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Normal adults have a small number of circulating endothelial cells (CEC) in peripheral blood, and
endothelial outgrowth has been observed from cultures of blood. In this study we seek insight into
the origins of CEC and endothelial outgrowth from cultures of blood. Fluorescence in situ
hybridization analysis of blood samples from bone marrow transplant recipients who had received
gender-mismatched transplants 5-20 months earlier showed that most CEC in fresh blood had
recipient genotype. Endothelial outgrowth from the same blood samples after 9 days in culture (5-
fold expansion) was still predominantly of the recipient genotype. In contrast, endothelial out-
growth after [11 month (102-fold expansion) was mostly of donor genotype. Thus, recipient-geno-
type endothelial cells expanded only [20-fold over this period, whereas donor-genotype endothelial
cells expanded [11000-fold. These data suggest that most CEC in fresh blood originate from vessel
walls and have limited growth capability. Conversely, the data indicate that outgrowth of endothe-
lial cells from cultures of blood is mostly derived from transplantable marrow-derived cells. Because
these cells have more delayed outgrowth but a greater proliferative rate, our data suggest that they

are derived from circulating angioblasts.

J. Clin. Invest. 105:71-77 (2000).

Introduction

The endothelium, a vital component of the vascular
wall, comprises 1013 endothelial cells and covers ap-
proximately 7 m? in an average adult (1). These endo-
thelial cells provide the physical interface between
blood and surrounding tissue, regulate nutrient and
blood component traffic, and participate in many
physiologic events such as hemostasis, inflammation,
and angiogenesis (1-4). The identification and char-
acterization of endothelial progenitor cells have been
elusive tasks.

Nonhematological cells were reported as early as
1934 in the blood of certain cancer patients (5). How-
ever, only recently have more refined isolation proce-
dures and immunohistochemical examinations
proved that at least some circulating nonhematologi-
cal cells are endothelial in identity (6-8). Since then,
circulating endothelial cells (CEC) have been described
in several pathologic conditions that have in common
the presence of vascular injury (9-17). Our recent enu-
meration of CEC documented that normal adults have
2.6 + 1.6 CEC per milliliter of peripheral blood (9). The
majority of these CEC are quiescent, and at least half
are microvascular as defined by CD36 positivity (9).
We found that the number of CEC was increased in
patients with sickle cell anemia and that these cells
exhibited an activated phenotype with abnormal
expression of proadhesive and procoagulant molecules
(9, 18). The phenotype of these CEC is postulated to

reflect the status of the endothelium in situ (9, 18, 19),
but whether CEC themselves are derived from vessel
walls is not known.

Besides the presence of identifiable CEC in samples
of fresh blood, there is also an evident outgrowth of
endothelial cells when peripheral blood is cultured.
We observed that some CEC are viable in culture (9),
and Asahara et al. (20) and Shi et al. (21) observed
endothelial outgrowth from CD34-enriched periph-
eral blood cells. They interpreted this endothelial out-
growth as constituting evidence for the presence of
circulating angioblasts. However, the presence of CEC
in fresh blood (9, 18) makes this an uncertain
assumption. Differentiated endothelial cells clearly
have proliferative potential, as evidenced by the rou-
tine use of vessel segments as sources for endothelial
culture in vitro (22-23). Therefore, the mere occur-
rence of outgrowth is insufficient evidence to confirm
the presence of an angioblast. The goal of this study
was to gain additional insight into this problem by
examining the relationship between the CEC present
in peripheral blood and endothelial outgrowth
obtained from cultures of blood.

Methods

Study subjects. We used 7 blood samples from 4 sub-
jects who had given informed consent to participate
in this study (Table 1). All subjects had received a bone
marrow transplantation from a gender-mismatched
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Figure 1

Endothelial expansion from buffy coat mononuclear cells of normal
blood. On day 2 and for subsequent passages (indicated by arrows),
the number of endothelial cells was confirmed by staining for PTH12
and vVWF, and that number was consistent with the cell count by mor-
phology. All data points plotted as mean + SD (n = 5 for culture up to
passage 6; n = 4 for subsequent passages).

donor 5-20 months earlier. At the time of study, all
subjects were healthy: none were taking immunosup-
pressive drugs, and none had active infections or
graft-versus-host disease.

Blood sample. Fresh blood was collected from volun-
teer donors by venipuncture and anticoagulated with
either heparin or buffered sodium citrate. The antico-
agulated blood was diluted 1:2 with HBSS containing
1 mM EDTA and 0.5% BSA.

CEC enrichment. We used PIH12-conjugated beads to
enrich CEC from peripheral blood based on the previ-
ous findings that monocytes do not express PIH12 (9)
and that P1H12-positive blood cells were uniformly
positive for von Willebrand factor (vWF) and throm-
bomodulin (9). Monoclonal murine antibody P1H12
(9) was conjugated to M-450 immunomagnetic beads
(Dynal Inc., Success Lake, New York, USA) at 1.5 g
mADb per 107 beads based on manufacturer’s instruc-
tions. CEC were enriched from diluted blood, as
described (9). Briefly, 1 UL of beads was used per milli-

liter of original amount of whole blood. Cells were
incubated with beads for 45 minutes at 4° C with bidi-
rectional shaking and enriched using a magnetic sepa-
rator. Bead-enriched cells were then cytospun onto
slides for analysis.

Buffy coat cell preparation. Buffy coat mononuclear cells
were obtained from diluted blood using Histopaque-
1077 (Sigma Chemical Co., St. Louis, Missouri, USA)
following manufacturer’s protocol. These cells were
washed 3 times at 250 g for 10 minutes using a culture
medium consisting of MCDB 131 supplemented with
1 pg/mL hydrocortisone acetate, 0.5 mM dibutryl
cAMP, 1.6 mM L-glutamine, 100 units/mL penicillin,
100 units/mL streptomycin, 0.25 mg/mL amphotericin
B, 0.004% heparin, and 10 ng/mL VEGF (23).

Endothelial culture from peripberal blood. Bufty coat
mononuclear cells from 50 or 100 mL of blood were
resuspended in EGM-2 medium (Clonetics Inc., San
Diego, California, USA) without further cell subpopula-
tion enrichment procedures and placed into 1 well of a
6-well plate coated with type I collagen (Becton Dickin-
son Microbiology Systems, Sparks, Maryland, USA). The
plate was incubated at 37°C in a humidified environ-
ment with 5% CO,. Culture medium was changed daily.
After 24 hours, unattached cells and debris were
removed by washing with medium. This procedure
leaves 19 + 9 attached endothelial cells, as identified by
morphology and staining with anti-endothelial mono-
clonal antibody P1HI12 (9), plus 100-200 other
mononuclear cells. These mononuclear cells appeared to
be monocytes by morphology and died out within the
first 2-3 weeks of culture.

Cells were first passed at 4 weeks after 100-fold
expansion. We used 0.025% trypsin (GIBCO BRL,
Grand Island, New York, USA) for passing cells and tis-
sue culture plates coated with 50 plg/mL of fibronectin
as substrate. If allowed to continue growing, cells in
this culture system expand exponentially and reach
10" cells by 6 weeks. Figure 1 shows the growth curve
we observed using this method on 5 normal control
samples. Growth for post-transplant recipients is indis-
tinguishable from control samples (data not shown).

Table 1
Study subjects
BMT recipient BMT donor Interval from transplant
Subject  Age Sex Diagnosis Relationship Age Cell source to study (months)
A 49 M Non-Hodgkin’s lymphoma Sibling 48 Peripheral blood 5
B 37 F Acute myeloid leukemia Sibling 38 Bone marrow 6
C 32 M Chronic myeloid leukemia Sibling 15 Bone marrow 6
D 43 M Acute lymphoid leukemia Unrelated 50 Bone marrow 11
D 14
D 17
D 20
BMT, bone marrow transplant.
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Figure 2

Outgrowth endothelial cell morphology and phenotype. Outgrowth cells have typical endothelial morphology (a). The remaining parts (b-e)
show, as labeled at the bottom of each, constitutive and activated phenotype by immunofluorescent staining. Outgrowth endothelial cells
incorporated acetylated LDL and were positive for YWF. They were negative for VCAM-1 but expressed it upon stimulation.

However, for the present study of endothelial out-
growth from blood obtained from bone marrow trans-
plant recipients, we chose about 4 weeks as the longest
time point in the analysis. This time point allowed suf-
ficient expansion to ensure that the cells we examined
were, indeed, derived from proliferation in culture. Yet,
it is limited enough in degree of expansion to allow all
of the outgrowth cells to be examined for genotype.
Phenotype characterization. We used indirect immuno-
fluorescence to define endothelial cell phenotype.
CEC from fresh blood and outgrowth cells from cul-
tures of blood were rinsed twice with HBSS and fixed
immediately with 4% paraformaldehyde for 10 min-
utes at 37°C. Detection of vWF and flk-1 required
permeabilization by 10 minutes’ incubation with 0.1%
Triton X-100. We used primary antibodies at working
concentrations of 2-20 Pg/mL against human vWF
and CDS51 (Sigma), CD34 and CD36 (Immunotech
Inc., Westbrook, Maine, USA), flk-1, CD14, and VE-
cadherin (Santa Cruz Biotechnology Inc., Santa Cruz,
California, USA), P1H12 (9), thrombomodulin (kind-
ly provided by A. Slungaard, University of Minneso-
ta), PECAM-1 (Novacastra Laboratories Ltd,,
Burlingame, California, USA), VCAM-1 and ICAM-1
(Southern Biotech Assoc., Birmingham, Alabama,
USA), and tissue factor (kindly provided by R. Bach,
University of Minnesota). As a positive control, we
used antibody to 2-microglobulin (Sigma). As a neg-
ative control, we used same-species, same-isotype
irrelevant antibodies (Sigma). Binding of primary
antibodies against vWF, thrombomodulin, and flk-1,
was detected using 1:100 dilution of stock rho-
damine-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch Laboratories Inc., West Grove,
Pennsylvania, USA). Binding of other primary anti-
bodies was detected using 7 plg/mL of lissamine rho-
damine-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch Laboratories Inc.). All primary and
secondary antibodies were diluted in HBSS plus 3%
BSA and 0.2% Tween-20. Fluoromount G (Southern
Biotechnology Assoc.) was added to the slides after
staining. The cells were viewed by fluorescence
microscopy using standard rhodamine
tation/emission filter combinations.

exci-

To detect acetylated-LDL uptake, cells were incubat-
ed with 10 plg/mL of acetylated LDL (Molecular Probes,
Eugene, Oregon, USA) at 37°C for 4 hours. To deliber-
ately activate endothelial cells, they were incubated at
37°C for 4 hours with either 10 ng/mL of IL-1 for stim-
ulation of VCAM-1 and ICAM-1, or 10 ng/mL of LPS
for tissue factor stimulation.

To analyze cell phenotype using flow cytometry,
cells in suspension were washed twice with PBS con-
taining 0.5% BSA and fixed in 2% paraformaldehyde
for 10 minutes at 37°C and 10 minutes at 4°C. For
detection of vWF and flk-1 expressions, cells were per-
meabilized with 9:1 methanol/PBS for 20 minutes at
-20°C. Then the cells in suspension were labeled with
the same antibodies as described above and resus-
pended in 2% paraformaldehyde for analysis. Flow
cytometry analysis was performed in a FACScalibur
flow cytometer (Becton Dickinson Immunocytome-
try Systems, San Jose, California, USA) using FL1
channel for detection of fluorescein signal and FL2
channel for detection of rhodamine signal. Cells (10%)
were collected from each sample and analyzed using
CELLQuest software (Becton Dickinson).

To detect Weibel-Palade bodies inside outgrowth
endothelial cells, cells were grown on coverslips and
fixed in 1.25% glutaraldehyde for 15 minutes at 37°C
and 2.5% glutaraldehyde overnightat 37°C. The cells
were then prepared for and examined by transmis-
sion electron microscopy.

Fluorescent in situ hybridization. Endothelial cells were
cytospun onto a microscope slide and fixed with cold
1:1 methanol and acetone mixture for 10 minutes. Flu-
orescent in situ hybridization (FISH) analysis for the X
and Y chromosomes of these cells was conducted fol-
lowing manufacturer’s protocol (Boehringer Mann-
heim Biochemicals, Indianapolis, Indiana, USA). We
used 1 pg/mL of digoxigenin-labeled human chromo-
some Y-specific DNA probe and 1 pg/mL of fluores-
cein-labeled human chromosome X-specific DNA
probe (Boehringer-Mannheim). For the detection of
the Y chromosome, 20 pg/mL of anti-digoxenin-rho-
damine Fab fragment (Boehringer-Mannheim) was
used. Finally, cells were labeled with antibody P1H12,
as described above, followed by 10 pg/mL of AMCAS

The Journal of Clinical Investigation |

January 2000

| Volume 105 | Number1

73



CoHd I - maie i -1 wiF G
B 8 B B 8 I

£ g § H g

5 u L Lk

3 L=y - | 3 i | -4

= = [=

S (il TR T Sl TVl T TR TV T T LY AT A LT R T w* 1w w10 w* 1w 1wt ot
FLi-H FLt-H FLi-H FLi-H FLi-#4
Figure 3

Flow cytometry analysis of outgrowth endothelial cell phenotype. In each graph, the black line outlines the region of fluorescent intensity for cells
labeled with negative control antibody. The filled region identifies cells labeled with antibody for the expression marker indicated above each graph.
Outgrowth cells are negative for CD14 (monocyte marker) and positive for flk-1, vWWF, CD36, and the endothelial-specific marker VE-cadherin.
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blue-conjugated secondary antibody. We scored only
those cells for which 2 fluorescent spots could be seen
clearly. In preliminary experiments, analysis of primary
microvascular endothelial cells and outgrowth endo-
thelial cells from blood of normal untransplanted
blood donors showed 100% accuracy in genotype detec-
tion using this method.

Results

Phenotype of outgrowth endotbelial cells. The outgrowth
endothelial cells from blood exhibited the typical “cob-
blestone” morphology of endothelial cells (Figure 2).
The outgrowth cells incorporated acetylated LDL and
were uniformly positive for vWF (Figure 2). They were
also uniformly positive for endothelial markers such
as P1H12, thrombomodulin, flk-1, VE-cadherin
(which is endothelial specific), PECAM-1, CD34,
CD36, and integrin d, (data not shown). They were
uniformly negative for monocyte marker CD14 (Fig-
ure 3). We confirmed the homogeneity of outgrowth
endothelial cell expression using flow cytometry as
shown in Figure 3 for CD14 (negative), and for VE-cad-
herin, flk-1, vWF, and CD36. In addition, transmission
electron microscopy analysis revealed the presence of
Weibel-Palade bodies inside outgrowth endothelial
cells (data not shown). This combined expression of
multiple endothelial markers unequivocally con-
firmed the cells’ endothelial identity. The phenotype
of the outgrowth endothelial cells remains the same
from week 4 through all subsequent passages.

The expression of CD36 on these cells argues that
they are microvascular in phenotype (24). The out-
growth cells weakly expressed ICAM-1, but they did
not constitutively express endothelial activation mark-
ers such as VCAM-1 and tissue factor. However, IL-1 or
LPS stimulated the expression of VCAM-1 and tissue
factor and increased the expression of ICAM-1 in these
cells (shown in Figure 2 for VCAM-1). Thus, the out-
growth endothelial cells have a quiescent microvascu-
lar phenotype, and they have the functional capacity
to respond to physiologically relevant stimuli.

CEC and endothelial outgrowth from bone marrow trans-
Pplant recipients. To determine the origins of fresh CEC and
outgrowth endothelial cells, we identified their genotype
(XX or XY) in 4 adults who had previously undergone

marrow transplantation of hematopoietic stem cells
from gender-mismatched donors. We identified geno-
type of PIH12-positive cells using FISH for the X and Y
chromosomes (Figure 4). All P1H12-positive blood cells
are positive for multiple endothelial markers (9). At the
time of study, all recipients’ marrow and/or peripheral
blood were 100% donor genotype as determined by
restriction fragment length polymorphism (RFLP)
and/or cytogenetic analysis. Each of the 7 blood samples
was divided into 2 aliquots: one for analysis of fresh CEC
enriched by immunomagnetic beads and the other for
buffy coat culture to obtain endothelial outgrowth.

Fluorescent microscopic examination of CEC
revealed that 95 + 6% (n = 4) of the CEC in fresh blood
had the recipient genotype. Conversely, only 5 + 6% (n
= 4) of the CEC in blood had donor genotype. These
results suggest that the predominant population of
CEC in fresh blood is derived from vessel walls. (For
these and the following data, the 4 sample values from
subject D are averaged and taken as a single data point.)

The outgrowth endothelial cells from these same
blood samples were examined in contemporaneous cul-
tures at 2 different time points, 9 days and 27 + 4 days
in culture. All outgrowth cells had the same phenotype
as described above. The total expansion of the out-
growth cells reached 5.4 + 2.5-fold (n = 4) by 9 days, and
it reached 102 + 28-fold by 27+ 4 days (n = 4).

As the cells expanded in culture, the proportion of
outgrowth cells having recipient genotype declined
from 95 + 6% at day O (n = 4), to 82.5% by day 9 (n = 2),
and to 17 + 4% by day 27 + 4 (n = 4) (Figure 5). By com-
bining the quantification of cell growth and percent-
age of each genotype, we calculated that recipient geno-
type endothelial cells expanded by only 17 + 9-fold over
4 weeks. In striking contrast, over the same time peri-
od there was a somewhat delayed but much more exu-
berant 1,023 + 476-fold expansion of donor genotype
endothelial cells (Figure 5).

Despite the differences in time between transplant
and study, the 4 samples from subject D all behaved the
same in culture (data not shown). The percentage of his
endothelial cells having the recipient genotype for the
sample at 11 months after transplant declined from
100% at day O to only 12.7% by 27 + 4 days. Similarly,
the percentage of his endothelial cells having recipient
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genotype for the sample at 20 months after transplant
also declined from 100% at day 0 to 7.5% by 27 + 4 days.
In fact, all 7 samples yielded similar results regardless
of the interval between transplant and study.

The sample from subject A, who received stem cells
that had been harvested from blood rather than mar-
row, behaved just like the samples from the other sub-
jects. There was also no detectable growth difference
between samples from subject C who received a trans-
plant from a much younger donor, from subject D who
received a transplant from an older donor, or from the
other 2 samples in which the donor and recipient ages
were very similar. Thus, cell outgrowth rates were not
affected by transplant donor source or age.

Discussion

Examining recipients of gender-mismatched marrow
transplants, we found that the predominant popula-
tion (95%) of CEC detectable in fresh peripheral blood
had recipient genotype. Remarkably, peripheral blood
also contained a small number of CEC (5%) having
donor genotype, indicating that they either were, or
were derived from, transplanted cells. Genotype analy-
sis of buffy coat cultures from these subjects showed
an outgrowth of endothelial cells of both donor and
recipient genotypes. However, endothelial cells having
recipient genotype had expanded only 17 + 9-fold
after 27 + 4 days in culture, whereas cells having geno-
type of the transplant donor showed a somewhat
delayed growth but expanded fully 1023 + 476-fold

Figure 4

FISH for endothelial genotype. Cells were double-labeled for
endothelial phenotype and gender genotype. Cell surface staining for
P1H12, shown here in blue, identified the cells as endothelial (9). A
rhodamine-conjugated probe was used to identify Y chromosomes;
a FITC-conjugated probe was used to identify X chromosomes. This
illustration, using blood from subject D, shows 1 endothelial cell in
the upper-right corner with male genotype and 1 endothelial cell in
the bottom-left corner with female genotype. Cytospin and fixation
procedure causes some distortion of cell morphology and loss of
cytoplasm. There was no morphologic difference between donor-
genotype and recipient-genotype endothelial cells.

over the same time period. Thus it is clear that most
CEC in fresh blood are from the recipient, whereas
most of the endothelial outgrowth is from a trans-
plantable, donor-derived cell.

The most interesting interpretation of these obser-
vations is that the recipient-derived CEC found in
fresh blood are derived from vessel walls, and the
delayed but exuberant outgrowth of donor-type
endothelial cells in culture stems from circulating
angioblasts. We hypothesize that this is the case, but
definitive proof will require development of 2 new
technologies. First, a new marker is needed that would
allow angioblasts to be identified and distinguished
from mature endothelial cells. Currently, Flk-1, Tie,
Tek, and CD34 are thought to be present on
hematopoietic precursors and hemangioblasts
(25-27), as well as differentiated endothelial cells (1).
Second, single-cell culture techniques for endothelial
cells must be developed so that we could characterize
a single starting cell and its specific progeny. Only
when these methods are developed will a number of
interesting questions become answerable definitively.

Several considerations bear on the likelihood that this
hypothesis is correct. Regarding the origin of the CEC
seen in peripheral blood, these, in theory, could be
derived from blood vessel walls, a marrow-based pro-
genitor, or possibly even mature endothelial cells in mar-
row that had not yet become incorporated into a vessel
wall. If CEC were derived from either of the 2 marrow-
based sources, we would expect that CEC would have the
donor’s genotype after successful marrow transplanta-
tion. We did not observe this. Rather, we found that
almost all CEC in fresh blood had the genotype of the
recipient. Therefore, these recipient-genotype CEC have
only 2 possible origins: from the recipient’s own vessel
walls, including sinusoidal circulations such as spleen,
or marrow space blood vessels that might be unaffected
by the transplant, or from a substantial amount of resid-
ual functioning recipient marrow after transplant. In
fact, our studies were done at a time when all marrow
and blood sampling on these patients were 100% donor
genotype by RFLP and/or cytogenetic analysis. Thus,
derivation from residual functioning recipient marrow
is very unlikely. It is most probable that recipient-geno-
type CEC in fresh blood truly are derived from a non-
marrow source such as the vessel wall.

On the other hand, the origin of the smaller number
of circulating donor-genotype cells that display
endothelial markers is less certain. It seems unlikely
that they would be derived from vessel walls, because
this would imply that marrow transplantation had
replaced existing vessel wall endothelium. Although an
interesting possibility, this seems unlikely given the
exceptionally slow turnover rate of vessel wall endothe-
lium (1) and the short time between transplant and
study. Whether or not these few circulating donor-
derived cells with endothelial markers are actually
transplanted endothelial precursor cells cannot be
answered until the new technologies are developed.
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Figure 5

Endothelial outgrowth from peripheral blood of gender-mismatched
bone marrow transplant recipients showing: (a) the total number of
cells in culture at the 3 time points (mean + SD; n = 4); (b) the per-
centage of cells at the 3 time points having recipient or donor geno-
type; (c) the overall fold expansion, as well as the fold expansion of’
cells of the 2 separate genotypes. (n = 4, mean + SD for day 0 and 27
+4; n=2,mean forday9.)
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The most difficult question pertains to the cell from
which outgrowth cells are derived during culture. In con-
sidering this, it is important to distinguish between the
outgrowth cells themselves (which we did analyze) and
the cell of true interest, the starting cell(s) from which
outgrowth cells are derived (which we could not analyze
for the reasons given earlier). We observed that cultures
of peripheral blood yield outgrowth of endothelial cells
that are clearly of 2 sources: donor tissue and recipient
tissue. Without single-cell culture methods, we cannot
know for sure if the originating cell(s) were the recog-
nizable donor- and recipient-genotype cells having
endothelial markers that were found in fresh blood or
were some other circulating cell(s) invisible to our
endothelial markers. In either case, however, the source

cell that results in donor-genotype outgrowth must have
been acquired through the transplantation. Because our
study subjects included one whose transplant was in the
form of stem cells harvested from peripheral blood, this
obviates concern that we have simply observed the out-
come of transplanted marrows that were contaminated
with marrow stromal cells.

The difference we observed between donor-genotype
and recipient-genotype outgrowth endothelial cells was
in their growth rate in vitro. Although the recipient-
genotype CEC were present in much higher number
(95% of CEC) in peripheral blood, recipient-genotype
endothelial outgrowth was slow and reached only a 17-
fold expansion after a month in culture. In striking
contrast, the donor-genotype CEC were present in
much smaller number (5% of CEC) in blood, yet donor-
genotype endothelial outgrowth reached 1023-fold
expansion during the same month in culture. Regard-
less of genotype, outgrowth cells had the phenotype of
quiescent microvascular endothelial cells, so both
genotype cells were expanding in a culture medium
optimized for microvascular endothelial growth (23).
Therefore, it is likely that inherent differences in the rel-
evant starting cells underlie this observed difference in
outgrowth rate between cells of the 2 genotypes. Per-
haps this would be the expected outcome of comparing
outgrowth rate from mature, differentiated endothe-
lial cells with that from angioblasts.

However, a number of uncertainties prevent a defin-
itive conclusion in this regard. It cannot be known
whether the outgrowth differences derive from the pre-
sumed inherent difference between angioblasts and
mature endothelial cells or from other variables relat-
ed to the transplantation: previous procedures or med-
ications, age of cell donor, cell cycle status, etc. Our sub-
jects were healthy and without graft-versus-host
disease. We obtained identical results regardless of the
following variables: (a) the time interval between trans-
plantation and study; (b) whether paired donor and
recipient ages were virtually identical or substantially
different; and (c) donor age, which varied from 15 to 50
years. Cell cycle status of the relevant cells at the start
of culture is not known, but we would expect that any
differences in this regard would not have a large impact
on culture outcome once cultures began to grow and
were allowed to so do for a full month. Thus, it seems
most likely that differences in endothelial outgrowth
rates reflect the inherent biology of the originating cell,
rather than extraneous influences.

Therefore, we can say with certainty that marrow
transplantation transfers cells that circulate in the
blood and can yield endothelial outgrowth. Whether or
not this represents transfer of true angioblasts cannot
be known with complete assurance at this time, but
this seems to be a likely explanation. It is relevant that
marrow-derived endothelial cells, marked by their
expression of B-galactosidase regulated by an endothe-
lial-specific promoter, tie-2, have been reported to
incorporate into new vessels formed in a murine
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ischemic limb model (28). In addition, in a dog trans-
plant model, Shi et al. (21) observed coating of vascu-
lar grafts by circulating marrow-derived cells that were
CD34+ and had endothelial-like morphology, but
unfortunately were not characterized otherwise. These
2 reports are consistent with our hypothesis.

Identification of the origins of CEC and blood
endothelial outgrowth may facilitate the use of these
cells in clinical diagnosis and biomedical applications.
Indeed, there are already indications that endothelial
cells or endothelial progenitors in circulation can home
in to sites of ischemia (20, 28) and may play a role in
formation of nonthrombotic neointima and angio-
genesis on vascular prosthetic surfaces in vivo (21,
29-30). The fact that exuberant endothelial outgrowth
can be achieved from peripheral blood predicts that
these outgrowth cells may be an excellent autologous
biomaterial source for vascular grafts and device coat-
ings, as well as for gene therapy (31). In addition, the
comparative study of CEC and endothelial outgrowth
from blood should provide valuable insights into stem
cell and endothelial cell biology.
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