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Immune privileges are demonstrated for different types of quiescent stem cells of adult mammalian organisms. Mesenchymal stem cells (MSCs) are believed to have immune privileges; however, an accurate experimental confirmation hasn’t been presented. Here, we provide direct experimental evidence that MSCs of C57Black/6J murine bone marrow (BM) are immune privileged in vivo and retain their functionality after prolonged exposure to the uncompromised immune system. The BM of Nes-Gfp transgenic mice was implanted as a tissue fragment under the kidney capsule in isogenic C57Black/6J immunocompetent recipients. Nestin-Gfp strain provides a fluorescent immunogenic marker for a small fraction of BM cells, including GFP+CD45– MSCs. Despite the exposure of xenogenically marked MSCs to the fully-functional immune system, primary ectopic foci of hematopoiesis formed. Six weeks after implantation, multicolor fluorescence cytometry revealed both GFP+CD45– and GFP+CD45+ cells within the foci. GFP+CD45– cells proportion was 2.0 × 10–5 ×÷9 and it didn’t differ significantly from syngenic Nes-GFP transplantation control. According to current knowledge, the immune system of the recipients should eliminate GFP+ cells, including GFP+ MSCs. These results show that MSCs evade immunity. Primary foci were retransplanted into secondary Nes-GFP recipients. The secondary foci formed, in which CD45–GFP+ cells proportion was 6.7 × 10–5 ×÷2.2, and it didn’t differ from intact Nes-GFP BM. The results demonstrate that MSCs preserve self-renewal and retain their functionality after prolonged immune exposure. The success of this study relied on the implantation of BM fragments without prior dissociation of cells and the fact that the vast majority of implanted cells were immunologically equivalent to the recipients.
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INTRODUCTION
The capability to avoid immune surveillance in an organism is called immune privilege (IP). It is observed in some organs, for example, the brain, eye, meniscus, or testicles (Carson et al., 2006; Fijak and Meinhardt 2006; Stein-Streilein 2013; Smith, Costa, and Spalding 2015). The healthy functioning of immune-privileged organs could be impaired after injury or infection when integrity have been disturbed, immune barriers penetrated, and antigens presented to the immune system (Stephenson et al., 2018; Sun, Liu, and Luo 2020). IPs in tissues and organs provide suppression of inflammation and promote immune tolerance to the whole organ resulting in the protection of the whole transplant, given allogenic transplantation have been made (Streilein 2003; Hill et al., 2021). In the case of corneal transplantation, it makes the procedure the most successful among all solid organ transplantations performed in humans (Hori et al., 2019). In addition to organ level, IPs are known for individual cells both in physiological and pathological conditions (Ichiryu and Fairchild 2013). IPs can be utilized by tumor cells during oncogenesis (Joyce and Fearon 2015) and by cancer stem cells (CSCs) particularly (Malladi et al., 2016). Despite the majority of studies devoted to IPs of individual cells are focused on CSCs (Bruttel and Wischhusen 2014; Miao et al., 2019; Galassi et al., 2021), there are several studies showing IPs as a feature of normal stem cells. Early studies performed on cell cultures argued for the ability of hematopoietic stem cells (HSCs) (Aguila and Weissman 1996), embryonal stem cells (ESCs) (Drukker et al., 2002), neural stem cells (NSCs) (Mammolenti et al., 2004), and mesenchymal stem cells (MSCs) (Rasmusson et al., 2003) to evade cytotoxic action of CD8+ T-cells due to low MHC I type expression and simultaneously elude attack of NK-cells. More recent studies extended these observations for some types of stem cells in experiments performed in vivo. Studies in mice demonstrated IPs as an intrinsic property of quiescent stem cells in hair follicles (HFSCs) and muscles (MuSCs) (Agudo et al., 2018). The authors showed a reduced expression level of MHC-1, B2m, and several other genes of the antigen-presenting complex in quiescent stem cells. The authors suggested that IPs may be shared among a wide range of resting stem cells. It is known that long-term repopulating HSCs and MSCs are quiescent in vivo (Méndez-Ferrer et al., 2010; Bernitz et al., 2016). The immunogenicity of the total mass of stromal and hematopoietic cells of the allogenic bone marrow (BM) is beyond doubt (Ankrum, Ong, and Karp 2014; Fürst et al., 2019), but this does not exclude the possibility of the presence of minor cell populations that are immune privileged. Indeed, it was shown for HSCs, that CD150high regulatory T-cells protected them from oxidative stress and kept them quiescent. At the same time, the authors showed IPs of quiescent HSCs but did not associate the dormant state and IPs as a cause and effect (Hirata et al., 2018). We show that the findings of these studies can be extrapolated to MSCs.
MSCs are thought to reside in a variety of organs and tissues (Friedenstein et al., 1987; Caplan 1991; Fraser et al., 2006; Barlow et al., 2008; Caplan 2010; de Girolamo et al., 2013; Sharpe 2016). They are responsible for the formation and maintenance of organs’ stroma. To satisfy a criterion of stem cells, they should possess specific characteristics (Horwitz et al., 2005). For example, MSCs of BM should have high proliferative potential and be able to differentiate in all the lineages of BM stromal cells, including osteogenic, adipogenic, and chondrogenic lineages to form and maintain a functional hematopoietic territory of BM. Particularly, MSCs of BM should have high proliferative potential and be able to differentiate in all the lineages of BM stromal cells, including osteogenic, adipogenic, and chondrogenic lineages to form and maintain a functional hematopoietic territory of BM (Friedenstein et al., 1970; Friedenstein et al., 1987; Caplan 1991; Weiss et al., 2010).
Using transgenic mice with GFP under nestin regulatory elements (strain Nestin-GFP) (Mignone et al., 2004), Mendez-Ferrer and colleagues showed that nestin expression characterizes MSCs, and the ability of CD45–Nestin+ cells to form a hematopoietic territory in vivo was demonstrated (Méndez-Ferrer et al., 2010). It was shown that CD45–Nestin+ cells contain all the BM colony-forming-unit fibroblastic (CFU-F) activity, they are spatially associated with HSCs and highly express HSC maintenance genes. CD45–Nestin+ cells regulate the resting state of HSCs being quiescent and metabolically active themselves (Méndez-Ferrer et al., 2010; Kunisaki et al., 2013). The immunogenicity of GFP provides significant technical obstacles for tracking experiments utilizing transplantation of GFP-marked cells (Ansari et al., 2016), however, the same immunogenicity coupled with reporting property of GFP can be transformed into an instrument for experiments studying immune response (Agudo et al., 2018). There are several models for studying BM stroma (Friedenstein, Chailakhjan, and Lalykina 1970; Dexter 1979; Chertkov and Gurevitch 1984; Méndez-Ferrer et al., 2010), and the models of ectopic foci of hematopoiesis formation are the most physiological ones (Tavassoli et al., 1970; Friedenstein et al., 1968; Tavassoli and Crosby 1968). These models make it possible to observe de novo stroma formation. The possibility of multiple sequential transfers of the hematopoietic territory has also been shown, which implicitly testified to the high proliferative potential of MSCs (Chertkov and Gurevitch 1984). So, this method is the best physiological method for determining functional MSCs today.
Having in our hands the Nestin-GFP mouse strain, in which Nes+ MSCs express GFP, we designed a study, in which we posed the question of what will happen to the stroma of Nestin-GFP mice when the immune system acts on it. We implanted BM of transgenic mice under the kidney capsule of mice lacking the transgene. According to current concepts, the recipient’s immune system should have destroyed GFP+ cells, including all Nes-GFP+ MSCs (Figure 1A). In this case, the formation of foci would be questionable. Nevertheless, 6 weeks after implantation of transgenic BM, normal foci of ectopic hematopoiesis were found. GFP-positive cells were detected in the foci by multicolor flow cytometry (MFC) (Figure 1B). Moreover, these cells retained their functionality, since the primary foci were able to form the secondary foci. Our results demonstrate that MSCs possess IPs in vivo and preserve their functionality after prolonged exposure to the whole immune system despite the presence of an immunogenic marker.
[image: Figure 1]FIGURE 1 | (A) Summary of knowledge and theoretical model. GFP is known to activate cytotoxic T-cells in wild-type recipients that results in immune clearance of GFP-marked transplants. Bone marrow stroma is known to be not immune privileged in general. So, if all implanted stromal cells express GFP, this should not lead to the formation of ectopic foci with GFP+ cells in immunocompetent wild-type recipient. (B) Overview of presented experimental model. For used Nes-GFP strain, GFP expression was demonstrated in bone marrow MSCs. GFP expression known to fade in course of differentiation. According to presented results, small part of GFP-producing cells and particularly MSCs are capable to survive in immunocompetent mice of wild-type for 6 weeks and keep their functionality. In this case GFP does not interfere with focus formation.
MATERIALS AND METHODS
Animals
The experiments were carried out in accordance with the United Kingdom Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU Directive 2010/63/EU for animal experiments. The Commission on Biomedical Ethics of the Institute of Biomedical Problems of the Russian Academy of Sciences approved the study (Protocol No. 257). We used Nestin-GFP x C57Black/6J first generation hybrid (F1) mice of both sexes at the age 24—57 weeks, heterozygous for the eGFP transgene. Nes-GFP mice were kindly provided by prof. Grigori Enikolopov from the Research Foundation of State University of New York. We also used C57Black/6J mice of both sexes at the age 27—41 weeks. The animals were kept at the Animal Facility of the National Research Center for Hematology with a 12/12 h day/night cycle and food and water ad libitum.
Foci of ectopic hematopoiesis
We used the method of ectopic foci of hematopoiesis formation (Tavassoli and Crosby 1968). The BM of one femur of an individual was used for implantation to the subcapsular region of the kidney of a recipient, as described (Chamberlin et al., 1974; Robertson, Fairchild, and Waldmann 2007; Shultz et al., 2014). Surgical manipulations were as follows. Access to the femur was opened by a skin incision on the belly next to the inner side of the hind limbs. The femoral muscles were cut off with scissors, and the diaphysis was excised, which was placed on ice until further use (up to 40 min). The recipients received anesthesia with 0.5 ml of Avertin (Sigma, United States). In recipients, the skin was cut with scissors from the back between the lower edge of the ribs and the pelvis, and the peritoneum was incised with scissors in the same place. A kidney was found in an open area with tweezers, taken out and fixed with tweezers passed under the renal vein. The kidney surface was moistened with phosphate-buffered saline (PBS) (MP Biomedicals, United States) to prevent drying. A needle with a fused end was placed into the femoral cavity at one end of the diaphysis, and the BM was squeezed out onto a dental spatula at the opposite end. The end of the spatula with the BM was placed under the kidney capsule, which had been torn with tweezers. After that, the capsule was released, which made it possible to fix the implanted BM. The kidney was released and returned into the abdominal cavity, and the peritoneum and skin were sutured with one stitch. The operation was performed in non-sterile conditions. After 42 days, each recipient was sacrificed, and the kidney was isolated with surgical instruments and placed on ice. The presence of ectopic focus of hematopoiesis was assessed. The capsule, together with the newly formed focus of hematopoiesis, was detached from the kidney. For retransplantation, an entire focus was placed under the kidney capsule of a secondary recipient as described above for transplantation. Alternatively, the surface of the kidney was washed with 1 ml of PBS. The kidney and associated connective tissues were removed. The contents of the focus (if any) were flushed out from the ossicle a few times with a gentle flow of 0.5 ml PBS using a 1 ml sampler. The samples were kept on ice until further use. The size of the formed focus of ectopic hematopoiesis was determined by the number of nuclear cells counted in the Goryaev chamber or the Abacus Junior 30 hematology analyzer (Diatron, Hungary). The osteogenic activity of stromal progenitors was assessed by the presence of the newly formed bone. The cell suspension of the focus was divided in half between samples for analysis of cell populations using MFC and for DNA isolation.
Transplantation schemes
BM of Nestin-GFP F1 (hereinafter referred as Nes-GFP) was implanted to C57Black/6J wildtype (WT) mice (n = 18). These were considered to be isogenic transplantations. As a positive syngenic control, we implanted the BM of one femur (n = 8) of Nes-GFP to Nes-GFP recipients (n = 8) (hereinafter syngenic transplantations). As a negative control, we implanted BM of one femur of C57Black/6J (n = 8) to C57Black/6J recipients (n = 5). Some of the primary foci formed in isogenic C57Black/6J recipients (n = 7) were retransplanted into the secondary Nes-GFP recipients (n = 7) (hereinafter isogenic retransplantations). As a positive syngenic control, we retransplanted one primary positive control to the secondary syngenic Nes-GFP recipient (hereinafter syngenic retransplantations). Experimental groups are depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Experimental groups. Isogenic transplantation group corresponds to C57Black/6J wild-type immunocompetent recipients of Nes-GFP bone marrow under the renal capsule. Isogenic retransplantation group corresponds to Nes-GFP recipients of primary foci formed in isogneic transplantations. Syngenic transplantation group corresponds to Nes-GFP recipients of Nes-GFP bone marrow under the renal capsule. Nes-GFP BM group is primary bone marrow of Nes-GFP mice. Negative control transplantation corresponds to C57Black/6J wild-type immunocompetent recipients of syngenic bone marrow under the renal capsule.
Multicolor flow cytometry
BM from femurs and/or shins was resuspended in PBS, and the cells were counted in an Abacus Junior 30 hematology analyzer. Erythrocytes were lysed with PharmLyse solution (BD biosciences, United States) according to manufacturer instructions. No more than 4 × 106 cells were incubated for 20 min in the dark with anti-CD45 monoclonal antibodies labeled with APC (eBiosciences, United States), 7-AAD (Sigma Aldrich, United States) and Syto41 (Invitrogen, United States). 7-AAD was added to exclude dead cells; Syto41 was added to exclude enucleated cells. The analysis was performed using a CytoFlex flow cytometer (Beckman Coulter, United States); the data were analyzed using the Kaluza Analysis v. 2.1 (Beckman Coulter, United States). The gating strategy is given in the Supplementary Material (Supplementary Figure S3).
Inclusion criteria
We set three inclusion criteria for samples for data presentation. First, we visually assessed the site of implantation and did not take into account apparently flawed samples. These ones included samples, in which only residual scars or pigmentation or an ossicle without red internal cell mass were observed at the site of operation. Next, we excluded foci, in which the number of alive nucleated cells was less than 50,000. Thirdly, we suggested the proportion of hematopoietic and non-hematopoietic cells reflects the right cellular composition of the focus and is related to its functionality. We created a rank order plot for the ratio of CD45+ to CD45– cells and graphically determined the range of acceptability as 43—241 (see Supplementary Material for details). This was in line with the observation that this ratio was distorted in case of flawed foci.
Statistical analysis
Data for a proportion of target cells were processed on a log scale. If no target cells were detected, we assumed that the proportion of target cells was less than a detection limit, which was individual for each sample and was set to be one cell per number of alive nucleated cells in the sample. For the convenience of calculations, we set the proportion of target cells in such samples equal to 0.1 of the detection limit. The results are presented as geometric mean ×÷ geometric standard deviation factor. The comparisons between experimental groups were performed by the Mann-Whitney test.
RESULTS
Primary foci of ectopic hematopoiesis were found in 96% of cases (n = 23/24 foci in 12 recipients, including a pilot experiment) 42 days after the implantation of Nes-GFP BM under the kidney capsule of WT individuals. In the pilot experiment, foci of ectopic hematopoiesis were found in 100% (n = 6/6 foci in three recipients) cases (see Supplementary Material for details). Increased level of autofluorescence in GFP detection channel did not allow us unambiguously establish the presence of GFP+ cells within the foci (Karpenko and Bigildeev 2021). However, we managed to overcome this obstacle in a further experiment by reducing jet strength during the separation of interior cells of a focus from its bone shell and by modifying the MFC analysis protocol. This protocol was evaluated on native BM of Nestin-GFP mice. In total, 10.6 × 10–5 ×÷1.2 of alive BM cells washed from the femur were GFP+CD45– (Table 1), while the proportion of GFP+CD45– cells in BM of Nestin-GFP mice was previously calculated as 80 × 10–5, as measured by MFC (Méndez-Ferrer et al., 2010).
TABLE 1 | Characteristics of individual samples of experimental groups acoording to MFC analysis. * Zero cell counts were transformed into non-zero proportions as described in Materials and Methods to estimiate measurement accuracy.
[image: Table 1]MFC analysis showed that 7/8 primary isogenic foci satisfied inclusion criteria. Similarly, the foci formed in 100% of cases after syngenic Nestin-GFP transplantations (n = 8), and four of them satisfied inclusion criteria. Each included focus had a normal bone shell. The presence of GFP+ cells both in CD45– and CD45+ cell subpopulations was confirmed in 6/7 isogenic transplantations using MFC (Figure 3).
[image: Figure 3]FIGURE 3 | MFC data for representative samples of experimental groups. Alive nucleated cells. Orange and purple dots correspond to GFP+CD45+ and GFP + CD45– cells, respectively.
GFP+CD45– (Figure 4A) and GFP+CD45+ (Figure 4B) cells were detected in each focus from syngenic transplantations. Interestingly, the number of CD45+GFP+ cells was comparable to or even higher than the number of GFP+CD45– cells (Table 1 and Figure 4). No GFP+ cells were detected in negative controls.
[image: Figure 4]FIGURE 4 | Graphical representation of the frequencies of GFP+ cells. (A) GFP+CD45– cells. (B) GFP+CD45+ cells. Horizontal lines designate geometric mean values. Whiskers designate geometric standard deviation. Crossed markers designate samples, in which GFP+ cells were not detected. They were processed as described in Materials and Methods to estimate measurement accuracy.
The mean proportion of GFP+ cells was 4.8 × 10–5 ×÷10 and 21 × 10–5 ×÷6 in isogenic and syngenic transplantations, respectively. The mean proportion of GFP+CD45– cells was 2.0 × 10–5 ×÷9 and 1.7 × 10–5 ×÷3 in isogenic and syngenic transplantations, respectively. The mean proportion of GFP+CD45+cells was 2.3 × 10–5 ×÷10 and 17.5 × 10–5 ×÷7 in isogenic and syngenic transplantations, respectively.
Retransplantation of transgenic primary foci into Nestin-GFP secondary recipients was successful after prolonged exposure to the native immune system. Results of MFC demonstrated GFP+CD45+ and GFP+CD45– cells in the secondary foci in numbers that were similar to such numbers for native Nestin-GFP BM or syngenic retransplantation (see Supplementary Table S2). Specifically, the proportion of GFP+CD45– and GFP+CD45+ cells was 6.7 × 10–5 ×÷2.2 and 118 × 10–5 ×÷1.6 in isogenic retransplantations.
DISCUSSION
In the first few days after the BM implantation, the hematopoietic microenvironment ceases to function as a substrate that supports the proliferation and differentiation of HSCs (Chertkov and Gurevitch 1980). During the first 2 days after implantation, necrosis occurs onsite, leaving behind a reticular network of adventitial cells (Tavassoli and Crosby 1968), which then proliferate and differentiate to give rise to a trabecular bone. It is almost completely resorbed afterward except for a thin bone shell underneath the renal capsule. After 5–6 weeks, a new fully functional extramedullary focus of hematopoiesis is formed, which is not distinguishable from normal BM in cellular and morphological aspects and response to external stimuli (Chertkov et al., 1983a; Sadr, Cardenas, and Tavassoli 1980; Tavassoli and Crosby 1968; Friedenstein et al., 1968). This, in turn, means the presence of a full-fledged microenvironment with the correct architectonics and the presence of the necessary cellular elements of the stroma in the required proportions. The stroma of such focus belongs to the donor, and the hematopoietic cells represent a mix of donor and recipient cells (Chertkov et al., 1983b). It is considered that the hematopoietic microenvironment is built de novo as a result of the proliferation and differentiation of MSCs (Chertkov and Gurevitch 1980). We used this method by implanting BM of Nes-GFP under the renal capsule of the C57Black/6J strain. The strength of immunologic responses to GFP in C57Black/6J is weaker than in BALB/c, but several studies show the clearance of GFP+ cells upon transplantation, and the immunodominant CTL epitope of GFP is identified in C57Black/6J mice (Stripecke et al., 1999; Rosenzweig et al., 2001; Han, Unger, and Wauben 2008; Uchida et al., 2014; Sats et al., 2015; Ansari et al., 2016).
Although MSCs contained an immunogenic marker, full-fledged primary foci of ectopic hematopoiesis initiated from Nes-GFP BM under the kidney capsule of WT mice formed. Moreover, the secondary foci also formed. This means that MSCs fulfill their functions of building hematopoietic territory. GFP+ cells found in isogenic foci are immunoprivileged.
Part of immunoprivileged GFP+ cells within the isogenic foci was CD45–. The fact that statistically significant difference was not found (p = 0.41) in the proportion of such cells between syngenic and isogenic foci and also the evidence that the proportion of such cells was similar (p = 0.79) in Nes-GFP BM and isogenic retransplantations argue in favor that the subpopulation CD45–GFP+ is not suppressed by the recipient’s immunity in an isogenic transplant.
Isogenic retransplantation showed the formation of the secondary foci after a prolonged stay (42 days) of MSCs in the primary recipient under the exposure to immunity. This suggests that the function of immunoprivileged MSCs, namely their ability to form and maintain the hematopoietic territory in vivo, is preserved. The proportion of GFP+CD45– cells in secondary foci turned out to be even slightly higher than in primary foci for both syngenic and isogenic retransplantations, which indicates the ability of these cells for self-maintenance and expansion in vivo. This ability remains even after prolonged exposure to the entire immune system in case of isogenic retransplantations.
By combining the results of published studies showing that MSCs in Nestin-GFP mice express GFP (Méndez-Ferrer et al., 2010; Nobre et al., 2021) with our results showing preserved MSCs function in isogenic retransplantation, we conclude that MSCs are immunoprivileged cells among observed GFP+ cells.
We suggest that the successful demonstration of MSCs’ IPs in this study in contrast to those studies, which could not demonstrate the phenomenon (Badillo et al., 2007; Zangi et al., 2009; Miura et al., 2013; Ankrum, Ong, and Karp 2014; Berglund et al., 2017), may follow from several key points (Figure 1). The first one comes from untangling the confusion between notions of in vivo existing MSCs and in vitro propagated stromal cells named multipotent mesenchymal stromal cells (MMSCs) (Horwitz et al., 2005; Dominici et al., 2006; Caplan 2017). MMSCs are considered to be descendants of MSCs and may share some characteristics of MSCs. For example, the immunomodulatory properties of MMSCs were demonstrated (Le Blanc et al., 2004; Pradier et al., 2011), which resulted in their usage in the clinic to suppress various immune responses (Kuzmina et al., 2012; Auletta, Deans, and Bartholomew 2012; Mazzini et al., 2012; Sun et al., 2009). However, initial enthusiasm and hopes for MMSCs as an easily accessible allogenic but immune transparent therapeutic approach were hampered due to later studies, which stated that MMSCs are not immune-privileged cells and documented specific cellular and humoral immune responses against donor antigens following allo-MMSCs administration (reviewed in (Berglund et al., 2017)). These circumstances made a contribution to a transition to cell-free therapy basing on MMSC-derived exosomes (Mendt, Rezvani, and Shpall 2019). Also, some authors use alternative criteria for the definition of MSCs, such as the specific location within BM, their ability to support HSCs (Kunisaki 2019), or immunophenotype characteristics (Morikawa et al., 2009; Méndez-Ferrer et al., 2010; Omatsu et al., 2010; Armulik, Genové, and Betsholtz 2011; Kunisaki et al., 2013; Baryawno et al., 2019). The second key point is that we used a model, where most transplanted cells were immunologically identical to the recipient except for a small part of cells associated with Nestin+ stem/progenitor cells, and particularly Nestin+ MSCs, for which all described criteria for mesenchymal stem cells were fulfilled (Méndez-Ferrer et al., 2010) (Figure 1), while in the majority of other relevant studies, all injected cells were allogenic. The third key point is using unfractionated and minimally disturbed BM in our transplantations since it is known that dissociation of MSCs, as well as HSCs from their microenvironment, adversely affects their function and that local regulation is important for retention of stem cells in a quiescent state and implementation of IPs by them (Chertkov et al., 1983a; Nie, Han, and Zou 2008; Greenbaum et al., 2013; Boyd et al., 2014; Agudo et al., 2018). The site of administration of the cells or the local microenvironment may also play a role. For example, it was shown that upon the injection of suspensions of allogenic MSCs into the bone cavity in mice and the intraosseous administration of allogenic MMSCs in humans a long-term presence of allogenic cells at the injection site was observed (Cai et al., 2008; Kuzmina et al., 2016). However, these studies were carried out on recipients, who were immunosuppressed at the time of cell injection, and the stem cell status of survived cells was not verified. There are modifications to the model of ectopic foci formation, although they are less physiological. Chan with coauthors demonstrated that dissociated progenitor cells sorted from 15.5 days post-coitum mouse fetal bones and injected under the kidney capsule formed the foci (Chan et al., 2009). Additionally, Mendez-Ferrer with colleagues showed that sorted from the BM of adult animals Nes-GFP+ cells formed mesenspheres in vitro, which formed hematopoietic territory upon subcutaneous transplantation on phosphocalcic ceramic ossicles (Méndez-Ferrer et al., 2010).
We believe that the simultaneous consideration of these key points in this study made it possible to demonstrate the immune privileges of MSCs of BM. At the same time, the deviation from one or several of these positions at once was probably the reason for the impossibility of observing immune privileges by other authors (Zangi et al., 2009). Most of these studies used preliminary in vitro cultivated BM-derived stromal progenitor cells, which were dissociated and converted to single-cell suspension before injection and were all allogenic to the recipient. For example, one study used Balb/c murine adult bone marrow-derived stromal progenitor cells (AmSPCs), which were cultivated for 13 passages in vitro, then the cells were trypsinized and the single cell suspension was created, which was injected into the peritoneal cavity of C57Black/6J recipients (Badillo et al., 2007). The authors concluded that AmSPCs are recognized by the host immune system in vivo, elicit a cellular and humoral immune response, and fail to induce tolerance. However, the authors did not directly show the clearance of allogenic donor cells and they admit that AmSPCs may set up local immune suppressive environments after immune recognition allowing their persistence in host tissues.
It is known that Nestin-GFPbrightCD45–Ter119–CD31– cells of BM are a rare cell population, which is found exclusively along arterioles, account for the most CFU-F activity, and regulate the quiescent state of HSC. Moreover, Nestin-GFPbrightCD45–Ter119–CD31– cells are quiescent themselves (Kunisaki et al., 2013). Due to the high autofluorescene of cells isolated from the foci, we did not manage to unambiguously determine the gate for GFPbright cells, however, due to the same reason we expectedly to detect brighter part of GFP+ cells. We support the idea that the ability to escape from immune clearance may be a common feature of slowly cycling adult mammalian stem cells (Agudo et al., 2018; Hirata et al., 2018), however more direct pieces of evidence are required.
GFP+CD45+ cells found in isogenic transplantations are also immunoprivileged. The presence of GFP+CD45+ hematopoietic cells in the BM of Nes-GFP adult mice was previously shown in several studies (Ludin et al., 2012; Itkin et al., 2016). CD45 is known to be expressed on a wide range of hematopoietic cells, including HSCs (Hermiston, Xu, and Weiss 2003; Dykstra et al., 2006; Shivtiel et al., 2008). However, the proportion of GFP+CD45+ in both primary and secondary isogenic transplantations significantly exceeds the proportion of HSCs in BM, for which IPs have been demonstrated previously, so the nature of detected cells requires further investigations. In the case of isogenic transplantation, the reduced proportion of GFP+CD45+ cells in the focus, which is observed when comparing isogenic and syngenic transplantation, may be since the hematopoietic cells of the recipient that populate the focus do not contain the transgene, and the proportion of recipient hematopoietic cells within the focus is known to be in the range 25%—93% (Chertkov et al., 1983b).
We cannot exclude the possibility that a part of GFP+ cells detected in isogenic transplantations could be non-immunoprivileged cells. They could partially represent macrophages that phagocyted GFP-producing cells. Another possible reason to see an expanded number of GFP+ cells is their location within niches, in which immune reactions are suppressed by mesenchymal stromal progenitors (Aldrich et al., 2021; Sergeant et al., 2021). Another explanation is that GFP+ cells partially may be descendants of immunoprivileged cells, for which the interplay between dynamics of the loss of GFP and IPs over the immune system allows their observation. These assumptions could account for a relatively high concentration of GFP+CD45+ cells.
In addition to MSCs, for which we functionally demonstrate IPs in this study, and to HSCs, for which IPs were reported previously, perhaps a part of immunoprivileged GFP+ cells could be different, for which IPs were not described earlier. For example, GFP+ cells are described among CD45–CD31+ endothelial cells in BM of adult Nes-GFP mice (Itkin et al., 2016). Interestingly, nestin is expressed in endothelial progenitor cells but not in mature endotheliocytes (Suzuki et al., 2010). GFP+CD45– fraction of BM cells from Nes-GFP mice can also contain Gfap– Schwann cell precursors (Isern et al., 2014). In another study with Nes-GFP mice, it was demonstrated that GFP+ cells can circulate in the peripheral blood and accumulate in the pulmonary tissue during the chronic phase of infection in mice (Coimbra-Campos et al., 2021). The authors note that most of these cells co-express the CD45 marker. Thus, demonstrated IPs may extend to several cell populations other than MSCs and HSCs in murine BM.
Nestin expression is characteristic of a wide range of stem/progenitor cells found in different tissues and organs over the whole body not only in mice but in humans, as well (Bernal and Arranz 2018). Nestin is also associated with CSCs of different tissue origins and poor survival prognosis (Neradil and Veselska 2015). It is tempting to extrapolate that a wide range of immunoprivileged cells in an adult mammalian is nestin-positive. Nestin is expressed by quiescent stem cells in immune-privileged organs, such as the testis (Jiang et al., 2014), cartilage (Jaramillo-Rangel et al., 2021), brain (Li et al., 2003), and retina (Bhatia et al., 2009). Moreover, MuSCs and HFSCs are also characterized by GFP expression in Nestin-GFP adult mice (Li et al., 2003; Day et al., 2007). This means that nestin is a potential marker of immunoprivileged cells in the adult mammalian organism. In this aspect, the Nestin-GFP mouse strain is a convenient tool, which can be used to test IPs of a wide range of stem/progenitor cells. Currently, the link between nestin expression and IPs is unknown in the scientific literature, so summing up all of the above, we suggest the existence of such a link. Though, whether nestin is a passive marker of activation of other mechanisms of IPs or has a direct role in it requires further research.
CONCLUSION
We conclude that MSCs of BM have IPs in vivo, at least in C57Black/6J mouse strain in ectopic foci of hematopoiesis setting. So, MSCs of BM, MuSCs, HFSCs, and HSCs are stem cells of different embryogenic origins, which can escape immunity. Since such cells can be isolated from almost any organ and tissue, the IPs may be spread throughout the mammalian body. The results of this study strengthen the idea that IPs are a common quality of quiescent stem cells. So, stem cells possess some important defensive mechanisms including resistance to genotoxic and cytostatic compounds, ionizing radiation, and IPs. These features are also characteristics of CSCs. They may be acquired by a cancer cell not only independently, but also simultaneously as a consequence of obtaining a stem cell state. This provides a valuable contribution to our understanding of oncogenesis. Recognition of MSCs as cells with IPs can further potentiate their usage for gene delivery and improvement of allogenic transplant engraftment. Our study emphasizes that niche integrity, as well as accessory cells, play role in the affordance and maintenance of IPs. We suggest the existence of a link between nestin expression and IPs, based on the synthesis of this study and others. This study offers a model and a novel view of Nestin-GFP mouse strain for studying IPs of a wide range of stem/progenitor cells in an adult mammalian organism and the interaction of BM stroma, in general, and MSCs, in particular, with the immune system in vivo under conditions close to native ones. This approach can be easily broadened to other mouse strains by crossbreeding of Nestin-GFP mice with the strain of interest and implanting F1 BM to the parent non-transgenic strain.
DATA AVAILABILITY STATEMANT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by The Commission on Biomedical Ethics of the Institute of Biomedical Problems of the Russian Academy of Sciences approved the study (Protocol No. 257).
AUTHOR CONTRIBUTIONS
KD was responsible for the literature review, idea and designing and conducting of the experiments, extracting and analyzing data, interpreting results, and writing this report. KN was responsible for staining of samples with antibodies and MFC analysis. BA contributed to the project management, literature review, design of the experiments, discussing the results and writing the report.
FUNDING
The research was supported by Russian Science Foundation (project No. 22-25-00459, https://rscf.ru/project/22-25-00459/).
ACKNOWLEDGMENTS
The authors thank Prof. Grigori Enikolopov, Alexander Lazutkin, and the Research Foundation of State University of New York for providing us with Nes-GFP mice. The authors are grateful to Irina Shipounova, a senior researcher at the Laboratory of Physiology of Hematopoiesis of the National Medical Research Center for Hematology, Ministry of Health of Russia for her help with BM implantation under the kidney capsule.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.993056/full#supplementary-material
REFERENCES
 Agudo, J., Park, E. S., Rose, S. A., Alibo, E., Sweeney, R., Dhainaut, M., et al. (2018). Quiescent tissue stem cells evade immune surveillance. Immunity 48 (2), 271–285. e5. doi:10.1016/j.immuni.2018.02.001
 Aguila, H. L., and Weissman, I. L. (1996). Hematopoietic stem cells are not direct cytotoxic targets of natural killer cells. Blood 87 (4), 1225–1231. doi:10.1182/BLOOD.V87.4.1225.BLOODJOURNAL8741225
 Aldrich, E. D., Cui, X., Murphy, C. A., Lim, K. S., Hooper, G. J., McIlwraith, C. W., et al. (2021). Allogenic mesenchymal stromal cells for cartilage regeneration: A review of in vitro evaluation, clinical experience, and translational opportunities. Stem cells Transl. Med. 10 (11), 1500–1515. doi:10.1002/sctm.20-0552
 Ankrum, J. A., Ong, J. F., and Karp, J. M. (2014). Mesenchymal stem cells: Immune evasive, not immune privileged. Nat. Biotechnol. 32, 252–260. doi:10.1038/nbt.2816
 Ansari, A. M., Ahmed, A. K., Matsangos, A. E., Lay, F., Born, L. J., Marti, G., et al. (2016). Cellular GFP toxicity and immunogenicity: Potential confounders in in vivo cell tracking experiments. Stem Cell Rev Rep 12, 553–559. doi:10.1007/s12015-016-9670-8
 Armulik, A., Genové, G., and Betsholtz, C. (2011). Pericytes: Developmental, physiological, and pathological perspectives, Problems, and promises. Dev. Cell 21 (2), 193–215. doi:10.1016/j.devcel.2011.07.001
 Auletta, J. J., Deans, R. J., and Bartholomew, A. M. (2012). Emerging roles for multipotent, bone marrow-derived stromal cells in host defense. Blood 119 (8), 1801–1809. doi:10.1182/blood-2011-10-384354
 Badillo, A. T., Beggs, K. J., Javazon, E. H., Tebbets, J. C., and Flake, A. W. (2007). Murine bone marrow stromal progenitor cells elicit an in vivo cellular and humoral alloimmune response. Biol. Blood Marrow Transplant. 13 (4), 412–422. doi:10.1016/j.bbmt.2006.12.447
 Barlow, S., Brooke, G., Chatterjee, K., Price, G., Pelekanos, R., Rossetti, T., et al. (2008). Comparison of human placenta- and bone marrow-derived multipotent mesenchymal stem cells. Stem cells Dev. 17 (6), 1095–1108. doi:10.1089/scd.2007.0154
 Baryawno, N., Przybylski, D., Kowalczyk, M. S., Kfoury, Y., Severe, N., Gustafsson, K., et al. (2019). A cellular taxonomy of the bone marrow stroma in homeostasis and leukemia. Cell 177 (7), 1915–1932. e16. doi:10.1016/j.cell.2019.04.040
 Berglund, A. K., Fortier, L. A., Antczak, D. F., and Schnabel, L. V. (2017). Immunoprivileged no more: Measuring the immunogenicity of allogeneic adult mesenchymal stem cells. Stem Cell Res. Ther. 8, 288. doi:10.1186/s13287-017-0742-8
 Bernal, A., and Arranz, L. (2018). Nestin-expressing progenitor cells: Function, identity and therapeutic implications. Cell. Mol. Life Sci. 75 (12), 2177–2195. doi:10.1007/S00018-018-2794-Z
 Bernitz, J. M., Kim, H. S., MacArthur, B., Sieburg, H., and Moore, K. (2016). Hematopoietic stem cells count and remember self-renewal divisions. Cell 167 (5), 1296–1309. e10. doi:10.1016/j.cell.2016.10.022
 Bhatia, B., Singhal, S., Lawrence, J. M., Khaw, P. T., and Limb, G. A. (2009). Distribution of Müller stem cells within the neural retina: Evidence for the existence of a ciliary margin-like zone in the adult human eye. Exp. Eye Res. 89 (3), 373–382. doi:10.1016/J.EXER.2009.04.005
 Boyd, A. L., Campbell, C. J. V., Hopkins, C. I., Fiebig-Comyn, A., Russell, J., Ulemek, J., et al. (2014). Niche displacement of human leukemic stem cells uniquely allows their competitive replacement with healthy HSPCs. J. Exp. Med. 211 (10), 1925–1935. doi:10.1084/jem.20140131
 Bruttel, V. S., and Wischhusen, J. (2014). Cancer stem cell immunology: Key to understanding tumorigenesis and tumor immune escape?Front. Immunol. 5, 360. doi:10.3389/FIMMU.2014.00360
 Cai, Y., Huang, S. L., Chen, H. Q., Huang, Y. L., Huang, K., and Zhang, X. C. (2008). Effect of intra-bone marrow infusion of allogeneic mesenchymal stem cells on reconstruction of marrow mesenchymal stem cells in rat HSCT models. Zhongguo Shi Yan Xue Ye Xue Za Zhi/Zhongguo Bing Li Sheng Li Xue Hui = J. Exp. Hematol./Chin. Assoc. Pathophysiol. 16 (6), 1334–1338.
 Caplan, A. I. (1991). Mesenchymal stem cells. J. Orthop. Res. 9 (5), 641–650. doi:10.1002/jor.1100090504
 Caplan, A. I. (2017). Mesenchymal stem cells: Time to change the name!. Stem Cells Transl. Med. 6 (6), 1445–1451. doi:10.1002/SCTM.17-0051
 Caplan, A. I. (2010). What's in a Name?Tissue Eng. Part A 16 (8), 2415–2417. doi:10.1089/ten.TEA.2010.0216
 Carson, M. J., Doose, J. M., Melchior, B., Schmid, C. D., and Ploix, C. C. (2006). CNS immune privilege: Hiding in plain sight. Immunol. Rev. 213, 48–65. doi:10.1111/j.1600-065X.2006.00441.x
 Chamberlin, W., Barone, J., Kedo, A., and Fried, W. (1974). Lack of recovery of murine hematopoietic stromal cells after irradiation-induced damage. Blood 44 (3), 385–392. doi:10.1182/blood.v44.3.385.385
 Chan, C. K. F., Chen, C.-C., Luppen, C. A., Kim, J.-B., DeBoer, A. T., Wei, K., et al. (2009). Endochondral ossification is required for haematopoietic stem-cell niche formation. Nature 457 (7228), 490–494. doi:10.1038/nature07547
 Chertkov, J. L., Drize, N. J., and Gurevitch, O. A. (1983b). Hemopoietic stromal precursors in long-term culture of bone marrow: II. Significance of initial packing for creating a hemopoietic microenvironment and maintaining stromal precursors in the culture. Exp. Hematol. 11 (3), 243–248. Available at: http://www.scopus.com/inward/record.url?eid=2-s2.0-0020522195&partnerID=tZOtx3y1.
 Chertkov, J. L., Drize, N. J., Gurevitch, O. A., and Udalov, G. A. (1983a). Hemopoietic stromal precursors in long-term culture of bone marrow: I. Precursor characteristics, kinetics in culture, and dependence on quality of donor hemopoietic cells in chimeras. Exp. Hematol. 11 (3), 231–242.
 Chertkov, J. L., and Gurevitch, O. A. (1984). Hematopoietic stem cell and its microenvironment. Moscow: Medicina. 
 Chertkov, J. L., and Gurevitch, O. A. (1980). Self-maintenance ability and kinetics of haemopoietic stroma precursors. Cell Prolif. 13 (5), 535–541. doi:10.1111/j.1365-2184.1980.tb00493.x
 Coimbra-Campos, L. M. C., Silva, W. N., Baltazar, L. M., Costa, P. A. C., Prazeres, P. H. D. M., Picoli, C. C., et al. (2021). Circulating nestin-gfp+ cells participate in the pathogenesis of paracoccidioides brasiliensis in the lungs. Stem Cell Rev Rep 17 (5), 1874–1888. doi:10.1007/S12015-021-10181-3
 Day, K., Shefer, G., Richardson, J. B., Enikolopov, G., and Yablonka-Reuveni, Z. (2007). Nestin-GFP reporter expression defines the quiescent state of skeletal muscle satellite cells. Dev. Biol. 304 (1), 246–259. doi:10.1016/J.YDBIO.2006.12.026
 de Girolamo, L., Lucarelli, E., Alessandri, G., Antonietta Avanzini, M. A., Ester Bernardo, M. E., Biagi, E., et al. (2013). Mesenchymal stem/stromal cells: A new &apos;&apos;Cells as Drugs&apos;&apos; paradigm. Efficacy and critical aspects in cell therapy. Cpd 19 (13), 2459–2473. doi:10.2174/1381612811319130015
 Dexter, T. M. (1979). Haemopoiesis in long-term bone marrow cultures. A review. Acta Haematol. 62 (5–6), 299–305. doi:10.1159/000207593
 Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D., et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy 8 (4), 315–317. doi:10.1080/14653240600855905
 Drukker, M., Katz, G., Urbach, A., Schuldiner, M., Markel, G., Itskovitz-Eldor, J., et al. (2002). Characterization of the expression of MHC proteins in human embryonic stem cells. Proc. Natl. Acad. Sci. U.S.A. 99 (15), 9864–9869. doi:10.1073/PNAS.142298299
 Dykstra, B., Ramunas, J., Kent, D., McCaffrey, L., Szumsky, E., Kelly, L., et al. (2006). High-resolution video monitoring of hematopoietic stem cells cultured in single-cell arrays identifies new features of self-renewal. Proc. Natl. Acad. Sci. U.S.A. 103 (21), 8185–8190. doi:10.1073/pnas.0602548103
 Fijak, M., and Meinhardt, A. (2006). The testis in immune privilege. Immunol. Rev. 213 (1), 66–81. doi:10.1111/J.1600-065X.2006.00438.X
 Fraser, J. K., Wulur, I., Alfonso, Z., and Hedrick, M. H. (2006). Fat tissue: An underappreciated source of stem cells for biotechnology. Trends Biotechnol. 24 (4), 150–154. doi:10.1016/j.tibtech.2006.01.010
 Friedenstein, A. J., Chailakhjan, R. K., and Lalykina, K. S. (1970). The development of fibroblast colonies in monolayer cultures of Guinea-pig bone marrow and spleen cells. Cell Prolif. 3 (4), 393–403. doi:10.1111/j.1365-2184.1970.tb00347.x
 Friedenstein, A. J., Chailakhyan, R. K., and Gerasimov, U. V. (1987). Bone marrow osteogenic stem cells: In vitro cultivation and transplantation in diffusion chambers. Cell Prolif. 20 (3), 263–272. doi:10.1007/BF0162220010.1111/j.1365-2184.1987.tb01309.x
 Friedenstein, A. J., Petrakova, K. V., Kurolesova, A. I., and Frolova, G. P. (1968). Heterotopic transplants of bone marrow. Transplantation 6 (2), 230–247. doi:10.1097/00007890-196803000-00009
 Fürst, D., Neuchel, C., Tsamadou, C., Schrezenmeier, H., and Mytilineos, J. (2019). HLA matching in unrelated stem cell transplantation up to date. Transfus. Med. Hemother 46, 326–336. doi:10.1159/000502263
 Galassi, C., Musella, M., Manduca, N., Maccafeo, E., and Sistigu, A. (2021). The immune privilege of cancer stem cells: A key to understanding tumor immune escape and therapy failure. Cells 10 (9), 2361. doi:10.3390/CELLS10092361
 Greenbaum, A., Hsu, Y. M. S., Day, R. B., Schuettpelz, L. G., Christopher, M. J., Borgerding, J. N., et al. (2013). CXCL12 in early mesenchymal progenitors is required for haematopoietic stem-cell maintenance. Nature 495 (7440), 227–230. doi:10.1038/nature11926
 Han, W. G. H., Unger, W. W. J., and Wauben, M. H. M. (2008). Identification of the immunodominant CTL epitope of EGFP in C57BL/6 mice. Gene Ther. 915 (9), 700–701. doi:10.1038/sj.gt.3303104
 Hermiston, M. L., Xu, Z., and Weiss, A. (2003). CD45: A critical regulator of signaling thresholds in immune cells. Annu. Rev. Immunol. 21, 107–137. doi:10.1146/ANNUREV.IMMUNOL.21.120601.140946
 Hill, M. A., Kwon, J. H., Gerry, B., Hardy, W. A., Walkowiak, O. A., Kavarana, M. N., et al. (2021). Immune privilege of heart valves. Front. Immunol. 12. doi:10.3389/FIMMU.2021.731361
 Hirata, Y., Furuhashi, K., Ishii, H., Li, H. W., Pinho, S., Ding, L., et al. (2018). CD150high bone marrow tregs maintain hematopoietic stem cell quiescence and immune privilege via adenosine. Cell Stem Cell 22 (3), 445–453. e5. doi:10.1016/j.stem.2018.01.017
 Hori, J., Yamaguchi, T., Keino, H., Hamrah, P., and Maruyama, K. (2019). Immune privilege in corneal transplantation. Prog. Retin. Eye Res. 72, 100758. doi:10.1016/j.preteyeres.2019.04.002
 Horwitz, E. M., Le Blanc, K., Dominici, M., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., et al. (2005). Clarification of the nomenclature for MSC: The international society for cellular therapy position statement. Cytotherapy 7 (5), 393–395. doi:10.1080/14653240500319234
 Ichiryu, N., and Fairchild, P. J. (2013). Immune privilege of stem cells. Methods Mol. Biol. 1, 16. doi:10.1007/978-1-62703-478-4_1
 Isern, J., García-García, A., Martín, A. M., Arranz, L., Martín-Pérez, D., Torroja, C., et al. (2014). The neural crest is a source of mesenchymal stem cells with specialized hematopoietic stem cell niche function. eLife 3, 3696. doi:10.7554/ELIFE.03696
 Itkin, T., Gur-Cohen, S., Spencer, J. A., Schajnovitz, A., Ramasamy, S. K., Kusumbe, A. P., et al. (2016). Distinct bone marrow blood vessels differentially regulate haematopoiesis. Nature 532 (7599), 323–328. doi:10.1038/nature17624
 Jaramillo-Rangel, G., Chávez-Briones, M. D. L., Ancer-Arellano, A., and Ortega-Martínez, M. (2021). Nestin-Expressing cells in the lung: The bad and the good parts. Cells 10 (12), 3413. doi:10.3390/CELLS10123413
 Jiang, M. H., Cai, B., Tuo, Y., Wang, J., Zang, Z. J., Tu, X., et al. (2014). Characterization of Nestin-positive stem Leydig cells as a potential source for the treatment of testicular Leydig cell dysfunction. Cell Res. 24 (12), 1466–1485. doi:10.1038/CR.2014.149
 Joyce, J. A., and Fearon, D. T. (2015). T cell exclusion, immune privilege, and the tumor microenvironment. Science 348, 74–80. doi:10.1126/science.aaa6204
 Karpenko, D., and Bigildeev, A. (2021). 3077 - do murine mscs evade immune reactions in vivo?Exp. Hematol. 100, S79. doi:10.1016/J.EXPHEM.2021.12.295
 Kunisaki, Y., Bruns, I., Scheiermann, C., Ahmed, J., Pinho, S., Zhang, D., et al. (2013). Arteriolar niches maintain haematopoietic stem cell quiescence. Nature 502 (7473), 637–643. doi:10.1038/nature12612
 Kunisaki, Y. (2019). Pericytes in bone marrow. Adv. Exp. Med. Biol. 1122, 101–114. doi:10.1007/978-3-030-11093-2_6
 Kuzmina, L. A., Petinati, N. A., Sats, N. V., Drize, N. J., Risinskaya, N. V., Sudarikov, A. B., et al. (2016). Long-term survival of donor bone marrow multipotent mesenchymal stromal cells implanted into the periosteum of patients with allogeneic graft failure. Int. J. Hematol. 104 (3), 403–407. doi:10.1007/s12185-016-2014-2
 Kuzmina, L. A., Petinati, N. A., Parovichnikova, E. N., Lubimova, L. S., Gribanova, E. O., Gaponova, T. V., et al. (2012). Multipotent mesenchymal stromal cells for the prophylaxis of acute graft-versus-host disease-A phase II study. Stem Cells Int. 2012, 1–8. doi:10.1155/2012/968213
 Le Blanc, K., Rasmusson, R. I., Gotherstrom, C., Seidel, C., Sundberg, B., Sundin, M., et al. (2004). Mesenchymal stem cells inhibit the expression of CD25 (Interleukin-2 receptor) and CD38 on phytohaemagglutinin-activated lymphocytes. Scand. J. Immunol. 60 (3), 307–315. doi:10.1111/j.0300-9475.2004.01483.x
 Li, L., Mignone, J., Yang, M., Matic, M., Penman, S., Enikolopov, G., et al. (2003). Nestin expression in hair follicle sheath progenitor cells. Proc. Natl. Acad. Sci. U.S.A. 100 (17), 9958–9961. doi:10.1073/PNAS.1733025100
 Ludin, A., Itkin, T., Gur-Cohen, S., Mildner, A., Shezen, E., Golan, K., et al. (2012). Monocytes-macrophages that express α-smooth muscle actin preserve primitive hematopoietic cells in the bone marrow. Nat. Immunol. 13 (11), 1072–1082. doi:10.1038/NI.2408
 Malladi, S., Macalinao, D. G., Jin, X., He, L., Basnet, H., Zou, Y., et al. (2016). Metastatic latency and immune evasion through autocrine inhibition of WNT. Cell 165 (1), 45–60. doi:10.1016/J.CELL.2016.02.025
 Mammolenti, M., Gajavelli, S., Tsoulfas, P., and Levy, R. (2004). Absence of major histocompatibility complex class I on neural stem cells does not permit natural killer cell killing and prevents recognition by alloreactive cytotoxic T lymphocytes in vitro. Stem Cells 22 (6), 1101–1110. doi:10.1634/STEMCELLS.22-6-1101
 Mazzini, L., Mareschi, K., Ferrero, I., Miglioretti, M., Stecco, A., Servo, S., et al. (2012). Mesenchymal stromal cell transplantation in amyotrophic lateral sclerosis: A long-term safety study. Cytotherapy 14 (1), 56–60. doi:10.3109/14653249.2011.613929
 Méndez-Ferrer, S., Michurina, T. V., Ferraro, F., Mazloom, A. R., MacArthur, B. D., Lira, S. A., et al. (2010). Mesenchymal and haematopoietic stem cells form a unique bone marrow niche. Nature 466 (7308), 829–834. doi:10.1038/nature09262
 Mendt, M., Rezvani, K., and Shpall, E. (2019). Mesenchymal stem cell-derived exosomes for clinical use. Bone Marrow Transpl. 54 (2), 789–792. doi:10.1038/s41409-019-0616-z
 Miao, Y., Yang, H., Levorse, J., Yuan, S., Polak, L., Sribour, M., et al. (2019). Adaptive immune resistance emerges from tumor-initiating stem cells. Cell 177 (5), 1172–1186. e14. doi:10.1016/J.CELL.2019.03.025
 Mignone, J. L., Kukekov, V., Chiang, A.-S., Steindler, D., and Enikolopov, G. (2004). Neural stem and progenitor cells in nestin-GFP transgenic mice. J. Comp. Neurol. 469 (3), 311–324. doi:10.1002/cne.10964
 Miura, Y., Yoshioka, S., Yao, H., Takaori-Kondo, A., Maekawa, T., and Ichinohe, T. (2013). Chimerism of bone marrow mesenchymal stem/stromal cells in allogeneic hematopoietic cell transplantation. Chimerism 4, 78–83. doi:10.4161/chim.25609
 Morikawa, S., Mabuchi, Y., Kubota, Y., Nagai, Y., Niibe, K., Hiratsu, E., et al. (2009). Prospective identification, isolation, and systemic transplantation of multipotent mesenchymal stem cells in murine bone marrow. J. Exp. Med. 206 (11), 2483–2496. doi:10.1084/jem.20091046
 Neradil, J., and Veselska, R. (2015). Nestin as a marker of cancer stem cells. Cancer Sci. 106 (7), 803–811. doi:10.1111/CAS.12691
 Nie, Y., Han, Y.-C., and Zou, Y.-R. (2008). CXCR4 is required for the quiescence of primitive hematopoietic cells. J. Exp. Med. 205 (4), 777–783. doi:10.1084/jem.20072513
 Nobre, A. R., Risson, E., Singh, D. K., Di Martino, J. S., Cheung, J. F., Wang, J., et al. (2021). Bone marrow NG2+/Nestin+ mesenchymal stem cells drive DTC dormancy via TGF-β2. Nat. Cancer 2 (3), 327–339. doi:10.1038/S43018-021-00179-8
 Omatsu, Y., Sugiyama, T., Kohara, H., Kondoh, G., Fujii, N., Kohno, K., et al. (2010). The essential functions of adipo-osteogenic progenitors as the hematopoietic stem and progenitor cell niche. Immunity 33 (3), 387–399. doi:10.1016/J.IMMUNI.2010.08.017
 Pradier, A., Passweg, J., Villard, J., and Kindler, V. (2011). Human bone marrow stromal cells and skin fibroblasts inhibit natural killer cell proliferation and cytotoxic activity. Cell Transpl. 20 (5), 681–691. doi:10.3727/096368910X536545
 Rasmusson, I., Ringdén, O., Sundberg, B., and Le Blanc, K. (2003). Mesenchymal stem cells inhibit the formation of cytotoxic T lymphocytes, but not activated cytotoxic T lymphocytes or natural killer cells. Transplantation 76 (8), 1208–1213. doi:10.1097/01.TP.0000082540.43730.80
 Robertson, N. J., Fairchild, P. J., and Waldmann, H. (2007). Ectopic transplantation of tissues under the kidney capsule. Methods Mol. Biol. Clift. N.J.) 380, 347–353. doi:10.1007/978-1-59745-395-0_21
 Rosenzweig, M., Connole, M., Glickman, R., Yue, S. P. S., Noren, B., DeMaria, M. A., et al. (2001). Induction of cytotoxic T lymphocyte and antibody responses to enhanced green fluorescent protein following transplantation of transduced CD34+ hematopoietic cells. Blood 97 (7), 1951–1959. doi:10.1182/BLOOD.V97.7.1951
 Sadr, A. M., Cardenas, F., and Tavassoli, M. (1980). Functional potential of ectopic marrow autotransplants. Experientia 36 (5), 605–606. doi:10.1007/BF01965828
 Sats, N. V., Shipunova, I. N., Bigil’diev, A. E., Kostyushev, D. S., and Drize, N. I. (2015). Peculiarities of gene transfer into mesenchymal stem cells. Bull. Exp. Biol. Med. 159 (1), 134–137. doi:10.1007/s10517-015-2908-7
 Sergeant, E., Buysse, M., Devos, T., and Sprangers, B. (2021). Multipotent mesenchymal stromal cells in kidney transplant recipients: The next big thing?Blood Rev. 45, 100718. doi:10.1016/J.BLRE.2020.100718
 Sharpe, P. T. (2016). Dental mesenchymal stem cells. Dev. Camb. 143, 2273–2280. doi:10.1242/dev.134189
 Shivtiel, S., Kollet, O., Lapid, K., Schajnovitz, A., Goichberg, P., Kalinkovich, A., et al. (2008). CD45 regulates retention, motility, and numbers of hematopoietic progenitors, and affects osteoclast remodeling of metaphyseal trabecules. J. Exp. Med. 205 (10), 2381–2395. doi:10.1084/jem.20080072
 Shultz, L. D., Goodwin, N., Ishikawa, F., Hosur, V., Lyons, B. L., and Greiner, D. L. (2014). Subcapsular transplantation of tissue in the kidney. Cold Spring Harb. Protoc. 2014 (7), pdb.prot078089–40. doi:10.1101/pdb.prot078089
 Smith, N. A., Costa, M. L., and Spalding, T. (2015). Meniscal allograft transplantation. bone & Jt. J. 97-B (5), 590–594. doi:10.1302/0301-620X.97B5.35152
 Stein-Streilein, J. (2013). Mechanisms of immune privilege in the posterior eye. Int. Rev. Immunol. 32 (1), 42–56. doi:10.3109/08830185.2012.740535
 Stephenson, J., Nutma, E., van der Valk, P., and Amor, S. (2018). Inflammation in CNS neurodegenerative diseases. Immunology 154, 204–219. doi:10.1111/imm.12922
 Streilein, J. W. (2003). Ocular immune privilege: Therapeutic opportunities from an experiment of nature. Nat. Rev. Immunol. 3 (11311), 879–889. doi:10.1038/nri1224
 Stripecke, R., del Carmen Villacres, M., Skelton, D. C., Satake, N., Halene, S., and Kohn, D. B. (1999). Immune response to green fluorescent protein: Implications for gene therapy. Gene Ther. 6 (7), 1305–1312. doi:10.1038/SJ.GT.3300951
 Sun, L., Akiyama, K., Zhang, H., Yamaza, T., Hou, Y., Zhao, S., et al. (2009). Mesenchymal stem cell transplantation reverses multiorgan dysfunction in systemic lupus erythematosus mice and humans. Stem cells Dayt. Ohio) 27 (6), 1421–1432. doi:10.1002/stem.68
 Sun, Z., Liu, B., and Luo, Z. J. (2020). The immune privilege of the intervertebral disc: Implications for intervertebral disc degeneration treatment. Int. J. Med. Sci. 17, 685–692. doi:10.7150/ijms.42238
 Suzuki, S., Namiki, J., Shibata, S., Mastuzaki, Y., and Okano, H. (2010). The neural stem/progenitor cell marker nestin is expressed in proliferative endothelial cells, but not in mature vasculature. J. Histochem Cytochem. 58 (8), 721–730. doi:10.1369/JHC.2010.955609
 Tavassoli, M., and Crosby, W. H. (1968). Transplantation of marrow to extramedullary sites. Science 161 (3836), 54–56. doi:10.1126/science.161.3836.54
 Tavassoli, M., Maniatis, A., and Crosby, W. H. (1970). Studies on marrow histogenesis I. The site of choice for extramedullary marrow implants. Exp. Biol. Med. 133 (3), 878–881. doi:10.3181/00379727-133-34585
 Uchida, N., Weitzel, R. P., Evans, M. E., Green, R., Bonifacino, A. C., Krouse, A. E., et al. (2014). Evaluation of engraftment and immunological tolerance after reduced intensity conditioning in a rhesus hematopoietic stem cell gene therapy model. Gene Ther. 21 (2), 148–157. doi:10.1038/gt.2013.67
 Weiss, S., Hennig, T., Bock, R., Steck, E., and Richter, W. (2009). Impact of growth factors and PTHrP on early and late chondrogenic differentiation of human mesenchymal stem cells. J. Cell. Physiol. 223 (1), a–n. doi:10.1002/jcp.22013
 Zangi, L., Margalit, R., Reich-Zeliger, S., Bachar-Lustig, E., Beilhack, A., Negrin, R., et al. (2009). Direct imaging of immune rejection and memory induction by allogeneic mesenchymal stromal cells. Stem Cells 27 (11), 2865–2874. doi:10.1002/stem.217
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.
Copyright © 2022 Karpenko, Kapranov and Bigildeev. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-993056-t001.jpg
Group GFP" cells Proportion, x 107; Number, cells Alive nucleated cells
in a sample

CD45~ CD45"

Nestin-GEP BM 13,15 140 79,64 848 1064738
843 173 63,84 1310 2051921
10,66 52 126,64 618 488000

syngenic transplantation 095 6 127 8 631375
699 24 69,87 240 343493
1,20 8 84,87 565 665705
1,08 13 12,46 150 1203524

isogenic transplantation 1606 49 262 8 305111
453 45 14,50 144 993267
<002 0 <0.02¢ 0 615881
695 131 1575 297 1885924
147 2 7,54 113 1497972
429 32 268 20 745908
2,09 23 172 19 1102013

isogenic retransplantation 14,70 10 110,27 75 68016
10,11 36 56,16 200 356143
2,64 4 144,06 218 151322
327 13 162,69 646 397081
10,89 25 158,08 363 229631

negative control transplantation < 003" 0 <0.03* 0 302269
<o11* 0 <011 0 89398
<001* 0 <001 0 779434
<015* 0 <0.15% 0 67475





OPS/images/fcell-10-993056-g003.gif
Ngenaic I50geneic

Nes-GFP BM
aniphataton antion
ooy R N
Negive oo o sopeee
e Revmnion Renaion
e e S e
E
= ‘ - -





OPS/images/fcell-10-993056-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Nestin-GFP transgene labels immunoprivileged bone marrow mesenchymal stem cells in the model of ectopic foci formation		Introduction

		Materials and methods		Animals

		Foci of ectopic hematopoiesis

		Transplantation schemes

		Multicolor flow cytometry

		Inclusion criteria

		Statistical analysis





		Results

		Discussion

		Conclusion

		Data availability statemant

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-993056-g001.gif





OPS/images/fcell-10-993056-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





