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Abstract. Transplantability of allogeneic mesenchymal stem cells (MSCs) as a stable engraftment and 

participation in physiological renewal of bone marrow (BM) stroma remains an open question. We 

hypothesized that a necessary condition for successful MSC transplantation is the prior significant 

damage to the recipient’s BM stroma. To test this, BM derived from male B10 mice was injected 

intravenously into syngeneic female mice irradiated with 6.5 Gy and 13 Gy, and unirradiated 

individuals. We measured donor chimerism 30 days after irradiation in recipients’ bones by RQ-PCR 

and in BM CFU-Fs by ddPCR. The ratio of PCR signals from single-copy Y chromosome-linked Prssly 

gene and autosomal Gapdh gene was used to determine donor chimerism. None of the non-irradiated 

recipients had donor cells in the subpopulation under study. In the group of recipients irradiated at 

a dose of 6.5 Gy, donor cells were detected at 0.16% in BM of only one animal. Increasing the radiation 

dose resulted in a significant increase in donor chimerism among BM stromal cells: it was 11% and 

14% in two survived animals of this group. Donor chimerism in the bones of unirradiated recipients 

was not observed in any of the 15 samples. It was detected in only 2/18 bones of recipients irradiated 

with 6.5 Gy (0.8% and 1%). The median donor chimerism in bones of recipients irradiated with 13 Gy 

was 15%. We conclude that the condition for successful engraftment of donor stromal progenitor cells 

is prior damage to the recipient's BM stroma. 

Keywords: MSCs; MSC transplantation; CFU-F; bone marrow stroma transplantation; irradiation; 

donor’s chimerism; alloBMT; bone marrow transplantation; ddPCR; Prssly 

 

1. Introduction 

Allogeneic hematopoietic stem cell transplantation (AlloHSCT) is one of the possible, and in 

some cases the only effective approach to the treatment of malignant diseases of the blood system 

and genetic nonmalignant diseases of the blood system and depressions of hematopoiesis [1–3]. 
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Primary bone marrow (BM,) BM primed with G-CSF, mobilized HSCs or umbilical cord blood are 

used as sources of transplant for alloHSCT [3–7]. The principal difference of using primary or G-CSF-

primed BM is that such a transplant contains a mixture of cells of different nature:  HSCs, MSCs and 

various subpopulations of stromal progenitor cells, as well as different kinds of mature cells [8,9]. 

When mobilized HSCs and cord blood are used, a CD34+ sorted cell subpopulation, which is thought 

to be virtually free of MSCs and other stromal cells, is usually used [10]. Although some 

subpopulations of MSCs might express CD34 [11–14]. In contrast, the use of whole BM as a transplant 

has the potential to transfer not only hematopoiesis but also BM stroma because it contains MSCs.  

The relevance of BM stroma transplantation is high and is supported by several reasons. Firstly, 

the graft-versus-host disease (GVHD) in alloHSCT, among other organs and tissues, develops in the 

BM, and its targets in it are osteoblast niches of HSCs [15]. Secondly, graft hypofunction sometimes 

takes place after alloHSCT, which is accompanied by significant abnormalities in BM stromal cells 

[16,17]. Thirdly, the cytostatic effects of induction and consolidation chemotherapy before alloHSCT 

damage the cells of the recipient's BM stroma, which may cause inefficient hematopoiesis or delayed 

renewal of bone, fat and cartilage tissue in recipients [18–20]. Another reason to replace BM stroma 

in a patient with malignant disease of the blood system is established remodeling of the recipient's 

stroma by tumor cells [20,21]. A specific microenvironment (leukemic niche) can be created in the 

modified stroma, which protects tumor cells, including leukemic stem cells (LSCs), from apoptosis 

when exposed to cytostatics. It is also exposed to cytostatics and supports tumor cell proliferation, 

sometimes to the detriment of maintaining normal hematopoiesis [21–26], which drives relapse of 

the disease [20,26]. In this study, we decided to test hypotheses that may contribute to the emergence 

of effective methods of stromal transplantation. Our assumption was that the main function of stem 

cells in the adult organism is physiological tissue renewal and regeneration in case of injury or 

suppression of function.   

We hypothesized that the failure of most studies published on this topic [24–30] was due to the 

fact that MSCs administered intravenously during allogeneic BM transplantation (alloBMT) enter an 

organism in which the BM stroma is largely preserved, which prevents them from functioning as 

stem cells.  If this is the case, then preliminary damage to the recipient's BM stroma should stimulate 

MSCs to divide and differentiate in order to replenish the impaired function. Our assumption was 

reinforced by a study that showed that preliminary irradiation of a recipient may lead to efficient 

homing of MSCs to the BM [31]. Here we used a genetic approach to establish a solid basement of the 

observed phenomenon and pave the way to successful BM stroma transplantation. 

2. Materials and Methods 

2.1. Animals 

Mice of inbred strain B10 of both sexes aged 20-21 weeks (females) and 17-18 weeks (males) were 

used in this study. All animals received food and water ad libitum and were kept under conventional 

conditions at 12 h of daylight. All studies with animals were conducted in accordance with the 

European Convention for the Protection of Vertebrate Animals Used for Experiments and Other 

Scientific Purposes. The study was approved by the local ethical committee, protocol № 183 from 

12.12.2024.  

2.2. Irradiation 

Females from the experimental groups were subjected to total body irradiation (TBI) on the 

BioBeam 8000 unit using cesium-137 gamma radiation once with an intensity of 21.8 cGy/min. One 

group of mice was irradiated at a dose of 6.5 Gy (n = 5) and the second group was irradiated at a dose 

of 13 Gy (n = 5). Control animals were also irradiated in the same way at the same facility at a dose 

of 6.5 Gy (n = 6) and 13 Gy (n = 6). 
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2.3. Isolation of BM Cells and Intravenous Injection 

On the day of irradiation, all animals (females) from the experimental groups (unirradiated, 

irradiated with 6.5 Gy and irradiated with 13 Gy) were injected with a suspension of BM cells from 

males of the same strain. The cells were injected intravenously into the tail vein in a volume of 0.5 ml 

of phosphate buffered saline (PBS) (MP Biomedicals, Santa Ana, CA, USA). BM extracted from the 

femoral bones and tibia of donors was used for injection. Donor mice were sacrificed by cervical 

vertebral dislocation. The femurs and tibia of both hind limbs were obtained, and the epiphyses were 

cut off, leaving only the diaphyses. A 2 ml syringe with a G21 or G23 needle filled with 1 ml of PBS 

was inserted into the bone cavity. A stream of PBS was used to wash out the BM into a 2 ml 

polypropylene tube. BM fragments were turned into a single-cell suspension by repeatedly passing 

through the needle of the same syringe. The concentration of cells in the obtained suspension was 

calculated having stained the cells with gentian violet prepared with acetic acid for lysis of 

erythrocytes. The suspension was adjusted to the required concentration using PBS, drawn into a 

syringe and injected into the tail vein of female mice. 

2.4. CFU-F 

The detailed methodology of CFU-F seeding and harvest is presented in the Supplementary 

materials. Briefly, 30 days after irradiation, femoral bone diaphyses were obtained from recipient 

mice and medullary cylinders were isolated in sterile conditions. BM cells were placed 3 x 106 cells 

per T25 flask containing 5 ml of complete αMEM medium (Merck, Darmstadt, Germany) with 20% 

fetal calf serum (FBS) (FBS Xtra, Collected in South America) (Capricorn Scientific, Ebsdorfergrund, 

Germany) and 5 ng/ml FGF2. After 3 weeks, one of the flasks was stained with crystal violet to count 

CFU-F colonies. The cells in the remaining flasks were used for sorting of stromal cells. 

2.5. Cell Sorting 

Cells were counted, washed from media and stained with a monoclonal antibody to CD45-APC 

(clone 30-F11) (Biolegend, San Diego, CA, USA) and 7-AAD (Sigma-Aldrich, St. Louis, MO, USA). 

CD45– and CD45+ cell subpopulations were sorted using a flow cell sorter (BD FACSAria III Cell 

Sorter, USA). Fixation-free cells stained with antibodies were sorted in Purity mode directly into lysis 

buffer (DNeasy Blood and Tissue Kits for DNA isolation, Qiagen, Hilden, Germany). A schematic of 

gating and a typical sample are shown in Supplementary materials, Fig. S10. 

2.6. DNA Isolation 

DNA from sorted CD45– cells was isolated on the same day using HiPure Blood DNA Mini Kit 

(Magen Biotechnology Guangzhou, China). Obtained DNA was used to measure donor chimerism 

by digital droplet PCR (ddPCR). In addition, femoral and tibial bone diaphyses were obtained from 

each mouse.  They were carefully cleaned externally of muscle tissue and internally of marrow 

remnants by repeatedly passing at least 10 ml of PBS through the tubular bone cavity. The bones were 

immediately frozen at -70°C and stored frozen until DNA isolation. DNA was isolated from each 

individual femur or tibia. Bone meal was obtained by grinding the bone in a ceramic mortar filled 

with liquid nitrogen with addition of 0.5 mL 0.5M EDTA immediately after the nitrogen had 

evaporated. DNA was extracted from the obtained bone meal using a previously described method 

[27]. The concentration of isolated DNA was measured on a Qubit 3.0 fluorometer using the dsDNA 

Quantitation, High Sensitivity kit (ThermoFisher Scientific, Waltham, MA, USA). 

2.7. Digital Droplet PCR 

DNA isolated from sorted CD45– cells was used to determine donor chimerism (proportion of 

donor cells) using SniperDQ24 digital droplet PCR (Sniper Medical Technology, Suzhou, China). 

Primers and probes for Prssly and Gapdh genes were added to the prepared PCR mastermix and 

diluted to the desired volume. The PCR mixture was added to 8-well strips provided by the 
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manufacturer and DNA from one of the experimental samples or control DNA was added to each 

well of the strip. Control DNA included female and male DNA. Female DNA (XX genotype) served 

as a positive control for all ddPCR steps and, simultaneously, as a negative control for donor cells 

carrying the Y chromosome. Male DNA (XY genotype) served as a positive control for ddPCR and a 

positive control for donor cell content. No template control (NTC) was also included in the panel of 

controls. 

2.8. Real-Time PCR 

Donor chimerism in DNA isolated from bones was determined by real-time quantitative PCR 

(RQ-PCR) using a calibration curve (detailed methodology of its construction is described in 

Supplementary materials). Briefly, to construct the calibration curve, concentration-aligned DNA 

solutions of XX and XY genotypes were used to obtain calibration samples in which the proportion 

of male DNA varied from 100% to 0.0003% in steps of 2. These samples were used for multiplex RQ-

PCR in a BioRad CFX Connect amplifier. In each sample, signal from Prssly and Gapdh targets was 

simultaneously detected. The resulting threshold cycle values Cq(Prssly) and Cq(Gapdh) were used 

to calculate the threshold cycle difference ΔCq = Cq(Prssly) - Cq(Gapdh) (see Supplementary 

materials, Table 2). RQ-PCR with DNA isolated from the tested biological samples was performed 

under the same conditions as for the calibration curve (PCR parameters - see Supplementary material, 

Table 3). The 2ΔCq values of the tested samples were substituted into the equation of the calibration 

curve and donor chimerism values were calculated using the trend line equation (see Supplementary 

materials, Fig. S7). 

2.9. Statistical Analysis 

The samples of the experimental groups were examined for normality using Kruskal-Wallis test. 

If the samples passed the normality test, the presence of statistical differences on the compared 

parameter was made using Student's criterion, taking a statistically reliable difference at p < 0.05. If 

the groups didn’t meet the criterion of normality on the tested parameter, the comparison was made 

using nonparametric Mann-Whitney test. In some cases, the samples were checked for Log-normality 

and, if it was present, the values of the logarithm of the tested parameter were compared by Student's 

criterion.  

3. Results 

3.1. Experimental Design 

The main experimental groups and experimental procedures are shown in Figure 1.  
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Figure 1. Schematic diagram of the experiment. 

There were 3 experimental groups of female mice: unirradiated (n = 5), irradiated at a dose of 

6.5 Gy (n = 5), irradiated at a dose of 13 Gy (n = 5). Each female from the experimental groups was 

injected on the day of irradiation with a suspension of BM cells from male mice of the same strain 

and age (unirradiated group - on the day the other groups were irradiated). There were also 

unirradiated (n = 6, 3 males, 3 females) and irradiated with the same doses of 6.5 Gy (n = 6) and 13 

Gy (n = 6, all females) mice of the same strain and age that were not reconstituted by donor BM. One 

month later, the mice in the experimental groups and the unirradiated control group were sacrificed, 

and BM was taken from the femurs and the femurs themselves. Three weeks after seeding, some 

flasks containing CFU-Fs were stained with crystal violet for colony counting. The remaining flasks 

were used to sort the CD45– subpopulation of stromal cells on a cell sorter. DNA was extracted from 

the CD45– cell fraction and donor chimerism (proportion of donor cells to total cells) was assessed by 

ddPCR. Bones were isolated from each recipient mouse and each bone (two femurs and two tibias, a 

total of four bones from each mouse) independently. Femur and tibia bones were carefully cleaned 

of associated muscle tissue and residual BM, and DNA was extracted from the bones. Donor 

chimerism was assessed in the bones using RQ-PCR (a detailed description of the method used to 

construct the calibration curve and determine donor chimerism is provided in the Supplementary 

Material). Survival analysis showed that irradiation at a dose of 13 Gy is lethal if the recipient's 

hematopoiesis is not restored by donor BM: all 6 mice irradiated at this dose and not injected with 

BM died within 15 days after irradiation (Supplementary materials, Fig. S8). Of the 5 mice irradiated 

at 13 Gy that were reconstituted by donor BM, three mice survived. The death of two mice in this 

group may be related to the effects of radiation exposure on other tissues or to technical difficulties 

in intravenous injection of BM (failure to enter a vein). In the other groups, no deaths were recorded 

within 30 days after irradiation. 

Analysis of CFU-Fs concentration showed no statistically significant differences between groups 

(Supplementary Material, Fig. S9), although there was a trend towards lower CFU-Fs concentration 

in the BM of 13 Gy irradiated recipient mice. The median CFU-Fs concentration was 21 CFU-Fs/106 

BM cells (range 17 - 35.7) in the unirradiated group, 28.6 CFU-Fs/106 BM cells (range 27.3 - 29.8, n = 

2) in the group of 6.5 Gy irradiated mice, and 9.0 CFU-Fs/106 BM cells (range 9 - 26.7, n = 3) in the 
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group of 13 Gy irradiated animals. The lack of differences may be due to the small sample size. On 

the other hand, it may be due to the fact that the injected donor BM stromal cells to some extent 

restored the content of CFU-Fs in the recipient BM. In the group of non-irradiated animals, the 

concentration was within the range of normal values established for mice [28]. 

Cells from flasks containing CFU-Fs were trypsinized, washed from medium and serum and 

stained with antibodies against CD45. The stained cells were characterised by high viability by 

staining for 7-AAD (>99%) and clear separation of CD45– and CD45+ cells. Analysis showed that only 

a small proportion of cells in the flasks were  CD45– cells: their proportion averaged 8.8% ± 1.4% for 

all groups (no statistically significant difference between groups according to Kruskal-Wallis test), 

the remaining cells in the vials were CD45+ haematopoietic cells (Supplementary Material, Table 5). 

The CD45– subpopulation of cells was sorted (Supplementary Material, Fig. S10), and DNA was 

isolated from them to measure donor chimerism. 

3.2. Selection of Targets for the Assessment of Donor Chimerism 

Donor chimerism was measured using PCR-based genetic approaches. Two targets were 

selected in the mouse genome, one on an autosome and another on Y chromosome. The first target is 

the Gapdh gene located on mouse chromosome 6. The primers and probe were selected to target only 

the Gapdh gene and not its pseudogenes (see Supplementary Material, section Assessing the 

specificity of primers and probes used to determine donor chimerism). Thus, there were only 2 primer 

and probe landing sites in each genome (one on each of the homologous chromosomes). The second 

target is the Prssly gene located on the mouse Y chromosome. The peculiarity of this gene is that it 

has no homologues on the X chromosome.  Another feature of the Prssly gene is that it is estimated 

to be represented by a single copy, whereas most genes on the Y chromosome are multi-copy genes 

[29]. It was shown recently that Prssly has two pseudogenes on the Y chromosome [29,30]. For this 

target we selected primers and a hydrolysable probe labelled at the 5‘-end with FAM fluorophore 

and a fluorescence quencher at the 3’-end (see Supplementary materials, Table 1), which had two 

landing sites - directly on the Prssly gene and on one of its pseudogenes (see Supplementary 

materials, Figures S3-S5). Thus, both probes had two landing sites in the mouse genome, which 

caused the same increase in fluorescence in PCR reactions (see Supplementary materials, Fig. S6). 

3.3. Donor Chimerism in Bone Marrow and Bones of Recipients  

Donor chimerism among CD45–  cells in  CFU-F flasks was assessed by ddPCR (Figure 2).  
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Figure 2. Results of donor chimerism analysis in BM stromal CD45–  progenitor cells in mice. 

Donor chimerism in BM stromal cells was shown to be dependent on the irradiation dose of the 

recipient. None of the unirradiated recipients had donor cells in the subpopulation studied. In the 

group of recipients irradiated at a dose of 6.5 Gy, only one recipient showed the presence of donor 

cells; chimerism in this animal was 0.16%. Escalating irradiation of the recipients up to the lethal dose 

resulted in a significant increase in donor chimerism among the BM stromal cells. In this group, donor 

chimerism was 11% and 14% (it was not possible to isolate sufficient DNA for analysis in the third 

surviving recipient of this group). 

Four bones were obtained from each recipient mouse. DNA was isolated from each bone 

separately. Donor chimerism was measured in each DNA sample using real-time PCR (Figure 3).  
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Figure 3. Results of donor chimerism analysis in mouse bone marrow stromal CD45 progenitor cells. A. Data 

grouped relative to recipient radiation dose. Horizontal lines indicate the median. Ns, p > 0.05; ***, p < 0.0001. B. 

Data for individual recipient mice. 

Donor chimerism was not observed in the bones of unirradiated recipients in any of the 15 

samples. Donor chimerism was observed in only 2/18 bones of 6.5 Gy recipients (0.8% and 1%), with 

a median of 0% in this group. The median donor chimerism in bones of recipients irradiated with 13 

Gy was 15%. Thus, the increase in radiation dose to the recipients resulted in a significant increase in 

donor chimerism in the bones of the recipients. 

4. Discussion 

In planning the described experiment, we assumed that the function of stem cells (regardless of 

their tissue affiliation) is physiological self-renewal of the corresponding tissue and its regeneration 

in case its function is depressed/disturbed for any reason. We assumed that if this statement is true, 

then in order for MSCs introduced systemically into the recipient's body to successfully home to the 

BM and start proliferating and differentiating, it is necessary to significantly damage the BM stroma 

in the recipient beforehand. We chose ionizing radiation as a damaging factor because its destructive 

effect on stromal progenitor cells has been well established [20,32–36]. In this experiment, the non-

selective nature of the radiation exposure resulted in a complex suppression of marrow stromal 

function. To reliably determine the relationship between donor chimerism and the degree of stromal 

damage, we used two doses, a semi-lethal dose of 6.5 Gy and a lethal dose of 13 Gy. As shown in the 

control group, which was not injected with donor BM after irradiation, the 13 Gy dose received was 

indeed lethal, as all 6 mice in this group died within 15 days after irradiation. In the group of mice 

irradiated with 13 Gy, there was a tendency to decrease the concentration of CFU-Fs (Supplementary 

Figure S9, p = 0.25). The lack of statistical significance here can be explained by both the small sample 

size and the fact that donor MSCs could partially replenish the pool of CFU-Fs and replace the 

damaged CFU-Fs of the recipient.  
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It has been shown that increased radiation dose and associated damage to recipient BM stromal 

cells results in a significant increase in the engraftment efficiency of donor mesenchymal progenitor 

cells. This finding was fully confirmed when donor chimerism was measured in bones of the same 

mice. The median chimerism in lethally irradiated recipients was 15% compared to 0% in the other 

two groups. It should be emphasized that when chimerism was measured in bones, osteocytes and 

osteoblasts were the main cell population tested because they do not detach from the bone when it is 

washed with a syringe jet, they sit firmly on the surface and require collagenase treatment to detach. 

On the other hand, when BM cells were infused on the day of irradiation, osteoblasts were not 

injected into the recipients for the same reason (the BM was extracted from the diaphyseal cavity by 

the jet stream of the syringe). Consequently, the injected donor MSCs and other stromal progenitor 

cells not only survived in the recipient's body within 30 days after injection, but also successfully 

homed to the BM and differentiated into osteoblasts/osteocytes. This suggests that the injected MSCs 

or their progeny maintained their functionality after intravenous injection. Thus, in two different 

cellular stromal fractions, using two sensitive methods, an increase in engraftment efficiency of donor 

mesenchymal cells was demonstrated after their intravenous injection as part of the graft derived 

from native BM. Thus, the obtained results make us reconsider the potential benefit of using native 

BM or BM primed with G-CSF for the purposes of regenerative medicine and transplantation 

hematology.  

Another factor that researchers attribute to cases of successful MSC transplantation is the large 

number of cells injected [37–39],  while unsuccessful attempts to demonstrate engraftment of the 

stromal component of BM may be due to an insufficient number of cells injected [40–42]. In this 

experiment, recipient mice were injected with relatively large amounts of donor BM cells. With an 

average mouse weight of 25 g, unirradiated control recipients received 1.2 x 109 cells/kg, while those 

irradiated with 6.5 Gy and 13 Gy received the same amount - 0.64 x 109 cells/kg each. Our results 

suggest that the number of cells injected, if it is a factor affecting engraftment, is not critical. Despite 

the fact that twice as many cells were injected into the unirradiated recipients, no engraftment of 

donor cells occurred in them. On the other hand, with the same number of cells injected, donor 

chimerism differed significantly in the 6.5 Gy and 13 Gy groups, i.e., the radiation dose appears to be 

the dominant factor rather than the number of donor cells injected. 

This study opens the prospect of creating effective protocols for BM stroma transplantation and 

creating an alternative strategy of alloHSCT, the main stages of which may be: 1) induction therapy 

together with eradication therapy aimed at eliminating functionally defective and modified by 

leukemic cells stroma of the recipient; 2) transplantation of stroma from a donor to fully restore 

hematopoietic microenvironment; 3) transplantation of HSCs from the same donor to restore 

hematopoiesis. 

Despite the accumulating evidence of the potential benefits of allogeneic BM stroma 

transplantation, it is necessary to investigate all possible risks to the patient and to ensure appropriate 

conditions of safety and clinical efficacy. In particular, potential transplantation protocols will require 

approaches that result in significant damage and even eradication of the recipient's BM stroma. And 

if engraftment of the donor stromal component does not occur, there will be no HSCs engraftment 

due to the lack of necessary niches for them. This will result in extremely severe complications, 

prolonged recovery and even fatal outcomes for the patient. There is also a potential risk of such 

undesirable phenomena as osteogenesis disorder with formation of severe progressive bone loss. It 

is known that the introduction of MSCs into the systemic bloodstream is accompanied by a 

pronounced immunosuppressive effect, which is used in the treatment and prophylaxis of GVHD 

and autoimmune diseases [43,44]. Given the potential intensification of induction and consolidation 

protocols to achieve profound damage to the stromal component of the BM, the risk of increased 

incidence of infectious complications and associated mortality should be evaluated [45]. Relapse is 

one of the major problems after alloHSCT. Donor MSCs can not only exert antitumor function and 

replace tumor remodeled stroma with healthy microenvironment, but also re-enter the tumor 

microenvironment and maintain and stimulate malignant cells [46–49]. It is likely that the ability of a 
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tumor to recruit donor MSCs depends on the histological type of the tumor and its molecular 

characteristics. This is to be determined in further experiments.  

The engraftment efficiency of BM stromal progenitor cells is extremely low after their 

intravenous administration to unirradiated recipients with preserved stroma. Minor damage of the 

recipient's BM stroma by ionizing radiation does not increase the efficiency of engraftment of BM 

stromal cells. Successful engraftment of donor stromal progenitor cells requires prior damage to the 

recipient's BM stroma. BM stromal component transplantation is feasible and achievable. BM stromal 

transplantation has the potential to become part of an alternative strategy for the treatment of a 

variety of hematologic and orthopedic diseases associated with impaired function of MSCs and/or 

BM stroma, such as osteogenesis imperfecta, consisting of combined sequential transplantation of 

BM stroma and hematopoietic tissue.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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