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Abstract

Background

In view of the potential immunosuppressive and regenerative properties of mesenchymal
stem cells (MSC), we investigated whether transplantation of adipose tissue-derived stem
cells (ASC) could be used to control the granulomatous reaction in the liver of mice infected
with Schistosoma mansoni after Praziquantel (PZQ) treatment.

Methodology/Prinicpal findings

C57BL/6 mice infected with S. mansoniwere treated with PZQ and transplanted intrave-
nously with ASC from uninfected mice. Liver morpho-physiological and immunological anal-
yses were performed. The combined PZQ/ASC therapy significantly reduced the volume of
hepatic granulomas, as well as liver damage as measured by ALT levels. We also observed
that ASC accelerated the progression of the granulomatous inflammation to the advanced/
curative phase. The faster healing interfered with the expression of CD28 and CTLA-4 mole-
cules in CD4* T lymphocytes, and the levels of IL-10 and IL-17 cytokines, mainly in the livers
of PZQ/ASC-treated mice.

Conclusions

Our results show that ASC therapy after PZQ treatment results in smaller granulomas with
little tissue damage, suggesting the potential of ASC for the development of novel therapeu-
tic approaches to minimize hepatic lesions as well as a granulomatous reaction following S.
mansoniinfection. Further studies using the chronic model of schistosomiasis are required
to corroborate the therapeutic use of ASC for schistosomiasis.
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Author summary

Schistosomiasis is the second most prevalent parasitic disease in the world and is caused
by the Schistosoma trematode. This disease is characterized by a granulomatous reaction
around parasite eggs trapped in the tissues. The liver is one of the most affected organs
and can develop severe fibrosis. Praziquantel (PZQ) is the treatment for schistosomiasis
and kills the adult the worm; however, inflammation still persists around the eggs in the
tissues. Mesenchymal stem cells (MSC) have been extensively studied as an alternative
therapy to repair tissues and to stop inflammation due to their potential to differentiate in
several cells types (bone, cartilage, fat, tendon, muscle, and marrow stroma), and to inter-
fere with immune responses. This scenario has motivated the authors to investigate the
use of MSC extract from adipose tissue (ASC) associated with PZQ to treat schistosomia-
sis. Briefly, mice were treated with PZQ followed by ASC injection showing significant
reduction of the granulomas and normal levels of the enzyme alanine aminotransferase,
an indicator of liver damage. These results suggest that ASC has the potential to be used as
a novel therapeutic approach to control inflammation following infection by S. mansoni
or liver disorders. Although the findings are promising, further studies using the chronic
model of schistosomiasis are required to confirm using ASC for schistosomiasis therapy.

Introduction

Schistosomiasis is a helminthic infection that is associated with severe morbidity and has a sig-
nificant socioeconomic impact on the affected populations. Over 240 million people are esti-
mated to be infected and 700 million are at risk of infection globally [1]. Schistosomiasis is
caused by 6 species of trematodes of the Schistosoma genus, however, the predominant causes
of the disease are either S. mansoni or S. hematobium [2]. S. mansoni adult worms colonize
human blood vessels [3] and produce eggs that become trapped in the tissues [4-6]. These
eggs trigger the inflammation that is followed by the development of granulomas, mainly in
the liver and intestine, which may result in severe fibrosis and portal hypertension [7, 8]. Dur-
ing S. mansoni infection, the granulomatous inflammation is dependent on CD4" T lympho-
cytes, macrophages [9], eosinophils, and collagen fibers [10]. The chronic inflammation,
induced mainly by soluble egg antigens (SEA) in the tissues, primed by Omega-1, a glycopro-
tein from SEA [11-13], leads to cellular production of regulatory Th2 cytokines resulting in
the modulation of Th1 response and reduction of the granuloma size in most individuals. This
immunological process is essential for controlling morbidity. Our group and others have
already shown that IL-10 is the main factor in generating conditions for the host protective
homeostatic functions in schistosomiasis [6, 14-17]. However, a significant number of individ-
uals lack the ability to control the inflammatory response and, as a consequence, develop the
severe form of the disease.

Interventions to control schistosomiasis have varied over time. Due to the low cost, safety
and high efficacy, PZQ has been used as the gold-standard treatment against schistosomiasis,
and its mass administration has become the mainstay of national control programs [18]. Cur-
rently, there is no specific treatment to control the granulomatous reaction and hepatosplenic
clinical form of the disease, which might continue for several months after successful treat-
ment with PZQ [19].

Mesenchymal stem cells (MSC) [20, 21] have gained significant attention as a promising
therapy for several diseases. This scenario is mainly due to their plasticity that allows the use of
MSC as a regenerative agent, as well as their immunomodulatory activity [22]. MSC can be
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easily obtained from many adult tissues, including bone marrow [23], umbilical cord, and adi-
pose tissues [24, 25]. Under appropriate conditions, MSC can differentiate into cells of the
mesodermal lineage, such as adipocytes, osteocytes, and chondrocytes, as well as other embry-
onic cell types [22]. Furthermore, MSC can interact with cells of both innate and adaptive
immune responses, leading to the down-modulation of several effector functions. The immu-
nosuppressive properties of MSC, including anti-proliferative and anti-inflammatory effects,
are mainly a result of their production of high levels of gamma interferon (IFN-y) and tumor
necrosis factor-o. (TNF-a) [26, 27]. The putative immunosuppressive and regenerative poten-
tial of MSC in combination with their proposed low immunogenicity open new avenues to
control the inflammation in a variety of diseases [28], including orthopedic injuries, graft ver-
sus host disease (GVHD), cardiovascular, autoimmune, and liver diseases [29-34]. However,
the effect of stem cells on the inflammatory response associated with parasitic diseases has not
been well investigated yet. Recently, the effect of stem cells on parasitic diseases such as malaria
[35] and Chagas [36-41] was reported. However, only a few preview studies have analyzed the
effect of MSC on Schistosoma infection [42-46].

Considering the immunosuppressive and regenerative properties of MSC, we have hypoth-
esized that their use as adjunctive therapy would reduce the granulomatous response to S.
mansoni eggs and promote faster patient recovery. Thus, in the present study, we have evalu-
ated a therapy protocol, to test the effect of the administration of ASC after using PZQ to treat
C57BL/6 mice infected with S. mansoni, and have analyzed the impact of this therapy on the
granuloma reaction as well as liver damage resulting from infection.

Materials and methods
Animals

The present study has been approved by the Animal Research Ethical Committee at the Fio-
cruz, Rio de Janeiro (Process number: LW-56/14). The experimental design is shown in the
Figl A. Six to eight-week-old male C57BL/6 and ROSA™ /™S mice were used for the different
experiments.

ASC extraction and culture

ASC were isolated from 7-week-old C57BL/6 mouse inguinal adipose tissue as described previ-
ously [47], washed with phosphate-buffered saline (PBS) 0.15M and enzymatically digested
with 0.15% collagenase type II (Life Technologies, California, USA) in Dulbecco’s modified
Eagle’s medium (DMEM,; Gibco, California, USA) at 37°C for 50 min. Subsequently, the stro-
mal vascular fraction was obtained by centrifugation at 252 x g for 10 min, and the pellet was
resuspended in the basal medium [DMEM supplemented with 10% fetal bovine serum
(Gibco), 60 g/L gentamicin [48], 25 g/L amphotericin B, 100U/mL penicillin, 100 g/mL strep-
tomycin (Gibco)]. The cells were seeded into polystyrene cell culture flasks T75mm’> (TTP;
Schaffhausen, Switzerland), incubated at 37°C for 24h, and non-adherent cells were removed.

Viability assay

To analyze the viability of ASC preparations, the MTT reduction test was used. Briefly, cells
were seeded into 24 well plates (2x10°) and cultured in the basal medium at 37°C in 5% CO,
for 24h. Staurosporine (100nM) (Sigma, Missouri, USA) was added in culture for negative
control (non-viable cells). Afterwards, ASC were incubated with MTT (Sigma) at 37°C in 5%
CO, for 2h, followed by incubation for 12h with 10% sodium dodecyl sulfate (SDS) in 1N HCI
to solubilize the formazan product. The absorbance at 595 nm was measured using a microtiter
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plate reader (Molecular Devices, California, USA). The mean absorbance and standard devia-
tion (SD) were determined in triplicate for each experimental group.

Phenotypic characterization of ASC

ASC were detached with 0.25% trypsin/EDTA (Sigma), centrifuged for 5 min at 379 x g, and
the cell pellet suspended in PBS 0.15M. Aliquots of 5x10° cells were incubated for 30 min at
4°C with anti-CD34 PE (Clone RAM34), anti-CD45 APC (Clone 30-F11), anti-CD71 FITC
(Clone C2), anti-CD29 FITC (Clone Ha2/5), anti-CD90 PerCP (Clone OX-7) antibodies, all
from BD Biosciences (San Diego, CA, USA). The cells were washed, fixed in 2% formaldehyde
in 0.15 M PBS and stored in the refrigerator prior to analysis on the flow cytometer within 24
h. Analyses were performed with a FACSCalibur flow cytometer (BD Biosciences) where
30,000 events were acquired per sample. Data were analyzed using Flow]Jo v10.1 software
(FlowJo, Oregon, USA).

Multilineage ASC potential

In order to confirm the capacity of ASC to differentiate into mesoderm cell types, we cultured
cells with osteogenic, adipogenic, and chondrogenic induction medium, as described below:

Osteogenic differentiation—To induce osteogenic differentiation, 1x10°> ASC per well were
cultured in 6-well plates (Techno Plastic Products AG, Trasadingen, Switzerland) at 37°C in
5% CO, for 14 and 21 days in basal medium supplemented with 0.02 M B-glycerophosphate
(Sigma), 5.67 M ascorbic acid (Merck, Darmstadt, Germany) and 10 nM dexamethasone
(Sigma). Mineralized nodules in the extracellular matrix assessed by Von Kossa staining assay
confirmed osteogenic differentiation. Briefly, cells were fixed in 70% ethanol, incubated with
5% silver nitrate (Vetec, Rio de Janeiro, Brazil) and exposed to ultraviolet light for 1 h. Subse-
quently, the cells were rinsed with distilled water, 5% sodium thiosulfate (Cinética Quimica
Ltda, Brazil), counterstained with eosin for 40 seconds, and washed with distilled water. The
cells were analyzed using the Axio Observer A1 microscope (Zeiss, Gottingen, Germany) at
100X and 400X magnification, and images were captured using the AxioCam MRc camera
(Zeiss).

Adipogenic differentiation. To induce adipogenic differentiation, 2x10°> ASC were seeded
into 6-well plate (Techno Plastic Products AG) and cultured at 37°C in 5% CO, for 14 and 21
days in basal medium supplemented with 0.5 mM isobutylmethyl-xanthine (Sigma), 200 uM
indomethacin (Sigma), 1 uM dexamethasone (Aché, Sao Paulo, Brazil), and 10 uM insulin (Eli
Lilly and Company, Indiana, USA). The adipogenic differentiation was analyzed by Oil Red O
staining (Thermo Fisher Scientific, Waltham, Massachusetts, USA), an indicator of intracellu-
lar lipid accumulation, following the manufacturer’s instructions. Briefly, cells were washed
with PBS and fixed in 10% formalin for 1 h, then washed with 60% isopropanol and stained
with Oil-Red O (Thermo Scientific) solution in 60% isopropanol for 5 min, rinsed with deion-
ized water, and counterstained with hematoxylin for 1 min. The cells were analyzed using the
Axio Observer Al microscope (Zeiss, Gottingen, Germany) at 100X and 400x magnification,
and images were captured using the AxioCam MRc camera (Zeiss, Gottingen, Germany).

Chondrogenic differentiation. To induce chondrogenic differentiation, 5x10° ASC were
cultured in a polypropylene conical tube (Falcon) at 37°C in 5% CO, for 14 and 21 days in
chondrogenic medium (Stem Pro Chondrogenesis Differentiation-Life Technologies) supple-
mented with BSF 10%. At the end of each culture time point, a cell pellet was formed and col-
lected for staining of proteoglycans and glycosaminoglycans. Briefly, the pellet was fixed in
10% buffered formaldehyde, embedded in paraffin using a previously described routine tech-
nique [49]. Sections of 4 um were stained with Alcian Blue 8GX 1% in acetic acid, pH 2.5
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(Sigma) for 30 min and counterstained with hematoxylin for 1 min. The preparation was ana-
lyzed using the Axio Observer A1 microscope (Zeiss, Gottingen, Germany) at 100X and 400X
magnification, and images were captured using the AxioCam MRc camera (Zeiss, G6ttingen,
Germany).

Study groups

Six to eight-week-old male C57BL/6 mice were infected with S. mansoni cercariae obtained
from Biomphalaria glabrata snails, previously infected with miracidia of the L.E. strain, from
Belo Horizonte, Brazil. All mice were exposed to 45+5 cercariae on the back skin [50]. After 45
days, they were divided into 2 groups of mice (8 per group) as follows: a) treated orally with
PZQ (400mg/Kg) [51], and injected intravenously with PBS 30 days after PZQ treatment
(PZQ group); b) treated intravenously with ASC 30 days after PZQ treatment (PZQ/ASC
group). A noninfected group (n = 8) was followed at all treatment timelines. Fifteen days after
the last treatment (intravenous PBS or ASC), the mice were euthanized by cervical dislocation,
and blood samples were collected along with spleens and livers for analysis (Fig 1A). All col-
lected organs were weighed. Adult worms were recovered after infection using a perfusion
technique as previously described [52].

Biodistribution of tdTomato-expressing ASC

To confirm the presence of ASC in the liver, we tracked cells using tdTomato-expressing ASC.
C57BL/6 mice were infected with cercaria and treated orally with PZQ as described above.
Then, mice were injected intravenously with 3x10° td Tomato-expressing ASC derived from
ROSA™™S mice. At 1 day, 7 days, and 15 days post ASC injection, the animals were eutha-
nized, and their liver and lungs collected. These organs were fixed in 4% paraformaldehyde
overnight at 2°C followed by immersion in 30% sucrose solution for 48 hours at 2°C. The tis-
sues were then embedded in Optimal Cutting Temperature compound (OCT) Tissue Tek
(Sakura, CA, USA) and frozen at -80°C to prepare cryosections 20 pum thick using cryostat
model CM1850 (Leica, Wetziar, Germany). Tissue sections were counterstained with DAPI
(Invitrogen, Carlsbad, California, USA) and the samples were analyzed using the Ti-E C2 plus
confocal microscope (Nikon, Minato, Tokyo, Japan) at a magnification of 100x. The images
were captured and analyzed using NIS-Elements (Nikon).

Histological analysis

Livers were excised from sacrificed mice, instantly fixed in 10% formalin in PBS and embed-
ded in paraffin. Then, tissue sections (4 um) were cut and stained either with hematoxylin and
eosin (H&E) or with Masson trichrome to examine the phase and cellular composition of the
granulomas, or the extent of hepatic fibrosis, respectively. The phases and cellular composition
of granulomas were determined by the analysis of granulomas in five microscopic fields at
100X and 400X magnification using the criteria described in Fig 3A. In the tissue sections
stained with Masson s trichrome, the percentage of the area consisting of collagen of ten non-
coalescent granulomas was measured according to a previously described protocol [53]. To
assess the number of granulomas, five tissue sections from each lobe of the liver that had been
stained with HE were analyzed at 100x magnification, totalizing twenty slides per animal. To
evaluate the granuloma volume density, one tissue section from each lobe of the liver stained
with HE was analyzed, totalizing four slides per animal. The diameter of all individual granulo-
mas with a single well-defined egg was measured using a 10 objective lens and an ocular scale
from the Eclipse 600 microscope (Nikon, New York, EUA). Assuming the spherical shape of
granuloma the volume was calculated using the formula to sphere volume (V = R” x Pi x 4/3;
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Fig 1. Experimental design and tracking of ASC "IT™°*_ Panel A shows the experimental design of the study. C57BL/6 mice were
infected with S. mansoni (Day 0), treated orally with PZQ (Day 45; PZQ group), and then injected with ASC (3x10°) (Day 75; PZQ/ASC
group) or PBS (PZQ). The mice from PZQ and PZQ/ASC groups were analyzed on Day 90. In parallel, other group treated with PZQ
was injected with 3x10° tdTomato-expressing ASC derived from ROSA™™S mice. After 1 day, 7 days, and 15 days, the animals were
euthanized, and their liver and lungs collected for confocal analysis. Note: an infected not treated group (NT group) was followed until
day 90-post infection as a control for the PZQ treatment. Panel B shows representative confocal cell images of the lung and the liver 1, 7
and 15 days after ASC'IT°™'°* injection. Cryosections were counterstained with DAPI (blue fluorescence). Red fluorescence refers to
ASCHToma0* Tmages were captured using the Ti-E C2 plus microscope confocal with magnification of 100x, and analyzed using
NIS-Elements (Nikon).

https://doi.org/10.1371/journal.pntd.0008635.9001

R = radius, Pi = 3,14) [54]. The remaining histological analysis was performed using the Axio
Observer Al microscope (Zeiss, Gottingen, Germany). All images were captured using the
AxioCam MRc camera (Zeiss, Gottingen, Germany).

Alanine aminotransferase (ALT) serum levels

ALT was measured by using the transaminase TGP K035 kit (Bioclin, Minas Gerais, Brazil) in
accordance with the manufacturer’s instructions. Absorbance was determined at 505 nm using
a Spectramax M5 (Molecular Devices, California, USA).

Phenotypic characterization of T lymphocytes

The spleen and the liver were collected and processed separately. The right medial lobe of the
liver was minced and incubated with 0.15% type II collagenase (Life Technologies) for 1 hour
at 37°C. Adding RPMI 1640 media stopped the enzymatic action. The cells were collected at
350 x g for 5 min at 4°C, suspended in 30 mL of RPMI 1640 media, and pellet at 60 x g for 3
min at 4°C. The supernatant containing the leukocytes was collected. The spleen samples were
macerated in RPMI 1640 media (Gibco) containing 40 pg/mL of gentamicin. The cell suspen-
sions obtained from liver or spleen were passed once through a 70 um-cell strainer (BD Biosci-
ences) and transferred to a sterile 50 mL tube. Contaminating erythrocytes were removed by
hypotonic lysis in distilled water, and isotonicity was restored by adding 1.5 M PBS. Cells were
pelleted at 350 x g for 10 min and then suspended in 1 mL of RPMI 1640 medium containing
40 pg/mL of gentamicin. Next, the cells were stained in Turk’s solution (1:20) and counted in
using a Neubauer chamber. 1 x 10° viable cells were added in each well of U-bottom 96-well
plates. The cells were suspended in 1% bovine serum albumin (Sigma) in 0.15 M PBS solution.
For flow cytometry analysis, the cultured cells were stained for 30 min at 4°C with anti-CD3
FITC (Clone 145-2C11) (BD Pharmigen), anti-CD4 PerCP (Clone RM4-5) (BD Pharmigen),
anti-CD8 PerCP (Clone 53-6.7) (BD Pharmigen), anti-CD69 PE (Clone H1.2F3) (BD Pharmi-
gen), anti-CD25 PE (Clone PC61) (BD Pharmigen), anti-CD28 APC (Clone 37.51) (eBios-
ciense) and anti-CTLA4 APC (Clone UC10-4B9) (eBiosciense) antibodies. After staining, the
cells were fixed with 2% formaldehyde in 0.15 M PBS and stored in the refrigerator for flow
cytometry analysis within 24h. Analyses were performed with a FACSCalibur flow cytometer
(BD Biosciences) and 30,000 events were acquired per sample. The data were analyzed using
FlowJo v10.1 software (FlowJo, Oregon, USA).

Cytokine detection

Cytokine levels were analyzed in mouse serum and in the collected fragment of the liver. For
in situ measuring, a lobe of the liver was weighed on an analytical balance and transferred to a
1.5 mL tube (Eppendorf, Hamburg, Germany) containing 500 uL of complete EDTA-free pro-
tease inhibitor (Roche, Basel, Switzerland). The lobes were immediately macerated using an
automatic Pellet Pestle Motor macerator (Thomas cientific, NJ, USA) and stored at -80°C for
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further analysis by flow cytometry. The serum samples were obtained from blood collected
from the brachial plexus and centrifuged 350 x g for 5 minutes. All serum samples were
stored at -80°C until tested individually for cytokines. The levels of IL-10, IL-17c,, TNF-q,
IFN-y, IL-6, IL-4 and IL-2 were quantified in both samples (serum and in situ) using the BD
Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17 Cytokine Kit (BD Bioscience, San
Diego, CA, USA) following the manufacturer’s instructions. Liver cytokine data were
acquired using the FACSverse flow cytometer (BD), analyzed using CellQuest (BD) soft-
ware, and the results expressed in pg/100mg. The serum sample data were acquired using
the FASCS Calibur flow cytometer (BD), analyzed using BD Cytometric Bead Array Analy-
sis CBA (BD), and the results expressed in pg/mL. We also analyzed the frequency of mice
producing high levels of pro- and anti-inflammatory cytokines in each group (PZQ and
PZQ/ASC). Briefly, we first calculated the global median value of whole universe of data (NI
+ PZQ + PZQ/ASC) for each cytokine (S2 Fig). Then, the global median value was used as
the cut-off to classify mice as a “low” (cytokine level under the cut-off) or “high” (cytokine
level up the cut-off) producer of a given cytokine [55]. The number of mice with cytokine
levels above the cut-off value was reported in radar plots as frequency of high producer
mice for each group (PZQ and PZQ/ASC).

Statistical analyses

Bartlett’s test was used to evaluate equal variances and Kolmogorov-Smirnov test—to evaluate
normality of data distribution. The Mann-Whitney test was used to compare related samples.
Differences were considered statistically significant when a p value < 0.05 was obtained. Prism
8 software package (Graphpad Software, California, USA) was used for statistical tests.

Results
ASC characterization

The cultured cells grew homogeneously, showing a monolayer consisting of adherent cells,
forming colonies with fibroblast-like morphology (S1A Fig) with all traits of MSC. Simulta-
neously, the expression of hematopoietic and mesenchymal cell markers was investigated and
showed phenotypic characteristic that match with those previously described for MSC. CD34
and CD45 were expressed in 2.12% and 1.81% of cells, respectively. In contrast, the percentage
of cells expressing CD71, CD29, and CD90, all mesenchymal cell markers, was higher than
42% (S1C Fig). ASC were further analyzed for their capacity to differentiate into osteoblastic,
adipoblastic and chondroblastic lineages. Osteogenic differentiation was confirmed by miner-
alized nodules in the extracellular matrix, evidenced by Von Kossa staining (S1D Fig). ASC
cultured with adipogenic inductors showed intracellular lipid vacuoles evidenced by Oil Red
O staining (S1D Fig). Chondrogenic differentiation was confirmed by glycosaminoglycans in
the extracellular matrix, evidenced by Alcian blue staining (S1D Fig). Our results have con-
firmed that the cells isolated from inguinal adipose tissue from C57BL/6 mice were MSCs as
expected.

Tracking of ASC

In order to investigate the presence of ASC in the liver, we used tdTomato expressing-ASC
extracted from mouse ROSA™™C, We analyzed lung and liver tissues after 1, 7, and 15 days
following ASC'T™'°* intravenous injection. The tdTomato* ASC were detected first in the
lung, and later in the liver, 15 days after transfer (Fig 1B).
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ASC therapy reduced the volume of granuloma

We have analyzed the effect of PZQ and ASC treatment on S. mansoni infections. Our results
show that the group treated with PZQ/ASC presented liver weights (Fig 2A and 2F), numbers
of parasites (Fig 2B and 2G), and percentage of viable eggs (Fig 2C and 2H) similar to group
treated with PZQ alone. Interestingly, the volume of granuloma (Fig 2E and 2I) was signifi-
cantly lower (P = 0.0003) in mice treated with PZQ/ASC compared to the PZQ group.

ASC therapy accelerated the progression of hepatic granulomas in PZQ-
treated mice

Schistosomiasis is characterized by granulomatous reactions that cause significant pathology
of several organs, mainly in the liver. We performed a comparative analysis of the phase and
cellular constitution of granulomas in histological sections of the liver between all groups (Fig
3A and 3B). Most granulomas from the PZQ group were in the early phase, rich in lympho-
cytes, macrophages, eosinophils, plasmocytes and giant cells (Fig 3B). On the other hand, the
animals that were treated with the combination of PZQ/ASC presented mainly granulomas in
the advanced phase, rich in lymphocytes, macrophages, eosinophils and plasmocytes (Fig 3B).
The PZQ/ASC group also showed a large percentage of granulomas in the fibrotic phase, rich
in lymphocytes, macrophages and eosinophils (Fig 3B and 3D). Masson’s trichrome staining
estimated that similar collagen deposition in hepatic granulomas in PZQ and PZQ/ASC
groups (Fig 3C and 3D). These findings suggest that ASC therapy alongside PZQ treatment
induces a faster resolution of hepatic granulomas in S. mansoni-infected mice.

ALT levels were reduced in the group treated with PZQ and ASC

To monitor the extent of liver damage after S. mansoni infection, we measured the levels of
ALT in sera of animals from the different groups. The results show that the levels of ALT were
significantly lower in the PZQ/ASC group compared to the PZQ only group (Fig 3E), suggest-
ing that ASC injection after PZQ treatment reduces liver damage caused by S. mansoni
infection.

CD4+ and CD8+ T lymphocytes activation profile after ASC therapy

Under some conditions, MSC can modulate the immune response. To test whether these cells
can induce the regulation of the immune response during S. mansoni infection, we have ana-
lyzed the percentage of CD4" and CD8" T lymphocytes expressing CD25, CD69, CD28 and
CTLA-4 in the spleen and liver of S. mansoni-infected C57BL/6 mice after ASC treatment. We
observed significant expression of the CD28 and CTLA-4 on CD4+ lymphocytes from the
spleen (Fig 4A) and the liver (Fig 4B), respectively. CD8+ T cells showed similar stimulation
before and after ASC treatment in both organs (Fig 4). Together, our results show that ASC
treatment alters the activation profile of CD4" T cells in the spleen and the liver from S. man-
soni-infected mice treated with PZQ.

Cytokine profile after ASC therapy

The levels of IL-2, IL-10, TNF-a,, INF-v, IL-6, IL-17A and IL-4 were measured in serum (sys-
temic) and livers (in situ) of mice treated with PZQ or PZQ/ASC. Serum cytokine levels were
not significantly different between the treatment groups (Fig 5A). Liver cytokine profiles
showed high levels of IL-17A and IL-10 induced by ASC treatment (Fig 5A). When we ana-
lyzed the frequency of high cytokine producers, we observed that the PZQ/ASC treatment
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Fig 2. ASC effect in S. mansoni infection. Panels A-E (mean + standard deviation) show the liver weight (A), number of helminths
recovered from mesenteric vessels (B), percentage of viable eggs (C), number (D) and volume (E) of granulomas in the liver from
Schistosoma-infected C57BL/6 mice treated with PZQ coadministered with ASC. Dashed lines represent the mean of non-infected mice. The
horizontal lines indicate differences statistically significant (p<0.05) between groups. Representative images of the liver (F), helminths
recovered (G), viable/nonviable eggs (H) and granulomas (I) stained with HE. NT = infected not treated group; PZQ = infected treated with
praziquantel group; PZQ/ASC = infected treated with praziquantel plus adipose tissue-derived stem cells group.

https://doi.org/10.1371/journal.pntd.0008635.9g002

induced high frequency (>50%) of pro-inflammatory cytokines in the liver and PZQ treat-
ment alone induced high frequency (>50%) of cytokines in serum (Fig 5B).

Discussion

In our study, we have hypothesized that during infection with S. mansoni, treatment with PZQ
followed by ASC therapy leads to a faster resolution of hepatic inflammation and fibrosis in
experimental murine models of the disease. First, we have confirmed the multipotential of
ASC as MSC through phenotypic and functional characterization assays, following the criteria
standardized by the International Society of Cell Therapy [56]. The ASC, in our study, showed
a fibroblast-like morphology as well as expression of cell surface markers consistent with MSC
[57]. Functional characterization tests showed the multipotential of ASC to differentiate into
osteogenic, adipogenic and chondrogenic cell lines, also characteristic of MSC [23].

To demonstrate that ASC preferentially migrated to the injury sites following intravenous
administration [58], we injected tdTomato® ASC intravenously and screened for red fluores-
cent cells in the lungs and the liver using a confocal microscope. Within 1 and 7 days of ASC
injection, red fluorescent cells were found in the lungs, but not in the liver. Within 15 days of
ASC injection, red fluorescent cells could be seen in the liver, but not in the lungs. These
results suggest that tdTomato™ ASC were first retained in the lungs due to the blood of the
venous circulation and later migrated to the liver, possible due to the damage caused by S.
mansoni eggs. Studies evaluating the ability of stem cells to migrate to the injured liver have
conflicting findings. Some of them reported that the MSC gradually accumulated in the liver
[59, 60], while in another study showed that transplanted MSC reach a maximal amount in the
liver 24 hours post-infusion and gradually decrease thereafter [61]. Because we have observed
ASC tdTomato" in the liver on the 15th day after the injection, we surmize that their effect
might be local, through cell-to-cell contact and/or secretion of soluble factors.

Many studies reported an anti-inflammatory activity of MSC modulated by high levels of
TNF-o, IFN-y, and IL-1 cytokines. In this study, we investigated the potential for ASC to con-
trol inflammation and liver fibrosis due to the S. mansoni infection following conventional
treatment with PZQ. To evaluate the putative effect of ASC on the control of inflammation
and induction of tissue regeneration, we designed our study linking the known anti-parasite
effect of PZQ with the ASC properties to determine whether combined PZQ and ASC therapy
would induce a faster recovery than the treatment with PZQ alone. The modulation of granu-
lomas and tissue repair in some S. mansoni infected individuals [62] can take a long time when
PZQ is used as the only therapy [19, 63]. Therefore, the possible effect of ASC on controlling
inflammation and reducing liver fibrosis could be an important adjunct treatment.

As expected, PZQ treatment showed efficacy in the decrease or elimination of the number
of adult worms, and consequently decrease in the number of new eggs in the mesenteric circu-
lation [64]. As shown in other studies, the majority of the S. mansoni eggs recovered from
treated animals were not viable [65]. The large number of non-viable eggs after PZQ treatment
may have contributed to the reduction of granulomatous inflammation [7, 66], causing a
decrease in the liver weight in the PZQ-treated group. These same effects were observed in the
group of animals treated with PZQ in combination with ASC, i.e. improvement in liver weight,
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Fig 3. ASC therapy effect on granulomas and ALT levels. Panel A shows a schematic representation of the phases and cellular composition
of granulomas. The exudative phase is characterized by the establishment and organization of the granulomatous reaction with focal
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destruction of the vessel walls involved and/or adjacent parenchymal and abundant presence of eosinophils, macrophages and other
immunologic cells. The early phase is characterized by the presence of giant cells and the dissociation of collagen fibers. An increase in
collagen characterizes the advanced phase. Fibrosis is characterized by a significant decrease in cellular composition and thickening of the
collagen layer. Panel B shows the comparative analysis of the phase and cellular composition of the granulomas in PZQ and PZQ/ASC
groups. Panel C shows representative images from the liver granulomas stained with Masson’s trichrome. Panel D shows fibrotic area in the
liver. Panel E shows the levels of ALT in sera of Schistosoma-infected C57BL/6 mice treated with PZQ or PZQ/ASC, expressed as the

mean + standard deviation. The horizontal lines indicate statistically significant differences between the groups (p<0.05).

PZQ = Praziquantel-treated group. PZQ/ASC = Praziquantel plus adipose tissue-derived stem cells-treated group.

https://doi.org/10.1371/journal.pntd.0008635.g003
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Fig 4. T cell activation before and after ASC therapy. Frequency of CD4" and CD8" T lymphocytes expressing CD69, CD25, CD28 and CTLA-4 in spleen
(A) and liver (B) cells. The data are shown as means + standard deviation. Horizontal lines indicate statistically significant differences (p<0.05).
PZQ = Praziquantel-treated group; PZQ/ASC = Praziquantel plus adipose tissue-derived stem cells-treated group.
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Fig 5. Cytokine profile before and after ASC therapy. Panel A shows cytokine levels in situ (liver) and systemic (in serum) from Schistosoma-infected
C57BL/6 mice with PZQ only or PZQ/ASC treatment. Panel B shows radar charts summarizing the percentage of high cytokine producers of each
group in comparison to the global median value of whole universe of data (NI + PZQ + PZQ/ASC) for each cytokine (S2 Fig). When the frequency of
high producers was greater than 50% (on a scale of 0-100%), the result was highlighted. The data are shown as means + standard deviation. The
horizontal lines indicate statistically significant differences (p<0.05). PZQ = Praziquantel-treated group; PZQ/ASC = Praziquantel plus adipose tissue-
derived stem cells-treated group.

https://doi.org/10.1371/journal.pntd.0008635.9g005

number of helminths, and percentage of non-viable eggs, showing that ASC therapy did not
exceed the effect of PZQ treatment alone.

To investigate whether ASC treatment altered the microscopic structure of the liver, we
analyzed tissue sections stained with hematoxylin & eosin. Our data showed that animals
treated with PZQ in combination with ASC had a similar number of granulomas compared to
mice treated only with PZQ. However, the granulomas from animals treated with PZQ com-
bined with ASC were reduced in volume compared to mice treated with PZQ only. Although
previous studies have shown that bone-marrow-derived mesenchymal cells (BM-MSC) can
lead to the reduction of hepatic granuloma diameter in S. mansoni-infected BALB/c mice [46]
as well as in the S. japonicum murine model, treated with PZQ [43], our study is the first to
show that adipose tissue-derived stem cell therapy reduces the volume of hepatic granulomas
resulting from S. mansoni infection.

To more accurately characterize the granulomas of animals subjected to the different
treatment regimens and the possible causes of this reduced volume, we analyzed the phase
and cellular composition of the hepatic granulomas. The development of Schistosoma gran-
ulomas has been shown to follow sequential phases: a) exudative; b) early; c¢) advanced; and
d) fibrotic. Throughout these phases, the complexity of cells decreases and leads to a cura-
tive fibrotic phase where a large number of inflammatory cells are gradually replaced by col-
lagen [53], which is the main cause of the severe pathology. We observed that animals
treated with PZQ presented a large number of early and advanced granulomas that were
rich in lymphocytes, macrophages, eosinophils, plasmocytes and giant cells while mice
treated with PZQ and ASC presented more advanced and fibrotic granulomas that were
rich in lymphocytes, macrophages, eosinophils, and plasmocytes. The granulomatous reac-
tion that is observed in animals infected with S. mansoni, is due to the immune reaction to
secreted egg antigens, which are known to be highly cytotoxic to hepatic cells. After deposi-
tion of the eggs in the tissues, they are rapidly surrounded by infiltrates of inflammatory
cells, resulting in granulomatous reaction and fibrosis [67]. This is a dynamic process in
which the diameter and cellular composition of the lesions change over time and are coordi-
nated by the influence of a network of inflammatory mediators [67]. Our results showed
that administration of ASC after PZQ treatment promoted an accelerated process to the
fibrotic phase. We further investigated whether this effect changed the outcome of the gran-
uloma lesions by analysis of the percentage of the fibrotic area in the granulomas from
PZQ- and PZQ/ASC-treated groups. We could only evaluate the fibrosis using one semi-
quantitative method and did not observe significant alterations in collagen deposition after
ASC treatment. Previous studies using treatment with BM-MSC showed a reduced percent-
age of the fibrotic area in the experimental hepatic schistosomiasis model [42, 44, 46].
Fibrosis induced by S. japonicum was also ameliorated by BM-MSC plus PZQ therapy [43].
It has been shown that there are differences in the functional properties and the differentia-
tion capacity between distinct populations of stem cells. The signature of BM-MSC indi-
cates that they are primed toward the developmental processes of tissues and organs derived
from the mesoderm and endoderm, while ASC appear to be highly enriched in immune-
related genes [68, 69]. The BM-MSC and ASC antifibrotic therapy are similarly effective at

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008635 August 27, 2020 15/22


https://doi.org/10.1371/journal.pntd.0008635.g005
https://doi.org/10.1371/journal.pntd.0008635

PLOS NEGLECTED TROPICAL DISEASES Adipose tissue-derived stem cells downmodulates granulomatous reaction in schistosomiasis

attenuating carbon tetrachloride’induced liver fibrosis in animal models by inhibiting the
activation and proliferation of hepatic stellate cells (HSCs), as well as promoting the apopto-
sis of HSCs [70].

To investigate the effect of PZQ/ASC treatment on liver function, we evaluated the levels of
circulating ALT in the animals of the different groups. ALT is a cytosolic enzyme that is found
in high concentrations in the liver and is released into the extracellular environment when
hepatocellular lesions occur [71]. Our results showed that mice treated with ASC and PZQ
expressed lower serum levels of ALT than mice treated with PZQ only. Furthermore, the ALT
levels from the PZQ/ASC group were similar to uninfected animals, indicating that ASC injec-
tion was able to reduce hepatocyte damage. Similar results were also obtained after treatment
with BM-MSC in the murine model of schistosomiasis [44, 46]. It is possible that ASC treat-
ment reduced the injury to hepatocytes leading to the decreased serum levels of ALT observed
in PZQ/ASC-treated group.

The histopathological data indicated that ASC treatment induced a fast resolution of granu-
lomas in the liver. To investigate whether this result impacted the immune response or not, we
analyzed the frequency of CD4" and CD8" T lymphocytes expressing CD69, CD25, CD28 and
CTLA-4, in situ (spleen and liver), and the systemic (serum) and in situ (liver) levels of IFN-y,
TNF-o, IL-2, IL-6, IL-17A, IL-4 and IL-10. ASC treatment interfered with the immune
response mainly in the liver where we found a high frequency of CD4" T cells expressing
CTLA-4 as well as high levels of IL-10 and IL-17 cytokines. Although Th17 cells are associated
with aggravation of the pathology in murine model of S. mansoni infection [72], the high levels
of IL-17A and IL-10 may reflect in the regulation of Th2 response, reducing the granuloma
size and inflammation, and more efficient granuloma resolution. Furthermore, IL-10 can con-
tribute to the anti-inflammatory environment, and has been correlated with reduction of gran-
ulomas in patients with S. mansoni [6, 17].

In conclusion, our results demonstrate that S. mansoni-infected mice treated with PZQ/
ASC had smaller granulomas, less tissue damage and faster evolution to the curative fibrotic
phase, suggesting that ASC therapy has immunomodulatory effect. Although the findings are
promising, further studies using the chronic model of schistosomiasis are required to deter-
mine the potential therapeutic application of ASC in schistosomiasis. These findings are
encouraging and supportive for the call for innovative therapeutic approaches using MSC to
minimize hepatic lesion caused by S. mansoni infection.

Supporting information

S1 Fig. Phenotypic and functional characterization of adipose tissue-derived stem cells
(ASC). (A) Fibroblast-like morphology of ASC at passage 3 on culture; scale bar 100um. (B)
Viability of ASC evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay at an optical density (O.D.) at 595nm. Data are presented as mean + standard
error of the mean. (C) Histograms for markers expressed (CD71, CD29, and CD90) or not
(CD34 and CD45) by ASC. (D) Osteogenic, adipogenic and chondrogenic multilineage poten-
tial of ASC after 14 and 21 days on culture with respective inductors medium.

(TIF)

S2 Fig. Cut-off thresholds used to segregate mice according to low or high levels of cyto-
kines. The global median value of all data (NI + PZQ + PZQ/ASC) for each cytokine was cal-
culated and used as the cut-off to classify mice as a “low” (cytokine level under the cut-off) or
“high” (cytokine level above the cut-off) producer of a given cytokine.

(TTF)
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S3 Fig. Graphical abstract. Differences between conventional treatment for schistosomiasis
mansoni using PZQ and the proposed treatment of a combination therapy PZQ/ASC. There
was a significant decrease in the size of the granulomas in the liver of mice receiving the com-
bination treatment compared to the animals that received only PZQ. In addition, a decrease in
serum ALT levels was observed, indicating a reduction of tissue damage. In addition, our
results showed that 15 days after injection, ASC were found in the liver. Nonetheless, the
mechanics used by ASCs to perform such functions still remain unclear. The complexity of the
formation and progression of the granulomatous reaction is one of the reasons why a robust
anti-inflammatory therapy has not yet been developed. It may be that a single anti-inflamma-
tory "magic bullet" is simply unable to overcome such complex diseases. Therefore, the pre-
sumed effects of ASCs together such as immunomodulation, hepatoprotection, stimulation of
hepatic cell proliferation and even differentiation of ASC in hepatocytes may be the answer to
the phenomena observed in our study.

(TIF)
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