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Summary. Background: Bone marrow-derived circulating
CD34™" progenitor cells participate in remodeling and
repair of the vasculature. Coexpression of the kinase-
insert domain-containing receptor (KDR) has been pro-
posed to identify the regenerative capacity. Recently, we
provided evidence that the major fraction of circulating
CD34% /KDR™ cells is not mobilized from bone marrow,
but is generated at sites of vascular injury through inter-
action with platelets. Objectives: To determine the rela-
tionship between platelet activation, the recruitment of
naive CD34" cells and the generation of CD34" /KDR ™"
progenitor cells in a broad range of (patho)physiologic
conditions, a detailed meta-regression analysis was con-
ducted. Methods/Results: Twenty-eight conditions were
found in which the numbers of CD34" and/or CD34"/
KDR ™ cells and the levels of soluble P-selectin, as a mar-
ker for in vivo platelet activation, were documented. To
combine heterogeneous data from 214 selected articles,
results were standardized to a uniform scale by calculat-
ing standardized mean differences (SMDs) obtained from
patient and control cohorts. Subsequently, a random-
effects meta-regression analysis was performed on pooled
SMDs. Conclusions: Our systemic survey supports a
model in which activated platelets are a determinant for
mobilization of CD34" cells from the bone marrow and
the generation of CD34 " /KDR " cells in the circulation.
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Introduction

Numerous studies have described the participation of cir-
culating endothelial progenitor cells (EPCs) in remodeling
and repair of the vasculature. Coexpression of the kinase-
insert domain-containing receptor (KDR) has been put
forward as a determinant for the regenerative properties
of progenitor cells, and reduced numbers of CD34"/
KDR™ cells were shown to correlate with an increased
risk for development of atherosclerotic disease [1,2]. Fur-
thermore, several studies have shown a positive relation-
ship between CD34" /KDR ™" [3] and CD133" /KDR ™ [4]
cells and endothelial function determined by measuring
endothelium-dependent flow-mediated dilation. It is
believed that CD34"/KDR™ cells are mobilized from
bone marrow (BM) by chemokines or growth factors,
released in response to hypoxia [5] or vascular injury [6].
However, CD34" cell fractions in human BM, or CD34*
cells mobilized by granulocyte colony-stimulating factor
(G-CSF) into the peripheral blood of healthy subjects
[7,8], contain very low numbers of CD34" cells that coex-
press KDR (< 0.5% of CD34™ cells) [9-11].

Recently, we provided evidence that the major fraction
of circulating CD34"/KDR™ cells are not mobilized
from the BM as predestined EPCs, but are generated at
sites of vascular injury through interaction with activated
platelets adhering to the endothelium [7]. Platelets are
immobilized within minutes after infliction of a mechani-
cal injury [6] or upon ischemic injury [5]. This injury-asso-
ciated microenvironment is permissive for the homing of
circulating cells by expressing vascular endothelial growth
factor (VEGF) [12] and stromal cell-derived factor la
(SDF-1a) [13,14], which are major determinants of the
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response to an injury [13]. Activated platelets abundantly
express P-selectin, which supports the tethering and roll-
ing of CD34™ cells, leading to the expression of adhesion
molecules and subsequent firm adhesion of the CD34™
cells [7]. Upon firm adhesion, the cells become subject to
shear, and translocate KDR [7] and CXCR4 [15] from
intracellular storage pools to the cell membrane, which
allows them to enter a VEGF-susceptible and SDF-sus-
ceptible pro-vasculogenic state. Thus, this platelet-driven
sequence of events makes the injury-mediated microenvi-
ronment a very specialized local ‘fertile soil’ for the gener-
ation of CD34" /KDR ™ cells.

Whereas most of the CD34" /KDR ™ cells will remain
involved in the regenerative process, a fraction of these
cells may be released back to the circulation and contrib-
ute to the CD34" /KDR™ cell fraction that was previ-
ously thought to be BM-derived.

This could imply that the expression of KDR by
CD34™ cells is a direct reflection of platelet activation in
the circulation. It could also imply that platelet inhibition,
which is frequently used in cardiovascular disease man-
agement, modulates progenitor cell activity. In fact, in
atherosclerosis-prone patients with diabetes mellitus
type 2 (DM2), we showed that treatment with aspirin
(300 mg day ") resulted in 47% fewer CD34"/KDR™"
cells in the circulation [7].

To further clarify the relationship between platelet acti-
vation, mobilization of naive CD34" cells from BM, and
the generation of circulating CD34"/KDR™ progenitor
cells, we performed a detailed random-effects meta-regres-
sion analysis in a variety of (patho)physiologic conditions
associated with tissue injury and/or ischemia.

Methods

Definition of (endothelial) progenitor cells

In the literature, a consensus has been reached concerning
the minimal antigenic profile for progenitor cells as
expressing CD34 and/or CD133 and for EPCs as cells co-
expressing KDR. As our own observations (data not
shown) and data from the literature [16] show that practi-
cally all CD34" cells coexpress CD133, we consider the
markers CD34 and CDI133 to be analogous. Therefore,
we defined cells expressing CD34 and/or CD133 as naive
progenitor cells, and KDR-expressing CD34" and/or
CDI133" cells as EPCs.

Study selection

To be able to show a relationship between in vivo platelet
activation and circulating (endothelial) progenitor cells, we
first had to identify (patho)physiologic conditions associ-
ated with tissue injury and/or ischemia, in which soluble P-
selectin (sP-selectin) levels and/or cell numbers were mea-
sured. Besides our study [7], no studies could be retrieved

in which both parameters were measured simultaneously.
Therefore, study conditions were identified by the use of
PubMed from 1985 (the first year in which such a study
was published) until May 2011 in which (endothelial) pro-
genitor cells were enumerated, yielding 41 study conditions
(see the flow diagram in Fig. S1). For 28 of these condi-
tions, studies reporting on sP-selectin levels were found.

In a second step, we linked these 28 study conditions,
defined by a dedicated keyword (Table S2), to a prede-
fined search for progenitor cells, represented by search
code A (endothelial progenitor). When < 20 references
were retrieved with this strategy, search code B (CD34)
was added. Similarly, for sP-selectin references, the dedi-
cated keywords for the 28 study conditions were coupled
to search C (‘soluble P-selectin’) or search D (‘soluble
adhesion molecules’) when < 20 references were retrieved.

Data extraction was performed by two investigators
independently, and yielded, in total, 8§91 articles for circu-
lating progenitor cells (search code A, 652; search code B,
239). For sP-selectin, 619 articles were found (search
code D, 465; search code D, 154).

All retrieved articles were screened for eligibility
according to specified inclusion and exclusion criteria
(Table S1). In total, 214 articles were included (89 for
CD34" cells, 107 for CD34*/KDR™ cells, and 123 for
sP-selectin). Note that a single article could yield more
than one set of data, as some articles reported on more
than one study condition. Therefore, the numbers men-
tioned in the column ‘data sets (n)’ (Table S2) do not
necessarily correspond to the numbers of eligible articles
in the columns of search codes A, B, C, or D.

Table S3 shows details of study conditions for circulat-
ing (endothelial) progenitor cells, with a description of
study vs. control subjects, reference numbers for types of
cell measured, number of subjects, absolute values and
standard errors of the study and control group(s), and
unit of measurement. Table S4 shows data for sP-selectin.

Standardization of results

Critical evaluation of the retrieved articles showed that
many different methodologies and acronyms were utilized
to enumerate (endothelial) progenitor cells (Table S3) and
sP-selectin data (e.g. ELISA or automated analyzer).
These heterogeneous data hampered direct comparison of
absolute values. To standardize the data to a uniform
scale, SMDs and 95% confidence intervals (CIs) were cal-
culated from the differences in means between a study
group and a reference group, divided by a pooled stan-
dard deviation, making the values independent of the
measuring scales. When a study condition yielded more
than one SMD, pooled SMDs (4 95% CI) were calcu-
lated, and these are shown in Table S5 for circulating
(endothelial) progenitor cells (CD34" as cell type 1, and
CD34" /KDR™ as cell type 2) and in Table S6 for sP-se-
lectin.

© 2013 International Society on Thrombosis and Haemostasis



Meta-regression analysis and statistics

For the final quantitative analysis, random-effects meta-
regression analysis was performed (Statal2 Software, Sta-
taCorp LP, College Station, TX, USA) on pooled SMDs
(£ 95% CI) for circulating (endothelial) progenitor cells
and sP-selectin. In any meta-analysis from multiple stud-
ies, heterogeneity is inevitable. To obtain an idea of the
degree of heterogeneity, we performed statistical analysis
for heterogeneity, and measured > and 7> (Table S7) [17].
Regression coefficients () and accompanying P-values
are reported.

Results

Meta-regression analysis

A survey was conducted to identify reports on (patho)
physiologic conditions in which numbers of circulating
(endothelial) progenitor cells and sP-selectin, as a marker
for in vivo platelet activation [18], were documented.
Although EPCs were studied in many (clinical) conditions
(n = 41), for only 28 conditions were sP-selectin data also
reported. To enable comparison of the information
selected from many different reports, all data were con-
verted to a uniform scale by calculating SMDs. Note that
SMDs do not correspond to absolute values, but consti-
tute an arbitrary measure of the effect size in study sub-
jects relative to control subjects.

One of the inclusion criteria was that the reference
group should consist of age-matched and gender-matched
subjects (Table S1). We consider this to be important, as
age and gender are confounders for the number of
progenitor cells (see condition 26 in the Supporting Infor-
mation).

We noticed that reference groups could consist of dis-
ease-matched controls or healthy controls; for example,
the reference group for patients with acute myocardial
infarction (AMI) were either subjects with stable angina
pectoris (SAP) or healthy individuals. To assess the influ-
ence of these different reference groups on SMD values,
we examined the condition ‘AMI’ (condition 4) in detail.
No significant differences were observed for CD34™ cells,
CD34"/KDR™" cells or sP-selectin when we measured
SMDs from the AMI cohorts vs. healthy controls or the
AMI cohort vs. disease-matched controls (data not
shown). Therefore, we included studies describing both
reference groups, to compile as many studies as possible.

Platelet activation is associated with increased numbers of
circulating CD34™ and CD34%/KDR* cells

Random-effects meta-regression analysis showed highly
significant associations of sP-selectin with the number of
circulating cells, as shown in Fig. 1A for sP-selectin in
relation to CD34" cells (P <0.001, f=0.79) and in
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Fig. 1. Linear regression analysis for soluble P-selectin and circulat-
ing progenitor cells. Linear regression plots are shown with pooled
standardized mean differences (SMDs) for soluble P-selectin (sP-sel)
as continuous variable, in association with pooled SMDs for CD34 ™
cells (A) and for CD34" /KDR " cells (B) obtained from study con-
ditions as compared with reference control conditions. A subdivision
for ‘acute’ (gray circles) and ‘chronic’ (white circles) conditions is
shown. For comparison, the study condition ‘moderate exercise in
health’ (Mod exerc in health, m) is shown, which was not included in
the final quantitative analysis. The arrows indicate the intercept of
the regression curve with the x-axis. CI, confidence interval, KDR,
kinase-insert domain-containing receptor.

Fig. 1B for sP-selectin in relation to CD34 " /KDR ™ cells
(P <0.001, p = 0.88).

These data are in line with a role for activated platelets
in the mobilization of naive CD34" cells and in the con-
version to CD34" /KDR™ cells. This observation is con-
firmed in Fig. 2, which depicts a highly significant
association (P < 0.0001, f=0.92) in all selected study
conditions, showing that an increase in the number of
CD34™ cells in the study group as compared with the ref-
erence group (SMD > 0) coincides with an increase in the
number of CD34% /KDR ™ cells.

‘Chronic’ and ‘acute’ conditions show different profiles of
circulating cells and sP-selectin

Studies have demonstrated that acute clinical conditions
lead to the mobilization of EPCs, and that chronic condi-
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Fig. 2. Linear regression analysis for CD34 " cells and CD34 "/
KDR ™ cells. Linear regression plots are shown comparing pooled
standardized mean differences (SMDs) for CD34 " cells and CD34 "/
KDR™ cells obtained from study conditions as compared with refer-
ence control conditions. A subdivision for ‘acute’ (gray circles) and
‘chronic’ (white circles) conditions is shown. For comparison, the
study condition ‘moderate exercise in health’ (Mod exerc in health,
rectangle) is shown, which was not included in the final quantitative
analysis. The black solid line represents the regression curve with
correlation coefficient § = 1.0. CI, confidence interval; KDR, kinase-
insert domain-containing receptor.

tions are associated with reduced numbers of circulating
EPCs. For example, a temporary increase in the number
of KDR™ cells was reported in acute trauma [19] and
AMI [20], whereas, during ‘chronic’ conditions, such as
chronic heart failure (CHF) [21] and metabolic syndrome
(MetS) [22], a decrease in the number of circulating
KDR™ cells was observed. To investigate whether this
phenomenon also applies for other (patho)physiologic
conditions, we subclassified the 28 conditions selected in
this meta-analysis as follows: the ‘chronic’ conditions
rheumatoid  arthritis/rheumatoid disease  (RA/RD),
chronic kidney disease/chronic renal failure (CKD/CRF),
hypertension (HT), CHF, coronary artery disease (CAD),
DM2, obesity, MetS, SAP, subclinical atherosclerosis
(subclin athero), sickle cell anemia (SCA), smoking, atrial
fibrillation (AF), diabetes mellitus type 1 (DM1), chronic
obstructive pulmonary disease (COPD), erectile dysfunc-
tion (ED), aging, systemic sclerosis (SSc), and insulin
resistance (IR); and the ‘acute’ conditions cardiopulmo-
nary bypass/coronary artery bypass grafting (CPB/
CABG), cardiopulmonary resuscitation (CPR), severe
trauma, AMI, cardiac syndrome X (CSX), acute stroke,
maximal exercise in health or disease, percutaneous coro-
nary intervention (PCI), and sepsis. The pooled SMDs
(mean £ 95% CI) for circulating naive progenitor cells,
KDR ™ progenitor cells and sP-selectin are shown in For-
est plots (Fig. 3). One condition, ‘moderate exercise in
health’ (condition 7B), was not included in the final meta-
regression analysis, as this condition does not induce
ischemia and was thus considered as a normal situation.

This subclassification showed that SMDs for the
‘chronic’ conditions were located predominantly below
zero for both CD34" cells (Fig. 3B) and KDR™ cells
(Fig. 3D), indicating decreases in the numbers of these
cell types as compared with reference subjects, whereas in
the ‘acute’ conditions, SMDs for both cell types (Fig. 3A,
C) were located mainly above 0, indicating increases in
the numbers of these cell types as compared with refer-
ence subjects. Interestingly, the regression curves for
CD34" /KDR ™ cells (Fig. 1A) and CD34" cells (Fig. 1B)
intercept the x-axis at SMD 1.4 £ 0.6 for sP-selectin (see
arrows), suggesting that a minimal arbitrary threshold of
SMD > 0.8 for sP-selectin between study subjects and
control subjects was required for mobilization of CD34 "
cells and generation of CD34 " /KDR ™ cells.

These data indicate that, in ‘chronic’ conditions, a
decreased number of circulating CD34" cells coincides
with the propensity to generate fewer CD34"/KDR™
cells, even at high Ilevels of platelet activation
(SMD > 2.0), as was the case for RA/RD (SMD = 3.4,
condition 10) and CKD/CRF (SMD = 2.7, condition 11).
On the other hand, subjects with SSc (condition 27), who
also show reduced numbers of CD34+ cells
(SMD = — 1.013), but then in combination with reduced
levels of sP-selectin (SMD = — 0.536), showed an even
more pronounced reduction in the number of CD34"/
KDR ™ cells (SMD = — 2.414). Likewise, in patients with
DM2 (condition 15), we confirmed a reduction in the
number of circulating CD34" cells and additionally
showed that in vivo inhibition of platelet activation by
aspirin reduced the number of CD34 " /KDR " cells [7].

In contrast, in conditions where the number of CD34 "
cells is increased in combination with a substantial
increase in the sP-selectin level (SMD > 0.8), as is the
case in most ‘acute’ conditions, the number of circulating
CD34%/KDR™ cells was increased. Apparently, for the
generation of pro-vasculogenic cells, substantial platelet
activation is a primary determinant, and efficient mobili-
zation of CD347 cells from BM is a secondary require-
ment. This implies that platelet inhibitors may affect the
generation of CD34" /KDR™" cells, and subsequently the
vasculo-protective function of these cells.

Profiles of circulating cells after G-CSF-mediated
mobilization

Our concept would predict that G-CSF-mediated mobili-
zation of progenitor cells from BM should yield mainly
naive CD34% /KDR ™ cells. Indeed, when healthy subjects
were treated with G-CSF for transplantation purposes,
the number of CD34" cells increased significantly
(SMD = 2.684), whereas the number of CD34" /KDR™
cells did not [7] (SMD = 0.264; Table S8). This prominent
recruitment of CD34" /KDR™ cells in excess of the gener-
ation of CD34" /KDR ™ cells in healthy subjects was also
observed by Powell er al. [8].

© 2013 International Society on Thrombosis and Haemostasis
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Fig. 3. Forest plots of the selected study conditions, devided in ‘acute’ and ‘chronic’ conditions. Forest plots show pooled standardized mean
differences (SMDs) (£ 95% confidence interval [CI]) for all selected study conditions, subdivided into ‘acute’ conditions (A, C, E) and
‘chronic’ conditions (B, D, F), showing data for CD34 " cells (A, B), CD34 " /KDR ™" cells (C, D) and soluble P-selectin (sP-sel) (E, F). The
gray area in each panel represents the standard error of the mean (B, E) or interquartile ranges of the median (A, C, D, E). P-values represent
the significance between levels of CD34" or CD34 " /KDR ™ cells and sP-sel in ‘acute’ vs. ‘chronic’ conditions. AF, atrial fibrillation; AMI,
acute myocardial infarction; CAD, coronary artery disease; CHF, chronic heart failure; CKD/CRF, chronic kidney disease/chronic renal fail-
ure; COPD, chronic obstructive pulmonary disease; CPB, cardiopulmonary bypass; CPR, cardiopulmonary resuscitation; CSX, cardiac syn-
drome X; DM, diabetes mellitus type 1; DM2, diabetes mellitus type 2; ED, erectile dysfunction; Exerc in dis, exercise in disease; IR, insulin
resistance; KDR, kinase-insert domain-containing receptor; Max exerc in health, maximal exercise in health; MetS, metabolic syndrome; Mod
exerc in health, moderate exercise in health; PCI, percutaneous coronary intervention; RA/RD, rheumatoid arthritis/rheumatoid disease; SAP,
stable angina pectoris; SCA, sickle cell anemia; SSc, systemic sclerosis; Subclin athero, subclinical atherosclerosis.

In contrast, when G-CSF-induced progenitor cell showed no (SMD = —0.011) [25] or a slightly increased

mobilization was studied in patients with acute ischemia
resulting from AMI in comparison with patients recover-
ing from myocardial infarction (myocardial infarction
older than 14 days; old myocardial infarction [OMI]) [23],
an excess of CD347/KDR™ cells (SMD = 0.757) over
BM-recruited CD34" /KDR™ cells (SMD = 0.268) was
generated. Thus, this study confirms that the ‘acute’
(ischemic) stage of disease is associated with the genera-
tion of KDR™ cells.

Interestingly, under the same conditions, in vivo plate-
let activation showed a similar tendency, namely a signifi-
cant increase in sP-selectin levels in AMI patients as
compared with OMI patients (SMD = 21.544) or healthy
controls (SMD = 22.617) [24], whereas OMI patients

© 2013 International Society on Thrombosis and Haemostasis

level (SMD = (0.742) [24] of platelet activation as com-
pared with healthy controls, suggesting that the acute
stage of myocardial infarction is also associated with
in vivo platelet activation (Table S8). These data indepen-
dently support our hypothesis that circulating CD347/
KDR™" cells are generated in the periphery, rather than
being mobilized from the BM as predestined KDR™
EPCs, and that this generation is associated with in vivo
platelet activation.

Aspirin may hamper the generation of CD34*/KDR* cells

In many of the ‘acute’ cardiac conditions, such as AMI
and PCI, or in ‘chronic’ cardiac conditions, such as SAP,
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CHF, and CAD, patients may use aspirin or other plate-
let inhibitors, which may suppress platelet activation and
thus the numbers of circulating CD34" and CD34%/
KDR™ cells. This may explain why, in the ‘acute’ condi-
tion of PCI (Fig. 3, condition 8) [26], in which most
patients receive aspirin, a minor SMD of — 0.059 for
CD34™" cells (after vs. before PCI) and an SMD of
— 0.051 for CD34%7/KDR™ cells (after vs. before PCI)
was obtained, which is clearly different from the situation
in other ‘acute’ conditions. For comparison, healthy indi-
viduals without any medication, representing the best-case
scenario, who were subjected to ‘acute’ maximal exercise-
induced ischemia (condition 7A), showed a mean SMD
of 0.986 for sP-selectin, a mean SMD of 1.347 for
CD34" cells, and a mean SMD of 1.496 for CD34"/
KDR™ cells, indicating efficient naive progenitor cell
mobilization and sufficient platelet activation to generate
KDR ™ progenitor cells.

Discussion

During the last decade, numerous articles have reported
on the characterization and enumeration of circulating
EPCs, on the relationship of their numbers with the risk
of occurrence of cardiovascular events and progression of
atherosclerosis, on their relationship with endothelial
function, and on their potential to repair vascular injury.
Every study by itself has contributed to a better under-
standing of the ontogeny and biology of EPCs. However,
because of controversies regarding cell definition and
methods of enumeration, a clear consensus on the rele-
vance of EPCs for diagnostic or even therapeutic use has
been lacking.

Recently, we provided evidence that CD34"/KDR™
cells are generated upon peripheral, platelet-dependent
activation of multipotent CD34" /KDR™ cells in DM?2
patients. Consequently, we postulated that in (clinical)
conditions associated with vascular injury/ischemia and
subsequent platelet activation, the circulation would be
supplemented with pro-vasculogenic cells. With platelet
activation as the primary determinant, a clear definition
of (endothelial) progenitor cells, and predefined selection
criteria for study conditions, we conducted a comprehen-
sive systematic review to test this hypothesis. To enable
comparison of all selected studies, data were transformed
to a uniform scale by the use of SMD calculations.

Our random-effects meta-regression analysis confirmed
a highly significant correlation between in vivo platelet
activation and CD34 7 /KDR ™ cells, but also with naive
CD34" cells in the circulation.

The correlation between platelet activation and the
number of circulating progenitor cells is corroborated by
several investigations. For examples, activated (P-selectin-
positive) platelets express or release SDF-1a [14], leading
to mobilization of BM-derived CD34" progenitors into
the periphery [27], as was shown in an acute injury model

in mice [28] and in acute coronary syndrome in humans
[27]. Furthermore, platelets not only release SDF-1a but
also secrete VEGF [29] and sphingosine-1-phosphate
(S1P) [30] upon activation. In patients with heart failure
[31] and HT, there were elevated plasma levels of VEGF,
which showed a positive correlation with sP-selectin levels
and were reduced upon aspirin treatment [32]. Addition-
ally, plasma levels of SIP have been shown to lead to traf-
ficking of stem cells from BM to peripheral blood [33]. As
platelets are a rich source of VEGF, SDF-la, and SIP
[30], these factors may act synergistically in attracting
stem cells from BM to the peripheral blood.

Interestingly, our data suggest that a minimal threshold
of platelet activation is needed before naive stem cells exit
from the BM compartment. Apparently, the concentra-
tion gradient of mobilizing factors in the circulation needs
a certain minimal elevation to overcome the concentration
of these factors in BM. Hence, we propose that platelet
activation beyond a minimal threshold can lead to the
delivery of sufficient amounts of mobilizing factors to
attract naive stem cells to the periphery. Subsequently,
activated platelets establish an adhesive platform to sup-
port the conversion of CD34™ to KDR"/CD34™ cells [7].
This implies that measuring the absolute number of
CD34" cells is more informative about vessel repair
capacity than measuring CD34"/KDR™ cells, which is
consistent with a study by Fadini er al. [34].

The fact that in many ‘chronic’ conditions, such as
CHF, DM1, and DM2, lower levels of CD34" cells have
been reported may be consistent with ‘exhaustion’ of BM
resulting from chronic demand from the periphery [35] or
defective mobilization to the periphery caused by endo-
thelial dysfunction in BM following oxidative stress or
hyperglycemia [36].

Our findings suggest that patients with cardiovascular
disease, who take inhibitors of platelet aggregation, are
hampered in their capacity to generate CD34"/KDR™
cells. As these cells have been shown to contribute to re-
endothelialization, endothelial function, and vascular
remodeling, the long-term use of platelet inhibitors may
have consequences for the capacity to maintain vascular
homeostasis.

In this meta-analysis, we did not document the use of
aspirin in detail, as aspirin use was either not mentioned
or aspirin was very inconsistently administered among
patient cohorts. In a previous study, however, we per-
formed a randomized double-blind, placebo-controlled
cross-over trial in which DM2 patients underwent a pla-
cebo phase and an aspirin phase, after which sP-selectin
levels and the numbers of circulating cells were measured
[7]. Our cohort yielded paired results, making this study
particularly suitable to determine the effect of the extent
of in vivo platelet activation and platelet inhibition by
aspirin in relation to levels of circulating (endothelial)
progenitor cells. In Fig. 4, our findings are combined in a
three-compartment model:
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Fig. 4. Proposal of a three-compartment model. (A) Minor ischemia/injury in peripheral tissues leads to platelet activation below a minimal
threshold (standardized mean difference [SMD]p_se1 < 0.8), which is insufficient to attract fresh CD34" cells from bone marrow (BM), while
already circulating CD34" cells may home to the injury site (SMD¢p34+ < 0). (B) Pronounced tissue damage/ischemia provokes platelet acti-
vation beyond a minimal threshold (SMDyp._s; > 0.8), leading to signals for recruitment of fresh CD34 " cells (SMD¢p34+ > 0) from the BM
compartment to the peripheral blood compartment. CD34 " cells home to the platelet thrombi deposited at the site of the vascular injury,
where they are converted to CD34" /KDR ™ cells, some of which are released to the peripheral blood (SMD¢p3s+ /kprR+ > 0). (C) When pro-
nounced tissue damage induces platelet activation beyond a minimal threshold (SMDgp_s; > 0.8), but BM is dysfunctional, the peripheral blood
compartment will lose CD34 " cells to the injury site without supplementation from BM (SMD¢ps4+ < 0). (D) When platelet activation is
inhibited, e.g. by aspirin, pronounced tissue damage will not result in platelet activation beyond a minimal threshold (SMDgp_g < 0.8) and will
not lead to supplementation of peripheral blood CD34" /KDR™ cells (SMD¢p34 1 < 0) or generation of CD34" /KDR ™ cells (SMDc¢p3s+
kpr+ < 0). EC, endothelial cell; KDR, kinase-insert domain-containing receptor; sP-sel, soluble P-selectin.

A Minor ischemia/injury in peripheral tissues leads to site, where they are converted to CD34 " /KDR ™ cells,
platelet activation below a minimal threshold (illustrated some of which are released to the peripheral blood
by the arbitrary indicator SMDgp_o; < 0.8), which is (SMDc¢pss+ kpr+ > 0).
insufficient to attract fresh CD34" cells from BM, C When pronounced tissue damage induces platelet
while already circulating CD34 ™" cells may home to the activation beyond a minimal threshold (SMDgp.
injury site (SMDcp3s+ < 0). sel > 0.8), but BM is dysfunctional, the peripheral

B Pronounced tissue damage/ischemia provokes platelet blood compartment will lose CD34" cells to the
activation beyond a minimal threshold (SMDgp_g injury site without supplementation from BM
> 0.8), leading to signals for recruitment of fresh (SMDcpis+ < 0).

CD34% /KDR™ cells (SMD¢p3s: > 0) from the BM D When platelet activation is inhibited, e.g. by aspirin
compartment to the peripheral blood. CD34" cells (SMDgp_s; < 0.8), supplementation with naive CD34™"
home to the platelet thrombi deposited at the injury cells from BM is hampered (SMDcp3s+ < 0) and the
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generation of CD347/KDR™ cells is
(SMDc¢p3s+ /kpr+ < 0).

Thus, our model proposes platelet activation as a pri-
mary requirement for the recruitment of CD34" /KDR™
cells from BM and for the generation of CD34 " /KDR™
cells in the periphery, provided that BM is able to
respond sufficiently to the recruitment signals.

Whereas many interventions have shown a beneficial
effect in humans on the number of CD347 cells, e.g.
insulin-like growth factor 1 [37], erythropoietin [38], and
CXCR4 antagonists [39], aspirin may well have long-term
adverse effects on vasculo-protection mediated by (endo-
thelial) progenitor cells.

In line with the role of activated platelets in vascular
maintenance and repair, Amano et al. [40] showed that
infusion of platelets enhanced the angiogenic response after
ischemia, and that this response was blunted in thrombo-
poeitin ™/~ mice. In addition, Feng et al. [41] showed that
platelet depletion, which may mimic pharmacologic inhibi-
tion of platelet activity, resulted in decreased blood flow
and vessel density in a mouse model of hindlimb ischemia.
Of course, these animal models are non-compromised with
respect to cardiovascular risk factors. Nevertheless, when
circulating progenitor cell levels are measured as a prog-
nostic marker for future cardiovascular events, the use of
platelet inhibitors should be taken into account.

To our knowledge, this is the first time that a general
relationship has been shown between in vivo platelet acti-
vation and the levels of circulating CD34" and CD34 "/
KDR ™ cells in human subjects. With this survey, we aim
to put the research on the ontogeny of circulating (endo-
thelial) progenitor cells and the use of platelet inhibition
into a new scientific and clinical perspective.

suppressed

Addendum

H.C. de Boer: designed the study, performed data extrac-
tion, analyzed and interpreted the data, performed statis-
tical calculations, and wrote the manuscript; A.M. van
Oeveren-Rietdijk: performed data extraction; J.I. Rot-
mans and T.J. Rabelink: provided helpful discussions and
reviewed the manuscript; O.M. Dekkers: performed and
supervised statistical calculations; A.J. van Zonneveld:
supervised the research and wrote the manuscript.

Acknowledgements

This work was supported by the Netherlands Institute of
Regenerative Medicine (NIRM) (program: controlled
release of endothelial progenitor cells from the bone mar-
row niche).

Disclosure of Conflicts of Interest

The authors state that they have no conflict of interest.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Flow diagram.

Table S1. Inclusion and exclusion definitions for study
selection.

Table S2. Yields of papers during the screening, eligibility
and inclusion phase.

Table S3. Included studies reporting on circulating cells.
Table S4. Included studies reporting on soluble P-selectin.
Table S5. Standardized mean differences (SMD) and
pooled SMDs with 95% confidence intervals (lower vs.
upper limits) calculated for circulating progenitor cells.
Table S6. Standardized mean differences (SMD) and
pooled SMDs with 95% confidence intervals (lower vs.
upper limits) calculated for sP-selectin values.

Table S7. Heterogeneity statistics.

Table S8. The effect of G-CSF treatment on numbers of
circulating progenitor cells and sP-selectin values.

References

1 Schmidt-Lucke C, Rossig L, Fichtlscherer S, Vasa M, Britten M,
Kamper U, Dimmeler S, Zeiher AM. Reduced number of circu-
lating endothelial progenitor cells predicts future cardiovascular
events: proof of concept for the clinical importance of endoge-
nous vascular repair. Circulation 2005; 111: 2981-7.

2 Werner N, Kosiol S, Schiegl T, Ahlers P, Walenta K, Link A,
Bohm M, Nickenig G. Circulating endothelial progenitor cells and
cardiovascular outcomes. N Engl J Med 2005; 353: 999-1007.

3 Esposito K, Ciotola M, Maiorino MI, Giugliano F, Autorino R,
De Sio M, Jannini E, Lenzi A, Giugliano D. Circulating
CD34+ KDR+ endothelial progenitor cells correlate with erectile
function and endothelial function in overweight men. J Sex Med
2009; 6: 107-14.

4 Mok MY, Yiu KH, Wong CY, Qiuwaxi J, Lai WH, Wong WS,
Tse HF, Lau CS. Low circulating level of CD133+KDR+ cells in
patients with systemic sclerosis. Clin Exp Rheumatol 2010; 28:
S19-25.

5 Massberg S, Enders G, Leiderer R, Eisenmenger S, Vestweber D,
Krombach F, Messmer K. Platelet-endothelial cell interactions
during ischemia/reperfusion: the role of P-selectin. Blood 1998;
92: 507-15.

6 Falati S, Gross P, Merrill-Skoloff G, Furie BC, Furie B. Real-
time in vivo imaging of platelets, tissue factor and fibrin during
arterial thrombus formation in the mouse. Nat Med 2002; 8:
1175-81.

7 de Boer HC, Hovens MM, van Oeveren-Rietdijk AM, Snoep JD,
de Koning EJ, Tamsma JT, Huisman MV, Rabelink AJ, van
Zonneveld AJ. Human CD34+/KDR+ cells are generated from
circulating CD34+ cells after immobilization on activated plate-
lets. Arterioscler Thromb Vasc Biol 2011; 31: 408-15.

8 Powell TM, Paul JD, Hill JM, Thompson M, Benjamin M,
Rodrigo M, McCoy JP, Read EJ, Khuu HM, Leitman SF, Fin-
kel T, Cannon RO III. Granulocyte colony-stimulating factor
mobilizes functional endothelial progenitor cells in patients with
coronary artery disease. Arterioscler Thromb Vasc Biol 2005; 25:
296-301.

9 Iwasaki H, Kawamoto A, Ishikawa M, Oyamada A, Nakamori
S, Nishimura H, Sadamoto K, Horii M, Matsumoto T, Murasa-

© 2013 International Society on Thrombosis and Haemostasis



10

11

12

13

14

15

16

18

20

21

22

23

wa S, Shibata T, Suehiro S, Asahara T. Dose-dependent contri-
bution of CD34-positive cell transplantation to concurrent vas-
culogenesis and cardiomyogenesis for functional regenerative
recovery after myocardial infarction. Circulation 2006; 113:
1311-25.

Li B, Cohen A, Hudson TE, Motlagh D, Amrani DL, Duffield
JS. Mobilized human hematopoietic stem/progenitor cells pro-
mote kidney repair after ischemia/reperfusion injury. Circulation
2010; 121: 2211-20.

Ziegler BL, Valtieri M, Porada GA, De Maria R, Muller R,
Masella B, Gabbianelli M, Casella 1, Pelosi E, Bock T, Zanjani
ED, Peschle C. KDR receptor: a key marker defining hematopoi-
etic stem cells. Science 1999; 285: 1553-8.

Klement GL, Yip TT, Cassiola F, Kikuchi L, Cervi D, Podust
V, Italiano JE, Wheatley E, Abou-Slaybi A, Bender E, Almog
N, Kieran MW, Folkman J. Platelets actively sequester angio-
genesis regulators. Blood 2009; 113: 2835-42.

Jin DK, Shido K, Kopp HG, Petit I, Shmelkov SV, Young LM,
Hooper AT, Amano H, Avecilla ST, Heissig B, Hattori K,
Zhang F, Hicklin DJ, Wu Y, Zhu Z, Dunn A, Salari H, Werb
Z, Hackett NR, Crystal RG, et al. Cytokine-mediated deploy-
ment of SDF-1 induces revascularization through recruitment of
CXCR4+ hemangiocytes. Nat Med 2006; 12: 557-67.

Stellos K, Langer H, Daub K, Schoenberger T, Gauss A, Geisler
T, Bigalke B, Mueller I, Schumm M, Schaefer I, Seizer P,
Kraemer BF, Siegel-Axel D, May AE, Lindemann S, Gawaz M.
Platelet-derived stromal cell-derived factor-1 regulates adhesion
and promotes differentiation of human CD34+ cells to endothe-
lial progenitor cells. Circulation 2008; 117: 206-15.

Zhang Y, Foudi A, Geay JF, Berthebaud M, Buet D, Jarrier P,
Jalil A, Vainchenker W, Louache F. Intracellular localization
and constitutive endocytosis of CXCR4 in human CD34+ hema-
topoietic progenitor cells. Stem Cells 2004; 22: 1015-29.

Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M,
Oz MC, Hicklin DJ, Witte L, Moore MA, Rafii S. Expression of
VEGFR-2 and AC133 by circulating human CD34(+) cells iden-
tifies a population of functional endothelial precursors. Blood
2000; 95: 952-8.

Higgins JP. Commentary: heterogeneity in meta-analysis should
be expected and appropriately quantified. Int J Epidemiol 2008;
37: 1158-60.

Ferroni P, Martini F, Riondino S, La Farina F, Magnapera A,
Ciatti F, Guadagni F. Soluble P-selectin as a marker of in vivo
platelet activation. Clin Chim Acta 2009; 399: 88-91.

Foresta C, Schipilliti M, De Toni L, Magagna S, Lancerotto L,
Azzena B, Vindigni V, Mazzoleni F. Blood levels, apoptosis, and
homing of the endothelial progenitor cells after skin burns and
escharectomy. J Trauma 2011; 70: 459-65.

Massa M, Rosti V, Ferrario M, Campanelli R, Ramajoli I,
Rosso R, De Ferrari GM, Ferlini M, Goffredo L, Bertoletti A,
Klersy C, Pecci A, Moratti R, Tavazzi L. Increased circulating
hematopoietic and endothelial progenitor cells in the early
phase of acute myocardial infarction. Blood 2005; 105: 199-
206.

van Craenenbroeck EM, Beckers PJ, Possemiers NM, Wuyts K,
Frederix G, Hoymans VY, Wuyts F, Paelinck BP, Vrints CJ,
Conraads VM. Exercise acutely reverses dysfunction of circulat-
ing angiogenic cells in chronic heart failure. Eur Heart J 2010;
31: 1924-34.

Jialal I, Devaraj S, Singh U, Huet BA. Decreased number and
impaired functionality of endothelial progenitor cells in subjects
with metabolic syndrome: implications for increased cardiovascu-
lar risk. Atherosclerosis 2010; 211: 297-302.

Chang SA, Kang HJ, Lee HY, Kim KH, Hur J, Han KS, Park
YB, Kim HS. Peripheral blood stem cell mobilisation by granu-
locyte-colony stimulating factor in patients with acute and old

© 2013 International Society on Thrombosis and Haemostasis

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Platelets in (endothelial) progenitor cell ontogeny 1591

myocardial infarction for intracoronary cell infusion. Heart 2009;
95: 1326-30.

Xu DY, Zhao SP, Peng WP. Elevated plasma levels of soluble P-
selectin in patients with acute myocardial infarction and unstable
angina. An inverse link to lipoprotein(a). Int J Cardiol 1998; 64:
253-8.

Khare A, Shetty S, Ghosh K, Mohanty D, Chatterjee S. Evalua-
tion of markers of endothelial damage in cases of young myocar-
dial infarction. Atherosclerosis 2005; 180: 375-80.

Lee LC, Chen CS, Choong PF, Low A, Tan HC, Poh KK.
Time-dependent dynamic mobilization of circulating progenitor
cells during percutaneous coronary intervention in diabetics. Int
J Cardiol 2010; 142: 199-201.

Stellos K, Bigalke B, Langer H, Geisler T, Schad A, Kogel A,
Pfaff F, Stakos D, Seizer P, Muller I, Htun P, Lindemann S, Ga-
waz M. Expression of stromal-cell-derived factor-1 on circulating
platelets is increased in patients with acute coronary syndrome
and correlates with the number of CD34+ progenitor cells. Eur
Heart J 2009; 30: 584-93.

Massberg S, Konrad I, Schurzinger K, Lorenz M, Schneider S,
Zohlnhoefer D, Hoppe K, Schiemann M, Kennerknecht E, Sauer
S, Schulz C, Kerstan S, Rudelius M, Seidl S, Sorge F, Langer H,
Peluso M, Goyal P, Vestweber D, Emambokus NR, et al. Plate-
lets secrete stromal cell-derived factor lalpha and recruit bone
marrow-derived progenitor cells to arterial thrombi in vivo. J
Exp Med 2006; 203: 1221-33.

Mohle R, Green D, Moore MA, Nachman RL, Rafii S. Constit-
utive production and thrombin-induced release of vascular endo-
thelial growth factor by human megakaryocytes and platelets.
Proc Natl Acad Sci USA 1997; 94: 663-8.

Seitz G, Boechmler AM, Kanz L, Mohle R. The role of sphingo-
sine l-phosphate receptors in the trafficking of hematopoietic
progenitor cells. Ann N Y Acad Sci 2005; 1044: 84-9.

Chin BS, Chung NA, Gibbs CR, Blann AD, Lip GY. Vascular
endothelial growth factor and soluble P-selectin in acute and
chronic congestive heart failure. Am J Cardiol 2002; 90: 1258-
60.

Ferroni P, Martini F, D’Alessandro R, Magnapera A, Raparelli
V, Scarno A, Davi G, Basili S, Guadagni F. In vivo platelet acti-
vation is responsible for enhanced vascular endothelial growth
factor levels in hypertensive patients. Clin Chim Acta 2008; 388:
33-7.

Golan K, Vagima Y, Ludin A, Itkin T, Cohen-Gur S, Kalinko-
vich A, Kollet O, Kim C, Schajnovitz A, Ovadya Y, Lapid K,
Shivtiel S, Morris AJ, Ratajczak MZ, Lapidot T. SIP promotes
murine progenitor cell egress and mobilization via S1P1-medi-
ated ROS signaling and SDF-1 release. Blood 2012; 119: 2478—
88.

Fadini GP, de Kreutzenberg SV, Coracina A, Baesso I, Agostini
C, Tiengo A, Avogaro A. Circulating CD34+ cells, metabolic
syndrome, and cardiovascular risk. Eur Heart J 2006; 27: 2247—
SS.

Rauscher FM, Goldschmidt-Clermont PJ, Davis BH, Wang T,
Gregg D, Ramaswami P, Pippen AM, Annex BH, Dong C, Tay-
lor DA. Aging, progenitor cell exhaustion, and atherosclerosis.
Circulation 2003; 108: 457-63.

Fadini GP, Pucci L, Vanacore R, Baesso I, Penno G, Balbarini
A, Di Stefano R, Miccoli R, de Kreutzenberg S, Coracina A,
Tiengo A, Agostini C, Del Prato S, Avogaro A. Glucose toler-
ance is negatively associated with circulating progenitor cell
levels. Diabetologia 2007; 50: 2156-63.

Thum T, Hoeber S, Froese S, Klink I, Stichtenoth DO, Galuppo
P, Jakob M, Tsikas D, Anker SD, Poole-Wilson PA, Borlak J, Ertl
G, Bauersachs J. Age-dependent impairment of endothelial pro-
genitor cells is corrected by growth-hormone-mediated increase of
insulin-like growth-factor-1. Circ Res 2007; 100: 434-43.



1592 H. C. de Boer et al

38

39

Bahlmann FH, de Groot K, Spandau JM, Landry AL, Hertel B,
Duckert T, Boehm SM, Menne J, Haller H, Fliser D. Erythro-
poietin regulates endothelial progenitor cells. Blood 2004; 103:
921-6.

Liles WC, Broxmeyer HE, Rodger E, Wood B, Hubel K, Cooper
S, Hangoc G, Bridger GJ, Henson GW, Calandra G, Dale DC.
Mobilization of hematopoietic progenitor cells in healthy volun-
teers by AMD3100, a CXCR4 antagonist. Blood 2003; 102:
2728-30.

40 Amano H, Hackett NR, Rafii S, Crystal RG. Thrombopoietin

41

gene transfer-mediated enhancement of angiogenic responses to
acute ischemia. Circ Res 2005; 97: 337-45.

Feng W, Madajka M, Kerr BA, Mahabeleshwar GH, Whiteheart
SW, Byzova TV. A novel role for platelet secretion in angiogene-
sis: mediating bone marrow-derived cell mobilization and hom-
ing. Blood 2011; 117: 3893-902.

© 2013 International Society on Thrombosis and Haemostasis



