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Summary

The hierarchy of stromal precursors is the focus of this research. It has been previously shown that transplantation of 
the bone marrow plug under the renal capsule of the syngeneic animal leads to the formation of the foci of ectopic 
hematopoiesis, where a stromal microenvironment is formed by the donor‘s mesenchymal stem cells (MSC). In the 
irradiated recipients such foci are 2-3 times larger than in non-irradiated foci due to „inducible“ precursors that are 
more differentiated than MSC. Along with the in vivo tests, the method of in vitro estimation of concentration of clono-
genic stromal precursors (CFU-F) is widely used. However, the hierarchical arrangement of the described precursors 
is still unclear. This study describes the alterations in the number of mentioned precursors in the ectopic hematopoietic 
foci formed in the irradiated recipients. CFU-F was shown to be the closest MSC progeny thus far, while „inducible“ 
precursor cells–stromal multipotent precursors–are at a lower position in the hierarchy and possibly enlarge the hema-
topoietic territory in the irradiated recipients directly.
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Introduction

Stromal cells of the hematopoietic microenvironment are the 
progeny of mesenchymal stem cells (MSC). MSC are non-
hematopoietic multipotent stem cells able to differentiate into 
different cells lines, such as osteoblasts, adipocytes, chondrocytes, 
fibroblasts, and other cell lines [1]. The ability to self-renew has 
not been proven for human MSC [2]; however, these cells are 
known to have high proliferative potential when cultured. Murine 
MSC are able to transfer a hematopoietic microenvironment in 
vivo at least 9 times, confirming their ability for self-maintenance 
[3]. Until now, the data about phenotypical markers of MSC has 
not been developed sufficiently [4], but MSC are able to express 
the number of non-specific markers [5]. It was shown recently 
that fibroblast activation protein perfectly identifies mesenchymal 
stromal cells [6]. The compartment of stromal precursor cells 
can be characterized by physiological methods according to 
the first 25 years of hematopoietic stem cells (HSC) research. 
Explantation of bone marrow cell suspension into culture flasks 
led to the development of discrete fibroblast-like colonies. 
Each colony represents a clone produced by single clonogenic 
precursor cells–colony-forming unit fibroblasts (CFU-F) [7]. 
CFU-F are of mesenchymal origin and do not develop from HSC 
[8,9]. CFU-F are heterogenic cell populations and some of them 
possess high proliferative potential; their ability to differentiate 

could be associated with MSC [10]. The transplantation of the 
pull of colonies into the organism leads to the development of 
different tissues, including bone and adipose tissues [11,12]. 
The comparison of CFU-F with MSC is questionable because 
CFU- F are able to differentiate inside the diffusion chambers after 
implantation to the organism, but it is not known whether they 
are able to transfer the full microenvironment or self-maintain. 
Recent data suggests that CD146+ CFU-F with high proliferative 
capacity, are able to transfer the microenvironment, but this can 
be applied only to rare cells in the bone marrow [13]. Moreover, 
human multipotent stromal cells readily form single-cell-derived 
colonies, which are heterogeneous because cells from a colony 
form new colonies that vary in size and differentiation potential 
[14]. Several growth factors influence the CFU-F growth, and 
four of them are necessary for CFU-F development: PDGF, 
bFGF, TGFβ and EGF [15]. The proliferative potential of CFU-F 
is not studied in detail, but it is known that most of the CFU-F in 
the organism are not cycling and remain in the “Go” phase [16]. 
However, CFU-F start to proliferate when transferred to cultures. 

The compartments of MSC and HSC have hierarchical structures. 
This is well known for HSC, but in the case of MSC it was 
discovered for the first time in experiments with ectopic foci 
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formation in vivo. At 6 weeks after implantation of the donor 
bone marrow plug under the renal capsule of the syngeneic 
recipient, ectopic hematopoietic foci developed at the site of 
transplantation. In such foci, stromal cells belong to the donor, 
and hematopoietic cells belong to the recipient. Multiple 
histological examinations during foci formation have revealed 
that the hematopoietic microenvironment was built de novo. The 
method of ectopic foci formation is not only qualitative, but also 
quantitative. The size of the hematopoietic territory is defined 
by the number of MSCs transplanted, and restricted accordingly 
to the number of niches transferred with the bone marrow plug; 
since the foci size is proportional to the amount of implanted 
bone marrow. It is possible to transfer the foci under the renal 
capsule of the secondary recipient. In this case foci again would 
be built de novo due to the presence of MSC. The foci sustain at 
least 9 re-transplantations that prove the high capability of MSC 
to self-renew [3]. The radio-sensitivity of MSC is much lower 
than that of HSC [17]. In summarizing this data it is possible to 
conclude that stromal precursor cells that are able to transfer the 
microenvironment are true stem cells and the method of ectopic 
foci formation allows the opportunity to estimate their numbers 
in bone marrow.

In irradiated recipients foci formed after the implantation of 
bone marrow plugs are enlarged 2-3 fold in comparison with foci 
developed in non-irradiated mice. However, the re-transplantation 
of these enlarged foci to non-irradiated recipients led to the 
formation of foci of normal size. Thus, in the enlarged foci the 
number of MSC do not increase, and the microenvironment created 
in the irradiated recipients is enlarged by cells other than MSC 
inducible precursor cells, which are not able to self-renew [18]. 
Such stromal multipotent precursor (SMP) cells have the position 
in the hierarchy of MSC similar to the position of the multipotent 
precursor in the hierarchy of HSC. The position of CFU-F in 
the hierarchy of MSC is unknown. It is possible to define it by 
studying the concentration of CFU-F in ectopic foci formed in 
non-irradiated and irradiated recipients. There are three possible 
variants for the irradiated recipients: the concentration of CFU-F 
could increase, decrease, or remain unchanged. We suppose that 
CFU-F could be considered to be the progeny of SMP in cases 
where their concentration in enlarged foci do not change and their 
numbers increase 2-3 fold according to the foci size. In cases of 
both decreased concentration and number of CFU-F in enlarged 
foci, it is possible to assume that these precursor cells with limited 
proliferative potential are used irreversibly to form SMP, thus 
CFU-F are located higher than SMP in the hierarchy of MSC and 
have the position directly before SMP. If the actual number of 
CFU-F in the enlarged foci do not change, one could conclude 
that there are precursors that do not take part in the formation 
of the microenvironment and represent special populations of 
stromal clonogenic cells.

The measurement of the concentration and number of CFU-F in 
ectopic foci in irradiated and non-irradiated recipients performed 
in this study defines the position of CFU-F immediately after MSC 
and before SMP in the hierarchy of mesenchymal stem cells.

Materials and methods

The hybrid mice (СВАхC57Bl/6) F1 at the age of 12-16 weeks 
at the beginning of the experiment were used. The animals were 

irradiated on the IPK 137Cs irradiator with a dose rate of 16 сGy/
min. For CFU-F analysis 106 bone marrow cells were seeded into 
the T25 flask in 5 ml αМЕМ (ICN) with 20% fetal bovine serum 
(Hyclone) and 5 ng/ml basic Fibroblast Growth Factor (bFGF) 
(donated by Gasparian M.E., Lab. of Protein engineering, IBC, 
RAS). Cells were cultivated for 14 days in 370С and 5% СО2.

Formed colonies were stained with 0.1% crystal violet on 20% 
methanol and counted under the inverted microscope (the colony 
was counted if it contained no less than 50 cells). 

For cloning of individual CFU-F, bone marrow cells were planted 
into a 96-well plate in concentrations from 30,000 to 50,000 of 
nucleated cells per well in standard media. In this cultivation 
system the most convenient concentration turned out to be 30,000 
cells per well (Table 1). In this assay the frequency of CFU-F was 
calculated by means of the Poisson equation: 

Clones from the wells containing single colonies were transferred 
into 24-well plates, then into 6-well plates, and finally into 
T25 flasks. For each procedure, the cells were washed with 
Versen solution and detached with 0.25% tripsin solution. The 
proliferative potential of CFU-F was estimated by their ability 
to form a confluent monolayer during sequential transfers from 
small to large available growth areas. The number of divisions 
performed by CFU-F progeny was evaluated by the assumption 
that the number of cells in the confluent monolayer increases 
proportionally to the growth area. For instance, the bottom 
square of the well in a 96-well plate is 0.32 cm2; 24-well, 1.88 
cm2; 6- well, 9.4 cm2; and a Т25 flask is 25 cm2. If the confluent 
monolayer is transferred from one well of a 96-well plate into one 
well of a 24-well plate, the size of available growth area increases 
6-fold; from a 24-well plate to a 6-well plate is 5-fold; and from a 
6-well plate into a T25 flask is 2.3-fold. One could calculate easily 
that in order to cover the bottom surface of one well of a 6-well 
plate the cells should be divided 5 times (counting from confluent 
monolayer of one well of a 96-well plate) and have to go through 
one more mitosis to reach the confluent monolayer in flask T25.

The method of ectopic foci formation has been described 
previously [18]. In brief, the bone marrow plug was implanted 
under the renal capsule of non-irradited or irradiated with the dose 
of 6-10 Gy syngeneic recipient mice. Hematopoiesis in animals 
irradiated with 10 Gy was carried out by the intravenous injection 
of syngeneic bone marrow cells (no less than 106 bone marrow 
cells per mouse). Six weeks later, the size of the developed ectopic 
foci was measured by the calculation of the number of nucleated 
cells inside the foci. The number of CFU-F in ectopic foci was 
measured by the standard method described above.

Table 1. Frequency of CFU-F in the bone marrow of mice

Cells 
per well

Number of 
negative 

wells

One  
clone

Two 
clones

More than 
2 clones 
per well

CFU-F 
frequency

30,000 22 30 6 2 1.0216

40,000 8 15 10 27 2.0402

50,000 1 8 1 50 4.1351
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Statistical analysis was performed using Student’s t-test.

Results and discussion

CFU-F is a heterogenic group of stromal precursor cells with 
different proliferative potential. The concentration of CFU-F 
per 106 bone marrow cells in non-irradiated and irradiated with 
6 Gy mice 1.5 to 3 months before the analysis does not differ 
significantly (68.4 ± 8.3 versus 80.6 ± 7.4 correspondingly). CFU-
F derived colonies from the bone marrow of non-irradiated and 
sub-lethally irradiated mice after cloning (seeding concentration 
30,000 cells per well of the 96-well plate) were sequentially re-
transplanted to 24- and 6- well plates, and subsequently to a T25 
flask (Fig. 1). Cells from only 30% of CFU-F derived colonies 
from non-irradiated mice and 6.25% from irradiated ones were 
able to undergo more than six rounds of mitosis. After irradiation, 
the proliferative potential of CFU-F decreased while their 
concentration in the bone marrow did not change. Precursor cells 
that survived the irradiation filled the concentration of CFU-F 
in the bone marrow that resulted in the exhaustion of precursors 
with high enough proliferative potential. On the contrary, after 
treatment of mice with different cytostatic agents the concentration 
of CFU-F in the bone marrow decreased dramatically, and even 
at 6 weeks after the end of treatment the concentration was not 
restored [19]. Taking into consideration that stromal cells are 
highly radio-resistant, one could suggest that CFU-F regenerate 
after irradiation much more efficiently than after cytostatics.
The implantation of confluent monolayers from 9 CFU-F derived 

colonies, grown in T25 flasks after sequential re-transplantations 
under the renal capsule of syngeneic recipients, resulted in no foci 
formation. Therefore, CFU-F derived cells are not able to transfer 
the hematopoietic microenvironment. Probably only the very rare 
CD146 positive CFU-F are able to proliferate and differentiate 
in vivo forming bone marrow hematopoietic microenvironment 
[13].

CFU-F in ectopic foci has not been characterized yet. The 

concentration of CFU-F in the ectopic foci turned out to be lower 
than in the bone marrow (Fig. 2А). The concentration of CFU-F 
in ectopic foci formed in irradiated recipients was reduced 20-fold 
in comparison with foci formed in non-irradiated recipients. As 
the size of the foci in irradiated recipients is enlarged significantly 
(Fig. 2B), the actual number of CFU-F in such foci is only 3-fold 
lower than in foci formed in non-irradiated recipients (Fig. 2C).
Thus, it is possible to suggest that the position of CFU-F in the 

hierarchy of MSC is higher than the position of SMP, but lower 
than MSC.

Stromal growth factor produced by bones of irradiated recipients 
induces the formation of enlarged foci and has been shown 
to persist in blood [20]. Addition of murine sera to CFU-F 
cultivation media increased their number [21]. However, addition 
of 2.5% of sera from irradiated mice to cultivation media for 
CFU-F decreased their number dramatically (Fig. 3). A high 

Figure 1. Proportion of CFU-F derived colonies from bone marrow 
of non-irradiated and irradiated mice which are able to grow to the 
confluent monolayer in different culture ware
Data are shown as the means (±SEM). 
Axis of abscissa: culture ware 
Axis of ordinate: percent of wells that reached confluence 

Figure 2. CFU-F in the ectopic foci formed in non-irradiated and 
irradiated recipients

А. Concentration of CFU-F in the ectopic foci and bone marrow of 
non-irradiated mice.
Data are shown as the means (±SEM). 
Axis of abscissa: group 
Axis of ordinate: number of CFU-F per 106 cells

B. The size of ectopic foci formed in non-irradiated and irradiated 
recipients.
Data are shown as the means (±SEM). 
Axis of abscissa: group 
Axis of ordinate: number of nucleated cells in the foci, х 106
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number of separate cells that were not producing clones could 
be seen on the flask bottom, which is atypical for the method and 
the mode of CFU-F growth. One could suggest several causes 
for the decreasing CFU-F number in the presence of sera from 
irradiated mice. It is impossible to neglect the difficulties in CFU-
F against the background of a multitude of separate cells revealed 
after the addition of sera from irradiated mice. On the other hand, 
stromal growth factor from this serum obviously stimulated the 
differentiation of CFU-F progeny, as if inducing hematopoietic 
territory as it happens in vivo during the development of 
hematopoietic ectopic foci in irradiated recipients. The in vitro 
decrease of CFU-F concentration in this case is also analogous 
to the results obtained in vivo. Therefore, the data concerning 
the effect of the addition of sera from irradiated mice on CFU-F 
growth also supports the proposed positions of SMP and CFU-F 
in the hierarchy of MSC.

Analysis of the total data positioned CFU-F in the hierarchy of 
stromal precursor cells (Fig. 4). These heterogenic groups are 
not able to self-renew, but their high proliferative potential is the 
result of being the progeny of MSC. SMP, stimulated by stromal 
growth factor, enlarges the hematopoietic territory in irradiated 

recipients and takes place at a lower position than CFU-F. There is 
still a lot of research that needs to be done regarding the hierarchy 
of MSC.
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Иерархия мезенхимных стволовых клеток

Шипунова (Нифонтова) И.Н., Свинарева Д.А., Чертков И.Л., Дризе Н.И.

Резюме

В работе изучали иерархию стромальных предшественников. Известно, что при переносе 
костномозгового цилиндра под капсулу почки сингенных мышей очаг эктопического кроветворения 
образуется за счет мезенхимных стволовых клеток (МСК) донора. У облученных реципиентов 
образуется очаг в 2-3 раза большего размера за счет «индуцибельных» предшественников, более 
дифференцированных по сравнению с МСК. Наряду с упомянутыми тестами in vivo, широко 
применяется метод оценки концентрации клоногенных стромальных предшественников в культуре 
(колониеобразующих единиц фибробластных, КОЕф). Однако, взаимное расположение описанных 
клеток-предшественников в иерархии стромальных стволовых клеток неясно. В работе было 
проанализировано изменение количества указанных предшественников в очагах, образующихся 
у облученных реципиентов. Показано, что КОЕф являются самыми близкими из известных на 
сегодняшний день потомками МСК, а «индуцибельные» предшественники – мультипотентные 
стромальные предшественники находятся ниже в иерархии и являются клетками, непосредственно 
увеличивающими размер кроветворной территории в облученных реципиентах. 

Ключевые слова: мезенхимные стволовые клетки (МСК), колониеобразующие единицы 
фибробластные (КОЕф), очаг эктопического кроветворения, длительная культура костного мозга, 
иерархия предшественников


