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Abstract
BACKGROUND
Multipotent mesenchymal stromal cells (MSCs) are widely used in the clinic due to their unique properties, namely, their ability to differentiate in all mesenchymal directions and their immunomodulatory activity. Healthy donor MSCs were used to prevent the development of acute graft vs host disease (GVHD) after allogeneic bone marrow transplantation (allo-BMT). The administration of MSCs to patients was not always effective. The MSCs obtained from different donors have individual characteristics. The differences between MSC samples may affect their clinical efficacy.

AIM
To study the differences between effective and ineffective MSCs.

METHODS
MSCs derived from the bone marrow of a hematopoietic stem cells donor were injected intravenously into allo-BMT recipients for GVHD prophylaxis at the moment of blood cell reconstitution. Aliquots of 52 MSC samples that were administered to patients were examined, and the same cells were cultured in the presence of peripheral blood mononuclear cells (PBMCs) from a third-party donor or treated with the pro-inflammatory cytokines IL-1β, IFN and TNF. Flow cytometry revealed the immunophenotype of the nontreated MSCs, the MSCs cocultured with PBMCs for 4 d and the MSCs exposed to cytokines. The proportions of CD25-, CD146-, CD69-, HLA-DR- and PD-1-positive CD4+ and CD8+ cells and the distribution of various effector and memory cell subpopulations in the PBMCs cocultured with the MSCs were also determined.

RESULTS
Differences in the immunophenotypes of effective and ineffective MSCs were observed. In the effective samples, the mean fluorescence intensity (MFI) of HLA-ABC, HLA-DR, CD105, and CD146 was significantly higher. After MSCs were treated with IFN or cocultured with PBMCs, the HLA-ABC, HLA-DR, CD90 and CD54 MFI showed a stronger increase in the effective MSCs, which indicated an increase in the immunomodulatory activity of these cells. When PBMCs were cocultured with effective MSCs, the proportions of CD4+ and CD8+central memory cells significantly decreased, and the proportion of CD8+CD146+ lymphocytes increased more than in the subpopulations of lymphocytes cocultured with MSC samples that were ineffective in the prevention of GVHD; in addition, the proportion of CD8+effector memory lymphocytes decreased in the PBMCs cocultured with the effective MSC samples but increased in the PBMCs cocultured with the ineffective MSC samples. The proportion of CD4+CD146+ lymphocytes increased only when cocultured with the inefficient samples.

CONCLUSION
For the first time, differences were observed between MSC samples that were effective for GVHD prophylaxis and those that were ineffective. Thus, it was shown that the immunomodulatory activity of MSCs depends on the individual characteristics of the MSC population.
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Core Tip: An attempt was made to identify the main differences between multipotent mesenchymal stromal cells (MSCs) samples that are effective and those that are ineffective in preventing the development of acute graft vs host disease after allogeneic bone marrow transplantation. The mean fluorescence intensity of HLA-ABC, HLA-DR, CD105, and CD146 was shown to be significantly lower on the surface of samples that were ineffective for prophylaxis. Significant differences were revealed between effective and ineffective MSCs in terms of their responses to interaction with lymphocytes and stimulation by pro-inflammatory cytokines. The patterns observed here indicate a possible mechanism of the immunosuppressive action of these cells in clinical use.

INTRODUCTION
Graft vs host disease (GVHD) is the main complication after allogeneic haematopoietic stem cell transplantation (allo-HSCT). In GVHD, donor T cells attack recipient cells. The immune conflict that develops causes clinically significant damage to organs and tissues in 20%-70% of patients[1].
The most common first-line therapy for the treatment of GVHD is glucocorticosteroids. Glucocorticosteroid refractoriness occurs in approximately 30% of patients. Aggressive immunosuppressive or anti-inflammatory drugs are not effective in all patients with steroid resistance. Second- and third-line treatments are often not effective and significantly increase the risk of infectious complications. In this regard, alternative approaches to the treatment of acute GVHD have been proposed, in particular, the introduction of multipotent mesenchymal stromal cells (MSCs)[2,3].
Human bone marrow MSCs are a heterogeneous population of fibroblast-like cells; this population includes multipotent stem cells, which are able to form bone, cartilage, and adipose tissue in vitro[4], and stromal cell components that regulate blood formation in stem cell niches due to specific intercellular interactions and soluble factors[5]. In 2006, the International Society for Cell and Gene Therapy established the minimal criteria for identifying MSCs: these cells adhere to plastic, express CD73, CD90, and CD105 on the membrane surface, do not express markers of haematopoietic cells, and weakly express CD14, CD31, CD34, CD45, and HLA-ABC[6].
A common functional feature of the MSC population, including the early and differentiating precursors, is the ability to affect both innate and adaptive immune cells. This process depends on the presence of inflammatory cytokines, such as interferon gamma (IFN), tumour necrosis factor alpha (TNF) and interleukin-1 (IL)-1 α or β, in the microenvironment[7,8]. For successful immunomodulation, MSCs require licensing of the anti-inflammatory phenotype through exposure to an environment rich in cytokines. Cytokines are produced primarily by activated T cells. It is well known that IFN licenses MSCs, and its removal significantly reduces the antiproliferative effect of MSCs on T cells[9]. TNF is also important for enhancing the immunomodulatory activity of MSCs; in contrast to IFN, it regulates the expression of haemoxigenase 1 and insulin-like growth factor 1[10].
Based on their immunomodulatory properties, MSCs are now used for the prevention and treatment of GVHD after allo-HSCT[11,12]. Previous studies have reported conflicting results regarding the efficacy of MSCs in the prevention and treatment of GVHD. Morata-Tarif and coauthors conducted a meta-analysis to elucidate whether the introduction of MSCs can improve the overall survival of these patients[13]. The authors performed a dichotomous analysis of 11 studies providing data on the overall survival of the control (n = 298) and MSC (n = 213) groups, which showed that the introduction of MSCs leads to a 17% increase in survival (95%CI: 1.02-1.33, I2 = 0%). The data related to the incidence of acute GVHD in the control (n = 235) and MSC (n = 150) groups were collected from 10 studies. The frequency of GVHD was lower in the MSC group than in the control group. In the analysis of 4 studies (144 patients), the frequency of severe acute grade IV GVHD was significantly lower in the group of patients that received MSCs (RR = 0.22; 95%CI: 0.06-0.81). The vast majority of the studies used MSCs obtained from a third-party donor and provided by manufacturers[14]. In this regard, it was impossible to study the differences between the effective and ineffective MSC samples.
For 10 years, a randomized study on the prevention of GVHD with the use of MSCs from a haematopoietic cell donor was conducted at the National Research Center for Hematology. The study was registered on the website https://clinicaltrials.gov NCT01941394. Such a study made it possible to investigate the differences in the properties of the individual MSC samples that can affect the efficiency of the use of these cells in preventing the development of GVHD. 
The aim of this work was to study the immunophenotypes of non-activated MSCs that were administered to patients and the same cell populations that were activated by the indicated pro-inflammatory cytokines (IL-1β, IFN and TNF) or by interaction with PBMCs.
The differences in the samples of MSCs that were effective and ineffective in the prevention of GVHD were revealed.

MATERIALS AND METHODS
MSC cultures
All the bone marrow samples were obtained from donors who provided signed informed consent and were collected during the harvesting of bone marrow for allogeneic transplantation at the Department of High-Dose Chemotherapy, Depressions of Hematopoiesis, and Bone Marrow Transplantation of the National Research Center for Hematology, Moscow, Russia. The bone marrow samples of 52 healthy donors, including 29 males and 23 females aged 13 to 66 years (median: 33 years), were studied. The MSCs were derived from 5-10 mL of donor bone marrow. To separate the mononuclear cells, the bone marrow was mixed with an equal volume of alpha-МЕМ (HyClone, United States) containing 0.2% methylcellulose (1500 cP, Sigma-Aldrich Corporation, United States) and incubated at room temperature. After 40 min, the erythrocytes and granulocytes had mostly precipitated, while the mononuclear cells remained in suspension. The upper fraction (suspension) was aspirated and centrifuged for 10 min at 450 g. The standard cultivation medium consisted of αMEM supplemented with 10% foetal bovine serum (FBS) (HyClone), 2 mL-glutamine (HyClone), 100 U/mL penicillin (Ferein, Russia) and 50 mg/mL streptomycin (Ferein). The cells were cultivated at a density of 3 × 106 cells in T25 culture flasks (Corning-Costar, United States). When a confluent monolayer of cells had formed, the cells were washed with 0.02% EDTA (ICN, United States) in a physiological solution (Sigma-Aldrich) and then detached from the surface by incubation in 0.25% trypsin solution (MP Biomedicals, France) for 10-15 min at room temperature. The cells were then reseeded at a density of 4 × 103 cells per cm2 of flask area. The cultures were maintained at 37°C in 5% CO2. The number of harvested cells was directly counted; the cell viability was assessed using Trypan blue dye exclusion staining.
IL-1β (4 pg/mL; Sigma) or TNF (10 ng/mL; Sigma) was added to some cultures and incubated for 4 d. IFN (Sigma) dissolved in αMEM medium at a concentration of 500 IU/mL was added to some of the experimental flasks for 4 h. Then, the flasks were washed and cultured for 4 d.
For analysis of the interactions between MSCs and lymphocytes, PBMCs from two nonrelated healthy donors were separated using Lymphoprep solution at a density of 1.077 g/cm3 (MP Biomedicals). The obtained PBMC fraction was washed 3 times with RPMI-1640 medium without serum. PBMCs and MSCs were cocultured for 4 d at 37°C in 5% CO2. PBMCs cultured without MSCs were used as controls.
MSCs at 2-3 passages were seeded at 105 cells per T25 flask, and a day later, the flasks were washed, and 106 PBMCs suspended in RPMI-1640 medium supplemented with 10% FBS were added. In some experiments, the lymphocytes were activated with 5 mg/mL phytohemagglutinin (PHA-lymphocytes)[15].
After culture, the PBMCs were removed from the flasks and washed first in RPMI-1640 medium and then in CellWash buffer (BD Biosciences, United States). A schematic of the experimental conditions is shown in Figure 1. After coculture, the proportion of viable cells was analysed. In all the samples, the proportion of viable cells was 90%-95%.

MSC membrane phenotype characterization
Determination of the level of antigen expression on MSCs was performed by flow cytometry. After removing the MSCs from the bottom of the flask, they were washed twice with CellWash solution (BD Biosciences), and then, 2 × 104 cells were incubated for 20 min in the dark with anti-CD90 monoclonal antibodies labelled with PE (BD Pharmingen, United States), anti-HLA-ABC labelled with FITC (BioLegend, United States), anti-HLA-DR labelled with APC (BioLegend), anti-CD54 labelled with APC (BD Biosciences), anti-CD73 labelled with PE (BD Biosciences), anti-CD105 labelled with FITC (BioLegend), anti-CD146 labelled with PE (BD Biosciences), and anti-CD274 labelled with FITC (BD Biosciences, United States). The appropriate isotypic controls were used for each fluorochrome.
The MSC population was identified by the parameters of forward and side light scattering. In this cell population, the mean fluorescence intensity (MFI) of the fluorescently labelled antibodies bound to the HLA-ABC, CD105, CD274, CD90, CD73, CD146, HLA-DR, and CD54 antigens was estimated. Then, based on the obtained MFI values, the MFI of the isotypic controls was subtracted, which provided a description of the presence or absence of the studied marker on the cells. When calculating the relative change in antigen expression (MFI) on the surface of MSCs under various conditions, the MFI was equated to unity if expression of the antigen was not detected on the cells.
The cytometric analysis of lymphocytes was performed using the following monoclonal antibodies labelled with fluorochrome dyes: CD4 APC-Cy7, CD95 PE-Cy7, CD69 FITC, CD45RO FITC, and CD127 PE (BioLegend, United States) and CD28 APC, CD197 PE, HLA-DR APC, CD8 PerCP-Cy 5.5, CD25 FITC, CD146 PE, and CD279 APC (BD Biosciences, United States). The cytometric analysis was performed using a BD FACSCanto II flow cytometer (BD Biosciences) and the BD FACS Diva program (v6.0, BD Biosciences).
The analysis of activated and non-activated lymphocytes was carried out in the same way. First, the lymphocyte population was determined by the parameters of forward and side light scattering, and then, the populations of CD4+ and CD8+ cells were isolated from these lymphocytes. The subpopulations of memory cells and naive and effector cells were determined according to Mahnke (2013) and others[16] based on the levels of expression of the CD28, CD197 (CCR7), CD45RO, and CD95 (FAS) antigens on the surface of T cells. The immunophenotype of various subpopulations of T cells and the gating strategy have been described previously[17]. Among the non-activated lymphocytes, the relative number of regulatory T cells (CD4 + CD25 ++ CD127-) and the number of activated T helper cells (CD4 + CD25 + CD127 +) were determined. The number of CD4+ and CD8+ T cells expressing HLA-DR, PD-1, and CD146 was determined in cultures of both activated and non-activated lymphocytes. In cultures of PHA-activated lymphocytes, the proportion of activated CD69+ and CD25+ CD4+ and CD8+ lymphocytes was also determined.

Statistical analysis
The data are presented as the mean ± SE. For each sample of experimental data, a normality test was performed using the Shapiro-Wilk test (at P < 0.05, the distribution was assumed to be different from normal). To analyse the changes in the average values of the parameters within one group on different days of cultivation, a paired t-test or Wilcoxon test was used, depending on whether the distribution was normal. The significance of the differences in the data between different cultivation conditions was determined using the Student's t-test when comparing the samples corresponding to the normal distribution and the Mann-Whitney test for abnormal distributions. The differences were considered statistically significant at P < 0.05. Statistical analysis was performed using GraphPad Prism 8.03. The significance of differences was assessed by the method of multiple comparisons in GraphPad. Forward stepwise discriminant function analysis was performed using Statistica 8.0 software.

RESULTS
The preliminary results of a clinical study on the prevention of acute GVHD using MSCs have been described previously[18-20]. In this study, MSCs obtained from a haematopoietic cell donor were intravenously administered to patients on the day of restoration of the white blood cell count to 1 × 109/L at a dose of 106 cells per kilogram of body weight. Of the 52 patients included in the study, 11 developed grade II-IV acute GVHD (Table 1).
GVHD developed in patients who were administered MSCs from older donors with a higher body mass index and lower concentration of CFU-F in the bone marrow. The ineffective MSCs had lower proliferative potential.

Immunophenotypic changes in MSCs under the influence of pro-inflammatory cytokines
After intravenous administration, MSCs are exposed to cytokines, mainly IL-1β, IFN and TNF. These cytokines change the MSC properties. Modelling this interaction in vitro has shown that exposure to IL-1β, IFN, and TNF changed the immunophenotype of MSCs in various ways. When cultured MSCs were treated with IFN, the MFI of HLA-DR significantly increased compared with that of the control MSCs. The cultivation of MSCs in the presence of TNF led to a significant increase in the MFI of HLA-ABC, CD73, and CD54, while the MFI of CD90 and CD105 decreased. The treatment of MSCs with IL-1β led to a decrease in the MFI of HLA-DR (Figure 2).
Analysis of the expression of clusters of differentiation on the surface of MSCs showed that IFN and TNF induced the expression of HLA molecules and that IL-1β reduced this expression. TNF influenced the expression of adhesion molecules. Moreover, given that all pro-inflammatory cytokines act differently in culture and in the body, their effect certainly depends on their ratio in the patient's blood. In addition, differences in the sensitivity of MSC samples to cytokines may affect their clinical effectiveness.
Analysis of the immunophenotypic characteristics of the MSCs in the effective samples showed that the MFIs of HLA-ABC, HLA-DR, CD105 and CD146 were increased compared with those of the ineffective samples (Table 2). Upon MSC activation with IL-1β, the difference in the expression of HLA-ABC and HLA-DR between the effective and ineffective samples remained, and the CD54 MFI sharply increased in the effective MSC samples (4-fold) due to the effect of IL-1β but did not change in the ineffective MSC samples. IFN also did not alter the expression of HLA-ABC and HLA-DR, and the difference between the effective and ineffective samples remained; however, additional differences in the expression of CD90 were revealed. Similar to the MSCs treated with IL-1β, the MFI of CD54 increased in the effective MSC samples due to the influence of IFN but did not change in the ineffective MSC samples. After MSC treatment with TNF, only an increase in HLA-DR expression in the effective samples was maintained compared with the ineffective samples. Under the influence of this factor, the expression of HLA-ABC and CD146 in the ineffective MSC samples increased, which offset the differences between the effective and ineffective samples. The expression of CD54 increased by more than 12-fold in both the effective and ineffective samples.

Changes in the immunophenotypic characteristics of MSCs and lymphocytes during co-cultivation
MSCs: In addition to cytokines, MSCs in the bloodstream interact with lymphocytes. The interactions of MSCs with lymphocytes were studied in vitro. Co-cultivation of MSCs with PBMCs for 4 d altered the expression of MSC surface markers (Figure 3). In the MSCs cocultured with non-activated lymphocytes, the MFI of CD54 was significantly increased, and the expression of CD90 and CD105 was reduced. Activated lymphocytes caused an increase in the MSC expression of HLA-ABC, HLA-DR, CD274 and CD54 and a decrease in the expression of CD90 and CD105.
When MSCs were cocultured with PBMCs, the level of HLA-ABC and HLA-DR expression on the MSCs increased regardless of the effectiveness of the samples in GVHD prevention (Table 3). The level of CD90 expression significantly decreased on the surface of the ineffective MSCs after one day of co-cultivation with PBMCs, and then, the MFI of this molecule continued to decrease on both the effective and ineffective cells. The MFI of CD105 also decreased during co-cultivation with PBMCs and was noticeably stronger, but this increase was not significant in the inefficient samples. The expression of CD54 and CD274 increased in the effective samples more than in the ineffective samples. The CD73 MFI decreased in the ineffective samples on the first day of co-cultivation with PBMCs and practically did not increase by day 4, which was different to the results observed in the effective samples.

Lymphocytes: Lymphocyte populations were analysed in PBMCs co-cultivated with MSCs. The composition of the lymphocyte populations changed during co-cultivation with MSCs.
After 4 d of MSC co-cultivation with non-activated lymphocytes, the proportion of terminal memory (TM) and effector memory (TE) lymphocytes was lower than that in the control cultures, while the proportions of both CD4+ and CD8+ EM, T regulatory (Treg), and HLA-DR+CD146+PD-1+ lymphocytes was higher than those in the control cultures (Figure 4A-C).
Co-cultivation of MSCs with PHA-activated lymphocytes for 4 days resulted in higher proportions of naive and effector memory cells among the CD4+ cells, CD8+ cells, and CD8+ TM cells, but the proportion of central memory (CM) cells was lower than that in the control cultures (Figure 4D-F).
On the first day of co-cultivation, significant differences were observed in the subpopulations of both CD4+ and CD8+ CM; CD8+ EM; and activated CD146+ T cells; moreover, the CD8+CD146+ proportion was higher in the PBMCs cocultured with the effective samples, and the CD4+CD146+ proportion was significantly lower (Figure 5). A significantly stronger increase in the proportion of CD4+EM and activated CD4+CD69+ cells was detected after 4 days of PBMC coculture with the effective MSC samples. The data are presented as fold changes relative to the control lymphocytes cultured without MSCs.

DISCUSSION
The MSC population is heterogeneous, and these cells have different properties and act differently in organisms. MSCs obtained from various sources are known to secrete different factors[21]. The properties of MSCs obtained from different donors also differ[22]. Moreover, different MSC clones within the same population have different immunomodulatory properties[23]. Thus, there may be factors that affect the efficacy of MSCs in the clinic, but at the moment, these factors are not known. It was shown that the concentration of CFU-F and the total cellular production of MSCs are significantly higher in younger donors[22]. In our study, in patients who developed GVHD, that is, in patients in whom the MSCs were ineffective, the age of the donors was greater, and the total cellular production of MSCs and the concentration of CFU-F were lower. These differences were not significant between groups; however, they are interrelated and indicate the preference for choosing MSCs from younger donors.
The MFIs of HLA-ABC, HLA-DR, CD105 and CD146 were significantly higher in the effective MSC samples. The molecules of the main histocompatibility complex are weakly expressed on MSCs[24]; thus, MSCs were considered immunoprivileged cells. Subsequent work has shown that this immunoprivileged classification is not accurate[25]. Moreover, the presence of the molecules of the main histocompatibility complex during the administration of MSCs from a third-party donor does not worsen the clinical results[14]. According to our data, the MFIs of HLA-ABC and HLA-DR on the effective MSCs were 1.7 and 4 times higher than those on the ineffective MSCs, respectively. The study analysed the introduction of MSCs obtained from the bone marrow of a haematopoietic cell donor; thus, an increase in the expression of the molecules of the main histocompatibility complex on the MSCs does not induce an immune response but indicates the activation of these cells, as occurs after exposure to IFN[26,27]. We suggest that the increased expression of the HLA-ABC and HLA-DR molecules in the effective MSC samples suggests that they are initially more activated to perform their immunomodulatory functions. This conclusion is also supported by a higher response to all the investigated antigens in the group of effective MSCs. Furthermore, upon activation of these MSC samples by IL-1β, IFN and TNF, the expression of HLA-ABC and HLA-DR did not change as much as we previously observed[28].
MSCs exhibit their immunomodulatory properties not only due to the secretion of many factors but also due to direct intercellular interactions. Numerous adhesion molecules were expressed on the surface of MSCs, and the combination of the functions of these molecules leads to modulation of the T cell response[29]. Three types of molecules involved in the adhesion of T lymphocytes to stromal cells — CD54, CD105, and CD146 — were studied.
The expression of CD105 and CD146 on the surface of the effective MSC samples was increased, which indicates an increase in their adhesive properties.
CD105 (endoglin, SH2) is a transmembrane glycoprotein that is expressed on endothelial cells; CD105 functions as a coreceptor for several ligands of the transforming growth factor β family and plays a vital role in the development and remodelling of blood vessels[30,31]. White blood cells and haematopoietic stem cells also express endoglin[32,33], which regulates leukocyte migration and the quiescence state of haematopoietic stem cells. The extracellular domain of endoglin is involved in cell adhesion, which is mediated by integrins through the RGD motif. A role of endothelial endoglin in leukocyte migration has also been described[34]. The expression of CD105 varies significantly among MSCs obtained from different tissue sources[35,36] and varies among MSC samples from different donors. Thus, it can be assumed that the increased expression of CD105 on the surface of the effective MSC samples enhances their interaction with lymphocytes, thereby increasing their immunomodulatory function.
CD146 is a membrane glycoprotein that functions as a Ca2+-independent cell adhesion molecule and is involved in heterophilic intercellular interactions[37]. The level of CD146 expression on MSCs varies depending on the source of the cells and the culture conditions[38,39]. It was shown that the expression of CD146 decreases in culture, which is associated with a decrease in the frequency of CFU-F[40] and MSC ageing[41]. These data are consistent with a reduced concentration of CFU-F in the inefficient samples. CD146 is responsible for the adhesion of lymphocytes to endothelial cells and MSCs and is involved in cell migration, differentiation, and the immune response[42]. Thus, the reduced expression of CD146 in the ineffective samples is involved in the weakening of their immunomodulatory potential.
CD54 (ICAM-1) plays an important role in the immunosuppressive effect of MSCs[43]. CD54 enhances the interaction of MSCs with type 1 macrophages, which activates MSCs and increases their immunosuppressive function[44]. When MSCs are licensed by IFN or IL-1β, the expression of CD54 and, accordingly, the immunomodulatory effect increase[43]. The effective and ineffective MSC samples not treated with cytokines or activated by lymphocytes expressed equal levels of CD54. However, upon activation by IFN and IL-1β, the CD54 MFI in the effective samples increased 1.8 and 3.3 times, respectively. In the ineffective samples, the MFI of this molecule did not change. Upon MSC activation by TNF, the CD54 MFI in both the effective and ineffective samples increased by more than 12 times; thus, the effect of TNF helps MSCs overcome a certain “threshold” in CD54 expression. Such an increase demonstrates the potential ability of ineffective MSCs to be activated. The CD54 MFI increased significantly more on the surface of MSCs cocultured with lymphocytes compared with that on the surface of MSCs after exposure to pro-inflammatory cytokines, enhancing the adhesive properties of these cells. In the effective MSC samples, this increase was more intense than in the ineffective samples, but this difference was not significant. 
It was shown that the suppression of T lymphocyte proliferation by IFN–licensed MSCs correlated with that by resting MSCs[45]. Co-cultivation of MSCs with PBMCs led to more pronounced changes than licensing by one pro-inflammatory cytokine at the concentration used in this study. Lymphocytes secrete IFN[46], which is a factor that induces an increase in the expression level of HLA-ABC and HLA-DR on MSCs[47,48]. The expression levels of HLA-ABC and HLA-DR increased regardless of the effectiveness of the samples in the prevention of GVHD. The increase in the expression of the molecules of the main histocompatibility complex is significantly greater after co-cultivation with PBMCs than after treatment with IFN, which is most likely because lymphocytes, especially activated lymphocytes, secrete more IFN than was used in the first part of the experiments. In addition, lymphocytes secrete other cytokines and chemokines that affect MSCs.
The CD90 MFI decreased during the co-cultivation of MSCs with PBMCs, and this effect was much stronger in the inefficient samples. CD90 (Thy-1) is a glycoprotein that is bound to the glycosylphosphatidylinositol expressed on many types of cells in addition to MSCs, including T cells, thymocytes, neurons, endothelial cells and fibroblasts[49]. CD90 is involved in the activation of T cells[50]. The expression of CD90 is reduced upon the differentiation of MSCs[51]. The CD90 MFI declined more in the ineffective samples upon co-cultivation with PBMCs and after MSC activation. This result indicates a reduction in the immunomodulatory potential of these samples.
The CD274 gene (PD-L1) encodes an immune inhibitory receptor ligand that is expressed by haematopoietic and non-haematopoietic cells, such as T cells and B cells, and various types of tumour cells. The interaction of this ligand with its receptor inhibits T cell activation and cytokine production. The PD-1 protein is an important regulator of T cell activation. The binding of PD-L1 to its receptors inhibits T cell migration, proliferation and cytotoxic mediator secretion and limits tumour cell death. The interaction of PD-L1 with PD1 protects the host from overactive effector T cells, not only in cancer processes but also in infectious diseases. It was shown that this pathway may be important in contact-dependent immunomodulation using MSCs. MSCs express and secrete PD-L1 and PD-L2, and this expression is regulated by exposure to IFN and TNFα. MSCs secrete PD-1 ligands, inhibiting the activation of CD4+ T cells and the secretion of IL-2 and inducing irreversible hyporeactivity and cell death[52]. CD274 is weakly expressed on the surface of MSCs. In some cases, the differences from the isotypic control are very small. In the case of the licensing of MSCs by pro-inflammatory cytokines, no significant differences were found in the CD274 MFI; nevertheless, it was always higher on the effective MSC samples than on the ineffective samples. When cocultured with lymphocytes, the CD274 MFI of the effective samples significantly exceeded that of the ineffective samples.
CD73 (NT5E) is an ecto-5 primary nucleotidase that catalyses the conversion of purine mononucleotides to nucleosides at neutral pH, and adenosine 5'-monophosphate (AMP) is the preferred substrate. Adenosine is actively produced from AMP by CD73 on MSCs and extracellular vesicles derived from MSCs. Adenosinergic signalling plays a role in inhibiting T cell proliferation in vitro. Adenosinergic signal transmission has been shown to be an important immunoregulatory mechanism of MSCs, especially in situations where ATP is present in the extracellular environment, for example, in the case of tissue damage. The effective synthesis of immunosuppressive adenosine depends on the coordinated action of CD39+ immune cells with CD73+ cells, such as MSCs or their vesicles[53]. In some cases, the adenosinergic pathway acts as a key mechanism by which MSCs perform haemostatic and immunomodulatory functions[54]. The CD73 MFI was higher on the surface of effective MSCs than on the surface of ineffective MSCs in all the experimental conditions. During the co-cultivation of MSCs with lymphocytes, the CD73 MFI in the ineffective MSCs was significantly reduced. These data also reveal differences in the functional potencies of MSCs obtained from different donors. All surface markers that identify MSCs[6] are expressed at different intensities on these cells and participate in their immunosuppressive effect. It is not possible to identify key players in this process; however, the set of MFIs of all the investigated markers on MSCs clearly shows that a decrease in the MFIs leads to a decrease in the efficiency of these cells in modulating the immune response.
Significant differences in the subpopulations of lymphocytes were revealed only for the activated cells cocultured with the effective and ineffective MSCs. This result probably occurred because when lymphocytes are activated by PHA, significant subpopulation changes occur. It is known that the ratio of naive, effector, and memory cells changes, and the appearance of molecules indicating cell activation, CD25, CD38, CD69, PD-1, and HLA-DR, is observed[55]. The ability of MSCs to suppress T lymphocyte proliferation varies between donors[45]. The proportion of CD4 + CM lymphocytes did not change, while the proportion of CD8 + CM and CD8 + EM decreased upon co-cultivation with the effective samples, which is consistent with the immunomodulatory properties of MSCs. During co-cultivation with the inefficient samples, a paradoxical effect of an increased proportion of CD8 + EM was observed. Such a large difference in the effects of different MSC samples once again confirms the presence of individual MSC characteristics that affect their efficiency. The increase in the proportion of CD4 + CD146+ lymphocytes after coculture with the ineffective samples can be explained by the fact that the expression of the adhesion molecule CD146 is involved in the initial stages of the interaction between the endothelium and lymphocytes, which exhibit adhesion receptor activity, including possible homophilic interactions of CD146-CD146[56]; in addition, the expression of CD146 is increased in many diseases that are associated with inflammation[57,58].
An attempt was made to summarize all the data obtained regarding the differences between the effective and ineffective MSC samples. We analysed the differences between the effective and ineffective MSC samples in two ways. First, the analysis was based on the immunophenotypes of the MSCs one day after co-cultivation with activated and non-activated lymphocytes. As the result of linear discriminant analysis, 6 variables were revealed that were sufficient to separate the samples into groups of samples that were effective and ineffective in the prevention of GVHD (Table 4). Based on the obtained coefficients, posterior probabilities of assigning the MSC samples to a particular group were determined (Table 5). The prediction was incorrect for only 1 of the studied samples. This sample (# 19) fell fairly close to the centroids of both groups. When analysing the changes in the MSC immunophenotypes during co-cultivation with lymphocytes in relation to the control MSCs, the greatest differences were observed at the level of HLA-DR expression. In the ineffective samples, HLA-DR expression increased sharply after one day, which was different from HLA-DR expression in the effective samples. The ineffective samples became immunogenic and were possibly eliminated much faster than the effective samples. The mechanism of action of MSCs in this case requires further rigorous study. Nevertheless, using a rather simple functional test, the MSC immunophenotype after 24 h of co-cultivation with lymphocytes, one can try to predict the effectiveness of the MSC sample in preventing the development of acute GVHD.
The second model used the data on the immunophenotypes of MSCs co-cultured with PBMCs and activated lymphocytes, data on the immunophenotypes of MSCs after activation by pro-inflammatory cytokines, and data on the alterations in the subpopulation composition of non-activated and activated lymphocytes after co-cultivation with MSCs. Based on complex calculations, a graphic image is presented in Figure 6. A comprehensive analysis of the differences between the effective and ineffective MSC samples showed that the ineffective samples mainly differ from the general group of the effective samples. There is a small area of intersection. The presence of such an area is because the group of effective MSC samples includes those administered to patients who would not have developed GVHD without MSC. Presenting data on a single scale is similar to developing a probabilistic scale for the effectiveness of MSCs in GVHD prevention. It is possible that not all of the investigated parameters have predictive value. In this study, the CD54 MFI after incubation with IFN, the CD105 MFI on MSCs after exposure to IL-1β, and the proportions of CD4+ and CD8+ EM and CD4+CD146+ lymphocytes after co-cultivation with MSCs were the most significant parameters. The list of the most significant parameters may change after increasing the number of samples and additional analysis of samples using OMIX technology.

CONCLUSION
Despite the relatively small number of ineffective MSC samples, all the data obtained are interrelated and fit into the general current understanding of the mechanisms of the immunomodulatory action of MSCs.

ARTICLE HIGHLIGHTS
Research background
Multipotent mesenchymal stromal cells (MSCs) are widely used in the clinic due to their unique properties, namely, their immunomodulatory activity. Healthy donor MSCs were used to prevent the development of graft vs host disease (GVHD) after allogeneic bone marrow transplantation (allo-BMT). The administration of MSCs to patients was not always effective. The MSCs obtained from different donors have individual characteristics. The differences between MSC samples may affect their clinical efficacy.

Research motivation
It is necessary to increase the efficiency of MSCs use for GVHD prevention after allo-BMT.

Research objectives
The present study aimed to identify the differences between effective and ineffective MSCs.

Research methods
Aliquots of 52 MSC samples that were used for GVHD prophylaxis were examined. These cells were cultured in the presence of peripheral blood mononuclear cells (PBMCs) from a third-party donor or treated with the pro-inflammatory cytokines IL-1β, IFN and TNF. The immunophenotype of untreated MSCs, the MSCs cocultured with PBMCs for 4 days or the MSCs exposed to cytokines was investigated by flow cytometry. The proportions of CD25-, CD146-, CD69-, HLA-DR- and PD-1-positive CD4+ and CD8+ cells and the distribution of various effector and memory cell subpopulations in the PBMCs cocultured with MSCs were also determined.

Research results
Differences in the immunophenotypes of effective and ineffective MSCs were observed. In the effective samples, the mean fluorescence intensity (MFI) of HLA-ABC, HLA-DR, CD105, and CD146 was significantly higher. After MSCs were treated with IFN or cocultured with PBMCs, the HLA-ABC, HLA-DR, CD90 and CD54 MFI showed a stronger increase in the effective MSCs, which indicated an increase in the immunomodulatory activity of these cells. When PBMCs were cocultured with effective MSCs, the proportions of CD4+ and CD8+central memory cells significantly decreased, and the proportion of CD8+CD146+ lymphocytes increased more than in the subpopulations of lymphocytes cocultured with MSC samples that were ineffective in GVHD prevention. In addition, the proportion of CD8+effector memory lymphocytes decreased in the PBMCs cocultured with the effective MSC samples but increased in the PBMCs cocultured with the ineffective MSC samples. The proportion of CD4+CD146+ lymphocytes increased only when cocultured with the inefficient samples.

Research conclusions
For the first time, differences were observed between MSC samples that were effective for GVHD prophylaxis and those that were ineffective. Thus, it was shown that the immunomodulatory activity of MSCs depends on the individual characteristics of the MSC population.

Research perspectives
Determination of the main differences between effective and ineffective samples will improve the clinical results of MSC use. The list of the most significant parameters showing the differences between effective and ineffective MSC samples may change after increasing the number of samples and additional analysis of samples using OMIX technology.
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[bookmark: OLE_LINK1796][bookmark: OLE_LINK1797]Figure 1 Experimental design. MSCs: Multipotent mesenchymal stromal cells; PBMCs: Peripheral blood mononuclear cells; PHA: Phytohemagglutinin; IL: Interleukin; IFN: Interferon; TNF: Tumour necrosis factor.
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Figure 2 Median fluorescence intensity of multipotent mesenchymal stromal cell markers after treatment with pro-inflammatory cytokines. A: HLA-ABC; B: HLA-DR; C: CD90; D: CD105; E: CD73; F: CD274; G: CD146; H: CD54. The analysis was performed on 38 mesenchymal stromal cell samples. The significance of differences was assessed by the method of multiple comparisons in GraphPad and is indicated in the figure: aP < 0.05, bP < 0.005, cP < 0.0005, dP < 0.0001. MSCs: Multipotent mesenchymal stromal cells.
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Figure 3 Median fluorescence intensity of multipotent mesenchymal stromal cell markers after cultivation with lymphocytes for 4 d. A: HLA-ABC; B: HLA-DR; C: CD90; D: CD105; E: CD73; F: CD274; G: CD146; H: CD54. The analysis was performed on 38 mesenchymal stromal cell samples. The significance of differences was assessed by the method of multiple comparisons in GraphPad and is indicated in the figure: aP < 0.05, bP < 0.005, cP < 0.0005, dP < 0.0001. MSCs: Multipotent mesenchymal stromal cells.
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Figure 4 The relative number of the different subpopulations of lymphocytes after 4 d of cultivation with multipotent mesenchymal stromal cells. A-C: Among the cultures of non-activated lymphocytes; D-F: Among the PHA-activated lymphocytes. The subpopulation fractions in the outer rings (on graphs A, B, D, E) correspond to control lymphocytes, and the internal fractions correspond to lymphocytes co-cultivated with multipotent mesenchymal stromal cells (MSCs). C and F show the relative number of lymphocytes expressing different activation markers (blue areas are lymphocyte cultures, and orange areas are lymphocyte cultures with MSCs). MSCs: Multipotent mesenchymal stromal cells.
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Figure 5 Alterations in the proportion of the lymphocyte subpopulations after co-cultivation with multipotent mesenchymal stromal cells.
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Figure 6 Analysis of the diversity between the effective and ineffective multipotent mesenchymal stromal cell samples. All the data on the individual mesenchymal stromal cell samples were reduced to a single value representing the ratio of the distances from the sample to the average values in the groups of samples that were effective and ineffective in the prevention of graft vs host disease. The distance is calculated based on the significance of the differences. The significance of the differences is the ratio of the differences of the corresponding parameters to their fluctuations. The appendix provides a detailed explanation of all the calculations. 


Table 1 Characteristics of donors, CFU-F and multipotent mesenchymal stromal cells
	Donor MSCs
	Gender male/female
	Age (median), yr
	Body mass index
	CFU-F per 106 BM cells
	Total MSC production for 4 passages, × 106
	Time to P0, d

	No GVHD
	24/17
	33.19 ± 1.70 (32)
	24.88 ± 0.82 (23)
	17.27 ± 3.39
	13.93 ± 2.14
	14.44 ± 0.42

	Acute GVHD
	5/6
	41.27 ± 4.15 (45)
	26.36 ± 1.58 (27)
	11.46 ± 4.50
	7.71 ± 2.40
	14.73 ± 0.87


MSCs: Multipotent mesenchymal stromal cells; GVHD: Graft vs host disease.



Table 2 Changes in the mean fluorescence intensity of surface multipotent mesenchymal stromal cells untreated and treated with interleukin 1β, interferon gamma and tumour necrosis factor alpha antigens
	MFI

	
	MSCs 
	MSCs treated with IL1β
	MSCs treated with IFN 
	MSCs treated with TNF

	Antigen
	Effective
	Ineffective 
	Effective
	Ineffective
	Effective
	Ineffective
	Effective
	Ineffective 

	HLA-ABC
	14561 ± 7741
	8767 ± 1434
	14740 ± 10211
	8850 ± 994
	15200 ± 9601
	10208 ± 1189
	21174 ± 1615
	15706 ± 2938

	HLA-DR
	752 ± 1501
	188 ± 42
	610 ± 1541
	149 ± 25
	1077 ± 1531
	423 ± 163
	659 ± 1371
	169 ± 38

	CD54
	4881 ± 371
	4447 ± 1203
	13773 ± 32181
	4234 ± 1612
	7889 ± 8161
	4378 ± 1566
	61708 ± 5998
	65461 ± 11324

	CD73
	3047 ± 253
	2354 ± 343
	3396 ± 305
	2226 ± 543
	3414 ± 383
	2678 ± 655
	3395 ± 305
	3370 ± 605

	CD90
	57679 ± 2626
	49241 ± 7022
	60117 ± 3990
	45739 ± 9525
	56500 ± 30721
	40335 ± 4502
	55799 ± 3471
	45198 ± 7142

	CD105
	35682 ± 26231
	21471 ± 3247
	34402 ± 2490
	29665 ± 6032
	41171 ± 3118
	30525 ± 5609
	30431 ± 2471
	24260 ± 3466

	CD146
	4345 ± 5341
	1807 ± 482
	3546 ± 497
	3124 ± 688
	3762 ± 479
	2378 ± 707
	3137 ± 387
	3463 ± 539

	CD274
	293 ± 37
	
	261 ± 38
	227 ± 204
	400 ± 104
	304 ± 219
	341 ± 54
	322 ± 81

	%CD54
	56 ± 3
	50 ± 9
	57 ± 4
	42 ± 8
	66 ± 3
	55 ± 8
	89 ± 2
	93 ± 4


1Significant differences between effective and ineffective samples. MFI: Mean fluorescence intensity; MSC: Multipotent mesenchymal stromal cell; IL1β: Interleukin 1β; IFNγ: Interferon gamma; TNFα: Tumour necrosis factor alpha.

Table 3 Changes in the mean fluorescence intensity of surface multipotent mesenchymal stromal cell antigens during co-cultivation with peripheral blood mononuclear cells expressed as the fold change relative to multipotent mesenchymal stromal cells cultured without peripheral blood mononuclear cells
	Time of co-cultivation
	1 d
	4 d

	Group of MSC samples
	Effective
	Ineffective
	Effective
	Ineffective

	HLA-ABC
	1.90 ± 0.11
	1.53 ± 0.30
	1.90 ± 0.15
	1.67 ± 0.33

	CD90
	0.95 ± 0.04
	0.79 ± 0.061
	0.55 ± 0.04
	0.49 ± 0.10

	HLA-DR
	134.37 ± 63.90
	654.74 ± 363.49
	682.42 ± 326.38
	151.88 ± 96.44

	CD105
	1.08 ± 0.06
	0.98 ± 0.14
	0.64 ± 0.05
	0.42 ± 0.07

	CD146
	0.82 ± 0.07
	0.86 ± 0.30
	22.16 ± 16.28
	0.81 ± 0.21

	CD54
	60.59 ± 12.29
	44.76 ± 8.84
	33.08 ± 5.30
	23.19 ± 7.64

	CD274
	434.64 ± 93.56
	1.27 ± 0.281
	573.44 ± 172.78
	319.25 ± 233.40

	CD73
	1.05 ± 0.08
	0.56 ± 0.131
	150.36 ± 103.94
	1.60 ± 0.54


1Significant differences between effective and ineffective samples. MSC: Multipotent mesenchymal stromal cell.

Table 4 Discriminant function analysis summary
	MSCs markers after 1 d co-cultivation with non-activated and activated lymphocytes (PHA)
	Wilks'
Lambda
	Partial
	F-remove
	P-level
	Coefficients of discriminant function

	
	
	
	
	
	No GVHD1
	GVHD2

	HLA-DR 
	0.572005
	0.625895
	11.95423
	0.002488
	-0.00358
	0.0213

	CD146 
	0.439602
	0.814407
	4.55774
	0.045330
	-0.01545
	0.0095

	CD73 PHA
	0.517153
	0.692280
	8.89005
	0.007375
	4.30313
	-0.6335

	CD105 
	0.499794
	0.716325
	7.92028
	0.010713
	9.05802
	-1.9000

	CD105 PHA
	0.419957
	0.852503
	3.46032
	0.077629
	2.65834
	11.3187

	CD54 
	0.404184
	0.885773
	2.57915
	0.123954
	-0.01228
	0.0118


1Constant for no graft vs host disease (GVHD) group – (-8.86214); 2Constant for GVHD group - (-10.0071). MSCs: Multipotent mesenchymal stromal cells; GVHD: Graft vs host disease.

Table 5 Classification of multipotent mesenchymal stromal cell samples
	Sample number
	GVHD development after prophylaxis
	Posterior probabilities of sample classification
	Squared mahalanobis distances from group centroids

	
	
	No GVHD
	GVHD
	no GVHD
	GVHD

	1
	No GVHD
	0.999996
	0.000004
	4.81908
	26.37491

	2
	No GVHD
	0.999831
	0.000169
	4.69845
	18.56620

	3
	No GVHD
	0.999937
	0.000063
	8.69194
	24.53850

	4
	No GVHD
	0.999973
	0.000027
	5.37220
	22.94517

	5
	No GVHD
	0.999999
	0.000001
	4.25232
	27.68426

	6
	No GVHD
	0.999513
	0.000487
	1.87460
	13.62827

	6
	No GVHD
	0.957820
	0.042180
	4.51571
	7.26276

	8
	No GVHD
	0.999812
	0.000188
	0.52715
	14.18290

	9
	No GVHD
	0.999849
	0.000151
	1.49937
	15.60338

	10
	No GVHD
	0.999975
	0.000025
	1.27143
	18.96579

	11
	No GVHD
	0.999962
	0.000038
	1.37772
	18.21698

	12
	No GVHD
	0.984365
	0.015635
	6.84328
	11.62984

	13
	No GVHD
	0.999843
	0.000157
	0.26067
	14.27728

	14
	No GVHD
	0.999493
	0.000507
	1.71004
	13.38532

	15
	No GVHD
	0.970256
	0.029744
	4.22516
	7.69663

	16
	No GVHD
	0.999991
	0.000009
	7.74281
	27.47988

	17
	No o GVHD
	0.999810
	0.000190
	6.84972
	20.48673

	18
	No GVHD
	0.999978
	0.000022
	2.57251
	20.55185

	191
	GVHD
	0.986823
	0.013177
	2.37048
	7.50407

	20
	No GVHD
	0.999810
	0.000190
	23.00573
	36.64553

	21
	No GVHD
	0.997370
	0.002630
	1.20348
	9.58174

	22
	GVHD
	0.000015
	0.999985
	44.40075
	18.74916

	23
	GVHD
	0.000033
	0.999967
	42.58649
	18.44380

	24
	No GVHD
	0.990716
	0.009284
	2.92989
	8.77180

	25
	No GVHD
	0.998626
	0.001374
	0.63394
	10.31299

	26
	No GVHD
	0.999170
	0.000830
	0.42912
	11.11676

	27
	GVHD
	0.096789
	0.903211
	15.96187
	7.99662


1Incorrect classifications. GVHD: Graft vs host disease.
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