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Abstract

The manuscript summarizes the works of Prof. Joseph Chertkov that are dedicated to precursor cells in the hema-
topoietic stromal microenvironment. Unique functional analysis was used in these investigations. The properties of
stem cells in the hematopoietic microenvironment such as self-renewal capacity and the ability to differentiate into all
stromal lineages are described. The hierarchical structure of stromal precursor cells compartment is proposed. Some
elements of the regulatory pathways of stromal precursor cells are described. This compilation reflects the importance
of Prof. Chertkov’s contribution to the investigation of stromal precursor cells and hematopoiesis.

Keywords: stromal microenvironment, mesenchymal stem cells, inducible stromal precursor cells, ectopic hemato-

poietic foci, long-term bone marrow culture

Introduction

Prof. J. L. Chertkov (1927-2009) devoted most of his efforts to un-
derstanding the mechanisms of hematopoiesis. He was interested
in the developmental fate of hematopoietic stem cells (HSC), and
the result of his investigations became the theory of clonal suc-
cession of HSC, which was published in several papers [1-4]. The
data showed that long-term hematopoiesis is maintained by a lar-
ge number of simultaneously functioning small, short-lived (1 to
3 months) clones that usually grow locally with little or no disper-
sion between different regions of the hematopoietic system. Only
10% of clones are long-lived and can function during the whole
life of the animal. Furthermore, clones that disappear are never
detected again. The data suggests that normal hematopoiesis is
supported by the sequential recruitment of marrow repopulating
cells into a differentiation mode.

In the mid 1970s, together with A. J. Friedenstein, Joseph Chert-
kov laid the foundation for experimentation into the differences
between HSC and precursor cells in the hematopoietic microen-
vironment. He postulated that an understanding of the interrela-
tionship between the stem cells of hematopoiesis and regulatory
stromal microenvironment is necessary for an investigation of the
process of hematopoiesis. To analyze the stromal precursor cells
J. L. Chertkov used a functional assay where the microenviron-
ment is addressed as the territory where hematopoiesis takes place

and therefore could be estimated by the number of hematopoi-
etic cells maintained on it. The method of ectopic hematopoietic
foci formation provides a separate hematopoietic territory built de
novo via special stromal precursor cells. Cells capable of trans-
ferring the hematopoietic microenvironment were referred to by
Chertkov as hematopoietic microenvironment-transferring units
(HMTU) [5].

In 1991 A. Caplan defined stem cells capable of giving rise to
skeletal tissues — cartilage, bone, tendon, ligament, marrow stro-
ma, and connective tissue — as mesenchymal stem cells (MSC)
[6]. The term MSC was used in the fields of cytotherapy and tis-
sue engineering widely and not always correctly; therefore the
International Society of Cellular Therapy postulated the use of
the term MSC only for cells that fulfilled the stem cell criteria:
multipotentiality and self-renewal [7]. All works of Prof. Chert-
kov clearly demonstrate that HMTU and MSC are synonyms.
Therefore we will use the term MSC for cells described by J. L.
Chertkov as HMTU.

The compilation of the works by J. L. Chertkov characterizes
MSCs both quantitatively and qualitatively, based on their func-
tional properties. MSCs were shown to have a high proliferative
potential, to be able to develop multilineage progeny, and form a
fully functional hematopoietic microenvironment. The compart-
ment of stromal precursor cells was shown to have a hierarchical
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structure, and inducible precursor cells were characterized. The
radiosensitivity of MSCs and their progeny was estimated and it
was then possible to calculate the direct number of MSC in the
murine femur.

Materials and Methods
Mice

Female and male C57BL/6 (B6), CBA, CBAT6T6, (CBAx-
C57BL/6) F, hybrid (CB), and (CBAT6T6xC57BL/6) F hybrid
(CBT) mice 8-25 wks of age at the beginning of the study were
used. Care was taken that the groups to be compared originated
from the same batch of animals housed under the same conditions.

Irradiation of mice

In some of the experiments the recipient mice were irradiated
with 400 or 700 rad from a *’Cs IPK irradiator 3 to 4 hrs before
bone marrow (BM) implantation. Both doses produced the same
effect on the size of the ectopic foci. The irradiator consisted of
four *7Cs sources set in a quadrilateral arrangement about the site
of exposure.

In order to obtain blood sera containing stroma-stimulating acti-
vity, the mice were irradiated with 612 Gy (in the latter case the
protective dose of BM cells was injected i.v.).

Bone marrow irradiation

In the case of an in vivo irradiation the mice were irradiated and
sacrificed immediately thereafter. The femurs were removed and
stored on ice until transplantation. For in vitro irradiation the fe-
murs were exposed either to y-rays from an IPK irradiator with
the absorbed dose rate of 500 rad/min or to fast neutrons genera-
ted by the Obninsk BR-10 research reactor. The mean energy of
fast neutrons was 0.85MeV, the power of the tissue Kerma 128
rad/min, and the ratio of neutron to y-ray doses at the point of
exposure of the bones was approximately 20:1. The y-ray compo-
nent was ignored in calculating the dose-response curves, and all
neutron doses represent the rad dose of the neutron component.
In all experiments, the period between bone resection and the im-
plantation of the bone marrow did not exceed 5 hrs. The sequence
of implantation of femurs exposed to various doses was always
randomized.

Chimeras

The mice were exposed to 12—13 Gy and reconstituted with syn-
geneic or allogeneic BM in doses indicated in the corresponding
part of the text. In general, 1/3—1/4 of the femoral equivalent was
injected (standard chimeras). Secondary chimeras were obtained
when irradiated recipients were reconstituted with hematopoietic
cells of standard chimeras; the cells were collected no earlier than
2 months after the creation of the standard chimeras. Tertiary chi-
meras were obtained when the irradiated recipients were recon-
stituted with hematopoietic cells of secondary chimeras; the cells
were also collected no earlier than 2 months after the creation
of the secondary chimeras. Double chimeras were obtained when
the standard chimeras were exposed to a dose of 12-13 Gy 2-5
months after creation of the chimera, and reconstituted with he-
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matopoietic cells of normal mice. The stromal precursors were
studied 3—9 months after creation of the chimeras.

Bone marrow or adherent cell layer implantation

Implantation was performed under the renal capsule of anesthe-
tized mice. The femurs were freed of muscle, the epiphyses cut
away, and the bones stored on ice until used. The BM was pressed
out of the femur with a stylet or thick needle with a blunt end. In
anesthetized mice a small tear was made in the renal capsule and
a bone marrow plug or adherent cell layer (ACL) from long-term
bone marrow culture placed under it with a small spatula. The
ACL was removed from the flask bottom with a rubber police-
man and implanted under the renal capsule without conversion to
a single-cell suspension. In cases of ectopic foci reimplantation
the whole focus was removed from the kidney and implanted un-
der the renal capsule of the recipient. In cases where suspended
BM was implanted, the 0.5 ml of suspension (made by repeated
passage through a 23-gauge needle) containing 1-2x107 cells was
precipitated via centrifugation onto a Millipore HA filter (0.45 mi-
cron). The filter was folded so that the cells were inside it and then
was transplanted under the renal capsule of the recipient mice.
The size of the foci produced was determined after 1-1.5 months
by counting the number of nucleated hematopoietic cells in them.
The ossicle containing BM was removed from the kidney, and the
cells were scraped off the bone with a scalpel into medium 199
or a-MEM and prepared as a single cell suspension by passing
it repeatedly through a syringe fitted with a 21-gauge needle. In
some experiments the cellularity of the foci was determined in
the pool of all foci in each group; consequently, the standard error
cannot be calculated. In general the error in such experiments was
about 20%.

Bone marrow ablation

After anesthesia, a small incision was made over the knee joint,
and the medullary cavity of the femur was entered and curetted
using a dental root-canal broach. This was followed by the inser-
tion of a 23-gauge needle into the medullary cavity of the curetted
femur, which was then irrigated vigorously with 1 ml of medium
199.

Determination of the proliferative activity of stromal precur-
sors in vivo

The S-phase specific cytostatic compound methotrexate (MTX)
was injected intraperitoneally in a single dose of 0.25 mg/g. This
dose of MTX was lethal and therefore 4 hrs after its injection the
bone marrow or ectopic site was transferred into a normal reci-
pient.

Long-term bone marrow culture

The marrow cells or the cells of an ectopic hematopoietic focus
were cultivated by the method described by Dexter et al. [8]. The
cells were flushed out with 10 ml of complete medium into a
25cm? flask without converting them to a single-cell suspension.
In the case of cultivation of suspended BM cells, 1 femur was
suspended by repeated passage through a 21-gauge needle and
then seeded onto the 25cm? flask. When cultivated in a 24-well
plate, 2 femurs were explanted per plate, also without conversion



into a single-cell suspension. Fisher medium supplemented with
L-glutamine, antibiotics (all Flow Labs), 25% serum (2:1, horse:
fetal calf sera, Gibco and Flow Labs) and 10°M hydrocortisone
sodium hemisuccinate (Sigma) were used. The culture was kept
at 33°C and 5% of CO, with weekly replacement of 50% of the
medium.

The “wound” was performed by scraping 1/2of the adherent cell
layer (ACL) with the rubber policeman.

Determination of the proliferative activity of stromal precur-
sors in vitro

Hydroxyurea was added to a long-term bone marrow culture (LT-
BMC) at the concentration of 13mM (1mg/ml) for periods from 2
hr to 7 days. To stop the function of hydroxyurea the ACLs were
washed 3 times with 5 ml of medium 199 with 2% of FCS.

Cytokine treatment

Cytokines (recombinant rat SCF (Amgen) and recombinant hu-
man G-CSF (Neupogen 48, Amgen)) were dissolved into the 0.9%
NaCl solution with 0.1% of BSA and injected once a day under
the skin for 6, 10, or 17 days. G-CSF was used at the concentrati-
on of 250 mkg/kg, and SCF at 34 mkg/kg. The control group was
injected with 0.9% NaCl solution with 0.1% of BSA only. Twenty
hours or 1 month after the last injection, BM from the femurs of
the control and cytokine-treated mice was implanted under the
renal capsule of the syngeneic mice. In order to define the effect
of G-CSF on foci formation the mice were implanted with the
syngeneic BM 1 day before beginning the G-CSF courses, which
lasted 10 or 17 days.

Sera from irradiated mice

Blood was obtained from the femoral vein not earlier than 1 week
after the irradiation. After the clot retraction sera were centrifuged
(3000 rpm), supernatant was sterilized by filtration through 0.22
um filters.

Analysis of various organs of irradiated mice for stroma-sti-
mulating activity

Bone marrow, thymus, bones, liver, and spleen of irradiated mice
were implanted into intact mice under the skin or renal capsule.
Suspended spleen cells were injected intravenously to the mice
previously treated with heparin (50 U/mouse). Intact BM was im-
planted simultaneously under the renal capsule of these mice.

Karyotype analysis

The origin of the hematopoietic cells in the focus was determined
according to the presence or absence of Y-chromosomes, using
the G-banding technique.

Histology

The kidneys were removed and fixed in Carnoy’s solution, decal-
cified, embedded in paraffin and cut into series of 5 um sections.
The preparations were stained with Pappenheim, Giemsa, and
hematoxylin-eosin stains.

Statistics

The radiosensitivity curves were fitted to the data via linear re-
gression analysis, from which the D s, standard errors, and extra-
polation numbers were calculated. The concentration of MSC in
the femur was calculated using Poisson’s distribution. When not
otherwise noted, the data were analyzed with Student’s t-test.

Results and Discussion

Methods of in vitro and in vivo mesenchymal stem cells ana-
lysis

In the case of bone marrow (BM) implantation under the renal
capsule of the syngeneic animal, the hematopoietic cells leave the
graft, whereas the stromal precursors form the new hematopoi-
etic stroma, which is then repopulated by host cells [9,10]. The
same processes take place after implantation of an adherent cell
layer from 3—4 wk bone marrow cultures. The beginning of ves-
sel formation was evident by 12 h after implantation. The blood
supply to the implant was established 2448 h after implantati-
on. Characteristic connective tissue lacunae form, and clusters of
connective tissue cells were seen from day 4-5, as well as strands
of fibroblasts and sometimes the beginning of cartilage develop-
ment, which was replaced by osteogenesis. By day 6 the implant
on the side toward the kidney contained many dead cells with
pyknotic nuclei, many erythrocytes, and colonies of hemopoietic
cells with blasts cells in the center. On the top and sides of the
implant cancellous bone formation was observed. Within the foci
there were individual osteoblasts in broad cavities with develo-
ping bone trabeculae around them. Osteogenesis was very inten-
sive and 1-2 days later large areas of de novo formed bone could
be observed. After 11 days, the typical bone marrow structures
such as sinusoids, adipocytes, and areas of hemopoietic cells of
different lines of differentiation were represented, and by the end
of the second week a well-developed ectopic hemopoietic foci
was created [11].

Polymorphic hemopoiesis is maintained for many weeks in long-
term cultures of adult mouse bone marrow, and all the main cate-
gories of hematopoietic cell precursors, hematopoietic stem cells
among others, are identified. Such cultures are characterized by
the formation of an adherent cell layer (ACL) of a complex com-
position containing fibroblastoid cells, giant adipocytes, endothe-
lial cells, and macrophages. The ACL acts as the hematopoietic
microenvironment necessary for support of proliferation and dif-
ferentiation of the hematopoietic cells. It is natural, therefore, to
assume that the microenvironment is created by the same precur-
sors as in culture and in vivo, i.e., MSCs capable of transferring
the hematopoietic environment and creating ectopic hematopoi-
etic foci upon transplantation.

The transplantation of ACLs from 3—4-week-old cultures of syn-
geneic animals led to the creation of ectopic foci with the size of
the foci formed from a fresh bone marrow plug (5-15x10° nu-
cleated cells). Hematopoietic cells of all differentiation lineages
were seen in the foci. The relative CFU-S content was the same
as that in the bone marrow (11.4+3.4 per 10° cells) and did not
differ from that in the foci produced from bone marrow plug [12].
Thus, cultivation in the long-term culture did not affect stromal
precursor dramatically.
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The importance of intercellular contacts for appropriate MSC
function

Importantly, the bone marrow plug (or cells from long-term bone
marrow culture) should be implanted under the renal capsule as
a whole, while carefully avoiding converting it into a suspensi-
on. Implantation of cells as a suspension under the renal capsule
means that no ectopic hematopoietic foci form [13] (for example
with cells from long-term bone marrow cultures see Table 1).
Simultaneous i.v. injection of bone marrow cells to donors did not
affect the size of the foci formed from either irradiated donors,
or donors with previously curetted bone marrow; meaning that
mesenchymal stem cell (MSCs) numbers in the femurs were not
affected by the injected cells [14].

One of the most important factors providing for the formation
of a full-grown hematopoietic microenvironment in vitro is the
explantation of the BM as a whole, or in fragments, but not as a
suspension [8]. When the BM is seeded as a suspension, cells do
not form the complex stromal layer; on the contrary, cells form a
thin monolayer with fibroblast colonies. No hematopoiesis is ob-

served in such layers. Therefore the dissociation of bone marrow
cells changes their differentiation potential. Stromal progenitors
do not fulfill the variety of cellular differentiations leading to the
formation of complex structures of a hematopoietic microenvi-
ronment in culture. Thus, the intercellular connections are of most
importance for the preserving of the MSC'’s features.

When explanted in fragments, bone marrow stromal cells, initially
occupying a tiny part of the cultivation flask, built hematopoietic
stromal structures on the whole flask surface. During this process
they do not lose (or constantly renew) essential intercellular con-
tacts. In order to find out whether this ability is present in the cells
from a completely formed cell layer a “wound” was inflicted on the
3-week-old ACL. One week later fibroblastoid cells were obser-
ved only rarely on the wound site. No complex ACL was formed.
Completely different results were obtained when the “wound” was
inflicted on a 1-week-old cell layer, it being in the formation pro-
cess. One week later the wound site was covered with typical for
ACL stromal cells so tightly that it was hardly definable. The ACL
regenerated not only morphologically but also functionally as was
demonstrated by the ectopic foci formation (Table 2).

Ne of Method of Culture age, | Number of cul- | Foci size, x10° Thus, the intercellular contacts are of
experiment [ implantation weeks tures implanted cells hlghest importance fpr the §tromal pro-
1 Suspension 7 1 0 genitors’ differentiation during the pro-
cesses of building the hematopoietic mi-

2 Suspension 5 2 0 croenvironment. Stromal progenitor cells
Fragments 5 2 9.3 are able to keep the intercellular contacts

3 Suspension 4 2 0 while forming the microenvironment in
Fragments 7 > 30 vitro, and lose this ability when the func-

. tional adherent cell layer is formed [13].

Table 1: Transfer of hematopoietic microenvironment via cultures of bone marrow either in fragments

or in cell suspension

The origin of stromal and hematopoietic

cells in chimeras and the ectopic foci

Discriminant analysis showed that only

ACL Number of cultures Foci size, x10° cells
Intact Part 4 3.8
Regenerated part 4

1.2 MSCs of recipient origin are present in

week of cultivation)

Table 2: Size of the foci formed by intact 3-week-old or regenerated ACL (ACL was wounded after 1

chimera bone marrow 6 and 12 months
after irradiation and injection of hemato-
poietic cells (3-5x10°) (Table 3).

Table 3: Discriminant analysis of hemopoietic stromal progenitor origin in B6-in-CBF chimeras

Time after Number of Recipient of im- Foci formed/
irradiation, chimeras tested planted chimeric | number of implants | ...~ o implanted to non-irra-
months bone marrow diated mice of the donor strain (B6) was
6 3 B6 0/2 always rejected, and the hematopoietic
CBF 4/4 microenvironment could only be trans-
12 18 B6 0/16 feqed to the recipient strain (CBF) [14.].
This means, firstly, that stromal cells in
CBF 20/20 the ectopic hematopoietic foci are of

BM donor origin, and secondly, that BM
stromal cells injected intravenously for

Donor Recipient | Cells per focus, | Donor/recipient Foci formed/ the reconstitution of hematopoiesis after
x10° metaphases number of irradiation did not engraft bone marrow
implants stroma of chimeras.

B6 female B6 male 24 .4 0/100 2/2
B6 female | B6 male 15.7 0/45 1/2 Ehé hematoiaoieftic cells in the ectopic
B6 formale B6 male ™ /20 2 oci were only o rempu?nt origin, as was
shown after implantation of adherent
B6 female B6 male 13.5 0/60 12 cells from B6 female bone marrow cul-
B6 female B6 male 5.8 0/7 1/2 tures under the renal capsule of B6 males

Table 4: The origin of hematopoietic cells in ectopic hemopoietic foci produced by adherent cell layer

from long-term bone marrow culture
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(Table 4). The origin of hematopoietic
cells in the focus was determined accor-



ding to the presence or absence of a Y-chromosome [11].

The results show that stromal progenitors capable of hematopoietic
microenvironment transfer cannot be transplanted i.v., and do not take
part in MSC regeneration after irradiation. On implantation of BM of
intact mice or adherent cell layer from bone marrow cultures under the
renal capsule, ectopic hematopoietic foci form, in which the hemato-
poietic cells belong to the recipient while the stroma is of donor origin.

In order to investigate the origin of stromal cells in ACL, LTBMCs
had been established from B6-in-CBF 1chimeras, and when stable
ACLs had been formed they were carefully scraped as a whole
and implanted under the renal capsule in both B6 and CBF1 reci-
pients. This discriminant analysis showed that ACL implantation
produced ectopic foci only in the recipient line (CBF1) (Table 5).

Thus, MSCs in the ACLs from long-term bone marrow cultures of
chimeras are only of recipient origin [14].

Linear interdependency between the foci size and amount of
MSCs implanted

Various amounts of medullary tissue ranging from 1/4 to 4 femo-

ral bone marrow plugs were transplanted and the hematopoietic
cells were counted in the foci formed 1 month later. The results
are shown in Table 6, where it can be seen that despite the small
number of implants (3—7), the number of nucleated cells on the
whole showed a linear relation with the size of the implanted bone
marrow fragment. The correlation coefficient (r) was 0.97+0.014
and the extrapolation number 4.68x107 [5].

In summary, stromal cells implanted under the renal capsule of
syngeneic animal form a hematopoietic microenvironment only
if MSCs are preserved among them, and the size of these hema-
topoietic foci depends solely on the number of MSC among im-
planted stromal cells. These results allow MSC to be studied on
this model.

The size of ectopic foci is proportional to the amount of ACL
implanted. ACL taken from the half of the flask bottom produ-
ces a focus that is approximately half that formed by ACL coll-
ected from the whole surface of the culture flask: 35.6x10° and
58.1x10° nucleated cells, respectively (correlation coefficient is
0.996+0.005) [12].

When transplanted under the renal capsule of a syngeneic reci-
pient, ACL of cultures of a single femur

Time after Number of Recipient of Foci formed/ creates a focus approximately the size of
irradiation, chimeras tested implanted ACL | number of implants | 5 focus formed in implantation of bone
months marrow freshly isolated from a single fe-
12 4 B6 0/4 mur. This coincidence suggests that the
CBF1 4/4 content of stroma precursors in the cul-

(ACL) of long-term bone marrow cultures of B6-in-CBF1 chimeras

Table 5: Discriminant analysis of hematopoietic stromal progenitors originating in adherent cell layer

ture corresponds to the explanted bone
marrow dose but not to other factors, for
instance, the surface of the flask bottom.

Table 6: The influence of ectopic marrow implant size on hematopoietic cell number in the foci formed

Experi- Size of implant Number of implants | Hematopoietic cells/ | I view of this, the size of foci produced
ment Ne (femoral marrow focus (x10°) by ACL from 4—6-week—olq cultures of
plug equivalent) 1/2, 1 and 2 femurs was studied (Table 7).
1
! /A > 25 The size of the foci was linearly asso-
1 p) 4.7 ciated with the dose of the implanted
2 Ya 5 2.6 bone marrow (correlation coefficient
v 7 34 0.999+0.001) [12].
1 6 10.0 Kinetics of stromal precursor cell proli-
3 Va 3 3.8 feration in vitro and during ectopic foci
1 4 8.1 formation
4 1 5 16.5
The time-course of the stromal precursor
2 4 30.3 . .
repopulation during the process of a crea-
4 3 68.0 ting a site of ectopic hematopoiesis was
5 Ya 3 68.0 also studied. In the first 6 hrs after im-
, 10 79 plantation the number of transplantable
1 9 08 stromal precursors reduced appreciably,
. reaching the nadir by the end of the first

day (about 20% of the number implan-

ted). Thereafter, there was a phase of re-
generation and stromal precursors reco-
vered up to the initial level in 3 weeks.

The sensitivity of the stromal precursors

4 to the cytostatics is in good agreement

Bone marrow plated per Foci formed/Number of | Ectopic foci size, x10° cells
flask (femur equivalent) implants

Y2 5/7 1.7

1 10/13

2 9/10 8.3

with such kinetics. Normally the stromal

Table 7: Correlation between bone marrow dose plated in LTBMC and the size of the ectopic foci

formed

precursors do not actually show prolife-
rative activity, which is seen from their
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insensitivity to MTX. Twenty-four hours after implantation their
proliferative activity remains low. During the next 24 hrs the pre-
cursors are triggered into the cell cycle synchronously. At this
time up to two-thirds of the stromal precursors are killed by the
cytostatics. High sensitivity to the cytostatics is observed at 3—4
and 9-10 days after implantation, but not 5-6 days after. It is not
clear whether these fluctuations are incidental, or if they are rela-
ted to the movement of the partially synchronized cell population
through the cell cycle. Three weeks later, i.e., when the number
of stromal precursors had recovered, their proliferative activity
decreased to the initial low level, and remained on that level [15].

Stromal precursors also proliferate during the formation of the
adherent cell layer in the LTBMC. Considering the fact that hy-
droxyurea affects precursors from day 2 until day 11, it seems that
these cells change their proliferative status slowly, for more than
24 hours. Thus, both the implantation of BM in vivo, leading to
the building of a new hematopoietic microenvironment and he-
matopoietic foci formation, and the explantation of BM in vitro,
leading to the building of a hematopoietic microenvironment in
the form of an adherent cell layer in LTBMC, are accompanied by
identical changes in the proliferative status of stromal precursors.
In the first 24 hours after the transfer they remain at mitotic rest,
then, during the next 2 days they mobilize into the cell cycle sub-
stantially and synchronically. For the next 2 weeks they are highly

active in proliferation. Afterwards, despite continuous growth of
ectopic foci or ACLs, the stromal precursors do not proliferate.
This is reflected in the absence of increase in the number of stro-
mal precursors both in vivo and in vitro after 3 weeks of formation
of the microenvironment.

Characteristics of stromal progenitors in vivo and in vitro

De novo formation of a stromal microenvironment after the im-
plantation of MSC under the renal capsule

In bone marrow implantation the hematopoietic cells leave the
graft, whereas the stromal precursors form a new hematopoietic
stroma, which is then repopulated by host cells. The cellularity
of the hematopoietic focus is proportional to the initial implant
size, i.e., to the content of the stromal precursors in it. On retrans-
plantation of the intact ectopic site, hemopoietic cells again leave
the implant, as they do after the primary implantation of the bone
marrow plug. Twenty-four hours after retransplantation no more

than about 3% of the CFU-S remain in the focus (Table 8) [15].

The replacement of the hematopoietic cells by the recipient cells

in the retransplanted focus was also confirmed karyologically

[16]. Hence, it appears that when the formed site of ectopic hema-

topoiesis is retransplanted, the hematopoietic microenvironment
is created de novo.

Time after retrans- Number of Cellularity of CFU-S per
plantation, days implants ectopic foci, x10° ectopic foci Self-renewal ability of MSC
Before 5 12.1 38424545 .

The results permitted the study of the ca-
1 6 33 107+16 pacity of MSCs for repeated formation of
4 6 1.8 148+18 ectopic foci. Nine passages failed to pro-
7 5 4.5 641490 duce any reduction in size of the newly

10 6 79 1501329 formed hematopoietic foci (Table 9).
;I';l:el:re]SSp:IaCnt-:;!LtJiI;:ity and CFU-S content of an ectopic site of hematopoiesis as a function of time after During the serial transfer of the ectopic
hematopoietic tissue without ossicles, a
Transfer number Cells in the foci, x106 o complete loss of the ability to form the
1 125 hematopoietic focus was already apparent at the third passage.
. In this case no more than half of the stromal precursors remained
2 17.2 on the ossicle (when the bone marrow is pressed out of the femur
3 20.6 only 10-15% of the stroma precursors remain on the bone), which
4 213 was verified by separate implantation of the ossicle and hemato-

5 79 poietic tissue from focus [15].

6 19.8 The self-maintenance ability of the stromal precursors was also
7 35.2 studied in a model in which the medullary cavity was repeatedly
g 24.7 curetted. Four successive curettages were carried out, and in each
9 115 over 90% of the stromal precursors were washed out of the femur.
. After each curettage, the complement of stromal precursors reco-

Table 9: Cellularity of ectopic bone marrow foci on repeated transplan-
tation

vered over 1-1.5 months up to 50-60% of the initial and after the
fourth curettage up to 20%. Subsequent

curettages proved impossible because the

Experi- Intermediate recipients Final recipients whole medullary cavity was filled with
ment Ne
newly formed bone [15].
Foci/number of | Cellularity, x10° | Foci/number of | Cellularity, x10°
implants implants The capacity for self-maintenance of
1 4/4 12.1 4/4 1.8 stromal precursors from cultures was
2 3/4 2.9 3/3 0.6 studied by repeated transfer of ectopic

Table 10: Self-maintenance ability of hematopoietic stromal precursors from long-term bone marrow

cultures
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hemopoietic foci created by them in in-
termediate to final recipients (Table 10).



The self-maintenance of MSCs from LTBMC proved to be low
and the size of the secondary foci was 10—15% of that of foci in
the intermediate recipients [11]. Thus, MSCs are maintained in
LTBMC and are capable of creating a hematopoietic microenvi-
ronment on transplantation. However, self-maintenance of these
precursors from LTBMC is essentially diminished.

The data obtained have demonstrated a high ability of self-main-
tenance of the cells transferring the hematopoietic microenvi-
ronment. Twenty-four hours after BM implantation about 10%
of the stromal precursors survive. The population of the precur-
sors in the femur is reduced to approximately the same degree
after bone marrow curettage. During regeneration the stromal
precursors increase to 60—100% of the initial level, hence they
must undergo three or four mitoses. This is consistent with the
rise in their sensitivity to S-phase specific cytostatics for the first
2 weeks after implantation. Taking into consideration that on
the serial transfer of hematopoietic tissue without ossicles or on
serial curettage three or four cycles of regeneration are possible,
the stromal precursors are able to undergo no less than 10-12
mitoses. This value is rather underestimated since calculating
the loss of precursors for differentiation was not taken into ac-
count. The high self-maintenance ability, on the one hand, and
the ability to form a fully differentiated bone marrow stromal
tissue on the other, suggests that the cells transferring the hema-
topoietic microenvironment are true mesenchymal stem cells.

Radiosensitivity of MSCs

The hematopoietic stroma function of the femoral bone marrow
exposed in vitro to 500 to 2700 rad of y-rays was also studied,
using the ectopic foci formation method. Irradiation of bones with
500 rad caused no noticeable damage to the MSCs’ ability to form

a hematopoietic microenvironment. Higher doses produced an
exponential decrease in MSCs. The D, estimated from linear re-
gression (regression equation: log survival=-0.000977x+0.7200)
of this portion of the curve is 44445 rad and the extrapolation
number (n) is 5.2. The results for in vitro neutron irradiation
of bone marrow agreed (regression equation: log survival=-
0.002697x+0.1506). A small shoulder was evident followed by
an exponential survival having D and n of 161+19 rad and 1.4,
respectively [5].

The radiosensitivity of MSCs from 5-week-old LTBMC seemed
very similar to that of non-cultivated ones (regression equation: log
survival=-0.089x+0.3744; D, was 486+15 rad and n was 2.4) [17].

When high doses of irradiation were used, implantation proved
unsuccessful in some cases and no ossicles with hematopoiesis
were formed. One may assume that not a single MSC is preserved
in such implants. The independent and random character of radia-
tion damage of cells suggests that the existence or nonexistence of
MSCs in the implant is governed by Poisson’s distribution. In this
case the data on the proportion of transplant failures (P ) allow
the mean MSC content in the implant (x) to be calculated using
the equation x=- In P_. The total MSC content in the femoral bone
marrow can be found by taking into account the fraction that sur-
vived exposure to the given dose. These data are shown in Table
11 [5] where it is seen that the results were quite consistent on the
whole.

The mean number of MSCs calculated from the proportion of
transplant failures after high doses of irradiation was 52.3+11.6
per femoral bone marrow plug.

The results show that MSCs are much more radioresistant than
hematopoietic stem cells, for which DO

— - - - is about 100 rad. The second feature of
Irradiation | Implant failure/ | MSC/implant Surv1Yal frac- | MSC per femur MSCs is their marked capability to reco-
dose, rad | total number of (-InP) tion -
. 0 ver from sublethal y-ray damage, which
implants is characterized by a extrapolation num-
y p
2100 6/22 1.3 0.033 39.9 ber (5.2). In the case of neutron irradiati-
2200 12/20 0.511 0.025 20.3 on the extrapolation number is 1.4, which
2200 9/21 0.847 0.013 65.4 is evidence that MSCs are incapable of
2500 719 0.999 0,012 263 recovery from sublethal neutron-induced
damage [5].

2700 17/20 0.163 0.007 233

2700 15/19 0.236 0.003 78.7 Despite their high radioresistance MSCs

Table 11: The effect of g irradiation on the hematopoietic microenvironment transferring MSCs in

murine femoral bone marrow

were still sensitive to irradiation. After le-
thal irradiation and syngeneic bone mar-
row transplantation of CBF1 mice, the

Chimera’s characteristics Ectopic hemopoietic foci produced by femoral MSCs were reduced to 1/5 of the initial
marrow plug implantation from reconstituted mice | level and slowly regenerated to subnor-
Cell Time after Foci formed/ | Foci cellularity, | Ossicle weight, | Mal level in 6 months. The number of
injected reconstitution, number of x106 mg bone marrow cells used for reconstituti-
months implants on of the primary recipient did not affect

M tion (Table 12) [14].

2x105 2 8/8 4.0 1.4 SC regeneration (Table 12) [14]
7.4x107 2 8/8 4.8 1.4 Two to six months after irradiation, the
2x105 6 8/8 5.5 2.0 content of stromal progenitors in the
7.4x107 6 /8 54 21 mouse femur was, judging from the cel-
lularity of the foci produced by them, 40—
control — 12/12 10.7 1.6 50% of the initial level in both groups of

Table 12: Hematopoietic stromal precursors in lethally irradiated CBF1 mice reconstituted with diffe-

rent doses of syngeneic bone marrow cells

mice reconstituted both in minimal pro-
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tective dose of marrow cells (2x10°) and with a hundredfold dose.
Thus, MSCs could be affected by high doses of irradiation and in
such cases they are not able to regenerate completely.

Influence of the quality of hematopoiesis on MSCs’ proliferative
potential

MSCs were compared in chimeras and double chimeras. Hema-
topoietic foci formed in standard recipients via BM from chi-
meras were approximately 2 times smaller when compared with
foci formed from BM of non-irradiated mice, and 2 times bigger
compared to foci formed from BM from double chimeras. These
data confirm that stromal precursors are radiosensitive and unable
to recover from radiation damage completely. Interestingly, se-
condary and tertiary chimeras’ BM formed the same small ectopic
foci as double chimeras did, while the dose of irradiation affected
the stroma of secondary and tertiary chimeras was 2 times lower
than of double chimeras [18]. When BM from all types of chi-
meras tested were explanted in LTBMC, and after 3—4 weeks of
cultivation were implanted under the renal capsule of syngeneic
mice, foci formed from ACLs from chimeras’ BM were 75%, foci
formed from ACLs from double chimeras’ BM were 20%, and
ACLs from secondary and tertiary chimeras were approximately

40% by size from ACLs from non-irradiated mice. The secondary
and tertiary chimeras’ stromal precursors were irradiated only
once while hematopoietic cells had undergone 2 or 3 rounds of
intensive proliferation during reconstitution of hematopoiesis.
Thus, judging by the grade of irradiation damage, stromal cells
from secondary and tertiary chimeras were similar to ordinary
chimeras. Nevertheless, secondary and tertiary chimeras’ stromal
precursors turned out to be affected more deeply than the same
cells in ordinary chimeras. The data indicates that the stroma’s
damage was determined not only by the irradiation dosage but by
the quality of hematopoietic cells proliferating on it [18].

Hierarchical organization of the MSC compartment: existence
of more mature than MSC-inducible precursor cells

In BM implantation, the ectopic hemopoietic focus is larger in an
irradiated recipient than in a non-irradiated one in a dose-depen-

dent manner (Table 13) [19].

In subsequent passages the size of the focus did not increase
further (Table 14, compare with Table 9).

Hence, one may conclude that in the irradiated recipient the num-

Dose of irradiation

Foci size, % of control

ber of stromal precursors in an ectopic fo-
cus does not correspond to the large size

0 100 + 18.8 of'the focus. This was demonstrated more
1.5-2.5 156 + 20 directly by implantat?on of similar pone
marrow fragments into non-irradiated

4.0-6.0 200+37.5 and irradiated (chimeric) recipients,
7.0-8.0 210+31.2 subsequently testing the content of the
10.0-13.0 290 + 68.7 stromal precursors in the sites formed by

Table 13: The size of the ectopic foci in irradiated recipients

their retransplantation to non-irradiated
recipients. In these experiments the pri-

Table 14: Cellularity of ectopic bone marrow foci on repeated transplantation into irradiated recipients

Transfer number Cells in the foci, x10° mary focus formed in chimeras exceeded
" 59 that in the non-irradiated ones by a factor
. 0f 2.2 (27.3x10° and 12.5x10°). The con-

2 18.1 tent of the stromal precursors in both was
3 31.0 essentially the same since the cellulari-
4 182 ties of the foci formed on transfer to the
5 384 non-irradiated recipients were 10.93x10°
- and 11.83x10, respectively [15]. Stromal

6 284 precursors from a culture also react to sti-
7 35.2 mulation from the irradiated recipient,
] 20.1 the response being much stronger than

in implantation of freshly isolated bone
marrow: the foci were 57

Experi- Culture Non-irradiated recipients Irradiated recipients tlmg y larger in th,e irradiated
ment Ne | age, weeks recipients than in the non-
- irradiated ones (35.1+8x10°
Foci formed/ | Cellularity, x10¢ | Cellularity, x10° | Cellularity, x10° versus 5.3+1 .2)&106) (Table

n.umber of 15) [11]

implants

| 2 2/2 0.7 2/2 22.5 Similar results were obtai-
o) 4 0/2 - 2/2 30.5 ned when LTBMC were
3 4 2 30 12 76 established from different
. . amounts of bone marrow
4 4 22 5.7 2/2 355 (1/2, 1, 2 femurs). All cultu-
5 5 2/2 9.3 2/2 55.0 res proved to be alike in he-
6 6 6/6 29 2/2 105.0 matopoiesis maintenance,
7 9 4/4 48 4/4 125 though the MSC content in

them corresponded to the

Table 15: Size of ectopic foci produced by adherent cell layer from LTBMC in non-irradiated and irradiated recipients
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dose of plated bone marrow (see Table 7). At the same time, in
irradiated recipients all cultures produced foci approximately the
same size (37.1, 42.7 and 38.3x10° correspondingly) [12].

The effect of hydroxyurea was estimated by the size of ectopic
foci formed from treated ACLs in irradiated and non-irradiated re-
cipients [20]. The results were similar in both types of recipients.
So one may conclude that during the ACL formation both types
of stromal precursors actively proliferate. MSCs functioning du-
ring the transfer into non-irradiated recipients and the more ma-
ture precursors taking part in the foci formation in the irradiated
recipients.

The data suggest that the compartment of the hemopoietic stromal
precursors is heterogenic and includes cells of at least two diffe-
rentiation levels. Those less differentiated, MSCs able to trans-
fer a hematopoietic microenvironment are marked by a relatively
high self-maintenance, do not respond to the systemic demand of
the irradiated recipient, and create a microenvironment, the size
of which is proportional to the number of transferred MSCs. More
mature precursors are marked by poor self-maintenance; they re-
spond to the systemic demand of the irradiated recipient and, in
the culture, to the surface of the flask bottom, and are not trans-
plantable via in vivo transfer.

Summarizing the data presented above, the compartment of stro-
mal bone marrow cells has a hierarchical structure. There are true
mesenchymal stem cells (MSCs) capable of both self-maintaining
and differentiating into all stromal lineages, and more mature in-
ducible stromal precursors, which keep the ability for multipoten-
tial differentiations while losing their self-renewing ability. MSCs
are mainly in mitotic rest and are not sensitive to the systemic
demand, while more mature precursors proliferate more easily in
the case of systemic requirements.

More mature inducible stromal precursors are sensitive to the
unknown factor(s) released after irradiation. When injected du-
ring foci formation sera from irradiated mice also stimulate these
precursors, resulting in increased size of the foci formed — the
size of the foci was 19.5+1. 8x10° compared with 14+1.5x10%in
control mice [19]. Addition of sera from irradiated mice to the
LTBMC also increases the number of stromal cells in the ACLs
(Table 16) [21].

In order to define the organ producing the unknown factor(s),
various organs of irradiated mice were co-transplanted simul-
taneously with the implantation of the BM plug under the renal
capsule. Intravenous injection of irradiated sera as well as implan-
tation of 56 irradiated bones under the skin enhanced the growth

of stromal cells in the foci formed (Table

Group Cell number per well, x 10° 17) [21].
1 itional 118 +4 . .
- control (no addltlc')na s'erum) - 8 Thus, the unknown factor(s) stimulating
2% of sera from non-irradiated mice 131 +7 the growth of stromal inducible precur-
0.5% of sera from irradiated mice 1604 sor cells are produced in the irradiated
1 % of sera from irradiated mice 185+ 5 bones and secreted into the blood serum.
2 % of sera from irradiated mice 206+ 5

Table 16: Influence of the sera from irradiated mice on the number of cells in the ACLs from LTMBC

The regulation of MSCs in vivo by he-
matopoietic growth factors

recipients The organ from il‘l‘i‘ldiatfﬁd mice, transplan- Foci size, x 10° Regulation of MSCs by
tation site soluble factors remains ob-
intact (non-irradiated) 9.0+1.7 scure. During the formation
irradiated 21.1+£6.2 of the hematopoietic mi-
intact BM from 6 femurs, under the skin 8.6+2.3 croenvironment MSCs are
X P dor the oki 70241 affected by G-CSF. When
intact 5-6 femurs, under the skin .0+4. recipients of BM were in-
intact Thymus, under the renal capsule 14.8+3.4 jected over 10 or 17 days
intact Equivalent of % of the spleen, intravenously 10.5+1.2 beginning from the day af-
intact 1/3 of the spleen, under the renal capsule 11.8+3.3 ter implantation of BM un-
- X der the renal capsule it dra-
intact the spleen, under the skin 13.1+£2.8 . .
matically decreased size of
intact 1/3 of the liver, under the skin 14832 the foci formed (Table 18).
intact Sera from irradiated mice, intravenously 20.1£1.5
intact Sera from non-irradiated mice, intravenously 140+2.8 Obviously, when admini-

Table 17: Analysis of the various organs of irradiated mice for their stroma-stimulating activity

stered during the active pro-
liferation and differentiati-

on of MSC, G-SCF inhibits

G-CSF Bone marrow implantation Foci retransplantation . . . A

their proliferation (judging
treatment .
- - - - from the decreased size of
Implant Cellularity, Ossicle Implant Cellularity, Ossicle the foci formed); moreover
number x10° weight, mg number x10° weight, mg | it diminishes the number of
Control 4 8.3%1.7 2.2+0.4 4 16.243.3 2.3+0.5 MSCs themselves as was
10 days 4 5.3+0.7 2.740.7 4 9.0+1.8 1.940.5 shown by retransplantation
17 days 6 3.420.6 2.0£0.4 6 17203 13204 of the foci [22].

Table 18: Influence of G-CSF on the ectopic foci formation from the bone marrow of intact mice
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Y. V., Shiponova (Ni-

Group Bone marrow implantation Foci retransplantation
- - - - fontova) 1. N., Ershler
Implant Cellularity, Ossicle Implant Cellularity, Ossicle M. A. and Drize N. I as
number x106 weight, mg number x10° weight, mg co.—au.thors of his w.or.ks
Control 9 6.5+1.0 2.0+0.2 4 5.9+1.2 2.6+£0.4
G-CSF, 4 7.4+£2.2 1.1+£0.2 References
6 days
G-CSF, 3 10.7+2.0 1.0+0.2 3 11.3+2.9 3.0+0.6 1C~h ll?tﬂ'ze TJ‘ILJ Ee“elf Jle
ertkov JL. Local clo-
10 days nal analysis of the hema-
G-CSF, 4 9.2+1.0 3.3+£0.7 3 13.3£2.8 3.5+0.7 topoietic  system  shows
17 days that multiple small short-
living clones maintain
G-CSF+SCF, 4 6.4+1.6 2.2+0.5 life-long hematopoiesis in
6 days reconstituted mice. Blood.
G-CSF+SCF, 4 12.8+1.5 2.4+0.6 1996;88(8):2927-2938.
10 days 2. Drize N, Chertkov 1,
G-CSF+SCF, 4 18.4£3.9 1.740.5 5 19.5¢4.2 3.240.6 Sadovnikova E, Tiessen S,
17 days Zander A. Long-term main-

Table 19: Size of the ectopic foci formed from the bone marrow of mice treated with cytocines

Conversely, cytokine treatment of the MSCs in their steady-state
(in the intact bone marrow increases the number of these stromal
precursors (Table 19).

The combination of G-CSF with SCF and the longest treatment
(for 17 days) had a maximal effect on the MSC number in the
bone marrow of treated mice. In the case of G-CSF treatment this
effect was transient and did not last for a month, in the case of cy-
tokine combination, however, the increase in the number of MSCs
was stable for at least a month. Cytokine treatment did not affect
the osteogenic potential of MSCs either during stroma formation
or in the intact bone marrow [22].

Thus, during the building of ectopic hematopoietic foci when
stromal precursors are proliferating and differentiating, pharma-
cological concentrations of G-CSF inhibit the process of foci for-
mation and diminish the number of stromal precursors in them.
When affecting the mature non-proliferating bone marrow stro-
ma, cytokines increase the number of MSCs.

Conclusions

Summarizing the works of J. L. Chertkov, it is possible to describe
the main features of MSCs. These cells are capable of transferring
a hematopoietic microenvironment due to both their high proli-
ferative potential and their ability to differentiate into all bone
marrow stromal lineages, including bone, cartilage, and marrow
stromal cells. MSCs are more radioresistant than HSCs but they
still suffer from radiation and their damage could not be fully re-
covered. Impaired hematopoiesis also influences the MSCs. The
compartment of MSCs and stromal precursor cells is organized
hierarchically. Therefore, J. L. Chertkov described the main fea-
tures of MSCs from many sides using the functional assay.
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Kiaerku-npeamecTBeHHUIbI KPOBETBOPHOI0 CTPOMAJIBLHOI0 MUKPOOKPY KEeHH

Hocud JI. Yeptkos (), Onwra A. I'ypesuy, ['ennaguii A. Yaanos (1),
Wpuna H. [lunynosa, Huna U. Ipuse

Pe3rome

Hannass pabota cymmupyeT aocTikeHusi npodeccopa Hocuda JIbBoBuua YepTkoBa B H3YyUCHHH
KJIETOK-TIPEAIECTBEHHUL] KPOBETBOPHOI'O CTPOMAIBHOIO MHUKPOOKpYskeHHs. B cBomx pabortax YepTkoB
UCIIOJIb30BaJl YHUKAJIbHBIN (DyHKLIHOHATIBHBIA METOM aHAJIN3a CTPOMAJIBHBIX KJIETOK-IPEAIICCTBEHHUI] —
METOZ 00pa30BaHUs 04YArOB 3KTOIMYECKOT0 KPOBETBOPEHMSI MO KATICYJION MOYKM CHHT'€HHBIX C JOHOPAaMHU
KOCTHOT'O MO3Ta PELIUITUEHTOB. BblI0 MPoAEeMOHCTPUPOBAHO HAIMYNE B KOCTHOM MO3I'€ ME3EHXMMaJIbHBIX
CTBOJIOBBIX KJIETOK, CHOCOOHBIX K [IEPEHOCY KPOBETBOPHOTO MUKPOOPY KEHUS, T.€. 1n(PHepeHINPOBKE BO BCe
CTpPOMaJIbHBIE KJIETOYHBIC IMHUH, H K CAMOIIOAIEPKAHHIO, T.6. MHOTOKPATHOMY IIEPEHOCY KPOBETBOPHOI'O

MUKPOOKPYKeHHs. bBbuin  H3ydeHsl

pPaanoO1yBCTBUTCIBHOCTD

u  nponudepaTuBHBIM MOTEHLHAT

ME3EHXHMMaJIbHBIX CTBOJIOBBIX KJIETOK. [loka3zaHa Ba’)KHOCTb COXPAHEHHUsS MEKKJICTOYHBIX KOHTAKTOB IJIsi
MOCTPOEHUSI CTPOMAJIBHOIO MHUKPOOKPYXEHHUs in Vitro M in vivo. BeisiBieHa uepapxuyHasi CTPyKTypa
oTheNla ME3eHXMMAaJIbHBIX CTBOJIOBBIX KJIETOK M OXapaKTepU30BaH OTHeN Oojee OU(QepeHINPOBAHHBIX,
WHAYUHUOCNIBHBIX KJIETOK-MPEIIECTBEHHHUI] CTPOMAJIBHOIO MHKpPOOKpykeHus. [lokasaHo B3aumHOe
BIUSHUE KPOBETBOPHBIX M CTPOMAJbHBIX KJIETOK. OXapakTepH30BaHbl HEKOTOpPHIE MYTH PEryJIsSLUN
CTPOMAaJIbHBIX IpEAIIeCTBeHHUKOB. [lanHas komnuiasuus padot U.JIYepTkoBa 1eMOHCTPUPYET €ro BKJIal
B U3yUEHHE PEryIUPYIOIIEro KPOBETBOPEHHUE CTPOMAIILHOIO MUKPOOKPYKEHHUSI KOCTHOT'O MO3Ta.

KiroueBblecioBa: CTPOMAJIBHOC MUKPOOKPYIKCHUC, MEC3CHXNMAJIbHBIC CTBOJIOBBIC KJ'IGTKI/I,I/IHILYI_[I/I66J'ILHLIG
CTpOMAJIBHBIC KJICTKHU-IIPCAMICCTBECHHHUIIBI, OYar 3KTOIMWMYCCKOTO KPOBETBOPCHUSA, NJIIUTCIIbHAA KYJIbTypa

KOCTHOI'O MO3ra
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