had y-Proteobacteria that was not colocalized with leptospires
(Figure 4—figure supplement 1A). Then, we tested whether the gut microbiota could translocate
into the blood. However, no bacteria were recovered from the blood by aerobic or anaerobic culture
on LB and MacConkey agar plates (Figure 4—figure supplement 1B).

Gut microbiota depletion exacerbated leptospirosis

To determine the role of the gut microbiota in hamsters during L. interrogans infection, we treated
hamsters with broad-spectrum antibiotics to deplete the gut microbiota, as shown in Figure 5A. 16S
rRNA sequencing analysis indicated that the richness of the gut microbiota decreased after antibi-
otic treatment (Figure 5B and C). In addition, the diversity of the gut microbiota in the Abx-treated
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Figure 3. L. interrogans infection disrupted intestinal tight junctions. Six-week-old female hamsters were injected
intraperitoneally with 10 leptospires. Blood was collected to determine intestinal permeability at 0 d, 2 d, and

AM post infection (p.i.). Colons were collected aseptically to measure gene expression at 0, 2, and AM p.i. (A) The
intestinal permeability of Leptospira-infected hamsters was analyzed with a fluorescence spectrophotometer at
the indicated time (DO, n = 4; D2, n = 6; AM, n = 6). (B-F) The relative gene expression of ZO-1 (B), Claudin-3

(C), JAMA (D), Claudin-2 (E), and Mucin-2 (F) in Leptospira-infected hamsters (n = 6-10 per group) was determined
by gPCR. DO, uninfected hamster. AM, articulo mortis. Each infection experiment was repeated three times. Data
are shown as the mean + SEM and analyzed by using the Wilcoxon rank-sum test. *p<0.05, **p<0.01, ***p<0.001.

The online version of this article includes the following source data for figure 3:

Source data 1. Original data for data analysis in Figure 3A-F.
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Figure 4. Translocated microbiota in the intestinal epithelium following L. interrogans infection. Six-week-old
female hamsters were injected intraperitoneally with 107 leptospires. Hamsters were euthanized at 0 d, 2 d, and
AM post infection (p.i.). Colons were collected aseptically. The intestinal contents were excluded from the intestine
with phosphate-buffered saline (PBS) and a segment of the colon was fixed in 4% paraformaldehyde solution
overnight and analyzed by fluorescence in situ hybridization (FISH) with an EUB 338 probe (red). (A) The results

are representative photographs of three groups. Scale bar, 100 um. (B) Number of positive bacteria per field in

the three groups. n = 6 per group. DO, uninfected hamster; AM, articulo mortis. Each infection experiment was
repeated three times. Data are shown as the mean + SEM and analyzed by using the Wilcoxon rank-sum test.
***<0.001.

The online version of this article includes the following source data and figure supplement(s) for figure 4:
Source data 1. Original data for data analysis in Figure 4B.

Figure supplement 1. Translocation of the Proteobacteria during L. interrogans infection.

hamsters was lower than that of the control group, and this change in diversity was reversed by fecal
microbiota transplantation (FMT) (Figure 5D and E). Antibiotic treatment changed the composition
of the gut microbiota in hamsters (Figure 5F, Figure 5—figure supplement 1A-D), leading to the
expansion of Proteobacteria and a decrease in Bacteroidota (Figure 5F and G). The survival time
of Abx-treated hamsters was significantly reduced after infection with 10 leptospires (Figure 5I). In
addition, we also measured leptospiral load and the gene expression of inflammatory cytokines in
the blood. The results showed that the leptospiral load of the Abx group was significantly increased
compared with that of the control group, and this increase was partially reversed by FMT (Figure 5J).
Abx treatment slightly increased the gene expression of TNF-a and IL-18 compared with those of

Xie et al. eLife 2024;13:RP96065. DOI: https://doi.org/10.7554/eLife.96065 7 of 23
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Figure 5. Microbiota depletion exacerbated leptospirosis. (A) Flow diagram of the experiment. Hamsters were administered with Abx or water
intragastrically once daily for 10 consecutive days. Then, fecal pellets were collected aseptically for 16S rRNA gene sequencing. (B, C) Observed species
(B) and Chao1 (C) in the feces of hamsters. Observed species and Chao1 indicate species richness. (D, E) Simpson index (D) and Shannon index (E) in
the feces of hamsters. Simpson and Shannon indexes indicate species diversity. (F) Relative abundance of the top 10 phyla in the feces of hamsters.

Figure 5 continued on next page
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Figure 5 continued

(G) The relative abundance of Bacteroidetes, Firmicutes, and Proteobacteria in the Con, Abx, and fecal microbiota transplantation (FMT) groups. n = 4
per group. (H) Hamsters were treated with Abx as described above. After a 2-day washout period, hamsters were intraperitoneally infected with 10° L.
interrogans. Then, the survival rate of the hamsters was recorded. n = é per group. (J) Leptospiral load in the blood of the Con, Abx, and FMT groups. n
= 6 per group. (K, M) Gene expression of TNF-o. (K), IL-18 (L), and IL-10 (M) in the blood of the three groups. n = 5 per group. Each infection experiment
was repeated three times. Data are shown as the mean + SEM and analyzed by using the Wilcoxon rank-sum test. Survival differences between the
study groups were compared by using the Kaplan-Meier log-rank test. *p<0.05, **p<0.01, ***P<0.001. ns, not significant.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Original data for data analysis in Figure 5B-D, E, G, I-M.

Figure supplement 1. The effect of Abx treatment on the composition of the gut microbiota.

the untreated group. Consistent with this result, the Abx-treated infection group exhibited higher
expression of TNF-a and IL-18 than the untreated infection group, which was also partially reversed
by FMT (Figure 5K and L). Although Leptospira infection significantly increased the gene expression
of IL-10 compared with that of the untreated group, there was no significant difference among the
control infection group, the Abx-treated infection group, and the FMT infection group (Figure 5M).
These results indicated that gut microbiota homeostasis helped fight Leptospira infection in hamsters.

Gut-derived LPS in the intestine and serum-induced inflammation

Gut dysbiosis is a major determinant of endotoxemia via dysfunction of the intestinal barrier scaffold,
which is a prerequisite for LPS translocation into systemic circulation (Violi et al., 2023). A previous
study demonstrated that gut-derived LPS was a central mediator in alcoholic steatohepatitis (Szabo,
2015), white adipose tissue inflammation (Caesar et al., 2012), and peripheral inflammation (Lappi
et al., 2013). Cytokine storms are characteristic of severe leptospirosis (Cagliero et al., 2018). Our
results showed that the proportion of Proteobacteria and intestinal permeability was increased in
the AM group; thus, we hypothesized that gut-derived LPS promoted the inflammatory response in
severe leptospirosis. We found that the LPS level was higher in the serum of the AM group than that
of the DO group (Figure 6—figure supplement 1B). The LPS level in the Abx-treated AM group was
lower than that in the phosphate-buffered saline (PBS)-treated AM group (Figure 6—figure supple-
ment 1B). To further gain insight into the role of gut-derived LPS in inflammation, we cocultured
macrophages with different concentrations of fecal filtration or serum and measured the changes
in gene expression (Figure 6A). The results showed that fecal filtration from uninfected hamsters
and AM hamsters both upregulated the gene expression of IL-18, IL-10, and TLR4, while only fecal
filtration from AM hamsters upregulated the gene expression of TNF-a (Figure 6B-E). The serum of
uninfected hamsters significantly increased the transcription of TNF-a (Figure 6F), while the serum of
AM hamsters only slightly upregulated the gene expression of TNF-a (Figure 6F). Serum from unin-
fected hamsters and AM hamsters promoted the transcription of IL-1p (Figure 6G). However, only the
serum of AM hamsters significantly upregulated the gene expression of IL-10 and TLR4 (Figure 6H
and I). The identification of TLR4, a well-known receptor of LPS, prompted us to examine whether
the proinflammatory activity of fecal filtration and serum of AM hamsters was mediated by LPS. A
previous study demonstrated that cytokine responses to heat-killed leptospires were not inhibited by
polymyxin B (Viriyakosol et al., 2006). Our results showed that LPS neutralization with PMB inhibited
gene expression of TNF-q, IL-18, IL-10, and TLR4 in macrophages after stimulation by fecal filtration
or serum from AM hamsters (Figure 6J-Q). These results indicated that gut-derived LPS might be an
essential factor that causes inflammatory storm in hamsters with severe leptospirosis.

LPS neutralization synergized with antibiotic therapy or polyclonal
antibody therapy improved the survival rate in severe leptospirosis
Based on the above results, we proposed that in addition to leptospires, gut-derived LPS might also
play a pathogenic role in severe leptospirosis and induce an uncontrolled inflammatory response,
in which case neutralizing LPS could be effective in treating severe leptospirosis. Therefore, we
explored the effect of LPS neutralization therapy compared with antibiotic therapy and our published
rabbit polyclonal antibody therapy in severe leptospirosis (Jin et al., 2016). As shown in Figure 7A,
moribund hamsters were treated twice a day for three consecutive days. LPS neutralization therapy,
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Figure 6. Leptopsira infection induced intestinal and systemic inflammation that was partially inhibited by lipopolysaccharide (LPS) neutralization.
(A) Flow diagram of the experiment. Fecal filtration or serum of uninfected hamsters and AM hamsters was directly added into dishes or pretreated
with polymyxin B (PMB) at 37°C for 2 hr, and then cocultured with macrophages for 4 hr. RNA was extracted for gene expression analysis. (B-E) The

gene expression of TNF-o. (B), IL-18 (C)

Figure 6 continued on next page

, IL-10 (D), and TLR4 (E) of fecal filtration of uninfected hamsters (n = 3) and AM hamsters (n = 3) was analyzed by
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Figure 6 continued

RT-gPCR. (F-l) The gene expression of TNF-o. (F), IL-18 (G), IL-10 (H), and TLR4 (I) of serum of uninfected hamsters (n = 3) and AM hamsters (n = 3) was
analyzed by RT-gPCR. (J-M) The effect of LPS neutralization on the gene expression of TNF-a. (J), IL-18 (K), IL-10 (L), and TLR4 (M) in the fecal filtration of
AM hamsters (n = 3) was analyzed by RT-gPCR. (N-Q) The effect of LPS neutralization on the gene expression of TNF-o. (N), IL-18 (O), IL-10 (P), and TLR4
(Q) in the serum of AM hamsters (n = 3) was analyzed by RT-gPCR. The mRNA levels in untreated controls were set as 1.0. Each infection experiment was
repeated three times. Data are shown as the mean = SEM and analyzed by using the Wilcoxon rank-sum test. *p<0.05, **p<0.01, ***p<0.001.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Original data for data analysis in Figure 6B-Q.

Figure supplement 1. Leptospira infection increased lipopolysaccharide (LPS) level in the blood.

Figure supplement 1—source data 1. Original data for data analysis in Figure 6—figure supplement 1B.

Figure supplement 2. Determination minimum inhibitory concentrations of polymyxin B (PMB) and Dox on Leptospira 56601.

Figure supplement 2—source data 1. Original data for data analysis in Figure 6—figure supplement 2B.

antibiotic therapy, and rabbit polyclonal antibody therapy did not significantly improve the conditions
of female hamsters with severe leptospirosis. However, LPS neutralization combined with antibiotic
therapy or rabbit polyclonal antibody therapy significantly increased the survival rate up to 50 or 66.7%
(Figure 7B). To further explore the factors leading to differences in survival, we determined the lepto-
spiral load and gene expression of inflammatory cytokines in the blood at 6 d p.i. The results showed
that antibiotic therapy and rabbit polyclonal antibody therapy decreased the leptospiral load in the
blood, while LPS neutralization therapy did not reduce the leptospiral load in the blood (Figure 7C).
Although antibiotic therapy reduced the leptospiral load, it significantly increased the gene expression
of proinflammatory cytokines (TNF-a and IL-18) compared with that of the control group (Figure 7D
and E). LPS neutralization therapy combined with Leptospira-killing therapy decreased the gene
expression of inflammatory cytokines (TNF-a, IL-18, and IL-10) compared with that of the control
group (Figure 7D-F). In addition, we examined the effectiveness of LPS neutralization therapy in male
hamsters with severe leptospirosis and in female hamsters with different serotype. The results showed
that LPS neutralization synergized with antibiotic therapy or polyclonal antibody therapy improved
the conditions of male hamsters with severe leptospirosis and female hamsters infected by another
pathogenic leptospiral serotype (Figure 7—figure supplements 1B and 2B). Our results indicated
that LPS neutralization could be a novel therapy for severe leptospirosis.

Discussion

Recently, Inamasu et al. investigated the pathological changes and distribution of leptospires in the
gut of hamsters after subcutaneous infection (Inamasu et al., 2022). Their study highlighted that not
only the urine of infected animals but also the feces could be a source of infection. However, the exact
role of the gut microenvironment in the pathogenesis of leptospirosis is still unknown. In our study,
we found that leptospires could proliferate in the ileum and colon following intraperitoneal challenge
or subcutaneous challenge, which was consistent with the results of Inamasu’s study (Inamasu et al.,
2022). Hamsters infected intraperitoneally exhibited more rapid death than hamsters infected subcu-
taneously. A previous study reported that the route of infection affected the kinetics of hematogenous
dissemination, kidney colonization, and inflammation (Maruoka et al., 2021). In addition, the subcu-
taneous route induced a slower-progressing infection than the intraperitoneal route in a leptospirosis
rat model (Zilber et al., 2016). However, there was a higher leptospiral load in the colons than in the
ileums of hamsters infected by the intraperitoneal route. The capacity of L. interrogans to breach the
immune defense at each port of entry is determined when Leptospira gained access to the blood.
Although intraperitoneal challenge may be not a natural route of infection, both intraperitoneal chal-
lenge and subcutaneous challenge led to the colonization of leptospires in the intestine, indicating
that leptospiral colonization in the intestine was independent of the routine of infection. Leptospira
infection destroyed the intestinal structure and induced intestinal inflammation in the colon. However,
Inamasu et al. reported that Leptospira was not involved in the pathogenesis of the colon, suggesting
that the jejunum and ileum are the main sites of lesions. Differences in bacterial strains and the route of
infection might lead to variations in results. Infection via the intraperitoneal and subcutaneous routes
bypasses the epidermal defense system. Early damage to the intestinal structure and environment

Xie et al. eLife 2024;13:RP96065. DOI: https://doi.org/10.7554/eLife.96065 11 of 23


https://doi.org/10.7554/eLife.96065

ELlfe Research article Microbiology and Infectious Disease

*kk
*kk
—— T S—
A B C ‘_2? 108_ *kK
- Saline % 107
W Saline 100 wea- PMB " g 1064
PMB ; Ab I =
Ab ;\; 801 Dox g 1054
Dox = 0 - PMB + Ab E 14l
B PMB + Ab ER -+ PMB + Dox 5 10
H PMB + D 2 40 ] 3
107 leptospires ox a & 10
(ip.) Y1y 201 — 102
/3\?) L I 0 PMB — + - - 4+ +
& T T T T 1 Ab — — + —_ + —
9°9 Do D4 D5 D6 D21 0 & 10 15 20 o5 Moo- - T
days F*kK
D E F
*kk *kk ns ki
*kk *kk
S ’g‘ 100- ns @ S 80+ * S g 80 *****
w = *% (o) 1 ‘3 * 1 "3 Q
35 807 = = 2 607 2360 & olo
e s o c o c Q O
© £ 60- =g €5 o
s S 2 404 S 2 40+ 18 O
» £ 401 2L 2L s R 2
3 < 9_’<(20_ 9<20_ O :o
g Z 204 a8z Sz
X X A o &
we o € oA € o4
PMB — + - — 4+ + PMB — + — — 4+ + PMB — + — — 4+ +
Ab — — + - + - Ab — — + - + - Ab — — + - + -
Dox — — — + - + Dox — — — 4+ - 4+ Dox — — — 4+ - 4+

Figure 7. Lipopolysaccharide (LPS) neutralization combined with antibody therapy or antibiotic therapy improved the survival rate of female hamsters
with severe leptospirosis. (A) Flow diagram of the experiment. Six-week-old female hamsters were injected intraperitoneally with 107 leptospires. Group
1: saline control; group 2: polymyxin B (PMB) (1 mg/kg, i.p.); group 3: antibody against Leptospira (Ab) (16 mg/kg, subcutaneous injection); group 4:
doxycycline (Dox) (5 mg/kg, i.p.); group 5: PMB (1 mg/kg, i.p.) and Ab (16 mg/kg, subcutaneous injection); group 6: PMB (1 mg/kg, i.p.) and Dox (5 mg/
kg, i.p.). Hamsters were treated twice a day for three consecutive days. Hamsters were monitored daily for 21 d. (B) Survival rate of female hamsters

of severe leptospirosis after different treatments. n = 6 per group. (C) Leptospiral load in the blood of different groups. n = 5 per group. (D-F) Gene
expression of TNF-o. (D), IL-1B (E), and IL-10 (F) in the blood of different groups. The mRNA levels of cytokines in uninfected controls were set as 1.0. n =
5 per group. Each infection experiment was repeated three times. Survival differences between the study groups were compared by using the Kaplan—
Meier log-rank test. *p<0.05, **p<0.01, ***p<0.001. ns, not significant.

The online version of this article includes the following source data and figure supplement(s) for figure 7:
Source data 1. Original data for data analysis in Figure 7B-F.

Figure supplement 1. Lipopolysaccharide (LPS) neutralization combined with antibody therapy or antibiotic therapy improved the survival rate in male
hamsters of severe leptospirosis.

Figure supplement 1—source data 1. Original data for data analysis in Figure 7—figure supplement 1B.

Figure supplement 2. Lipopolysaccharide (LPS) neutralization combined with antibiotic therapy improved the survival rate in female hamsters infected
by 56606.

Figure supplement 2—source data 1. Original data for data analysis in Figure 7—figure supplement 2B.

may be one of the causes of rapid death following infection by intraperitoneal injection. The prolif-
eration of leptospires in the intestine makes feces a potential excretion route. Our previous study
demonstrated that leptospires were rapidly cleared in the intestine and that Leptospira infection did
not increase the intestinal permeability of mice (Xie et al., 2022). A recent study reported that patho-
genic Leptospira spp. were highly present in human and gorilla stool samples in the Congo but were
absent in other African nonhuman primates, thereby suggesting a possible gorilla—humans transfer
(Medkour et al., 2021). Our 16S rRNA sequencing results also showed that the relative abundance
of Spirochetes was increased in the AM group compared with that of the DO group, which might be
related to the excretion of leptospires in the feces. However, no leptospires were detected in the
feces of Leptospira-infected rats (Zilber et al., 2016). Serovar specificity and species differences may
determine the excretion route of leptospires and the disruption of intestinal homeostasis may influ-
ence the progression of leptospirosis.
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Our 16S rRNA sequencing results showed that the species richness and diversity of the gut micro-
biota in the AM group were even higher than those in the D2 group. The species richness and diversity
of the gut microbiota decreased first and then increased with disease progression. This phenom-
enon was also reported in melioidosis and HIV-1 infection (Lankelma et al., 2017, Lozupone et al.,
2013). Lankelma et al. explained that several ‘big players’ in the gut microbiota were eliminated
by the host immune system during severe systemic bacterial infection, giving way to the prolifera-
tion of other bacteria (Lankelma et al., 2017). Specific microbiota community composition, rather
than species richness, drives microbiota-mediated resistance against Leptospira infection. Becattini
et al. demonstrated that microbiota composition and the type of immune stimulus impacted bacte-
rial responses and that the intestinal metabolome was rapidly reshaped by host immune activation
(Becattini et al., 2021). We hypothesized that the early colonization and proliferation of leptospires
in the intestine rapidly activated intestinal immunity, leading to the expansion of specific microbes
in the AM group. The composition of the gut microbiota in the D2 group was discrete, as shown by
PCoA. This difference might be related to the disease progression. In addition, we found that the
levels of Lactobacillus and Allobaculum were higher in the DO group than that in the AM group at
the genus level. Meanwhile, the level of Proteobacteria increased in the AM group. A previous study
demonstrated that pretreatment with Lactobacillus plantarum prevented severe pathogenesis in mice
(Potula et al., 2017), which highlighted the Lactobacillus as candidate for leptospirosis prevention.
Our study proved that Leptospira infection increased the gene expression of TLR2, TLR4, TLR9, and
some proinflammatory cytokines, which created a proinflammatory environment in the intestine. A
previous study demonstrated that intestinal inflammation increased the bioavailability of respiratory
electron acceptors for Enterobacteriaceae, which promoted the expansion of pathogenic Enterobac-
teriaceae (Byndloss et al., 2017). Therefore, it is plausible that Leptospira infection triggered intes-
tinal inflammation, which promoted the expansion of Proteobacteria by increasing the bioavailability
of respiratory electron acceptors for pathogenic Proteobacteria.

The intestinal barrier is critical for maintaining homeostasis in the host. The apical junctional
complex (AJC) encircles pairs of neighboring epithelial and endothelial cells to create an adhesive
network and maintain barrier integrity (Rusu and Georgiou, 2020). Our results showed that Lepto-
spira infection significantly disrupted the intestinal permeability of hamsters at the late stage of infec-
tion. Previous studies have demonstrated that Leptospira infection reduced the signaling between
cell—cell junction proteins and caused the mislocalization of AJC proteins, such as occludin and Zo-1
(Sebastian et al., 2021). A recent study reported that L. interrogans could disassemble AJCs in renal
proximal tubule epithelial cells and transmigrate through the paracellular route for dissemination in
the host (Sebastian et al., 2021). Thus, we hypothesize that L. interrogans was also able to transmi-
grate through the intestinal epithelial barrier, and feces excretion route of leptospires was possible
in susceptible hosts during leptospirosis. Our results showed that the gene expression of Claudin-2,
Claudin-3, Claudin-4, Zo-1, and Mucin-2 was compensatively upregulated in the D2 group compared
with those in the DO group. However, the gene expression of Claudin-3, JAMA, Zo-1, and Mucin-2 was
downregulated in the AM group compared with that in the DO group. In contrast, the gene expression
of Claudin-2 was higher in the AM group than that in the DO group, which might explain why mori-
bund hamsters had diarrhea (Tsai et al., 2017).

Gut microbiota-depleted hamsters exhibited reduced survival time, increased leptospiral load, and
upregulated gene expression of proinflammatory cytokines compared with untreated hamsters after
Leptospira infection, while FMT partially reversed these effects. Our previous study demonstrated
that the leptospiral load was increased in the organs of gut microbiota-depleted mice and that gut
microbiota depletion diminished the bactericidal activity of macrophages during Leptospira infection
(Xie et al., 2022). These results indicated that the homeostasis of the gut microbiota is essential for
both susceptible and resistant hosts to combat Leptospira infection. 16S rRNA sequencing analysis
revealed that antibiotic treatment decreased the diversity of the gut microbiota, and FMT partially
reversed these changes. Antibiotic treatment increased the relative abundance of proinflammatory
bacteria, such as y-Proteobacteria, while it reduced the relative abundance of anti-inflammatory
bacteria, such as Allobaculum. The alteration of the gut microbiota might skew the host to an inflam-
matory condition and reduce antileptospiral capacity. FMT aims to replace an unfavorable resident
gut microbiota with a favorable microbiota from a healthy donor. FMT has demonstrated clear efficacy
in the treatment of recurrent Clostridioides difficile infection (rCDI), inflammatory bowel disease, and
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neurological disorders (Schmidt et al., 2022). The efficiency of FMT determines the phenotypes of
subjects in the infection model. Prolonging the duration of FMT might help recover the gut microbiota
homeostasis and the capacity to combat anti-Leptospira infection.

Our study showed the translocation of Proteobacteria to the intestinal epithelium. Although no
bacteria were found in the blood of the AM group, the level of LPS was increased in the PBS-treated
AM group compared with that of the uninfected group, and it was decreased in the Abx-treated AM
group compared with that of the PBS-treated AM group. This result indicated that gut-derived LPS
was involved in severe leptospirosis. Gut dysbiosis is a primary determinant of low-grade endotox-
emia mediated by dysfunction of the intestinal barrier scaffold, which is a prerequisite for LPS trans-
location into the systemic circulation (Violi et al., 2023). Importantly, mice (resistant to leptospirosis)
can tolerate levels of LPS endotoxin 250 higher than the level that humans can tolerate (Copeland
et al., 2005). In addition, classical Gram-negative LPS had a 1000-fold higher potency than lepto-
spiral LPS (Werts et al., 2001). Fecal filtration from the AM group and the uninfected group both
increased the gene expression of TLR4, while only serum from the AM group increased the gene
expression of TLR4. TLR4 expression was inhibited by PMB treatment. In severe leptospirosis, exces-
sive immune activation is a hallmark of disease (Cagliero et al., 2018). A previous study demonstrated
that the cytokine response to heat-killed whole leptospires was not inhibited by PMB in macrophages
(Viriyakosol et al., 2006). Leptospiral LPS has been described as atypical in terms of structure, and
silver-stained electrophoretic profiles of LPS from pathogenic leptospiral strains were shown to be
different from those of Escherichia coli LPS (Bonhomme et al., 2020). Although it is still difficult
to distinguish the specific roles of gut-derived LPS and leptospiral LPS in promoting inflammation,
we hypothesize that gut-derived LPS may also be an essential driver of inflammatory reactions in
severe leptospirosis. In a rat cirrhosis model, gut decontamination with a 2-week course of antibiotics
led to a redistributed microbiota, reduced proinflammatory activation of mucosal immune cells, and
diminished gut bacterial translocation (Muiioz et al., 2019). Another study showed that endogenous
endotoxins caused a pan enteric inflammatory ileus after colonic surgery and that gut decontamina-
tion alleviated small intestinal muscularis inflammation (Tiirler et al., 2007). Our results showed that
doxycycline treatment significantly reduced the leptospiral load in the blood in severe leptospirosis;
however, the gene expression of proinflammatory cytokines was upregulated, which was consistent
with the Jarisch-Herxheimer Reaction (Guerrier and D’Ortenzio, 2013). Recently, Li et al. proposed
an all-in-one drug delivery strategy equipped with bactericidal, LPS neutralization, and detoxification
activities to treat sepsis-associated infections and hyperinflammation (Li et al., 2023). Our study also
highlighted the important role of endogenous gut-derived LPS induced by Leptospira infection. Thus,
the neutralization of gut-derived LPS and antileptospiral therapy are both essential in the treatment of
severe leptospirosis; thus, these strategies provide a novel avenue for the treatment of human acute
leptospirosis in the future.

Our study has potentially important clinical implications for the care of critically ill patients with
severe leptospirosis. In human infections, gastrointestinal symptoms such as abdominal pain, vomiting,
and diarrhea have been frequently observed, which has been linked to an increased risk of organ
dysfunction, and even death (Haake and Levett, 2015; Jiménez et al., 2018). Our findings implicate
impairment of the intestinal barrier by Leptospira infection as a mechanism underlying the associa-
tion between gut dysbiosis and disseminated gut-derived LPS in the ICU. More importantly, from a
translational perspective, our findings suggest that the increased risk of death in severe leptospirosis
can be reduced by LPS neutralization combined with anti-Leptospira therapy. In fact, gut microbiota
dysbiosis in COVID-19 patients or HIV infection is also associated with microbial translocation, LPS
biosynthesis, and an expansion of Proteobacteria (Bernard-Raichon et al., 2022, Zhang et al., 2022).
The application of LPS antagonist therapies, whether microbial or pharmaceutical, may be a viable
precision medicine strategy to increase the survival rate of patients with severe leptospirosis or other
gut-damaging infections by protecting against the spread of LPS in the bloodstream.

Materials and methods

Ethics statement

A previous study reported that sex influenced host susceptibility to leptospirosis (Gomes et al., 2018)
and that sex may affect the composition of the gut microbiota (Vemuri et al., 2019). To reduce
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variability in infection outcomes (Tawk et al., 2023), most infection experiments were performed
in female Syrian golden hamsters (Mesocricetus auratus). For experiments utilizing neutralizing LPS
therapy combined with antibiotic or antibody therapy for severe leptospirosis, both sexes were
used. Specific pathogen-free female Syrian hamsters were maintained on standard rodent chow with
water supplied ad libitum during the experimental period. All animal experiments were conducted
according to the regulations of the Administration of Affairs Concerning Experimental Animals in
China. The protocol was approved by the Institutional Animal Care and Use Committee of Jilin Univer-
sity (20170318).

Bacterial strains and animals

Pathogenic L. interrogans serovar Lai strain Lai (56601) and L. interrogans serovar Autumnalis (566006)
were grown in liquid Ellinghausen-McCullough-Johnson-Harris (EMJH) medium at 29°C without
agitation. A Petroff-Hauser chamber was used to count leptospires. Six-week-old hamsters were
provided by Liaoning Changsheng Biotechnology Co. Ltd.

Experimental infections

Part I: Hamster infection

To explore the effect of the challenge route on leptospiral colonization in the intestine and the survival
rate and whether it was specific to the routine of infection, 6-week-old female hamsters were injected
intraperitoneally or subcutaneously with 107 leptospires. Hamsters were euthanized at O hr, 6 hr, 48 hr,
and 96 hr p.i., and articulo mortis stage (AM). The ileums and colons were collected aseptically. The
intestinal contents were excluded from the intestine with PBS, and the tissues were stored at -80°C
for leptospiral load analysis. For the survival assay, hamsters were monitored daily for signs of illness
including ruffled fur, gait difficulty, loss of appetite, or weight loss of >10% of the animal’s maximum
weight, which was considered moribund (Coutinho et al., 2014). Hamsters were euthanized when
they were moribund.

To explore the effect of Leptospira infection on the gut microbiota, 6-week-old female hamsters
were injected intraperitoneally with a lethal dose of 107 leptospires. Fresh fecal pellets were collected
aseptically at 0 d, 2 d, and AM p.i., immediately frozen in liquid nitrogen, and stored at —80°C. Colons
were also collected aseptically and the intestinal contents were excluded from the intestine with PBS.
Then, tissues were stored at -80°C for gene expression measurement.

To examine the role of the gut microbiota on acute leptospirosis, the gut microbiota depletion and
fecal microbiota transplantation (FMT: a therapeutic procedure aimed at restoring a normal intestinal
microbiota by application of fecal microorganisms from a healthy subject into the gastrointestinal
tract of a dysbiotic subject [Schmidt et al., 2022]) were performed as described previously with
some modifications (Sun et al., 2019). Briefly, 6-week-old female hamsters were administered antibi-
otics (ampicillin, 100 mg/kg; metronidazole, 100 mg/kg; neomycin sulfate, 100 mg/kg [Sigma-Aldrich,
USA]; and vancomycin, 50 mg/kg [BiochemPartner, Chinal) intragastrically once daily for 10 consecu-
tive days (Zhai et al., 2023). Fresh fecal pellets were collected from uninfected female hamsters and
then resuspended in sterile normal PBS (one fecal pellet in 1 ml of PBS). The pellets were immediately
homogenized and the homogenate was centrifuged at 100 rpm, 4°C for 5 min. 200 pl of the super-
natant was given to the gut microbiota-depleted hamster by oral gavage for five consecutive days
after antibiotic treatment was stopped. Then, hamsters were intraperitoneally infected with 10¢ L.
interrogans. Hamsters were monitored daily for 21 d to record the survival rate. Hamsters were euth-
anized when they were moribund. Blood was collected to determine leptospiral load and the gene
expression of inflammatory cytokines at 6 d p.i.

To explore the effect of LPS neutralization on severe leptospirosis, 6-week-old male or female
hamsters were inoculated intraperitoneally with 107 leptospires. Treatments were started immediately
after detection of the first death regardless of the assigned group (Soares et al., 2014). Group 1:
saline control (400 pl/hamster, i.p.); group 2: polymyxin B (PMB) (1 mg/kg, i.p., Solarbio, China); group
3: antibody against Leptospira (Ab) (16 mg/kg, subcutaneous injection); group 4: doxycycline (Dox)
(5 mg/kg, i.p., Solarbio); group 5: PMB (1 mg/kg, i.p.) and Ab (16 mg/kg, subcutaneous injection);
group 6: PMB (1 mg/kg, i.p.) and Dox (5 mg/kg, i.p.). Hamsters were treated twice a day for three
consecutive days. Hamsters were monitored daily for 21 d. Hamsters were euthanized when they were
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moribund. Blood from female hamsters was collected to determine the leptospiral load and gene
expression of inflammatory cytokines at 6 d p.i.

To explore the effect of LPS neutralization on another leptospiral serotype infection, 6-week-old
female hamsters were inoculated intraperitoneally with lethal 10 leptospires (56606), of which the
infective doses were determined by a previous study (Jin et al., 2016). Treatments were started imme-
diately after detection of the first death regardless of the assigned group. Group 1: saline control
(400 pl/hamster, i.p.); group 2: PMB (1 mg/kg, i.p., Solarbio); group 3: Dox (5 mg/kg, i.p., Solarbio);
group 4: PMB (1 mg/kg, i.p.) and Dox (5 mg/kg, i.p.). Hamsters were treated twice a day for three
consecutive days. Hamsters were monitored daily for 21 d. Hamsters were euthanized when they were
moribund.

Part Il: Rabbit infection

The purification of polyclonal antibody (Ab) was performed as previously described (Jin et al., 2016).
Briefly, six 8-month-old female New Zealand White rabbits were injected intravenously into the marginal
ear vein with a dose of 2 + 4 x 10° live leptospires/ml in PBS according to the following schedule: day
1, 1 ml; day 6, 2 ml; day 11, 4 ml; and days 16 and 21, 6 ml each. One week after the last injection,
the rabbits were anesthetized and then exsanguinated through cardiocentesis. The rabbits were then
euthanized. During the immunization period, the rabbits did not exhibit clinical signs of leptospirosis.
Antisera were collected by centrifuging blood at 3000 x g. The polyclonal Ab IgG was purified from the
antisera using the caprylic acid ammonium sulfate precipitation method from the antisera. The concen-
tration of the IgG-polyclonal Ab was determined with the BCATM Protein Assay Kit (Thermo, USA) and
adjusted to a final concentration of 20 mg/ml with PBS. The Ab was stored at —20°C until used for treat-
ment. The protocol was approved by the Committee on the Ethics of Animal Experiments of the First
Norman Bethune Hospital of Jilin University, China [(2013) clinical trial (2013-121)] (Jin et al., 2016).

Bacterial isolation and culture

For isolation of the translocated microbiota, 6-week-old female hamsters were intraperitoneally
infected with 107 leptospires. Hamsters were anesthetized by intraperitoneal injection of a mix of
ketamine/xylazine (200 and 10 mg/kg, respectively). Blood from the uninfected group and AM group
by cardiac puncture was plated on LB or MacConkey agar plates aerobically or anaerobically at 37°C
for 36 hr.

In vivo barrier permeability

Six-week-old female hamsters were intraperitoneally infected with 107 leptospires. The permeability
of the intestine was determined at 0 d, 2 d, and AM p.i. Hamsters were starved for 6 hr before gavage
with FITC-dextran (4 kDa, 400 mg/kg body/hamster). After 2 hr, hamsters were anesthetized by intra-
peritoneal injection of a mix of ketamine/xylazine (200 and 10 mg/kg, respectively) and blood was
collected and centrifuged at 3000 rpm and 4°C for 10 min. The samples were analyzed with a fluores-
cence spectrophotometer (Synergy Il plate reader with Gen5 software; BioTek Instruments, Winooski,
VT) (Spalinger et al., 2019).

Minimum inhibitory concentration determination

The minimum inhibitory concentration (MIC) of PMB and Dox against L. interrogans serovar Lai strain
Lai 56601 was determined according to a previous method (Murray and Hospenthal, 2004). Briefly,
leptospires in the exponential phase were deposited at a final concentration of 2 x 10¢ leptospires/
ml in each well of 96-well plates with serial twofold dilutions of PMB and Dox ranging from 32 to
0.016 pg/l in EMJH. The final volume was 200 pl in each well. The plates were incubated for 3 d at
30°C, and then 20 pl of Alamar Blue (Invitrogen, Thermo Fisher Scientific) was added to each well.
Then, the samples were incubated at 30°C for 2 d. Each strain—drug combination was tested in dupli-
cate, and positive (bacteria and no antibiotic added) and negative (no bacteria added) controls were
included in each plate. The results were recorded using a microplate reader (MultiSkan FC, Thermo
Fisher Scientific).

Limulus amebocyte lysate assay
Blood from uninfected hamsters and AM hamsters was collected and centrifuged at 3000 rpm for
10 min. Then, serum was diluted (1:10) and detected by the Limulus amebocyte lysate assay according
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to the manufacturer’s instructions (LAL Chromogenic Endotoxin Quantitation Kit; Xiamen Biotech-
nology Co., Ltd, China). E. coli LPS at 1 EU/ml and E. coli LPS at 10 EU/ml (Sigma-Aldrich) were used
as positive controls.

Fluorescence in situ hybridization

Six-week-old female hamsters were injected intraperitoneally with 107 leptospires. Hamsters were
euthanized at 0 d, 2 d, and AM p.i. Colons were collected aseptically. The intestinal contents were
excluded from the intestine with PBS and a segment of the colon was fixed in 4% paraformaldehyde
solution overnight, washed and passed through 15 and 30% sucrose solutions. The sample was then
embedded in optimal cutting temperature compound (O.C.T., Tissue-Tek) and cryo-sectioned into
5 um longitudinal sections (Leica). Slides were equilibrated in hybridization buffer (0.9 M NaCl, 20 mM
Tris—HCI, 0.01% sodium dodecyl sulfate, 10% formamide, pH 7.5) and incubated in Cy3-labeled 10 ng/
pl FISH probe (Comate Bioscience Co., Ltd, China) for 14 hr at 42°C in a humidified chamber. The
probe information is listed in Supplementary file 1. Slides were then incubated for 20 min in wash
buffer (0.9 M NaCl, 20 mM Tris—HCI, pH 7.5) preheated to 42°C and washed three times. Samples
were then incubated in the dark with 10 pg/ml DAPI (Servicebio Technology Co., Ltd, China) in PBS for
10 min at room temperature, washed three times with PBS, and mounted with Vectashield mounting
medium (Vector Labs). Images were acquired on a Nikon A1 confocal microscope.

FISH and IF double labeling (FISH/IF)

After the preparation and digestion of paraffin-embedded sections and before hybridization, the
probe hybridization solution was added at a concentration of 1 uM and the sections were incubated
in a humidified chamber to hybridize with the Cy3-labeled 10 ng/ul FISH probe (Comate Bioscience
Co., Ltd) for 14 hr at 42°C. Then, the sections were washed, blocked, and incubated with rabbit anti-L.
interrogans serovar Lai strain Lai 56601 (1:500) as the primary antibody overnight at 4°C. The next day,
the samples were washed with PBS three times for 5 min. After washing, the samples were blocked
with 5% BSA and incubated at room temperature for 1 hr with the secondary antibody. Samples were
then incubated in the dark with 10 ug/ml DAPI (Servicebio Technology Co., Ltd) in PBS for 10 min at
room temperature, washed three times with PBS, and mounted with Vectashield mounting medium
(Vector Labs) (Xu et al., 2023; Wu et al., 2023). Images were acquired on a Nikon A1 confocal
microscope.

Isolation of primary macrophages

Primary macrophages were isolated as previously described (Xie et al., 2022). Six-week-old female
hamsters were injected intraperitoneally with 2 ml of 3% thioglycolate dissolved in distilled deionized
water. Hamsters were euthanized after 4 d, and macrophages were lavage by sterile PBS and enriched
by plating the lavage cells on tissue culture plates in RPMI 1640 supplemented with 10% FCS and 1%
penicillin and streptomycin at 37°C for 2 hr. Then, the plate was washed three times with sterile PBS
to remove nonadherent cells.

Culture of primary macrophages with fecal filtration or serum
1 x 10° cells/well were seeded in a 12-well plate. Fecal filtration or serum was collected from unin-
fected hamsters and AM hamsters. Fecal pellets were homogenized using PBS (1 ml per 0.1 g of fecal
matter). The homogenate was centrifuged at 100 rom and 4°C for 5 min and filtered using 0.22 pm
syringe filters. The quantity of the fecal filtration or serum was adjusted to 5 or 20% of the total volume
to stimulate macrophages in vitro. After incubation at 37°C for 4 hr, RNA was extracted with TRIzol.
To determine the role of LPS in the induction of cytokine release, fecal filtration or serum was pre-
incubated with LPS neutralizing reagent PMB (Solarbio) for 2 hr at 37°C, resulting in a final concentra-
tion of 50 pg/ml PMB after addition to the macrophages. After 4 hr of incubation at 37°C, RNA was
extracted with TRIzol.

Real-time and reverse transcription-qPCR (RT-qPCR)

Total RNA of the colon samples was extracted with TRIzol (Invitrogen, USA). RNA was reverse-
transcribed into cDNA by using random primers from a TransScript One-Step gDNA Removal kit
and cDNA Synthesis SuperMix (TransGen Biotech, China). The primers used in this study are listed
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in Supplementary file 1. The PCR conditions were as follows: 50°C for 2 min, 95°C for 10 min,
followed by 45 cycles of amplification at 95°C for 15 s and 60°C for 60 s (Cao et al., 2018). gPCR
was conducted using an Applied Bioscience 7500 thermocycler and FastStart Universal SYBR Green
Master Mix (Roche Applied Science, Germany). The expression of target genes was normalized to that
of GAPDH using the 2—%*°T method.

Bacterial load and qPCR assay

The leptospiral burdens in organs were determined by quantitative PCR using an Applied Biosci-
ence 7500 thermocycler and FastStart Universal SYBR green Master (Roche Applied Science). The
specimens (0.09-0.15 g) of tissues were homogenized with PBS (w/v, 1/10). The homogenate was
centrifuged at 2000 rpm and 4°C for 5 min. The supernatant was transferred into a new tube. Then,
it was centrifuged at 12,000 rpm and 4°C for 5 min. The pellets were extracted using the TIANamp
Bacteria DNA kit (Tiangen, China) according to the manufacturer's instructions (Zhang et al., 2020).
The concentration of DNA was measured by spectrometry. The genomic DNA of a counted number of
L. interrogans was used as a calibrator. The primers specific for LipL32 were used to detect leptospires
(forward primer, 5~"-TCGCTGAAATRGGWGTTCGT-3'; reverse primer, 5-CGCCTGGYTCMCCGATT-3)).
The leptospiral load was presented as the number of genome equivalents per pg of tissue DNA
(Zhang et al., 2016).

Histopathological examination

Colons from the uninfected group and AM group were collected and fixed in buffered 4% formalde-
hyde. Hematoxylin and eosin (H&E) staining was performed on 4-5 pm paraffin-embedded sections.
Blinded samples were then scored by two pathologists. Each section was evaluated for inflammation,
epithelial hyperplasia, erosion and ulceration, and the extent of lesion as listed in Supplementary file
2; Sanchez et al., 2018.

Microbiota assay

Fresh fecal pellets were collected under sterile conditions, immediately frozen in liquid nitrogen,
and then stored at —80°C. Total genomic DNA from the samples was extracted using the CTAB/
SDS method. DNA concentration and purity were monitored on 1% agarose gels. Then, 16S rRNA
genes of distinct regions were amplified using specific primers with barcodes (27F, AGAGTTTGATCM
TGGCTCAG; 1492R, ACCTTGTTACGACTT). All PCRs were carried out with TransStart FastPfu DNA
Polymerase (TransGen Biotech). PCR products were purified using the QIAGEN Gel Extraction Kit
(QIAGEN, Germany). Sequencing libraries were generated using the SMRTbell Template Prep Kit
(PacBio) following the manufacturer’s recommendations. The library quality was assessed on the Qubit
2.0 Fluorometer (Thermo Scientific) and FEMTO Pulse system. Finally, the library was sequenced on
the PacBio Sequel platform. Raw sequences were initially processed through the PacBio SMRT portal.
Sequences were filtered for a minimum of three passes, and a minimum predicted accuracy of 90%
(minfullpass = 3, minPredictedAccuacy = 0.9). The predicted accuracy was 90%, which was defined
as the threshold below which CCS was considered noise. The files generated by the PacBio plat-
form were then used for amplicon size trimming to remove sequences outside the expected ampl-
icon size (minLength 1340 bp, maxLength 1640 bp). The reads were assigned to samples based on
their unique barcode and trimmed by removing the barcode and primer sequence. The reads were
compared with the reference database using the UCHIME algorithm to detect chimeric sequences,
and then the chimeric sequences were removed to obtain clean reads. Alpha diversity (Chao1 and
Shannon) was calculated with QIIME (version 1.9.1) and displayed with R software (version 2.15.3).
PCoA was performed to obtain principal coordinates and visualize the complex, multidimensional
data. A distance matrix of weighted UniFrac among samples obtained before was transformed to a
new set of orthogonal axes by which the maximum variation factor was demonstrated by the first prin-
cipal coordinate, and the second maximum variation factor was demonstrated by the second principal
coordinate. PCoA results were displayed using the WGCNA package, stat packages, and ggplot2
package in R software (version 2.15.3).

Statistical analysis
Survival differences between the study groups were compared by using the Kaplan-Meier log-rank
test. All values are expressed as the mean = SEM. Differences between mean values of normally
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distributed data were analyzed using the Wilcoxon rank-sum test. The results were considered statis-
tically significant at p<0.05.

Acknowledgements

We thank Dr. Xiaokui Guo (Shanghai Jiao Tong University, Shanghai, China) for providing 56601 and
56606. This work was supported by the National Natural Science Foundation of China (nos. 32172872
and 32302879), the Fundamental Research Funds for the Central Universities, China Postdoctoral
Science Foundation-funded project (BX20220131), and Basic and Applied Basic Research Foundation
of Guangdong Province (2022A1515110966).

Additional information

Funding

Funder Grant reference number Author
National Natural Science 32172872 Yongguo Cao
Foundation of China

National Natural Science 32302879 Jiuxi Liu
Foundation of China

China Postdoctoral Science BX20220131 Xufeng Xie
Foundation

Basic and Applied Basic ~ 2022A1515110966 Jiuxi Liu

Research Foundation of
Guangdong Province

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Xufeng Xie, Conceptualization, Data curation, Formal analysis, Funding acquisition, Writing - original
draft, Project administration; Xi Chen, Software, Investigation, Methodology; Shilei Zhang, Software,
Formal analysis, Investigation, Methodology; Jiuxi Liu, Conceptualization, Funding acquisition, Inves-
tigation; Wenlong Zhang, Yongguo Cao, Conceptualization, Funding acquisition, Writing — review and
editing

Author ORCIDs

Yongguo Cao @ http://orcid.org/0000-0002-9533-7516

Ethics

All animal experiments were conducted according to the regulations of the Administration of Affairs
Concerning Experimental Animals in China. The protocol was approved by the Institutional Animal
Care and Use Committee of Jilin University (20170318). All surgery was performed under sodium
pentobarbital anesthesia, and every effort was made to minimize suffering.

Peer review material

Reviewer #1 (Public Review) https://doi.org/10.7554/elife.10.7554/elife.96065.3.2.sa
Reviewer #2 (Public Review): https://doi.org/10.7554/elife.10.7554/eLife.96065.3.2.sa2
Reviewer #3 (Public Review): https://doi.org/10.7554/elife.10.7554/eLife.96065.3.2.5a3
Author response https://doi.org/10.7554/¢elife.10.7554/elife.96065.3.2.sa4

Additional files

Supplementary files
e Supplementary file 1. Primers and probes used in the article.

¢ Supplementary file 2. Histological colitis scoring system.

Xie et al. eLife 2024;13:RP96065. DOI: https://doi.org/10.7554/eLife.96065 19 of 23


https://doi.org/10.7554/eLife.96065
http://orcid.org/0000-0002-9533-7516
https://doi.org/10.7554/eLife.10.7554/eLife.96065.3.2.sa1
https://doi.org/10.7554/eLife.10.7554/eLife.96065.3.2.sa2
https://doi.org/10.7554/eLife.10.7554/eLife.96065.3.2.sa3
https://doi.org/10.7554/eLife.10.7554/eLife.96065.3.2.sa4

e Llfe Research article

Microbiology and Infectious Disease

e MDAR checklist

Data availability

Sequencing data have been deposited in NCBI BioProject under accession codes PRINA772361 and
PRJNA1036417. All data generated or analysed during this study are included in the manuscript
and supporting files; source data files have been provided for Figure 1 to Figure 7 and Figure 1—
figure supplement 1, Figure 1—figure supplement 2, Figure 6—figure supplement 1, Figure é—figure
supplement 2, Figure 7—figure supplement 1, and Figure 7—figure supplement 2. Figure 1—source
data 1, Figure 1—figure supplement 1—source data 1, Figure 1—figure supplement 2—source data 1,
Figure 2—source data 1, Figure 3—source data 1, Figure 4—source data 1, Figure 5—source data 1,
Figure 6—source data 1, Figure 6—figure supplement 1—source data 1, Figure 6—figure supplement
2—source data 1, Figure 7—source data 1, Figure 7—figure supplement 1—source data 1, and Figure
7—figure supplement 2—source data 1 contain the numerical data used to generate the figures.

The following datasets were generated:

Author(s) Year Dataset title Dataset URL Database and Identifier

Xie X, Chen X, Zhang 2021
S, LiuJ, CaoY

The role of microbiota https://www.ncbi.nlm. NCBI BioProject,
during leptospira infection nih.gov/bioproject/  PRINA772361
PRINA772361

Xie X, Chen X, Zhang 2023
S, Liu J, Zhang W,
CaoY of hamster

The role of Abx treatment  https://www.ncbi.nlm. NCBI BioProject,
and FMT on the microbiota nih.gov/bioproject/ PRINA1036417
PRINA1036417

References

Alavi S, Mitchell JD, Cho JY, Liu R, Macbeth JC, Hsiao A. 2020. Interpersonal gut microbiome variation drives
susceptibility and resistance to cholera infection. Cell 181:1533-1546. DOI: https://doi.org/10.1016/j.cell.2020.
05.036, PMID: 32631492

Aldape MJ, Bryant AE, Katahira EJ, Hajjar AM, Finegold SM, Ma Y, Stevens DL. 2010. Innate immune recognition
of, and response to, Clostridium sordellii. Anaerobe 16:125-130. DOI: https://doi.org/10.1016/j.anaerobe.
2009.06.004

Alventosa Mateu C. 2017. Gastrointestinal bleeding and acute hepatic failure by leptospirosis: an entity that
should not be forgotten. J Rev Gastroenterol Peru 37:96-99.

Becattini S, Sorbara MT, Kim SG, Littmann EL, Dong Q, Walsh G, Wright R, Amoretti L, Fontana E, Hohl TM,
Pamer EG. 2021. Rapid transcriptional and metabolic adaptation of intestinal microbes to host immune
activation. Cell Host & Microbe 29:378-393. DOI: https://doi.org/10.1016/j.chom.2021.01.003, PMID:
33539766

Bernard-Raichon L, Venzon M, Klein J, Axelrad JE, Zhang C, Sullivan AP, Hussey GA, Casanovas-Massana A,
Noval MG, Valero-Jimenez AM, Gago J, Putzel G, Pironti A, Wilder E, Yale IMPACT Research Team, Thorpe LE,
Littman DR, Dittmann M, Stapleford KA, Shopsin B, et al. 2022. Gut microbiome dysbiosis in antibiotic-treated
COVID-19 patients is associated with microbial translocation and bacteremia. Nature Communications
13:5926. DOI: https://doi.org/10.1038/s41467-022-33395-6, PMID: 36319618

Bertocchi A, Carloni S, Ravenda PS, Bertalot G, Spadoni |, Lo Cascio A, Gandini S, Lizier M, Braga D, Asnicar F,
Segata N, Klaver C, Brescia P, Rossi E, Anselmo A, Guglietta S, Maroli A, Spaggiari P, Tarazona N,

Cervantes A, et al. 2021. Gut vascular barrier impairment leads to intestinal bacteria dissemination and
colorectal cancer metastasis to liver. Cancer Cell 39:708-724. DOI: https://doi.org/10.1016/].ccell.2021.03.
004, PMID: 33798472

Bonhomme D, Santecchia |, Vernel-Pauillac F, Caroff M, Germon P, Murray G, Adler B, Boneca IG, Werts C. 2020.
Leptospiral LPS escapes mouse TLR4 internalization and TRIF-associated antimicrobial responses through O
antigen and associated lipoproteins. PLOS Pathogens 16:€1008639. DOI: https://doi.org/10.1371/journal.ppat.
1008639, PMID: 32790743

Byndloss MX, Olsan EE, Rivera-Chévez F, Tiffany CR, Cevallos SA, Lokken KL, Torres TP, Byndloss AJ, Faber F,
Gao Y, Litvak Y, Lopez CA, Xu G, Napoli E, Giulivi C, Tsolis RM, Revzin A, Lebrilla CB, Badumler AJ. 2017.
Microbiota-activated PPAR-y signaling inhibits dysbiotic Enterobacteriaceae expansion. Science 357:570-575.
DOI: https://doi.org/10.1126/science.aam9949, PMID: 28798125

Caesar R, Reigstad CS, Béackhed HK, Reinhardt C, Ketonen M, Lundén GO, Cani PD, Backhed F. 2012. Gut-
derived lipopolysaccharide augments adipose macrophage accumulation but is not essential for impaired
glucose or insulin tolerance in mice. Gut 61:1701-1707. DOI: https://doi.org/10.1136/gutjnl-2011-301689,
PMID: 22535377

Cagliero J, Villanueva S, Matsui M. 2018. Leptospirosis pathophysiology: into the storm of cytokines. Frontiers in
Cellular and Infection Microbiology 8:204. DOI: https://doi.org/10.3389/fcimb.2018.00204, PMID: 29974037

Xie et al. eLife 2024;13:RP96065. DOI: https://doi.org/10.7554/eLife.96065 20 of 23


https://doi.org/10.7554/eLife.96065
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA772361
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA772361
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA772361
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1036417
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1036417
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1036417
https://doi.org/10.1016/j.cell.2020.05.036
https://doi.org/10.1016/j.cell.2020.05.036
http://www.ncbi.nlm.nih.gov/pubmed/32631492
https://doi.org/10.1016/j.anaerobe.2009.06.004
https://doi.org/10.1016/j.anaerobe.2009.06.004
https://doi.org/10.1016/j.chom.2021.01.003
http://www.ncbi.nlm.nih.gov/pubmed/33539766
https://doi.org/10.1038/s41467-022-33395-6
http://www.ncbi.nlm.nih.gov/pubmed/36319618
https://doi.org/10.1016/j.ccell.2021.03.004
https://doi.org/10.1016/j.ccell.2021.03.004
http://www.ncbi.nlm.nih.gov/pubmed/33798472
https://doi.org/10.1371/journal.ppat.1008639
https://doi.org/10.1371/journal.ppat.1008639
http://www.ncbi.nlm.nih.gov/pubmed/32790743
https://doi.org/10.1126/science.aam9949
http://www.ncbi.nlm.nih.gov/pubmed/28798125
https://doi.org/10.1136/gutjnl-2011-301689
http://www.ncbi.nlm.nih.gov/pubmed/22535377
https://doi.org/10.3389/fcimb.2018.00204
http://www.ncbi.nlm.nih.gov/pubmed/29974037

e Llfe Research article

Microbiology and Infectious Disease

Cao Y, Xie X, Zhang W, Wu D, Tu C. 2018. Low-dose Norfloxacin-treated leptospires induce less IL-1B release in
J774A.1 cells following discrepant leptospiral gene expression. Microbial Pathogenesis 119:125-130. DOI:
https://doi.org/10.1016/j.micpath.2018.03.032, PMID: 29653152

Coburn J, Picardeau M, Woods CW, Veldman T, Haake DA. 2021. Pathogenesis insights from an ancient and
ubiquitous spirochete. PLOS Pathogens 17:€1009836. DOI: https://doi.org/10.1371/journal.ppat. 1009836,
PMID: 34673833

Copeland S, Warren HS, Lowry SF, Calvano SE, Remick D, Inflammation and the Host Response to Injury
Investigators. 2005. Acute inflammatory response to endotoxin in mice and humans. Clinical and Diagnostic
Laboratory Immunology 12:60-67. DOI: https://doi.org/10.1128/CDLI.12.1.60-67.2005, PMID: 15642986

Coutinho ML, Matsunaga J, Wang LC, de la Pefia Moctezuma A, Lewis MS, Babbitt JT, Aleixo JAG, Haake DA.
2014. Kinetics of Leptospira interrogans infection in hamsters after intradermal and subcutaneous challenge.
PLOS Neglected Tropical Diseases 8:e3307. DOI: https://doi.org/10.1371/journal.pntd.0003307, PMID:
25411782

Gomes CK, Guedes M, Potula HH, Dellagostin OA, Gomes-Solecki M. 2018. Sex matters: male hamsters are
more susceptible to lethal infection with lower doses of pathogenic leptospira than female hamsters. Infection
and Immunity 86:€00369-18. DOI: https://doi.org/10.1128/IA1.00369-18, PMID: 30012637

Guerrier G, D'Ortenzio E. 2013. The Jarisch-Herxheimer reaction in leptospirosis: a systematic review. PLOS
ONE 8:e59266. DOI: https://doi.org/10.1371/journal.pone.0059266, PMID: 23555644

Haake D, Levett P. 2015. Leptospirosis in humans. J Curr Top Microbiol Immunol 387:65-97. DOI: https://doi.
org/10.1007/978-3-662-45059-8

Horowitz A, Chanez-Paredes SD, Haest X, Turner JR. 2023. Paracellular permeability and tight junction
regulation in gut health and disease. Nature Reviews. Gastroenterology & Hepatology 20:417-432. DOI:
https://doi.org/10.1038/s41575-023-00766-3, PMID: 37186118

Inamasu Y, Nikaido Y, Miyahara S, Maruoka T, Takigawa T, Ogawa M, Nakayama T, Harada M, Saito M. 2022.
Dissemination of Leptospira into the intestinal tract resulting in fecal excretion in a hamster model of
subcutaneous infection with Leptospirainterrogans. Microbial Pathogenesis 165:105481. DOI: https://doi.org/
10.1016/j.micpath.2022.105481, PMID: 35292370

Jiménez JIS, Marroquin JLH, Richards GA, Amin P. 2018. Leptospirosis: Report from the task force on tropical
diseases by the World Federation of Societies of Intensive and Critical Care Medicine. Journal of Critical Care
43:361-365. DOI: https://doi.org/10.1016/j.jcrc.2017.11.005, PMID: 29129539

Jin X, Zhang W, Ding Z, Wang H, Wu D, Xie X, Lin T, Fu Y, Zhang N, Cao Y. 2016. Efficacy of the rabbit polyclonal
anti-leptospira antibody against homotype or heterotype leptospira infection in hamster. PLOS Neglected
Tropical Diseases 10:e0005191. DOI: https://doi.org/10.1371/journal.pntd.0005191, PMID: 28027297

Kamada N, Chen GY, Inohara N, Nafez G. 2013. Control of pathogens and pathobionts by the gut microbiota.
Nature Immunology 14:685-690. DOI: https://doi.org/10.1038/ni.2608, PMID: 23778796

Kitamoto S, Nagao-Kitamoto H, Jiao Y, Gillilland MG, Hayashi A, Imai J, Sugihara K, Miyoshi M, Brazil JC,
Kuffa P, Hill BD, Rizvi SM, Wen F, Bishu S, Inohara N, Eaton KA, Nusrat A, Lei YL, Giannobile WV, Kamada N.
2020. The intermucosal connection between the mouth and gut in commensal pathobiont-driven colitis. Cell
182:447-462. DOI: https://doi.org/10.1016/j.cell.2020.05.048, PMID: 32758418

Lankelma JM, Birnie E, Weehuizen TAF, Scicluna BP, Belzer C, Houtkooper RH, Roelofs J, de Vos AF,
van der Poll T, Budding AE, Wiersinga WJ. 2017. The gut microbiota as a modulator of innate immunity during
melioidosis. PLOS Neglected Tropical Diseases 11:0005548. DOI: https://doi.org/10.1371/journal.pntd.
0005548, PMID: 28422970

Lappi J, Kolehmainen M, Mykkanen H, Poutanen K. 2013. Do large intestinal events explain the protective
effects of whole grain foods against type 2 diabetes? Critical Reviews in Food Science and Nutrition 53:631-
640. DOI: https://doi.org/10.1080/10408398.2010.550388, PMID: 23627504

Lee JY, Tsolis RM, Baumler AJ. 2022. The microbiome and gut homeostasis. Science 377:eabp9960. DOI:
https://doi.org/10.1126/science.abp9960, PMID: 35771903

Li X, Qu S, Song X, Wu C, Shen J, Zhu K. 2023. In situ neutralization and detoxification of LPS to attenuate
hyperinflammation. Advanced Science 10:€2302950. DOI: https://doi.org/10.1002/advs.202302950, PMID:
37428467

Limothai U, Lumlertgul N, Sirivongrangson P, Kulvichit W, Tachaboon S, Dinhuzen J, Chaisuriyong W,
Peerapornratana S, Chirathaworn C, Praditpornsilpa K, Eiam-Ong S, Tungsanga K, Srisawat N. 2021. The role
of leptospiremia and specific immune response in severe leptospirosis. Scientific Reports 11:14630. DOI:
https://doi.org/10.1038/s41598-021-94073-z, PMID: 34272435

Lozupone CA, Li M, Campbell TB, Flores SC, Linderman D, Gebert MJ, Knight R, Fontenot AP, Palmer BE. 2013.
Alterations in the gut microbiota associated with HIV-1 infection. Cell Host & Microbe 14:329-339. DOI:
https://doi.org/10.1016/j.chom.2013.08.006, PMID: 24034618

Maia MAC, Bettin EB, Barbosa LN, de Oliveira NR, Bunde TT, Pedra ACK, Rosa GA, da Rosa EEB,

Seixas Neto ACP, Grassmann AA, McFadden J, Dellagostin OA, McBride AJA. 2022. Challenges for the
development of a universal vaccine against leptospirosis revealed by the evaluation of 22 vaccine candidates.
Frontiers in Cellular and Infection Microbiology 12:940966. DOI: https://doi.org/10.3389/fcimb.2022.940966,
PMID: 36275031

Maruoka T, Nikaido Y, Miyahara S, Katafuchi E, Inamasu Y, Ogawa M, Fukuda K, Nakayama T, Horishita T,

Saito M. 2021. Correlation between renal distribution of leptospires during the acute phase and chronic renal
dysfunction in a hamster model of infection with Leptospira interrogans. PLOS Neglected Tropical Diseases
15:e0009410. DOI: https://doi.org/10.1371/journal.pntd.0009410, PMID: 34143778

Xie et al. eLife 2024;13:RP96065. DOI: https://doi.org/10.7554/eLife.96065 21 0of 23


https://doi.org/10.7554/eLife.96065
https://doi.org/10.1016/j.micpath.2018.03.032
http://www.ncbi.nlm.nih.gov/pubmed/29653152
https://doi.org/10.1371/journal.ppat.1009836
http://www.ncbi.nlm.nih.gov/pubmed/34673833
https://doi.org/10.1128/CDLI.12.1.60-67.2005
http://www.ncbi.nlm.nih.gov/pubmed/15642986
https://doi.org/10.1371/journal.pntd.0003307
http://www.ncbi.nlm.nih.gov/pubmed/25411782
https://doi.org/10.1128/IAI.00369-18
http://www.ncbi.nlm.nih.gov/pubmed/30012637
https://doi.org/10.1371/journal.pone.0059266
http://www.ncbi.nlm.nih.gov/pubmed/23555644
https://doi.org/10.1007/978-3-662-45059-8
https://doi.org/10.1007/978-3-662-45059-8
https://doi.org/10.1038/s41575-023-00766-3
http://www.ncbi.nlm.nih.gov/pubmed/37186118
https://doi.org/10.1016/j.micpath.2022.105481
https://doi.org/10.1016/j.micpath.2022.105481
http://www.ncbi.nlm.nih.gov/pubmed/35292370
https://doi.org/10.1016/j.jcrc.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29129539
https://doi.org/10.1371/journal.pntd.0005191
http://www.ncbi.nlm.nih.gov/pubmed/28027297
https://doi.org/10.1038/ni.2608
http://www.ncbi.nlm.nih.gov/pubmed/23778796
https://doi.org/10.1016/j.cell.2020.05.048
http://www.ncbi.nlm.nih.gov/pubmed/32758418
https://doi.org/10.1371/journal.pntd.0005548
https://doi.org/10.1371/journal.pntd.0005548
http://www.ncbi.nlm.nih.gov/pubmed/28422970
https://doi.org/10.1080/10408398.2010.550388
http://www.ncbi.nlm.nih.gov/pubmed/23627504
https://doi.org/10.1126/science.abp9960
http://www.ncbi.nlm.nih.gov/pubmed/35771903
https://doi.org/10.1002/advs.202302950
http://www.ncbi.nlm.nih.gov/pubmed/37428467
https://doi.org/10.1038/s41598-021-94073-z
http://www.ncbi.nlm.nih.gov/pubmed/34272435
https://doi.org/10.1016/j.chom.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/24034618
https://doi.org/10.3389/fcimb.2022.940966
http://www.ncbi.nlm.nih.gov/pubmed/36275031
https://doi.org/10.1371/journal.pntd.0009410
http://www.ncbi.nlm.nih.gov/pubmed/34143778

e Llfe Research article

Microbiology and Infectious Disease

McDonald B, Zucoloto AZ, Yu IL, Burkhard R, Brown K, Geuking MB, McCoy KD. 2020. Programing of an
intravascular immune firewall by the gut microbiota protects against pathogen dissemination during infection.
Cell Host & Microbe 28:660-668. DOI: https://doi.org/10.1016/j.chom.2020.07.014, PMID: 32810440

Medkour H, Amona |, Akiana J, Laidoudi Y, Davoust B, Bitam I, Lafri |, Levasseur A, Diatta G, Sokhna C,
Hernandez-Aguilar RA, Barciela A, Gorsane S, Banga-Mboko H, Raoult D, Fenollar F, Mediannikov O. 2021.
Bacterial infections in humans and nonhuman primates from africa: expanding the knowledge. The Yale Journal
of Biology and Medicine 94:227-248 PMID: 34211344,

Mufioz L, Borrero MJ, Ubeda M, Conde E, Del Campo R, Rodriguez-Serrano M, Lario M, Sanchez-Diaz AM,
Pastor O, Diaz D, Garcia-Bermejo L, Monserrat J, Alvarez-Mon M, Albillos A. 2019. Intestinal immune
dysregulation driven by dysbiosis promotes barrier disruption and bacterial translocation in rats with cirrhosis.
Hepatology 70:925-938. DOI: https://doi.org/10.1002/hep.30349, PMID: 30414342

Murray CK, Hospenthal DR. 2004. Broth microdilution susceptibility testing for Leptospira spp. Antimicrobial
Agents and Chemotherapy 48:1548-1552. DOI: https://doi.org/10.1128/AAC.48.5.1548-1552.2004, PMID:
15105104

Potula HH, Richer L, Werts C, Gomes-Solecki M. 2017. Pre-treatment with Lactobacillus plantarum prevents
severe pathogenesis in mice infected with Leptospira interrogans and may be associated with recruitment of
myeloid cells. PLOS Neglected Tropical Diseases 11:¢0005870. DOI: https://doi.org/10.1371/journal.pntd.
0005870, PMID: 28841659

Rusu AD, Georgiou M. 2020. The multifarious regulation of the apical junctional complex. Open Biology
10:190278. DOI: https://doi.org/10.1098/rsob.190278, PMID: 32070233

Sanchez KK, Chen GY, Schieber AMP, Redford SE, Shokhirev MN, Leblanc M, Lee YM, Ayres JS. 2018.
Cooperative metabolic adaptations in the host can favor asymptomatic infection and select for attenuated
virulence in an enteric pathogen. Cell 175:146-158. DOI: https://doi.org/10.1016/j.cell.2018.07.016, PMID:
30100182

Schmidt TSB, Li SS, Maistrenko OM, Akanni W, Coelho LP, Dolai S, Fullam A, Glazek AM, Hercog R, Herrema H,
Jung F, Kandels S, Orakov A, Thielemann R, von Stetten M, Van Rossum T, Benes V, Borody TJ, de Vos WM,
Ponsioen CY, et al. 2022. Drivers and determinants of strain dynamics following fecal microbiota
transplantation. Nature Medicine 28:1902-1912. DOI: https://doi.org/10.1038/s41591-022-01913-0, PMID:
36109636

Sebastian I, Okura N, Humbel BM, Xu J, Hermawan |, Matsuura C, Hall M, Takayama C, Yamashiro T,

Nakamura S, Toma C. 2021. Disassembly of the apical junctional complex during the transmigration of
Leptospira interrogans across polarized renal proximal tubule epithelial cells. Cellular Microbiology 23:e13343.
DOI: https://doi.org/10.1111/cmi.13343, PMID: 33864347

Soares LM, Macedo JO, de Azevedo EC, Santos CS, Sampaio MQ, dos Santos AC, dos Reis MG, Athanazio DA.
2014. Immunomodulatory treatment with thalidomide in experimental leptospirosis in Golden Syrian hamsters
(Mesocricetus auratus). Transactions of the Royal Society of Tropical Medicine and Hygiene 108:105-111. DOI:
https://doi.org/10.1093/trstmh/trt112, PMID: 24361944

Spalinger MR, Schwarzfischer M, Hering L, Shawki A, Sayoc A, Santos A, Gottier C, Lang S, Bébler K,

Geirnaert A, Lacroix C, Leventhal GE, Dai X, Rawlings D, Chan AA, Rogler G, McCole DF, Scharl M. 2019. Loss
of PTPN22 abrogates the beneficial effect of cohousing-mediated fecal microbiota transfer in murine colitis.
Mucosal Immunology 12:1336-1347. DOI: https://doi.org/10.1038/s41385-019-0201-1, PMID: 31501515

Sun L, Pang Y, Wang X, Wu Q, Liu H, Liu B, Liu G, Ye M, Kong W, Jiang C. 2019. Ablation of gut microbiota
alleviates obesity-induced hepatic steatosis and glucose intolerance by modulating bile acid metabolism in
hamsters. Acta Pharmaceutica Sinica. B 9:702-710. DOI: https://doi.org/10.1016/j.apsb.2019.02.004, PMID:
31384531

Szabo G. 2015. Gut-liver axis in alcoholic liver disease. Gastroenterology 148:30-36. DOI: https://doi.org/10.
1053/j.gastro.2014.10.042, PMID: 25447847

Tawk C, Lim B, Bencivenga-Barry NA, Lees HJ, Ramos RJF, Cross J, Goodman AL. 2023. Infection leaves a
genetic and functional mark on the gut population of a commensal bacterium. Cell Host & Microbe 31:811-
826. DOI: https://doi.org/10.1016/j.chom.2023.04.005, PMID: 37119822

Tsai PY, Zhang B, He WQ, Zha JM, Odenwald MA, Singh G, Tamura A, Shen L, Sailer A, Yeruva S, Kuo WT, Fu YX,
Tsukita S, Turner JR. 2017. IL-22 Upregulates epithelial claudin-2 to drive diarrhea and enteric pathogen
clearance. Cell Host & Microbe 21:671-681. DOI: https://doi.org/10.1016/j.chom.2017.05.009, PMID:
28618266

Tiirler A, Schnurr C, Nakao A, Tégel S, Moore BA, Murase N, Kalff JC, Bauer AJ. 2007. Endogenous endotoxin
participates in causing a panenteric inflammatory ileus after colonic surgery. Annals of Surgery 245:734-744.
DOI: https://doi.org/10.1097/01.s1a.0000255595.98041.6b, PMID: 17457166

Turner JR. 2009. Intestinal mucosal barrier function in health and disease. Nature Reviews. Immunology
9:799-809. DOI: https://doi.org/10.1038/nri2653, PMID: 19855405

Vemuri R, Sylvia KE, Klein SL, Forster SC, Plebanski M, Eri R, Flanagan KL. 2019. The microgenderome revealed:
sex differences in bidirectional interactions between the microbiota, hormones, immunity and disease
susceptibility. Seminars in Inmunopathology 41:265-275. DOI: https://doi.org/10.1007/s00281-018-0716-7,
PMID: 30298433

Violi F, Cammisotto V, Bartimoccia S, Pignatelli P, Carnevale R, Nocella C. 2023. Gut-derived low-grade
endotoxaemia, atherothrombosis and cardiovascular disease. Nature Reviews. Cardiology 20:24-37. DOI:
https://doi.org/10.1038/s41569-022-00737-2, PMID: 35840742

Xie et al. eLife 2024;13:RP96065. DOI: https://doi.org/10.7554/eLife.96065 22 of 23


https://doi.org/10.7554/eLife.96065
https://doi.org/10.1016/j.chom.2020.07.014
http://www.ncbi.nlm.nih.gov/pubmed/32810440
http://www.ncbi.nlm.nih.gov/pubmed/34211344
https://doi.org/10.1002/hep.30349
http://www.ncbi.nlm.nih.gov/pubmed/30414342
https://doi.org/10.1128/AAC.48.5.1548-1552.2004
http://www.ncbi.nlm.nih.gov/pubmed/15105104
https://doi.org/10.1371/journal.pntd.0005870
https://doi.org/10.1371/journal.pntd.0005870
http://www.ncbi.nlm.nih.gov/pubmed/28841659
https://doi.org/10.1098/rsob.190278
http://www.ncbi.nlm.nih.gov/pubmed/32070233
https://doi.org/10.1016/j.cell.2018.07.016
http://www.ncbi.nlm.nih.gov/pubmed/30100182
https://doi.org/10.1038/s41591-022-01913-0
http://www.ncbi.nlm.nih.gov/pubmed/36109636
https://doi.org/10.1111/cmi.13343
http://www.ncbi.nlm.nih.gov/pubmed/33864347
https://doi.org/10.1093/trstmh/trt112
http://www.ncbi.nlm.nih.gov/pubmed/24361944
https://doi.org/10.1038/s41385-019-0201-1
http://www.ncbi.nlm.nih.gov/pubmed/31501515
https://doi.org/10.1016/j.apsb.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/31384531
https://doi.org/10.1053/j.gastro.2014.10.042
https://doi.org/10.1053/j.gastro.2014.10.042
http://www.ncbi.nlm.nih.gov/pubmed/25447847
https://doi.org/10.1016/j.chom.2023.04.005
http://www.ncbi.nlm.nih.gov/pubmed/37119822
https://doi.org/10.1016/j.chom.2017.05.009
http://www.ncbi.nlm.nih.gov/pubmed/28618266
https://doi.org/10.1097/01.sla.0000255595.98041.6b
http://www.ncbi.nlm.nih.gov/pubmed/17457166
https://doi.org/10.1038/nri2653
http://www.ncbi.nlm.nih.gov/pubmed/19855405
https://doi.org/10.1007/s00281-018-0716-7
http://www.ncbi.nlm.nih.gov/pubmed/30298433
https://doi.org/10.1038/s41569-022-00737-2
http://www.ncbi.nlm.nih.gov/pubmed/35840742

e Llfe Research article

Microbiology and Infectious Disease

Viriyakosol S, Matthias MA, Swancutt MA, Kirkland TN, Vinetz JM. 2006. Toll-like receptor 4 protects against
lethal Leptospira interrogans serovar icterohaemorrhagiae infection and contributes to in vivo control of
leptospiral burden. Infection and Immunity 74:887-895. DOI: https://doi.org/10.1128/IA1.74.2.887-895.2006,
PMID: 16428731

Werts C, Tapping RI, Mathison JC, Chuang TH, Kravchenko V, Saint Girons |, Haake DA, Godowski PJ, Hayashi F,
Ozinsky A, Underhill DM, Kirschning CJ, Wagner H, Aderem A, Tobias PS, Ulevitch RJ. 2001. Leptospiral
lipopolysaccharide activates cells through a TLR2-dependent mechanism. Nature Immunology 2:346-352. DOI:
https://doi.org/10.1038/86354, PMID: 11276206

Wu J, Xiao J, Bai M, Shi C, Xin Y, Zhao W, Gao X, Yin M, Zhao J. 2023. Single-Cell RNA sequencing reveals
unique alterations in the immune panorama and treg subpopulations in mice during the late stages of
echinococcus granulosus Infection. Infection and Immunity 91:0002923. DOI: https://doi.org/10.1128/iai.
00029-23, PMID: 37039643

Xie X, Liu J, Chen X, Zhang S, Tang R, Wu X, Zhang W, Cao Y. 2022. Gut microbiota involved in leptospiral
infections. The ISME Journal 16:764-773. DOI: https://doi.org/10.1038/s41396-021-01122-6, PMID: 34588617

Xu J, Wang J, Chen M, Chao B, He J, Bai Y, Luo X, Liu H, Xie L, Tao Y, Qi H, Luo X. 2023. miR-101-5p suppresses
trophoblast cell migration and invasion via modulating the DUSP6-ERK1/2 axis in preeclampsia. Journal of
Assisted Reproduction and Genetics 40:1597-1610. DOI: https://doi.org/10.1007/5s10815-023-02846-4, PMID:
37300650

Yang Y, Nguyen M, Khetrapal V, Sonnert ND, Martin AL, Chen H, Kriegel MA, Palm NW. 2022. Within-host
evolution of a gut pathobiont facilitates liver translocation. Nature 607:563-570. DOI: https://doi.org/10.1038/
s41586-022-04949-x, PMID: 35831502

Zeng Y, Wu R, Wang F, Li S, Li L, Li Y, Qin P, Wei M, Yang J, Wu J, Chen A, Ke G, Yan Z, Yang H, Chen Z, Wang Z,
Xiao W, Jiang Y, Chen X, Zeng Z, et al. 2023. Liberation of daidzein by gut microbial p-galactosidase
suppresses acetaminophen-induced hepatotoxicity in mice. Cell Host & Microbe 31:766-780. DOI: https://doi.
org/10.1016/j.chom.2023.04.002

Zhai L, Huang C, Ning Z, Zhang Y, Zhuang M, Yang W, Wang X, Wang J, Zhang L, Xiao H, Zhao L, Asthana P,
Lam YY, Chow CFW, Huang J, Yuan S, Chan KM, Yuan C-S, Lau JY-N, Wong HLX, et al. 2023. Ruminococcus
gnavus plays a pathogenic role in diarrhea-predominant irritable bowel syndrome by increasing serotonin
biosynthesis. Cell Host & Microbe 31:33-44. DOI: https://doi.org/10.1016/j.chom.2022.11.006

Zhang W, Zhang N, Xie X, Guo J, Jin X, Xue F, Ding Z, Cao Y. 2016. Toll-like receptor 2 Agonist Pam3CSK4
alleviates the pathology of leptospirosis in hamster. Infection and Immunity 84:3350-3357. DOI: https://doi.
org/10.1128/1A1.00708-16, PMID: 27620721

Zhang W, Xie X, Wang J, Song N, Lv T, Wu D, Zhang N, Cao Y. 2020. Increased inflammation with crude E. coli
LPS protects against acute leptospirosis in hamsters. Emerging Microbes & Infections 9:140-147. DOI: https://
doi.org/10.1080/22221751.2019.1710435, PMID: 31914888

Zhang Y, Xie Z, Zhou J, Li Y, Ning C, Su Q, Ye L, Ai S, Lai J, Pan P, Liu N, Liao Y, Su Q, Li Z, Liang H, Cui P,

Huang J. 2022. The altered metabolites contributed by dysbiosis of gut microbiota are associated with
microbial translocation and immune activation during HIV infection. Frontiers in Immunology 13:1020822. DOI:
https://doi.org/10.3389/fimmu.2022.1020822, PMID: 36685491

Zilber AL, Belli P, Grezel D, Artois M, Kodjo A, Djelouadji Z. 2016. Comparison of mucosal, subcutaneous and
intraperitoneal routes of rat leptospira infection. PLOS Neglected Tropical Diseases 10:e0004569. DOI: https://
doi.org/10.1371/journal.pntd.0004569, PMID: 27031867

Xie et al. eLife 2024;13:RP96065. DOI: https://doi.org/10.7554/eLife.96065 23 of 23


https://doi.org/10.7554/eLife.96065
https://doi.org/10.1128/IAI.74.2.887-895.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428731
https://doi.org/10.1038/86354
http://www.ncbi.nlm.nih.gov/pubmed/11276206
https://doi.org/10.1128/iai.00029-23
https://doi.org/10.1128/iai.00029-23
http://www.ncbi.nlm.nih.gov/pubmed/37039643
https://doi.org/10.1038/s41396-021-01122-6
http://www.ncbi.nlm.nih.gov/pubmed/34588617
https://doi.org/10.1007/s10815-023-02846-4
http://www.ncbi.nlm.nih.gov/pubmed/37300650
https://doi.org/10.1038/s41586-022-04949-x
https://doi.org/10.1038/s41586-022-04949-x
http://www.ncbi.nlm.nih.gov/pubmed/35831502
https://doi.org/10.1016/j.chom.2023.04.002
https://doi.org/10.1016/j.chom.2023.04.002
https://doi.org/10.1016/j.chom.2022.11.006
https://doi.org/10.1128/IAI.00708-16
https://doi.org/10.1128/IAI.00708-16
http://www.ncbi.nlm.nih.gov/pubmed/27620721
https://doi.org/10.1080/22221751.2019.1710435
https://doi.org/10.1080/22221751.2019.1710435
http://www.ncbi.nlm.nih.gov/pubmed/31914888
https://doi.org/10.3389/fimmu.2022.1020822
http://www.ncbi.nlm.nih.gov/pubmed/36685491
https://doi.org/10.1371/journal.pntd.0004569
https://doi.org/10.1371/journal.pntd.0004569
http://www.ncbi.nlm.nih.gov/pubmed/27031867

	Neutralizing gut-­derived lipopolysaccharide as a novel therapeutic strategy for severe leptospirosis
	eLife assessment
	Introduction
	Results
	﻿L. interrogans﻿ proliferated in the intestine, impaired the intestinal structure, and induced proinflammatory response
	The disruption of the gut microbiota after ﻿L. interrogans﻿ infection
	﻿L. interrogans﻿ infection increased intestinal permeability by disrupting tight junctions
	﻿L. interrogans﻿ infection caused the translocation of Proteobacteria
	Gut microbiota depletion exacerbated leptospirosis
	Gut-derived LPS in the intestine and serum-induced inflammation
	LPS neutralization synergized with antibiotic therapy or polyclonal antibody therapy improved the survival rate in severe leptospirosis

	Discussion
	Materials and methods
	Ethics statement
	Bacterial strains and animals
	Experimental infections
	Part I: Hamster infection
	Part II: Rabbit infection

	Bacterial isolation and culture
	In vivo barrier permeability
	Minimum inhibitory concentration determination
	Limulus amebocyte lysate assay
	Fluorescence in situ hybridization
	FISH and IF double labeling (FISH/IF)
	Isolation of primary macrophages
	Culture of primary macrophages with fecal filtration or serum
	Real-time and reverse transcription-qPCR (RT-qPCR)
	Bacterial load and qPCR assay
	Histopathological examination
	Microbiota assay
	Statistical analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Peer review material

	Additional files
	Supplementary files

	References


