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ABSTRACT

Schistosomiasis is a neglected tropical disease. Egg-induced granuloma formation and tissue
fibrosis are the main causes of the high morbidity and mortality of schistosomiasis.
Mesenchymal stem cells (MSCs)-derived exosomes play an important role with a superior safety
profile than MSCs in the treatment of liver fibrosis. Therefore, the aim of this study was to
investigate the potential therapeutic effect of MSCs-derived exosomes on schistosomal hepatic
fibrosis. Exosomes were isolated from bone marrow MSCs and characterized. A total of 85 mice
were divided into four groups: group | (control group), group Il (PZQ group) infected and
treated with PZQ, group Il (EXO group) infected and treated with MSCs-derived exosomes and
group IV (PZQ+EXO group) infected and treated with both PZQ and MSCs-derived exosomes.
Assessment of treatment efficacy was evaluated by histopathological and immunohistochem-
ical examination of liver sections by proliferating cell nuclear antigen (PCNA) and nuclear
factor-kB (NF-kB). The results showed significant reduction of the number and diameter of
hepatic granulomas, hepatic fibrosis, upregulation of PCNA expression and reduction of NF-kB
expression in EXO and PZQ+EXO groups as compared to other groups at all durations post
infection. Additionally, more improvement was observed in PZQ+EXO group. In conclusion,
MSCs-derived exosomes are a promising agent for the treatment of schistosomal hepatic
fibrosis, and their combination with PZQ shows a synergistic action including antifibrotic and
anti-inflammatory effects. However, further studies are required to establish their functional
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components and their mechanisms of action.

Introduction

Schistosomiasis is a helminthic infection with
a significant public health problem in many develop-
ing countries [1]. Furthermore, it is an endemic dis-
ease that affects approximately 240 million people
worldwide [2]. Chronic schistosomiasis is caused by
egg deposition, which results in chronic hepatosple-
nic schistosomiasis with granuloma formation and
periportal fibrosis leading to portal hypertension [3,4].

Currently, the treatment of schistosomiasis con-
tinues to depend on praziquantel (PZQ) [5]. However,
PZQ cannot resolve the progression of chronic hepatic
fibrosis completely [6]. It is noteworthy that no effica-
cious therapeutic options for schistosomiasis-induced
liver fibrosis are available till now. Therefore, there is an
urgent need to develop therapeutic methods for pre-
venting and/or treating liver fibrosis [7].

Mesenchymal stem cells (MSCs) therapy has devel-
oped as an emerging alternative method for treating
many diseases including liver fibrosis [8]. Previous
researches have revealed that bone marrow MSCs (BM-
MSCs) could improve schistosomal hepatic fibrosis
[9,10]. However, there are several safety issues related

to MSCs-based therapy such as infusional toxicities,
rejection of cells by the host, possible malignant trans-
formation and ectopic tissue formation. Moreover, one
of the major limitations is the difficulty of producing
a consistent source of cells with a stable phenotype
[11,12].

Exosomes are nano-sized MSCs-sourced extracellu-
lar vesicles which are released into the extracellular
milieu [13]. Recent studies have shown that the ther-
apeutic effect of MSCs is largely mediated by exo-
somes [14]. Currently, it is suggested that MSCs-
derived exosomes are a good substitute for the biolo-
gical MSCs activity [15].

MSCs-derived exosomes are involved in immuno-
modulatory activities and cell communication [16].
Also, they are involved in inhibition of fibrosis, stimula-
tion of extracellular matrix remodeling and tissue
repair, abrogation of local inflammation response and
immune cells activities regulation [14,17].

Utilizing MSCs-derived exosomes as a therapy has
numerous advantages compared to using MSCs them-
selves [18]. They are a cell-free therapy which would
reduce safety issues about injecting live cells [19].
Besides, exosomes can cross the barriers such as
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blood-brain barriers and capillaries, and their size is
small enough to evade the reticuloendothelial system
[20]. Other features of MSCs-derived exosomes are no
tumorigenic risk and high stability cell- and tissue-
specific homing [21]. Consequently, MSCs-derived exo-
somes could represent a promising therapeutic strat-
egy alternative to cell-based therapy for various
diseases [22].

The administration of MSCs-derived exosomes has
the ability to treat hepatic diseases such as liver fibrosis
and injury by the delivery of various bioactive mole-
cules to hepatocytes and other cells in the liver tissue
[23]. Accordingly, the current work aimed to investi-
gate the potential therapeutic and antifibrotic effects
of MSCs-derived exosomes, given at different dura-
tions post infection (P.l.) with Schistosoma mansoni
(S. mansoni) in a murine model.

Materials and methods
Culture and isolation of stem cells

Swiss albino rats were used to isolate BM-MSCs from
bone marrow of the femurs and tibiae according to
Ahmad and Shakoori [24]. Briefly, the epiphyses of
femurs and tibiae were cut, and the bone marrow
was flushed out using 5 mL of Dulbecco’s modified
Eagle’s medium (DMEM). The cell mixture was sus-
pended in 10 mL of complete medium (DMEM con-
taining glutamine, 10% FBS, 100 U/mL penicillin and
100 pg/mL streptomycin). The cells were initially
seeded into 6-well plate using a complete DMEM
and incubated in a CO, incubator at 37°Cin an atmo-
sphere of 90% relative humidity and 5% CO,. The
first medium change was done 2 weeks after seed-
ing, and then the medium was changed twice
weekly. The cells were incubated until cells adhered
and looked nearly confluent. When the cells reached
90-95% confluency, they were detached with 0.25%
trypsin at 37°C for 7 min. Viability count was per-
formed by mixing equal volumes of cell suspension
and trypan blue.

According to Gang et al. [25], cells from the 3™
and 4™ passages were washed twice in phosphate-
buffered saline (PBS) buffer supplemented with 0.5%
FBS by centrifugation at 2200 rpm for 5 min at 20°C
then suspended at a concentration of 3 x 10° cells in
1 ml PBS. According to manufacturer’s instructions,
fluorescein isothiocyanate (FITC) rat anti-mouse
CD90, CD44, CD31 and CD45 (BD Biosciences, San
Jose, CA, U.S.A.) were added to flow cytometry tubes.
Then, 100 pl sample was added to each tube, mixed
well and incubated for 20 min at 4°C. Negative con-
trol was prepared by the addition of 100 pl of sample
to an empty flow cytometry tube. The final analysis
was done using the flow cytometer (Beckman
Coulter, U.S.A.).

Isolation and characterization of exosomes

Isolation of exosomes

BM-MSCs-derived exosomes were isolated by differen-
tial ultracentrifugation according to Théry et al. [26].
Briefly, the culture medium was collected and centri-
fuged at 4°C for 300xg for 10 min then 2000xg for 10
min, and the precipitate was removed to remove cell
fragments. Then, the supernatant was centrifuged at
10,000%g for 30 min to remove the subcellular compo-
nents, then ultracentrifuged at 100,000xg for 70 min to
form the final sediment, which contains the exosomes.
The pellet was collected and washed in 50 ml PBS and
then centrifuged again at 100,000xg for 70 min. The
precipitate was suspended in PBS, and the samples
were stored at —80°C until use.

Characterization of exosomes

Total protein amount: the total protein content in the
samples was measured in triplicate using Qubit protein
assay kit and Qubit 2 Fluorometer (Invitrogen, Thermo
Scientific, U.S.A.), and the reported result was the aver-
age of the three readings.

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE): the exosomal proteins were
separated by SDS-PAGE through a porous acrylamide
gel matrix that separated proteins on the basis of their
molecular weight. The gel was stained with Coomassie
blue for analysis [27].

Scanning electron microscopy (SEM): the isolated
BM-MSCs-derived exosomes were characterized by
SEM according to Sokolova et al. [28]. The samples
were fixed with 3.7% glutaraldehyde in PBS for 15
min. After washing twice with PBS, the samples were
dehydrated with serial dilutions of ethanol. After eva-
poration of ethanol, they were left to dry at room
temperature, then mounted on aluminum microscopy
stubs and coated with gold (Au) for 30s using sputter
coater (Q150T; Quorum Technologies Ltd, England).
Scanning electron microscopic analysis was made
using Tescan SEM (Tescan Vega 3 SBU, the Czech
Repubilic).

Dynamic light scattering: it was used for determina-
tion of particle size. This was conducted using a 90Plus
Brookhaven zetasizer (Brookhaven Instrument Corp.,
Holtsville, NY, U.S.A.). Sample preparation involved
dilution of vesicles (1 in 200) using pre-filtered distilled
water. Size measurement was conducted at a fixed
angle (90°) at 25°C. The mean diameter value was
recorded after data analysis using the system software
[29].

Beads-based flow cytometry for exosomes surface
markers: exosomes were identified by beads-based
flow cytometry assessing the presence of tetraspanins
(CD63), glycosylphosphatidylinositol (GPl)-anchored
5'nucleotidase (CD73) and thymus cell antigen 1
(CD90) [30]. Flow cytometric analysis of exosomes



was carried out according to Suarez et al. [31]. In brief,
50 ul of exosomes was reacted with 0.25 pl aldehyde/
sulfate beads for 15 min at room temperature. Then, 1
ml PBS supplemented with 0.1% bovine serum albu-
min was added, and the sample was incubated over-
night on rotation. Bead-coupled exosomes were
centrifuged at 2000xg for 10 min, the pellet was
washed and centrifuged again. Then, 50 ul buffer was
added to the pellet and stained using anti-CD63, anti-
CD73 and anti-CD90 as primary antibodies and FITC-
conjugated secondary antibodies for 30 min at 4°C.
Results were obtained using the NovoCyte flow cyt-
ometer (ACEA Biosciences Inc.) and NovoExpress soft-
ware. lIsotype control antibodies were used as
a negative staining control. Each measurement was
performed in technical triplicates.

Animals and experimental infection

This study was carried out on 85 laboratory-bred para-
site-free male Swiss albino mice 6 weeks old and 20-
25gm weight obtained from Theodore-Bilharz
Research Institute (Giza, Egypt). In accordance with
the national and institutional guidelines, all mice
were allowed to adapt for 4 days before they were
included in the study with rodent chow and water ad
libitum. Additionally, five Swiss albino rats were used
as donors of BM-MSCs.

Laboratory-bred infected Biomphalaria alexandrina
snails were exposed to light for at least 4 h for cercarial
shedding. Mice were infected subcutaneously with
S. mansoni cercariae shed from the snails ‘60 + 10 cer-
cariae/animal’ as described by Holanda and collea-
gues [32].

Therapeutic agents

Praziquantel: it was available as Distocide (EIPICO) 600
mg tablets. The drug was administered orally in a dose
of 500 mg/kg body weight/mouse for two consecutive
days [33].

Early treatment
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MSCs-derived exosomes: each mouse was treated
with exosomes derived from 2 x 10° MSCs by intraper-
itoneal injection.

Experimental design and sampling

Mice were divided into four groups: group | (infected
control group, 20 mice) S. mansoni-infected non-
treated mice (positive control), group Il (PZQ group,
20 mice) S. mansoni-infected mice that received PZQ at
the 6™ week P.I,, group Il (EXO group, 20 mice) was
subdivided into two subgroups; subgroup llla
S. mansoni-infected mice received MSCs-derived exo-
somes at the 6™ week P.. and subgroup llib
S. mansoni-infected mice received MSCs-derived exo-
somes at the 10" week P.I. and group IV (PZQ+EXO
group, 20 mice) was subdivided into two subgroups;
subgroup IVa S. mansoni-infected mice received both
PZQ and MSCs-derived exosomes at the 6™ week P.
I. and subgroup IVb S. mansoni-infected mice received
PZQ at the 6™ week P.I. and MSCs-derived exosomes at
the 10" week P.I. Another five non-infected non-
treated mice were used as negative control (Figure 1).

Early treatment at 6 weeks P.l. was chosen to inves-
tigate the anti-inflammatory effect of exosomes on
restoring the liver condition when the granuloma is
still cellular and late treatment at 10 weeks P.l. was
chosen to ensure the occurrence of schistosomal hepa-
tic fibrosis in order to investigate the antifibrotic effect
of exosomes on the well-formed fibrotic granulomas.

Control infected mice (Gl) and PZQ-treated group
(GIl) were sacrificed at 8, 10, 12 and 14 weeks P.I. while
infected mice that were treated with exosomes at 6
weeks P.l. (Gllla & GlVa) were sacrificed at 8 and 10
weeks P.l. and those treated at 10 weeks P.l. (Glllb &
GIVb) were sacrificed at 12 and 14 weeks P.I. (5 mice
from each infected group at each duration). Control
non-infected mice were sacrificed at the end of the
experiment. Blood samples were collected for sera
preparation, and the sera were kept at —20°C until
used. Liver was removed and preserved in 10%

Late treatment
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Figure 1. Experimental design. Mice received early treatment with exosomes at 6 weeks P.I. were sacrificed at 8 and 10 weeks P.I. and
those received late treatment with exosomes at 10 weeks P.l. were sacrificed at 12 and 14 weeks P.l.
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formalin for histopathological and immunohistochem-
ical studies.

Evaluation of therapy

Histopathological examination of the liver
Estimation of the number and diameter of hepatic
granulomas: paraffin blocks were prepared from the
livers, and serial sections (5 um) were cut from each
specimen and stained with hematoxylin and eosin
(H&E) [34]. For each mouse, the number of granulomas
was determined in 10 fields (x100), then the mean
number of granulomas/liver section was calculated
and the composition was assessed. The largest dia-
meter of the liver granuloma was measured using
image analysis software Fiji (http://fiji.sc), and then
the mean diameter of granulomas/liver section was
calculated.

Morphometric assessment of liver fibrosis:
Masson’s trichrome staining was done to analyze
the extent of liver fibrosis and to observe collagen
fiber deposition. Collagen is shown as blue disco-
loration. The hepatic deposition of collagen was
quantified by the percentage area of fibrosis stained
with blue color using image analysis software
Fiji [35].

Immunohistochemical examination of the liver
Immunohistochemical staining of liver sections using
the primary antibodies: proliferating cell nuclear anti-
gen (PCNA) to assess the regenerative effect of exo-
somes and nuclear factor-kB (NF-kB) to assess the
inflammatory reaction. Immunoreactivity of PCNA
sections was shown as brown staining of nuclei
[36]. Their staining intensity was evaluated quantita-
tively as low and high expression. While immunor-
eactivity of NF-kB appeared as brown cytoplasmic or
nuclear staining of varying degrees of intensity, it
was evaluated quantitatively as weak, moderate
and strong [37].

For the quantitative estimation of the number of
positive cells, morphometric analysis was performed
on immunostained sections. Quantification of PCNA
and NF-kB expression was performed by selecting
three random areas at 400x from each slide. Those
areas were captured for image analysis. The number
of positive cells/field was counted using the plug-in
‘cell counter’ in the image analysis software, and the
mean number was calculated.

Ethics statement

The study protocol was approved and conducted
according to the guidelines of the Laboratory Animal
Centre for Research Ethics Committee, Faculty of
Medicine, Tanta University (Approval number 34,128/
9/20).

Statistical analysis

Data were presented as means + standard deviation
(SD). Analysis of variance (ANOVA) with post hoc
Tukey test was used to determine the significance of
differences between groups. Differences were consid-
ered not significant when (P> 0.05) and statistically
significant when (P <0.05). The statistical analyses
were processed according to the conventional proce-
dures using Statistical Program of Social Sciences
(SPSS) software for windows, version 21 (SPSS Inc,,
Chicago, lllinois, U.S.A.).

Results
Characterization of MSCs

Cultured BM-MSCs appeared as elongated spindle-like
shapes and reached confluency (80-85%) then (95-
98%) after around 20 and 28 days of culture, respec-
tively. Importantly, the immunophenotype of these
cells were monitored by flow cytometry and revealed
that BM-MSCs were positive for adhesion marker
(CD44) and thymus cell antigen 1 (thy-1) (CD90), and
negative for endothelial cell marker (CD31) and
Leukocyte common antigen (CD45) which indicated
that BM-MSCs were efficiently generated (Figure 2).

Characterization of MSCs-derived exosomes

The mean value of protein concentration in samples
was 18.2 ug/ml. SDS-PAGE showed the presence of
multiple protein bands with molecular weights 52
kDa, 65 kDa, 115 kDa and 175 kDa (Figure 3a).
Scanning electron microscopy of isolated exosomes
revealed spherical-shaped vesicles. The size of these
exosomes was within the range of 40-80 nm in dia-
meter (Figure 3b). The size of the exosomes and the
size distribution were also recorded using dynamic
light scattering. The size distribution is graphically illu-
strated in Figure 3c. The range of size correlates with
that recorded from SEM. In addition, beads-based flow
cytometry demonstrated that isolated exosomes
expressed tetraspanin (CD63) (98.44%), GPl-anchored
5'nuclectidase (CD73) (98.9%) and thymus cell antigen
1 (CD90) (97.21%) (Figure 3d).

Histopathological findings

In non-infected control group, liver section showed
normal hepatic architecture, polygonal hepatocytes
with small rounded nuclei arranged in plates with
sinusoids in-between arranged around central vein.

Early treatment with exosomes

In S. mansoni infected non-treated mice (Gl) sacrificed
8 weeks P.l., liver sections showed multiple portal and
parenchymal granulomas around Schistosoma ova. The
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Figure 2. Isolated MSCs from murine bone marrow (a-c) (x40): (a) spindle shaped MSCs appeared after around 14 days of bone
marrow culture, (b) passage 0 (initiation passage) of BM-MSCs with confluence (80-85%) reached after around 20 days of culture,
(c) BM-MSCs with confluence (95-98%) reached after around 28 days of culture and (d) percentages of immunophenotype

markers expression in BM-MSCs.

granulomas were of cellular and fibrocellular types
with predominant inflammatory infiltrate (Figures 4a
and 5a). In the PZQ-treated group (Gll), multiple cellu-
lar and fibrocellular schistosomal granulomas with
mild decrease in inflammatory infiltrate were observed
(Figures 4b and 5b) with reduction in number (35.86%)
and diameter (15.26%) of granulomas as compared to
infected non-treated mice. As regards the effect of
exosomes given 6 weeks P.l. on schistosomal hepatic
pathology (EXO group) (Gllla), there was a marked
reduction in the number (60%) and diameter
(57.12%) of granulomas in comparison to the infected
control group. The majority of granulomas were of
cellular types (Figures 4c and 5c¢). In PZQ+EXO group
(GIVa), liver sections showed scanty small hepatic gran-
ulomas with marked decrease in inflammatory infil-
trate. It showed the highest percentages of reduction
in number (86.89%) and diameter (61.83%) of granulo-
mas. Moreover, there was a marked improvement in
hepatic pathology (Figures 4d and 5d).

The liver section of S. mansoni infected non-treated
mice (Gl) sacrificed 10 weeks P.l. showed multiple large
fibrous granulomas with the cellular elements mark-
edly decreased and replaced by concentric layers of
fibrous tissue (Figures 4e and 5e). In the PZQ group
(Gll), liver sections showed granulomas which were
fibrocellular type composed mainly of inflammatory
cellular infiltrate with moderate fibrosis as compared
to the infected control group (Figures 4f and 5f) with
reduction in number (36.76%) and diameter (12.63%)

of granulomas as compared to the infected non-
treated mice. As regards exosomes-treated mice (EXO
group) (Gllla), there was a significant reduction in the
number (61.76%) and the diameter (58.67%) of granu-
loma as compared to the infected control group. Liver
sections showed cellular and fibrocellular granulomas
(Figures 4g and 5g). Concerning PZQ+EXO group
(GIVa), liver sections showed very scarce cellular gran-
ulomas with the highest percentages of reduction in
number (87.5%) and diameter (64.8%) of granulomas.
Moreover, restoration of normal liver architecture and
some resolving granulomas were observed (Figures 4h
and 5h).

By using image analysis of Masson’s trichrome
stained liver sections, there was a statistically signifi-
cant difference in the percentage of liver fibrosis
among all studied groups (P <0.001). The reduction
in the percentage of fibrosis was the highest in PZQ
+EXO group (GIVa) in comparison to other groups with
percentage of reduction 60.27% at 8 weeks P.l. and
73.74% at 10 weeks P.I. followed by EXO group (Gllla)
44.67% at 8 weeks P.l. and 53.46% at 10 weeks P.I. then
PZQ group (GlI) (23.38% at 8 weeks P.l. and 36.1% at 10
weeks P.l.) (Table 3).

Late treatment with exosomes

Histopathological examination of hematoxylin and
eosin-stained liver sections from S. mansoni infected
non-treated mice sacrificed 12 weeks P.I. showed mul-
tiple granulomas, most of them were of fibrotic type
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Figure 3. (a) SDS-PAGE of MSCs-derived exosomes sample (1) Molecular weight marker proteins and (2) MSCs- derived exosomes
sample showed prominent protein bands with molecular weights 52 kDa, 65 kDa, 115 kDa and 175 kDa (arrows), (b) SEM of BM-
MSCs-derived exosomes, radius (r), (c) vesicle size distribution chart recorded using zetasizer and (d) beads-based flow cytometry
analysis of exosomes showed the presence of tetraspanin (CD63), (GPI)-anchored 5'nucleotidase (CD73) and thymus cell antigen 1

(CD90).

with centrally located concentric fibrous tissue (Figures
6a and 7a). Administration of PZQ resulted in decrease
in the number of granulomas which were mainly fibro-
cellular type (Figures 6b and 7b) with reduction in
number (30.89%) and diameter (10.44%) of granulo-
mas as compared to infected non-treated mice. In
groups treated 12 weeks P.l. either with exosomes
alone (EXO group) (GllIb) (Figures 6¢ and 7c) or com-
bined with PZQ (PZQ+EXO group) (GIVb) (Figures 6d
and 7d), liver sections showed improvement of the
histopathological features as shown by decreased cel-
lularity and fibrosis within the granulomas. Higher sig-
nificant percentages of reduction in number and
diameter were reported in PZQ+EXO group (GIVb)
(88.62% and 51.77%, respectively) than in EXO group
(Glllb) (62.6% and 44.27%, respectively) as compared
to infected control group.

Histopathological features of liver sections of
S. mansoni infected non-treated mice sacrificed 14
weeks P.I. showed multiple granulomas scattered all

over the liver tissue, most of them were of fibrotic type
(Figures 6e and 7e). When PZQ was given, a reduction
in the number (30.7%) and diameter (15.22%) of gran-
ulomas was detected as compared to the infected
control group. The majority of granulomas were of
fibrocellular types (Figures 6f and 7f). Regarding exo-
somes-treated mice (EXO group) (Glllb), the number
(64.04%) and the diameter (48.27%) of granulomas
detected in liver sections were significantly reduced
as compared to the infected control group. The gran-
ulomas were of fibrocellular types (Figures 6g and 79).
Liver sections of PZQ+EXO-treated group (GIVb)
showed marked decrease in the number (88.59%)
and diameter (59.24%) of schistosomal granulomas as
compared to the other groups with the majority of
them were of cellular types. As well, some resolving
granulomas were detected in liver section (Figures 6h
and 7h). The number and diameter of hepatic granu-
lomas in different durations P.I. are presented in Tables
1and 2.
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Figure 4. A photomicrograph of liver sections of S. mansoni infected mice 8 (a-d) and 10 (e-h) weeks P.I. (H&E x 200): (a) infected
control group showing many granulomas around the ova with marked inflammatory infiltrate in the liver tissue, (b) PZQ group
showing multiple schistosomal granulomas with mild decrease in inflammatory infiltrate, (c) EXO group showing noticeable
decrease in the size of granulomas and moderate decrease in inflammatory infiltrate, (d) PZQ+EXO group showing few and small
sized granulomas scattered among the liver tissue with marked decrease in inflammatory infiltrate, (e) infected control group
showing multiple large fibrous granulomas coalescent with each other, (f) PZQ group showing granulomas coalescent with each
other mainly fibrocellular, (g) EXO group showing fibrocellular granulomas and (h) PZQ+EXO group showing a single small
granuloma with restoration of liver architecture.

Figure 5. A Photomicrograph of Masson'’s trichrome stained liver sections of S. mansoni infected mice 8 (a-d) and 10 (e-h) weeks P.
. (MT x 400): (a) infected control group showing moderate fibrosis, (b) PZQ group showing moderate fibrosis, (c) EXO group
showing mild fibrosis, (d) PZQ+EXO group showing mild fibrous tissues, (e) infected control group showing severe fibrosis, (f) PZQ
group showing condensed fibrous tissues, (g) EXO group showing mild fibrosis and (h) PZQ+EXO group showing less fibrous

tissues.

Morphometric analysis of Masson’s trichrome
stained liver sections revealed a statistically significant
reduction in the percentage of fibrotic areas in all
treated groups when compared to S. mansoni infected
control groups (P <0.001). The highest percentage of
reduction was in PZQ+EXO group (GIVb) (62.09% at 12
weeks P.l. and 74.65% at 14 weeks P.l.) followed by EXO
group (GllIb) (47.68% at 12 weeks P.I. and 56.94% at 14
weeks P.1) then PZQ group (Gll) (28.36% at 12 weeks P.
I. and 42.04% at 14 weeks P.l.) (Table 3).

Moreover, late treatment with exosomes alone (EXO
group; GllIb) or combined with PZQ (PZQ+EXO group;
GIVb) exhibited comparable percentages of reduction
in number of granulomas/liver section to those treated

early with statistically insignificant differences at 2 and
4 weeks post treatment (P > 0.05). Whereas early treat-
ment with exosomes (EXO; Gllla and PZQ+EXO; GIVa
groups) showed higher percentages of reduction in
diameters of granulomas than those treated late with
statistically significant differences at 2 and 4 weeks
post treatment (P < 0.001). Interestingly, late treatment
with exosomes alone (EXO group; Glllb) and combined
with PZQ (PZQ+EXO group; GIVb) achieved higher
percentages of reduction in fibrosis than early treat-
ment with exosomes (EXO; Gllla and PZQ+EXO; GIVa
groups) at 2 and 4 weeks post treatment as compared
to their corresponding infected control groups
(Table 4).
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Figure 6. A photomicrograph of liver sections of S. mansoni infected mice 12 (a-d) and 14 (e-h) weeks P.I. (H&E x 200): (a) infected
control group showing numerous granulomas mostly fibrous, (b) PZQ group showing granulomas mainly fibrocellular, (c) EXO
group showing small fibrocellular granulomas and (d) PZQ+EXO group showing a single fibrocellular granuloma, (e) infected
control group showing numerous fibrous granulomas scattered all over the liver tissue, (f) PZQ group showing fewer granulomas
mainly fibrocellular, (g) EXO group showing a single small fibrocellular granuloma and (h) PZQ+EXO group showing a small
resolving granuloma with restoration of liver architecture.

Figure 7. A Photomicrograph of Masson'’s trichrome stained liver sections of S. mansoni infected mice 12 (a-d) and 14 (e-h) weeks
P.I. (MT x 400): (a) infected control group showing severe fibrosis, (b) PZQ group showing moderate fibrosis, (c) EXO group
showing moderate fibrosis, (d) PZQ+EXO group showing mild fibrous tissues, (e) infected control group showing severe fibrosis,
(f) PZQ group showing moderate fibrosis, (g) EXO group showing mild fibrous tissue and (h) PZQ+EXO group showing minute
bands of fibrous tissue with lack of significant fibrosis.

Immunohistochemical examination of the liver that in the infected control group with moderate
expression and showed a statistically significant differ-
ence at 10 weeks P.I. (P < 0.05) (Figures 8b,f). The num-
ber of PCNA positive cells in EXO (Gllla) and PZQ
+EXO (GIVa) groups of both durations P.l. was

ferences in the number of positive cells of PCNA in  Nigher than infected control and PZQ groups with

hepatocytes in comparison to the non-infected control @ Statistically significant difference (P <0.001), indi-
group (P> 0.05) with low expression of PCNA in hepa- cating an evident regeneration after exosomes
tocytes (Figures 8a,e). In PZQ group (Gll), the number  treatment. PCNA showed high expression in hepa-
of positive hepatocytes of PCNA was increased than tocytes in EXO (Figures 8c,g) and PZQ+EXO groups

Proliferating cell nuclear antigen (PCNA)

Early treatment with exosomes. In S. mansoni
infected control group (Gl), either at 8 weeks P.l. or
10 weeks P.l, there were statistically insignificant dif-
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Table 4. Comparison of percentages of reduction in number, diameter of granulomas/liver section and fibrosis reduction in early
and late treatment with exosomes, 2 and 4 weeks post treatment.

Number of granulomas

Diameter of granulomas

Fibrosis reduction

Duration P.
Groups I in weeks Mean £ SD t P Mean £ SD t P Mean £ SD t P
2 weeks post treatment EXO 8 (Gllla) 56.65 + 17.73 —0.869 0.408™ 57.12+0.72 34.100 0.001* 44.64 + 245 -3.864 0.018*
with exosomes 12 (Glllb) 61.39+7.68 4430+ 1.25 47.67 £1.28
PZQ 8 (GlIVa) 85.78+8.57 —0.968 0.358™ 61.81+038 36.549 0.001* 6027 +175 -2.859 0.046*
+EXO 12 (GIVb) 89.00+4.18 51.82 +0.66 62.07 £1.75
4 weeks post treatment EXO 10 (Gllla) 60.05+8.87 -0.156 0.880™ 58.65+0.44 25.004 0.001* 53.47+127 -4.449 0.011*
with exosomes 14 (Glllb)  61.04 +15.50 48.30+0.93 56.94 +0.95
PZQ 10 (GIVa) 8691451 0.008 0.994™ 64.83+0.38 8.900 0.001* 73.74+0.98 -1.245 0.281™
+EXO 14 (GIVb)  86.89+8.41 59.27 + 1.67 7466 +1.14

*statistically significant (P < 0.05).
"non-significant (P > 0.05).

i
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Figure 8. A photomicrograph of liver sections of S. mansoni infected mice 8 (a-d) and 10 (e-h) weeks P.I. for expression of PCNA in
hepatocytes (positive cells are marked by yellow dots) (Immunoperoxidase x 400): (a) infected control group showing few cells
with low expression of PCNA, (b) PZQ group showing moderate expression of PCNA in hepatocytes, (c) EXO group showing many
positive hepatocytes with high expression of PCNA, (d) PZQ+EXO group showing many hepatocytes nuclei positive for PCNA,
(e) infected control group showing low expression of PCNA in hepatocytes, (f) PZQ group showing moderate expression of PCNA
in hepatocytes, (g) EXO group showing many PCNA positive hepatocytes and (h) PZQ+EXO group showing many hepatocytes with

high expression of PCNA.

(Figures 8d,h). Moreover, the PZQ+EXO group of
both durations P.I. showed maximal upregulation
of PCNA expression in comparison to EXO group
(Table 5).

Late treatment with exosomes

At 12 weeks P.I. and 14 weeks P.l., there were statisti-
cally insignificant differences in PCNA positive cells in
non-infected control as compared to infected non-
treated control groups (P> 0.05) with low expression
of PCNA in hepatocytes (Figures 9a,e). In PZQ group
(Gll) at 12 weeks P.l., there was a statistically significant
increase in PCNA expression with moderate expression
as compared to infected control group (P<0.001)
(Figures 9b,f). The activation of hepatocytes prolifera-
tion was demonstrated in the EXO (Glllb) and PZQ
+EXO (GIVb) groups by the higher number of
PCNA stained cells as compared with the other groups
(P <0.001). Also, there was high expression of PCNA in
hepatocytes (Figures 9¢,d,g,h) (Table 5).

Nuclear factor-kappa B (NF-kB)

Early treatment with exosomes. In S. mansoni
infected control group (Gl), either at 8 weeks P.l. or
10 weeks P.l, there was a statistically significant
increase in the mean number of NF-kB positive
cells in comparison to the non-infected control group
(P <0.001). NF-kB expression showed a strong positive
brown staining (nuclear or cytoplasmic reaction) in the
S. mansoni infected control group (Figures 10a,e). In
PZQ group (Gll) at both durations P.l, the number of
NF-kB positive cells was less than that in the infected
control groups of each duration P.l. with moderate
staining intensity and showed a statistically significant
difference (P < 0.001) (Figures 10b,f).

As regards EXO (Gllla) and PZQ+EXO (GlVa) groups,
there was a statistically significant decrease in the
number of NF-kB positive cells as compared to infected
control and PZQ groups (P < 0.001) with weak nuclear
or cytoplasmic staining intensity at both 8 and 10
weeks P.l. (Figures 10c,g). The maximal reduction of
NF-kB positive cells was observed in PZQ+EXO group
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Figure 9. A Photomicrograph of liver sections of S. mansoni infected mice 12 (a-d) and 14 (e-h) weeks P.I. for expression of PCNA in
hepatocytes (positive cells are marked by yellow dots) (Immunoperoxidase x 400): (a) infected control group showing few cells
with low expression of PCNA, (b) PZQ group showing moderate expression of PCNA in hepatocytes, (c) EXO group showing many
cells with high expression of PCNA, (d) PZQ+EXO group showing many hepatocytes nuclei positive for PCNA, (e) infected control
group showing few cells with low expression of PCNA, (f) PZQ group showing moderate expression of PCNA in hepatocytes,
(g) EXO group showing many PCNA positive hepatocytes and (h) PZQ+EXO group showing many hepatocytes nuclei positive for
PCNA.

Figure 10. A Photomicrograph of liver sections of S. mansoni infected mice 8 (a-d) and 10 (e-h) weeks P.I. for expression of NF-kB
(positive cells are marked by yellow dots) (Immunoperoxidase x 400): (a) infected control group showing strong positive
immunoreaction for NF-kB, (b) PZQ group showing moderate staining intensity, (c) EXO group showing weak staining intensity,
(d) PZQ+EXO group showing very weak NF-kB immunostaining, (e) infected control group showing strong positive immunoreac-
tion for NF-kB, (f) PZQ group showing moderate staining intensity, (g) EXO group showing weak staining intensity and (H) PZQ
+EXO group showing very weak NF-kB immunostaining.

at 10 weeks P.I. with a statistically insignificant differ-
ence compared to the non-infected control group (P >
0.05) (Figures 10d,h) (Table 6).

Late treatment with exosomes

At 12 weeks P.l. or 14 weeks P.l,, the mean number
of NF-kB positive cells were significantly upregu-
lated with strong staining intensity in S. mansoni
infected control groups compared to the non-
infected control groups (Figures 11a,e). Concerning
PZQ group (Gll) at both durations P.l, there was
a statistically significant reduction in the number

of NF-kB positive cells with moderate staining
intensity as compared to other groups (P < 0.001)
(Figures 11b,f).

Treatment with exosomes (EXO; Glllb and PZQ+EXO;
GIVb groups) significantly reduced the number of NF-«kB
positive cells with statistically significant differences as
compared to other groups at 12 and 14 weeks P.I. (P <
0.05) with weak nuclear or cytoplasmic staining inten-
sity (Figures 11¢,g). More reduction in the number and
staining intensity of NF-kB positive cells was observed in
PZQ+EXO group at 14 weeks P.l. with a statistically insig-
nificant difference compared to the non-infected con-
trol group (P> 0.05) (Figures 11d,h) (Table 6).
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Figure 11. A Photomicrograph of liver sections of S. mansoni infected mice 12 (a-d) and 14 (e-h) weeks P.I. for expression of NF-kB
(positive cells are marked by yellow dots) (Immunoperoxidase x 400): (a) infected control group showing strong expression of NF-
KB immunostaining, (b) PZQ group showing moderate expression of NF-kB immunostaining, (c) EXO group showing weak staining
intensity, (d) PZQ+EXO group showing very weak NF-kB immunostaining, (e) infected control group showing strong expression of
NF-kB immunostaining, (f) PZQ group showing moderate expression of NF-kB immunostaining, (g) EXO group showing weak
staining intensity and (h) PZQ+EXO group showing very weak NF-kB immunostaining.

Discussion

Schistosomiasis is considered the world’s second most
important parasitic disease after malaria regarding
public health and socio-economic effects [38].
Currently, there are still no efficacious therapeutic
options for schistosomiasis-induced liver fibrosis [7].
Consequently, developing strategies is crucial for pre-
venting or treating liver fibrosis.

In this study, MSCs were successfully isolated from
bone marrow as confirmed by their appearance as
adherent long spindle-like cells. According to the guid-
ing principles of the International Society of Cell
Therapy, BM-MSCs express surface markers including
CD90, CD105, CD44 and CD73, but do not express
CD45, CD31, CD34, CD19 and CD14 [39,40]. By flow
cytometry, the isolated MSCs of the current work posi-
tively expressed CD44 and CD90, whereas they were
negative for CD31 and CD45 expression.

Then, we successfully isolated exosomes from BM-
MSCs by differential ultracentrifugation. Cultured
fluid samples revealed the presence of spherical-
shaped protein-containing nanovesicles with 40-80
nm in diameter confirming that these nanovesicles
are exosomes. This is consistent with the range of
exosomes particle sizes. Similarly, Chen et al. [23] and
Lu et al. [41] stated that isolated exosomes from BM-
MSCs culture supernatants showed small membrane
vesicles sized from 30 to 100 nm in diameter by
electron microscopy.

In the present study, SDS-PAGE showed the pre-
sence of multiple bands at 52 kDa, 65 kDa, 115 kDa
and 175 kDa proteins. These findings are consistent
with the results of Ko et al. [42] who reported that
exosomes isolated from adipose-derived MSCs showed

the presence of exosomal proteins presented mainly as
38 kDa, 60 kDa, 80 kDa, 100 kDa and 180 kDa gel
bands.

In the current study, isolated exosomes were further
characterized for the presence of specific exosomal
surface markers. They expressed tetraspanins (CD63),
glycosylphosphatidylinositol (GPI)-anchored 5'nucleo-
tidase (CD73) and thymus cell antigen 1 (CD90). Ohno
et al. [43] stated that the most common exosomal
surface proteins are members of the tetraspanin
family, a group of scaffold membrane proteins. CD63
is one of tetraspanins which is considered as a set of
proteins packaged into exosomes during biogenesis
[44]. Tetraspanins are involved in cellular interactions
through binding with various proteins, such as integ-
rins and major histocompatibility complex molecules
[45]. Moreover, they are expressed on the membrane
of MSCs-derived exosomes [46]. This was in line with
previous studies in which western blot analysis indi-
cated that BM-MSCs-derived exosomes were positive
for CD63 [23,41,47].

Furthermore, MSCs-derived exosomes express CD73
and CD90 which are characteristic of MSCs [48]. CD73 is
a cell surface glycosylphosphatidylinositol-anchored
glycoprotein that plays a key role in the balance
between inflammation and immune suppression
[49,50]. CD90, also known as Thy-1, is an integrin ligand
or receptor which regulates cell-cell and cell-extracel-
lular matrix interactions [51]. Likewise, these findings
are consistent with the results of Dong et al. [52] who
found that human umbilical cord MSCs-derived extra-
cellular vesicles expressed CD90 and CD73.

Our results showed that the number and diameter
of hepatic granulomas were significantly reduced after
treatment with PZQ with minimal antifibrotic effect as



compared to that of S. mansoni infected control group.
These findings are in accordance with Abou Rayia et al.
[53] and Elmalawany et al. [54] who reported that
S. mansoni infected mice treated with PZQ showed
a reduction in the number and size of the hepatic
granulomas with moderate inflammatory cellular infil-
trate. Similarly, Ma et al. [55] showed reduction in
collagen deposition in the liver in S. japonicum infected
mice treated with PZQ. However, Nono et al. [56] also
indicated that PZQ failed to reverse established fibrosis
in chronic murine schistosomiasis.

Concerning the effects on the number and diameter
of hepatic granulomas in case of early treatment with
exosomes, data from the present study showed that
there was a statistically significant reduction in EXO
group at 8 and 10 weeks P.l. in comparison with the
infected control and PZQ groups. Additionally, PZQ
+EXO groups significantly reduced the number of
granulomas as well as granuloma diameter in the
liver at both durations P.I. The percentages of reduc-
tion were significantly higher than those of EXO- and
PZQ-treated groups. In the meantime, late treatment
with exosomes revealed that the number and diameter
of hepatic granulomas were significantly reduced in
EXO and PZQ+EXO groups as compared to other
groups at both durations of sacrifice with more reduc-
tion in the PZQ+EXO group.

Moreover, the EXO and PZQ+EXO-treated groups in
case of early and late treatment with exosomes
showed marked improvement in hepatic pathology
with marked decrease in the inflammatory cells and
fibrosis than infected control and PZQ-treated groups.
It is noticeable that more improvement was observed
when exosomes were combined with PZQ suggesting
that combination could greatly increase the effect of
PZQ for repairing liver fibrosis induced by S. mansoni.

These findings are consistent with the results of
Dong et al. [52] who reported that human umbilical
cord MSCs-derived extracellular vesicles injection (2 x
10°) at the 4™ week after S. japonicum infection sig-
nificantly decrease the formation of hepatic granulo-
mas at 6 or 8weeks after infection leading to
improvement of liver granuloma and significantly
reduced collagen deposition and fibrosis in treated
mice as compared to infected control group.
Moreover, their combination with PZQ showed signifi-
cant reduction in granuloma formation and the sever-
ity of liver fibrosis at 10 weeks after infection. MSCs-
derived extracellular vesicles could be efficient for sup-
pressing hepatic stellate cells activation, improving
hepatic cell regeneration and reducing liver injury
and fibrosis.

In the same context, umbilical cord MSCs-derived
exosomes could improve liver injury [57]. They
could ameliorate carbon tetrachloride (CCl4)-
induced liver fibrosis by reducing the surface
fibrous capsules and softening their texture,
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decreasing hepatic inflammation and inhibiting col-
lagen production in the CCl4-induced fibrotic liver
[58]. The same effects were reported by the admin-
istration of human BM-MSCs-derived exosomes [59].
Moreover, several other studies have investigated
the antifibrotic activity of MSCs-derived extracellu-
lar vesicles in various in vivo models of liver fibrosis
[52,60,61]. These results could be explained by the
ability of MSCs-derived exosomes to attenuate
macrophage infiltration and local liver damage and
diminish the serum levels of inflammatory factors,
thus improving liver histology and enhancing liver
injury [62].

It is worth mentioning that treatment of schistoso-
miasis mansoni by BM-MSCs at 8 weeks P.I. either alone
or combined with PZQ was in agreement with our
present results. They improved the histopathological
changes in the liver including diminution in the mean
diameter and number of granulomas, reduction of
inflammatory cellular infiltration and significant
decrease in fibrous tissue in comparison to the infected
group. The decrease was more obvious when used
with PZQ [10,53,63].

Particular attention is paid to the antifibrotic prop-
erties of BM-MSCs, including the inhibition of collagen
fiber deposition [64]. Santiago et al. [65] have reported
increased levels of matrix metalloproteinase, which
may directly degrade the extracellular matrix causing
apoptosis of hepatic stellate cells. Indeed, exosomes
orchestrate the principal mechanisms of action of
MSCs after infusion. The use of MSCs-derived exo-
somes may provide considerable advantages over
their counterpart live cells, potentially reducing unde-
sirable side effects [15].

Hegab et al. [10] suggested that the reduction
observed in the number of liver granulomas after BM-
MSCs treatment in schistosomiasis, may be due to
paracrine factors secreted by stem cells, affecting the
parasite maturation and/or fecundity. Furthermore,
Etewa et al. [66] found that MSCs affected adult
worms and caused reduction in the number and size
of liver granulomas. These suggested mechanisms may
explain how treatment with MSCs-derived exosomes
reduces the number of granulomas in our study. They
could affect adult fecundity leading to decrease in the
total egg burden. Yet, it needs further investigations.

Since PZQ treatment caused a high eradication per-
centage of Schistosoma adult worms and decreased
egg deposition [67], the best results in the current
study were obtained when MSCs-derived exosomes
were given with PZQ. This could be attributed to the
elimination of adult worms and reduction of eggs
deposited by PZQ added to the reduction of fibrosis
by MSCs-derived exosomes.

Surprisingly, late treatment with exosomes alone
(EXO group) or combined with PZQ (PZQ+EXO group)
in the current study achieved higher percentages of
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reduction in fibrosis than in early treatment with exo-
somes. This better outcome is mostly due to its anti
fibrotic effect. Thus, this study provided evidence that
treatment with exosomes can reduce morbidity during
early and late S. mansoni infection in mice.

In the present study, PCNA immune-staining techni-
que was used to evaluate liver regeneration after treat-
ment with exosomes. Evident increase of PCNA
expression was observed in EXO and PZQ+EXO-treated
groups in case of early and late treatment of exosomes
in comparison with other groups of each duration P.
I. with more increase in PZQ+EXO group. Similar results
were reported by Tan et al. [68] who investigated the
effect of MSCs-derived exosomes in an established
CCl4-induced liver injury mouse model. The administra-
tion of MSCs-derived exosomes was found to reverse
the induced liver injury in mice with active proliferation
of hepatocytes in exosomes treatment group as shown
by high expression of proliferation proteins (PCNA) and
the anti-apoptotic gene Bcl-xL [68].

Rong et al. [59] suggested that hepatocyte regen-
eration was increased under the effect of exosomes via
inhibition of hepatic stellate cell activation. The hepa-
toprotective effects of MSCs-derived exosomes relied
on the suppression of caspase-3-driven apoptosis and
on inhibition of caspase-1-induced pyroptosis of hepa-
tocytes. Moreover, they may increase hepatocyte num-
ber by inducing sphingosine kinase-dependent
activation of sphingosine-1-phosphate that improve
hepatocyte growth, survival and proliferation [69].

This finding is consistent with the function of BM-
MSCs. Yannaki et al. [70] suggested that BM-MSCs might
promote self-proliferation and endogenous liver regen-
eration through secretion of growth factors. Besides,
while investigating their effect on treatment of CCL4-
induced liver fibrosis in rats, the number of PCNA positive
hepatocytes was significantly higher in the BM-MSCs-
treated group as compared to control group [71,72].

The current work showed marked increase in NF-«kB
expression in S. mansoni infected non-treated groups at
all durations P.l. There is a lot of evidence that NF-kB
activation is linked to Schistosoma-induced fibrosis [73].
Upon liver injury, induction of NF-kB occurs leading to
production of various inflammatory factors including
interleukin 6 (IL-6) and tumor necrosis factor-alpha
(TNF-0). Activation of NF-kB would contribute to massive
hepatocytes death, inflammation and activation of hepa-
tic stellate cells leading to fibrosis [74]. Moreover, Gong
et al. [75] suggested that reduced NF-kB activity might
prevent Schistosoma induction of fibrosis. The present
study showed evident reduction of NF-kB expression
was observed in all treated groups, but it was lower in
PZQ+EXO-treated groups at all durations P.I.

Similar observations were also made by Saad EI-Din
et al. [76] who demonstrated that NF-kB expression
was reduced in S. mansoni infected mice treated with
PZQ. Moreover, the anti-inflammatory effect of PZQ

has been reported in schistosomiasis mansoni treat-
ment by reduction of proinflammatory cytokines
expression in the liver [77]. Thus, in the current work,
exosomes could potentiate the anti-inflammatory
effect of PZQ in PZQ+EXO group. MSCs-derived exo-
somes suppress the production of inflammatory phe-
notype in Kupffer cells and their cytokines (TNF-q, IL-1(3
and IL-6) in liver and decrease their cross-talk with pro-
fibrotic hepatic stellate cells, which are the cells
responsible for fibrosis and collagen production in
the liver tissues. Moreover, they suppress the expres-
sion of pro-fibrotic genes (collagen I, vimentin, alpha-
smooth muscle actin and fibronectin) in hepatic stel-
late cells and subsequently improve liver fibrosis
[65,78]. As a result, lower NF-kB expression in the
treated groups in the current study might be impli-
cated in reduced fibrosis, reduction in the size of the
granulomas and inflammation of the liver as compared
to infected control group.

NF-kB is regulated by interaction with a family of
regulatory proteins. The inhibitor of nuclear factor kB
(IkB) proteins may be stimulated by many factors, such
as TNF-q, via the phosphorylation and degradation of
IkB [79]. MSCs-derived extracellular vesicles signifi-
cantly reduced expression of inflammatory cytokines
(TNF-a) in the liver tissue [60]. Similarly, MSCs-derived
extracellular vesicles caused immunomodulatory
effects by decreasing the gene expression of pro-
inflammatory cytokines (TNF-a) in liver tissues in
a thioacetamide-induced chronic liver injury rat
model [80]. Subsequently, this is considered as
a suggested mechanism for suppression of NF-kB by
MSCs-derived exosomes.

To sum up, the present work demonstrates, for the
first time, the possible ameliorative outcome of exo-
somes derived from BM-MSCs on schistosomiasis-
induced liver fibrosis. Injection of BM-MSCs-derived exo-
somes into S. mansoni-infected mice resulted in reduc-
tion in number and diameter of granulomas, reduction in
inflammation, regression of liver fibrosis and proliferation
of new hepatocytes. Moreover, MSCs-derived exosomes
enhanced the beneficial effects of PZQ therapy.
Therefore, combining MSCs derived exosomes with PZQ
greatly improved the efficacy of PZQ for repairing
S. mansoni-induced hepatic fibrosis, suggesting that
MSCs-derived exosomes can be utilized as an effective
adjuvant for attenuation of liver fibrosis caused by schis-
tosomiasis. Furthermore, we suggested a novel mechan-
ism for MSCs-derived exosomes mediated tissue repair
through their antifibrotic, anti-inflammatory and regen-
erative effects that hopefully become a promising alter-
native to MSCs for transplantation therapy.
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