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KEYWORDS Abstract Background: In most developing or undeveloped countries, patients are often co-
Schistosomiasis; infected with multiple pathogens rather than a single pathogen. While different pathogens
Schistosoma mansoni; have their impact on morbidity and mortality, co-infection of more than one pathogen usually
Salmonella made the disease outcome different. Many studies reported the co-infection of Schistosoma

typhimurium; with Salmonella in pandemic areas. However, the link or the underlying mechanism in the
Fibrosis pathogenesis caused by Schistosoma-Salmonella co-infection is still unknown.

Methods: In this study, Salmonella typhimurium (S. typhimurium) was challenged to Schisto-
soma mansoni (S. mansoni)-infected mice. Further experiments such as bacterial culture, his-
topathological examination, western blotting, and flow cytometry were performed to evaluate
the outcomes of the infection. Cytokine responses of the mice were also determined by ELISA
and real-time quantitative PCR.

Results: Our results demonstrated that co-infected mice resulted in higher bacterial excretion
in the acute phase but higher bacterial colonization in the chronic phase. Lesser egg burden
was also observed during chronic schistosomiasis. Infection with S. typhimurium during schis-
tosomiasis induces activation of the inflammasome and apoptosis, thereby leading to more
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drastic tissue damage. Interestingly, co-infected mice showed a lower fibrotic response in the
liver and spleen. Further, co-infection alters the immunological functioning of the mice,
possibly the reason for the observed pathological outcomes.

Conclusion: Collectively, our findings here demonstrated that S. mansoni-infected mice chal-
lenged with S. typhimurium altered their immunological responses, thereby leading to
different pathological outcomes.

Copyright © 2023, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Introduction

Schistosomiasis is a parasitic disease that seriously affects
human health worldwide. The major clinical and patholog-
ical feature of schistosomiasis is the deposition of eggs in
tissues such as the liver and intestine.’ Once schistosome
eggs are trapped in the tissue, they continuously secrete
antigenic stimuli that trigger the host’s immune response,
leading to the formation of granuloma and subsequent
fibrosis.”

The progression of schistosomiasis can be roughly divided
into two stages: acute and chronic stage. Multiple studies
showed that during the acute stage, the infected host
showed a T-helper 1 (Th1)-dominant response, featuring
significant amounts of IFN-y and IL-2; during the chronic
stage, the immune responses shift from Th1 to a robust Th2
response, where IL-4, IL-5, and IL-10 are produced in signif-
icant quantities.?”* Accordingly, such Th2 immune response
has been shown to promote macrophage activation, which
facilitated granuloma and fibrosis formation.*~”

In most developing or undeveloped countries, patients
are often co-infected with multiple pathogens rather than a
single pathogen. While different pathogens have their
impact on morbidity and mortality, co-infection of more
than one pathogen usually made the disease outcome
different. For example, patients co-infected with Schisto-
soma mansoni (S. mansoni) and Plasmodium falciparum
worsen the therapeutic outcome and decrease survival
rates as these patients have an imbalance of T cells sub-
population and a significantly lower number of memory
Treg cells.®? Interestingly, co-infection of S. mansoni and
Helicobacter pylori has been linked with reduced cancer
incidence'® and protection against S. mansoni-induced liver
fibrosis through immune regulation."” These findings
implicate that co-infection of more than one pathogen may
positively or negatively affect the host’s immune response,
leading to an altered clinical outcome.

Many studies reported the co-infection of Schistosoma
with Salmonella in pandemic areas.'>'® Currently, it is
known that patients co-infected with Schistosoma and Sal-
monella worsen their clinical symptoms.'>'”'® Animal
studies revealed increased bacteriemia, worsened gastro-
intestinal symptoms, and lower survival in co-infected
mice.'”"?" Interestingly, a recent study suggested that Sal-
monella typhimurium infection reduces Schistosoma japo-
nicum burden and liver histopathology in mice which may be
related to increased IFN-y and decreased IL-4 levels.?? While
schistosomiasis can be divided into the acute and chronic
phases, which induce a very distinct immune response in the
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host, the link or the underlying mechanism in the patho-
genesis caused by Schistosoma-Salmonella co-infection is
therefore needed for clarification.

Material and methods
Ethics statement

All procedures involving animals were approved by the
Institutional Animal Care and Use Committees (IACUC) of
Tzu Chi University (No. 110027) and were carried out under
approved guidelines of the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals
(DHHS publication No. NIH 85—23, revised 1996).

Maintenance of the parasite’s life cycle

Puerto Rico strain of S. mansoni (S. mansoni) was obtained
from the Biomedical Research Institute, Rockville, MD
20852, USA, and was maintained in our laboratory.”* The
freshwater snail Biomphalaria glabrata was used as an in-
termediate host and eight-week-old male BABL/c mice
(National Laboratory Animal Center, NARLabs, Taipei,
Taiwan) were used as the final host. BALB/c mice were
housed under a 25 °C + 2 °C and a 12 h light/dark cycle
condition with free access to water and food.

Bacterial strains and culture conditions

Salmonella typhimurium (S. typhimurium) ATCC13311 was
purchased from the Bioresource Collection and Research
Center (BCRC; Hsinchu, Taiwan). A clinical strain of S.
typhimurium TCHST1 was obtained from Buddhist Tzu Chi
General Hospital (Hualien, Taiwan). Bacteria were streaked
from frozen aliquots into Luria Bertani (LB) broth for
overnight incubation at 37 °C in a 5% CO, incubator. To
prepare for infection, bacteria were harvested by centri-
fugation at 4000x g for 10 min, washed, and resuspended in
sterile water at a concentration of 1 x 108 CFU/mL.

Mice and animal treatment

Eight-week-old male BALB/c mice were used for all ex-
periments. All mice were first subcutaneously infected with
100 + 10 S. mansoni cercariae. For acute phase experi-
ments, mice were orally gavaged with S. typhimurium
(1 x 108 CFUs) for three consecutive days four weeks after
S. mansoni infection. For chronic phase experiments, mice
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were orally gavaged with S. typhimurium (1 x 108 CFUs) for
three consecutive days eight weeks after S. mansoni
infection. All mice were euthanized one week after the first
S. typhimurium infection. Upon sacrifice, blood was drawn
into heparinized tubes and organs were harvested.

Assessment of bacterial colonization

Weighted fractions of organs were homogenized at 4 °C in
sterile phosphate-buffered saline (PBS) using a tissue ho-
mogenizer. Bacterial loads were determined by serial ten-
fold dilutions on Salmonella-Shigella (SS) agar (BD Bio-
sciences, San Jose, CA, USA) incubated at 37 °C for 18 h.
Homogenates were then immediately centrifuged at
1500x g at 4 °C for 15 min, and supernatants were stored at
—80 °C for further assay.

DNA extraction and quantification of bacterial DNA

Bacterial DNA was extracted from weighted stool samples
(approximately 200 mg) using the QlAamp® DNA Stool Mini
Kit (QIAGEN, Germantown, MD, USA), following the manu-
facturer’s protocol. Real-time quantitative PCR (RT-qPCR)
was performed by LabStar SYBR qPCR kit (Bioline, London,
UK) using the Roche LightCycler 480 System. RT-qPCR
conditions for bacterial detection were 95 °C for 2 min,
followed by 40 cycles of 95 °C for 10 s and 55 °C for 10 s. All
reactions were finalized with an extension step of 30 s at
72 °C. Total bacterial DNA extracted from Salmonella
typhimurium ATCC13311 was 10-fold diluted to generate a
standard curve. The sequences of the primers used are
listed in the S1 Table.

Stool and tissue eggs count

Weighted stool eggs were counted using the Kato-Katz
technique.?* Tissue eggs were counted on weighted tissue
fractions after digesting with 4% KOH for 4 h.?

Histopathology

Harvested tissues were fixed with 10% formalin, embedded
in paraffin, and sectioned into thin slices for hematoxylin &
eosin (H&E) and Sirius red staining as previously
described.?® Liver sections were scored for steatosis (both
macrovesicular and microvesicular steatosis), inflammation
(both lobular and portal inflammation; as presented by foci
of polymorphonuclear leukocytes and/or mononuclear
cells), necrosis (loss of cytologic details of hepatocyte), and
fibrosis (fibrous expansion and/or bridging). Each criterion
was assigned a score of 0, absent; 1, mild; 2, moderate; 3,
severe.?® The severity of liver fibrosis was also scored on
Sirius red-stained slides according to the Ishak fibrosis
scoring system.?” Spleen sections were scored for the
enlargement of lymphocyte areas (increases in the area and
number of white pulp elements; 0, absent; 1, mild; 2,
moderate; and 3, pronounced) and the presence of
apoptosis, necrosis, pigments, and macrophages (each was
assigned a score of 0, absent and 1, present).”® At least ten
random fields at 100x magnification were examined and
scored in each section.
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Hematologic, biochemical, and serological analysis

Complete blood counts (CBC) were determined by a Sysmex
KX 21 hematology analyzer (Sysmex Corporation, Taipei,
Taiwan) within 2 h of collection. Alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and lactate de-
hydrogenase (LDH) levels from plasma were measured on
the Hitachi 7180 chemistry analyzer (Hitachi Ltd., Tokyo,
Japan). Concentrations of IL-4, IL-10, IL-2, IL-5, and IFN-y
in the plasma or tissue homogenate were measured using a
standard sandwich ELISA kit (Thermo Fisher Scientific,
Waltham, MA, USA). Protein concentrations of tissue ho-
mogenates were determined by the Bradford method using
a Bio-Rad Protein Assay Dye (Bio-Rad Laboratories, Hercu-
les, CA, USA).

Western blotting

Protein samples were separated by sodium dodecyl sulfate-
polyacrylamide gels (SDS-PAGE) and transferred onto PVDF
membranes (EMD Millipore, Burlington, MA, USA). After
blocking with 5% non-fat milk, the membranes were incu-
bated with the following primary antibodies at 4 °C over-
night: a-tubulin (GeneTex, Irvine, CA, USA), NLRP3
(Proteintech, Chicago, IL, USA), caspase-1 (Proteintech),
IL-1B (Proteintech), IL-18 (Proteintech), caspase-3 (Gene-
Tex), BCL-2 (GeneTex), collagen | (GeneTex), collagen Il
(GeneTex), and a-SMA (Proteintech). Membranes were then
incubated with HRP-conjugated mouse anti-IgG (EMD Milli-
pore) or rabbit anti-IgG (EMD Millipore) secondary anti-
bodies. Membranes were developed using an ECL detection
reagent (EMD Millipore). Relative protein levels were
quantified using Image J (Version 1.46; National Institute of
Health, Bethesda, MD, USA), and protein densitometries
were expressed relative to that of a-tubulin.

Flow cytometric analysis

Cell suspension from the mouse liver and spleen was pre-
pared by dispersing the tissue in 8 mL PBS containing 5%
fetal bovine serum (FBS; Gibco; Thermo Scientific, Rock-
ford, IL, USA) using a syringe needle. 8 mL red blood cell
lysis buffer (0.15 M NH4Cl, 1 mM KHCOs, 0.1 mM Na,EDTA;
pH 7.2—7.4) were added to lyse the erythrocytes. After
centrifugation at 250x g for 5 min, cells were resuspended
in 5% FBS-containing PBS and were passed through a 70 um
nylon mesh cell strainer (Corning, Inc., Corning, NY, USA).?
The cells were then stained by Alexa Fluor Annexin V/Dead
Cell Apoptosis kit (Molecular Probes Inc., Eugene, OR, USA)
according to the manufacturer’s instruction and analyzed
using a Gallios™ 10-channel flow cytometer (Beckman
Coulter, Brea, CA, USA).

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was isolated from tissues using TRIzol reagent
(Thermo Scientific) according to the manufacturer’s in-
structions. Five micrograms of total RNA were used for
cDNA synthesis using a RevertAid first-strand cDNA synthesis
kit (Fermentas International Inc., Burlington, ON, Canada).
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RT-gPCR was performed with the LabStar SYBR qPCR kit
(Bioline) using the Roche LightCycler 480 System. The
primers used in this study are shown in Supplementary
Table 1. Relative gene expression was calculated using
the 27227 method and gene expression levels were
normalized to 3-actin.

Immunohistochemistry staining

Paraffin slides were deparaffinized and rehydrated. Anti-
gens were retrieved from the sections by soaking them in
boiling EDTA buffer for 20 min. Subsequently, the sections
were blocked with 3% H,0, for 10 min and 10% FBS for 1 h.
Thereafter, the sections were incubated overnight at 4 °C
with the following primary antibodies: CD68 (ABclonal),
CD4 (ABclonal), and CD8 (ABclonal). The sections were then
incubated with HRP-conjugated secondary antibody (EMD
Millipore) for 30 min and 3,3’-diaminobenzidine (DAB;
Thermo Scientific) for 3 min. Sections were counterstained
with Hematoxylin and rehydrated with increasing concen-
trations of ethanol prior to mounting.

Statistical analysis

All experimental data were analyzed using GraphPad Prism
6.01 software (GraphPad Software Inc., San Diego, CA,
USA). Unless stated otherwise, data are represented as the
mean =+ standard error mean. To compare two groups, the
Mann—Whitney U test was used; to compare more than two
groups, a one-way analysis of variance (ANOVA) was used
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Figure 1.

differences between groups. Significant differences were
taken into consideration with a p-value < 0.05.

Results

Chronic schistosomiasis increases S. typhimurium
colonization but decreases eggs deposition in
tissues

To explore the effect S. typhimurium had on different
stages of S. mansoni infection, S. typhimurium was infec-
ted in S. mansoni-infected mice when it reaches the acute
phase (4-week post-S. mansoni infection) or chronic phase
(8-week post-S. mansoni infection). Since previous studies
found that mice co-infected with S. mansoni and Salmo-
nella had higher bacterial colonization and resulted in a
higher mortality rate,?®?' we first investigated bacterial
colonization, as well as egg deposition in different tissues.
It was found that during the acute phase, co-infected mice
had higher S. typhimurium copies in stool, and this was
accompanied by a slight decrease of S. typhimurium colo-
nization in the liver and spleen (Fig. 1A and B;
Supplementary Fig. 1A and B). During the chronic phase, co-
infected mice had significantly lower S. typhimurium
copies in stool, and higher S. typhimurium colonization in
the liver and spleen (Fig. 1D and E; Supplementary Fig. 1D
and E). At the same time, schistosome eggs were detected
in neither stool nor livers during the acute phase (Fig. 1C;
Supplementary Fig. 1C); where a decrease of schistosome
eggs was detected in livers of co-infected mice, compared
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Higher S. typhimurium colonization and lower egg deposition during chronic phase of S. mansoni infection. (A) A

higher number of S. typhimurium was recovered from stool in co-infected mice during acute schistosomiasis. (B) A slightly lower
number of S. typhimurium was recovered from livers and spleens in co-infected mice during acute schistosomiasis. (C) No S.
mansoni eggs were found from stool or livers during acute schistosomiasis. (D) Lower number of S. typhimurium was recovered
from stool in co-infected mice during chronic schistosomiasis. (E) Higher S. typhimurium was found in the liver and spleen of co-
infected mice during chronic schistosomiasis. (F) Lower number of S. mansoni eggs was recovered from stool or tissues of co-
infected mice during chronic schistosomiasis. All S. typhimurium strains used here were TCHST1. Data are shown as
mean =+ standard error mean (n = 5 per group). *p < 0.05 and **p < 0.01.
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to mice infected only with S. mansoni (Fig. 1F;
Supplementary Fig. 1F). These results indicate that S.
typhimurium infection during acute schistosomiasis de-
creases their colonization of tissues and increases their
stool excretion; whereas coinfection at the chronic phase
retained bacteria in the tissues which corroborates a pre-
vious study?' and may lower eggs entrapment in tissues or,
somehow, decrease the worm’s reproduction activities.

S. typhimurium worsens liver injuries during
chronic schistosomiasis

Next, we investigated whether S. typhimurium co-
infection worsens S. mansoni-induced symptoms. Results
were as expected as Salmonella is not retained in the liver
during acute schistosomiasis, and liver injuries were
similar in co-infected mice compared with S. mansoni-
infected mice (Fig. 2A—C, G, |, and K; Supplementary
Fig. 2A—C, G, I, and K). However, in the chronic phase,
co-infected mice showed higher histological pathology and
liver function markers (Fig. 2D—F, H, J, and L;
Supplementary Fig. 2D—F, H, J, and L), suggesting that the
colonized S. typhimurium worsened S. mansoni-induced
liver injuries in the chronic phase. To this end, we
analyzed several injury-related markers that were shown
to increase in the liver during schistosomiasis including
inflammasome and apoptotic proteins.?> We confirmed

Control S. mansoni

that during the acute phase NLRP3 inflammasome com-
ponents, as well as apoptotic markers, were of similar
expression in co-infected mice, compared with S. man-
soni-infected mice. S. typhimurium mono-infection,
except for the increased caspase-3 expression, also gives
similar protein expression to other markers with S. man-
soni-infected mice (Fig. 3A and B; Supplementary Fig. 3A).
Flow cytometric analysis confirmed that S. typhimurium
infection in S. mansoni-infected mice did not affect the
existing apoptosis in livers (Fig. 3C). On the other hand,
co-infected mice at the chronic phase significantly
increased liver expression of inflammasome and apoptotic
proteins (Fig. 3D and E; Supplementary Fig. 3B) and
resulted in significantly higher apoptotic cells (Fig. 3F)
compared with the mono-infected group. These data
corroborate with the histology findings, suggesting that
the liver-colonized S. typhimurium significantly worsens
the symptoms of chronic schistosomiasis.

S. typhimurium decreases collagen deposition and
liver fibrosis during chronic schistosomiasis

We further determined whether S. typhimurium infection
would exacerbate liver fibrosis of S. mansoni-infected
mice. S. typhimurium infection at the acute phase only
slightly but not statistically significantly aggravated liver
fibrosis in S. mansoni-infected mice (Fig. 4A, C, and E;
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Figure 2. S. typhimurium worsens liver injuries during chronic schistosomiasis but not acute schistosomiasis. (A) Weight
index of the liver (liver weight/body weight) of mice during the acute phase. (B) Representative H&E-stained histological image of
the liver during the acute phase. Liver from S. mansoni-infected mice and co-infected mice showed cellular infiltration whereas
liver from S. typhimurium-infected mice showed congestion and necrosis. (C) Histological scores of livers during the acute phase.
(D) Liver weight index during the chronic phase. (E) Representative histological image of the liver during the chronic phase. Liver
from S. mansoni-infected mice showed schistosome eggs surrounded by granuloma and infiltration whereas S. typhimurium-
infected mice showed congestion and necrosis. Co-infected mice showed both pathological findings but to a greater extent. Images
are shown as 100x magnification and scale bars correspond to 200 um. (F) Histological scores of livers during the chronic phase.
(G—L) Serum alanine transaminase (ALT) level during (G) acute phase and (H) chronic phase; aspartate transaminase (AST) level
during (l) acute phase and (J) chronic phase; lactate dehydrogenase (LDH) level during (K) acute phase and (L) chronic phase. These
serum markers were significantly elevated in co-infected mice during chronic schistosomiasis, compared with mice with S. mansoni
infection only. All S. typhimurium strains used here were TCHST1. Data are shown as mean + standard error mean (n = 5 per
group). *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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expression levels. No significant differences were observed in the protein level between S. manosni-infected mice and co-infected
mice during the acute phase. (C) Representative plots showing Annexin V-FITC and PI double staining during acute phase and the
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and apoptotic markers during chronic phase and (E) their relative protein expression levels. Increased expression of IL-18, IL-18,
GSDMD, and caspase-3 was observed in co-infected mice during the chronic phase. (F) Representative plots showing Annexin V-FITC
and Pl double staining during chronic phase and the percentages of different cell fractions of the total cell population. Higher
number of apoptotic cells was observed in co-infected mice in the chronic phase. All S. typhimurium strains used here were
TCHST1. Data are shown as mean + standard error mean (n = 5 per group). *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Supplementary Fig. 4A, C, and E), and this was accompa-
nied by slightly increased levels of fibrotic markers collagen
I and collagen Il but not «-SMA (Fig. 4G and I
Supplementary Fig. 4G and |). Unexpectedly, S. typhimu-
rium infection at the chronic phase slightly resolved liver
fibrosis in S. mansoni-infected mice, as indicated by the
observed histology (Fig. 4B, D, and F; Supplementary
Fig. 4B, D, and F), as well as decreased expression of
fibrotic markers (Fig. 4H and J; Supplementary Fig. 4H and
J). While similar results can be observed in another
experimental trial using the standard S. typhimurium
strain, ATCC13311 (Supplementary Fig. 4), suggesting that
this inhibition of fibrogenesis may not be an incident. The
reduction of the number of hepatic eggs in co-infected
mice may also provide an explanation for this phenome-
non (Fig. 1F; Supplementary Fig. 1F).

S. typhimurium exacerbates splenic injuries but
resolves splenic fibrosis

As different bacterial colonization was also observed in the
spleen of co-infected mice (Fig. 1B and E; Supplementary
Fig. 1B and E), we next investigated whether S. typhimu-
rium infection would result in the change of splenic pa-
thology in S. mansoni-infected mice. Although splenic
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weight was not altered (Fig. 5A; Supplementary Fig. 5A),
infection of S. typhimurium to S. mansoni-infected mice
resulted in a worsened splenic histology in acute phases
(Fig. 5B and C; Supplementary Fig. 5B and C). Protein
expression of inflammasome components and apoptotic
markers were also consistent with the pathology, as their
expression markedly increased in co-infected mice
compared with control or mono-infected mice (Fig. 6A and
B; Supplementary Fig. 6A). In addition, the number of
apoptotic cells in the spleen was much higher in co-infected
mice (Fig. 6C). Similarly, S. typhimurium infection during
chronic schistosomiasis also resulted in a worsened pa-
thology (Fig. 5D—F; Supplementary Fig. 5D—F), as well as an
increased expression of inflammasome and apoptotic
markers (Fig. 6D—F; Supplementary Fig. 6B). Unexpectedly,
S. typhimurium infection altered the fibrotic changes in the
spleen of S. mansoni-infected mice at both acute and
chronic phases, as evidenced by a decrease in positive
Sirius-red staining (Fig. 7A—D; Supplementary Fig. 7A—D)
and decreased collagen | and collagen Il expressions
(Fig. 7E—H; Supplementary Fig. 7E—H), compared with S.
mansoni-infected mice. These data suggest that S. typhi-
murium infection differently alters the pathology of the
spleen in S. mansoni-infected mice by enhancing splenic
inflammation and apoptosis, but reducing collagen deposi-
tion and fibrosis.
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Figure 4. S. typhimurium decreased collagen deposition and liver fibrosis during chronic schistosomiasis. (A—B) Represen-
tative Sirius red-stained histological image of the liver during (A) acute phase and (B) chronic phase. Images are shown as
100 x magnification and scale bars correspond to 200 um. (C—D) Quantification of Sirius-red stained areas during (C) acute phase and
(D) chronic phase. No significant difference was observed regarding the collagen deposits in the liver between S. mansoni-infected
mice and co-infected mice during the acute phase; while the livers of co-infected mice showed significantly lower deposition of
collagen, fibrous expansion, and bridging compared with S. mansoni-infected mice during the chronic phase. Ishak scores of the
Sirius-red stained sections during (E) acute phase and (F) chronic phase. (G—H) Representative Western blot images of liver fibrotic
markers during (G) acute phase and (H) chronic phase. (I-J) The relative expression level of the protein in (I) acute phase and (J)
chronic phase. A slight increase in collagen level was seen in co-infected mice during the acute phase; these levels decreased in co-
infected mice during the chronic phase, compared to S. manosni-infected mice. All S. typhimurium strains used here were TCHST1.
Data are shown as mean + standard error mean (n = 5 per group). *p < 0.05; **p < 0.01, **p < 0.001, and ***p < 0.0001.

S. typhimurium alters localized immune response and an upregulated Th1 response (IFN-y and IL-2) in livers
of S. mansoni-infected mice of mice from the acute phase; while an upregulated Th2

and downregulated Th1 responses (except for IFN-vy; Fig. 8l)
To determine the mechanism by which S. typhimurium were observed in livers of mice from the chronic phase
infection alters the existing S. mansoni-induced injuries, (Fig.. 8 and .Supplen.ﬂentary I.:ig.ZS).. These resul.ts were
we measured both cytokine levels and expression in the  consistent with previous studies.” Livers from co-infected
liver and spleen, as previous studies indicated that immu- ~ Mice at the acute phase showed further depression of a
nological changes largely affect the pathology of schisto- ~ Th2 cytokine, IL-5and a Th1 cytokine, IL-2 (Fig. 8B and E;
somiasis.” We first confirmed that S. mansoni infection ~ Supplementary Fig. 8B and E); and only IFN-y showed an
induced a downregulated Th2 profile (IL-4, IL-5, and IL-10) increased trend in co-infected mice (Fig. 8D). While in the
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Figure 6. S. typhimurium exacerbates splenic inflammasome activation and apoptosis in both acute and chronic schisto-
somiasis. (A) Representative Western blot images of splenic inflammasome and apoptotic markers during acute phase and (B) their
relative protein expression levels. (C) Representative plots showing Annexin V-FITC and PI double staining during acute phase and
the percentages of different cell fractions of the total cell population. (D) Representative Western blot images of splenic
inflammasome and apoptotic markers during chronic phase and their relative protein expression levels. Co-infected mice showed
higher expression of GSDMD, and caspase-3 compared to S. mansoni-infected mice. (F) Representative plots showing Annexin V-
FITC and PI double staining during chronic phase and the percentages of different cell fractions of the total cell population. Higher
number of apoptotic cells was observed in co-infected mice in the chronic phase. All S. typhimurium strains used here were
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Figure 7.  S. typhimurium resolves splenic fibrosis in both acute and chronic schistosomiasis. (A—B) Representative Sirius red-
stained histological image of the spleen during (A) acute phase and (B) chronic phase. Images are shown as 100x magnification and
scale bars correspond to 200 um. (C—D) Quantification of Sirius-red stained areas during (C) acute phase and (D) chronic phase.
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infected mice (E—F) Representative Western blot images of splenic fibrotic markers during (E) acute phase and (F) chronic phase.
(G—H) The relative expression level of the protein in (G) acute phase and (H) chronic phase. A decrease in collagen level was seen
in co-infected mice compared to S. manosni-infected mice. All S. typhimurium used here was TCHST1. Data are shown as
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chronic phase, livers from co-infected mice demonstrated a increased in concentration in the liver of co-infected mice
more polarized Th1 response, as indicated by decreased IL- (Fig. 8H; Supplementary Fig. 8H).
4 and IL-5 levels (Fig. 8F and G; Supplementary Fig. 8F and S. mansoni infection induced a similar immunological

G) and increased IFN-y and IL-2 levels (Fig. 8l and J; response in the spleen, except for a decrease of Th1 cy-
Supplementary Fig. 81 and J). IL-10, a Th2 cytokine that has tokines in the acute phase and increased IL-2 concentra-
also been categorized as a regulatory cytokine,?”*° also tions in the chronic phase (Fig. 8; Supplementary Fig. 8).
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Figure 8. S. typhimurium altered the hepatic and splenic immune response of S. mansoni-infected mice. (A—E) Localized
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Co-infected mice at both acute and chronic phases resulted
in a depressed splenic Th2 response compared with S.
mansoni-infected mice (Fig. 8A—C and F—H). With regard to
Th1 cytokines, no significant changes were observed in the
acute phase (Fig. 8D and E; Supplementary Fig. 8D and E);
while increased IFN-y levels were observed in the chronic
phase (Fig. 8I; Supplementary Fig. 8l). Collectively, our
findings highlight that S. typhimurium infection altered the
immune response of S. mansoni-infected mice at different
timepoint and in different organs, thereby leading to
distinct changes in organ pathology.

S. typhimurium altered liver- and splenic-
infiltrating immune cells of S. mansoni-infected
mice

To explore whether the immune cell population might be
affected by S. typhimurium, we performed immunohisto-
chemistry staining to compare levels of macrophages, CD4+
T cells, and CD8+ T cells between livers and spleens from
co-infected mice and mono-infected mice. The results
showed that S. typhimurium infection resulted in an in-
crease of hepatic macrophages and a slight decrease of
CD4+ and CD8+ T cells during acute schistosomiasis
(Fig. 9A; Supplementary Fig. 9); while resulting in an in-
crease of CD4+ T cells and a decrease of CD4+ T cells
(Fig. 9B; Supplementary Fig. 9). However, S. typhimurium
infection altered the immune cells population of the spleen
neither in acute schistosomiasis nor chronic schistosomiasis
(Fig. 9C—D; Supplementary Fig. 9).

Discussion

Although there has been only limited research on the
interplay between Salmonella infection and schistosomi-
asis, evidence suggests that this interaction requires more
attention.”>~71%2% While increased inflammation and
apoptosis are expected to happen during co-infection, the
decrease in organ fibrosis is unexpected (Figs. 4 and 7;
Supplementary Figs. 4 and 7). Though studies have
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implicated a pro-fibrotic role of Salmonella in the intes-
tine,>""*? the resolution of hepatic or splenic fibrosis with
Salmonella in schistosomiasis or any other disease has not
been reported elsewhere. It is plausible that the altered
immunological profiles in co-infected mice sensitize the
organs’ inflammatory and apoptotic reactions while sup-
pressing the fibrotic responses.>*3*

In accordance with previous reports, a polarized Th1
response was observed in both the liver and spleen acutely
infected with S. mansoni, which shifted to a Th2 response
during the chronic phase?; where that Salmonella infection
induces a strong and polarized Th1 response.®**¢ Co-
infection of S. mansoni with S. typhimurium, neverthe-
less, depressed the Th2 response during the acute phase.
The decrease of Th2 response seems only intelligible to the
decrease of splenic fibrosis but not hepatic fibrosis.®
Interestingly, the decreased liver Th2 response did not
result in the amelioration of liver fibrosis, although the
effect was only minimal during co-infection. Their Th1
response also altered differently (increased IFN-y and
decreased IL-2). While collagen expression and their
deposition were found to be more severe in co-infected
mice, the decrease of IL-4, IL-5, and IL-2 may explain why
co-infected livers showed almost unchanged levels of in-
juries compared with those infected with S. mansoni
alone.>>” 3 The decrease of these cytokines may be due to
the decreased contribution of CD4+ and CD8+ T cells.
While IFN-y promotes macrophage activation and antibac-
terial immunity,® its increase during co-infection may
explain the increased hepatic macrophages and decrease in
tissue bacterial counts.

During the chronic phase, co-infected livers and spleens
showed a decreased IL-4 and IL-5 profiles and an increased
IL-10, IFN-y, and IL-2 compared to mono-infected livers.
This cytokine profile suggested that the local immunity
shifted back from a pro-fibrogenic Th2 to an anti-fibrotic
Th1 response, which therefore contributes to the resolution
of liver and splenic fibrosis.”” However, both hepatic and
splenic injuries were further exacerbated during co-
infection, which could be caused by the increase of local-
ized S. typhimurium. This finding is similar to those
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S. typhimurium altered liver-infiltrating immune cells of S. mansoni-infected mice. The number of CD68, CD4, and CD8

immuno-positive cells per high power field (HPF) observed in the liver of mice during (A) acute phase and (B) chronic phase. S.
typhimurium infection altered the infiltration of these immune cells in the liver of S. mansoni-infected mice. The number of immuno-
positive cells per HPF observed in the spleen of mice during (C) acute or (D) chronic schistosomiasis. No changes were observed in co-
infected mice, compared to S. mansoni-infected mice. Representative immunohistochemistry staining of the slides were shown in
Supplementary Fig. 9. All S. typhimurium strain used here was TCHST1. Data are shown as mean =+ standard error mean (n = 3 per
group). *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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previously reported.’®'>2" Although hepatic IFN-y also
increased, the number of macrophages was not changed
compared to S. mansoni-infected livers. In addition, a
reduction of hepatic CD8+ T cells and increased CD4+ T
cells may suggest local immunodeficiency which fails to
clear pathogens. Similar to the acute phase, the number of
splenic infiltrating cells in co-infected mice did not change
compared to S. mansoni-infected mice. IL-10, unlike other
Th1 or Th2 cytokines which show distinct function, are
highly scenario-dependent. Therefore, IL-10 can play roles
in both inflammatory and anti-inflammatory situations.**~*
Since fibrosis is usually the endpoint of inflammation,** the
alternation of inflammation may mediate the fibrotic pro-
cess.*® Several reports have also suggested that IL-10 can
through  its  anti-inflammatory role to inhibit
fibrosis.2?3%%47 However, in this study, the resolution of
fibrosis did not accompany a decreased inflammation. A
critical question raised by our findings is whether IL-10
takes place in regulating the immunity during co-infection
of S. mansoni and S. typhimurium, and further studies
may be needed to establish their mechanism in this situa-
tion. Aside from that, the decreased entrapment of liver
eggs may also directly lead to decreased fibrogenesis.

Lastly, S. typhimurium is more likely to colonize the
organs during the chronic phase of schistosomiasis than in
the acute phase. This may thereby lead to a lesser secre-
tion of S. typhimurium in the stool. While it is possible to
observe an undetectable number of schistosome eggs at
the acute phase because at that time the adult worms are
still finding their way to the mesenteric circulation, the
number of tissue eggs was found to be decreased in co-
infected mice in the chronic phase (Fig. 1;
Supplementary Fig. 1). Previous reports have suggested
that S. typhimurium can bind to the schistosome tegument
by their surface fimbriae or pili*®*°; thereby affecting egg
production of S. mansoni and relieving egg-induced
fibrosis.? In addition, S. typhimurium may colonize the S.
mansoni-induced lesions leading to a higher bacterial
burden.’® On top of that, S. typhimurium infection may
lower the blood-sucking activities of S. mansoni as indi-
cated by improvement of different red blood cell (RBC)
indices in the mice’s peripheral blood (Supplementary
Fig. 10), suggesting that S. typhimurium indeed interacts
with S. mansoni worms; and this is therefore a funda-
mental issue for further research.

Collectively, our findings here demonstrated that S.
mansoni-infected mice challenged with S. typhimurium had
higher bacterial colonization in the chronic phase. Infection
with S. typhimurium during chronic schistosomiasis led to
more drastic damage but unexpectedly lower fibrotic de-
posits in the liver and spleen. Further, co-infection alters
the immunological functioning of the mice, possibly the
reason for the observed pathological outcomes.
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