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Mesenchymal stem/stromal cells (MSCs) are used for regenerative therapy in companion animals. Their potential was initially attributed to multipotency, but subsequent studies in rodents, humans and veterinary species evidenced that MSCs produce factors that are key mediators of immune, anti-infective and angiogenic responses, which are essential in tissue repair. MSCs preparations have been classically obtained from bone marrow and adipose tissue (AT) in live animals, what requires the use of surgical procedures. In contrast, the uterus, which is naturally exposed to external insult and infection, can be accessed nonsurgically to obtain samples, or tissues can be taken after neutering. In this study, we explored the endometrium (EM) as an alternative source of MSCs, which we compared with AT obtained from canine paired samples. Canine AT- and EM-MSCs, formed CFUs when seeded at low density, underwent tri-lineage differentiation into adipocytes, osteocytes and chondrocytes, and expressed the CD markers CD73, CD90 and CD105, at equivalent levels. The immune genes IL8, CCL2 and CCL5 were equally expressed at basal levels by both cell types. However, in the presence of the inflammatory stimulus lipopolysaccharide (LPS), expression of IL8 was higher in EM- than in AT-MSCs (p < 0.04) while the other genes were equally elevated in both cell types (p < 0.03). This contrasted with the results for CD markers, where the expression was unaltered by exposing the MSCs to LPS. Overall, the results indicate that canine EM-MSCs could serve as an alternative cell source to AT-MSCs in therapeutic applications.
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Introduction

Mesenchymal stem/stromal cells (MSCs) are multipotent cells used in regenerative therapy in companion animals. MSCs have been classically obtained from adipose tissue (AT) and bone marrow (BM) (1–7) but other tissues, including endometrium (EM) (8–10), Wharton’s jelly (11) and umbilical cord blood (12) have also been used as the source of these cell preparations. Previous studies in human and veterinary MSCs (8, 13–16), exploring different tissue sources (16, 17), showed that although MSCs share many similar properties, they also evidenced individual features depending on the tissue of origin. Indeed, when compared to AT-MSCs, equine EM-derived MSCs (EM-MSCs) have distinct immune (17) and transcriptomic signatures (14), possibly consequence of being a tissue naturally exposed to infection and inflammation.

Traditionally, veterinary MSCs have been defined following the International Society for Cellular Therapy (ISCT) guidelines for human cells, namely on the expression of cell surface markers CD73, CD90 and CD105 and ability of these cells to undergo trilineage differentiation into adipocytes, chondrocytes and osteocytes (18, 19). Although valuable, some of the initial ISCT guidelines proved difficult to apply to veterinary species, commonly consequence of the natural absence of expression of particular CD markers or due to technical difficulties associated with the lack of appropriate antibodies (20, 21). Over the years, it also became clear that these criteria did not necessary contemplate or correlate with cell function. Therefore, toward a better definition and standardization of veterinary MSC preparations, different groups published guidelines, based essentially in equine and to a less extent in canine data, to help addressing this issue (22, 23).

In addition to cell differentiation capability, MSCs produce diverse angiogenic and immune factors (24) which are relevant during repair and anti-infective body responses. Altogether, these findings stimulated great interest in the use of MSCs for different therapeutic applications in companion animals, for example on joint disease, wound infection, chronic gingivostomatitis, atopic dermatitis, multidrug resistant infections, among others (25–29).

Whilst MSCs from humans and veterinary species, particularly from horses but also from dogs (23, 30), have been extensively studied toward their therapeutic use in inflammation-associated disease, namely in cartilage degeneration and osteoarthritis, considerably less work has been done on the anti-infective properties of MSCs, which is an area that has just recently started being explored. Relevant to both inflammatory-and infection-associated settings is the communication between MSCs and immune cells. Indeed, MSCs are highly responsive to inflammatory stimuli, for example when exposed to cytokines IL1β, TNFα, IL8 and IL6 (31, 32). Likewise, infectious products such as bacterial lipopolysaccharide (LPS), polyinosinic:polycytidylic acid or the peptidoglycan dipeptide iE-DAP (17, 31, 33) activate Toll-like and nucleotide-binding oligomerization domain (NOD)-like receptors (TLR, NLR), respectively, resulting in increased expression of immune modulators and antimicrobial factors (17, 31, 34, 35). Indeed, activation of human and equine MSCs with LPS, upregulates the expression of chemokines such as CCL2, CCL5, IL8 and IL6 (17, 34, 35), which are involved in recruitment and maturation of immune cells, neutrophils and monocytes (36–38). LPS is a toxin present in the outer membrane of Gram-negative bacteria such as Escherichia coli, which is frequently associated with canine infection, for example of the urinary tract. Testing canine MSC response to LPS will inform on the behavior of these cells in an infectious context, namely on their response upon LPS activation in vitro. Importantly, priming of MSCs with LPS was shown to be of benefit both ex vivo, and in in vivo studies involving rodent models of disease (39, 40), therefore supporting activation of MSCs as a way to enhance the properties of these cell preparations.

Considering what was described above, in this study we compared canine MSCs derived from two tissue sources, EM and AT. In addition to the standard MSC characterization, and to compare EM- and AT-MSCs further, we measured a selected group of immune factors (IL8, CCL2 and CCL5) that were expressed in these cells at basal levels and, as we have previously assessed in equine MSCs, were induced by LPS.



Materials and methods


Extraction of canine MSCs from endometrium and adipose tissue

Samples were obtained from spare tissues of the reproductive tract of female dogs (n = 3; Supplementary Table S1) undergoing sterilization at the Royal (Dick) School of Veterinary Studies, following approval by the Ethical Review Committee, University of Edinburgh. For each animal, ovaries, uterine horns and uterine body were removed as one piece and immediately transported (on ice) to the laboratory to be processed. A solution of cold phosphate buffered saline (PBS) with 1% of penicillin/streptomycin mix (P/S; Life Technologies), and 5 μg/ml amphotericin B (Gibco-Thermo Fisher Scientific) was used for washing the tissues. Then, the uterine body and horns were cut longitudinally with a scalpel to obtain the EM by scraping the tissue, and the AT surrounding the reproductive tract was also harvested for extraction, from each animal. The collected tissues were washed, minced and digested. EM was digested with collagenase I (5 mg/ml; Gibco-Thermo Fisher Scientific, 17100-017) and AT with collagenase II (1 mg/ml, Gibco-Thermo Fisher Scientific, 17101-015) for 45 min at 37°C, and under constant moderate agitation (70 rpm). Collagenase activity was stopped with Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (Sigma-Aldrich) supplemented with 20% fetal bovine serum (FBS) (Gibco-Thermo Fisher Scientific). Cells were then filtered through a 100 μm strainer and cultured in DMEM containing 20% FBS, 1% of P/S at 37°C. Pictures were taken using a Nikon Eclipse TE2000U Microscope. All experiments were performed with MSCs grown between passages 3–5.



Clonogenicity

To obtain colony forming units (CFUs), 500 cells/well were seeded in 6-well plates. Cells were grown for 10 days in complete growth medium DMEM (Sigma-Aldrich) containing 20% FBS (Gibco-Thermo Fisher Scientific) and 1% of P/S (Life Technologies). After that, CFUs were washed with PBS, fixed with PFA (2%; 30 min) and stained with 0.5% crystal violet for 30 min.



Cell differentiation

For adipogenic differentiation (41), MSCs were seeded in triplicate in 24-well plates (50,000 cells/well) and expanded in growth medium until confluence. Adipogenesis was induced using the medium containing 10% FBS, 1 μM dexamethasone (Sigma-Aldrich), 0.5 mM isobutylmethylxanthine (Sigma-Aldrich), 10 μg/ml insulin (Sigma-Aldrich), 100 μM indomethacin (Sigma-Aldrich), 1% P/S in DMEM. Cells were kept in differentiation medium for 6 days and then changed to 10% FBS, 10 μg/ml insulin and 1% P/S for a total of 14 days. Cell growth medium was used for the control cell group. Both differentiated and control MSCs were fixed with 4% paraformaldehyde before visualization of lipid droplets by Oil Red O staining. Imaging was performed in a Zeiss Axiovert 25 Inverted Phase microscope using Zen 2 software (Advanced Micro Devices).

Osteogenesis was induced with a mixture of DMEM high glucose and DMEM low glucose (50:50 v/v; Sigma-Aldrich), supplemented with 10% FBS, 100 nM dexamethasone (Sigma-Aldrich), 10 mM sodium β-glycerophosphate (Sigma-Aldrich) and 0.1 mM stabilized ascorbic acid (Sigma-Aldrich). After 3 days, cells were changed to DMEM low glucose medium with the same supplements. Cells were cultured for 19 days and medium was changed every 3 days. At the end of the differentiation period cells were fixed with 4% paraformaldehyde, stained with Alizarin Red (2%; pH 4.2) and imaged in a Zeiss Axiovert 25 Inverted Phase microscope using Zen 2 software (Advanced Micro Devices).

For chondrogenesis, MSCs were suspended in a small volume of media to generate a concentrated cell solution of 1.6 × 107 cells/ml. Micromass cultures, 5 μl droplets of this cell suspension, were seeded in 96-well plates and incubated at 37°C for 2 h under high humidity conditions. STEMPRO® chondrogenesis differentiation media (Gibco, Fisher Scientific) was then added to the micromasses and refreshed every 2–3 days. Cell growth media was used for controls. After 16 days, cells were fixed with 4% formaldehyde for 30 min and stained with 1% alcian blue solution prepared in 0.1 N HCL.



LPS stimulation experiments

MSCs were plated in 12-well plates (75,000 cells/well) and kept for 48 h, prior to incubation for 16 h with 0.1 μg/ml lipopolysaccharide from Escherichia coli O111:B4 (Sigma, L2630), alongside with unstimulated control cells. AT- and EM-MSCs were harvested with Trizol and immediately stored at −80°C prior to RNA extraction.



RNA extraction and cDNA synthesis

RNA was extracted from cells in Trizol following manufacture’s protocol and reverse transcribed into cDNA using Superscript III (Invitrogen-Thermo Fisher Scientific). A NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, United States) was used to measure the quality and concentration of RNA. Negative controls were produced either without RNA sample or superscript enzyme.



Quantitative PCR analysis

Gene transcript levels were quantified by qPCR using the primers listed in Table 1 using SensiFAST SYBR Lo-ROX kit (Bioline) in a MX3005P thermocycler (Stratagene), using the conditions, Step 1: denaturation at 95°C for 2 min, followed by Step 2: 40 cycles of, 95°C for 5 s, 60°C for 11 s, 72°C for 5 min. Step 3: Final extension; 95°C for 1 min, 60°C for 30 s, 95°C for 30 s. Results were analyzed with MxPro software (Stratagene) relative to a standard curve obtained from a pool of cDNA samples. Two housekeeping genes (18S and GAPDH) were used to normalize the individual gene expression results.



TABLE 1 Primers used in qPCR.
[image: Table1]



Statistical analysis

Results were analyzed by Student’s t-test, or two-way ANOVA followed by LSD post hoc test as appropriate, by using GraphPad Prism 9. Statistical significance was set at p < 0.05.




Results


Characterization of AT- and EM-derived MSCs

Both AT- and EM-MSCs growing in culture presented the typical spindle-like morphology of MSCs (Figure 1A), form CFUs (Figure 1B) and expressed CD markers CD73, CD90 and CD105 (Figure 1C) at similar levels, while CD45 was undetectable in both cell types. After incubation with adipogenic media, AT- and EM-MSCs gradually changed their morphology and lipid droplets accumulated as shown by oil red O staining (Figure 2A). In MSCs undergoing osteogenesis alizarin red staining evidenced the deposition of calcium in the differentiated cells (Figure 2C). For chondrogenesis, MSCs cultured at high cell density as micromasses acquired a round morphology, and differentiation was confirmed by alcian blue staining 16 days following the start of differentiation (Figure 2B). No differences were observed between EM- and AT-MSCs differentiated cells.
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FIGURE 1
 Characterization of AT- and EM-derived MSCs. (A) Micrographs of cells in culture taken at 10x magnification. (B) Cell colonies obtained from 500 cells/well and stained with crystal violet after 10 days in culture. (C) Expression levels of CD markers CD73, CD90 and CD105 quantified by qPCR. All results are shown as mean ± SEM; AU, arbitrary units.


[image: Figure 2]

FIGURE 2
 Tri-lineage differentiation of AT- and EM-MSCs. Micrographs showing (A) adipocytes, (B) chondrocytes and (C) osteocytes stained with Oil red O, Alcian blue and Alazarin Red, respectively. Insets show control non-differentiated cells. Micrographs were taken at 40× magnification.




Gene expression of MSC markers was unchanged by stimulation of AT- and EM-MSCs with LPS

In order to test if MSC markers were affected by cell activation, gene expression of CDs 73, 90 and 105 was measured by qPCR following incubation of cells with LPS for 16 h. LPS treatment did not affect the morphology of the cells, as shown in Figure 3A, and did not cause variation in gene expression levels of CDs 73, 90, and 105 in both AT- and EM-MSCs (Figures 3B–D). Likewise, no differences were observed between AT- and EM-MSCs CDs expression levels (Figures 3B–D).

[image: Figure 3]

FIGURE 3
 Effect of LPS on the expression of MSC markers in AT- and EM-MSCs. (A) Micrographs of control cells (− LPS) or stimulated with LPS (+ LPS). (B–D) Expression levels of the CD markers CD73, CD90 and CD105 quantified by qPCR, of controls (− LPS; white bars) versus LPS-stimulated cells (+ LPS; black bars). All results are shown as mean ± SEM; AU, arbitrary units.




Gene expression of immune mediators in MSCs was increased by LPS

Both cell types, AT- and EM-MSCs, expressed the cytokine IL8 and chemoattractants CCL2 and CCL5 at similar basal levels (Figures 4A–C). Those genes were significantly increased when cells were exposed to LPS (p < 0.03), except for CCL5 in EM-MSCs where gene expression was not significantly altered. In the presence of LPS, IL8 values were higher in EM-than AT-MSCs (p < 0.04), while no other differences were observed between the MSCs obtained from these two tissue sources.

[image: Figure 4]

FIGURE 4
 Expression of immune mediator genes in AT- and EM-MSCs activated with LPS. mRNA levels of (A) IL8, (B) CCL2 and (C) CCL5 measured by qPCR of control (− LPS; white bars) and LPS-stimulated MSCs (+ LPS; black bars). All results are shown as mean ± SEM; AU, arbitrary units. * and **p < 0.05 and < 0.001, respectively, of control versus LPS-treated cells. #p < 0.05 of AT- versus EM-MSCs.





Discussion

In this study, we compared MSCs from two different tissue origins, EM and AT, obtained from the reproductive tract of healthy female dogs undergoing sterilization. EM- and AT-MSCs in culture displayed the standard spindle-like shape, formed CFUs when seeded at low cell density, expressed CD markers (CD73, CD90 and CD105) and underwent tri-lineage differentiation at similar level. Of note, both EM- and AT-MSCs expressed the cytokines IL8, CCL2 and CCL5 at basal levels. Therefore, to further characterize and compare the canine MSCs, and based on previous results in equine MSCs showing differential expression of these cytokines (17), we measured the effect of LPS on the expression of IL8, CCL2, and CCL5, in EM- and AT-MSCs. This resulted in elevated values of IL8, CCL2 and CCL5 in LPS-induced MSCs, with levels of IL8 for EM-MSCs being significantly higher than for AT-MSCs. Contrary to these results, CD marker levels remained unchanged upon priming of the cells with LPS, and therefore CD marker expression did not correlate or reflect cell activation.

Canine AT- and EM-MSCs displayed comparable cell features as defined by the ISCT, in agreement to what was observed in equine and human MSCs (13, 17). Indeed, MSCs obtained from different tissue origins share a variety of common features (42), including expression of CD markers and tri-lineage differentiation (8). Expression of CD markers in MSCs is sustained in different conditions, for example when human BM-MSCs are maintained in culture for an extended period of time, although other features including cell morphology, doubling time and osteogenic differentiation are affected (43). Likewise, culturing of equine BM-MSCs in platelet lysate improved chondrogenesis compared to FBS, but did not change the MSC markers CD105 and CD44 (44), and canine BM-MSCs cultured in the presence of FBS had significant higher survival rate compared to cells cultured in serum-free conditions, while CD marker expression levels were unaffected (45). Similarly, in the present study we observed that both AT- and EM-MSCs expressed CD73, 90 and 105 at equivalent basal levels, which were unchanged in the presence of LPS, but immune mediator genes were upregulated upon MSC stimulation with LPS. These results support the idea that expression of CD markers cannot be used as reliable indicators of stem cell content or biological function of MSC preparations. Different surface markers, including Stro-1, SSEA-4, CD271, and the pericyte marker CD146 have been considered as candidates (46) for this purpose. CD146 is present both in MSCs and pericytes, including in the horse (1, 7, 47) where it has been used to isolate cells with superior angiogenic potential compared to the corresponding MSC preparations. Still, considerable more work needs to be done, especially in veterinary species, toward the establishment of proper guidelines for a better characterization and standardization of MSCs preparations, although attempts in this direction have already been made by different groups, especially for equine MSCs (20, 22, 23).

A diverse number of studies in humans, rodents and veterinary species (principally in horses but also in dogs) have tested the effect of priming MSCs with inflammatory and infectious stimuli (24, 48, 49) in order to assess MSC response to disease milieu and to enhance their therapeutic properties (50). Human and rodent MSCs (principally obtained from BM and AT, but also from other sources) primed with a variety of activators such as TNFα, IL1β, IFNγ, IL17A, LPS and Poly I:C showed increased MSC expression of immune modulators, antibacterial peptides, growth and angiogenic factors. TNFα, alone or combined with IL1β, increases the levels of IL6, VEGF, FGF2, IGF-1, and HGF (51, 52), while IFNγ was shown to increase CCL2, IDO, TGFβ, HGF (53, 54), and IL17A to elevate IL6 (55). Infectious stimuli, such as LPS increases pro-inflammatory molecules including CXCL1, IL8, IL6, CCL2 and LL37 (56) while activation of TLR3 results in upregulation of IDO and PGE-2 (57). These findings show the diversity of phenotypes that can be generated by MSC activation depending on the stimulus used.

It is evident from the literature that a diverse number of studies tested inflammatory stimuli with just a few assessing infectious- or bacterial-associated activation. This, together with our previous results in different equine MSCs types, prompted us to follow the same approach here, as the main objective of this study was to compare canine EM- and AT-MSCs properties, although the use of LPS as a single stimulant is a limitation in this study. Indeed, since MSCs are highly responsive to a variety of stimuli, not only immune- and infectious-related but also a diversity of others, additional inducers could be included in future work in order to cover a broader range of responses comparing canine EM- and AT-MSCs. In addition, aiming for a wider characterization, comparison between canine EM- and AT-MSCs could be further complemented by comprehensive gene expression and protein analysis of MSC responses by performing RNA sequencing, LC–MS-based proteomics, or multiplex immunoassays, and we are planning to perform these experiments in future studies.

Similarly to humans and rodents, preconditioning of equine BM-MSCs with IL1β resulted in increased expression of IL1β, IL6, IL8, but not of IL10 and TNFα, while the combine action of TNFα and IFNγ resulted in an anti-inflammatory phenotype, with increased expression of COX-2, iNOS, IDO, IL6 (32), which effect has also been observed in human MSCs (58). CCL2 was also elevated by TLR3 activation when equine BM-MSC were stimulated with poly I:C (33), but priming with LPS increases CCL2, IL8 and IL6, showing that equine MSCs are highly responsive to bacterial wall components, part of the indirect but relevant role of these cells in modulating the immune response to combat infection.

Likewise, expression of immune genes is altered when canine MSCs are activated, for example COX-2 increases when AT- and BM-MSCs are stimulated with TNFα and IFNγ (59), and priming of AT-MSCs with deferoxamine, a hypoxia-mimetic agent, potentiates anti-inflammatory effects in RAW 264.7 macrophages (60). Also, stimulation of canine MSCs with TNFα elevates TSG-6 and PGE2 resulting in in vivo benefit by regulating colonic inflammatory cytokines such as IL1β, IL6, and IL10, and ameliorating induced colitis in mice (61). However, compared to other species, work performed on canine MSC activation is limited.

Here we showed that stimulation of canine MSCs with LPS increased the expression of immune genes IL8, CCL2 and CCL5, except CCL5 in EM-MSCs that was not upregulated. Of note was that in both equine (17) and canine EM-MSCs the expression of CCL2, but not CCL5, was significantly induced by LPS. This indicates that these chemoattractants are differentially induced by LPS in EM-MSCs, at least in these veterinary species. Also, EM-MSCs expressed IL8 at higher levels compared to AT-MSCs, following cell stimulation with LPS. Indeed, the immune properties of MSCs may vary depending on the tissue of origin (8, 42, 62, 63). Equine EM-MSCs activated with LPS express IL6 at higher levels than AT-MSCs (17) and human dental MSCs express INF-γ, PDGFA, VEGF and IL10 more elevated levels than BM-MSC (64), while human AT-MSCs produce higher levels of IL6 and TGF-β1 than BM-MSCs. In contrast, IFNγ treatment of bovine BM- and AT-MSCs increased IL6, PTGER2 and IDO gene expression at similar levels (65), indicating that species and type of stimulus play a role in the expression of immune factors in MSCs from different tissue origins.

In this study, comparison of EM- and AT-MSCs showed that their MSC properties were similar. This agrees with previous studies in equine MSCs and suggests that EM-MSCs could serve as a viable alternative to AT-MSCs, especially given the availability of tissues resulting from routine spays. Expression of CD markers was similar in both cell types, including upon cell incubation with LPS, while the expression of cytokines was upregulated. These findings corroborate with the general position in the field that CDs are not reliable markers defining stem cell content and biological function of MSC preparations. The results also showed that both canine EM- and AT-MSCs are highly responsive to LPS demonstrated by the upregulation of cytokine gene expression, similarly to what has been previously observed in other veterinary studies, mostly in the horse. However, compared to other species, work performed on canine MSC activation is scarce. Higher levels of IL8 expression were observed in LPS-activated EM-MSCs compared to AT-MSCs, but not for other cytokines. We have previously found differential expression of immune genes in EM-MSCs compared to AT-MSCs preparations. However, how these two cell types would perform in in vivo repairing settings is currently unknown and warrants further studies.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

HP and AA performed the experiments, analyzed the results and wrote the manuscript. KM provided the samples for analysis. CE designed the study, analyzed the results and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by a Canine Welfare Grant from Dogs Trust and the BBSRC (BB/P013732/1).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1180760/full#supplementary-material



References

 1. Esteves, CL, Sheldrake, TA, Dawson, L, Menghini, T, Rink, BE, Amilon, K , et al. Equine mesenchymal stromal cells retain a Pericyte-like phenotype. Stem Cells Dev. (2017) 26:964–72. doi: 10.1089/scd.2017.0017 

 2. Burk, J, Badylak, SF, Kelly, J, and Brehm, W. Equine cellular therapy – from stall to bench to bedside? Cytometry A. (2013) 83:103–13. doi: 10.1002/cyto.a.22216


 3. Remacha, AR, Barrachina, L, Alvarez-Arguedas, S, Ranera, B, Romero, A, Vazquez, FJ , et al. Expression of genes involved in immune response and in vitro immunosuppressive effect of equine MSCs. Vet Immunol Immunopathol. (2015) 165:107–18. doi: 10.1016/j.vetimm.2015.04.004 

 4. Martinello, T, Bronzini, I, Maccatrozzo, L, Mollo, A, Sampaolesi, M, Mascarello, F , et al. Canine adipose-derived-mesenchymal stem cells do not lose stem features after a long-term cryopreservation. Res Vet Sci. (2011) 91:18–24. doi: 10.1016/j.rvsc.2010.07.024


 5. Vieira, NM, Brandalise, V, Zucconi, E, Secco, M, Strauss, BE, and Zatz, M. Isolation, characterization, and differentiation potential of canine adipose-derived stem cells. Cell Transplant. (2010) 19:279–89. doi: 10.3727/096368909X481764 

 6. James, AW, Zhang, X, Crisan, M, Hardy, WR, Liang, P, Meyers, CA , et al. Isolation and characterization of canine perivascular stem/stromal cells for bone tissue engineering. PLoS One. (2017) 12:e0177308. doi: 10.1371/journal.pone.0177308 

 7. Esteves, CL, and Donadeu, FX. Pericytes and their potential in regenerative medicine across species. Cytometry A. (2017) 93:50–9. doi: 10.1002/cyto.a.23243


 8. Rink, BE, Amilon, KR, Esteves, CL, French, HM, Watson, E, Aurich, C , et al. Isolation and characterization of equine endometrial mesenchymal stromal cells. Stem Cell Res Ther. (2017) 8:166. doi: 10.1186/s13287-017-0616-0 

 9. Sahoo, AK, Das, JK, and Nayak, S. Isolation, culture, characterization, and osteogenic differentiation of canine endometrial mesenchymal stem cell. Vet World. (2017) 10:1533–41. doi: 10.14202/vetworld.2017.1533-1541 

 10. De Cesaris, V, Grolli, S, Bresciani, C, Conti, V, Basini, G, Parmigiani, E , et al. Isolation, proliferation and characterization of endometrial canine stem cells. Reprod Domest Anim. (2017) 52:235–42. doi: 10.1111/rda.12885 

 11. Kang, BJ, Ryu, HH, Park, SS, Koyama, Y, Kikuchi, M, Woo, HM , et al. Comparing the osteogenic potential of canine mesenchymal stem cells derived from adipose tissues, bone marrow, umbilical cord blood, and Wharton's jelly for treating bone defects. J Vet Sci. (2012) 13:299–310. doi: 10.4142/jvs.2012.13.3.299 

 12. Seo, MS, Jeong, YH, Park, JR, Park, SB, Rho, KH, Kim, HS , et al. Isolation and characterization of canine umbilical cord blood-derived mesenchymal stem cells. J Vet Sci. (2009) 10:181–7. doi: 10.4142/jvs.2009.10.3.181 

 13. Gargett, CE, Schwab, KE, and Deane, JA. Endometrial stem/progenitor cells: the first 10 years. Hum Reprod Update. (2016) 22:137–63. doi: 10.1093/humupd/dmv051 

 14. Navarrete, F, Wong, YS, Cabezas, J, Riadi, G, Manríquez, J, Rojas, D , et al. Distinctive cellular transcriptomic signature and MicroRNA cargo of extracellular vesicles of horse adipose and endometrial mesenchymal stem cells from the same donors. Cell Reprogram. (2020) 22:311–27. doi: 10.1089/cell.2020.0026 

 15. Navarrete, F, Saravia, F, Cisterna, G, Rojas, F, Silva, PP, Rodríguez-Alvarez, L , et al. Assessment of the anti-inflammatory and engraftment potential of horse endometrial and adipose mesenchymal stem cells in an in vivo model of post breeding induced endometritis. Theriogenology. (2020) 155:33–42. doi: 10.1016/j.theriogenology.2020.06.010 

 16. Cabezas, J, Rojas, D, Navarrete, F, Ortiz, R, Rivera, G, Saravia, F , et al. Equine mesenchymal stem cells derived from endometrial or adipose tissue share significant biological properties, but have distinctive pattern of surface markers and migration. Theriogenology. (2018) 106:93–102. doi: 10.1016/j.theriogenology.2017.09.035 

 17. Cortes-Araya, Y, Amilon, K, Rink, BE, Black, G, Lisowski, Z, Donadeu, FX , et al. Comparison of antibacterial and immunological properties of mesenchymal stem/stromal cells from equine bone marrow, endometrium, and adipose tissue. Stem Cells Dev. (2018) 27:1518–25. doi: 10.1089/scd.2017.0241 

 18. Dominici, M, Le Blanc, K, Mueller, I, Slaper-Cortenbach, I, Marini, F, Krause, D , et al. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy. (2006) 8:315–7. doi: 10.1080/14653240600855905 

 19. de Bakker, E, Van Ryssen, B, De Schauwer, C, and Meyer, E. Canine mesenchymal stem cells: state of the art, perspectives as therapy for dogs and as a model for man. Vet Q. (2013) 33:225–33. doi: 10.1080/01652176.2013.873963 

 20. De Schauwer, C, Meyer, E, Van de Walle, GR, and Van Soom, A. Markers of stemness in equine mesenchymal stem cells: a plea for uniformity. Theriogenology. (2010) 75:1431–43. doi: 10.1016/j.theriogenology.2010.11.008


 21. Ranera, B, and Barry, F. A horse of a different color. Cytometry A. (2014) 85:658–9. doi: 10.1002/cyto.a.22496


 22. Guest, DJ, Dudhia, J, Smith, RKW, Roberts, SJ, Conzemius, M, Innes, JF , et al. Position statement: minimal criteria for reporting veterinary and animal medicine research for mesenchymal stromal/stem cells in orthopedic applications. Front Vet Sci. (2022) 9:817041. doi: 10.3389/fvets.2022.817041 

 23. Barrachina, L, Romero, A, Zaragoza, P, Rodellar, C, and Vazquez, FJ. Practical considerations for clinical use of mesenchymal stem cells: from the laboratory to the horse. Vet J. (2018) 238:49–57. doi: 10.1016/j.tvjl.2018.07.004 

 24. Le Blanc, K, and Davies, LC. Mesenchymal stromal cells and the innate immune response. Immunol Lett. (2015) 168:140–6. doi: 10.1016/j.imlet.2015.05.004


 25. Barrachina, L, Remacha, AR, Romero, A, Vitoria, A, Albareda, J, Prades, M , et al. Assessment of effectiveness and safety of repeat administration of proinflammatory primed allogeneic mesenchymal stem cells in an equine model of chemically induced osteoarthritis. BMC Vet Res. (2018) 14:241. doi: 10.1186/s12917-018-1556-3 

 26. Arzi, B, Mills-Ko, E, and Verstraete, FJ. Therapeutic efficacy of fresh, autologous mesenchymal stem cells for severe refractory gingivostomatitis in cats. Stem Cells Transl Med. (2016) 5:75–86. doi: 10.5966/sctm.2015-0127 

 27. Villatoro, AJ, Hermida-Prieto, M, Fernandez, V, Farinas, F, Alcoholado, C, Rodriguez-Garcia, MI , et al. Allogeneic adipose-derived mesenchymal stem cell therapy in dogs with refractory atopic dermatitis: clinical efficacy and safety. Vet Rec. (2018) 183:654. doi: 10.1136/vr.104867 

 28. Johnson, V, Webb, T, Norman, A, Coy, J, Kurihara, J, Regan, D , et al. Activated mesenchymal stem cells interact with antibiotics and host innate immune responses to control chronic bacterial infections. Sci Rep. (2017) 7:9575. doi: 10.1038/s41598-017-08311-4 

 29. Fortier, LA, and Travis, AJ. Stem cells in veterinary medicine. Stem Cell Res Ther. (2011) 2:9. doi: 10.1186/scrt50 

 30. Brondeel, C, Pauwelyn, G, de Bakker, E, Saunders, J, Samoy, Y, and Spaas, JH. Review: mesenchymal stem cell therapy in canine osteoarthritis research: "Experientia Docet" (experience will teach us). Front Vet Sci. (2021) 8:668881. doi: 10.3389/fvets.2021.668881 

 31. VezinaA, R, Lavoie-Lamoureux, A, Lavoie, JP, and Laverty, S. Inflammatory stimuli differentially modulate the transcription of paracrine signaling molecules of equine bone marrow multipotent mesenchymal stromal cells. Osteoarthr Cartil. (2013) 21:1116–24. doi: 10.1016/j.joca.2013.05.004


 32. Barrachina, L, Remacha, AR, Romero, A, Vázquez, FJ, Albareda, J, Prades, M , et al. Effect of inflammatory environment on equine bone marrow derived mesenchymal stem cells immunogenicity and immunomodulatory properties. Vet Immunol Immunopathol. (2016) 171:57–65. doi: 10.1016/j.vetimm.2016.02.007 

 33. Pezzanite, LM, Chow, L, Johnson, V, Griffenhagen, GM, Goodrich, L, and Dow, S. Toll-like receptor activation of equine mesenchymal stromal cells to enhance antibacterial activity and immunomodulatory cytokine secretion. Vet Surg. (2021) 50:858–71. doi: 10.1111/vsu.13628 

 34. Cassano, JM, Schnabel, LV, Goodale, MB, and Fortier, LA. The immunomodulatory function of equine MSCs is enhanced by priming through an inflammatory microenvironment or TLR3 ligand. Vet Immunol Immunopathol. (2018) 195:33–9. doi: 10.1016/j.vetimm.2017.10.003


 35. Brandau, S, Jakob, M, Bruderek, K, Bootz, F, Giebel, B, Radtke, S , et al. Mesenchymal stem cells augment the anti-bacterial activity of neutrophil granulocytes. PLoS One. (2014) 9:e106903. doi: 10.1371/journal.pone.0106903 

 36. Chakravarty, L, Rogers, L, Quach, T, Breckenridge, S, and Kolattukudy, PE. Lysine 58 and histidine 66 at the C-terminal alpha-helix of monocyte chemoattractant protein-1 are essential for glycosaminoglycan binding. J Biol Chem. (1998) 273:29641–7. doi: 10.1074/jbc.273.45.29641 

 37. Bickel, M
. The role of interleukin-8 in inflammation and mechanisms of regulation. J Periodontol. (1993) 64:456–60.

 38. Hammond, ME, Lapointe, GR, Feucht, PH, Hilt, S, Gallegos, CA, Gordon, CA , et al. IL-8 induces neutrophil chemotaxis predominantly via type I IL-8 receptors. J Immunol. (1995) 155:1428–33. doi: 10.4049/jimmunol.155.3.1428 

 39. Evaristo-Mendonca, F, Sardella-Silva, G, Kasai-Brunswick, TH, Campos, RMP, Domizi, P, Santiago, MF , et al. Preconditioning of rat bone marrow-derived mesenchymal stromal cells with toll-like receptor agonists. Stem Cells Int. (2019) 2019:7692973. doi: 10.1155/2019/7692973


 40. Kurte, M, Vega-Letter, AM, Luz-Crawford, P, Djouad, F, Noel, D, Khoury, M , et al. Time-dependent LPS exposure commands MSC immunoplasticity through TLR4 activation leading to opposite therapeutic outcome in EAE. Stem Cell Res Ther. (2020) 11:416. doi: 10.1186/s13287-020-01840-2 

 41. Weatherall, EL, Avilkina, V, Cortes-Araya, Y, Dan-Jumbo, S, Stenhouse, C, Donadeu, FX , et al. Differentiation potential of mesenchymal stem/stromal cells is altered by intrauterine growth restriction. Front Vet Sci. (2020) 7:558905. doi: 10.3389/fvets.2020.558905 

 42. Markov, L, Thangavelu, S, Aravindhan, AO, Zekiy, M, Jarahian, MS, Chartrand, Y , et al. Mesenchymal stem/stromal cells as a valuable source for the treatment of immune-mediated disorders. Stem Cell Res Ther. (2021) 12:192. doi: 10.1186/s13287-021-02265-1 

 43. Yang, YK, Ogando, CR, Wang See, C, Chang, TY, and Barabino, GA. Changes in phenotype and differentiation potential of human mesenchymal stem cells aging in vitro. Stem Cell Res Ther. (2018) 9:131. doi: 10.1186/s13287-018-0876-3 

 44. Naskou, MC, Sumner, SM, Chocallo, A, Kemelmakher, H, Thoresen, M, Copland, I , et al. Platelet lysate as a novel serum-free media supplement for the culture of equine bone marrow-derived mesenchymal stem cells. Stem Cell Res Ther. (2018) 9:75. doi: 10.1186/s13287-018-0823-3 

 45. Kuwahara, Y, Yoshizaki, K, Nishida, H, Kamishina, H, Maeda, S, Takano, K , et al. Extracellular vesicles derived from canine mesenchymal stromal cells in serum free culture medium have anti-inflammatory effect on microglial cells. Front Vet Sci. (2021) 8:633426. doi: 10.3389/fvets.2021.633426 

 46. Lv, FJ, Tuan, RS, Cheung, KM, and Leung, VY. Concise review: the surface markers and identity of human mesenchymal stem cells. Stem Cells. (2014) 32:1408–19. doi: 10.1002/stem.1681 

 47. Esteves, CL, and Donadeu, FX. Pericytes in veterinary species: prospective isolation, characterization and tissue regeneration potential. Adv Exp Med Biol. (2018) 1109:67–77. doi: 10.1007/978-3-030-02601-1_6 

 48. Carrade, DD, and Borjesson, DL. Immunomodulation by mesenchymal stem cells in veterinary species. Comp Med. (2013) 63:207–17.

 49. Russell, KA, Garbin, LC, Wong, JM, and Koch, TG. Mesenchymal stromal cells as potential antimicrobial for veterinary use – a comprehensive review. Front Microbiol. (2020) 11:606404. doi: 10.3389/fmicb.2020.606404 

 50. Lee, BC, and Kang, KS. Functional enhancement strategies for immunomodulation of mesenchymal stem cells and their therapeutic application. Stem Cell Res Ther. (2020) 11:397. doi: 10.1186/s13287-020-01920-3 

 51. Wang, M, Crisostomo, PR, Herring, C, Meldrum, KK, and Meldrum, DR. Human progenitor cells from bone marrow or adipose tissue produce VEGF, HGF, and IGF-I in response to TNF by a p38 MAPK-dependent mechanism. Am J Physiol Regul Integr Comp Physiol. (2006) 291:R880–4. doi: 10.1152/ajpregu.00280.2006


 52. Crisostomo, PR, Wang, Y, Markel, TA, Wang, M, Lahm, T, and Meldrum, DR. Human mesenchymal stem cells stimulated by TNF-α, LPS, or hypoxia produce growth factors by an NFκB-but not JNK-dependent mechanism. Am J Phys Cell Phys. (2008) 294:C675–82. doi: 10.1152/ajpcell.00437.2007


 53. Rafei, M, Birman, E, Forner, K, and Galipeau, J. Allogeneic mesenchymal stem cells for treatment of experimental autoimmune encephalomyelitis. Mol Ther. (2009) 17:1799–803. doi: 10.1038/mt.2009.157 

 54. Krampera, M, Cosmi, L, and Angeli, R. Role for interferon-gamma in the immunomodulatory activity of human bone marrow mesenchymal stem cells. Stem Cells. (2006) 24:386–98. doi: 10.1634/stemcells.2005-0008


 55. Sivanathan, KN, and Coates, PT. IL-17A-induced mesenchymal stem cells have promising therapeutic value for clinical translation. Kidney Int. (2018) 93:771–3. doi: 10.1016/j.kint.2017.12.010 

 56. Krasnodembskaya, Y, Song, X, Fang, N, Gupta, V, Serikov, J-WL, and Matthay, MA. Antibacterial effect of human mesenchymal stem cells is mediated in part from secretion of the antimicrobial peptide LL-37. Stem Cells. (2010) 28:2229–38. doi: 10.1002/stem.544 

 57. Waterman, RS, Tomchuck, SL, Henkle, SL, and Betancourt, AM. A new mesenchymal stem cell (MSC) paradigm: polarization into a pro-inflammatory MSC1 or an immunosuppressive MSC2 phenotype. PLoS One. (2010) 5:e10088. doi: 10.1371/journal.pone.0010088 

 58. Cuerquis, J, Romieu-Mourez, R, Francois, M, Routy, JP, Young, YK, Zhao, J , et al. Human mesenchymal stromal cells transiently increase cytokine production by activated T cells before suppressing T-cell proliferation: effect of interferon-gamma and tumor necrosis factor-alpha stimulation. Cytotherapy. (2014) 16:191–202. doi: 10.1016/j.jcyt.2013.11.008 

 59. Yang, HM, Song, WJ, Li, Q, Kim, SY, Kim, HJ, Ryu, MO , et al. Canine mesenchymal stem cells treated with TNF-alpha and IFN-gamma enhance anti-inflammatory effects through the COX-2/PGE(2) pathway. Res Vet Sci. (2018) 119:19–26. doi: 10.1016/j.rvsc.2018.05.011 

 60. Park, SM, Li, Q, Ryu, MO, Nam, A, An, JH, Yang, JI , et al. Preconditioning of canine adipose tissue-derived mesenchymal stem cells with deferoxamine potentiates anti-inflammatory effects by directing/reprogramming M2 macrophage polarization. Vet Immunol Immunopathol. (2020) 219:109973. doi: 10.1016/j.vetimm.2019.109973


 61. An, H-Y, Shin, H-S, Choi, J-S, Kim, HJ, Lim, J-Y, and Kim, Y-M. Adipose mesenchymal stem cell secretome modulated in hypoxia for remodeling of radiation-induced salivary gland damage. PLoS One. (2015) 10:e0141862. doi: 10.1371/journal.pone.0141862 

 62. Menard, C, Dulong, J, Roulois, D, Hebraud, B, Verdiere, L, Pangault, C , et al. Integrated transcriptomic, phenotypic, and functional study reveals tissue-specific immune properties of mesenchymal stromal cells. Stem Cells. (2020) 38:146–59. doi: 10.1002/stem.3077 

 63. Strioga, M, Viswanathan, S, Darinskas, A, Slaby, O, and Michalek, J. Same or not the same? Comparison of adipose tissue-derived versus bone marrow-derived mesenchymal stem and stromal cells. Stem Cells Dev. (2012) 21:2724–52. doi: 10.1089/scd.2011.0722


 64. Konala, VBR, Bhonde, R, and Pal, R. Secretome studies of mesenchymal stromal cells (MSCs) isolated from three tissue sources reveal subtle differences in potency. In Vitro Cell Dev Biol Anim. (2020) 56:689–700. doi: 10.1007/s11626-020-00501-1 

 65. Huaman, O, Bahamonde, J, Cahuascanco, B, Jervis, M, Palomino, J, Torres, CG , et al. Immunomodulatory and immunogenic properties of mesenchymal stem cells derived from bovine fetal bone marrow and adipose tissue. Res Vet Sci. (2019) 124:212–22. doi: 10.1016/j.rvsc.2019.03.017 



OPS/images/fvets-10-1180760-t001.jpg
Gene Sequence (5 to 3]

CD45 F: TCGGCTTTGCCTTTCTGGAT
R: TTCTGGGGAAACAGAACTGGA
cp73 F: TACACAGGTACTCCACCTTCCA
R: AACCTTCCGCCCATCATCAG
CD90 F: AGGACGAGGGGACATACACA
R: CTTGACCAGTTTGTCTCTGAGC
CD105 F: CCTGGAATCCTCAAGGGAGC
R: ACTGAGGACCAGGAACACCT
I8 F: TGTGAAGCTGCAGTTCTGTCAA
R: TTGGGATGGAAAGGTGTGGAG
ccl2 F: AAGCTGTGATCTTCAAGACCGT
R: CATGGAATCCTGGACCCACT
ccLs F: CAGTCGTCTTTGTCACCCGA
R: TGTACTCCCGCACCCATTTC
188 F: GCTGGCACCAGACTTG
R: GGGGAATCAGGGTTCG
GAPDH F: GCCTGGAGAAAGCTGCCAAA
R: TTTGAGGGGTCCCTCCGATG

Fand R stands for forward and reverse primer

respectively:
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