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Using autopsy specimens and clonal technique, the authors showed

that hematopoietic and stromal stem colony-forming units are present

in human atheromatous vascular intima. Stromal colony-forming

units were also detected in the mononuclear fraction of the blood of

patients with hyperlipidemia and coronary stenosis, and were not

found in the peripheral blood of normolipidemic volunteers. Using

flow cytometry, the absence of stromal circulating colony-forming

units in healthy volunteers and their presence in coronary patients

was confirmed. It was thought that the presence of circulating stromal

precursors with a certain phenotype and variations in their level in

blood could serve as an informative noninvasive indicator of coro-

nary stenosis.
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In the present paper, we present a brief review of our studies
carried out between 1986 and 2004. Based on our observa-

tions, the concept that bone marrow stem hematopoietic and
stromal colony-forming units (CFUs) are involved in vascular
atherogenesis was developed.

To initially identify CFUs in the intima of atheromatous
aorta and in the blood of patients with coronary atheroscle-
rosis, the classic clonal methodology was used. In semisolid
and liquid culture test systems, it was possible to demonstrate
the formation of hematopoietic colonies (ie, those formed
from macrophage and basophil/mast cell CFUs) and stromal
colonies (ie, those formed from fibroblasts CFU [CFU-f]).
Some stromal colonies synthesized extracellular reticular
matrix, while others produced osteoid matrix. It was concluded
that the colonies were formed by CFU-f which, when com-
mitted, were able to realize their multipotency. Using both
clonal technique and flow cytometry, stromal CFU-f were
shown to circulate in patients with hyperlipidemia and coro-
nary atherosclerosis, but were absent in the blood of healthy
normolipidemic volunteers. It was suggested that a correlation
may exist between the progression of atherosclerosis and the
circulation of multipotent stromal cells capable of penetrating
into the intima and to isolate loci of inflammation/lipidosis.
This could explain the presence of atherosclerotic plaques of
different geneses and, in the intima, the existence of different
types of sclerotic changes (fibrosis and/or chondro/osteogenesis
followed by calcification). In the blood, it is thought that the
appearance of circulating stromal progenitors with a certain

phenotype, and the elevation of their levels in patients with
vascular pathology, can be useful in monitoring the progression
of coronary stenosis and the development of postsurgical
restenosis.

PRESENCE OF HEMATOPOIETIC AND STROMAL
STEM CFUs IN THE INTIMA OF HUMAN

ATHEROMATOUS VESSELS IS THE KEY TO
UNDERSTANDING HUMAN ATHEROSCLEROSIS

The analysis of the cellular composition of vascular atheroscle-
rotic lesions in situ and in vitro allowed the finding of aortic
intima (autopsy material) stem CFUs. It was suggested that
because CFUs are present among low-differentiated cells, the
clusters of cells with varying degrees of maturity may represent
cellular clones. This was confirmed in a series of studies (1-7)
where colony-forming tests in semisolid and liquid cultures
were used. In populations of intimal cells isolated from the
intima with varying degrees of lesions, not only hematopoietic
CFUs were present (able to form colonies of monocyte/
macrophages or basophils/mast cells in culture) (2-4) (Figure 1),
but CFU-f were also present (4-7). The latter were able to
form stromal colonies consisting of collagen-producing cells.
The term CFU-f was initially introduced by Friedenstein et al
(8) who showed that among reticular bone marrow cells, there
existed stromal stem CFU-f. These cells were able to differen-
tiate into fibroblasts in vitro and they also possessed the ability
to differentiate into chondrocytes, osteocytes and adipocytes.
Under the conditions of our experiments, stromal colonies
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differed from hematopoietic colonies by higher density and by
ultrastructural features specific for fibroblastoid cells. The for-
mation of osteoid matrix in liquid cultures seeded with intimal
cells (4-7) pointed to the presence of osteoblast precursors in
the vascular intima (Figure 2).

THE APPEARANCE OF CFU-f IN THE BLOOD OF
CORONARY PATIENTS MAY BE A RESPONSE TO
RISK FACTORS FOR ISCHEMIC HEART DISEASE
Because the CFU-f that are present in a population of vascular
intimal cells are most likely of bone marrow origin and are
capable of repopulating the intima, the possibility exists that
CFU-f circulate in the blood of patients with atherosclerosis
(9). It is worth mentioning that before 1997, it was assumed
that, in contrast to hematopoietic progenitors, stromal CFUs do
not circulate and only few indirect facts pointed to the pres-
ence of fibroblastoid cells in circulation (10,11).

To look for circulating CFU-f, the blood of patients with
primary hyperlipidemia (HLP) and frank coronary athero-
sclerosis was screened (9,12,13). In contrast to the gradual
progression of atherosclerotic lesions during natural aging,
HLP may represent a model of accelerated atherosclerosis.
Culturing of mononuclears isolated from the peripheral blood
of these patients in semisolid and liquid test systems (analo-
gous to those used for vascular intimal cells) allowed for the
visualization of the colonies of stromal fibroblast-like cells
capable of synthesizing fibrillar and osteoid extracellular
matrices. Cell colonies with osteoid matrix were stained with
osteonectin (ON) as a marker for the differentiation of
osteogenic cells (Figure 3). At the same time, stromal colonies
did not grow from the blood mononuclears of normolipidemic
donors (9,12-14).

Figure 1) Hematopoietic colonies in semisolid cultures of intimal cells
from a lipid streak of human aorta. A A mixed granulocyte-macrophage
colony (Giemsa staining; original magnification ×40). B A monocyte/
macrophage colony (staining for nonspecific esterase; original magnifi-
cation ×160). C A basophyl/mast cell colony (toluidine blue staining;
original magnification ×400)

Figure 2) Stromal colonies in cultures of intimal cells from a lipid
streak of human aorta. A A stromal colony in semisolid culture (electron
microscopy, original magnification ×1300; inset: inverted microscope,
original magnification ×130). B A fragment of colony (A) in semisolid
culture (electron microscopy, original magnification ×2600). C Bone
matrix in liquid culture surrounded by osteoblast-like cells (electron
microscopy, original magnification ×8300)

Figure 3) Stromal colonies in semisolid cultures of blood mononuclears
from patients with primary hyperlipidemia and coronary stenosis. A,B
Fibroblast-like cells synthesize organized fibrillar matrix (electron
microscopy, original magnification ×8300). C Osteoid matrix with
bone lamella and fragment of osteoclast (OC) (electron microscopy,
original magnification ×2600)
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DETERMINATION OF CIRCULATING CFU-f IN

PATIENTS WITH CORONARY

ATHEROSCLEROSIS MAY BE USEFUL FOR

PROGNOSIS OF POSTSURGICAL AND

POSTANGIOPLASTIC RESTENOSIS
It was of interest to know whether high levels of circulating
stromal progenitors expressing ON are present in patients with
ischemic heart disease. This was performed using fluorescence-
activated cell sorting. The blood of nine patients with ischemic
heart disease and six healthy subjects from the control group
was analyzed. Clinical analysis of the disease, results of the
loading test and 24 h electrocardiographic monitoring con-
firmed coronary insufficiency of various degrees. In all patients,
coronary angiography demonstrated critical stenosis of at least
two coronary arteries or their large branches. In all patients,
surgical intervention was required.

A number of investigators believe that stromal cells are not
CD34-positive (CD34+). However, in other publications,
authors state that among CD34+ cells, stromal progenitors are
also present (15), which express collagen types I and III, ON,
fibronectin, STRO-I and some adhesion molecules (16).
Mononuclear cells isolated from blood were stained with anti-
bodies to ON. CD34+ cells were stained with antibodies to
CD34+ as a marker for hematopoietic stem cells.

To determine the number of CD34+ stem cells using flow
cytometry, the International Society of Hematotherapy and
Graft Engineering protocol (17) was followed; specifically, it
recommended measuring direct and side light scattering as
well as the fluorescence of CD45-phycoerythrin-cyanine-5

and CD34-phycoerythrin. The number of CD34+ cells in the
peripheral blood is relatively low and equals 0.01% to 0.1% of
the total number of nucleated cells. It was found that the number
of CD34+ stem cells in patients with coronary ischemia was
not statistically different from that in healthy volunteers
(0.040±0.006% and 0.031±0.004%, respectively; P<0.1). In
patients with ischemia, regions with a low intensity of side
light scattering and positive fluorescence of ON-fluorescein
5’-isothiocyanate (gate R1), circulating stromal cells are present
which express ON (Figure 4). ON-positive cells were not
found in healthy volunteers (n=6) whereas, in all patients
with ischemia (n=9), their level was elevated and varied sig-
nificantly (98 to 1853 ON-positive cells per 100,000 of nucle-
ated cells). These ON-positive cells were CD45medium/low and
CD34-negative.

Flow cytometry analysis of cells from the peripheral blood
demonstrated a significant elevation of circulating ON-positive
stromal cells in patients with ischemic heart disease, while no
stromal cells were found in the blood of healthy volunteers.
These results confirmed our earlier observations made by clonal
technique, which showed an absence of stromal CFUs in the
blood of healthy donors and an excess in patients with coronary
atherosclerosis (7,9,14). Thus, data collected by two different
and independent methods suggest that a correlation may exist
between the progression of atherosclerosis and the appearance
of stromal stem cells in the blood that are capable of penetrating
into the intima and producing various types of sclerotic changes,
resulting in plaques of different geneses.

It has been further suggested that the presence of circulating
stromal progenitors with a specific phenotype and a different,
but elevated level of these cells in patients with ischemic heart
disease can be used for the prognosis of postsurgical and/or
postangioplastic restenosis (18). The comparison of two
patients who had undergone bypass surgery five years previously
demonstrates (Figure 5) that the level of circulating stromal
progenitors of a certain type correlates with the presence of
postsurgical restenosis in coronary arteries.

DISCUSSION
Although results of our studies have been discussed at many
meetings and our observations have been published for a number
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Figure 4) Fluorescence-activated cell sorting analysis of osteonectin
(ON)-positive cells in peripheral blood. A A healthy volunteer with
isotype-matched antibodies (control). B A healthy volunteer with
anti-ON antibodies. C A patient with coronary atherosclerosis and
isotype-matched antibodies (control). D A patient with coronary ath-
erosclerosis and anti-ON antibodies. FITC Fluorescein 5’-isothio-
cyanate; Ig Immunoglobulin

Figure 5) Comparison of two patients who had undergone bypass sur-
gery five years previously. Fluorescence-activated cell sorting analysis of
the number of osteonectin (ON)-positive cells in the peripheral blood
(lymphocyte-like cells CD45medium/low and CD34-negative). A Patient K,
functional coronary artery grafts: 126 ON-positive cells per 100,000
white blood cells. B Patient L, critical stenosis of coronary arteries and
coronary artery grafts: 1550 ON-positive cells per 100,000 white
blood cells. FITC Fluorescein 5’-isothiocyanate
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of years, they are still not fully understood. Meanwhile, obser-
vations were recently communicated which illustrate the role
of bone marrow stem cells in the development of neointimal
hyperplasia in animals (19,20). However, other authors believe
that the role of bone marrow stem cells in the initiation and pro-
gression of human atherosclerosis is far from being understood
(21). The presence in the aortic intima of stem/progenitor
cells of hematopoietic and stromal lines of differentiation, and
the elevation of the stromal cell population in patients with
HLP and coronary atherosclerosis, strongly support our point
of view. Finally, recent transplantation studies (22) in humans
show that atherosclerotic lesions of recipient arteries do indeed
contain donor bone marrow cells when transplantation is per-
formed between sex-mismatched pairs.

The presence of CFUs from macrophages (CFU-m) and
CFU-f in intimal atherosclerotic lesions permits a better
understanding of the paradox concerning the commonly rec-
ognized ‘fact’ that macrophages and smooth muscle cells prolif-
erate in lesions. The increase in macrophagal mass is often
explained by not only the migration of monocytes from circu-
lation into the vascular wall, and their subsequent transforma-
tion into macrophages, but also by proliferation of macrophages
in the intima (23-25). Unfortunately, many authors ignore the
fact that monocytes/macrophages are really terminal stages of
hematopoietic differentiation (CFU-m to promonocyte to
monocyte), and proliferating monocytoid cells may be only
monocyte precursors. It is worth citing the classic work on
mononuclear phagocytes by van Furth et al (26), “Some
authors make no distinction between promonocytes and mono-
cytes in the bone marrow, ignoring the fact that only promono-
cytes divide”. This contradiction disappears when we take into
account the presence in the vascular intima of CFU-m for
monocyte/macrophages, and the ability to form (by these
CFUs) the loci of ectopic hematopoiesis (or colonies of cells
with varying proliferative potential). The efficiency of CFU-m
cloning has been shown to be highest in prefibrotic lesions,
low in lipid fibrotic lesions and completely absent in fibrotic
plaques (2,4).

Our findings correlate with low levels of thymidine label in
focal infiltrates consisting of foam cells and monocyte-like
cells in vascular plaques (24,27). Studies (28) on cell prolifer-
ation in human vessels suggest that although some smooth
muscle cells and macrophages were proliferating cell nuclear
antigen (PCNA)-positive, high percentages of vascular
PCNA-positive cells are not stained with specific antibodies to
smooth muscle cells and macrophages. The same authors
emphasize that the nature of PCNA-positive cell populations
with undefined phenotype remains unknown.

What is the likely origin of these ‘unknown’ proliferating
cells? These cells likely originate from the bone marrow and, in
fact, may represent stem CFUs which repopulate the intima
under conditions of lipidosis and/or vascular inflammation. As
was shown by Goldstein and Brown (29), it is actively prolifer-
ating cells that incorporate the largest amounts of low density
lipoproteins. A mere 1.5-fold elevation in the number of cells
having the smooth muscle cell phenotype cannot explain the
many-fold increase in the volume of the intima in fibrotic
plaques (14,30). Hence, there should exist additional sources
of cells able to synthesize the extracellular matrix components.
The first suggestion was that in a plaque, there should exist a
subpopulation of modified smooth muscle cells, which is dif-
ferent from the population of smooth muscle cells present in

unchanged intima (ie, these cells have the ability to undergo
hyperproduction of the extracellular matrix). Although these
specific cells were indeed found in fibrotic plaque (25,30), the
idea of their origin from the media was popular (23).

The presence of stromal stem CFU-f in the intima of athero-
matous aorta and in the blood of patients with hyperlipidemia
and coronary atherosclerosis support a bone marrow origin of
matrix-secreting cells in fibrous plaques. This provides an expla-
nation for the existence of various types of atherosclerosis in
the vascular intima (fibrosis, ossification, chondrogenesis and
formation of adipose tissues) and also the well-known phenom-
enon of bone formation in the vascular wall.

Serious arguments for intimal cell replication in a plaque
were presented more than 20 years ago. In 1973, Benditt and
Benditt (31) showed that atherosclerotic plaque was mono-
clonal in origin. These authors used glucose-6-phosphate dehy-
drogenase as an allotypic marker in plaques obtained from black
females. However, these observations did not directly prove
that the cells analyzed were indeed smooth muscle cells.
Benditt and Benditt’s investigations were not continued further
because, at the time, smooth muscle cells were thought to play
the leading role in atherogenesis. Our data support this ‘unusual
concept’ which, unfortunately, was not broadly accepted (not
counting the few publications supporting Benditt and Benditt’s
idea). If our data are taken into account, the monoclonality of
fibrous plaque can indeed be due to pluripotent stem stromal
cells and their progeny present in plaques.

Scientific interest in bone marrow stromal cells, which
started in 1997, led to the general agreement on their presence
in circulation (32-34). The pluripotency of these cells is
indeed limitless (35), which is additionally demonstrated by
their ability to repair injured tissues. Human atherosclerosis
may be an example of the systemic pathology of mesenchymal
tissues and, if so, intimal fibrosis leading to vascular stenosis is
a mere complication of the natural ‘cell therapy’ of the vascular
wall by circulating bone marrow stem/progenitor cells.

SUMMARY
Using test systems to culture intimal cells isolated from areas of
the human aorta with varying degrees of atherosclerosis, it was
possible to demonstrate the presence of hematopoietic CFUs
and stromal CFU-f in the intima. Using clonal technique com-
bined with immunohistochemical and ultrastructural analysis
of cells grown in colonies led to a new understanding of the
mechanisms of human atherogenesis. Our data suggest that
during lipidosis, inflammation and the presence of other risk
factors, conditions may arise in the vascular intima which
facilitate the formation of loci for ectopic hematopoiesis
which, in turn, serves as a starting point for plaque formation.
In the progression of plaque, stromal progenitors are also
involved, which explains the development of different types of
atherosclerosis in the vascular wall. Experiments with blood
mononuclears in culture have demonstrated the presence of
CFU-f in the blood of patients with coronary atherosclerosis
and hyperlipidemia, and their absence in healthy donors. The
results obtained using clonal techniques were fully confirmed
by flow cytometry analysis of circulating stromal cells in donors
and in patients with coronary artery stenosis. It is thought that
the quantitation of circulating stromal progenitors of certain
phenotypes may be used for the noninvasive diagnosis of coro-
nary stenosis, as well as for the prognosis of postsurgical
restenosis. In the initiation and progression of atherosclerosis,
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the key target for action of risk factors and, in particular,
hyperlipidemia may be bone marrow stem cells. From this
point of view, human atherosclerosis may be considered a sys-
temic disease of mesenchymal tissues. The final stage of the
atherosclerotic process (the formation of plaques) looks like a
byproduct of an attempt to neutralize the inflammatory
process in the vascular wall. In this process, the standard
mechanism of tissue regeneration is used (ie, the mobilization
of mesenchymal stromal cells from bone marrow and their
transport to the injured vascular loci).
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