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Abstract

:

Currently, the most effective therapy for liver diseases is liver transplantation, but its use is limited by organ donor shortage, economic reasons, and the requirement for lifelong immunosuppression. Mesenchymal stem cell (MSC) transplantation represents a promising alternative for treating liver pathologies in both human and veterinary medicine. Interestingly, these pathologies appear with a common clinical and pathological profile in the human and canine species; as a consequence, dogs may be a spontaneous model for clinical investigations in humans. The aim of this work was to characterize canine adipose-derived MSCs (cADSCs) and compare them to their human counterpart (hADSCs) in order to support the application of the canine model in cell-based therapy of liver diseases. Both cADSCs and hADSCs were successfully isolated from adipose tissue samples. The two cell populations shared a common fibroblast-like morphology, expression of stemness surface markers, and proliferation rate. When examining multilineage differentiation abilities, cADSCs showed lower adipogenic potential and higher osteogenic differentiation than human cells. Both cell populations retained high viability when kept in PBS at controlled temperature and up to 72 h, indicating the possibility of short-term storage and transportation. In addition, we evaluated the efficacy of autologous ADSCs transplantation in dogs with liver diseases. All animals exhibited significantly improved liver function, as evidenced by lower liver biomarkers levels measured after cells transplantation and evaluation of cytological specimens. These beneficial effects seem to be related to the immunomodulatory properties of stem cells. We therefore believe that such an approach could be a starting point for translating the results to the human clinical practice in future.
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1. Introduction


Liver diseases are a widespread problem for national health care systems over the world. In case of hepatic failure, the only effective approach is organ transplantation, but its practical application is constrained by the limited availability of donor organs, immunological side effects, and economic reasons [1]. The development of alternative methods for treatment of liver disease is highly requested. In this context, the emerging field of regenerative medicine offers new approaches based on cell transplantation or organ engineering. Although organ engineering has the potential to solve the problem of liver donor shortage, cell transplantation is a much less invasive and expensive approach. This consists in the transfusion or injection of cells aimed at increasing the regeneration capacity in recipient liver and improving the restoration of its structure and function [2]. Isolated hepatocytes have been used as the primary cell source for cell transplantation procedures; nevertheless, hepatocytes do not survive for prolonged period in in vitro culture, and after cryopreservation their functions are dramatically impaired [3]. However, the main limitation remains the scarcity of donor livers from which high-quality primary hepatocytes can be isolated [4].



Mesenchymal stem cells (MSCs) have recently gained attention as potential candidates for liver regeneration [5]. MSCs transplanted in diseased liver can transdifferentiate into liver cells after homing within liver tissue, and/or stimulate tissue regeneration by paracrine secretion of cytokines, chemokines, and growth factors [6]. Notably, MSCs possess other useful properties, including low immunogenicity, affinity to the injury sites, and ability to modulate immune responses by downregulating T cells, B cells, and natural killer cells function [7]. Several reports have shown that the application of autologous or allogeneic MSCs are useful for improving acute and chronic liver failure including liver fibrosis in animal models [8,9,10]. Consequently, most of preclinical and clinical research in the field of cell therapy in the liver is currently conducted with MSCs, in particular with those derived from adipose tissue.



The human liver has a greater similarity with the canine liver rather than with rodent liver [11]. Normal canine and human livers show the same morphology, histological organization, and identical expression pattern of markers for mature hepatocytes and progenitor cells. Moreover, liver diseases in dogs occur spontaneously as in humans, and in both species acute and chronic hepatitis display an equal morphological reaction pattern [12]. Unlike humans, chronic hepatitis in dogs represents a pathological condition with almost non-specific symptoms and the diagnosis can only be confirmed on a histopathological basis, but fibrosis is considered the common evolution in the two species. By considering liver reaction similarities in the two species, comparative studies could yield useful data to increase the knowledge on liver diseases bilaterally.



In this perspective, in the study presented here we analyzed and compared specific features of MSCs isolated from canine and human adipose tissue. As far as we know, this is the first study in which several morphological and functional characteristics of both canine and human MSCs are compared in the same work. Firstly, we evaluated the stemness profile of both cell populations investigating phenotype morphology, expression and frequency of surface markers. Then, we examined their growth rate and proliferation under standard culture conditions or after simulating transportation conditions. The in vitro differentiation potential of both cell populations was further established by quantification of gene expression and histological staining. Finally, dogs with spontaneous chronic liver disease were treated with autologous undifferentiated MSCs in order to evaluate their ability to restore liver function.




2. Results


2.1. Isolation and Characterization of Canine and Human Stem Cells


Freshly isolated canine and human MSCs derived from fat biopsies were plated under basal conditions in tissue culture flasks. Both cell populations were adherent to the plastic, and displayed a spindle-shaped fibroblast-like morphology, which was maintained with cell passaging (Figure 1A,C). At early passages, human adipose-derived stem cells (hADSCs) formed several colonies, which disappeared with subsequent passages; these colonies were not present in the canine cell population at passage 1 (p1). Immunostaining of the actin cytoskeleton with phalloidin better revealed the morphology of canine ADSCs (cADSCs) and hADSCs (Figure 1B,D). Compared to hADSCs, primary canine cell cultures included smaller cells as well as spindle-shaped fibroblastic cells. This heterogeneity decreased with subsequent passages as the spindle-shaped fibroblastic cells appeared to predominate.



Cell surface antigens characterization was then performed on cADSCs and hADSCs by flow cytometry. The two cell populations displayed very similar expression patterns of surface markers. In particular, cADSCs were positive to the MSCs markers CD29, CD44, and CD90, and negative for the hematopoietic markers CD14, CD34, and CD45 (Figure 2A). Negative expression of CD73 and CD105 was also found in the canine cell population. hADSCs showed positivity to CD29, CD44, CD73, CD90, and CD105, and negativity to CD14, CD34, and CD45 (Figure 2B). Percentages of MSCs surface marker expression for both canine and human cells are reported in Table 1.




2.2. Proliferation, Growth Rate, and Colony Formation of Canine and Human Stem Cells


The proliferation rate of the two cell populations was evaluated by means of the Methyl Thiazolyl-Tetrazolium (MTT) assay. As shown in Figure 3A, cADSCs proliferation increased over seven days of culture; nevertheless, when comparing cell passages, proliferation rate was significantly higher for cells at p1 compared to p3 and p5. Regarding human cells, an increase in cell proliferation during culture time was observed for cells at p1 and p3; on the contrary, hADSCs at the highest passage showed a slowdown in proliferation after seen days from seeding (Figure 3C).



A population doubling (PD) assay was additionally performed to establish growth potential of canine and human cells during six consecutive passaging. The cumulative PD, which corresponds to the total number of estimated divisions up to that passage, tended to be higher for cADSCs respect to hADSCs at all passages examined (Figure 3B). Compared to cADSCs, hADSCs were indeed characterized by a lower rate of cell doublings (Figure 3D).



In order to determine the ability of the canine and human cell populations to form clonal fibroblastic colonies, a limiting dilution colony forming units-fibroblast (CFUs-F) assay was performed. As expected, both cADSCs and hADSCs formed more fibroblastic colonies as seeding densities increased. There were no significant differences in the CFUs-F frequencies between cell populations at the same passage. In detail, the frequency of precursor cells was 1/(1.92 × 103 ± 27) for cADSCs at p1, and 1/(1.86 × 103 ± 32) for hADSCs at the same passage. (Table 2). For both canine and human cells, p3 CFUs-F frequencies were lower than for p1 cells. As shown in Table 2, MSCs frequencies at p3 were 1/(2.34 × 103 ± 26) for cADSCs and 1/(2.18 × 103 ± 28) for hADSCs. Regarding the morphology of the colonies, those generated from hADSCs (Figure 4C,D) were more dense and larger in size compared to the canine colonies (Figure 4A,B).




2.3. In Vitro Osteogenic and Adipogenic Differentiation of Canine and Human Stem Cells


cADSCs and hADSCs at p3 were induced to differentiate into osteogenic and adipogenic lineages by appropriate culture media. Osteogenesis was assessed with visual staining of calcium deposits followed by quantification of extracted Alizarin Red S (ARS), and evaluating the expression profile of selected osteogenic markers (Figure 5A–D). After 21 days of osteogenic differentiation, canine cells took a more round polygonal appearance than those cultured in basal medium (BM), and large mineralized nodules appeared (Figure 5A). ARS accumulation in cells grown in osteogenic differentiation medium (ODM) was robust when compared to the undifferentiated condition, and a significant (p < 0.01) increase in ARS extraction was detected (Figure 5A). cADSCs maintained in ODM for 21 days expressed higher mRNA levels of alkaline phosphatase (ALPL), osteocalcin (OC), osteopontin (OPN), osterix (OSX), and TNF superfamily member 11 (RANKL) than cells maintained in BM for the same culture time. No difference for runt related transcription factor 2 (RUNX2) expression was observed (Figure 5B). Also, the human stem cells population displayed a round polygonal shape but smaller mineralized nodules were visible after 21 days in ODM. Nevertheless, ARS accumulation in hADSCs cultured in ODM was higher than the control condition (hADSCs in BM), and a significant (p < 0.001) increase in ARS extraction was measured (Figure 5C). OC, OPN, OSX, RANKL, and RUNX2 mRNAs were more expressed in hADSCs grown in ODM than in uncommitted cells. On the contrary, ALPL expression was lower in hADSCs in ODM than in BM (Figure 5D).



Adipogenesis was evaluated by both visual assessment of lipid vacuole accumulation and quantification of Oil Red O (ORO) staining, and gene expression profile of adipogenic markers (Figure 6A–D). Considering cADSCs, adipogenic differentiation was observable in a very limited number of cells; nevertheless, a significant (p < 0.01) increase in ORO extraction was detected with respect to the undifferentiated cells (Figure 6A). The mRNA levels of CCAAT enhancer binding protein alpha (CEBPA), fatty acid binding protein 4 (FABP4), solute carrier family 2 (facilitated glucose transporter) member 4 (GLUT4), and peroxisome proliferator activated receptor gamma (PPARG) were higher in cADSCs grown in canine adipogenic differentiation medium (cADM) for 21 days compared to cells maintained in BM. The expression of adiponectin (ADIPOQ) was instead lower in cADM when compared to the undifferentiated control condition (Figure 6B). Lipid vacuole staining was observed in all hADSCs after 14 days in human ADM (hADM), and ORO extraction was significantly (p < 0.001) greater in this condition than in uncommitted cells (Figure 6C). Gene expression profiles of all the adipogenic markers listed above resulted higher in cells cultured in hADM than in the control condition (Figure 6D).




2.4. Preservation of Canine and Human Cells under Simulated Transportation Conditions


High viability (between 70–80% of the initial cell number) was observed in cADSCs after 24 h of simulated transportation conditions (Figure 7A). This degree of viability was preserved during the following two days for both tested doses. Considering the human stem cell population, high viability (around 80%) was measured at 24 h; nevertheless, a significant reduction of cell viability (between 25–60%) was registered at 48 h (p < 0.01) and 72 h (p < 0.001) from the mimicked transportation conditions (Figure 7D). This scenario was reflected in phase-contrast images, where canine cells (Figure 7B,C) showed a greater confluence than human cells (Figure 7E,F) for both tested doses at day 1 and 3 after recovering.




2.5. Transplantation of Autologous cADSCs in Dogs and Evaluation of Liver Biomarker Levels


Ten dogs suffering from severe liver disease were subjected to adipose tissue aseptical collection at suprascapular or interscapular region. From each fat sample, cADSCs were isolated and amplified in 21 days. Then, autologous cells were transfused through portal vein under ultrasound guidance. Each dog underwent two inoculations 30 days apart. To evaluate the effects of cADSCs transplantation on clinical outcomes and biochemical functions, levels of serum alanine aminotransferase (ALT/GPT), aspartate aminotransferase (AST/GOT), alkaline phosphatase (ALP), albumin, and total bile acids (BAs) were measured. Compared to the values recorded before treatments, a reduction in ALT, AST, ALP, and total BAs levels was detected after the first and second injection; levels of the same markers were also significant lower than those of the phosphate-buffered saline (PBS)-treated control group (Figure 8A,B,C,E). No significant alteration in serum albumin was observed (Figure 8D).




2.6. Immunomodulatory Properties of Canine and Human Stem Cells


In order to examine whether canine stem cells could inhibit the proliferation of peripheral blood mononuclear cells (PBMCs) following mitogen stimulation, cADSCs pre-treated with mitomycin C were co-cultured with phytohemagglutinin (PHA)- or lipopolysacchride (LPS)-stimulated allogenic canine PBMCs (cPBMCs) at a 1:10 ratio for three days. For the sake of comparison, the same procedure was applied to the human cells’ counterpart. As shown in Figure 9A, cADSCs were able to inhibit cPBMC proliferation in response to PHA; similar results were obtained for the human cells (Figure 9B). Notably, we observed a significant (p < 0.05) decrease in mononuclear cell proliferation also when ADSCs were pre-exposed to the pro-inflammatory cytokine tumor necrosis factor alpha (TNFα). This reduction was more pronounced for the human cells. When cADSCs were co-cultured with allogenic PBMCs stimulated with LPS, a slight reduction on cPBMC proliferation was measured (Figure 9A). On the contrary, both naïve and pre-exposed hADSCs were able to significantly (p < 0.05) suppress proliferation of LPS-activated hPBMCs (Figure 9B).



To evaluate the effect of cADSCs and hADSCs on the activity of immune cells, production of interleukin 1β (IL-1β) and interleukin 10 (IL-10) in culture supernatant obtained from the co-cultures of ADSCs and PBMCs (1:10 ratio) was measured by commercial ELISA assays. The secretion of the pro-inflammatory cytokine IL-1β was higher both in the canine and human co-cultures when mononuclear cells were stimulated with PHA (Figure 10A,B). On the contrary, the level of IL-1β significantly decreased in the supernatant harvested from the co-culture of ADSCs and LPS-activated PMBCs (Figure 10A,B). Regarding IL-10, a decrease in its production was measured when cADSCs were co-cultured with PHA-activated cPBMCs, whereas an increase was detected in the case of PBMCs’ stimulation with LPS (Figure 10C). The cytokine profile for the human co-cultures showed a similar but emphasized trend compared to that of the canine counterpart (Figure 10D).




2.7. Cytological Evaluation


Cytological analysis was performed before the first cell transplantation and 30 days after the second injection. Both pre- and post-cell transplantation smears were of high cellularity and contained hepatocytes arranged in clusters of various size in a background of peripheral blood and protein. Most of the hepatocytes presented a round central or paracentral nucleus (Figure 11). In detail, cytological smears obtained before cell transplantation revealed hepatocytes characterized by a broad cytoplasm often of rarefied appearance towards cell periphery (Figure 11A). In addition, some spindle cells that sometimes infiltrated through hepatocytes and acted as a bridge between clusters were present. Inflammation was demonstrated by the presence of neutrophils, small and medium activated lymphocytes, and foamy macrophages. In cytological smears obtained 30 days after the second injection of cells, liver inflammation appeared diminished as well as the presence of spindle cells; moreover, the cytoplasm of hepatocytes appeared less rarefied (Figure 11B).





3. Discussion


Both in human and veterinary field, MSCs have generated great interest in regenerative medicine for their potential use in cell-transplantation and gene-therapy strategies also thanks to their anti-inflammatory and immunomodulatory properties. In the case of liver diseases, where the lack of donor organs, the risks associated with allotransplantations, and the necessary immunosuppression are objective limitations, the use of autologous MSCs for supporting liver regeneration appears a promising alternative. This is particularly true for ADSCs, since adipose tissue is sufficiently available in most people and tissue harvesting is a well-controlled and minimally invasive procedure [13]. In humans, liver diseases are clinically and pathologically highly comparable with their canine liver disease counterparts; consequently, dogs may represent a spontaneous and non-experimental animal model for human clinical investigations [14].



In this study, we compared several characteristics of canine and human MSCs isolated from adipose tissue samples, including morphology, surface antigen phenotype, proliferation, and in vitro differentiation potential. To the best of our knowledge, this is the first work that simultaneously compares specific morphological and functional characteristics of both canine and human MSCs derived from adipose tissue samples. Characterization of the two tissue sources was based on the minimal criteria formulated by the International Society for Cellular Therapy for defining multipotent MSCs [15]. These are plastic adherence under standard culture conditions, expression of surface markers such as CD79, CD90, and CD105 and lack of expression of CD14, CD34 and CD45, and multilineage differentiation potential in vitro [15].



Canine and human cell populations displayed similar in vitro spindle-shaped morphology, as evidenced by both phase-contrast images and staining of actin filaments with phalloidin. This fibroblast-like morphology was preserved through passaging in both cell populations. MSCs were further characterized according to their surface protein expression by flow cytometry. Human cells were found positive to the established MSCs markers CD73, CD90, and CD105. In addition to these, the population of human cells showed positivity to two other surface markers generally expressed by MSCs, CD29 and CD44 [16,17]. The canine cell population resulted positive to CD29, CD44, and CD90; as reported by others, expression of CD90 was lower than that of CD29 and CD44 [18,19]. Negative expression was instead observed for CD73 and CD105 surface markers. In this regard, it is important to consider that full characterization of MSCs from veterinary species is limited by the availability of species-specific antibodies [20]. Our results, however, are in agreement with those obtained by other groups, which have identified a panel of positive surface markers for characterizing canine MSCs by flow cytometry, which include CD29, CD44, and CD90 [18,21,22,23]. Flow cytometry immunophenotyping also demonstrated the negativity to CD14, CD34, and CD45, indicating the absence of hematopoietic cells in both stem cells populations.



The proliferation kinetics and growth rate of canine and human cells at different in vitro passages were further examined. The general trend was similar in the two cell populations, as proliferation rate decreased with increasing passage and culture time. Nevertheless, compared to hADSCs, cADSCs had significantly faster proliferation potential in vitro as reflected by the higher number of cell doublings in the population.



The proliferation rate is not the only criterion to consider for determining the abundance of MSCs in a cell population. The number and yield of MSCs that can be isolated from a single sample are also essential [24]. For this reason, we additionally measured the frequency of CFUs-F in cADSCs and hADSCs by a limiting dilution assay. This represents a useful method to establish the frequency of a well-defined cell in a population of cells [25]. We performed a CFUs-F assay to compare the CFUs potential between cADSCs and hADSCs after cell expansion at p1 and p3. This choice is meaningful in relation to the therapeutic use of stem cells, since early passages are considered appropriate for obtaining an adequate number of cells, safe in terms of chromosome alterations and genetic abnormalities, and, therefore, adequate for therapeutic clinical applications [26]. The CFUs-F frequencies for canine and human cells at p1 and p3 were similar; for both cell populations, frequency of colony formation slightly decreased at increasing passage, consistently with results reported in independent studies [27,28,29].



Osteogenic and adipogenic differentiation were then induced to evaluate multipotent differentiation potential of the ADSCs populations in vitro. When grown under appropriate conditions, both canine and human cells were able to differentiate into osteoblasts and adipocytes; nevertheless, some differences in differentiation potential were observed. In comparison to hADSCs, cADSCs accumulated more calcium deposits during osteogenic differentiation, as demonstrated by ARS staining. Histological data were supported by gene expression analysis, which confirmed a faster osteogenic differentiation in canine cells than their human counterparts. The osteogenic differentiation is initialized and precisely controlled temporally and spatially by RUNX2 [30]. It plays an essential role upstream in osteoblastic differentiation because it induces the expression of osteogenic extracellular matrix genes during osteoblast maturation, such as ALP, OPN, and OC [31]. After 21 days of differentiation, canine cells presented overexpression of these late markers and low levels of RUNX2 along with overexpression of OSX. OSX is a late-stage osteoblast-specific transcription factor which activates a repertoire of genes during differentiation of pre-osteoblasts into mature osteoblasts and osteocytes [32]. These findings suggest that after 21 days in ODM, cADSCs become mature osteoblasts. After the same culture time in ODM, human cells showed an overexpression of RUNX2, a low increase in OC, OPN, and OSX expression, and downregulation of ALPL. Considering mRNA expression of the osteoblast markers and the accumulation of calcium deposits, our data suggest a slower osteogenic differentiation potential of hADSCs than their canine counterpart.



The evaluation of the adipogenic commitment in canine and human cells was based on different differentiation protocols; nevertheless, the state-of-the-art protocol was specifically selected for each cell population. In addition to diverse media formulation, cADSCs underwent adipogenic induction for 21 days, compared to 14 days for hADSCs.



The conventional differentiation protocol for in vitro adipogenesis of human stem cells typically contains a mixture of insulin, isobutylmethylxanthine, indomethacin, and dexamethasone [33]. Initial work using the same protocol as commonly used for hADSCs resulted in limited adipogenesis of the canine cells (data not shown). Neupane and co-workers optimized the adipogenic differentiation medium for adipose-derived canine MSCs by replacing indomethacin with rosiglitazone, a member of the thiazolidinedione hypoglycemic drugs [34]. Recently, another group demonstrated that treatment of MSCs from different mammalian species to dexamethasone and rosiglitazone is necessary and sufficient for inducing their adipogenic differentiation [35]. Interestingly, these authors stated that dexamethasone and rosiglitazone drive adipogenic differentiation even in those species refractory to the conventional medium.



Accumulation of fat droplets in a cell’s cytoplasm is indicative of terminal adipogenic differentiation. In this sense, hADSCs appeared to have a superior adipogenic potential on the basis of a greater number of positively stained lipid vacuoles, compared with the canine MSCs. These results are consistent with those described by others, where few and small lipid vacuoles were observable following adipose differentiation of canine MSCs [36,37]. Nevertheless, classical histochemical staining for detecting adipose differentiation has to be considered in parallel to the measurement of genic expression markers. When comparing gene expression profiles, PPARG and CEBPA mRNAs were similarly upregulated following adipogenic induction in both canine and human cells. These are two key adipogenic transcription factors responsible for inducing and maintaining the adipose phenotype [38]. Also, the adipocyte marker FABP4 showed a comparable overexpression in the two cell populations subjected to adipogenic stimuli. On the contrary, hADSCs showed the higher shift in the expression of ADIPOQ, an adipokine which is a marker of final maturation, therefore indicative of functional adipocyte [35]. The same consideration can be done for GLUT4, the insulin-regulated glucose transporter whose expression is exclusive of adipocytes which have completed their maturation and which would be in the final stages of adipogenesis [39].



One of the main challenges for using stem cells in clinical applications is to ensure their survival and functionality during delivery from the laboratory to the administration site [40]. Although cryopreservation is the best choice for long-term storage of MSCs, these cells may be maintained in a non-frozen state for short-term shipment. Different studies agree with the fact that PBS is a good medium for suspending cells to be transplanted thanks to its stronger pH buffering capacity over other solutions, such as saline or dextrose [41,42]. Among other parameters, time and temperature mainly affect MSCs number during shipping conditions [43]. In this work, we found that a high viability (>80%) of cADSCs suspended in PBS and maintained at a controlled temperature can be assured up to 72 h; hADSCs viability exposed to the same conditions decreased over time more quickly.



MSCs represent an exceptional resource not only for their potential ability to induce tissue regeneration, but also for their immunoregulatory properties. In this study, the paracrine effects of stem cells were investigated after the transfusion of autologous ADSCs in dogs with spontaneous liver disease. Currently, several experimental animal models of liver injury exist and are described in the literature [44]. In these studies, the most commonly used approach to induce experimental liver injury in mice or rats is the periodic administration of toxic agents, such as carbon tetrachloride (CCl4) or thioacetamide (TAA) [8,45,46]. Although the CCl4 and TAA treatments generate well-established animal models of hepatic disease that show pathological characteristics consistent with that of acute liver failure, these have a number of disadvantages that limit the conclusions that can be drawn from these studies [44]. Therefore, all experimental findings need to be critically evaluated in appropriate models that reflect the pathological mechanisms of human hepatic disorders before their translation into clinical treatments.



Compared to laboratory animals, anatomy and physiology in dogs, as well as the onset of spontaneous diseases with similar pathogenesis, more closely resemble humans [47]. Additionally, dogs live longer in environments similar to humans, and are therefore exposed to similar external factors underlying common disease states. As a consequence, naturally occurring diseases in veterinary species represent suitable models of human disease because these reflect the complex physiologic, genetic, and environmental variation found in the human population [48].



In dogs, allogeneic ADSCs have recently and successfully been used to treat liver injury during the acute phase [49]. However, healthy dogs were involved in that study, and acute hepatic injury was experimentally induced by injection of CCl4. Our work is the first to use autologous ADSCs in dogs bearing natural occurring chronic liver damage. We believe that this study could have a huge clinical significance not only for evaluating the efficacy of stem cell therapies ultimately intended to humans, but also because chronically liver injured animals are thought to be the major population to benefit of a future cell therapy-based treatment for hepatic disease. Indeed, as mentioned above, chronic hepatitis in dogs presents with non-specific clinical signs, and the diagnosis is confirmed by histological examination only at advanced stages [12].



In the work presented here, dogs with spontaneous chronic hepatic disease were used and transplanted with undifferentiated autologous cADSCs through portal vein under ultrasound guidance. Previous studies have shown that portal and splenic injections of MSCs are the preferred administration routes when hepatic injury must be treated, since both of them result in homogeneous distribution of stem cells in the liver with a high hepatic uptake [49,50]. On the contrary, systemic intravenous injection leads to almost all cells trapped in the lungs, although MSCs then possess homing behavior for the recruitment in the wound site.



Serum levels of AST, ALT, and ALP enzymes are typically measured clinically as biomarkers for liver injury; serum albumin is instead a marker of liver function [51]. Recently, other serum and plasma biomarkers have been reported as potential indicators of liver injury [51]. For example, elevated serum levels of BAs were measured in different forms of liver injury in rodents [52,53]. In our study, ALT, AST, ALP, and total BAs levels were found markedly high before treatments with autologous cADSCs, whereas these showed a significant reduction after cell transplantations. The levels of the markers examined in this study remained high in dogs that received PBS instead of cells. These finding are in agreement with previous studies using rodents, in which reduction in serum levels of ALT and AST was recorded after MSCs injection [54,55,56]. Most importantly, we did not observe negative side effects of cell transplantation, consistently with the results of others [9,57]. Considering the decrease in serum biochemical parameters after injection of autologous ADSCs in dogs, we could hypothesize that soluble factors secreted from these cells might mainly contribute to recovery of hepatic injury and improvement in liver function.



In effect, over the past decade it has become clear that MSCs interact with cells of the immune system and modulate their function by both direct cell-to-cell contact and through the secretion of different mediators [49,58]. The secretion of such a broad range of bioactive molecules is now believed to be the main mechanism by which MSCs achieve their therapeutic effect in different pathological conditions [58]. If, however, many of the details underlying the mechanisms by which MSCs modulate the immune response have been defined for human and rodent MSCs, only a few works on canine ADSCs immunomodulation have been published so far, and these report contradictory conclusions [19,21,23,59]. Although it was not the purpose of the current study, we believe that further study is needed to identify the detailed mechanisms responsible for the immunomodulatory effects of cADSCs we observed in vivo.



With the aim of establishing whether the beneficial effect we observed in vivo could be attributed to the immunomodulatory properties of stem cells, canine and human ADSCs were co-cultured with PBMCs isolated from allogenic unrelated donors at a 1:10 ratio. Previous studies have demonstrated that inhibition of immune cell proliferation by MSCs has no immunological restriction; similar suppressive effects have been observed towards autologous or allogenic responder cells [60,61]. The immunomodulatory properties of MSCs have been widely described based in large part on assays that evaluate suppression of T cell proliferation [23]. However, over the years, it has been evidenced that MSCs affect not only T cells but also other cells of the immune system [62,63]. For this reason, two different molecules were used in this study to stimulate PBMCs, PHA and LPS. PHA is a mitogen known to activate T cell proliferation in several mammalian species, whereas LPS is a bacterial endotoxin mainly responsible for the activation of B-cells, monocytes, vascular cells, and polymorphonuclear cells [64,65]. Several works also suggest that the immunomodulatory effects of MSCs are determined by the local conditions of the microenvironment [58,66]. Therefore, whether the in vivo use of MSCs for therapeutic applications does not require priming of these cells; in vitro, MSCs need to be pre-exposed to mediators present in inflammatory environments—such as interferon gamma (IFNγ), TNFα, or IL-1β—in order to efficiently modulate immune cell function [66].



In agreement with another work, we found suppressive effects of cADSCs on allogenic PBMCs proliferation following induction with the mitogen PHA after three days of co-culture [67]. This reduction was not significant when mononuclear cells were treated with LPS. Pre-treatment of cADSCs with TNFα further enhanced the ability of stem cells to decrease allogenic PBMCs proliferation after stimulation with both PHA and LPS. With regard to human cells, a significant suppression of PBMCs proliferation by allogenic stem cells was observed for both the stimulators used, and higher inhibition resulted after hADSCs were pre-exposed to TNFα. The evidence that pre-treatment of MSCs with pro-inflammatory cytokines enhances their suppressive effect on PBMCs is in agreement with previous studies performed in rodents [66,68]. Based on our data, we may assume that ADSCs successfully inhibit T cell proliferation, but exert only a moderate effect on the proliferation of other immune cell populations in the dog.



As reported above, the immunomodulatory effects of MSCs are jointly executed by both direct cell-to-cell contact and soluble factors secretion [49,58]. In this study, we evaluated the secretion profile of the pro-inflammatory cytokine IL-1β, and of IL-10, one of the most important immunoregulatory and anti-inflammatory cytokines [69]. Canine PBMCs’ stimulation with PHA determined an increase in the production of both IL-1β and IL-10; at baseline, neither unstimulated PBMCs nor ADSCs produced these mediators (data not shown). The presence of cADSCs resulted in an increase of IL-1β level, which was significant only when stem cells were not pre-exposed to TNFα. Unexpectedly, a slight reduction of IL-10 emerged in the co-culture of cADSCs with PHA-stimulated cPBMCs. A similar scenario was observed with the human cells. In this regard, it is necessary to point out that contradictory results are reported in the literature. For example, in agreement with our results, in the study of Bertolo and co-workers, the presence of human MSCs inhibited the production of IL-10 [70]. Conversely, IL-10 expression was significantly boosted in the human MSCs-PBMCs co-culture after PHA-stimulation [71]. Still, in the work of Rasmusson and colleagues, IL-10 levels did not change when human MSCs were added to allogenic PBMCs stimulated with PHA [72]. In another study, IL-10 production was not different when canine immune cells where cultured with or without cADSCs [59]. In that work, however, activators other than PHA were used for PBMCs stimulation. These controversial results could be explained by the fact that different activators were used in the various studies, at different concentrations, in addition to having diverse MSCs/PBMCs ratios.



When evaluating the secretion profile of these interleukins in PBMCs after stimulation with LPS, high levels of both IL-1β and IL-10 were measured, in agreement with previous works [73,74]. As before, unstimulated PBMCs and ADSCs did not secrete these cytokines when cultured alone (data not shown). Interestingly, co-culture of LPS-stimulated PBMCs with allogenic ADSCs determined a significant decrease of IL-1β, and a concomitant increase in IL-10 level both for canine and human cell populations. The production of IL-10 is believed to be related to an increased release of prostaglandin E2 (PGE2) from MSCs, which acts on macrophages receptors stimulating the secretion of this anti-inflammatory cytokine [75]. It is interesting to note that PGE2 synthesis seems to be promoted by IL-1β released by monocytes and macrophages activated by LPS [76,77]. These results would indicate that ADSCs, in response to high levels of IL-1β, favor the polarization of macrophages into the IL-10-producing anti-inflammatory phenotype.



Taken together, our data would suggest that ADSCs possess an immunomodulatory effect, although different mechanisms are used towards the various components of the immune system. cADSCs appear to be involved in suppressing T cell proliferation, as emerged when allogenic PBMCs were stimulated with PHA, whereas these mainly act on modulating the cytokines secretion profile of other immune cells, as seen in LPS-activated PBMCs. Consequently, the immunomodulatory effect of MSCs seems to be mediated by a network of molecular pathways rather than being dependent on a single mechanism. We believe that our in vitro results provided a valuable indication of the immunomodulatory effect of ADSCs; however, further studies are needed to identify the detailed mechanisms. Since similar results between dogs and humans were obtained, we believe that this work can have clinical relevance and a translational potential.



Nonetheless, in order to determine whether cADSCs transplantation generated beneficial and durable effects for the dogs, we analyzed cytological smears obtained from diseased liver before the first cell transplantation and 30 days after the second injection. Cytological evaluation is a minimally invasive analysis used to investigate the hepatic lesions, often fundamental to formulate a diagnosis together with the histopathological examination [78]. Cytological smears obtained before cell injection showed inflammatory cells along with a substantial amount of hepatocytes showing rarefied cytoplasm towards cell periphery; these were accompanied by some spindle cells through hepatocyte clusters. Such a description is compatible with liver fibrosis, which was indeed diagnosed [79]. After 30 days from the second cell treatment, cytological analysis was repeated. A decrease in inflammatory cells as well as in spindle cells was revealed in the smears. Furthermore, hepatocyte cytoplasm appeared less rarefied compared to that of cytological specimens before cell treatment. A reduction in the inflammatory response seems to agree with the fact that MSCs immunomodulation could be one of the mechanisms responsible for the improvement of liver disease.




4. Materials and Methods


4.1. Isolation and Culture of Canine and Human ADSCs


hADSCs were isolated from human abdominal fat of healthy patients (age: 21–36; BMI: 30–38) undergoing cosmetic surgery procedures, following the guidelines of the University of Padova’s Plastic Surgery Clinic. cADSCs were isolated from fat specimens (10 cc) collected from the suprascapular or interscapular region with aseptic techniques and regional anesthesia. The Ethical Committee of Padova Hospital approved the research protocol (5 March 2009; 20150). Written informed consent was obtained from all patients, in accordance with the Helsinki Declaration. All the animals were treated and handled in accordance with the guidelines on minimum health requirements for the use of stem cells in veterinary medicine approved by the Italian Ministry of Health (17 October 2013, 277).



Human adipose tissue was processed as previously described [80]; canine biopsies followed the same procedure. Briefly, tissues were washed with PBS (EuroClone, Milan, Italy), minced, and digested with 0.075% collagenase type II from Clostridium histolyticum (Sigma-Aldrich, Saint Louis, MO, USA) in Hanks’ balanced salts solution (HBSS; EuroClone) for 3 h at room temperature (RT) with shaking. Cells from the stromal vascular fraction were pelleted and rinsed with PBS. Red blood cells contamination was deleted by a step in red blood cells lysis buffer (Sigma-Aldrich) run for 10 min at RT. The resulting viable cells were maintained at 37 °C and 5% CO2 in BM, consisting of Dulbecco’s modified Eagle’s medium (DMEM) high glucose (EuroClone) supplemented with 10% fetal bovine serum (FBS; EuroClone), and 1% penicillin/streptomycin (P/S; EuroClone). Culture medium was refreshed twice a week. At 80–90% confluence, both cell populations were detached with trypsin-EDTA solution (Sigma-Aldrich) and passaged repeatedly.




4.2. Immunofluorescence Analysis


For immunofluorescence staining, 2 × 104 human and canine cells at p1, p3, and p5 were seeded on glass coverslips put into 24-well plates and cultured in BM. Twenty-four h after seeding, cells were fixed in 4% paraformaldehyde solution in PBS for 10 min, then permeabilized for 10 min in 0.5% Triton X-100 (Sigma-Aldrich) prepared in PBS. After three washing with PBS, the cells were incubated in 2% bovine serum albumin (BSA; Sigma-Aldrich) solution in PBS for 1 h at RT. The cells were then stained with 5 µg/mL phalloidin tetramethylrhodamine B isothiocyanate (Sigma-Aldrich) for 40 min at RT. Nuclear staining was performed with 2 μg/mL Hoechst H33342 (Sigma-Aldrich) solution for 15 min. The cells were observed with the LeicaDM5000 B microscope (Imaging Facility, Department of Biology, University of Padova, Padova, Italy).




4.3. Flow Cytometry


Adherent cells from p3 were dissociated and resuspended in flow cytometry staining buffer (R&D Systems, Minneapolis, MN, USA) at a final cell concentration of 1 × 106 cells/mL. Human cells were incubated with the following fluorescent monoclonal mouse anti-human antibodies: CD29 APC (Thermo Fisher Scientific, San Diego, CA, USA); CD44 FITC (Thermo Fisher Scientific); CD73 APC (eBioscienceTM, Thermo Fisher Scientific); CD90 BV510 (BD Biosciences, San Jose, CA, USA); CD105 PE-Cyanine7 (eBioscienceTM); CD14 PE (eBioscienceTM); CD34 APC-eFluor 780 (eBioscienceTM); CD45 Pacific Orange (eBioscienceTM). Canine cells were incubated with the following fluorescent monoclonal mouse antibodies: CD29 APC (Thermo Fisher Scientific); CD44 FITC (Thermo Fisher Scientific); CD73 APC (eBioscienceTM); CD90 APC (eBioscienceTM); CD105 PE-Cyanine7 (eBioscienceTM); CD14 PE (Thermo Fisher Scientific); CD34 PE (eBioscienceTM); CD45 FITC (eBioscienceTM). Cells were washed twice with 2 mL of flow cytometry staining buffer and resuspended in 500 μL of flow cytometry staining buffer. Fluorescence was evaluated by flow cytometry in Attune NxT flow cytometer (Thermo Fisher Scientific). Data were analyzed using Attune NxT software (Thermo Fisher Scientific).




4.4. MTT Assay


Cell proliferation rate was investigated through the MTT-based assay according to the method previously described [81]. Briefly, 2 × 104 cells at p1, p3, and p5 were seeded onto 24-well plates in BM. After one, three, and seven days from seeding, culture medium was harvested and cells were incubated for 3 h at 37 °C in 1 mL of 0.5 mg/mL MTT solution prepared in PBS. After removal of the MTT solution, 0.5 mL of 10% dimethyl sulfoxide in isopropanol was added for 15 min at RT with gently rotation. For each sample, optical density (OD) values at 570 nm were recorded in duplicate using a multilabel plate reader (Victor 3, Perkin Elmer, Milan, Italy).




4.5. PD Assay


In order to establish growth potential of cADSCs and hADSCs, 1.2 × 105 cells at p2 were seeded into 6-well plates. Every three days, cells were detached, counted, and seeded again at the same density in a new 6-well plate. This was repeated until the cells reached p6. The PD of the cells was calculated according to the formula [82]


PD = (logNt − logN0)/log2



(1)




where PD represents the number of cell divisions that occur in each passage; Nt corresponds to cell number on the third day, and N0 is the initial seeding number of cells. To determine the cumulative PD, the PD level for each passage was calculated, then added to the levels of the previous passages.




4.6. Limiting Dilution CFUs-F Assay


In order to determine MSCs frequency in the canine and human cell populations, a limiting dilution CFUs-F assay was performed, as published elsewhere [27]. Briefly, 5 × 103, 2.5 × 103, 1.25 × 103, 6.25 × 102, 3.12 × 102, or 1.56 × 102 cADSCs and hADSCs at p1 and p3 were each seeded in six wells in a 96-well plate, with each row containing wells of the same cell density. Cells were cultured in BM for eight days. CFUs-F colonies were then fixed in 4% paraformaldehyde solution, and stained with 0.1% toluidine blue prepared in 1% paraformaldehyde solution for 20 min at RT. The number of negative and positive wells was determined for each cell concentration, considering a positive well as one containing ≥20 toluidine blue-stained cells. The percentage of wells negative for CFUs was used to calculate the frequency of CFUs-F according to the formula [83]


F = e−x



(2)




where F is the ratio of negative to positive wells within a row, e is the natural logarithm constant 2.71, and x is the number of CFUs per well. Based on a Poisson distribution of a clonal-cell lineage, the value F = 0.37 occurs when the number of total canine or human ADSCs plated in a well includes a single CFU.




4.7. In Vitro Differentiation of cADSCs and hADSCs


For osteogenic differentiation, 2 × 104 canine or human cells at p3 were seeded onto 24-well plates and incubated in ODM for 21 days. ODM was made of DMEM High Glucose supplemented with 10% FBS, 1% P/S, 10 ng/mL Fibroblast Growth Factor 2 (ProSpec, East Brunswick, NJ, USA), 10 mM β-glycerophosphate (Sigma-Aldrich), and 10 nM dexamethasone (Sigma-Aldrich). The medium was replenished twice a week.



For adipogenic differentiation of canine cells, 2 × 104 cADSCs at p3 were seeded onto 24-well plates and incubated in canine cADM up to 21 days. cADM was made of DMEM high glucose supplemented with 10% FBS, 1% P/S, 10 µM rosiglitazone (Sigma-Aldrich), and 1 µM dexamethasone (Sigma-Aldrich). For adipogenic differentiation of human cells, 2 × 104 hADSCs at p3 were seeded onto 24-well plates and cultured in hADM for 14 days. hADM consisted of DMEM high glucose supplemented with 10% FBS, 1% P/S, 10 µg/mL insulin (Sigma-Aldrich), 0.5 mM isobutylmethylxanthine (Sigma-Aldrich), 0.1 mM indomethacin (Sigma-Aldrich), and 1 µM dexamethasone (Sigma-Aldrich). Both differentiation media were changed twice a week.




4.8. ARS Staining and Quantification


Mineral calcium deposits were visualized and quantified by means of ARS staining after 21 days from cell seeding, as published elsewhere [84]. In detail, cells were fixed in 4% paraformaldehyde solution in PBS for 10 min at RT, then washed twice with PBS. For ARS staining, cells were incubated with 0.5 mL of 40 mM ARS (Sigma-Aldrich) solution pH 4.2 for 20 min at RT with gentle shaking. After four washes with distilled water, phase-contrast images were taken. Then, cells were washed with PBS and incubated with 0.5 mL of 10% (w/v) Cetylpyridinium Chloride (CPC; Sigma-Aldrich) in 10 mM sodium phosphate solution pH 7.0 for 20 min at RT with gentle agitation. For each sample, OD values at 570 nm were measured with Victor 3 plate reader.




4.9. ORO Staining and Quantification


The intracellular lipid content was assessed by means of ORO staining and quantification after 14 and 21 days of adipogenic differentiation for human and canine cells, respectively, as published elsewhere [85]. Briefly, cells were fixed in 4% paraformaldehyde solution in PBS for 10 min at RT, then washed twice with PBS. Then, ORO stock solution was prepared by dissolving 3.5 mg/mL of ORO powder (Sigma-Aldrich) in isopropanol. ORO working solution was then made by adding three parts of ORO stock solution to two parts of distilled water. Cells were stained with 0.5 mL of fresh ORO working solution for 15 min at RT. After four washes with distilled water, phase-contrast images were taken and ORO staining was extracted with 0.25 mL 100% isopropanol. For each sample, OD values at 490 nm were recorded with Victor 3 multilabel plate reader.




4.10. Real-Time PCR


Total RNA was isolated from human and canine cells after 14 days or 21 days of differentiation with Total RNA Purification Plus Kit (Norgen Biotek Corporation, Thorold, Canada). The RNA samples quality and concentration were measured using the NanoDrop™ ND-1000 (Thermo Fisher Scientific). The cDNA was synthesized starting from 500 ng of total RNA of each sample with the SensiFASTTM cDNA Synthesis kit (Bioline GmbH, Germany) in a LifePro Thermal Cycler (Bioer Technology, China). Real-time PCR of genes involved in osteogenic and adipogenic differentiation was performed. Canine (Table 3) and human (Table 4) primers were selected for each target gene with Primer 3 software. Real-time PCR was carried out using the designed primers at a concentration of 400 nM and SensiFASTTM SYBR No-ROX mix (Bioline GmbH) on a Rotor-Gene 3000 (Corbett Research, Sydney, Australia). Thermal cycling conditions were as follows: denaturation at 95 °C for 2 min, followed by 40 cycles of denaturation at 95 °C for 5 s; annealing at 60 °C for 10 s; and elongation at 72 °C for 20 s. Data analysis was performed using the ΔΔCt method [86] using transferrin receptor (TFRC) as internal reference. Results were reported as fold regulation of target genes in test group (cells grown in differentiation medium) compared with control group (cells cultured in BM).




4.11. Cell Preservation under Transportation Conditions


In order to test cell viability under transportation conditions, 2 × 105 and 4 × 105 cADSCs or hADSCs at p3 were resuspended in PBS in 2 mL cryogenic vials, then stored in a polystyrene box containing dry ice up to 72 h at RT. Every 24 h, cells were counted using a Countess II automated cell counter (Thermo Fisher Scientific). After the mimicked three days’ shipment, cells from the cryovials were recovered, seeded into 96-well plates, and imaged under a phase-contrast microscope after additional one and three days of culture in BM.




4.12. Transplantation of Autologous cADSCs


Ten dogs with severe degenerative hepatopathy were included in this study. Dogs with cancer in liver or other organs were excluded. Thrombosis of the hepatic vein was another criteria of exclusion. For the transplantation, autologous cells (5 × 105 cells/kg) suspended in 2 mL PBS were transfused through the portal vein under ultrasound guidance, after sedation with medetomidine (20 μg/kg by intravenous injection). Low passage (p2–p5) cADSCs were used for injection. After 30 days from the inoculum, each dog underwent a second transplantation of autologous cells. The control group was injected with the same volume of PBS without cells.



Blood samples were obtained from the jugular vein for measuring levels of liver biomarkers before transplantation and seven days after each of the two cells injections. In particular, levels of serum ALT/GPT, AST/GOT, ALP, albumin, and total BAs were measured using an automated clinical chemistry analyzer (Fuji Dri-Chem, Fujifilm, Japan).



Hepatic cytological specimens were obtained by ultrasound guided fine-needle capillary sampling without aspiration before the first cell injection and 30 days after the second treatment. Smears were air-dried, stained using the Diff-Quick staining and then imaged under a light microscope.




4.13. PBMCs Proliferation Assay and Cytokine Production Analysis


Canine and human PBMCs were isolated from fresh whole blood collected from healthy dogs and healthy volunteers, respectively, through density gradient separation with 1.077 g/mL Ficoll-Paque™ PLUS (GE Healthcare Life Sciences, Little Chalfont, UK) according to the manufacturer’s protocol. The mononuclear cells located at the interface between Ficoll and plasma-medium layer were washed twice with PBS, suspended in RPMI 1640 medium (EuroClone) containing 10% FBS and 1% P/S, then counted using the Countess II Automated Cell Counter.



For the proliferation assay, cADSCs and hADSCs were used as stimulators, while allogenic canine and human PBMCs were used as responders. In detail, 2.5 × 103 cADSCs or hADSCs at p3 were plated in triplicates in 200 μL RPMI 1640 medium onto 96-well plates. One day after seeding, the cells were inactivated by treatment with 15 μg/mL mitomycin C (Sigma-Aldrich) for 2 h at 37 °C. Then, 2.5 × 104 allogenic cPBMCs or hPBMCs were co-cultured with the corresponding stem cell populations (10:1 ratio) under mitogenic stimulation with 5 μg/mL PHA (Sigma-Aldrich) or 100 ng/mL LPS (from Escherichia coli 0111:B4; Sigma-Aldrich).



After three days, 50 μL of the supernatant from each well of the co-cultures were collected, centrifuged at 1400 rpm for 1 min, then stored frozen for analysis of IL-1β and IL-10 production using commercial sandwich ELISA kits (Thermo Fisher Scientific) according to the manufacturer’s instructions. The proliferation of canine and human PBMCs was analyzed using an MTS Cell Proliferation Assay Kit (Colorimetric) (Abcam, Cambridge, UK) according to the manufacturer’s protocol. OD values at 490 nm were measured using Victor 3 plate reader 3 h after incubation. PBMCs proliferation was calculated as proliferation percentage normalized to the value measured for stimulated PBMCs, which was assigned a value of 100% [23].




4.14. Statistical Analyses


Each cell type was plated in triplicates with appropriate controls. Each experiment was performed independently three times. Results were expressed as mean ± standard deviation (SD). Effects of differentiation media were presented as fold-change relative to control (cells in BM). Data from the animals (n = 10) were pooled for statistical analysis performed with GraphPad Prism v6 (GraphPad Software Inc., La Jolla, CA). Comparative analysis was performed by two-way analysis of variance followed by post-hoc Bonferroni test. Student’s t-test was performed to determine the statistical significance between two groups. Statistical significance was set at p < 0.05; different labels indicate * p  <  0.05, ** p  <  0.01, and *** p  <  0.001.





5. Conclusions


The transplantation of undifferentiated autologous ADSCs could represent a possible future therapy for treating liver diseases, both in human and veterinary field. In this study, several characteristics of cADSCs have been investigated and compared to that of their human counterparts. Few differences are evidenced between the two stem cell populations with regard to morphology, immunophenotyping, and proliferation. Major differences are found in the in vitro differentiation potential, with the cADSCs showing greater osteogenic potential and lower adipogenic potential than human cells. For cell-therapy purposes, it is fundamental to ensure the viability and functionality of stem cells during short-term delivery. Our results show that controlled temperature constitutes an appropriate condition for maintaining the viability of MSCs up to 72 h, particularly cADSCs, and that PBS represents a proper cell suspension medium. When examining the efficacy of autologous cADSCs transplantation in dogs with severe liver diseases, a significant reduction in biomarkers levels of liver injury—such as AST, ALT, ALP, and total BAs—is observed, indicating an improvement of liver function. This beneficial effect could be attributed to the immunomodulatory properties of stem cells, as evidenced by their ability to inhibit T cell proliferation and modulate cytokines secretion by other immune cells. Evaluation of cytological specimens after cADSCs injections seems to confirm the beneficial effect of the stem cell-based therapy, as revealed by a decrease in inflammatory and spindle cells, as well as by the appearance of hepatocytes. Future clinical studies and comprehension of the molecular mechanisms are, however, required to advance understanding of the therapeutic effects of cADSCs in the treatment of liver diseases.



Overall, we believe that the correlations between canine and human ADSCs described in this study might be helpful not only for the development of veterinary clinical applications but also for the opportunity to translate the results to the human clinical practice in future.
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	canine adipose-derived stem cells



	BM
	basal medium



	ODM
	osteogenic differentiation medium



	hADM
	human adipogenic differentiation medium



	cADM
	canine adipogenic differentiation medium







References


	



Zhu, W.; Shi, X.L.; Xiao, J.Q.; Gu, G.X.; Ding, Y.T.; Ma, Z.L. Effects of xenogeneic adipose-derived stem cell transplantation on acute-on-chronic liver failure. Hepatobiliary Pancreat. Dis. Int. 2013, 12, 60–67. [Google Scholar] [CrossRef]

	



Kholodenko, I.V.; Yarygin, K.N. Cellular Mechanisms of Liver Regeneration and Cell-Based Therapies of Liver Diseases. Biomed. Res. Int. 2017, 2017, 8910821. [Google Scholar] [CrossRef] [PubMed]

	



Rush, G.F.; Gorski, J.R.; Ripple, M.G.; Sowinski, J.; Bugelski, P.; Hewitt, W.R. Organic hydroperoxide-induced lipid peroxidation and cell death in isolated hepatocytes. Toxicol. Appl. Pharmacol. 1985, 78, 473–483. [Google Scholar] [CrossRef]

	



Yu, Y.; Fisher, J.E.; Lillegard, J.B. Cell therapies for liver diseases. Liver Transpl. 2012, 18, 9–21. [Google Scholar] [CrossRef]

	



Aurich, H.; Sgodda, M.; Kaltwasser, P.; Vetter, M.; Weise, A.; Liehr, T.; Brulport, M.; Hengstler, J.G.; Dollinger, M.M.; Fleig, W.E.; et al. Hepatocyte differentiation of mesenchymal stem cells from human adipose tissue in vitro promotes hepatic integration in vivo. Gut 2009, 58, 570–581. [Google Scholar] [CrossRef] [PubMed]

	



Gnecchi, M.; Danieli, P.; Malpasso, G.; Ciuffreda, M.C. Paracrine Mechanisms of Mesenchymal Stem Cells in Tissue Repair. Methods Mol. Biol. 2016, 1416, 123–146. [Google Scholar] [CrossRef]

	



Shi, M.; Liu, Z.W.; Wang, F.S. Immunomodulatory properties and therapeutic application of mesenchymal stem cells. Clin. Exp. Immunol. 2011, 164, 1–8. [Google Scholar] [CrossRef][Green Version]

	



Harn, H.J.; Lin, S.Z.; Hung, S.H.; Subeq, Y.M.; Li, Y.S.; Syu, W.S.; Ding, D.C.; Lee, R.P.; Hsieh, D.K.; Lin, P.C.; et al. Adipose-derived stem cells can abrogate chemical-induced liver fibrosis and facilitate recovery of liver function. Cell Transplant. 2012, 21, 2753–2764. [Google Scholar] [CrossRef]

	



Koellensperger, E.; Niesen, W.; Kolbenschlag, J.; Gramley, F.; Germann, G.; Leimer, U. Human adipose tissue derived stem cells promote liver regeneration in a rat model of toxic injury. Stem Cells Int. 2013, 2013, 534263. [Google Scholar] [CrossRef]

	



Fiore, E.; Malvicini, M.; Bayo, J.; Peixoto, E.; Atorrasagasti, C.; Sierra, R.; Rodríguez, M.; Gómez Bustillo, S.; García, M.G.; Aquino, J.B.; et al. Involvement of hepatic macrophages in the antifibrotic effect of IGF-I-overexpressing mesenchymal stromal cells. Stem Cell Res. Ther. 2016, 7, 172. [Google Scholar] [CrossRef]

	



Roskams, T.A.; Theise, N.D.; Balabaud, C.; Bhagat, G.; Bhathal, P.S.; Bioulac-Sage, P.; Brunt, E.M.; Crawford, J.M.; Crosby, H.A.; Desmet, V.; et al. Nomenclature of the finer branches of the biliary tree: Canals, ductules, and ductular reactions in human livers. Hepatology 2004, 39, 1739–1745. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ijzer, J.; Schotanus, B.A.; Vander Borght, S.; Roskams, T.A.; Kisjes, R.; Penning, L.C.; Rothuizen, J.; van den Ingh, T.S. Characterisation of the hepatic progenitor cell compartment in normal liver and in hepatitis: An immunohistochemical comparison between dog and man. Vet. J. 2010, 184, 308–314. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Wang, Z.Q.; Deng, J.Q.; Liao, J.Y.; Wang, X.; Xie, J.; Deng, M.M.; Lü, M.H. Adipose-derived stem cells: A candidate for liver regeneration. J. Dig. Dis. 2015, 16, 489–498. [Google Scholar] [CrossRef]

	



Spee, B.; Arends, B.; van den Ingh, T.S.; Brinkhof, B.; Nederbragt, H.; Ijzer, J.; Roskams, T.; Penning, L.C.; Rothuizen, J. Transforming growth factor beta-1 signalling in canine hepatic diseases: New models for human fibrotic liver pathologies. Liver Int. 2006, 26, 716–725. [Google Scholar] [CrossRef] [PubMed]

	



Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.J.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317. [Google Scholar] [CrossRef] [PubMed]

	



Bühring, H.J.; Battula, V.L.; Treml, S.; Schewe, B.; Kanz, L.; Vogel, W. Novel markers for the prospective isolation of human MSC. Ann. N. Y. Acad. Sci. 2007, 1106, 262–271. [Google Scholar]

	



Krešić, N.; Šimić, I.; Lojkić, I.; Bedeković, T. Canine Adipose Derived Mesenchymal Stem Cells Transcriptome Composition Alterations: A Step towards Standardizing Therapeutic. Stem Cells Int. 2017, 2017, 4176292. [Google Scholar] [CrossRef] [PubMed]

	



Takemitsu, H.; Zhao, D.; Yamamoto, I.; Harada, Y.; Michishita, M.; Arai, T. Comparison of bone marrow and adipose tissue-derived canine mesenchymal stem cells. BMC Vet. Res. 2012, 8, 150. [Google Scholar] [CrossRef]

	



Teshima, T.; Matsumoto, H.; Koyama, H. Soluble factors from adipose tissue-derived mesenchymal stem cells promote canine hepatocellular carcinoma cell proliferation and invasion. PLoS ONE 2018, 13, e0191539. [Google Scholar] [CrossRef]

	



Carrade, D.D.; Borjesson, D.L. Immunomodulation by mesenchymal stem cells in veterinary species. Comp. Med. 2013, 63, 207–217. [Google Scholar]

	



Russell, K.A.; Chow, N.H.; Dukoff, D.; Gibson, T.W.; LaMarre, J.; Betts, D.H.; Koch, T.G. Characterization and Immunomodulatory Effects of Canine Adipose Tissue- and Bone Marrow-Derived Mesenchymal Stromal Cells. PLoS ONE 2016, 11, e0167442. [Google Scholar] [CrossRef] [PubMed]

	



Ivanovska, A.; Grolli, S.; Borghetti, P.; Ravanetti, F.; Conti, V.; De Angelis, E.; Macchi, F.; Ramoni, R.; Martelli, P.; Gazza, F.; et al. Immunophenotypical characterization of canine mesenchymal stem cells from perivisceral and subcutaneous adipose tissue by a species-specific panel of antibodies. Res. Vet. Sci. 2017, 114, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Chow, L.; Johnson, V.; Coy, J.; Regan, D.; Dow, S. Mechanisms of Immune Suppression Utilized by Canine Adipose and Bone Marrow-Derived Mesenchymal Stem Cells. Stem Cells Dev. 2017, 26, 374–389. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Alcayaga-Miranda, F.; Cuenca, J.; Luz-Crawford, P.; Aguila-Díaz, C.; Fernandez, A.; Figueroa, FE.; Khoury, M. Characterization of menstrual stem cells: Angiogenic effect, migration and hematopoietic stem cell support in comparison with bone marrow mesenchymal stem cells. Stem Cell Res Ther. 2015, 6, 32. [Google Scholar] [CrossRef] [PubMed]

	



Strijbosch, L.W.; Buurman, W.A.; Does, R.J.; Zinken, P.H.; Groenewegen, G. Limiting dilution assays. Experimental design and statistical analysis. J. Immunol. Methods. 1987, 97, 133–140. [Google Scholar] [CrossRef]

	



Binato, R.; de Souza Fernandez, T.; Lazzarotto-Silva, C.; Du Rocher, B.; Mencalha, A.; Pizzatti, L.; Bouzas, L.F.; Abdelhay, E. Stability of human mesenchymal stem cells during in vitro culture: Considerations for cell therapy. Cell Prolif. 2013, 46, 10–22. [Google Scholar] [CrossRef] [PubMed]

	



Spencer, N.D.; Chun, R.; Vidal, M.A.; Gimble, J.M.; Lopez, M.J. In vitro expansion and differentiation of fresh and revitalized adult canine bone marrow-derived and adipose tissue-derived stromal cells. Vet. J. 2012, 191, 231–239. [Google Scholar] [CrossRef][Green Version]

	



Zhang, N.; Dietrich, M.A.; Lopez, M.J. Canine intra-articular multipotent stromal cells (MSC) from adipose tissue have the highest in vitro expansion rates, multipotentiality, and MSC immunophenotypes. Vet. Surg. 2013, 42, 137–146. [Google Scholar] [CrossRef]

	



Dmitrieva, R.I.; Minullina, I.R.; Bilibina, A.A.; Tarasova, O.V.; Anisimov, S.V.; Zaritskey, A.Y. Bone marrow- and subcutaneous adipose tissue-derived mesenchymal stem cells: Differences and similarities. Cell Cycle 2012, 11, 377–383. [Google Scholar] [CrossRef][Green Version]

	



Otto, F.; Thornell, A.P.; Crompton, T.; Denzel, A.; Gilmour, K.C.; Rosewell, I.R.; Stamp, G.W.; Beddington, R.S.; Mundlos, S.; Olsen, B.R.; et al. Cbfa1, a candidate gene for cleidocranial dysplasia syndrome, is essential for osteoblast differentiation and bone development. Cell 1997, 89, 765–771. [Google Scholar] [CrossRef]

	



Zou, L.; Kidwai, F.K.; Kopher, R.A.; Motl, J.; Kellum, C.A.; Westendorf, J.J.; Kaufman, D.S. Use of RUNX2 expression to identify osteogenic progenitor cells derived from human embryonic stem cells. Stem Cell Rep. 2015, 4, 190–198. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, K.M.; Zhou, X. Genetic and molecular control of osterix in skeletal formation. J. Cell Biochem. 2013, 114, 975–984. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.; Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143–147. [Google Scholar] [CrossRef] [PubMed]

	



Neupane, M.; Chang, C.C.; Kiupel, M.; Yuzbasiyan-Gurkan, V. Isolation and characterization of canine adipose-derived mesenchymal stem cells. Tissue Eng. Part A 2008, 14, 1007–1015. [Google Scholar] [CrossRef] [PubMed]

	



Contador, D.; Ezquer, F.; Espinosa, M.; Arango-Rodriguez, M.; Puebla, C.; Sobrevia, L.; Conget, P. Dexamethasone and rosiglitazone are sufficient and necessary for producing functional adipocytes from mesenchymal stem cells. Exp. Biol. Med. (Maywood) 2015, 240, 1235–1246. [Google Scholar] [CrossRef] [PubMed]

	



Bertolo, A.; Schlaefli, P.; Malonzo-Marty, C.; Staal, J.; Bühring, H.J.; Martens, A.C. Comparative Characterization of Canine and Human Mesenchymal Stem Cells Derived from Bone Marrow. Int. J. Stem Cell Res. Ther. 2015, 2, 005. [Google Scholar] [CrossRef]

	



Yaneselli, K.M.; Kuhl, C.P.; Terraciano, P.B.; de Oliveira, F.S.; Pizzato, S.B.; Pazza, K.; Magrisso, A.B.; Torman, V.; Rial, A.; Moreno, M.; et al. Comparison of the characteristics of canine adipose tissue-derived mesenchymal stem cells extracted from different sites and at different passage numbers. J. Vet. Sci. 2018, 19, 13–20. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Farmer, S.R. Transcriptional control of adipocyte formation. Cell Metab. 2006, 4, 263–273. [Google Scholar] [CrossRef]

	



Mastick, C.C.; Aebersold, R.; Lienhard, G. Characterization of a major protein in GLUT4 vesicles. Concentration in the vesicles and insulin-stimulated translocation to the plasma membrane. J. Biol. Chem. 1994, 269, 6089–6092. [Google Scholar]

	



Wittig, O.; Diaz-Solano, D.; Cardier, J. Viability and functionality of mesenchymal stromal cells loaded on collagen microspheres and incorporated into plasma clots for orthopaedic application: Effect of storage conditions. Injury 2018, 49, 1052–1057. [Google Scholar] [CrossRef]

	



Muraki, K.; Hirose, M.; Kotobuki, N.; Kato, Y.; Machida, H.; Takakura, Y.; Ohgushi, H. Assessment of viability and osteogenic ability of human mesenchymal stem cells after being stored in suspension for clinical transplantation. Tissue Eng. 2006, 12, 1711–1719. [Google Scholar] [CrossRef] [PubMed]

	



Sohn, H.S.; Heo, J.S.; Kim, H.S.; Choi, Y.; Kim, H.O. Duration of in vitro storage affects the key stem cell features of human bone marrow-derived mesenchymal stromal cells for clinical transplantation. Cytotherapy 2013, 15, 460–466. [Google Scholar] [CrossRef] [PubMed]

	



Bronzini, I.; Patruno, M.; Iacopetti, I.; Martinello, T. Influence of temperature, time and different media on mesenchymal stromal cells shipped for clinical application. Vet. J. 2012, 194, 121–123. [Google Scholar] [CrossRef] [PubMed]

	



Liedtke, C.; Luedde, T.; Sauerbruch, T.; Scholten, D.; Streetz, K.; Tacke, F.; Tolba, R.; Trautwein, C.; Trebicka, J.; Weiskirchen, R. Experimental liver fibrosis research: Update on animal models, legal issues and translational aspects. Fibrogenesis Tissue Repair. 2013, 6, 19. [Google Scholar] [CrossRef] [PubMed]

	



Hao, T.; Chen, J.; Zhi, S.; Zhang, Q.; Chen, G.; Yu, F. Comparison of bone marrow-vs. adipose tissue-derived mesenchymal stem cells for attenuating liver fibrosis. Exp. Ther. Med. 2017, 14, 5956–5964. [Google Scholar] [CrossRef] [PubMed]

	



Zare, H.; Jamshidi, S.; Dehghan, M.M.; Saheli, M.; Piryaei, A. Bone marrow or adipose tissue mesenchymal stem cells: Comparison of the therapeutic potentials in mice model of acute liver failure. J. Cell. Biochem. 2018, 119, 5834–5842. [Google Scholar] [CrossRef] [PubMed]

	



Volk, S.W.; Theoret, C. Translating stem cell therapies: The role of companion animals in regenerative medicine. Wound Repair Regen. 2013, 21, 382–394. [Google Scholar] [CrossRef][Green Version]

	



Arzi, B.; Mills-Ko, E.; Verstraete, F.J.; Kol, A.; Walker, N.J.; Badgley, M.R.; Fazel, N.; Murphy, W.J.; Vapniarsky, N.; Borjesson, D.L. Therapeutic Efficacy of Fresh, Autologous Mesenchymal Stem Cells for Severe Refractory Gingivostomatitis in Cats. Stem Cells Transl. Med. 2016, 5, 75–86. [Google Scholar] [CrossRef]

	



Teshima, T.; Matsumoto, H.; Michishita, M.; Matsuoka, A.; Shiba, M.; Nagashima, T.; Koyama, H. Allogenic Adipose Tissue-Derived Mesenchymal Stem Cells Ameliorate Acute Hepatic Injury in Dogs. Stem Cells Int. 2017, 2017, 3892514. [Google Scholar] [CrossRef]

	



Spriet, M.; Hunt, G.B.; Walker, N.J.; Borjesson, D.L. Scintigraphic tracking of mesenchymal stem cells after portal, systemic intravenous and splenic administration in healthy beagle dogs. Vet. Radiol. Ultrasound 2015, 56, 327–334. [Google Scholar] [CrossRef]

	



McGill, M.R. The past and present of serum aminotransferases and the future of liver injury biomarkers. EXCLI J. 2016, 15, 817–828. [Google Scholar] [CrossRef] [PubMed]

	



Yamazaki, M.; Miyake, M.; Sato, H.; Masutomi, N.; Tsutsui, N.; Adam, K.P.; Alexander, D.C.; Lawton, K.A.; Milburn, M.V.; Ryals, J.A.; et al. Perturbation of bile acid homeostasis is an early pathogenesis event of drug induced liver injury in rats. Toxicol. Appl. Pharmacol. 2013, 268, 79–89. [Google Scholar] [CrossRef] [PubMed]

	



Luo, L.; Schomaker, S.; Houle, C.; Aubrecht, J.; Colangelo, J.L. Evaluation of serum bile acid profiles as biomarkers of liver injury in rodents. Toxicol. Sci. 2014, 137, 12–25. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.J.; Park, K.C.; Lee, J.U.; Kim, K.J.; Kim, D.G. Therapeutic potential of adipose tissue-derived stem cells for liver failure according to the transplantation routes. J. Korean Surg. Soc. 2011, 81, 176–186. [Google Scholar] [CrossRef] [PubMed]

	



Deng, L.; Liu, G.; Wu, X.; Wang, Y.; Tong, M.; Liu, B.; Wang, K.; Peng, Y.; Kong, X. Adipose derived mesenchymal stem cells efficiently rescue carbon tetrachloride-induced acute liver failure in mouse. Sci. World J. 2014, 2014, 103643. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Jin, Y.; Shi, X.; Qiu, Y.; Zhang, Y.; Cheng, M.; Wang, X.; Chen, C.; Wu, Y.; Jiang, F.; et al. Adipose-derived stem cell-based treatment for acute liver failure. Stem Cell Res. Ther. 2015, 6, 40. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Vilalta, M.; Dégano, I.R.; Bagó, J.; Gould, D.; Santos, M.; García-Arranz, M.; Ayats, R.; Fuster, C.; Chernajovsky, Y.; García-Olmo, D.; et al. Biodistribution, long-term survival, and safety of human adipose tissue-derived mesenchymal stem cells transplanted in nude mice by high sensitivity non-invasive bioluminescence imaging. Stem Cells Dev. 2008, 17, 993–1003. [Google Scholar] [CrossRef] [PubMed]

	



Singer, N.G.; Caplan, A.I. Mesenchymal stem cells: Mechanisms of inflammation. Annu. Rev. Pathol. 2011, 6, 457–478. [Google Scholar] [CrossRef]

	



Kang, J.W.; Kang, K.S.; Koo, H.C.; Park, J.R.; Choi, E.W.; Park, Y.H. Soluble factors-mediated immunomodulatory effects of canine adipose tissue-derived mesenchymal stem cells. Stem Cells Dev. 2008, 17, 681–693. [Google Scholar] [CrossRef]

	



Le Blanc, K.; Tammik, L.; Sundberg, B.; Haynesworth, S.E.; Ringdén, O. Mesenchymal stem cells inhibit and stimulate mixed lymphocyte cultures and mitogenic responses independently of the major histocompatibility complex. Scand. J. Immunol. 2003, 57, 11–20. [Google Scholar] [CrossRef]

	



Zhao, Q.; Ren, H.; Han, Z. Mesenchymal stem cells: Immunomodulatory capability and clinical potential in immune diseases. J. Cell. Immunother. 2016, 2, 3–20. [Google Scholar] [CrossRef]

	



Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 2005, 105, 1815–1822. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



da Silva Meirelles, L.; Fontes, A.M.; Covas, D.T.; Caplan, A.I. Mechanisms involved in the therapeutic properties of mesenchymal stem cells. Cytokine Growth Factor Rev. 2009, 20, 419–427. [Google Scholar] [CrossRef] [PubMed]

	



de Swart, R.L.; Kluten, R.M.; Huizing, C.J.; Vedder, L.J.; Reijnders, P.J.; Visser, I.K.; UytdeHaag, F.G.; Osterhaus, A.D. Mitogen and antigen induced B and T cell responses of peripheral blood mononuclear cells from the harbour seal (Phoca vitulina). Vet. Immunol. Immunopathol. 1993, 37, 217–230. [Google Scholar] [CrossRef]

	



Ulmer, A.J.; Flad, H.; Rietschel, T.; Mattern, T. Induction of proliferation and cytokine production in human T lymphocytes by lipopolysaccharide (LPS). Toxicology 2000, 152, 37–45. [Google Scholar] [CrossRef]

	



Ren, G.; Zhang, L.; Zhao, X.; Xu, G.; Zhang, Y.; Roberts, A.I.; Zhao, R.C.; Shi, Y. Mesenchymal stem cell-mediated immunosuppression occurs via concerted action of chemokines and nitric oxide. Cell Stem Cell. 2008, 2, 141–150. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.S.; Kim, K.H.; Kim, S.H.; Kim, Y.S.; Koo, K.T.; Kim, T.I.; Seol, Y.J.; Ku, Y.; Rhyu, I.C.; Chung, C.P.; et al. Immunomodulatory effect of canine periodontal ligament stem cells on allogenic and xenogenic peripheral blood mononuclear cells. J. Periodontal Implant Sci. 2010, 40, 265–270. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Ren, G.; Huang, Y.; Su, J.; Han, Y.; Li, J.; Chen, X.; Cao, K.; Chen, Q.; Shou, P.; et al. Mesenchymal stem cells: A double-edged sword in regulating immune responses. Cell Death Differ. 2012, 19, 1505–1513. [Google Scholar] [CrossRef]

	



Wojdasiewicz, P.; Poniatowski, Ł.A.; Szukiewicz, D. The role of inflammatory and anti-inflammatory cytokines in the pathogenesis of osteoarthritis. Mediat. Inflamm. 2014, 2014, 561459. [Google Scholar] [CrossRef]

	



Bertolo, A.; Pavlicek, D.; Gemperli, A.; Baur, M.; Pötzel, T.; Stoyanov, J. Increased motility of mesenchymal stem cells is correlated with inhibition of stimulated peripheral blood mononuclear cells in vitro. J. Stem Cells Regen. Med. 2017, 13, 62–74. [Google Scholar]

	



Wu, H.; Wen, D.; Mahato, R.I. Third-party mesenchymal stem cells improved human islet transplantation in a humanized diabetic mouse model. Mol. Ther. 2013, 21, 1778–1786. [Google Scholar] [CrossRef]

	



Rasmusson, I.; Ringdén, O.; Sundberg, B.; Le Blanc, K. Mesenchymal stem cells inhibit lymphocyte proliferation by mitogens and alloantigens by different mechanisms. Exp. Cell Res. 2005, 305, 33–41. [Google Scholar] [CrossRef]

	



Jessop, J.J.; Hoffman, T. Production and release of IL-1 beta by human peripheral blood monocytes in response to diverse stimuli: Possible role of “microdamage” to account for unregulated release. Lymphokine Cytokine Res. 1993, 12, 51–58. [Google Scholar] [PubMed]

	



Janský, L.; Reymanová, P.; Kopecký, J. Dynamics of cytokine production in human peripheral blood mononuclear cells stimulated by LPS or infected by Borrelia. Physiol. Res. 2003, 52, 593–598. [Google Scholar]

	



Németh, K.; Leelahavanichkul, A.; Yuen, P.S.; Mayer, B.; Parmelee, A.; Doi, K.; Robey, P.G.; Leelahavanichkul, K.; Koller, B.H.; Brown, J.M.; Hu, X.; et al. Bone marrow stromal cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages to increase their interleukin-10 production. Nat. Med. 2009, 15, 42–49. [Google Scholar]

	



Poyet, P.; Doualla-Bell, F.; Lévesque, D.; Ritchot, N.; Guay, J.M.; Marceau, F.; Gaudreault, R.C. Down-regulation of interleukin-1beta production and PGE2 accumulation by an indomethacin-phenylalanine derivative in human monocytes. Life Sci. 1998, 62, 2241–2247. [Google Scholar] [CrossRef]

	



Walker, N.M.; Badri, L.N.; Wadhwa, A.; Wettlaufer, S.; Peters-Golden, M.; Lama, V.N. Prostaglandin E2 as an inhibitory modulator of fibrogenesis in human lung allografts. Am. J. Respir. Crit. Care Med. 2012, 185, 77–84. [Google Scholar] [CrossRef]

	



Eulenberg, V.M.; Lidbury, J.A. Hepatic Fibrosis in Dogs. J. Vet. Intern. Med. 2018, 32, 26–41. [Google Scholar] [CrossRef]

	



Masserdotti, C.; Bertazzolo, W. Cytologic features of hepatic fibrosis in dogs: A retrospective study on 22 cases. Vet. Clin. Pathol. 2016, 45, 361–367. [Google Scholar] [CrossRef]

	



Sivolella, S.; Brunello, G.; Ferroni, L.; Berengo, M.; Meneghello, R.; Savio, G.; Piattelli, A.; Gardin, C.; Zavan, B. A Novel In Vitro Technique for Assessing Dental Implant Osseointegration. Tissue Eng. Part C Methods 2015, 22, 132–141. [Google Scholar] [CrossRef]

	



Ferroni, L.; Gardin, C.; Bressan, E.; Calvo-Guirado, J.L.; Isola, M.; Piattelli, A.; Zavan, B. Ionized Ti Surfaces Increase Cell Adhesion Properties of Mesenchymal Stem Cells. J. Biomater. Tissue Eng. 2015, 5, 417–425. [Google Scholar] [CrossRef]

	



Cristofalo, V.J.; Allen, R.G.; Pignolo, R.J.; Martin, B.G.; Beck, J.C. Relationship between donor age and the replicative lifespan of human cells in culture: A reevaluation. Proc. Natl. Acad. Sci. USA 1998, 95, 10614–10619. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wu, X.; Peters, J.M.; Gonzalez, F.J.; Prasad, H.S.; Rohrer, M.D.; Gimble, J.M. Frequency of stromal lineage colony forming units in bone marrow of peroxisome proliferator-activated receptor-alpha-null mice. Bone 2000, 26, 21–26. [Google Scholar] [CrossRef]

	



Ferroni, L.; Tocco, I.; De Pieri, A.; Menarin, M.; Fermi, E.; Piattelli, A.; Gardin, C.; Zavan, B. Pulsed magnetic therapy increases osteogenic differentiation of mesenchymal stem cells only if they are pre-committed. Life Sci. 2016, 152, 44–51. [Google Scholar] [CrossRef] [PubMed]

	



Gardin, C.; Ricci, S.; Ferroni, L.; Guazzo, R.; Sbricoli, L.; De Benedictis, G.; Finotti, L.; Isola, M.; Bressan, E.; Zavan, B. Decellularization and Delipidation Protocols of Bovine Bone and Pericardium for Bone Grafting and Guided Bone Regeneration Procedures. PLoS ONE 2015, 10, e0132344. [Google Scholar] [CrossRef] [PubMed]

	



Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [Google Scholar] [CrossRef]








[image: Ijms 19 04064 g001 550] 





Figure 1. Morphology of canine adipose-derived stem cells (cADSCs) and human ADSCs (hADSCs). (A,C) Phase-contrast microscopy images (magnification 10×) showing the morphology of cADSCs and hADSCs, respectively, at passage 1 (p1), p3, and p5. (B,D) Actin cytoskeleton staining (magnification 20×) with phalloidin (in red) of cADSCs and hADSCs, respectively, at p1, p3, and p5. Nuclei are counterstained with Hoechst (in blue). 
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Figure 2. Characterization of cell surface markers in cADSCs and hADSCs by flow cytometry. (A) cADSCs are positive to CD29, CD44, and CD90, and negative to CD73 and CD90. (B) hADSCs show positivity to CD29, CD44, CD73, CD90, and CD105. Both cell populations are negative to CD14, CD34, and CD45. 
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Figure 3. Proliferation rate of cADSCs and hADSCs. (A,C) MTT assay of cADSCs and hADSCs, respectively, at p1, p3, and p5 at days 1, 3, and 7 post seeding. Data are expressed as mean ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 indicate statistically significant difference compared to cells at p1. (B,D) Cumulative Population Doubling (PD) of cADSCs and hADSCs, respectively, from p2 to p6. PD is measured at each passage. Data are expressed as mean ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 indicate statistically significant difference compared to cells at the previous passage. 
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Figure 4. Representative images of Colony Forming Units-Fibroblast (CFUs-F) morphology of cADSCs and hADSCs after eight days of culture. (A,B) Toluidine blue staining (magnification 10×) of colonies generated by cADSCs at p1 and p3, respectively. (C,D) Toluidine blue staining (magnification 10×) of colonies generated by hADSCs at p1 and p3, respectively. 
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Figure 5. In vitro osteogenic differentiation potential of cADSCs and hADSCs. (A,C) Alizarin Red S (ARS) staining and quantification of calcium deposits in cADSCs (magnification 20×) and hADSCs (magnification 10×), respectively, after 21 days of osteogenic differentiation in osteogenic differentiation medium (ODM). Data are expressed as mean ± SD (n = 3). ** p < 0.01, *** p < 0.001 indicate statistically significant difference compared to cells grown in Basal Medium (BM). (B,D) Gene expression profiles of the osteogenic markers ALPL, OC, OPN, OSX, RANKL, and RUNX2 in cADSCs and hADSCs, respectively. 
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Figure 6. In vitro adipogenic differentiation potential of cADSCs and hADSCs. (A,C) Oil Red O (ORO) staining and quantification of lipid droplets in cADSCs (magnification 20×) and hADSCs (magnification 10×) after 21 and 14 days of adipogenic differentiation, respectively, in adipogenic differentiation medium (ADM). Data are expressed as mean ± SD (n = 3). ** p < 0.01, *** p < 0.001 indicate statistically significant difference compared to cells grown in BM. (B,D) Gene expression profiles of the adipogenic markers ADIPOQ, CEBPA, FABP4, GLUT4, and PPARG in cADSCs and hADSCs, respectively. 
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Figure 7. Percentage viability of cADSCs and hADSCs under simulated transportation. (A,D) Percentage viability of cADSCs and hADSCs, respectively, after 24, 48, and 72 h of simulated transportation. Data are expressed as the mean ± SD (n = 3). * p < 0.01, *** p < 0.001 indicate statistically significant difference compared to cells at T0. (B,C) Phase-contrast microscopy images (magnification 10×) showing proliferation of (2 × 105 and 4 × 105) cADSCs at day 1 and day 3 after recovering. (E,F) Phase-contrast microscopy images (magnification 10×) showing proliferation of (2 × 105 and 4 × 105) hADSCs at day 1 and day 3 after reseeding. 
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Figure 8. Serum levels of liver biomarkers. Serum levels of (A) ALT, (B) AST, (C) ALP, (D) albumin, and (E) total BAs were measured in blood samples collected before injection and seven days after each transplantation. Black bars represent the transplanted group; grey bars relate to the PBS-treated control group. In healthy dogs, the levels of ALT, AST, ALP, and total BAs should be less than 120 U/L, 50 U/L, 130 U/L, and 12.5 µmol/L, respectively. For albumin, the normal range is between 2 and 4 g/dL. Data are expressed as mean ± standard deviation. * p < 0.05, ** p < 0.01 indicate statistically significant difference compared to levels recorded in the control group. 
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Figure 9. Proliferation of canine and human peripheral blood mononuclear cells (PBMCs) in co-culture with allogenic ADSCs (10:1 ratio). (A) MTS assay of cPBMCs after three days of co-culture with allogenic cADSCs at p3. cPBMCs were stimulated with phytohemagglutinin (PHA) or lipopolysacchride (LPS). (B) MTS assay of hPBMCs after three days of co-culture with allogenic hADSCs at p3. hPBMCs were PHA- or LPS-stimulated. The graphs report the proliferation percentage compared to stimulated PBMCs (100% proliferation). Data are expressed as mean percentage ± SD (n = 3). * p < 0.05, ** p < 0.01 indicate statistically significant difference with respect to stimulated PBMCs. 
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Figure 10. Cytokine production in the co-culture supernatant of canine and human ADSCs and allogenic PBMCs that were stimulated with PHA or LPS for three days. (A,B) Production of interleukin 1β (IL-1β) assessed in canine and human co-cultures, respectively, using sandwich ELISA kits. (C,D) Production of interleukin 10 (IL-10) measured in canine and human co-cultures, respectively, using sandwich ELISA kits. Data are expressed as mean ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 indicate statistically significant difference compared to stimulated PBMCs. 
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Figure 11. Representative images of cytological smears obtained from dogs affected by chronic liver disease. (A) Diff-Quik staining of hepatic smear performed before the first cell transplantation (magnification 40×). (B) Diff-Quik staining of hepatic smear performed 30 days after the second injection of cells (magnification 40×). 
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Table 1. Surface marker expression of cADSCs and hADSCs
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	Surface Marker
	cADSCs
	hADSCs





	CD29
	99.714 ± 0.130
	95.481 ± 0.325



	CD44
	99.206 ± 0.105
	99.811 ± 0.075



	CD73
	0.011 ± 0.005
	98.938 ± 0.025



	CD90
	93.480 ± 0.350
	99.299 ± 0.020



	CD105
	0.013 ± 0.010
	99.649 ± 0.025



	CD14
	0.163 ± 0.000
	0.045 ± 0.000



	CD34
	0.006 ± 0.100
	0.388 ± 0.250



	CD45
	0.000 ± 0.000
	0.000 ± 0.000







Data are displayed as percentages expressed as mean ± standard deviation (SD).
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Table 2. Frequency of CFUs-F (mean ± SD) for cADSCs and hADSCs at different passages
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	CFUs-F
	cADSCs
	hADSCs





	p1
	1/(1.92 × 103 ± 27)
	1/(1.86 × 103 ± 32)



	p3
	1/(2.34 × 103 ± 26)
	1/(2.18 × 103 ± 28)
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Table 3. Canine primer sequences.






Table 3. Canine primer sequences.





	Gene
	Sequence FOR (5′–3′)
	Sequence REV (5′–3′)
	Length (bp)





	cADIPOQ
	CCGTTCGGCATTCAGTGTG
	TGTCTTTCTTGTAGAGGCTGACC
	206



	cALPL
	CATTGCCCACTCCTCTCTGAA
	GTTTCTTTCTCTTCCTCACTGACCA
	167



	cCEBPA
	GCCTTGGAAACGCAAACTCG
	GTCCCTGTATGTCCTCCCTTC
	219



	cFABP4
	CCATCCTATTCTAGACCGTTGAGAG
	GCCACCATAAGAACATTTGCATCA
	211



	cGLUT4
	TCTCCTGCTCGCCTTCTTC
	CCTAAGTAATCGAGTTCCGTGCTG
	147



	cOC
	CCTTTGGGATTTGGCGTCC
	GGTTCTGTCTGGGTCTGTGAG
	199



	cOPN
	TGACTTAGATGACGACTCCAACG
	TGGGACTTCTTAGATTTGGACCTC
	174



	cOSX
	ACGACACTGGGCAAAGCAG
	ATGTCCAGGGAGGTGTAGAC
	285



	cPPARG
	GCAGGAGATCACAGAGTACGC
	CATCAAGGACGCCAGCATC
	124



	cRANKL
	ACACTGATGAAAGGAGGTAGCAC
	TGTTGCATCTTGATCTGGGTCC
	159



	cRUNX2
	GCAAGTTCCAGCAGATCGC
	GTGGTTGTCAGGAGTGGTCA
	168



	cTFRC
	AGCCACCTCCAGACTAACG
	GCAGAGTGTGAGAGCCAGA
	176







ADIPOQ, adiponectin; ALPL, alkaline phosphatase, liver/bone/kidney; CEBPA, CCAAT enhancer binding protein alpha; FABP4, fatty acid binding protein 4; GLUT4, solute carrier family 2 (facilitated glucose transporter), member 4; OC, osteocalcin; OPN, osteopontin; OSX, osterix; PPARG, peroxisome proliferator activated receptor gamma; RANKL, TNF superfamily member 11; RUNX2, runt related transcription factor 2; TFRC, transferrin receptor.
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Table 4. Human primer sequences.






Table 4. Human primer sequences.





	Gene
	Sequence FOR (5′–3′)
	Sequence REV (5′–3′)
	Length (bp)





	hADIPOQ
	GTTGTGTGCCTGTTTCTGACC
	GCATCTATCATCCACTCTCCTATTTCTG
	153



	hALPL
	GGCTTCTTCTTGCTGGTGGA
	CAAATGTGAAGACGTGGGAATGG
	181



	hCEBPA
	GGACTTGGTGCGTCTAAGATGAG
	GCATTGGAGCGGTGAGTTTG
	147



	hFABP4
	TGACCTGGACTGAAGTTCGC
	AAGCACAATGAATACATCATTACATCACC
	193



	hGLUT4
	CCAGTATGTTGCGGAGGCTA
	TCAAGTTCTGTGCTGGGTTTCA
	189



	hOC
	GCAGCGAGGTAGTGAAGAGAC
	AGCAGAGCGACACCCTA
	193



	hOPN
	TGGAAAGCGAGGAGTTGAATGG
	GCTCATTGCTCTCATCATTGGC
	192



	hOSX
	TCAGAATCTCAGTTGATAGGGTTTCTC
	GGGTACATTCCAGTCCTTCTCC
	183



	hPPARG
	CAGGAGATCACAGAGTATGCCAA
	TCCCTTGTCATGAAGCCTTGG
	173



	hRANKL
	TCAGCATCGAGGTCTCCAAC
	CCATGCCTCTTAGTAGTCTCACA
	194



	hRUNX2
	AGCCTTACCAAACAACACAACAG
	CCATATGTCCTCTCAGCTCAGC
	175



	hTFRC
	TGTTTGTCATAGGGCAGTTGGAA
	ACACCCGAACCAGGAATCTC
	222











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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