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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.

Keywords: mesenchymal stem cells (MSC), colony forming units- fibroblasts (CFU-F), hematopoietic ectopic foci,
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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
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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: PDGEF,
bFGF, TGFp 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



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 (CBAXC57BI1/6) F1 at the age of 12-16 weeks
at the beginning of the experiment were used. The animals were

irradiated on the IPK *’Cs irradiator with a dose rate of 16 cGy/
min. For CFU-F analysis 10° bone marrow cells were seeded into
the T25 flask in 5 ml aMEM (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 37°C and 5% CO,,.

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:

number of negative(empty) wells

Frequency of CFU-F = —In -
. total number of seeded wells

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

Cells Number of | One Two | More than CFU-F
per well negative | clone | clones | 2 clones frequency
wells per well
30,000 22 30 6 2 1.0216
40,000 8 15 10 27 2.0402

50,000 1 8 1 50 4.1351

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 cm? 24-well, 1.88
cm?; 6-well, 9.4 cm?; and a T25 flask is 25 cm?. 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 10° 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.
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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 10° 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

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).
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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
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concentration of CFU-F in the ectopic foci turned out to be lower
than in the bone marrow (Fig. 2A). 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

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

A. Concentration of CFU-F in the ectopic foci and bone marrow of
non-irradiated mice.

Data are shown as the means (+SEM).
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B. The size of ectopic foci formed in non-irradiated and irradiated
recipients.

Data are shown as the means (+SEM).
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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



C. CFU-F number in the ectopic foci.
Data are shown as the means (+SEM).
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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

Figure 3. Effect of sera from non-irradiated and irradiated mice on the
number of CFU-F.

Data are shown as the means (+SEM).
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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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I/Iepapxnﬂ ME3CHXMMHBIX CTBOJIOBBIX KJIECTOK

HIunynosa (Hudonrosa) U.H., Ceunapesna JI.A., YepTrros U.JIL., [{puze H.HN.

Pe3rome

B pabore wu3yuanum HEpapxui0 CTPOMAIBHBIX MPENIIECTBEHHUKOB. M3BECTHO, 4YTO IpH MepeHoce
KOCTHOMO3TOBOT'O [IUJIMHJIPA MMOJ] KATICYJTy TOYKH CHHIEHHBIX MBITIEH 0Yar 3KTOMUYECKOr0 KPOBETBOPCHUS
oOpasyeTcst 3a c4eT ME3eHXMMHBIX CTBOJIOBBIX KieTok (MCK) noHopa. YV 00ayueHHBIX PELUIIMEHTOB
oOpa3yeTcst ouar B 2-3 pa3a OOibIIETo pazMepa 3a CYET «HMHAYLUUOETBHBIX» MPEAIIECTBEHHUKOB, Oojee
muddepennrpoBanabix Mo cpaBHeHnio ¢ MCK. Hapsiay ¢ ynmoMsHYTBIMH TecTaMH in Vivo, IIHPOKO
MPUMEHSIETCS METOJT OIIEHKH KOHIIEHTPAI[UU KJIIOHOTEHHBIX CTPOMAJIBHBIX MPEIIIECTBEHHUKOB B KYJIBTYPE
(xomoHmneoOpaszyromux enuauI] GudpodaactHex, KOEd). OgHako, B3auMHOE pacIoioKeHHUE OIMMCAHHBIX
KJICTOK-TPEIICCTBEHHUKOB B HEpPapXHH CTPOMAJbHBIX CTBOJIOBBIX KIJIETOK HescHO. B pabote ObLIO
IpPOaHAIM3UPOBAHO U3MEHEHHE KOJIMYECTBA YKAa3aHHBIX MPEAIICCTBEHHUKOB B O4arax, oOpa3yIOIHuXcs
y obnydeHHBIX penunueHToB. [lokazano, uto KOE¢ sBhstorcss caMbpIMu ONM3KMMHU M3 M3BECTHBIX Ha
cerogHsmHUA Jeab nmoromkamMu MCK, a «MHAynuOenbHbie» MPEIIIeCTBEHHHKH — MYJIBTHIIOTCHTHBIC
CTPOMAaJIbHBIC TIPEAIIECTBEHHUKH HAXO/STCS HUXKE B USPAPXHUH U SIBISIFOTCSI KJIETKAMU, HEMIOCPEACTBEHHO
YBEIMYUBAIONIMMHE Pa3Mep KPOBETBOPHOI TEPPUTOPHH B OOYUCHHBIX PEIIUITHECHTAX.

KuamoueBbie cJioBa:

Me3eHXMMHbIe CTBOJOBBIe KieTkun (MCK),

KOJIOHHEOOpa3yIOIIHe CIUHUIIBI

¢udpoodnactusie (KOEd), oyar skTOnM4ecKkoro KpoBETBOPEHU S, JUIUTEIbHAsI KyJIbTypa KOCTHOI'O MO3Ta,

uepapxust NpeIeCTBEHHUKOB
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