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Hyperglycemia affects differentiation of EPC

Abstract

Bone marrow (BM)-derived endothelial progenitor cells (EPC) contribute to endothelial
maintenance and repair. Risk factors for ischemic vascular disease such as diabetes mellitus
not only affect the mature endothelium, but also lead to EPC dysfunction. To explore the
impact of hyperglycemia on the differentiation of EPC from bone marrow progenitor cells,
mice were maintained hyperglycemic for 6 weeks. Cultures generating EPC, macrophages
(Mph) or dendritic cells (DC) from hyperglycemic BM yielded 40% fewer EPC and 50%
more Mph compared to control bone marrow. These changes were directly related to the
HbAI1C levels of the donor mice. In contrast, BM-derived DC numbers were not affected
by hyperglycemia. The composition of the BM was not altered; in particular the numbers of
CD31*/Ly6C* cells, which serve as common progenitors for EPC, Mph and DC were
unaffected. In addition to their lower quantity, BM-derived EPC from hyperglycemic mice
were less angiogenic and more pro-inflammatory in terms of endocytosis, T-cell activation
and IL-12 production. HMGCoA reductase inhibition by statin supplementation of the
culture medium counteracted these hyperglycemia-induced changes. Our data indicate that
EPC dysfunction in diabetes is BM-derived, due to hyperglycemia-induced alteration of

myeloid progenitor cell differentiation.
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Introduction

Loss of endothelial integrity and an impaired capacity for ischemia-induced
neovascularization leads to ischemic vascular disease in diabetes!. A recently identified
risk factor for these vascular complications is dysfunction of bone marrow (BM)-derived
endothelial progenitor cells (EPC). Under normal circumstances, EPC contribute to
vascular homeostasis by replacing apoptotic or lost endothelial cells*®. In addition, EPC
can home to sites of denudation®, ischemia or elevated shear stress to stimulate
neovascularisation or arteriogenesis’®. In patients with type 1° and 2 diabetes!® and in
diabetic animals!!-13, the number of circulating EPC is decreased and functional parameters
such as adhesion, migration and the paracrine secretion of proangiogenic factors are
impaired, likely as a consequence of hyperglycemia. Moreover, a recent study showed that
the number of circulating EPC inversely correlates with the severity of peripheral vascular
complications of patients with type 2 diabetes further supporting a role for EPC dysfunction
in the pathogenesis of ischemic vascular disease!*. Following these notions, EPC are
increasingly recognized as a potential therapeutic target for the prevention of ischemic
vascular disease. However, the molecular mechanisms underlying EPC dysfunction in
diabetes are complex and may include reduced cell survival'>!> due to an increased
sensitivity to oxidative stress!® or activation of a p53-dependent pathway that leads to
cellular senescence!®!7.

Human EPC can be derived from either CD34*, CD34- or CD34!¥ cells and can be cultured
from BM aspirates and peripheral blood CD14" mononuclear cell fractions'$-2!. This
heterogeneity in precursor cells likely reflects the different stages of EPC as they mature
from the early bone marrow-derived stem cells towards mature vascular endothelial cells.
Many studies have shown that cells of the myeloid lineage display high plasticity and that
seemingly “lineage-committed” myeloid cells, given the appropriate conditions, can
differentiate into cells of another lineage with different functional properties??. For
example, in the presence of inflammatory cytokines, the normal differentiation of
monocytes into macrophages (Mph) can be skewed to yield dendritic cells (DC)». We
recently demonstrated that angiogenic EPC develop from an immature, CD31*/Ly-6C*
myeloid progenitor fraction in mouse BM?*. Upon stimulation by the proper differentiation
factors, Mph and DC are also derived from this fraction?>2¢, suggesting a common myeloid

progenitor pool for EPC, Mph, granulocytes, monocytes and DC.
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As diabetes is increasingly appreciated as a systemic pro-inflammatory state?’-?8 that might
affect cell-fate specification or developmental decisions, we here investigated the
differentiation of EPC, Mph and DC from BM-derived myeloid progenitor cells of
hyperglycemic and normoglycemic mice. Our results support the hypothesis that EPC
dysfunction in diabetes is bone marrow-derived due to hyperglycemia-induced alterations

in differentiation of myeloid progenitor cells.

Materials and methods

Animals

Moderate to severe hyperglycemia was induced in 6 week old C57BL/6J and FVB/N mice
(Harlan, Horst, The Netherlands) by intraperitoneal (IP) injections of streptozotocin (STZ,
80 mg/kg body weight; Sigma-Aldrich) in 0.05 mol/l Na-Citrate buffer pH 4.5, on two
consecutive days. Blood glucose levels were examined by glucose-oxidase technique
(OneTouch Ultra system, Lifescan) 1 week after STZ injection and mice with blood glucose
levels below 20 mmol/l mice received two additional injections on two consecutive days.
When necessary this procedure was repeated a third time. STZ treatment was stopped when
blood glucose levels above 20 mmol/l were reached and glucose levels and total body
weight were monitored weekly for a period of 6 weeks. Control mice were injected with
buffer only at the onset of the experiments. Mice from the STZ treatment groups that
showed no elevated blood glucose levels (below 15 mmol/l) were excluded from the study.
All procedures involving animal handling were in accordance to national and institutional
guidelines of the Erasmus MC, Rotterdam, The Netherlands.

Glycosylated hemoglobin
Glycosylated hemoglobin (HbA1C) levels were measured by High Performance Liquid

Chromatography (HPLC) using a reverse-phase cation exchange column and detected by a
dual wavelength colorimetric (415 and 500 nm) analyzer (ADAMS Alc HA8160; Arkray).

Isolation and differentiation of murine EPC, DC and Mph

BM-cell suspensions were prepared by flushing femora and tibiae with RPMI medium
(Gibco) supplemented with 10% FCS (Gibco) and antibiotics (penicillin/streptomycin,
Gibco). To culture EPC, total BM cell suspensions were plated at a density of 1.25 x 10°
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cells per cm? in 24-well plates (Nunc) coated with fibronectin (10 ug/ml, Sigma). Cells
were cultured for 7 days in M199 medium supplemented with 20% FBS (Invitrogen), 0.05
mg/ml Bovine Pituitary Extract (Invitrogen), antibiotics, and 10 units/ml heparin (Leo
Pharma BV).

For Mph and DC, 2 x10° BM cells were cultured in complete RPMI medium described
above and plated on 10 cm Petri dishes (BD Biosciences). Medium was replaced every two
days. For DC and Mph cultures, the medium was supplemented with 20 ng/ml recombinant
murine GM-CSF (Biosource) and 10 ng/ml recombinant murine M-CSF (Peprotech),
respectively. Atorvastatin (Pfizer) was dissolved in ethanol and, in indicated experiments,
added to the medium to a final concentration of 0.1 pmol/l. Medium used in the control
experiments contained ethanol at a similar final concentration (5x10- %) as present in the

cultures treated with atorvastatin.

Monoclonal antibodies, conjugates and flow-cytrometric analysis

Undiluted culture supernatant of the hybridoma F4/80 was directly used for staining. ER-
MP12/CD31 was purified and biotinylated and ER-MP20/Ly-6C was conjugated to
FITC®2°. Phycoerythrin-(PE-) labeled CDllc and biotinylated anti-MHC class II
antibodies were purchased from BD Biosciences. Secondary FITC- or R-PE-labeled goat
anti-rat IgG antibodies (mouse-absorbed; GaR-FITC or GaR-PE) were purchased from
Caltag Laboratories. Biotinylated antibodies were detected with allophycocyanin-
conjugated streptavidin (BD Biosciences). For EPC characterization, cells were stained
with rhodamine-labeled Bandeiraea simplicifolia lectin (10ug/ml, BSL-1, Vector Labs) for
1 h. To measure the uptake of Dil-labeled acetylated LDL (acLDL, Molecular Probes), cells
were incubated with acLDL (2.4 pg/ml) at 37°C for 2h. Flowcytometric analyses were done

on a Calibur flowcytometer (BD Biosciences) using CellQuest software (BD Biosciences).

Cytokine detection

For cytokine measurements EPC were incubated with 50 ng/ml lipopolysaccharide (LPS,
Sigma) overnight at 37°C. Culture supernatants were collected and cells were counted for
normalization. 1L-12p40 and IL-12p70 ELISA kits (R&D) were used according to the

manufacturer’s protocol.
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MLR assay

Mixed leukocyte reactions (MLR) were done with allogeneic T cells from C57BL/6J or
FVB/N splenocytes. Cells were incubated with antibodies recognizing CD11b, CD45 and
MHCII and anti-rat IgG microbeads. Naive T cells were obtained by negative selection
using a magnetic cell sorter. DC, Mph and EPC were irradiated sub-lethally. T cells (1.5 x
105 cells/well) were added to varying concentrations of stimulator cells depending on the
desired stimulator-responder cell ratio. Proliferation of T cells was measured after 4 days by
uptake of 3H-thymidine (1 pCi/well, DuPont-NEN) and measured as counts per minute
(cpm).

In vitro angiogenesis assay.

Conditioned media were obtained by replacing the medium of 6-day EPC cultures with
serum-free EC basal medium-2 (Clonetics) supplemented with EGM-2 single aliquots
(without vascular endothelial growth factor and basic fibroblast growth factor) and
culturing the cells for an additional 20 h. EPC were counted and conditioned media were
diluted to correct for cell numbers. After 14 h, tube formation by HUVECs was measured
by staining the viable cells with Calcein-AM (5 pug/ml, Molecular Probes). HUVEC
cultures were isolated as described?® and used at passage 3 or less. For quantification, total
tube area was determined using images obtained with an inverted fluorescence microscope
and Scion Imaging software (Scion Corporation) and expressed in arbitrary units of tube

length.

Endocytosis assay

Uptake of dextran-FITC was determined for 30 min, both at 4°C and 37°C. Subsequently,
the cells were washed three times with PBS/BSA1% and total uptake of FITC label was
measured by FACS analyses and expressed by the difference in geometric mean that

resulted from subtracting the values obtained at 4°C from the values obtained at 37°C.

Statistical analysis

Differences between treatment groups were analyzed Student’s 7 test. Results are expressed
as mean + SD. Linear regression analyses and Pearson correlation were used for
comparison of the number of EPC/Mph and HbAlc. Probability values of P < 0.05 were

considered statistically significant.
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Results

Hyperglycemia induction in mice

In both mouse strains used (C57BL/6J and FVB/N), STZ treatment increased blood glucose
levels up to 3.5 fold, associated with increased HbA1C levels (Table 1). Body weight was
25-30% reduced in hyperglycemic mice of both strains when compared to normoglycemic
control animals. Total BM cell isolations from tibiae and femora yielded an equal number
of cells in hyperglycemic and control C57BL/6J mice whereas in FVB/N mice the
hyperglycemic state was associated with a minor 1.3 fold increase in the number of BM-

derived cells.

C57BL/6J C57BL/6] FVB/N FVB/N
Control STZ Control STZ
n 18 26 17 23

Blood glucose (mmol/1) 6.7+£2.0 241 +£55%* 9.1+1.8 27.8£4.5*

HbAlc % 39+0.2 7.6+£0.7* 41405 5.9+05*
Weight (gram) 28.5+£2.2 200+£1.2%* 30.5+23 225+£29*
Bone marrow cells x108 0.8+0.3 0.8+0.2 0.7+0.2 09+0.3

Table 1. Mouse characteristics.

Parameters were measured after 6 weeks of STZ-induced hyperglycemia or in littermate control mice
matched for age and gender that were injected with buffer. Values represent mean + SD, *: P < 0.05
v.s. buffer.

Hyperglycemia differentially alters the potential of BM cells to yield EPC, Mph and DC

To determine the effects of hyperglycemia on the potential of BM progenitors to generate
EPC, total BM cells were harvested from hyperglycemic and control mice and equal
numbers of cells were cultured for 7 days to differentiate into EPC. We previously provided
evidence that EPC, Mph and DC may share a common myeloid progenitor pool in the
BM?*, Therefore, the potential of the BM cells to differentiate into F480* Mph and CD11c*
DC, in M-CSF- and GM-CSF-stimulated cultures, respectively, was assessed in parallel to
the EPC cultures. In EPC cultures from BM of hyperglycemic mice from both strains we
observed on average a 40% reduction in the number of EPC, identified as cells positive for
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CD31 and acLDL (Fig. 1A). In contrast, the number of Mph was approximately 50%
increased. No differences were observed in the yield of DC in cultures from both strains of
mice. Figure 1B shows that the number of EPC obtained inversely correlated with
peripheral blood HbAlc levels of individual mice, indicating that the observed decrease in
EPC numbers directly relates to the degree of hyperglycemia. In contrast, the number of
Mph showed a positive correlation with the degree of hyperglycemia whereas the varying
numbers of DC derived from the cultures showed no relationship with HbAlc levels. Taken
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Figure 1. Hyperglycemia alters the differentiation potential of myeloid progenitors in BM.
(A) Relative change in the number of bone marrow-derived EPC, Mph and DC from STZ-treated mice
(black bars) compared to control mice (white bars). Values for EPC, Mph and DC derived from BM from
mice treated with buffer are set to 100%. Top panel: number of CD31"eh /Dil-acLDL-positive, attaching
cells in EPC cultures (C57BL/6J; 4 experiments, noutrer = 18 and nstz = 26 and FVB/N; 5 experiments,
Nouffer= 17 and nstz = 23). Middle panel: the number of F4/80 positive cells in M-CSF-stimulated Mph
cultures (C57BL/6J; 3 experiments, npuffer = 13 and nstz = 18 and FVB/N; 3 experiments, npuffer = 13 and
nstz = 16). Bottom panel: number of CD11c¢ positive cells in GM-CSF-stimulated dendritic cell cultures
(C57BL/6J; 3 experiments, noufrer = 13 and nstz = 18 and FVB/N; 3 experiments, npufrer = 13 and nstz =
16). (B) Correlations between the number of cultured EPC (top panel), Mph (middle panel) and DC
(bottom panel) and hyperglycemia as assessed by HbAlc. Representative experiment using BM from
hyperglycemic C57BL/6J mice (n =9).
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together, hyperglycemia affects myeloid progenitor cells in BM and alters their potential to
differentiate into different myeloid lineages.

Hyperglycemia has no major quantitative impact on the subpopulation composition of

myeloid progenitors of the BM

To evaluate if the observed altered number of bone marrow-derived EPC and Mph from
hyperglycemic mice was due to quantitative shifts in myeloid progenitor fractions of the

BM, total BM was immunostained using ER-MP12 (anti-mouse CD31) and ER-MP20
(anti-mouse Ly-6C) and analyzed by flowcytometry. Using this combination of markers?®, 6

distinct subpopulations of BM cells can be identified, each with varying degrees of lincage

commitment and progenitor potential (Figure 2). The populations consist of: (P1) 70% blast

C57BL/6J FVB/N
A ] 7
(@)
o
g
5
o
(@)
Ly6C-FITC
C57BL/6J FVB/N
Change % Change %
CD31Mieh/Ly6Clov (P1) 112+ 34 104 + 62
CD31med/Ly6Clov  (P2) 58+ 10° 57 +30°
CD319%/Ly6Clov  (P3) 108 + 18 104+ 16
CD31high/Ly6Chigh (P4) 128 + 54 121+ 56
CD311o%/Ly6Cmed (P5) 148 + 63 104 + 35
CD311o%/Ly6Chigh (P6) 112 £ 95 129+ 98

Figure 2. Hyperglycemia has no major quantitative impact on the myeloid progenitor
[fractions of the BM.

BM of the control and hyperglycemic mice was harvested and immediately stained with anti-CD31
and anti-Ly-6C. Using this combination of markers, 6 distinct populations can be identified (P1-
P6). For each subpopulation, the average increase or decrease in BM cell fractions from
hyperglycemic mice is depicted as the percentage change relative to nondiabetic mice. In the top
panel representative scatter plots from hyperglycemic BM are shown for each strain. For both
strains the average percentage and standard deviations were calculated from 3 experiments
(C57BL/6J: npufrer = 15 and nstz = 18 and FVB/N; npufrer = 13 and nstz = 14, *P < 0.001)
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cells and 25% lymphoid cells; (P2) lymphoid cells; (P3) erythroid cells; (P4) myeloid
progenitors and plasmacytoid cells; (P5) granulocytes; (P6) 75% monocytes and 20%
monocyte progenitors?. As previously shown, Mph and DC can originate from CD31high/
Ly6Clo%(P1), CD31"g/Ly6Chigh(P4) and CD31'%/Ly6Chieh(P6) fractions?>2°. However,
short term cultured EPC are mainly derived from the CD31"g"/Ly6Chigh fraction?*. When
comparing the BM myeloid cell subpopulations from hyperglycemic and control mice, we
found no significant quantitative differences in the three fractions from which EPC, Mph
and DC can be derived in short term cultures (Figure 2). The only subpopulation that was
altered was the CD31™4/Ly6C'o% lymphoid and HSC fraction (P2) that was 40% decreased
in the BM of hyperglycemic mice of both strains. In line with the observation that the total
cell number that can be harvested from the BM of these mice is not, or only marginally
changed (Table 1), we conclude that hyperglycemia does not affect the quantitative
composition of the myeloid progenitor subpopulations in the BM, but rather alters their

differentiation potential.

BM-derived EPC from hyperglycemic mice display a pro-inflammatory phenotype

To investigate whether functional properties of EPC cultured from hyperglycemic BM are
altered in comparison to those from control BM, we compared their angiogenic and pro-
inflammatory potentials (Table 2). We first determined the angiogenic properties of EPC-
conditioned medium in an in vitro angiogenesis model. When HUVEC were seeded on
matrigel and maintained for 14 h in conditioned medium of EPC derived from control
C57BL/6J and FVB/N mice, tube formation was markedly stimulated when compared to
non-conditioned medium (non-conditioned media 0.37 + 0.13 A.U. of tube formation (n =
3) P =0.04 and P < 0.001 respectively). Conditioned media of EPC from FVB/N mice
induced more capillary formation than EPC-conditioned media of C57BL/6J mice (P =
0.01). In contrast, conditioned media of EPC from hyperglycemic mice supported tube
formation by only 43% (C57BL/6J, P = 0.03) and 35 % (FVB/N, P = 0.02) compared to the
control values (Table 2). Next we examined to what extent the different EPC display pro-
inflammatory properties that are typical for myeloid antigen-presenting cells like the ability
to endocytose, the capacity to activate T cell proliferation and the expression of pro-
inflammatory cytokines. Table 2 shows that EPC from hyperglycemic mice displayed a
trend towards a higher capacity to endocytose large dextran molecules, when compared to
EPC from normoglycemic mice. C57BL/6J EPC show a higher capacity to endocytose
when compared to FVB/N mice (P < 0.001). To assess whether the capacity of Mph derived
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CS57BL/6J CS57BL/6J P value FVB/N FVB/N P value

Control (n) STZ (n) Control (n) STZ (n)
Angiogenesis length tubes (A.U.) 0.47+0.17(8) 027+0.12(8) 0.03* 0.77+0.19 (12) 0.50+0.20 (12) 0.02*
Endocytosis EPC A geo mean 63.6+18.0(9) 78.8+21.2(15) 0.12  20.7+17.9(8) 423+152(8) 0.09
Endocytosis Mph A geo mean 47.0+86(3) 62.7+8.0() 0.13 783+7.6(3) 688+114(3) 0.28
MLR 3H-thymidine incorporation (%) 100 (9) 176 £ 71 (15)  0.15 100 (6) 139+27 (8) 0.08
IL-12p40 concentration (pg/ml) 269+132(8) 644+19.3(8) 0.001* 293+13.5(8) 56.6+24.3(8) 0.02*
IL-12p70 concentration (pg/ml) 78.4+28.1(8) 155+52.5(8) 0.006% 62.7+443(8) 262+63.1(8) <0.001*

Table 2. Angiogenic and pro-inflammatory properties.

Functional analyses of EPC and Mph cultured for 7 days from control and hyperglycemic BM. Listed are the
capacity of EPC-conditioned media to stimulate in vitro formation of tubular structures by HUVEC (n = 8, each
group), the capacity of EPC and Mph to endocytose large dextran molecules labeled with FITC as measured by
FACS analyses and expressed as the delta geo mean (A), the capacity of EPC to stimulate T cell proliferation as
assessed by allogeneic MLR (determined by measuring 3H-thymidine incorporation and expressed in percentage
compared to EPC from controls), and the expression of the pro-inflammatory cytokine IL-12p40 and IL-12 p70
production by EPC after LPS stimulation (n = 8 per group).

from hyperglycemic mice to endocytose was altered, Mph were cultured from
hyperglycemic and control mice. Mph derived from hyperglycemic BM from C57BL6/J
mice showed a trend towards a higher capacity to take up large dextran molecules, while
FVB/N-derived Mph showed a small but not significant decrease when derived from
hyperglycemic BM.

When the EPC fractions were tested for their capacity to stimulate T-cell proliferation in
mixed lymphocyte reaction assays (MLR), again for both strains we observed a trend
towards a higher inflammatory capacity of the EPC from hyperglycemic BM. This was
supported by our findings on the ability of the cells to produce IL-12 upon LPS stimulation
IL-12p70, the active form of the pro-inflammatory IL-12, can regulate T cell-mediated
immune responses by promoting Th1l development and we have previously shown that it is
the predominant IL-12 subtype produced by EPC?*. As shown in table 2, IL-12p70 levels
were elevated in the conditioned medium of EPC from hyperglycemic mice, ranging from
2.3 fold for C57BL/6J mice (P = 0.006) up to 4 fold for FVB/N mice (P < 0.001). The
IL-12p40 subunit was also about 2 fold higher in supernatants from EPC derived from
hyperglycemic mice as compared to the supernatants of control EPC (C57BL/6J mice (P =
0.001), FVB/N mice (P = 0.02). Because elevated inflammatory properties were observed
under hyperglycemic conditions, BM-derived EPC were further phenotypically
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Figure 3. Atorvastatin reverses hyperglycemia-induced changes in progenitor
commitment and EPC function.

Number of EPC (A) and Mph (B) cultured from BM of control and hyperglycemic mice (n = 6
per group). (C) Tube formation in arbitrary units (AU) in response to medium conditioned by
EPC from control and hyperglycemic mice (n = 6 per group) cultured in the absence (white bars)
or presence of atorvastatine (black bars).

characterized by flow cytometry analyses. However, when EPC from hyperglycemic and
control mice were stained with either anti-F480 or anti-CD11c¢ antibodies, to reveal a more
Mph- or DC-like phenotype, no significant differences could be observed (data not shown).
Taken together, EPC derived from hyperglycemic mice have a reduced angiogenic capacity
but are more pro-inflammatory as they secrete more IL-12 and they show a trend for an

elevated capability to endocytose exogenous material and to stimulate naive T cells.
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Statin treatment in vitro restores affected progenitor commitment and EPC function of
hyperglycemic mice

HMG-CoA reductase inhibitors have been shown to be potent anti-inflammatory agents3!.
Moreover, they elevate EPC numbers in vitro’? and in vivo’® and interfere with the
differentiation of monocytes towards Mph3+35. Therefore, in separate experiments, we
explored the effect of atorvastatin on the hyperglycemia-induced effects on BM-derived
EPC and Mph. BM cells of hyper- and normoglycemic C57BL/6J mice were cultured for 7
days to obtain EPC and Mph. As expected, lower numbers of EPC were derived from BM
of hyperglycemic mice (P = 0.04). When atorvastatin (0.1 umol/l) was present in EPC
cultures from hyperglycemic mouse BM, the number of EPC was normalized to levels
obtained from control mice (Figure 3A). Conversely, the number of Mph generated in M-
CSF stimulated cultures of both hyperglycemic and control BM was markedly reduced in
the presence of atorvastatin (P < 0.001; Figure 3B).

To evaluate the effect of atorvastatin on EPC function, an in vifro angiogenesis assay was
performed with conditioned medium of EPC cultured in the presence of atorvastatin. As
shown in figure 3C, we again observed significant reduction in tube formation when
HUVEC were subjected to conditioned media of EPC derived from hyperglycemic mice (P
= 0.05). This loss in paracrine angiogenic capacity was attenuated when the EPC from

hyperglycemic mice were cultured in the presence of atorvastatin.

Discussion

Diabetes can be envisioned as a disease characterized by a chronic systemic inflammatory
state disturbing the function of multiple vital body systems, in particular the
vasculature?’?8, We hypothesized that hampered differentiation of EPC from myeloid
progenitor cells in the BM might contribute significantly to the suboptimal endothelial
repair under hyperglycemic conditions. Indeed, we observed a marked 40% reduction in the
number of EPC that could be cultured from BM of mice that were made hyperglycemic by
streptozotocin treatment. Similar to what we previously observed for the number of EPC
that could be cultured from PB-MNC from patients with type 1 diabetes®, the observed
reduction was inversely correlated with HbA1C levels suggesting a causal role for
hyperglycemia. In addition, EPC from hyperglycemic murine BM displayed impaired

angiogenic activity. Again, EPC from patients with type 1 diabetes are likewise impaired in
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angiogenicity?. Our findings confirm that EPC-mediated neovascularization may be
impaired in diabetes due to a reduction in number and angiogenic capacity of the
circulating EPC, caused by their defective development from myeloid BM progenitors.
Indeed, others have shown that when progenitor cells derived from a hyperglycemic
background are transplanted into mice they fail to augment ischemia-induced
neovascularization!>!3 and have decreased capacity for re-endothelialization following
arterial injury?®. However, our results also demonstrate that EPC derived from
hyperglycemic BM display a pro-inflammatory phenotype as their capacities to endocytose,
to activate T-cells and to produce IL-12 are increased. By mRNA expression profiling we
recently demonstrated that human EPC from patients with type 1 diabetes over express
numerous pro-inflammatory genes known to be associated with hyperglycemia and
oxidative stress, including osteopontin, plasminogen activator type 1, lectin-like oxidized
LDL receptor, thrombomodulin and type IV collagen®’. Together these data suggest that
when EPC from a diabetic background home to sites of ischemia or vascular injury, the pro-
inflammatory nature of these cells may contribute to an adverse (immune) response that
may be pro-atherogenic or contribute to the formation of neointima. EPC dysfunction was
previously proposed to explain the pro-atherogenic nature of transplanted BM-MNC from
apolipoprotein E-knockout mice3® and may limit the direct use of autologous progenitor cell
transplantation for therapeutic angiogenesis in patients with ischemic vascular disease3*4,
Surprisingly, the reduction in the number of EPC obtained from hyperglycemic BM was
associated with a concomitant increase in the ability of these BM cells to generate Mph
while the number of DC that could be obtained upon appropriate stimulation was not
changed. We have previously shown that Mph and DC can be derived from common
myeloid progenitor cell subsets in murine BM2>26, and recent findings by Fogg et al.
confirm this notion as they indicate that Mph and DC share a common BM progenitor*!.
Here, we observed that the frequency of the different myeloid progenitor subsets in BM
was not changed by hyperglycemia. Therefore, we propose that myeloid lineage
differentiation potential of the BM progenitors was skewed as a consequence of the
hyperglycemic state. Our observations suggest that inflammatory cytokines or elevated
redox signaling may directly regulate the differentiation of various myeloid lineages from
progenitor cells. NF-kxB is a major transcription factor responsive to cytokines and reactive
oxidant species. Indeed, recent studies indicate that NF- kB, acting via IRF4, directly

influences DC vs. macrophage differentiation*2.
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Recently we demonstrated that EPC, Mph and DC show a significant phenotypic overlap
and that a major source of EPC from the BM is the CD31high/Ly6Chieh fraction that
predominantly contains myeloid progenitor cells that can also generate Mph and DC?*. This
myeloid origin of EPC is consistent with the observation that CD34°¥CD14" cells in
peripheral blood are a major source of human EPC?!. Assuming that the EPC, the Mph and
the DC all originate from a common myeloid progenitor, we speculate that the pro-
inflammatory milieu in diabetes not only skews the differentiation of the myeloid
progenitor cell towards the Mph but that it does so at the cost of the generation of EPC.
Several recent studies support this concept of heterogeneity of myeloid cells in response to
environmental stimuli. In mice, diet-induced obesity was shown to induce a phenotypic
switch of the adipose tissue macrophages from an anti-inflammatory towards a pro-
inflammatory state*>. Another study showed that a subfraction of circulating Ly6Chigh
monocytes was selectively and progressively expanded under hypercholesterolemic
conditions. This subfraction, compared to Ly6C!°¥ monocytes, displayed a highly pro-
inflammatory and atherogenic phenotype**. As pointed out before, short-term cultured BM-
derived EPC are mainly derived from a myeloid cell fraction with high levels of Ly6C. As
EPC display a higher pro-inflammatory phenotype under hyperglycemic conditions, their
possible role in progression of atherogenesis in this metabolically altered environment
needs to be further explored. Our data imply that hyperglycemia-dependent alterations on
cell-fate specification are not restricted to embryonic development* but may also affect the
differentiation of adult progenitor cells. The ultimate proof of this concept may involve the
use of techniques that monitor clonal expansion of the myeloid progenitor cells and HSC-
like cells and are the subject of current investigations.

HMG-CoA reductase inhibitors, statins, have been shown to increase the number of
circulating EPC both in animal models*>33 as well as in patients with stable coronary artery
disease®. Also, statins generate potent anti-inflammatory actions’! and can improve
properties of dysfunctional EPC populations in vitro*334, In addition, statins appear to
modulate the in vifro differentiation of monocytes to Mph3®. Therefore, we assessed
whether the addition of atorvastatin, in vitro, could reverse diabetes-associated changes in
the EPC and Mph cultures. Indeed, we observed that atorvastatin restored EPC
differentiation to control levels, and also strongly decreased the elevated number of Mph
generated in the BM cultures from hyperglycemic mice. Also the angiogenic capacity of the
EPC derived from hyperglycemic BM was partially recovered when cells were cultured in

the presence of atorvastatin.
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In conclusion, our study shows that EPC dysfunction in diabetes stems from the BM due to
hyperglycemia-induced alteration in differentiation of myeloid progenitor cells. The
inflammatory nature of EPC in hyperglycemia may not only impair EPC function but
potentially also contributes to premature atherosclerosis when these cells incorporate into
the vessel walls. Our observation that statins can, at least in part, counteract these effects
may not only provide a helpful tool to elucidate the molecular mechanism underlying EPC
dysfunction but may also contribute to the beneficial effect of statin therapy on the

circulating levels of EPC in patients.
Acknowledgements
Supported by the Netherlands Heart Foundation, The Hague, by grant 2002B157. E.J.P. de

Koning is a recipient of a Career Development Grant from the Dutch Diabetes Foundation.

Atorvastatin was kindly provider by Pfizer.

References

(1) Abaci, A., Oguzhan, A., Kahraman, S., Eryol, N.K., Unal, S., Arinc, H., Ergin,A. (1999) Effect of
diabetes mellitus on formation of coronary collateral vessels. Circulation 99, 2239-2242.

2) Sheetz, M.J., King, G.L. (2002) Molecular understanding of hyperglycemia's adverse effects
for diabetic complications. JAMA 288, 2579-2588.

3) Waltenberger,J.(2001) Impaired collateral vessel development in diabetes: potential cellular

mechanisms and therapeutic implications. Cardiovasc.Res. 49, 554-560.

4) Walter, D.H., Rittig, K., Bahlmann, F.H., Kirchmair, R., Silver, M., Murayama, T., Nishimura, H.,
Losordo, D.W., Asahara, T., Isner, J.M. (2002) Statin therapy accelerates reendothelialization: a novel
effect involving mobilization and incorporation of bone marrow-derived endothelial progenitor
cells. Circulation 105, 3017-3024.

5) Werner, N., Priller, J., Laufs, U., Endres, M., Bohm, M., Dirnagl, U., Nickenig, G. (2002) Bone
marrow-derived progenitor cells modulate vascular reendothelialization and neointimal formation:
effect of 3-hydroxy-3-methylglutaryl coenzyme a reductase inhibition. ATVB. 22,1567-1572.

(6) de Boer, H.C., Verseyden, C., Ulfman, L.H., Zwaginga, J.J., Bot, 1., Biessen, E.A., Rabelink, T.J., van
Zonneveld, A.J.(2006) Fibrin and Activated Platelets Cooperatively Guide Stem Cells to a Vascular
Injury and Promote Differentiation Towards an Endothelial Cell Phenotype. ATVB. 26, 1653-1659.

7 Asahara, T., Masuda, H., Takahashi, T., Kalka, C., Pastore, C., Silver, M., Kearne, M., Magner, M.,
Isner, J.M.(1999) Bone marrow origin of endothelial progenitor cells responsible for postnatal
vasculogenesis in physiological and pathological neovascularization. Circ.Res. 85, 221-228.

142



Hyperglycemia affects differentiation of EPC

®)

©

(10)

a1

(12)

(13)

(14)

(15)

(16)

an

(18)

(19)

(20)

@1

Kalka, C., Masuda, H., Takahashi,T., Kalka-Moll, W.M., Silver, M., Kearney, M., Li, T., Isner,
JM., Asahara, T. (2000) Transplantation of ex vivo expanded endothelial progenitor cells for
therapeutic neovascularization. Proc.Natl.Acad.Sci.U.S.A. 97, 3422-3427.

Loomans, C.J., de Koning, E.J., Staal, F.J., Rookmaaker, M.B., Verseyden, C., de Boer, H.C., Verhaar,
M.C., Braam, B., Rabelink, T.J., van Zonneveld, A.J. (2004) Endothelial progenitor cell dysfunction:
anovel concept in the pathogenesis of vascular complications of type 1 diabetes. Diabetes 53, 195-199.
Tepper, O.M., Galiano, R.D., Capla, J.M., Kalka, C., Gagne, P.J., Jacobowitz, G.R., Levine, J.P.,
Gurtner, G.C.(2002) Human endothelial progenitor cells from type Il diabetics exhibit impaired
proliferation, adhesion, and incorporation into vascular structures. Circulation 106, 2781-2786.
Krankel, N., Adams, V., Linke, A., Gielen, S., Erbs, S., Lenk, K., Schuler, G., Hambrecht, R. (2005)
Hyperglycemia reduces survival and impairs function of circulating blood-derived progenitor cells.
Arterioscler.Thromb.Vasc.Biol. 25, 698-703.

Schatteman, G.C., Hanlon, H.D., Jiao, C., Dodds, S.G., Christy, B.A.(2000) Blood-derived angioblasts
accelerate blood-flow restoration in diabetic mice. J.Clin.Invest. 106, 571-578.

Tamarat, R., Silvestre, J.S., Ricousse-Roussanne, S., Barateau, V., Lecomte- Raclet, L., Clergue, M.,
Duriez, M., Tobelem, G., Levy, B.1.(2004) Impairment in ischemia-induced neovascularization in
diabetes: bone marrow mononuclear cell dysfunction and therapeutic potential of placenta growth
factor treatment. Am.J.Pathol. 164, 457-466.

Fadini, G.P., Miorin, M., Facco, M., Bonamico, S., Baesso, 1., Grego, F., Menegolo, M., de
Kreutzenberg, S.V., Tiengo, A., Agostini, C., Avogaro, A. (2005) Circulating endothelial progenitor
cells are reduced in peripheral vascular complications of type 2 diabetes mellitus.
J.Am.Coll.Cardiol. 45, 1449-1457.

Gadau, S., Emanueli, C., Van Linthout, S., Graiani, G., Todaro, M., Meloni, M., Campesi, 1., Invernici,
G., Spillmann, F., Ward, K., Madeddu, P. (2006) Benfotiamine accelerates the healing of ischaemic
diabetic limbs in mice through protein kinase B/Akt-mediated potentiation of angiogenesis and
inhibition of apoptosis. Diabetologia 49, 405-420.

Awad, O., Jiao, C., Ma, N., Dunnwald, M., Schatteman, G.C. (2005) Obese diabetic mouse
environment differentially affects primitive and monocytic endothelial cell progenitors. Stem Cells 23,
575-583.

Rosso, A., Balsamo, A., Gambino, R., Dentelli, P., Falcioni, R., Cassader, M., Pegoraro,L., Pagano,G.,
Brizzi,M.F. (2006) p53 Mediates the accelerated onset of senescence of endothelial progenitor cells in
diabetes. J.Biol.Chem. 281, 4339-4347.

Asahara, T., Murohara, T., Sullivan, A., Silver, M., van der Zee, R., Li, T., Witzenbichler, B.,
Schatteman, G., Isner, J.M. (1997) Isolation of putative progenitor endothelial cells for angiogenesis.
Science 275, 964-967.

Fernandez, P.B., Lucibello, F.C., Gehling, U.M., Lindemann, K., Weidner, N., Zuzarte, M.L.,
Adamkiewicz, J., Elsasser, H.P., Muller,R , Havemann, K. (2000) Endothelial-like cells derived  from
human CD14 positive monocytes. Differentiation 65, 287-300.

Rehman, J., Li, J., Orschell, C.M., March, K.L. (2003) Peripheral blood "endothelial progenitor cells"
are derived from monocyte/macrophages and secrete angiogenic growth factors. Circulation 107,
1164-1169.

Romagnani, P., Annunziato, F., Liotta, F., Lazzeri, E., Mazzinghi, B., Frosali, F., Cosmi, L., Maggi, L.,
Lasagni, L., Scheffold, A., Kruger, M., Dimmeler, S., Marra, F., Gensini, G., Maggi, E., Romagnani,
S. (2005) CD14*CD34'"v cells with stem cell phenotypic and functional features are the major ~ source
of circulating endothelial progenitors. Circ.Res. 97, 314-322.

143



Chapter 6

(22)

(23)

24

(25)

(26)

@7

(28)

29

(30)

(€1))

(32)

(33)

(34

(35)

(36)

(37

144

Schmeisser, A., Garlichs, C.D., Zhang, H., Eskafi, S., Grafty, C., Ludwig, J., Strasser, R.H., Daniel,
W.G. (2001) Monocytes coexpress endothelial and macrophagocytic lineage markers and form
cord-like structures in Matrigel under angiogenic conditions. Cardiovasc.Res. 49, 671-680.

Chomarat, P., Dantin, C., Bennett, L., Banchereau, J., Palucka, A.K.(2003) TNF skews monocyte
differentiation from macrophages to dendritic cells. J.Immunol. 171, 2262-2269.

Loomans, C.J., Wan, H., de Crom, R., van Haperen, R., de Boer, H.C., Leenen, P.J., Drexhage,
H.A., Rabelink, T.J., van Zonneveld, A.J., Staal, F.J.(2006) Angiogenic Murine Endothelial
Progenitor Cells Are Derived From a Myeloid Bone Marrow Fraction and Can Be Identified by
Endothelial NO Synthase Expression. Arterioscler.Thromb.Vasc.Biol. 26, 1760-1767.

de Bruijn, M.F., Slieker, W.A., van der Loo, J.C., Voerman, J.S., van Ewijk, W., Leenen, P.J.(1994)
Distinct mouse bone marrow macrophage precursors identified by differential expression of
ER-MP12 and ER-MP20 antigens. Eur.J.Immunol. 24, 2279-2284.

Nikolic, T., de Bruijn, M.E., Lutz, M.B., Leenen, P.J.(2005) Developmental stages of myeloid
dendritic cells in mouse bone marrow. Int.Immunol. 15, 515-524.

Cipolletta, C., Ryan, K.E., Hanna, E.V., Trimble, E.R. (2005) Activation of peripheral blood CDI14+
monocytes occurs in diabetes. Diabetes 54, 2779-2786.

Devaraj, S., Glaser, N., Griffen, S., Wang-Polagruto, J., Miguelino, E., Jialal, I. (2006) Increased
monocytic activity and biomarkers of inflammation in patients with type 1 diabetes. Diabetes 55,
774-779.

van der Loo, J.C., Slieker, W.A., Kieboom, D., Ploemacher, R.E.(1995) Identification of hematopoietic
stem cell subsets on the basis of their primitiveness using antibody ER-MP12. Blood 85, 952-962.

Jaffe, E.A., Nachman, R.L., Becker, C.G., Minick, C.R.(1973) Culture of human endothelial cells
derived from umbilical veins. Identification by morphologic and immunologic criteria. J.Clin.Invest 52,
2745-2756.

Davignon, J. (2004) Beneficial cardiovascular pleiotropic effects of statins. Circulation 109,
11139-11143.

Dimmeler, S., Aicher, A., Vasa, M., Mildner-Rihm, C., Adler, K., Tiemann, M. ,Rutten,H.,
Fichtlscherer, S., Martin, H., Zeiher, A.M. (2001) HMG-CoA reductase inhibitors (statins) increase
endothelial progenitor cells via the PI 3-kinase/Akt pathway. J.Clin.Invest. 108, 391-397.

Llevadot, J., Murasawa, S., Kureishi, Y., Uchida, S., Masuda, H., Kawamoto, A., Walsh, K., Isner, JM.,
Asahara, T. (2001) HMG-CoA reductase inhibitor mobilizes bone marrow-derived endothelial
progenitor cells. J.Clin.Invest. 108, 399-405.

Fuhrman, B., Koren, L., Volkova, N., Keidar, S., Hayek, T., Aviram,.M. (2002) Atorvastatin therapy in
hypercholesterolemic patients suppresses  cellular uptake of oxidized-LDL by differentiating
monocytes. Atherosclerosis 164, 179-185.

Vamvakopoulos, J.E., Green, C. (2003) HMG-CoA reductase inhibition aborts functional differentiation
and triggers apoptosis in cultured primary human monocytes: a potential mechanism of statin-mediated
vasculoprotection. BMC.Cardiovasc.Disord. 3, 6.

Ii, M., Takenaka, H., Asai, J., Ibusuki, K., Mizukami, Y., Maruyama, K., Yoon, Y.S., Wecker, A.,
Luedemann, C., Eaton, E., Silver, M., Thorne, T., Losordo, D.W. (2006) Endothelial progenitor
thrombospondin-1 mediates diabetes-induced delay in reendothelialization following arterial injury.
Circ.Res. 98, 697-704.

Loomans, C.J., de Koning, E.J., Staal, F.J., Rabelink, T.J., Zonneveld, A.J. (2005) Endothelial
progenitor cell dysfunction in type 1 diabetes: another consequence of oxidative stress? Antioxid
Redox Signal 7, 1468-1475.



Hyperglycemia affects differentiation of EPC

(38)

(39

(40)

(41

(42)

(43)

(44)

(45)

(46)

Silvestre, J.S., Gojova, A., Brun, V., Potteaux, S., Esposito, B., Duriez, M., Clergue,M., Ricousse-
Roussanne, S., Barateau, V., Merval, R., Groux, H., Tobelem, G., Levy, B., Tedgui, A., Mallat, Z.
(2003) Transplantation of bone marrow-derived mononuclear cells in ischemic apolipoprotein
E-knockout mice accelerates atherosclerosis without altering plaque composition. Circulation 108,
2839-2842.

Assmus, B., Schachinger, V., Teupe, C., Britten, M., Lehmann, R., Dobert, N., Grunwald, F., Aicher, A.,
Urbich, C., Martin, H., Hoelzer, D., Dimmeler, S., Zeiher, A.M. (2002) Transplantation of
Progenitor Cells and Regeneration Enhancement in Acute Myocardial Infarction (TOPCARE-AMI).
Circulation 106, 3009-3017.

Tateishi-Yuyama, E., Matsubara, H., Murohara, T., Ikeda, U., Shintani, S., Masaki, H., Amano, K.,
Kishimoto, Y., Yoshimoto, K., Akashi, H., Shimada, K., Iwasaka, T., Imaizumi, T. (2002)
Therapeutic angiogenesis for patients with limb ischaemia by autologous transplantation of
bone-marrow cells: a pilot study and a randomised controlled trial. Lancet 360, 427-435.

Fogg, D.K., Sibon, C., Miled, C., Jung, S., Aucouturier, P., Littman, D.R., Cumano, A., Geissmann,
F. (2006) A clonogenic bone marrow progenitor specific for macrophages and dendritic cells. Science
311, 83-87.

Lehtonen, A., Veckman, V., Nikula, T., Lahesmaa, R., Kinnunen, L., Matikainen, S., Julkunen, 1. (2005)
Differential expression of IFN regulatory  factor 4 gene in human monocyte-derived dendritic cells
and macrophages. J.Immunol. 175, 6570-6579.

Lumeng, C.N., Bodzin, J.L., Saltiel A.R. (2007) Obesity induces a phenotypic switch in adipose tissue
macrophage polarization. J. of Clinical Invest. 117, 175-184.

Swirski, F.K., Libby, P., Aikawa, E., Alcaide, P., Luscinskas F.W., Weissleder, R., Pittet, M, J. (2007)
Ly-6Chi monocytes dominate hypercholesterolemia-associated monocytosis and give rise to
macrophages in atheromata. J. of Clinical Invest. 117, 195-205.

Fu, J., Tay, S.S., Ling, E.A., Dheen, S.T. (2006) High glucose alters the expression of genes involved
in proliferation and cell-fate specification of embryonic neural stem cells. Diabetologia 49, 1027-1038.
Vasa, M., Fichtlscherer, S., Adler, K., Aicher, A., Martin, H., Zeiher, A.M., Dimmeler, S. (2001)
Increase in circulating endothelial progenitor cells by statin therapy in patients with stable coronary
artery disease. Circulation 103, 2885-2890.

145






