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Liver diseases are a major health problem worldwide leading to high mortality rates and causing a 

considerable economic burden in many countries. Cellular therapies as potential treatments for liver 

diseases have proven beneficial in most of the conditions. In recent years, studies involving therapy 
with bone marrow cells have been implemented to promote liver regeneration and to reduce hepatic 

fibrosis, however identifying the cell population present in the bone marrow that is responsible for 
hepatic improvement after therapy is still necessary. The aim of the present study was the evaluation of 

the therapeutic efficacy of monocytes obtained from bone marrow in fibrosis resulting from S. mansoni 

infection in C57BL/6 mice. Monocytes were isolated by immunomagnetic separation and administered 
to the infected animals. The effects of treatment were evaluated through morphometric, biochemical, 
immunological and molecular analyzes. Monocyte therapy promoted reduction of liver fibrosis induced 
by S. mansoni infection, associated with a decrease in production of inflammatory and pro-fibrogenic 
mediators. In addition, monocyte infusion caused downregulation of factors associated with the M1 
activation profile, as well as upregulation of M2reg markers. The findings altogether reinforce the 
hypothesis that the predominance of M2reg macrophages, producers of immunosuppressive cytokines, 
may favor the improvement of hepatic fibrosis in a preclinical model, through fibrous tissue remodeling, 
modulation of the inflammatory response and fibrogenesis.

Chronic liver diseases (CLD) represent a serious public health problem in the world. Continuous hepatic injury 
may result in alterations in liver repair processes, characterized by progressive formation of tissue �brosis and 
changes in angiogenic architecture1,2. It is known that a variety of cell types and soluble mediators are involved 
in the course of CLD, integrating in�ammatory processes, �brosis and extracellular matrix components (ECM) 
remodeling3. Treatment of liver diseases depends on its speci�c cause, being associated, when possible, with the 
withdrawal of the aggressor stimulus4. Preclinical and clinical studies with di�erent cell types have shown tissue 
and biochemical improvement following cellular therapy in liver lesions5–7. Good results have been achieved, but 
greater knowledge about the cellular population involved and their mechanism of action are needed.

Schistosoma mansoni infection continues to be one of the highly prevalent parasitic infections with important 
economic and public health consequences8. Chronic schistosomiasis is characterized by liver �brosis resulting 
from host immune response to S. mansoni eggs, with formation of hepatic granuloma and systematized �brous 
expansion of portal spaces (Symmer’s pipe-stem �brosis)8. In this scenario, the therapeutic potential of di�erent 
cell populations has been studied. Decrease of liver �brosis was observed in mice infected by S. mansoni subjected 
to treatment with bone marrow mononuclear cells9,10 and mesenchymal stem cells11. In addition, an improvement 
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in liver regeneration occurred when the animals were treated with cellular therapy associated with conventional 
chemotherapy12,13.

Monocyte/macrophage cells present in bone marrow may have an applicable therapeutic potential in liver 
disease due to their plasticity and known participation in several processes, in addition to in�ammation and 
�brogenesis in the resolution of �brosis14. �is functional plasticity of macrophages is driven by the immunolog-
ical microenvironment, and can be activated by di�erent pathways15. Intensive studies of liver injury in experi-
mental models have sought to elucidate and illuminate ambiguities that describe the complex heterogeneity of 
monocyte and macrophages subsets in the liver16,17.

Macrophage populations may play a protective role18 through an active participation in hepatic repair by 
expressing metalloproteinases (MMPs)19 and inducing apoptosis of hepatic stellate cells (HSCs)17. In addition, 
previous results demonstrated that infusion of bone marrow monocytes in a murine model of CCl4-induced 
�brosis promoted signi�cant reduction in liver injury, associated with a decrease in pro-�brogenic factors and 
oxidative stress20. Infusion of monocytes may be regulating important axes of the complex interaction between 
cells and the hepatic extracellular matrix, resulting in reduction of liver �brosis. Here, we address the importance 
of cellular therapy with monocytes in an experimental model of liver �brosis induced by S. mansoni infection.

Results
Therapy with monocytes reduces area and numerical density of granuloma and liver fibrosis 
induced by S. mansoni infection. Morphometric analysis and hydroxyproline quanti�cation showed that 
eight weeks a�er therapy, the monocyte- and Bone Marrow Mononuclear cells (BMMC)-treated groups had a 
statistically signi�cant reduction of liver �brosis (P < 0.05) (Fig. 1). �e morphometric evaluation also showed 
a signi�cant reduction of numerical density and granuloma volume eight weeks a�er monocyte transplantation 
(P < 0.05) (Fig. 2).

Cellular therapy decreases production of inflammatory and pro-fibrogenic mediators.  
Quanti�cation of in�ammatory mediators in liver fragments from a chronic model of schistosomiasis showed 
a signi�cant decrease in TNF-α, IL-1β (P < 0.01) and IL-6 (P < 0.001) levels (Fig. 3A–C) a�er cell therapy. Our 
trials also showed that infusion of bone marrow-derived monocytes promoted a signi�cant decrease in hepatic 
levels of nitrite a�er therapy when compared to animals treated with PZQ alone (P < 0.05) (Fig. 3D).

Signi�cant reduction in levels of the pro-�brogenic mediator TGF-β1 following monocyte (P < 0.01) and 
BMMCs (P < 0.05) therapy was also observed (Fig. 4A), while there were no changes in the hepatic levels of IL-13 
and IL-17 (Supplementary Fig. S1). IL-23 (P < 0.01, Fig. 4B) and IL-4 (P < 0.05, Fig. 4C) cytokines presented sig-
ni�cant reduction a�er monocyte infusion. Monocyte-treated animals also demonstrated signi�cant increase in 
IL-10 hepatic levels compared to vehicle-treated animals eight weeks a�er therapy (Fig. 4D, P < 0.01).

Figure 1. Reduction of liver �brosis induced by S. mansoni infection a�er cell therapy. Representative images 
of �brous tissue in liver sections sampled randomly and stained by Sirius red/fast green (100X magni�cation) 
in (A) healthy control mice, S. mansoni–infected mice 8 weeks a�er therapy with (B) vehicle, (C) Bone Marrow 
Mononuclear Cells (BMMCs) or (D) Monocytes. (E) �e liver sections were examined by optical microscopy. 
Images were digitalized and analyzed by morphometry for quanti�cation of �brous tissue. (F) Fresh liver 
sample two months post-therapy was used for the determination of collagen, measured as hydroxyproline by 
spectrophotometry. Values are presented as means ± S.E. (n = 6) *P < 0.05. Statistical analysis was performed by 
Kruskal-Wallis, followed by Dunn post-hoc test.
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Increase in MMP-9 levels is accompanied by a decrease in TIMP-1 after bone marrow-derived 
monocyte transplantation in S. mansoni infected mice. �e present study evidenced signi�cant 
increase in MMP-9 levels a�er cell transplantation (P < 0.05) (Fig. 4E). Consistent with these results, signi�-
cant reduction in hepatic TIMP-1 concentration was also observed both in monocyte (P < 0.001) and BMMCs 
(P < 0.01) therapy (Fig. 4F).

α-SMA and galectin-3 expression levels are downregulated after monocyte therapy. Gene 
expression analysis by RT-qPCR showed signi�cant reduction in expression of α-SMA, an important marker 
of activated HSCs, eight weeks a�er cell transplantation (P < 0.001) (Fig. 5A). Gal-3 and TGF-β1 expression 
was also signi�cantly decreased in liver of animals submitted to cell transplantation with P < 0.001 and P < 0.01, 
respectively (Fig. 5B,C).

Cellular therapy induces reduction in liver expression of markers associated with macrophages 
M1 activation profile. Signi�cant reduction in expression of the markers CCL5 (P < 0.01 for BMMCs and 
P < 0.05 for monocytes) (Fig. 6A), IL-12β (P < 0.05) (Fig. 6B) and CCR2 (P < 0.001) (Fig. 6C) was observed eight 
weeks a�er cell therapy. Molecular study also showed signi�cant reduction in expression of markers of M2 pro�le: 
Arg-1 (P < 0.05/BMMCs) (Fig. 7A), YM-1 (Fig. 7B) (P < 0.05 for monocytes) and CD206 (P < 0.01/BMMCs and 
P < 0.001/monocytes) (Fig. 7C). However, the Fizz1 marker was shown to be signi�cantly increased a�er cell 
transplantation (P < 0.01/BMMCs and P < 0.05/vehicle) (Fig. 7D).

Discussion
In chronic liver diseases, the removal of the aggressive stimulus associated with anti-�brotic therapy can pro-
mote promising results. Praziquantel (PZQ) is the most indicated therapeutic alternative for schistosomiasis 
control. �e massive use of this drug for the treatment of schistosomiasis resulted in the emergence of strains 
with temporary resistance to the drug, making the development of new therapeutic options necessary. Previous 
research from our group using a CCl4–induced chronic liver injury model20 has indicated the monocyte therapy 
as a promising therapeutic modality for chronic liver diseases. In the present work, in an e�ort to reinforce the 
anti-�brogenic potential of monocytes, we sought to indicate the predominant macrophages subtypes involved 
in the improvement of hepatic �brosis in a murine model of chronic schistosomiasis by evaluation of speci�c 
markers related to macrophage activation pro�les.

Figure 2. Reduction of granuloma number and volume a�er monocyte therapy. Liver sections sampled 
randomly and stained with Sirius red/fast green were examined by optical microscopy (100X magni�cation). 
Images of liver section of S. mansoni–infected mice 8 weeks a�er therapy with (A) vehicle, (B) Bone Marrow 
Mononuclear Cells (BMMCs) or (C) Monocytes, were digitalized and analyzed by morphometry for evaluation 
of (D) numerical density and (E) mean volume granulomas. Hepatic granulomas, well delimited and spherical 
shape which had the S. mansoni egg inside (black arrow) were considered during the measurement. Blue 
arrow – Schistosoma pigment. Values are presented as means ± S.E. (n = 6) *P < 0.05. Statistical analysis was 
performed by Kruskal-Wallis, followed by Dunn post-hoc test.
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Monocyte/macrophage cell lineage has been an interesting object of investigation in recent years, taking into 
account their role in in�ammation and tissue repair21. Macrophages have as their native characteristics their 
heterogeneity and plasticity, determined by microenvironmental stimuli14. In�ammatory macrophages, which 
promote in�ammation and liver �brosis, are activated by Toll-like receptors (TLR), with release of in�amma-
tory (TNF, IL-1β) and pro-�brogenic mediators (TGF-β and Gal-3) as well as chemokines (MCP-1, CCL5). 
On the other hand, restorative macrophages are involved in resolution of in�ammation, with participation of 
anti-in�ammatory cytokines and anti-�brogenic molecules (IL-10, metalloproteinases)22. �is study showed that 
CD11b CD14+ monocytes isolated from bone marrow in association with PZQ chemotherapy seems promising 
to improve the e�ects of liver �brosis caused in mice by chronic S. mansoni infection. �ese �ndings corroborate 
results obtained previously20, where improvement in morphological, biochemical and immunological parameters 
a�er monocyte therapy was veri�ed in a murine model of CCl4-induced liver �brosis. As shown in previous stud-
ies, monocyte transplantation in a murine model of liver injury induces migration of circulating macrophages 
into lesion areas23, with the increase in the number of Kup�er cells in hepatic tissue20,23. From this information, 
we tried to understand if there is a predominance of some pro�le of macrophages associated to the improvement 
of liver �brosis.

Morphometric study of �brous tissue and the volume of liver granulomas showed that the cell therapy pro-
posed here was capable of producing anti-�brogenic e�ects in the murine model of chronic schistosomiasis. 
Reduction of liver �brosis corroborates the results obtained by measurement of hepatic pro-�brotic (TIMP-1, 
TGF-β1) and anti-�brotic factors (MMP-9). In our investigation, it was possible to detect a reduction in α-SMA 
liver expression a�er monocyte transplantation, suggesting that macrophages may contribute to decrease �bro-
genic activity attributed to activated HSCs. Previous work has associated BMCs transplantation with reduction 
of liver �brosis and decrease in number of α-SMA-positive activated HSCs24. A previously published study 
conducted by us showed, in a toxic model of chronic liver injury, signi�cant reduction of α-SMA positive cells 
marked by immunohistochemistry20. �us, the present study reinforces the anti-�brogenic e�ect of monocyte 
transplantation by evaluating the relative levels of gene expression of this HSCs marker.

Mediators released from immune cells can promote the activation of HSC in injured liver, which, in turn, can 
regulate immune response and promote chronic in�ammation. �e present study showed that monocyte ther-
apy combined with PZQ chemotherapy promoted hepatic reduction of in�ammatory and �brogenic mediators 
involved in liver damage and establishment of liver �brosis pathogenesis due to myo�broblast di�erentiation25. 

Figure 3. BMMCs and monocytes therapy decreases the levels of in�ammatory cytokines. Cytokine levels were 
assessed in the soluble fraction of fragments of hepatic tissue of healthy control mice and S. mansoni –infected 
mice eight weeks a�er therapy with vehicle, bone marrow mononuclear cells (BMMCs) or monocytes. Pro�le 
of pro-in�ammatory cytokines (A) TNF-α, (B) IL-1β and (C) IL-6 in a chronic model of schistosomiasis, 
measured by sandwich ELISA. E�ects of cellular therapy in fragments of hepatic tissue a�er monocyte therapy 
in liver pro�le of (D) Nitrite. Values are presented as means ± S.E. (n = 6) *P < 0.05, **P < 0.01, ***P < 0.001. 
Statistical analysis was performed by Kruskal-Wallis, followed by Dunn post-hoc test.
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Additionally, our results showed an increase in IL-10 production a�er monocyte therapy. �is anti-in�ammatory 
cytokine plays a central role in regulating immune response and attenuating in�ammation, thus preventing host 
lesions, and has been strongly associated with macrophages of M2reg pro�le14,26. In the liver, it has a protective 
function during development of chronic injury27. IL-10 also has been reported as a suppressor cytokine in the 
HSCs-associated �brogenic response28, inhibiting collagen production and TGF-β secretion27. �ese results cor-
roborate the description presented in Ju and Tacke16, which suggests the participation of restorative macrophages 
in modulating in�ammation and �brosis.

Other cytokines as IL-4, IL-17 and IL-23 were also evaluated a�er monocyte therapy. One previous study has 
associated high levels of IL-17 to the immunomodulation processes of liver granuloma29, as well as HSCs acti-
vation30. Our �ndings corroborate previous studies that identi�ed IL-23 acts as an important pro-in�ammatory 
cytokine inducing the �17 �brogenic response25,31, and reinforces its known participation in the response pro-
duced by in�ammatory M1macrophages32. IL-4, also evaluated in the present study, is an immunological medi-
ator, plays an important role in pathogenesis of schistosomiasis, with participation in �brosis and granulomas 
formation33. In addition, alternative M2 macrophages are driven by IL-4, associated with an anti-in�ammatory 
and pro-�brogenic response34. IL-4 induces M2a macrophages to synthesize proline, a collagen-forming amino 
acid, and appears to be involved in promoting collagen deposition and hepatic �brosis35. �e therapeutic modal-
ity proposed in the present study seems to be capable of acting on important �brogenic pathways, and may be 
very promising for chronic liver diseases.

Figure 4. Cellular therapy alter regulatory mediators. Evaluation of e�ects of cell therapy in mediators (A) 
TGF-β1, (B) IL-23, (C) IL4, (D) IL-10, (E) MMP-9 and (F) TIMP-1 in fragments of hepatic tissue of Healthy 
control mice and S. mansoni –infected mice eight weeks a�er therapy with vehicle, bone marrow mononuclear 
cells (BMMCs) or monocytes. Measurement by sandwich ELISA. Values are presented as means ± S.E. (n = 6) 
*P < 0.05, **P < 0.01. Statistical analysis was performed by Kruskal-Wallis, followed by Dunn post-hoc test.

https://doi.org/10.1038/s41598-019-42703-y


6SCIENTIFIC REPORTS |          (2019) 9:6434  | https://doi.org/10.1038/s41598-019-42703-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Interestingly, an increase in the �brolytic enzyme MMP-9 levels was observed in this study. �is result indi-
cates, once again, the anti-�brogenic role that monocyte infusion can exert against liver �brosis, as reported 
previously20,36. A study conducted by Ramachandran et al.22 identi�ed that a population of Ly6Clow macrophages 
have an anti-�brotic role in liver, since they secrete MMPs. �e research proposes that increasing the production 
and the �brolytic activity of MMPs should be considered for the development of anti-�brogenic therapeutic 
approaches37.

Galectin-3 plays an important role in cell proliferation, adhesion, di�erentiation, angiogenesis and apoptosis, 
activation of pro-�brotic M2 macrophages, and more recently has been associated with pathogenesis of hepatic 
�brosis38. During helminth infection by S. mansoni, Gal-3 is directly involved in modulation of in�ammatory 
response, being highly expressed by Kup�er cells around Schistosoma eggs39. Pre-clinical studies have reported 
that Gal-3 inhibitors promote liver �brosis resolution in di�erent experimental models40,41. Oliveira et al.42  
demonstrated that BMCs therapy was able to promote improvement of liver �brosis resolution associated with 
decreased liver expression of Gal-3 in a murine model of cirrhosis induced by CCl4. In accordance to these 
studies, our results showed that monocyte therapy promoted signi�cant reduction in Gal-3 gene expression. All 
together, these �ndings emphasize the role of Gal-3 in �brosis development and supports that monocytes, when 
used as cell therapy, act on important �brogenic pathways.

Several investigations have aimed to identify and correlate distinct functional macrophage subgroups involved 
in tissue repair processes17,28,43. In the present study, molecular markers associated with M1 and M2 macrophages 
pro�les were evaluated a�er monocyte therapy for chronic liver injury caused by S. mansoni. In our �ndings, we 
observed a signi�cant reduction in NO levels, as well as a decrease in CCl5 and IL-12β expression, markers asso-
ciated with the classic pro�le of macrophage activation (M1). �ese results corroborate the �ndings44 of analyzes 
of in�ammatory mediators associated with the M1 pro�le observed a�er monocyte transplantation. Wynn and 
Ramalingam44 described that M1 macrophages are associated with the initiation of pro-�brotic processes through 
the activation of myo�broblasts.

Analyzes of mRNA levels indicated that cell transplantation led to the reduction of Arg-1, YM-1 and CD206 
markers, which are associated with an M2 pro�le, more speci�cally with the M2a or M2 �brogenic36,45. Arginase-1 
(Arg-1) is considered a prototype marker of M2 macrophages, and several studies have suggested that this enzyme 
is involved in �brogenesis processes46,47. In schistosomiasis, a large number of Arg-1+ macrophages are located 
around liver granulomas48. Beljaars et al.49 associated the high expression of CD206 and YM-1 with the areas of 
hepatic �brosis induced in mice by CCl4.

Figure 5. Decrease α-SMA and galectin-3 expression a�er cell therapy. E�ects of cell therapy on liver 
expression levels of (A) α-SMA, (B) Galectin-3 and (C) TGF-β1, in chronic model of schistosomiasis, eight 
weeks a�er cell therapy. �e targets were quanti�ed by qPCR Values are presented as means ± S.E. (n = 6) 
*P < 0.05, ***P < 0.001. Statistical analysis was performed by Kruskal-Wallis, followed by Dunn post-hoc test.
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Interestingly, the evaluation of mRNA expression levels in this study showed a signi�cant increase in Fizz1 
a�er monocyte therapy. �e role of Fizz1 in �2 immune response as well as in �brogenesis is not yet clear. �ere 
is no consensus regarding the relationship of this marker to an M2 macrophage subtype. Some works associate 
the high expression of Fizz1 to pro-�brogenic M2 macrophages50. Murthy et al.51 reported that macrophages with 
pro-�brotic phenotype, positive for Arg-1, had reduced levels of Fizz1.

�e present study also showed an important downregulation of hepatic CCR2 expression a�er monocyte 
transplantation. �e CCR2 chemokine receptor is involved in migration of monocytes to lesion areas, and is 
highly expressed in Ly6Chi monocytes/macrophages, stimulated during �brosis progression52. A study conducted 
by Mitchell et al.52 demonstrated that mice with CCR2 knockout had signi�cantly lower levels of CCl4-induced 
liver �brosis compared to wild type animals. A reduction in hepatic expression of CCR2, eight weeks a�er a 
CD11b CD14+ monocyte infusion, may indicate a reduction of Ly6Chi monocytes of pro-in�ammatory pro�le in 
liver of the animals submitted to cell therapy, favoring the liver �brosis improvement.

Recently, a new macrophage subtype has been identified, and it is considered a critical element for the 
resolution of liver fibrosis. Ramachandran and colleagues22 found in their investigations that Ly6Clow mac-
rophages secrete large amounts of fibrolytic MMPs, as well as IL-10. Accordingly, an increase in MMP-9 
and IL-10 levels were also observed in our study, suggesting that monocyte therapy influenced the regu-
lation of activation pathways of macrophages involved in chronic inflammatory response. The markedly 
elevated hepatic IL-10 levels in animals treated with monocytes may alter the behavior of resident and 
recruited immune cells and the level of injury. Simultaneous up-regulation of IL-10 and MMP-9 follow-
ing monocyte therapy may reduce HSCs activation53 and promote apoptosis54. Immune response modula-
tion of liver injury through recruitment of host cells mediated by cytokines and chemokines, providing an 
anti-inflammatory microenvironment, has been proposed as an important mechanism of action associated 
with the beneficial effects of monocyte therapy.

Based our results, we can infer that monocyte therapy associated with PZQ chemotherapy, in a murine schis-
tosomiasis model, seems to contribute to regression of liver �brosis by a combination of mechanisms, which 
includes �brous tissue ECM remodeling �brosis by regulating MMPs secretion, suppression of pro-�brogenic 
microenvironment in the liver and induction of inhibition of activated HSCs. Although there was no clear iden-
ti�cation of a polarized macrophage activation pro�le, the �ndings observed suggest that the e�ects of the ther-
apeutic modality proposed here are regulated by a predominance of M2reg macrophages. M2reg macrophages 
produce immunosuppressive cytokines (with a predominance of IL-10), and may be involved in the remodeling 
of �brolytic proteins/ matrix, modulation of �brogenesis and the in�ammatory response resulting from hepatic 
tissue injury.

Figure 6. E�ects of cell therapy on expression levels of M1 macrophages, in chronic schistosomiasis model. 
Liver expression of M1 pro�le markers (A) CCL5, (B) IL-12β and (C) CCR2 was quanti�ed from liver tissue 
samples, by qPCR. Values are presented as means ± S.E. (n = 6) *P < 0.05, **P < 0.01, ***P < 0.001. Statistical 
analysis was performed by Kruskal-Wallis, followed by Dunn post-hoc test.
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Methods
Animals. Sixty male C57BL/6 mice weighing 20–23 g were used in this study. Mice were purchased from the 
Centro de Criação de Animais de Laboratório (CECAL) Fundação Oswaldo Cruz (FIOCRUZ, Rio de Janeiro, 
Rio de Janeiro, Brazil), and housed in the animal research facility in the Instituto Aggeu Magalhães (IAM), 
(FIOCRUZ, Recife, Pernambuco, Brazil). �ey were acclimatized to a 12-hour light/dark cycle. �e animals had 
free access to food and water. Animal care and the experiments were conducted in accordance with the approval 
of the Comissão de Ética no Uso de Animais (CEUA-IAM 15/2011).

Experimental model of chronic schistosomiasis. Mice were submitted to infection by S. mansoni, 
transcutaneously, with 40 cercariae of LE strain (Belo Horizonte, Minas Gerais, Brazil). A�er 45 days, parasito-
logical examination of feces was performed to con�rm the infection. A period of 16 weeks was necessary for the 
development of the chronic phase of schistosomiasis.

Chemotherapy. In the 16th week post-infection, before the cell therapy, infected animals were subjected to 
the chemotherapeutic treatment with Praziquantel (PZQ), for elimination of adult worms. PZQ administration 
was given in a single oral dose at a concentration of 400 mg/kg of body weight.

Isolation of bone marrow-derived monocytes. �e bone marrows of femurs and tibia from C57BL/6 
donor mice were extracted and used to obtain bone marrow mononuclear cells (BMMCs) by Ficoll gradient 
centrifugation (Histopaque 1119 and 1077, Sigma Aldrich, St. Louis, MO, USA). BMMCs were incubated with 
anti-CD11b antibodies conjugated to magnetic beads for monocyte isolation through an immunomagnetic sep-
aration system and phenotypic characterization as previously described20, resulting in a homogeneous CD11b 
CD14+ monocytes population.

Experimental design. A�er the establishment of chronic schistosomiasis model, mice were randomly dis-
tributed into the following groups, with six mice in each group: Group A: Healthy control; Group B: Infected and 
vehicle-treated; Group C: Infected and BMMC-treated; Group D: Infected and Monocyte-treated. All groups with 
exception of the group A were treated with PZQ prior to vehicle or cell therapy. �e study data are a mean calcu-
lated from two independent experiments. �e experimental design is shown in Fig. 8.

Cell infusion. Each mouse received three doses of 106 BMMCs or monocytes suspended in 0.2 ml sterile 
saline (vehicle), intravenously. �e procedure was performed once a week for three consecutive weeks. Eight 
weeks post-therapy, animals were submitted to euthanasia for liver collection.

Figure 7. E�ects of cell therapy on expression levels of M2 macrophages markers in chronic schistosomiasis 
model. Liver expression of M2 pro�le markers (A) Arginase-1, (B) YM-1, (C) CD206 and (D) Fizz1, was 
quanti�ed by qPCR Values are presented as means ± S.E. (n = 6) *P < 0.05, **P < 0.01, ***P < 0.001. Statistical 
analysis was performed by Kruskal-Wallis, followed by Dunn post-hoc test.
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Morphometry. Specimens of the liver tissues were fixed in 10% formalin and embedded in paraffin  
wax. Sections (5-µm thick) were stained by Sirius-red and Fast green for collagen and granuloma analysis.  
Images of histological sections stained in Sirius Red were obtained by light microscope (DM LB 2, Leica 
Microsystems, Cambridge, UK) equipped with a LEICA JVC TK digital camera (model C 1380, Pine 
Brook, NJ, USA) and analyzed using the Image Analysis Processing System LEICA QWIN, version 2.6 MC 
(Leica Microsystems, Cambridge, UK). Ten microscopic �elds (100X magni�cation) containing �brous tissue 
areas were selected for quanti�cation. From the histological sections stained with Sirius-red, some parameters 
of hepatic granuloma evaluation were also calculated: mean of numerical density (number of granulomas/unit 
volume) and mean volume of granuloma (mm3). Hepatic granulomas, well delimited and spherical shape which 
had the S. mansoni egg inside were considered during the measurement.

Hydroxyproline mensuration. Liver samples (100–200 mg) were used to determine the hydroxyproline 
content (nMol/g tissue). Samples were processed and analyzed according to methodology previously described55, 
read at 558 nm in automatic spectrophotometer (Pharmacia Biotech, Sweden).

Immunological assays. Cytokines and growth factors were quantified from the soluble liver pro-
tein extracts obtained as previously described20. Supernatants were used to quantify TNF-α, IL-6, IL-1β 
(BD OptEIA set mouse, San Diego, CA, USA), IL-13, IL-17, IL-23, MMP-9, TIMP-1 (R & D Systems, 
Minneapolis, MN, USA), TGF-β1, IL-10 (e-Bioscience, San Diego, CA, USA) and IL-4 (Invitrogen, 
California, USA) levels. Samples were read at a 450 nm wavelength using a microplate reader (model 3550, 
Thermo Scientific, Massachussetts, USA).

Nitric Oxide (NO). Soluble proteins extracts also were used for evaluation of NO levels by nitrites measure-
ment using the Griess Kit (G7921, Molecular Probes, Oregon, USA), following the manufacturer’s instructions. 
Nitrite concentration was calculated in µM.

Gene expression evaluation. Total RNA was extracted and puri�ed from liver tissue using TRIzol™ 
Reagent (Invitrogen, California, USA). Complementary DNA was synthesized by reverse transcription (RT) with 
oligodT, using GoScript Transcription System (Promega, Wisconsin, USA). Sequences of primers are listed in 
Supplementary Table S1. Expression of mRNAs was assessed by qPCR using SYBR® Green PCR Master Mix 
(Applied Biosystems CA, USA) and ABI PRISM 7500 sequence detector (Applied Biosystems, CA, USA). qPCR 
was performed for the following targets: CCl5, IL-12β, CCR2 / Ly6C, Arginase 1, chitinase-3-like protein 3 (YM-1)  
Mannose 1 receptor-type C (CD206), Fizz1 (alpha 1 molecule Similar to resistin), α-SMA, TGF-β1 and Gal-3.  
Quanti�cation was performed using the comparative ∆∆CT method, normalized with the reference gene, 
β-actin.

Statistical analysis. Data were expressed as mean values ± standard error (SE). Initially, the quantitative 
data to the normality Test (Shapiro-Wilk) were submitted, indicating the Kruskal-Wallis non-parametric test, 
with Dunn post hoc. Statistical analyzes were performed using Graphpad Prism (version 5.0, San Diego, CA, 
USA). �e P value < 0.05 was considered statistically signi�cant.

Data Availability
�e authors declare the availability of data.

Figure 8. Structure of the experiment. Male C57BL/6 mice were submitted to subcutaneously infection 
by S. mansoni (40 cercariae). A�er 16 weeks of infection, the animals were submitted to the conventional 
chemotherapy with praziquantel (400 mg/Kg) (B, C e D groups). Cell therapy was initiated a�er 18 weeks of 
infection with 106 bone marrow mononuclear cells (C) or 106 monocytes (D). Group B received only saline 
(vehicle). Healthy uninfected mice were used as control (Group A). �e therapeutic procedure was performed 
once a week for three consecutive weeks. Eight weeks a�er cell therapy (26th week), the animals were submitted 
to euthanasia for liver collection (6 mice/group). �e study data are a mean calculated from two independent 
experiments.
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