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ABSTRACT

Background. Diabetes mellitus (DM) increases cardiovascular disease (CVD)
and this is attributed, at least in part, to shortage of vascular regenerative cells
derived from the bone marrow (BM). Indeed, the BM harbours several subsets of
progenitor cells for endothelial, smooth muscle cells and cardiomyocytes, which
derive from a common CD34+ ancestor. Recent data from experimental models
of type 1 and type 2 diabetes highlight BM pathologies that include
microangiopathy, neuropathy, altered gene expression and niche dysfunction.
Aims. The set of experiments herein described aim to portray the alterations of
BM function in clinical and experimental diabetes.

Methods. The approaches are diversified and include: 1) A prospective trial of
direct BM stimulation with human recombinant granulocyte colony stimulating
factor (G-CSF) in diabetic and non diabetic patients; 2) A meta-regression
analysis of trials using G-CSF to stimulate cardiovascular repair in diabetic and
non diabetic patients; 3) A study of stem/progenitor cell compartmentalization in
the BM and peripheral blood (PB), in relation to diabetes; 4) An animal study to
dissect the role of DPP-4 dysregulation in the impaired stem/progenitor cell
mobilization induced by diabetes.

Results. Part 1: in response to G-CSF, levels of CD34+ cells and other
progenitor cell phenotypes increased in non DM subjects. DM patients had
significantly impaired mobilization of CD34+, CD133+, CD34+CD133+
hematopoietic stem cells and CD133+KDR+ endothelial progenitors,
independently of potential confounders. The in vivo angiogenic capacity of
circulating mononuclear cells increased after hrG-CSF in non DM controls, but
not in DM patients. DM was associated with inability to upregulate CD26/DPP-4

on CD34+ cells, which is required for the mobilizing effect of G-CSF.



Part 2: for the meta-regression analysis 227 articles were screened, 96 were
retrieved for evaluation and 24 retained for the analysis of the primary end-point.
There was a strong negative correlation between prevalence of diabetes and
achieved CD34+ cell levels after G-CSF stimulation (r=-0.68; p<0.0001), while
there was no correlation with other traditional risk factors. A multiple regression
analysis showed that the correlation between diabetes and mobilization was
independent. In 13 articles reporting pre- and post-G-CSF cell counts, the
increase in CD34+ cells was also negatively correlated with prevalence of
diabetes (r=-0.82; p<0.0001).

Part 3. PB and BM CD34+ cell counts were directly correlated, and that most
circulating CD34+ cells were viable, non-proliferating and derived from the BM.
Then, PB and BM CD34+ cell levels were analyzed in a 2-compartment model in
72 patients with or without cardiovascular disease. Self organizing maps showed
that disturbed compartmentalization of CD34+ cells was associated with aging
and cardiovascular risk factors, especially diabetes. High activity of DPP-4, a
regulator of the mobilizing chemokine SDF-1a, was associated with altered stem
cell compartmentalization. The role of DPP-4 in the BM mobilization response of
diabetic rats was then assessed. Diabetes differentially affected DPP-4 activity in
PB and BM and impaired stem/progenitor cell mobilization after ischemia or G-
CSF administration. DPP-4 activity in the BM was required for the mobilizing
effect of G-CSF, while in PB it blunted ischemia-induced mobilization. Indeed,
DPP-4 deficiency restored ischemia (but not G-CSF) -induced stem cell
mobilization and improved vascular recovery in diabetic animals.

Conclusion. Evidences from multiple clinical and experimental approaches
indicate that diabetes impairs the mobilization of stem/progenitor cells from the
BM to PB. This primary BM defect is related to a maladaptive and tissue-specific

DPP-4 dysregulation.



RIASSUNTO

Presupposti. Il diabete mellito (DM) aumenta il rischio cardiovascolare e cid
viene attribuito almeno in parte alla riduzione delle cellule vasculo-rigenerative di
origine midollare. Infatti il midollo osseo contiene precursori per cellule
endoteliali, muscolari lisce e cardiomiociti, che derivano da un progenitore
CD34+. Dati recenti ottenuti da modelli sperimentali di diabete tipo 1 e tipo 2
indicano I'esistenza di difetti midollari che includono microangiopatia, neuropatia,
alterazione dell’espressione genica e disfunzione della nicchia staminale.
Obiettivi. Questo set di esperimenti ha avuto I'obiettivo di descrivere in dettaglio
le alterazioni della funzione midollare nel diabete clinico e sperimentale.

Metodi. Gli approcci metodologici sono diversificati e comprendono: 1) un trial di
stimolazione midollare diretta con G-CSF ricombinante umano in pazienti con e
senza diabete; 2) un’analisi di meta-regressione dei trials in cui il G-CSF é stato
somministrato per indurre rigenerazione cardiovascolare in pazienti con e senza
diabete; 3) lo studio della compartimentalizzazione delle cellule
staminali/progenitrici nel midollo e nel sangue periferico, in relazione al diabete;
4) un modello animale per la definizione del ruolo di DPP-4 nel difetto di
mobilizzazione midollare associato al diabete.

Risultati. Parte 1: in risposta al G-CSF, le cellule CD34+ circolanti aumentavano
significativamente nel paziente non diabetico, ma non nel diabetico, che
mostrava anche una difettosa mobilizzazione di cellule ematopoietiche CD133+ e
CD34+CD133+, nonché di cellule progenitrici endoteliali CD133+KDR+,
indipendentemente dai possibili fattori confondenti. La capacita angiogenica in
vivo delle cellule mononucleate aumentava significativamente dopo G-CSF nei
soggetti diabetici ma non nei non diabetici, rispetto al basale. Il diabete risultava
associato ad una incapacita di upregolare DPP-4 sulle cellule CD34+ in risposta

al G-CSF.



Parte 2: per la meta-regressione sono stati individuati 227 articoli, recuperati 96 e
trattenuti 24 per l'analisi primaria. E stata identificata una forte correlazione
negativa tra prevalenza del diabete all'interno di ogni trial e livello delle cellule
CD34+ raggiunte dopo mobilizzazione con G-CSF (r=-0.68; p<0.0001). Una
analisi di regressione multipla ha confermato che il risultato era indipendente da
possibili fattori confondenti. In 13 articoli contenenti dati sui livelli di cellule
CD34+ pre- e post-G-CSF, la correlazione negativa tra prevalenza del diabete e
mobilizzazione appariva ancora piu stretta (r=-0.82; p<0.0001).

Parte 3: i livelli delle cellule CD34+ nel midollo e nel sangue periferico risultano
essere direttamente correlati e la maggior parte delle cellule CD34+ erano di
origine midollare, non proliferanti e non apoptotiche. Lo studio della
compartimentalizzazione delle cellule CD34+ in 72 pazienti con e senza malattia
cardiovascolare mediante I'uso delle mappe auto-organizzanti ha permesso di
rilevare alterazioni della mobilizzazione in presenza di diabete ed elevato rischio
cardiovascolare. Inoltre, un’elevata attivita plasmatica di DPP-4 si associava ad
alterata compartimentalizzazione delle cellule CD34+. In ratti diabetici rispetto ai
controlli, I'attivita di DPP-4 risultava significativamente aumentata nel sangue
periferico e ridotta nel midollo osseo. Lo studio di ratti geneticamente deficienti
del’enzima DPP-4 ha permesso di stabilire che l'alterazione tessuto-specifica di
DPP-4 nel diabete & responsabile del difetto di mobilizzazione post-G-CSF e
post-ischemia. La delezione di DPP-4 ripristinava la mobilizzazione post-
ischemica di cellule staminali ematopoietiche e progenitrici endoteliali e favoriva il
recupero del tessuto ischemico nel diabete.

Conclusioni. Diversi tipi di evidenze sperimentali indicano chiaramente che il
diabete induce un difetto nella mobilizzazione delle cellule staminali/progenitrici
midollari. Questo difetto primitivo del midollo osseo nel diabete & correlato ad una

disregolazione tessuto-specifica dell’attivita del’enzima DPP-4.



INTRODUCTION

Diabetes mellitus (DM) increases cardiovascular disease (CVD) and this is
attributed, at least in part, to shortage of vascular regenerative cells derived from
the bone marrow (BM) (1). Indeed, DM is associated with reduced levels of
several circulating progenitor cell phenotypes (2; 3). DM prevents post-ischemic
progenitor cell mobilization in rats, which translates into impaired vascular
recovery after ischemia (4). Recent data from experimental models of type 1 and
type 2 diabetes highlight BM pathologies that include microangiopathy (5),
neuropathy (6), altered gene expression (7) and niche dysfunction (8). These
changes may account for an impaired mobilizing capacity in DM versus controls
animals (9). The bone marrow (BM) harbours regenerative cells involved in the
homeostasis of the cardiovascular system, including endothelial (EPCs), smooth
muscle and cardiomyocytes progenitors (10; 11). These progenitor cell lineages
derive from the common immature CD34+ stem cell population within the BM
(11). In steady-state conditions, CD34+ cells circulate at a very low frequency
(<0.01% of white blood cells) in peripheral blood, but can be mobilized from the
BM by different stimuli, either physiologic or pathologic (12; 13). Vascular and
myocardial injury, through the release of chemokines and growth factors, potently
stimulates the BM to mobilize CD34+ cells into the bloodstream, as a reparative
attempt (13). Preclinical studies indicate that CD34+ cells and EPCs repair the
damaged vasculature, promote angiogenesis and favour recovery of the infarcted
myocardium (11). Bone marrow (BM) derived stem and progenitor cells
contribute to cardiovascular homeostasis through several mechanisms, including
differentiation into vascular phenotypes and paracrine signals (14-17). The cross-
talks between cardiovascular disease (CVD) and the BM system are manifold.
Signals from ischemic tissues activate BM metabolism and function (18) and

inform the BM for the need of vasculo-regenerative cells through soluble



mediators (e.g. VEGF and SDF-1a) produced locally (13). These cross-talks are
disturbed in the presence of cardiovascular risk factors (12), which are
associated with reduced and dysfunctional BM-derived circulating progenitor
cells, a mechanism that contribute to development and progression of CVD (19-
21). On this background, several clinical trials have been conducted during the
last 10 years using autologous stem/progenitor cells to treat cardiovascular
disease (CVD) (22). Cellular products were obtained by either BM aspiration or
apheresis of peripheral blood mobilized with granulocyte-colony stimulation factor
(G-CSF). Other trials were designed to test whether simply increasing circulating
stem cell levels with G-CSF improved patients’ outcomes (23). Data on BM
function in human DM are scant, while there is no information on BM structure. In
a retrospective case series of patients undergoing BM auto-transplantation, DM
was statistically associated with poor mobilization in response to chemotherapy
plus human recombinant G-CSF (hrG-CSF) (8). Moreover, in support of the
existence of a BM defect in human DM, we have shown a reduction in BM
CD34+ cells, compared with non diabetic subjects (24). The mechanism of action
of the mobilizing factor G-CSF is complex and involves cleavage of SDF-1a
through release of proteases, elastases and MMP9, suppression of osteoblastic
function, and modulation of integrins (25). The mechanism whereby DM impairs
stem cell mobilization may depend on altered local concentrations of the
chemokine SDF-1a. Interestingly, SDF-1a is a natural substrate of the protease
CD26/DPP-4, the activity of which is dysregulated in DM (26). The impaired stem
cell mobilization in DM carries important implications for the care of patients in
the hematology clinic. Furthermore, as the BM harbours a variety of regenerative
non-hematopoietic progenitors, BM dysfunction may contribute to the onset of
chronic diabetic complications (27). Unfortunately, exploration of BM structure
and function in humans is limited by the intrinsic low availability of BM samples

from non-hematologic patients.



PART 1

Diabetes impairs stem cell and proangiogenic cell

mobilization in humans

AIM

To confirm the diabetic stem cell “mobilopathy” in humans, a pharmacologic test
of BM reserve was herein devised in as a prospective trial of BM stimulation with

a single subcutaneous injection of hrG-CSF in DM and in non-DM individuals.

RESEARCH DESIGN AND METHODS

Patients and treatment. The study was approved by the local ethical committee
and is registered in ClinicalTrials.gov (NCT01102699). This was a prospective,
parallel group study of direct BM stimulation with hrG-CSF in DM and non DM
subjects. The primary end-point was change in circulating CD34" cells from
baseline. Secondary end-points were changes in other progenitor cell
phenotypes, proangiogenic capacity of peripheral blood mononuclear cells
(PBMC), white blood cells and safety. The study was not designed and powered
to detect baseline differences in progenitor cell levels. DM patients were recruited
at the outpatient clinic of the University Hospital of Padova and healthy control
subjects were volunteers from the local community. Both type 1 and type 2 DM
patients were eligible because pre-clinical studies have shown similar BM

alterations and progenitor cell reductions in both types of DM (5; 6). Exclusion



criteria were: age <25 or >65 years, any acute disease or infection, recent
trauma, surgery or cardiovascular event, chronic immune or infectious diseases,
current or past hematological disorders or malignancy, leukocytosis, leukopenia
or thrombocytopenia, organ transplantation or immune suppression, advanced
diabetic retinopathy, altered liver function, severe renal failure (eGFR<30
mL/min/m?), anomalies in lymphocytes subpopulations, allergy to Filgrastim,
bronchial asthma or other chronic lung disorders, impossibility to provide
informed consent. For each patient, we collected anthropometric measures, data
on concomitant risk factors, HbA1c, eventual diabetic complications and therapy.
After providing informed consent, patients were subjected to baseline
examination and blood samples, including determination of the complete
leukocyte counts and lymphocyte subpopulations, liver enzymes, renal function,
plasma protein electrophoresis, erythrocyte sedimentation rate, C-reactive
protein, prothrombin time, uric acid and standard urine exam. After verification of
inclusion and exclusion criteria, at h8.30 am after an overnight fast, eligible
patients were subjected to a baseline peripheral blood sampling for circulating
progenitor cell quantification and collection of PBMC. Immediately after, they
were injected subcutaneously with 5 pg/kg Filgrastim (Granulokine, Amgen).
Twenty-four hours later, another peripheral blood sample was obtained to
evaluate the effects of Filgrastim. Study subjects were invited to register and
report any eventual side effect occurred after Filgrastim injection. Dosage of the
drug was chosen as the minimum effective dose based on available
pharmacodynamic data on Filgrastim, showing that 5 pg/kg is sufficient to

increase absolute count of circulating CD34" cells in healthy controls (28).

FACS analysis. Circulating progenitor cells were quantified using flow cytometry
as previously described in detail (29). Briefly, after red blood cell lysis, 150 pl of

peripheral blood were stained with 10 yl of FITC-conjugated anti-human CD34
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mAb (Becton Dickinson), 10 ul of PE-conjugated anti-human KDR mAb (R&D
Systems) and 10 ul of APC-conjugated anti-CD133 mAb (Miltenyi Biotech). The
frequency of peripheral blood cells positive for the above reagents was
determined by a 2D side scatter-fluorescence dot plot analysis, after appropriate
gating. We gated CD34" or CD133" peripheral blood cells in the mononuclear cell
fraction and then examined the resulting population for the dual expression of
KDR. At the intersection of the CD34 and CD133 gates we identified
CD347CD133" cells, which were examined for KDR expression. In all patients,
we also quantified the expression of CD26/DPP-4 on CD34" cells using a PE-
labelled anti-CD26 mAb (BD). In separate analyses, CD45 co-staining was
performed and showed that >90% of CD34" cells are CD45dim. For FACS
analysis, 5x10° cells were acquired and scored using a FACS Calibur (BD). Data
were processed using the Macintosh CELLQuest software program (BD). The
same trained operators, blind to the clinical status of the patients, performed the
tests throughout the study. Absolute progenitor cell counts per unit of blood were
derived by multiplying fractional data per white blood cell count. We have
previously shown that reproducibility of CD34" cell quantification with this method

is high (ICC 0.94, 95% C. I. 0.88-0.96; CV 6.3%) (29).

In vivo proangiogenic cell function. To gather information on the presence of
functional circulating proangiogenic cells and how they are modulated by hrG-
CSF in DM and non DM subijects, we used the in vivo Matrigel plug angiogenesis
assay with patients’ PBMC. Indeed, data suggest that diverse monocyte subsets,
including monocytic EPCs and Tie2-expressing monocytes, have proangiogenic
capacity (30; 31). Briefly, PBMC were isolated with Histopaque (Sigma-Aldrich).
Cell count and viability were assayed with an automated BioRad TC20 cell
counter. Then, 3 x 10 PBMC were resuspended in 500 pL phenol-free Matrigel

(BD, cat no. 356237) and implanted subcutaneously into the dorsum of
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immunodeficient RAG-2/gamma(c) double knock-out mice (in-house colony). The
experiment was performed with pre- and post-hrG-CSF PBMC of n=5 non DM
controls, n=5 T1D patients and n=5 T2D patients. To minimize variability, the
same mouse received pre- and post-GCSF PBMC of the same subject. Plugs
were explanted 10 days later for macroscopic inspection, histology (H&E
staining), and determination of the hemoglobin/protein content ratio (Drabkin’s
solution and Bredford reagent respectively, Sigma-Aldrich), which is as a
surrogate of perfusion. Hb/protein ratio was adjusted for the change in monocyte
count after hrG-CSF to gather information on the proangiogenic capacity of

circulating PBMC at each time point.

Statistical analysis. Data are expressed as meanzstandard error (SE). Normal
distribution of the variables of interest was verified with the Kolmogorov-Smirnov
test. Comparisons between the diabetic and non diabetic group were performed
using Student’s t test for normal variables, Mann-Whitney’ U test for non-normal
variables and the chi-square test for categorical variables. As CD34" cell count is
a normally distributed variable, the change in CD34" cell count from baseline to
24h after Filgrastim was assessed using paired Student’s t test. We then
calculated the mean+SE change of CD34" cells in the diabetic and non diabetic
groups, which were compared using unpaired Student's t test. Linear
associations were assayed using the Pearson’s r correlation coefficient. To
control for variables that were different between the 2 groups at p<0.10 and may
bias results, a multiple linear regression analysis was run with change in
progenitor cell levels as the dependent variable. Non-normal dependent variables
in secondary end-point analyses were log-transformed. Statistical significance

was accepted at p<0.05 and SPSS version 17.0 was used.

RESULTS



12

Characteristics of the study population. A total of 24 DM patients (10 T1D and
14 T2D) and 14 non DM controls have been enrolled and treated. Diabetic
patients had a higher prevalence of hypertension and tended to be older than
control subjects. T1D patients had a significantly longer disease duration and

lower prevalence of cardiovascular disease, compared to T2D (Table 1).

Stem and progenitor cell mobilization. In non DM subjects, absolute CD34"
cell level significantly increased 2.2-fold after hrG-CSF, while DM patients
completely failed to mobilize CD34" cells (mean+SE change versus baseline: non
DM 3475800 cells/mL; DM 52+332 cells/mL; p=5x10~°; Figure 1A). Results were
similar when T1D or T2D patients, considered separately, were compared with
age-matched non DM controls (Figure 1B-C). Clinical characteristics of the
subgroups are shown in Table 1.

After adjusting for potential confounders that were different between the 2 groups
at p<0.10 (age, hypertension and cardiovascular disease), DM remained
significantly associated with reduced CD34" cell increase after hrG-CSF
(p=0.002).

In response to hrG-CSF, DM was associated with impaired mobilization of all the
other progenitor cell phenotypes, such as CD133", CD34"'CD133", CD34'KDR",
CD133'KDR* and CD34'CD133'KDR" cells (Figure 2). Upon correction for
potential confounders, DM remained significantly associated with defective
mobilization of CD133" (p=0.015), CD34'CD133" (p=0.011) and CD133"KDR"
(p=0.013) cells, while the association between defective CD34"KDR" mobilization
and diabetes was marginally significant (p=0.056) and blunted by age (p=0.024).
Percentage expression of CD26/DPP-4 on CD34" cells significantly increased
after hrG-CSF in non DM controls (delta +14.1£3.9%), consistent with previous

findings in vitro (32). In DM, CD26/DPP-4 expression was elevated at baseline
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and tended to decline after hrG-CSF treatment (delta -8.8+5.5%, p=0.013 vs non
DM. Figure 3).

In the DM groups, progenitor cell mobilization was not significantly correlated to
HbA1c, disease duration, pattern of complications or treatment regimen.

After treatment with hrG-CSF, WBC, neutrophil and monocyte counts significantly
increased in both groups and there were no differences between DM patients
and non DM controls (Table 2 and Figure 5). This suggests that DM affects

immature and not mature cell mobilization.

Proangiogenic cell function in vivo. Patients’ mononuclear cells collected
before and after hr-GSCF administration were embedded into Matrigel plugs and
implanted in immunodeficient mice to assess the presence of proangiogenic
cells. Baseline PBMC from non DM subjects showed higher neovascularisation
capacity compared to DM patients, which was statistically significant versus T1D.
Plugs with non DM PBMC before hrG-CSF (baseline) showed vascular invasion
at gross inspection and the presence of vascular structures containing
erythrocytes at histology. Plugs implanted with T1D PBMC at baseline showed
almost no vascularization, lower hemoglobin content and no evidence of
perfused vascular structures. Plugs containing baseline T2D PBMC showed non-
significantly lower vascularisation capacity compared to non DM at baseline. After
hrG-CSF, the proangiogenic capacity of patients’ cells significantly increased in
non DM, but not in DM groups, and post-hrG-CSF neovascularisation capacity
was lower in T1D (p=0.058) and T2D (p=0.045) versus non DM (Figure 4).
Matrigel plug neovascularisation capacity was significantly correlated with
circulating CD34" (r=0.47; p=0.003), CD34'KDR" (r=0.38; p=0.024),
CD133"KDR" (r=0.46; p=0.005) and CD34"'CD133'KDR" (r=0.41; p=0.014) cell
levels (Figure 6). These data suggest that hrG-CSF mobilizes functional

proangiogenic cells in non DM subjects but not in DM patients.
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Safety. Treatment with hrG-CSF was safe and uneventful: 5 subjects in the non
DM group (35.7%) and 5 patients in the DM group (20.8%, p=0.53 DM vs. non
DM) reported mild back pain 12 to 18 hours after Filgrastim injection, which
resolved at 24h and required analgesic therapy with acetaminophen in 3 non DM

cases.

DATA INTERPRETATION AND DISCUSSION

We show that DM is associated with impaired stem and progenitor cell
mobilization after direct BM stimulation, independently of potential confounders.
Remarkably, this was true for both hematopoietic stem cells and EPCs despite
baseline cell levels were not reduced in this DM cohort. Therefore, the present
prospective trial substantiates the existence of a BM defect in human DM and
suggests that the BM mobilization failure precedes reduction of circulating
progenitors. Both T1D and T2D patients showed almost complete
unresponsiveness to stem/progenitor cell mobilization, suggesting that this
complication is independent of DM etiology; however, the role of autoimmunity in
determining BM response may be worth of investigation.

In mice, long-term DM causes BM microangiopathy and altered oxygen gradients
(5) that, in addition to reduced expression of pro-survival genes (7), lead to a
pauperization of the stem cell pool. Microvascular BM alterations in experimental
DM include capillary rarefaction, increased permeability, endothelial cell
apoptosis and dysfunction (5), features that resemble diabetic microangiopathy of
other organs, such as the kidney and retina. These histopathological aspects
suggest that the BM is a hitherto unrecognized site of diabetic complication and
are likely responsible for the mobilization failure. Data on the amount of BM stem

cells in diabetes are discordant, with some studies showing normal (4; 33) or
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even increased (8) primitive Sca-1"c-kit'Lin® hematopoietic progenitors.
Therefore, the low CD34" cell count in BM aspirates from type 2 DM patients that
we have previously shown (24) might reflect true stem cell deficiency or reduced
accessibility of the niches to aspiration, owing to the sticky property of the
diabetic niche, which is more prone to stem cell retention than mobilization (8).
Importantly, DM did not impair mobilization of mature leukocytes, which are more
loosely retained by the BM stroma than stem cells.

Normally, G-CSF stimulates expression and activity of CD26/DPP-4 and other
proteases, with subsequent degradation of the chemokine and retention signal
SDF-1a (32; 34). Thus, stem/progenitor cells migrate to the peripheral circulation
following SDF-1a gradients. Herein, we suggest a possible mechanism of stem
cell unresponsiveness to G-CSF in DM, by showing a maladaptive CD26/DPP-4
response. Systemic CD26/DPP-4 activity is increased in DM (26), and our new
data indicate that G-CSF fails to upregulate CD26/DPP-4 on BM-derived cells in
DM, likely preventing modification of the SDF-1a gradient. Studies show that DM
mice mobilize stem cells after treatment with the SDF-1a receptor CXCR4
antagonists AMD3100 (8; 33; 35) and NIBR1816 (36). Therefore, the vascular
niche containing stem cells that can be readily mobilized upon disruption of the
SDF-1a retention signal seems to be preserved, but responsiveness to CXCR4
antagonists should be confirmed in DM patients.

The existence of a BM mobilopathy in DM might be ascribed to both structural
alterations affecting the stem cell niche (microangiopathy) and functional defects
preventing the cells from being mobilized (e.g. the CD26/SDF-1a/CXCR4 axis).
Additionally, DM alters the activity of endothelial nitric oxide synthase (eNOS)
(37) which is pivotal for EPC mobilization (38) and, though G-CSF activity is
mainly eNOS-independent (39), this may be another mechanism accounting for
depressed mobilization in DM. Among strategies to reverse BM dysfunction, our

data showing no correlation between HbA1c and mobilization suggest that
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glucose control might not be effective, while experimental data indicate that
boosting the anti-oxidative defence is a suitable strategy to prevent BM
alterations (5). Though CD26/DPP-4 inhibition increases EPCs (40), whether this
represents a therapeutic target to restore BM responsiveness in DM needs to be
ascertained.

We also found that DM impairs neovascularisation by mononuclear cells
mobilized by hrG-CSF, as shown by the in vivo Matrigel plug assay. Interestingly,
T1D patients already had defective neovascularisation capacity at baseline. This
is possibly related to the longer disease duration in T1D versus T2D patients
(Table 1). Both T1D and T2D patients were unable to increase significantly their
PBMC proangiogenic capacity after hr-GCSF, again suggesting that mobilization
failure precedes reduction of proangiogenic cells. Although we did not identify the
subpopulation of PBMC involved (30; 31), change in neovascularisation capacity
was correlated with stem/progenitor mobilization. These important results indicate
that the stem cell mobilization failure can be pathophysiologically linked to
impaired tissue repair and development of cardiovascular diabetic complications,
which are characterized by defective angiogenesis (41; 42).

These findings have clinical implications. Reduced progenitor cell levels are
powerful predictors of future cardiovascular events (21), and replenishment of
progenitor cells may lower cardiovascular risk. Although the pathogenesis of
diabetic vascular complications is complex and possibly diversified in T1D and
T2D, it is remarkable that alterations in BM-derived cells have been consistently
reported for both T1D (43) and T2D patients (44). Understanding the causes of
progenitor cell reduction and the role of BM can identify novel strategies to
reverse this defect and prevent vascular disease. Moreover, the
immunomodulatory activity of mobilized BM-derived progenitors may be

important in T1D (36). In addition, clinicians should be aware of the likelihood of
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mobilization failure in DM patients undergoing stem cell collection for BM
autotransplantation or for angiogenic cell therapy (8; 9).

The study has limitations. First, replication in other, possibly larger, cohorts is
needed and comparison between recent-onset and long-term T1D patients would
allow a description of the natural history of BM dysfunction. Second, while the
imbalances in clinical characteristics between groups were adjusted by
multivariate analyses, residual confounding may be present. Finally, while a
single-dose hrG-CSF was used in this study, DM patients might respond to a full
5-day course of hrG-CSF, but it would not be ethical to perform maximal BM
stimulation for research purposes only. Several DM patients have been treated
with high-dose hrG-CSF in cell therapy protocols (45), but a formal comparison of
the mobilization effect between DM and non DM patients has never been
performed. Nonetheless, our data represent a proof-of-concept of diabetic BM
dysfunction in humans. As the BM emerges as a novel target organ in DM,

intensive investigation to reverse this complication becomes compelling.
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PART 2

Diabetes impairs mobilization of stem cells for the
treatment of cardiovascular disease.

A meta-regression analysis

AIM

In Part 1, we have shown that response to low dose hrG-CSF is impaired in
diabetic compared to non diabetic subjects involved in a trial of direct BM
stimulation to assess BM reserve. In this substudy, to test whether this holds true
also in a setting that is more relevant to diabetic complications, data on trials of
G-CSF administration in patients with CVD were collected. Given that studies do
not normally report mobilization efficiency in DM versus non DM patients, a meta-
regression analysis testing the correlation between CD34+ cell levels and

prevalence of DM in the study cohort was performed.

MATERIALS AND METHODS

Objective. The study was conducted to detect a significant correlation between
prevalence of diabetes in each ftrial and achieved absolute CD34+ cell count
(cells/uL) after G-CSF stimulation, as an indicator of mobilization (primary end-
point). A separate analysis was pre-specified for trials reporting CD34+ cell levels

before and after G-CSF administration. Finally, we looked for studies eventually
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reporting CD34+ cell levels separately for DM and non DM patients or individual

patients data.

Literature search. We searched the English literature from 1997 to 2012 (last
updated 30 Aug 2012) for articles describing clinical trials in which patients with
CVD were subjected to G-CSF stimulation for BM CD34+ stem cell mobilization
alone or followed by apheresis and cell therapy. The search terms were: ("trial"
OR "patients" OR "patient") AND ("G-CSF" OR "GCSF" OR "granulocyte colony")
AND ("CD34" OR "HSC" OR "stem cell" OR "stem cells") AND ("mobilization” OR
"mobilized" OR "mobilize") AND ("vascular" OR "cardiovascular" OR "myocardial"
OR "cardiac" OR "critical" OR "arterial" OR "coronary artery disease" OR
"angina" OR "heart failure"). We also examined cross-references among different
articles. The minimal criteria for inclusion of the study in the primary analysis
were: 1) description of the study cohort with clear indication of the prevalence of
diabetes; 2) clear reporting of G-CSF dosage and treatment duration; 3)
indication of the absolute CD34+ cell count (in cells/uL of peripheral blood)

achieved after the course of G-CSF administration.

Quality assessment. Quality of the trials included in this meta-analysis was
assessed according to an itemized methodological quality graph, as suggested
by the Cochrane Handbook for Systematic Reviews of Interventions (46). Each
item was scored as low, uncertain, or high risk of bias. The items included in the
checklist and visualized in the graph were selected based on their relevance to
the meta-regression on CD34+ cell mobilization. Therefore, detection bias was
not related to the primary outcome of the trial, but on integrity of CD34+ cell data.
Attrition bias was not considered, as availability of CD34+ cell data was an

inclusion criterion. Quality was scored by the 2 authors independently. Quality



20

assessment was meant to generate separate analyses limited to trials with low

risk of bias.

Data retrieval. We collected the following data: mean + SD age of the patients,
percentage of male patients, prevalence of diabetes, hypertension, dyslipidemia,
and smoking habit, underlying disease, baseline CD34+ cell count/uL (when
available), achieved CD34+ cell count/uL after the course of G-CSF stimulation.
Total dose of G-CSF (ug/kg) received by the patient was calculated as daily
dose (ug’kg/day) multiplied by the duration of treatment in days. The standard
course of G-CSF stimulation is 5 pg/kg b.i.d. for 5 days, for a total of 50 ug/kg. As
the total dosage varied considerably among studies, in order to make the
achieved CD34+ cell count comparable, we normalized CD34+ cells/uL to the
standard 50 ug/kg dosage using a proportionality formula: adjusted CD34+
cells/uL = reported CD34+ cells/uL x 50 + total ug/kg G-CSF administered. In
case the CD34+ cell count/pL was not directly reported, this was calculated by
multiplying % of CD34+ cells in peripheral blood for total white blood cell
count/pL. When CD34+ cell count was reported only in figures and not in the text,
data were extrapolated from figures, but these data were considered low quality

and marked as such.

Statistical analysis. Data are expressed as mean = SD or as percentages,
where appropriate. For merging continuous normal data from different studies
(e.g. age) in order to provide a global overview of patients characteristics, we
calculated the weighted average and standard deviation. Heterogeneity among
studies was calculated using the chi-square test. The correlations between
prevalence of diabetes and achieved CD34+ cell count or increase in CD34+ cell
count were checked using the meta-regression method described by Thomson

and Higgins (47), with the random effect model. Pearson’s r and Spearman’s rho
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correlation coefficients were also calculated. A multivariate analysis was run to
verify whether the correlation between prevalence of diabetes and CD34+ cell
count was independent from the prevalence of other risk factors and underlying
disease. The PRISMA guidelines were used to compile and report the data (48).

Statistical significant was accepted at p<0.05.

RESULTS

Search results. Based on search criteria, we initially retrieved 227 articles for
screening. Of these, 96 were retained for further evaluation, while the others
were discarded as non relevant. Twenty-four articles were finally included in the
analysis of the primary end-point, with two trials reporting two groups with
different G-CSF dosages, which were considered separately (Table 3). Of the 24
articles, 13 also reported the baseline CD34+ cell count, which allowed a
calculation of the increase in CD34+ cells after G-CSF stimulation (Figure 7). In
one ftrial only, crude data of individual patients were reported (49), allowing a

calculation of the achieved CD34+ cell count in DM and non DM patients.

Data quality assessment. Data quality is represented by an itemized
methodological quality graph (Figure 8). Most studies (70%) were randomized,
controlled trials almost free from baseline imbalance, in which patients were
randomly assigned to treatment with G-CSF or placebo. This suggests that the
risk of selection bias was low. Quality of CD34+ cell data was high in 80% of
cases: in 2 trials data were calculated from % of CD34+ cells and WBC counts
(uncertain risk of bias); in 3 trials, CD34+ cell levels were derived from figures
(high risk of bias). Blinding was relatively low, but this was unlikely to affect the

effects of G-CSF on CD34+ cells.
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Study population. Pooled characteristics of the study population are reported in
table 4. On average, patients were about sixty year old, prevalently males,
treated for ST-elevation myocardial infarction. In most trials, prevalence of DM
was lower than that of other traditional risk factors, reflecting the typical
characteristics of patients in cardiovascular trials. The total dose of G-CSF
administered was close to the standard 50 pg/kg dose, over a period of about 6
days. However, there was considerable heterogeneity in patients characteristics
and treatment protocol among studies. Importantly, the chi-square test for
heterogeneity among studies was statistically significant (p<0.0001), indicating

that the study differed in the degree of CD34+ cell mobilization.

Meta-regression analysis. The primary aim of the analysis was to find a
correlation between prevalence of DM and achieved absolute CD34+ cell count
after G-CSF administration. Simple correlation analysis revealed a strongly
significant negative correlation (r = -0.68; p < 0.0001; rho = -0.65; p < 0.0001).
Using the random effect model by Bayesan tau taking into account weights of the
single trials, the negative correlation was as well highly significant (p < 0.0001;
equation y = a + bx where a = 91.2+11.4; b = -1.4£0.3. Figure 9A). The analysis
of variance (calculated as the residual error sums of squares and estimated using
the chi squared test) was not significant (p=0.72), indicating no residual
heterogeneity among trials. Excluding trials in which the absolute CD34+ cell
count / yL was calculated or derived from figures (n=5), the correlation did not
change (r = -0.69; p < 0.0001; rho = -0.62; p < 0.0001). Similarly, limiting the
meta-regression to randomized, controlled trials did not modify strength of the
association (r = -0.69; p < 0.0001; rho = -0.61; p = 0.008). These results indicate
that data quality did not affect the correlation between prevalence of DM and

achieved CD34+ cell count.
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Including in the meta-regression only trials of patients with heart disease, thus
making the population more homogeneous, did not significantly modify the
correlation (r = -0.62; p = 0.002; rho = 0.56; p = 0.005). Further limiting to trials on
ST-elevation myocardial infarction slightly blunted the correlation strength (r = -
0.51; p = 0.034; rho = -0.48; p = 0.049).

The secondary aim was to find a correlation between the increase in CD34+ cell
count after G-CSF and prevalence of DM. To this end, only trials reporting pre-
and post-G-CSF data were included. The simple correlation analysis revealed an
even stronger negative association (r = -0.82; p < 0.0001; rho = -0.84; p <
0.0001), which was also highly significant using the random effect model meta-
regression (p < 0.0001; equation y = a + bx where a = 63.5+8.3; b = -1.0£0.3;
Figure 9B), again with no residual heterogeneity (p=0.91). This result indicates
that including only trials with high quality data made the correlation even stronger.
We then looked at correlations with prevalence of other risk factors, mean age or
underlying disease and only found marginal direct correlations with prevalence of
male gender (achieved CD34+ cell count: r = 0.36; p = 0.067; rho = 0.34; p =
0.088; increase in CD34+ cell count: r = 0.48; p = 0.067; rho = 0.45; p = 0.092),
which were not significant in the meta-regression with the random effect model
(p=0.07 and p=0.13 respectively).

Finally, a multivariable analysis showed that the association between prevalence
of DM and achieved CD34+ cell count was independent of age, other risk factors,

underlying disease, and sample size (Table 5).

DATA INTERPRETATION AND DISCUSSION

The present study shows that, in clinical trials in which patients with CVD were

treated with G-CSF for stem cell mobilization, the prevalence of DM is a negative
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determinant of the achieved CD34+ cell level. This observation suggests that DM
impairs the mobilization response to G-CSF and has 2 possible implications.
First, DM patients undergoing angiogenic cell therapy with mobilized peripheral
blood stem cells are likely to receive a lower cell dose compared to non DM
patients. In one study analyzing the outcome of 111 patients implanted with G-
CSF-mobilized peripheral blood stem cells for the treatment of critical limb
ischemia, a low dose of CD34+ cells was associated with a significantly shorter
amputation-free survival (50). Additionally, 2 meta-analyses of stem cell therapy
for ischemic heart disease showed that cell dosage is a direct determinant of the
improved outcome (51; 52).

Second, the inability of DM patients to adequately mobilize stem cells upon direct
BM stimulation points to the existence of a BM defect. This is supported by
experimental animal studies showing BM microvascular rarefaction, altered
location of stem cells in the niches, and reduced expression of pro-survival genes
(5-7), that turn into impaired stem cell mobilization (9). This is of paramount
importance, as BM-derived stem cells prevent cardiovascular damage and a low
circulating CD34+ cell level independently predicts future events (21).
Furthermore, after myocardial infarction, the levels of CD34+ stem cells mobilized
by endogenous G-CSF secretion is a determinant of left ventricular function at
follow-up (53; 54). Therefore, impaired stem cell mobilization in DM may
represent a pathophysiological link among distant end-organ complications (1;
27).

The meta-regression approach has intrinsic limitations. Although data dredging is
considered the principal pitfall leading to false positive results, this is not likely to
be a matter of concern in the present study, because the analysis was pre-
specified and a very limited number of covariates were tested. Additionally, the
analysis of residual heterogeneity was non-significant, indicating that prevalence

of DM was the most important determinant of mean CD34+ cell mobilization.
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Quality of data might also be a concern. However, limiting the meta-regression
analysis to trials with high quality data (reporting pre- and post-G-CSF CD34+
cell levels) strengthened the negative association between prevalence of DM and
CD34+ cell mobilization. Limiting the analysis to randomized, controlled trials also
did not modify the association between prevalence of DM and mobilization.
Publication bias cannot be fully ruled out in this meta-analysis, but is unlikely to
be a major confounder, because the meta-regression was performed against a
process indicator (CD34+ cells), not against the mean treatment effect (outcome
indicator). In addition, the relationship between prevalence of diabetes and
CD34+ cell mobilization in a given trial is unlikely to affect publication.
Importantly, our analysis should be considered as an ecological association
extrapolated to individual patients, because the prevalence of DM is a summary
of patient characteristics rather than a specific attribute of the trial. In other terms,
trials in which patients had a higher prevalence of DM showed lower CD34+ cell
mobilization, rather than patients with DM necessarily being the actual patients
with lower CD34+ cell mobilization. Unfortunately, this issue cannot be further
investigated without individual patient data. In the unique trial reporting individual
patient data, CD34+ cell mobilization in non DM patients was 2.8-fold higher than
in DM patients, supporting validity of the extrapolation of this meta-regression to
individual patients (49).

Finally, it should be noted that all patients included in this meta-regression
analysis had severe CVD and the interaction between DM and CVD in affecting
stem cell mobilization cannot at present be dissected, nor it is possible to
generalize these findings to DM patients without CVD.

To sum up, this meta-regression study supports the existence of a mobilization
failure in DM patients receiving G-CSF for the treatment of CVD. As mounting

evidence indicate that DM affects the BM microenvironment and stem cells
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involved in vascular repair, intensive investigation into this hitherto unrecognized

diabetic complication is warranted.
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PART 3

Stem cell compartmentalization in diabetes and high
cardiovascular risk reveals the role of DPP-4

in diabetic stem cell mobilopathy

AIM

In this substudy, we aimed to gather information on the clinical phenotype
associated with an altered compartmentalization of stem/progenitor cells in the
BM and peripheral blood (PB), which would be indicative of the mobilization
capacity. Starting from these phenotypes, we devised a clinical data-driven
approach to test the association of candidate regulators of angiogenesis with

progenitor cell mobilization, to be validated in animal models.

MATERIALS AND METHODS

Patients. All studies involving human subjects were approved by the local ethical
committee and conducted in accordance to the Declaration of Helsinki as revised
in 2000. Patients with heart disease and healthy controls were recruited at the
Johann Wolfgang Goethe University Hospitals. Patients with ischemic or non-
ischemic heart disease were enrolled in protocols of progenitor cell therapy,
which also included quantification and functional evaluation of progenitor cells in

the BM aspirates and PB. The ethics review board of Goethe University
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(Frankfurt, Germany), approved the protocols, and the studies were registered on
Clinicaltrials.gov (NCT00962364 and NCT00284713). All patients undergoing BM
aspiration for myocardial cell therapy in the trials NCT00962364 and
NCT00284713 were eligible pending they did not have acute myocardial
infarction. After giving informed consent, before undergoing cell therapy, patients
were subjected to BM aspiration under sedation or general anesthesia. A small
volume (about 1 mL) of the BM aspirate was collected for progenitor cell
quantification. At the same time, a PB sample was drawn from a peripheral vein.
Young healthy volunteers from the staff or the local community were subjected to
the same procedure after providing informed consent for BM aspiration and
collection of a venous PB sample.

For all subjects, we collected the following data: age, sex, prevalence of
cardiovascular risk factors, total cholesterol, HDL cholesterol and triglycerides
concentrations, fasting plasma glucose and medications. LDL cholesterol was
calculated with the Friedwald formula. Patients were deemed to have diabetes
mellitus if they were previously diagnosed with diabetes and/or were taking anti-
diabetic medications, or if they had a fasting plasma glucose =126 mg/dL (7.0
mmol/L) on two different occasions, or a random plasma glucose =200 mg/dL
(11.1 mmol/L) associated with symptoms of hyperglycemia, or if they had a
HbA1c 26.5%, measured by HPLC. None of the patients were taking medications
active on the incretin system. Obesity was defined as a body mass index (weight
in kilograms divided by height in meters?®) =30 kg/m?. Patients were deemed as
smokers if they habitually smoked one or more cigarettes per day. Hypertension
was defined in the presence of a history of hypertension for which the patients
were taking medications, and/or in the presence of blood pressure above 140/90
mm Hg. Family history for CVD was defined as a history of CVD in first degree

relatives, excluding cases occurred at an advanced age. We calculated the
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number of CV risk factors taking into account smoking habit, family history,

diabetes, obesity, hypertension and dyslipidemia.

Measurement of plasma regulators of angiogenesis. PB plasma was obtained
by centrifugation of venous blood samples. The plasma concentration of a panel
of angiogenesis-regulating mediators was determined using multiplex suspension
arrays (Bio-plex, Biorad), that permit the simultaneous automated analysis of
several different biomolecules in a single microplate well. We used the
angiogenesis array, which is designed to measure at the same time the following
analytes: Angiopoietin-2, Follistatin, G-CSF, HGF, IL-8, Leptin, PDGF-BB,
PECAM and VEGF. In parallel, we also used a custom multiplex array for the

simultaneous automatic measure of IL18, SCF and SDF-1a.

Determination of DPP-4 activity. To measure plasma DPP-4 activity, we used
the DPP-4 drug discovery Kit (Enzo Life Sciences, Farmingdale, NY, USA) with
the Gly-Pro-para-nitroaniline (pNA) chromogenic substrate, according to the
manufacturer's instructions. We have previously shown that this assay is able to
detect significant differences in DPP-4 activity in diabetic versus non diabetic
patients, and that the non-specific activity due to other DPP is less than 10%
(55). Coefficient of variation of plasma DPP-4 activity, measured in replicate
samples collected from the same patient 24 h apart, was <2%, indicating a high

degree of reproducibility.

Flow cytometry. Human progenitor cells. The level of circulating progenitor cell

phenotype in humans was determined by a protocol standardized at our
laboratory, using multi-color flow cytometry. Briefly, after red blood cell lysis,
blood cells were stained with FITC conjugated anti-human CD34 (BD

Biosciences), APC-conjugated anti-human CD133 (Miltenyi Biotec) and PE-
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conjugated anti-human KDR (VEGFR2, R&D Systems) monoclonal antibodies.
After washing cells were analyzed using a FACS Calibur instrument (BD
Biosciences) and the following gating strategy. In the SSC versus FSC
morphological plot, we gated mononuclear cells and then examined this
population for the expression of the relevant surface antigens. We first identified
CD34+ cells, which were examined for the dual expression of CD133 and KDR.
In the CD34+CD133+ cell gate, we also analyzed the expression of KDR to
quantify triple positive cells. A total of 500.000 to 1.000.000 events were acquired
for each analysis and the level of progenitor cells was expressed as number of
positive events per 1.000.000 total events. In separate analyses, we stained
CD34+ and CD133+ cells with a PE-conjugated anti-CD45 mAb to show that
most (>90%) of CD34+ and CD133+ cells fall within the CD45dim region. A
unique definition of EPCs is lacking (12); for this study, we defined CD34+,
CD133+ and CD34+CD133+ cells as generic circulating progenitor cells (CPCs)
and CD34+KDR+, CD133+KDR+ and CD34+CD133+KDR+ cells as EPCs.

Cell cycle analysis. To determine the proliferation rate of circulating human

CD34+ cells, we performed a cell cycle analysis from fresh whole blood cells for
anonymous healthy blood donors. Briefly, after red blood cell lysis, cells were
stained with a FITC-conjugated anti-CD34 (BD Biosciences) mAb, fixed and
permeabilized and stained with propidium iodide (PI). DNA staining, represented
by PI content, was examined in the morphological gate of mononuclear cells and
in the immunological gate of mononuclear CD34+ cells. The peak of 2n diploid
(GO/G1) cells was identified in the large population of resting circulating
mononuclear cells. A gate of Pl intensity corresponding to the G2/M phase was
also considered. We calculated the percentages of G2-M cells (proliferation rate)
in all mononuclear cells and in gated CD34+ cells.

Analysis of apoptosis. The apoptotic rate of circulating CD34+ cells was analyzed

in blood samples from healthy blood donors. Briefly, after red blood cell lysis,
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cells were stained with a PE-conjugated anti-human CD34 mAb (BD
Biosciences), and a FITC-conjugated Annexin V antibody (BD Biosciences),
which recognizes early apoptotic cells that externalize phosphatidilserine. CD34+
cell apoptosis was assessed as the percentage expression of Annexin V on
CD34+ cells. Dead cells were excluded from the analysis by Pl staining.

Rat progenitor cells. A unique definition of rat CPCs and EPCs is lacking.

According to previous studies (4; 56), we defined CPCs as Sca-1+c-Kit+ cells
and EPCs as Sca-1+CD31+ cells. Similarly to human CPC and EPC phenotypes,
CPCs are mainly hematopoietic stem/progenitor cells, while EPCs should be
considered to be committed toward the endothelial lineage, because of the
expression of the endothelial marker. Briefly, after red blood cell lysis, cells were
stained with PE-conjugated anti-Sca-1 (Cederlane) and FITC-conjugated anti-c-
Kit (CD117, BD Biosciences) or FITC conjugated anti-CD31 (BD Bisociences).
After washing, cells were acquired and scored with a FACS Calibur instrument
(BD Biosciences). In the SSC versus FSC morphological plot, we gated
mononuclear cells and then examined this population for the expression of Sca-1
and c-kit or Sca-1 and CD31, relative to the respective negative controls. A total
of 500.000 to 1.000.000 events were acquired for each analysis and the level of
progenitor cells was expressed as number of positive events per 1.000.000 total

events.

Fluorescence in situ hybridization. Peripheral blood samples were obtained
form 3 women who received a bone marrow transplantation from a male donor
more than 12 months earlier. We chose this criterion to assure complete
hematopoietic reconstitution. This approach allowed to determine the donor or
recipient origin of circulating CD34+ cells by analyzing that Y-chromosome
signal. For this purpose, CD34+ cells were freshly sorted and spotted onto glass

slides. A human Y chromosome-painting FITC-conjugate probe (Star*FISH,
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Cambio, Cambridge, UK) was used. Slides were fixed in formaldehyde in PBS for
5 minutes and pass through three brief rinses in 50, 70 and 100 ethanol grading,
after washes in 2X SSC. The DNA probe was applied to the sample and co-
denatured at 85°C and then hybridized at 37°C. Washes were performed at
42°C in a solution of 2X SSC/0.3% Nonidet-P40 for 2 minutes. Nuclei were
counterstained with TO-PRO 3. Probe was visualized by confocal microscope
(TCS-SL Leica, Germany). In the positive and negative controls (represented by
male and female cytospin from normal pheripheral blood), at least 200 nuclei
were counted to test the efficiency of the probes. Efficiency of hybridization was
89%. The chimerism index was assessed by dividing the number of Y-
chromosome-positive cells by the total number of cells of interest.

Microphotographs were taken with a TCS-SL laser scanner confocal microscope.

Animal experiments. The animal protocol was approved by the Local and
national institutional review boards. All experiments were conducted according to
the “Principles of laboratory animal care” (NIH publication no. 85-23, revised

1985; http://grants1.nih.gov/grants/olaw/references/phspol.htm). We used 8

week old Fisher 344 (F344) wild type (WT, Charles River Laboratories) and DPP-
4 deficient (DPP4null or F344/duCrlICrlj, Charles River Laboratories, Japan) rats,
weighting 200-250 g. F344/duCrlICrlj rats express Dpp4 mRNA but lack DPP-4
activity because of the translation of abnormal isoforms that fail to be processed
to the biologically active mature glycosylated enzyme. We have previously shown
that F344/duCrICrlj rats >90% reduction in measured plasma DPP-4 activity
compared to wild type F344 rats (1.0+0.1 U/l vs. 14.9+1.1 U/l, p<0.001) (55).
F344/duCrICrlj DPP4null rats have a normal phenotype compared to wild type
F344 rats.

Induction of diabetes. Diabetes mellitus was induced in F344 WT and DPP4null

rats by intraperitoneal injection of streptozotocin (STZ) 20 mg/kg/day in pH 4.5
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citrate buffer. Capillary glucose was monitored after 3, 7, 14, and 28 days using a
point-of-care glucometer (Freestyle, Abbott Diagnostics). Control (non diabetic)
rats were injected with an equal volume of citrate buffer. Only animals with stably
elevated (>250 mg/dL, >13.9 mmol/L) capillary glucose were considered as
diabetic. We also determined the level of glycated haemoglobin (HbA1c) using a
monoclonal antibody-based method (A1c now, Bayer). Animals were housed in
controlled conditions to avoid complications attributable to polyuria and de-
hydration that may derived from sustained hyperglycemia. Experiments were
performed 5-7 weeks after induction of diabetes. Weigh, non fasting plasma
glucose and HbA1c of the 4 groups of animals are reported in table 10.

Hind limb ischemia. Hind limb ischemia was induced in F344 WT and DPP4null

diabetic and non diabetic rats (n=5 per group) by femoral artery and vein
excision. Briefly, under general gaseous isofluorane anesthesia (Forane, Abbott),
a cranio-caudal 2-cm skin incision was made at the level of the right inguinal
ligament. After removal of excess fat and accessing the vessels and nerve, the
nerve was gently dissected from the vessels and preserved. Then, the femoral
artery and vein were dissected from the surrounding tissues and fascia until the
knee, cauterized with care to spare all non vascular structures and excised. All
visible collaterals were also cauterized and excised. The skin was then closed
with a silk suture and animals were allowed to recover from anesthesia and
analgesic therapy was administered. Blood samples for enumeration of rat
progenitor cells were obtained immediately before induction of ischemia and at
days 3 and 7 after ischemia. At day 7, rats were euthanized by intracardiac
injection of a cocktail of embutramide, mebenzonium iodide, tetracaine (Tanax,
Intervet Italy Srl) and the solues muscles were collected from both ischemic and
non ischemic hind limbs for histologic analysis. Before sacrifice, mice were
injected systemically with pimonidazole (HydroxyProbe), which forms adducts at

thiol groups in proteins at oxygen tension < 10 mm Hg, to stain hypoxic areas.
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G-CSF _stimulation. For direct bone marrow mobilization of progenitor cells in

F344 WT and DPP4null diabetic and non diabetic rats (n=3 per group), we used
human recombinant G-CSF (hrG-CSF, Filgrastim, Amgen) at the dose of 60
microg/kg/day subcutaneously for 4 consecutive days. Blood samples were

collected at baseline and after the last dose of G-CSF for progenitor cell count.

Histology. Seven-micrometer thick cryosections of ischemic and non-ischemic
soleus muscles from F344 WT and DPP4null diabetic and non diabetic rats were
stained with fluoresceing-labelled BSI-Lectin (Molecular Probes) to visualize the
vascular network. Muscle fibers were visualized using phase contrast microscopy
and images were overlapped with fluorescence microscopy detection of Lectin.
We quantified the number of capillaries per area of section to derive a measure of
capillary density in 10 randomly selected microscopic fields in 10 sections per
muscle. The ischemic/non ischemic ratio of capillary density was then computed
for each animal.

To visualize hypoxic areas, muscle sections were stained with a primary
monoclonal IgG1 antibody reagent (Hydroxyprobe) that recognizes pimonidazole
adducts in hypoxic cells. Immunohistochemical stained area were quantified
using ImagedJ in randomly selected field.

Apoptosis was assessed in 7 uym-thick criosections using the Apoptag Red Plus
In situ Apoptosis Detection Kit (Millipore) according to the manufacture's
instruction. Nuclei were counterstained in blue with Hoechst 33258 (Sigma-
Aldrich, Schnelldorf, Germany) and the basement membrane was stained with a

anti-laminin antibody (Sigma-Aldrich) and a FITC conjugated secondary antibody.

Statistical analysis. Data are expressed as mean + standard error, or as
percentage, where appropriate. Normal distribution of study variables was

checked using the Kolmogorov-Smirnov test. Comparison between 2 or more
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groups was performed using Student’s t test or ANOVA (for normal variables)
and with Mann-Whitney’s U test and Kruskall-Wallis test (for non-normal
variables), respectively. Linear correlations were analyzed using the Pearson’s r
(for normal variables) or the Spearman’s rho (for non-normal data) correlation
coefficients.

Groups of patients were created according to their progenitor cell levels as below
(termed “low”) or above (termed “high”) the median value in the peripheral blood
and in the bone marrow. To render the separation of patients’ groups more
extreme, the 50° percentile cutoff was substituted with the 60° percentile cutoff as
lower limit of the “high” groups and with the 40° percentile as the higher limit of
the “low” groups. The resulting 4 groups were compared using ANOVA or
Kruskall-Wallis test and then with appropriate test comparing couples of groups.
The distribution of clinical characteristics in the 4 groups was also analyzed using
Self-Organizing-Maps (SOM) and statistically verified visualizations in the whole
cohort and in patients belonging to the above mentioned groups defined by the
median values or by the 40°/60° percentile. The SOM is an unsupervised pattern
recognition method used for automated comparisons in a multivariate profile of
clinical characteristics (57). In the map layout, patients with similar clinical
characteristics are as close to each other, whereas those who have different
characteristics are placed far apart on the map. After computing patients’
positions, the map is colored according to the patients’ characteristics. To obtain
a p-value for each characteristic, a statistical test compares such color
distribution with 10,000 random colorings obtained by permuting the data values.
A multivariable analysis can also be performed by analyzing combined SOM
layouts for different characteristics and was used to test the association of
diabetes with progenitor cell compartmentalization group independently of other
clinical features. The SOM analysis was performed with the online MeliKerion

software and its web-based interface
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(http://www.computationalmedicine.fi/software).  Statistical significance was

accepted at p<0.05 and SPSS ver. 16.0 was used.

RESULTS

Direct correlations between peripheral blood and bone marrow
stem/progenitor cell levels. We quantified the levels of 6 stem/progenitor cell
phenotypes in the PB and BM of 72 subjects, including 12 healthy controls and
60 patients with heart disease (Table 6). For each cell phenotype, there was a
significant direct linear correlation between PB and BM levels, which was
stronger for CD34+ cells (r=0.43, Figure 10A), CD133+CD34+ cells (r=0.44) and
CD133+KDR+ cells (r=0.50) (Table 7). These direct correlations suggest that PB
stem cell levels are informative of the BM status. The coefficient of variation was
lower for both PB and BM CD34+ cells, the distribution of which was normal and
less affected by extreme data. Therefore, we focused on CD34+ cells for further

analyses.

Most circulating CD34+ cells are viable, non-proliferating and originated
from the bone marrow. As also circulating mature endothelial cells may express
CD34 (58), we analyzed the origin of CD34+ cells isolated from 3 female patients
who received a male BM transplantation years before, by detecting the Y-
chromosome signal using FISH. After adjusting for hybridization efficiency (89%)
(59), we found that 92.5+£3.1% CD34+ cells were Y+, indicative of a donor BM
origin (Figure 10B). Therefore, the contamination by non BM-derived cells within
the population of circulating CD34+ cells is <10%. In samples of healthy blood
donors, we also show that the apoptotic rate of circulating CD34+ cells is on

average 4.0+0.6% and most are resting (>95% in GO-G1 phase) (Figure 10C-D).
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Therefore, variations in the number of PB CD34+ cells are mostly attributable to

mobilization of BM CD34+ cells.

Distribution of PB and BM CD34+ cells. Despite the significant direct
correlation between PB and BM CD34+ cell levels, data were largely dispersed
around the regression line, suggesting that circulating CD34+ cell levels are
associated with different mobilizing capacity. Thus, we divided patients according
to their median values of PB and BM CD34+ cell levels. We defined as “healthy”,
patients with high PB and high BM CD34+ cells, because most healthy subjects
fell into this subgroup (8/12 of healthy subject, 67%). By converse, patients with
low PB and low BM CD34+ cells were defined as “exhausted”. Patients with high
PB and low BM CD34+ cell count were defined as “good mobilizers”, while
patients with low PB and high BM CD34+ cells were defined as “poor mobilizers”.
When we analyzed the clinical characteristics of these 4 groups, using
conventional statistics, several cardiovascular risk factors were different, but a
few reached significance (not shown). Therefore, as cases with values close to
the medians of PB and BM cell counts were poorly informative, we excluded
those falling within +1 decile of the median value, to render groups more
“extreme”. In other words, the median was substituted with the 40° and 60°
percentiles as lower and higher cut-off, respectively (Figure11). The 40°/60° rule
was a compromise to exclude borderline values without excess reduction of

sample size.

Stem cell compartmentalization and the cardiovascular risk profile. The 4
groups identified by the 40°/60° percentile of PB and BM CD34+ cell counts were
first analyzed for demographics, cardiovascular risk factors and therapies using
conventional statistics. We found that subjects in the “healthy” group were (not

significantly) younger, had a low number of cardiovascular risk factors (p=0.02),
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and a low prevalence of diabetes, obesity and hypertension compared with
patients in the “exhausted” group (post-ANOVA tests). The other groups, in which
the compartmentalization of CD34+ cells was altered, were associated with
higher prevalence of cardiovascular risk factors, and the “exhausted” group
showed the worst risk profile. Among therapies, use of beta-blockers and insulin
were higher in the group of “good mobilizers”, consistent with the previous
findings that these drugs can increase circulating progenitor cell levels (4; 60)
(Figure 11).

As stem cell compartmentalization is a bi-dimensional variable, we used self-
organizing maps (SOM) to analyze the association between clinical
characteristics of the patients and their belonging group in 2D planes. This visual
and statistical approach shows co-localization of several high-risk features with
the group of “exhausted” patients (age, diabetes, hypertension and obesity) or
poor mobilizers (age, hypertension and obesity). Overlapping maps that
represent groups with those that represent clinical features allows to describe the
phenotype of a typical patient of each group. In compliance with its higher
statistical power, SOM show significant and almost identical final results in the
whole study cohort (Figure 12) and in patients of the 40°/60° percentile groups
(Figure 17). A multivariable analysis run on SOM revealed that diabetes was
associated with group distribution independently of age, obesity, hypertension
and therapies. We also found that diabetes was a strong determinant of reduced
PB CD34+ cells independently of BM CD34+ cells, suggesting that diabetes
compromises CD34+ cell mobilization (Table 8). These data indicate that altered
CD34+ cell compartmentalization is associated with diabetes and a high
cardiovascular risk profile.

Compartmentalization was then repeated for other progenitor cell phenotypes
(Table 9). Altered PB versus BM CD133+ and CD34+CD133+ cell

compartmentalization was associated with a high cardiovascular risk profile,
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similar to what obtained with CD34+ cell compartmentalization. However, the
discriminative capacity of CD34+ cells was higher, as there were more clinical
features differing among groups. These data confirm that CD34+ cell

compartmentalization offers the best correlate of cardiovascular risk.

Stem cell compartmentalization and regulators of angiogenesis. We
quantified the plasma concentrations of a panel of angiogenesis-regulating
factors (Table 9). When patients were divided according to CD34+ cell
compartmentalization, plasma VEGF concentrations and DPP-4 activity were
lower in the “healthy” group, while other factors were not significantly different.
SOM showed that high activity of the enzyme DPP-4 co-localizes with the
“exhausted” phenotype (Figure 18).

The “healthy” group according to CD133+ and CD34+CD133+ cell
compartmentalization had higher concentrations of the pro-angiogenic factors
Angiopoietin-2 and PDGF-BB. Compartmentalization of CD34+CD133+KDR+
cells revealed high SDF-1a concentrations in the “healthy” and “good mobilizer”
groups, consistent with the notion that circulating SDF-1a mobilizes EPCs (61).
These data indicate that some mobilizing factors may explain progenitor cell
compartmentalization in this cohort of patients. We also suggest that this clinical
data-driven approach is a suitable platform to identify new strategies of progenitor
cell mobilization.

We then aimed at validating one of these factors in diabetes, as a model of

altered progenitor cell mobilization.

DPP-4 deficiency restores ischemia- but not G-CSF-induced mobilization in
diabetes. DPP-4 has been shown to cleave pro-angiogenic factors, including
SDF-1a (62). Consistently with this finding, in the whole cohort of subjects, we

found a negative correlation between DPP-4 activity and plasma SDF-1a
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concentrations (r=-0.27; p=0.017). Plasma DPP-4 activity was also directly
correlated to the BM/PB ratio of CD34+ cells (r=0.25, p=0.028), supporting the
hypothesis that DPP-4 regulates CD34+ cell mobilization. DPP-4 activity is
increased in diabetic patients and its inhibition restores EPC levels in type 2
diabetes (40; 63). Taking into account that stem cell compartmentalization was
associated with both diabetes and DPP-4 activity in our study, we hypothesized
that DPP-4 may be a suitable target to restore progenitor cell mobilization in
diabetes. We first analyzed DPP-4 activity in rats and found increased activity in
PB and decreased activity in BM of diabetic compared to non diabetic rats
(Figure 13). Then, we tested the bone marrow progenitor cell mobilization in wild
type and DPP-4 deficient rats after either G-CSF stimulation or hind limb
ischemia.

A 5-day course of G-CSF administration increased circulating Sca-1+c-Kit+ cells
in non diabetic wild type rats, while this effect was markedly blunted in
streptozotocin diabetic animals. Additionally, DPP-4 activity in the BM increased
in non diabetic but not in diabetic animals (Figure 13). DPP-4 deficiency
completely abolished Sca-1+c-Kit+ and Sca-1+CD31+ progenitor cell mobilization
in diabetic and non-diabetic animals (Figure 14). These results confirm previous
findings in non diabetic mice that DPP-4 is required for the mobilization effect of
G-CSF (64) and indicate that the reduced DPP-4 activity in the BM contributes to
unresponsiveness to G-CSF in diabetes.

In wild type non diabetic animals, hind limb ischemia induced a transient increase
in Sca-1+c-Kit+ progenitor cells and Sca-1+CD31+ EPCs at day 3, which
returned to baseline at day 7. This surge in progenitor cell levels after ischemia
was completely abolished in wild type diabetic animals, which showed a
paradoxical decrease in Sca-1+c-Kit+ and Sca-1+CD31+ cells at day 3 (Figure
15A). In DPP-4 deficient rats, diabetes did not impair post-ischemic increase in

Sca-1+c-Kit+ progenitor cells, which was similar to non diabetic rats. Rather, the
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increase of Sca-1+CD31+ EPCs at day 3 in diabetic DPP-4 deficient rats was
even higher than that of non diabetic DPP-4 deficient rats. As a counterpart of
progenitor cell mobilization, we analyzed microvascular density, blood flow,
degree of ischemia and apoptosis in muscles at day 7. Recovery of capillary
density was slightly impaired in wild type diabetic versus non diabetic rats, while it
was not in DPP4null diabetic versus non diabetic rats (Figure 15B). The degree
of tissue ischemia, as assessed by staining with the hypoxic probe pimonidazole,
was higher in diabetic compared to non diabetic animals and was significantly
lower in DPP-4null rats (Figure 15C). Therefore, DPP-4 deficiency abolished the
detrimental effects of diabetes on development of ischemia and skeletal muscle
microvascular recovery. We found no significant differences in superficial skin
perfusion as assessed by Laser Doppler Imaging (Figure 19), suggesting that
differences in blood flow recovery among groups occur earlier than day 7. Finally,
the number of apoptotic myofibers, assessed by the ApopTag kit (in situ TUNEL
labelling), was very low in all samples (average<2/field) and there was a non-
significant trend toward reduced apoptosis in DPP-4null rats (Figure 20). Muscle
DPP-4 activity was low (about 10% of that in PB) and unaffected by diabetes or
ischemia (not shown), ruling out that local DPP-4 targets are responsible for the

effects observed in DPP-4null rats.

DATA INTERPRETATION AND DISCUSSION

This study, by combining a clinical data-driven discovery approach with animal
models, shows that altered mobilization of stem/progenitor cells is associated
with a high cardiovascular risk profile and, in the setting of diabetes, is driven by
a tissue-specific DPP-4 dysregulation.

Investigation into the mechanisms of reduced progenitor cell levels has led to

several hypothesis, including excess apoptosis and senescence. In type 2
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diabetes, we have previously shown that apoptosis is not responsible for the
observed low level of circulating CD34+ cells (24). Rather, animal models
suggest that BM alterations account for depressed circulating progenitor cells in
diabetes (5; 6; 8). Unfortunately, the poor availability of BM samples limits our
understanding of BM function in human diabetes. Herein, we analyzed BM and
PB samples from patients undergoing cell therapy for heart disease and healthy
volunteers. The direct correlation between BM and PB progenitor cell levels,
although scattered, indicates that circulating progenitor cell levels are informative
of the BM status. We also show that most circulating CD34+ cells are BM-
derived, non-apoptotic and non-proliferating. As long as homing to the target
tissues is not increased (65), these data indicate that variations in circulating
CD34+ cells among patients are attributable to different capacity of BM
mobilization. This allowed to categorize patients according to their BM and PB
progenitor cell status into distinct mobilizer phenotypes. This original approach,
although based on a snapshot of a dynamic system, led to the discovery that
individuals with an altered distribution of CD34+ cells in the BM and PB display a
strikingly high cardiovascular risk profile, characterized by aging, diabetes,
obesity and hypertension. Using self-organizing maps, we visually and
statistically analyzed cardiovascular risk factors in relation to the mobilizer
phenotype: DM was strongly associated with exhaustion of PB and BM CD34+
cells independently of the distribution of other risk factors. While reduction of
circulating progenitors is a consistent finding in animal and human DM, the effect
of DM on the amount of BM progenitors is debated. Long-term diabetic mice
appear to have reduced BM Sca-1+c-kit+ hematopoietic stem cells (5; 7), while
short-term diabetic rats showed no reduction of BM Sca-1+c-kit+ (4) and short-
term diabetic mice had normal (33) or even increased BM Sca-1+c-kit+ (8). While
methodological issues can explain these discrepancies, we suggest that the low

CD34+ cell count in BM aspirates of DM patients indicates a reduced
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accessibility of stem cell niches to the aspiration manoeuvre, in compliance with
the observation that the diabetic BM niche is sticky and more prone to stem cell
retention than mobilization (8).

Among other clinical features, it appears that use of beta-blockers and insulin
was associated with a good mobilizer phenotype. Experimental studies support a
role for beta-blockers (60) and insulin therapy (4; 66) in improving progenitor cell
mobilization, further indicating that the clinical phenotype associated with stem
cell compartmentalization is biologically plausible.

Thanks to their instructing spatial networks, SOM provide complementary and
incremental information over classic statistical group comparison, also indicating
that the “good mobilizer” and, to a lesser extent, the “poor mobilizer” are less well
defined phenotypes than the “healthy” and “exhausted”, as evidence from the
uneven spatial distribution and a high p-value. Importantly, SOM allowed
description of relevant clinical associations in the whole study cohort and is
independent of the method of patients’ partitioning (the 40°/60° percentile rule).
We tested the plasma concentration of a selected range of regulators of
angiogenesis to evaluate whether our stem cell compartmentalization analysis is
a suitable benchmark for the discovery of stem cell mobilizing factors. Plausible
associations were indeed found, such as between the CD34+CD133+KDR+
EPCs “healthy” and “good mobilizer” phenotypes and high concentrations of the
mobilizing chemokine SDF-1a. An in-depth analysis of the plasma proteome
could allow the identification of new mobilizing factors.

In addition, we found low activity of DPP-4 in the CD34+ “healthy” phenotype and
high activity in patients with disturbed stem cell compartmentalization and
mobilization. As peripheral DPP-4 activity is increased in DM (55), we performed
pre-clinical experiments to validate causality of this association in the defective
stem cell mobilization observed in DM. We employed 2 assays of stem/progenitor

cell mobilization because the molecular mechanisms involved are different and
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may be differently affected by DPP-4. First, we confirm that both stimuli fail to
mobilize hematopoietic (Sca-1+c-Kit+) and endothelial (Sca-1+CD31+) progenitor
cells in diabetic rats, lending further support to the diabetic bone marrow failure.
There are important implications of these findings, as BM stem/progenitor cell
mobilization after ischemia is a physiologic response, while responsiveness to
pharmacologic stimulation could be used therapeutically (67). The phenotypes
used to define rat and human progenitor cells differ because there is no rat
homology of human CD34 and CD133. Moreover, Sca-1+c-Kit+ cells contain
hematopoietic progenitor cells in mice and rats, while co-expression of the
endothelial antigen CD31 on Sca-1+ cells is compatible with a EPC phenotype
(12). Additionally, previous studies have found that these rat progenitor cell
phenotypes are responsive to mobilizing stimuli (4; 56). Interestingly, DPP-4
deficiency restored ischemia-induced progenitor cell mobilization in diabetic rats,
reduced the degree of ischemia and preserved from the detrimental effects of
diabetes on microvascular recovery. These data suggest that DPP-4 deficiency
improves the outcome of ischemic tissues, although the number of capillaries in
genetically deficient mice might be influenced by the resulting phenotype and the
link with progenitor cell mobilization is indirect.

We have previously demonstrated that impaired post-ischemic progenitor cell
mobilization in diabetic rats is attributable to an altered activation of the hypoxia-
sensing system HIF-1a leading to a blunted release of the chemokine SDF-1a, a
circulating mobilizing stimulus (4). As SDF-1a is a natural substrate of DPP-4 and
is increased in diabetic patients after treatment with a DPP-4 inhibitor (40),
excess DPP-4 activity is therefore one mechanism for reduced of SDF-1a in
diabetes. Thus, we hypothesize that restored peripheral SDF-1a concentrations
in DPP4null rats preserved the ability to mobilize BM progenitors. The measure of
rat intact versus cleaved SDF-1a is challenging because traditional sandwich

ELISA poorly discriminate between the two forms. However, proof-of-concept
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mass spectrometry analysis of mouse tissues confirmed that absence of DPP-4
reduces cleavage of native SDF-1a (62).

Differently from the post-ischemic assay, DPP-4 deficiency did not restore G-CSF
induced HSC and EPC mobilization in diabetes, confirming data obtained in non-
diabetic Dpp4-/- mice (64). The mobilizing effect of G-CSF relies on the
establishment of a SDF-1a chemotactic gradient towards the vasculature, by
reducing intra-marrow concentrations of SDF-1a, through DPP-4 induction and
suppression of stromal cell activity. We now report that diabetes reduces BM
DPP-4 activity, which was not stimulated by G-CSF, likely leading to high intra-
marrow SDF-1a levels, a retention signal for stem cells. This is consistent with
the previous observation of a failed SDF-1a switch in the BM in response to
tissue injury in diabetes (33). Indeed, while DPP-4 deficiency restored the
peripheral signal from the ischemic tissue to the BM, response to G-CSF
remained deficient. Altogether these data indicate that tissue-specific DPP-4
dysregulation accounts for both defective post-ischemic and G-CSF induced
mobilization (Figure 16). Recently, it has been demonstrated that DPP-4
negatively regulates CSF activity and stress hematopoiesis (68). Indeed, several
CSF types, including native G-CSF, GM-CSF, erythropoietin, and IL-3 appear to
be substrates of DPP-4 enzymatic activity (68). Cleavage of CSFs by DPP-4
reduces their biological activities and generates natural competitive inhibitors of
receptor activation. DPP-4 inhibition or genetic deletion improved hematopoietic
responses to stressing conditions, such as chemotherapy or radiation. Given that
diabetic patients suffer from anemia and delayed recovery after myeloablation
(8), DPP-4 inhibition holds clinical promise also in the setting of stressful
conditions to which diabetic patients may be exposed. Mechanistically based on
these data, as G-CSF induces DPP-4 and DPP-4 in turn cleaves G-CSF, this
appears to be a negative feedback loop regulation of the balance between

mobilization and engraftment of stem cells. Interestingly however, DPP-4 is not
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able to cleave methionylated CSF such as hrG-CSF (Filgrastim), explaining why
DPP-4 deficient rats are still not susceptible to G-CSF induced mobilization. A
disruption of this mechanism in diabetes may have profound clinical implications
for homeostasis of the hematopoietic system and its cross-talk with
cardiovascular biology.

To sum up, we have conducted a reverse translational study that stems from the
observation of the clinical phenotype in patients with disturbed progenitor cell
mobilization and leads to the discovery of a central role for DPP-4 in the diabetic
stem cell mobilopathy.

In this clinical data-driven discovery approach for regenerative medicine, we used
a targeted strategy to screen soluble factors potentially involved in progenitor cell
regulation, but future development into the human plasma proteome analysis
may allow an unbiased approach.

The tissue specific regulation of DPP-4 in diabetes sheds light on the different
mechanisms of ischemia- and GCSF-induced mobilization and has therapeutic

implications based on clinically available DPP-4 inhibitors (63).
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CONCLUSIONS

The 3 substudies presented here constitute a unique investigation into
bone marrow function in clinical and experimental diabetes. Using very
different methodological approaches, each substudy clearly shows that
diabetes leads to an impairment in bone marrow stem/progenitor cell
mobilization. This was apparent from a prospective clinical trial of direct
bone marrow stimulation with human recombinant G-CSF in diabetic and
control patients (Part 1), as well as from a meta-regression analysis of
clinical trials using G-CSF to stimulate cardiovascular repair in patients
with different forms of cardiovascular disease. Further, by analysing
coupled bone marrow and peripheral blood samples of healthy and
diseased patients in Part 3, an altered distribution of stem cells between
these two compartments was noted in diabetic patients. In Part 1, initial
mechanistic data were also provided, by showing a maladaptive DPP-4
response to G-CSF in diabetic patients. This was further confirmed in Part
3, where a correlation between DPP-4 activity and stem cell
compartmentalization was noted. In the pre-clinical substudy of Part 3, a
tissue specific dysregulation of DPP-4 in diabetic animals emerged as
responsible for the defective G-CSF-induced and post-ischemic
stem/progenitor cell mobilization. The clinically-relevant counterpart of
these observations is that DPP-4 deletion restored ischemia-induced
mobilization and improved tissue recovery after ischemic damage.
Altogether, these data point to the existence of a primary bone marrow

defect in diabetes, which has important implications for the development of
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chronic complications and can be countered by modulation of DPP-4
activity. The translation of these findings into clinical practice may turn out

to be life saving in diabetic patients.



49

REFERENCES

1. Fadini GP, Avogaro A: It is all in the blood: the multifaceted contribution of
circulating progenitor cells in diabetic complications. Exp Diabetes Res
2012:742976, 2012

2. Fadini GP: An underlying principle for the study of circulating progenitor cells in
diabetes and its complications. Diabetologia 51:1091-1094, 2008

3. Fadini GP, Sartore S, Agostini C, Avogaro A: Significance of endothelial
progenitor cells in subjects with diabetes. Diabetes Care 30:1305-1313, 2007

4. Fadini GP, Sartore S, Schiavon M, Albiero M, Baesso |, Cabrelle A, Agostini C,
Avogaro A: Diabetes impairs progenitor cell mobilisation after hindlimb
ischaemia-reperfusion injury in rats. Diabetologia 49:3075-3084, 2006

5. Oikawa A, Siragusa M, Quaini F, Mangialardi G, Katare RG, Caporali A, van
Buul JD, van Alphen FP, Graiani G, Spinetti G, Kraenkel N, Prezioso L, Emanueli
C, Madeddu P: Diabetes mellitus induces bone marrow microangiopathy.
Arterioscler Thromb Vasc Biol 30:498-508, 2010

6. Busik JV, Tikhonenko M, Bhatwadekar A, Opreanu M, Yakubova N, Caballero
S, Player D, Nakagawa T, Afzal A, Kielczewski J, Sochacki A, Hasty S, Li Calzi
S, Kim S, Duclas SK, Segal MS, Guberski DL, Esselman WJ, Boulton ME, Grant
MB: Diabetic retinopathy is associated with bone marrow neuropathy and a
depressed peripheral clock. J Exp Med 206:2897-2906, 2009

7. Orlandi A, Chavakis E, Seeger F, Tjwa M, Zeiher AM, Dimmeler S: Long-term
diabetes impairs repopulation of hematopoietic progenitor cells and dysregulates
the cytokine expression in the bone marrow microenvironment in mice. Basic Res
Cardiol 105:703-712, 2010

8. Ferraro F, Lymperi S, Mendez-Ferrer S, Saez B, Spencer JA, Yeap BY,
Masselli E, Graiani G, Prezioso L, Rizzini EL, Mangoni M, Rizzoli V, Sykes SM,

Lin CP, Frenette PS, Quaini F, Scadden DT: Diabetes impairs hematopoietic



50

stem cell mobilization by altering niche function. Sci Transl Med 3:104ra101,
2011

9. DiPersio JF: Diabetic stem-cell "mobilopathy". N Engl J Med 365:2536-2538,
2011

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

11. Yeh ET, Zhang S, Wu HD, Korbling M, Willerson JT, Estrov Z:
Transdifferentiation of human peripheral blood CD34+-enriched cell population
into cardiomyocytes, endothelial cells, and smooth muscle cells in vivo.
Circulation 108:2070-2073, 2003

12. Fadini GP, Losordo D, Dimmeler S: Critical reevaluation of endothelial
progenitor cell phenotypes for therapeutic and diagnostic use. Circ Res 110:624-
637, 2012

13. Takahashi T, Kalka C, Masuda H, Chen D, Silver M, Kearney M, Magner M,
Isner JM, Asahara T: Ischemia- and cytokine-induced mobilization of bone
marrow-derived endothelial progenitor cells for neovascularization. Nat Med
5:434-438, 1999

14. lekushi K, Seeger F, Assmus B, Zeiher AM, Dimmeler S: Regulation of
Cardiac MicroRNAs by Bone Marrow Mononuclear Cell Therapy in Myocardial
Infarction. Circulation 125:1765-1773, 2012

15. Ohtani K, Dimmeler S: Control of cardiovascular differentiation by
microRNAs. Basic Res Cardiol 106:5-11, 2011

16. Urbich C, Aicher A, Heeschen C, Dernbach E, Hofmann WK, Zeiher AM,
Dimmeler S: Soluble factors released by endothelial progenitor cells promote
migration of endothelial cells and cardiac resident progenitor cells. J Mol Cell

Cardiol 39:733-742, 2005



51

17. Wu J, Li J, Zhang N, Zhang C: Stem cell-based therapies in ischemic heart
diseases: a focus on aspects of microcirculation and inflammation. Basic Res
Cardiol 106:317-324, 2011

18. Assmus B, lwasaki M, Schachinger V, Roexe T, Koyanagi M, lekushi K, Xu
Q, Tonn T, Seifried E, Liebner S, Kranert WT, Grunwald F, Dimmeler S, Zeiher
AM: Acute myocardial infarction activates progenitor cells and increases Wnt
signalling in the bone marrow. Eur Heart J, 2011

19. Werner N, Nickenig G: Influence of cardiovascular risk factors on endothelial
progenitor cells: limitations for therapy? Arterioscler Thromb Vasc Biol 26:257-
266, 2006

20. Fadini GP, Agostini C, Sartore S, Avogaro A: Endothelial progenitor cells in
the natural history of atherosclerosis. Atherosclerosis 194:46-54, 2007

21. Fadini GP, Maruyama S, Ozaki T, Taguchi A, Meigs J, Dimmeler S, Zeiher
AM, de Kreutzenberg S, Avogaro A, Nickenig G, Schmidt-Lucke C, Werner N:
Circulating progenitor cell count for cardiovascular risk stratification: a pooled
analysis. PLoS One 5:€11488, 2010

22. Chavakis E, Koyanagi M, Dimmeler S: Enhancing the outcome of cell therapy
for cardiac repair: progress from bench to bedside and back. Circulation 121:325-
335, 2010

23. Zohinhofer D, Dibra A, Koppara T, de Waha A, Ripa RS, Kastrup J, Valgimigli
M, Schomig A, Kastrati A: Stem cell mobilization by granulocyte colony-
stimulating factor for myocardial recovery after acute myocardial infarction: a
meta-analysis. J Am Coll Cardiol 51:1429-1437, 2008

24. Fadini GP, Boscaro E, de Kreutzenberg S, Agostini C, Seeger F, Dimmeler S,
Zeiher A, Tiengo A, Avogaro A: Time course and mechanisms of circulating
progenitor cell reduction in the natural history of type 2 diabetes. Diabetes Care

33:1097-1102, 2010



52

25. Roberts AW: G-CSF: a key regulator of neutrophil production, but that's not
all! Growth Factors 23:33-41, 2005

26. Fadini GP, Albiero M, Menegazzo L, de Kreutzenberg SV, Avogaro A: The
increased dipeptidyl peptidase-4 activity is not counteracted by optimized glucose
control in type 2 diabetes, but is lower in metformin-treated patients. Diabetes
Obes Metab 14:518-522, 2012

27. Fadini GP: Is bone marrow another target of diabetic complications? Eur J
Clin Invest 41:457-463, 2011

28. van Der Auwera P, Platzer E, Xu ZX, Schulz R, Feugeas O, Capdeville R,
Edwards DJ: Pharmacodynamics and pharmacokinetics of single doses of
subcutaneous pegylated human G-CSF mutant (Ro 25-8315) in healthy
volunteers: comparison with single and multiple daily doses of filgrastim. Am J
Hematol 66:245-251, 2001

29. Fadini GP, de Kreutzenberg SV, Coracina A, Baesso |, Agostini C, Tiengo A,
Avogaro A: Circulating CD34+ cells, metabolic syndrome, and cardiovascular
risk. Eur Heart J 27:2247-2255, 2006

30. Rehman J, Li J, Orschell CM, March KL: Peripheral blood "endothelial
progenitor cells" are derived from monocyte/macrophages and secrete
angiogenic growth factors. Circulation 107:1164-1169, 2003

31. Pucci F, Venneri MA, Biziato D, Nonis A, Moi D, Sica A, Di Serio C, Naldini L,
De Palma M: A distinguishing gene signature shared by tumor-infiltrating Tie2-
expressing monocytes, blood "resident" monocytes, and embryonic macrophages
suggests common functions and developmental relationships. Blood 114:901-
914, 2009

32. Christopherson KW, 2nd, Uralil SE, Porecha NK, Zabriskie RC, Kidd SM,
Ramin SM: G-CSF- and GM-CSF-induced upregulation of CD26 peptidase
downregulates the functional chemotactic response of CD34+CD38- human cord

blood hematopoietic cells. Exp Hematol 34:1060-1068, 2006



53

33. Tepper OM, Carr J, Allen RJ, Jr., Chang CC, Lin CD, Tanaka R, Gupta SM,
Levine JP, Saadeh PB, Warren SM: Decreased circulating progenitor cell number
and failed mechanisms of stromal cell-derived factor-1alpha mediated bone
marrow mobilization impair diabetic tissue repair. Diabetes 59:1974-1983, 2010
34. Christopherson KW, 2nd, Cooper S, Broxmeyer HE: Cell surface peptidase
CD26/DPPIV mediates G-CSF mobilization of mouse progenitor cells. Blood
101:4680-4686, 2003

35. Nishimura Y, li M, Qin G, Hamada H, Asai J, Takenaka H, Sekiguchi H,
Renault MA, Jujo K, Katoh N, Kishimoto S, Ito A, Kamide C, Kenny J, Millay M,
Misener S, Thorne T, Losordo DW: CXCR4 antagonist AMD3100 accelerates
impaired wound healing in diabetic mice. J Invest Dermatol 132:711-720, 2012
36. Fiorina P, Jurewicz M, Vergani A, Petrelli A, Carvello M, D'Addio F, Godwin
JG, Law K, Wu E, Tian Z, Thoma G, Kovarik J, La Rosa S, Capella C, Rodig S,
Zerwes HG, Sayegh MH, Abdi R: Targeting the CXCR4-CXCL12 axis mobilizes
autologous hematopoietic stem cells and prolongs islet allograft survival via
programmed death ligand 1. J Immunol 186:121-131, 2011

37. Du XL, Edelstein D, Dimmeler S, Ju Q, Sui C, Brownlee M: Hyperglycemia
inhibits endothelial nitric oxide synthase activity by posttranslational modification
at the Akt site. J Clin Invest 108:1341-1348, 2001

38. Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, lhling C, Technau-lhling K,
Zeiher AM, Dimmeler S: Essential role of endothelial nitric oxide synthase for
mobilization of stem and progenitor cells. Nat Med 9:1370-1376, 2003

39. de Resende MM, Huw LY, Qian HS, Kauser K: Role of endothelial nitric oxide
in bone marrow-derived progenitor cell mobilization. Handb Exp Pharmacol:37-
44, 2007

40. Fadini GP, Boscaro E, Albiero M, Menegazzo L, Frison V, de Kreutzenberg S,
Agostini C, Tiengo A, Avogaro A: The oral dipeptidyl peptidase-4 inhibitor

sitagliptin increases circulating endothelial progenitor cells in patients with type 2



54

diabetes: possible role of stromal-derived factor-1alpha. Diabetes Care 33:1607-
1609, 2010

41. Boodhwani M, Sodha NR, Mieno S, Xu SH, Feng J, Ramlawi B, Clements
RT, Sellke FW: Functional, cellular, and molecular characterization of the
angiogenic response to chronic myocardial ischemia in diabetes. Circulation
116:131-37, 2007

42. Caporali A, Meloni M, Vollenkle C, Bonci D, Sala-Newby GB, Addis R,
Spinetti G, Losa S, Masson R, Baker AH, Agami R, le Sage C, Condorelli G,
Madeddu P, Martelli F, Emanueli C: Deregulation of microRNA-503 contributes to
diabetes mellitus-induced impairment of endothelial function and reparative
angiogenesis after limb ischemia. Circulation 123:282-291, 2011

43. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, de
Boer HC, Verhaar MC, Braam B, Rabelink TJ, van Zonneveld AJ: Endothelial
progenitor cell dysfunction: a novel concept in the pathogenesis of vascular
complications of type 1 diabetes. Diabetes 53:195-199, 2004

44. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz GR,
Levine JP, Gurtner GC: Human endothelial progenitor cells from type Il diabetics
exhibit impaired proliferation, adhesion, and incorporation into vascular
structures. Circulation 106:2781-2786, 2002

45. Fadini GP, Agostini C, Avogaro A: Autologous stem cell therapy for peripheral
arterial disease meta-analysis and systematic review of the literature.
Atherosclerosis 209:10-17, 2010

46. Higgins JPT, Green S, (Editors): Assessment of study quality. Cochrane
Handbook for Systematic Reviews of Interventions 4.2.6 [updated September
2006]. The Cochrane Library Issue 4 Chichester, UK: John Wiley & Sons, Ltd; ,
2006

47. Thompson SG, Higgins JP: How should meta-regression analyses be

undertaken and interpreted? Stat Med 21:1559-1573, 2002



55

48. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, loannidis JP,
Clarke M, Devereaux PJ, Kleijnen J, Moher D: The PRISMA statement for
reporting systematic reviews and meta-analyses of studies that evaluate
healthcare interventions: explanation and elaboration. BMJ 339:b2700, 2009

49. Burt RK, Testori A, Oyama Y, Rodriguez HE, Yaung K, Villa M, Bucha JM,
Milanetti F, Sheehan J, Rajamannan N, Pearce WH: Autologous peripheral blood
CD133+ cell implantation for limb salvage in patients with critical limb ischemia.
Bone Marrow Transplant 45:111-116, 2010

50. Onodera R, Teramukai S, Tanaka S, Kojima S, Horie T, Matoba S, Murohara
T, Matsubara H, Fukushima M: Bone marrow mononuclear cells versus G-CSF-
mobilized peripheral blood mononuclear cells for treatment of lower limb ASO:
pooled analysis for long-term prognosis. Bone Marrow Transplant 46:278-284,
2011

51. Jeevanantham V, Butler M, Saad A, Abdel-Latif A, Zuba-Surma EK, Dawn B:
Adult bone marrow cell therapy improves survival and induces long-term
improvement in cardiac parameters: a systematic review and meta-analysis.
Circulation 126:551-568, 2012

52. Clifford DM, Fisher SA, Brunskill SJ, Doree C, Mathur A, Watt S, Martin-
Rendon E: Stem cell treatment for acute myocardial infarction. Cochrane
Database Syst Rev 2:CD006536, 2012

53. Leone AM, Rutella S, Bonanno G, Abbate A, Rebuzzi AG, Giovannini S,
Lombardi M, Galiuto L, Liuzzo G, Andreotti F, Lanza GA, Contemi AM, Leone G,
Crea F: Mobilization of bone marrow-derived stem cells after myocardial
infarction and left ventricular function. Eur Heart J 26:1196-1204, 2005

54. Leone AM, Rutella S, Bonanno G, Contemi AM, de Ritis DG, Giannico MB,
Rebuzzi AG, Leone G, Crea F: Endogenous G-CSF and CD34+ cell mobilization

after acute myocardial infarction. Int J Cardiol 111:202-208, 2006



56

55. Fadini GP, Albiero M, Menegazzo L, de Kreutzenberg SV, Avogaro A: The
increased dipeptidyl peptidase-4 activity is not counteracted by optimized glucose
control in type 2 diabetes, but is lower in metformin-treated patients. Diabetes
Obes Metab, 2011

56. Bolego C, Rossoni G, Fadini GP, Vegeto E, Pinna C, Albiero M, Boscaro E,
Agostini C, Avogaro A, Gaion RM, Cignarella A: Selective estrogen receptor-
alpha agonist provides widespread heart and vascular protection with enhanced
endothelial progenitor cell mobilization in the absence of uterotrophic action.
FASEB J 24:2262-2272, 2010

57. Kohonen T: Self-Organizing Maps. Springer-Verlag Heidelberg, 2000

58. Bertolini F, Shaked Y, Mancuso P, Kerbel RS: The multifaceted circulating
endothelial cell in cancer: towards marker and target identification. Nat Rev
Cancer 6:835-845, 2006

59. Angelini A, Castellani C, Tona F, Gambino A, Caforio AP, Feltrin G, Della
Barbera M, Valente M, Gerosa G, Thiene G: Continuous engraftment and
differentiation of male recipient Y-chromosome-positive cardiomyocytes in donor
female human heart transplants. J Heart Lung Transplant 26:1110-1118, 2007
60. Sorrentino SA, Doerries C, Manes C, Speer T, Dessy C, Lobysheva I,
Mohmand W, Akbar R, Bahlmann F, Besler C, Schaefer A, Hilfiker-Kleiner D,
Luscher TF, Balligand JL, Drexler H, Landmesser U: Nebivolol exerts beneficial
effects on endothelial function, early endothelial progenitor cells, myocardial
neovascularization, and left ventricular dysfunction early after myocardial
infarction beyond conventional beta1-blockade. J Am Coll Cardiol 57:601-611,
2011

61. Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Kleinman
ME, Capla JM, Galiano RD, Levine JP, Gurtner GC: Progenitor cell trafficking is
regulated by hypoxic gradients through HIF-1 induction of SDF-1. Nat Med

10:858-864, 2004



57

62. Zaruba MM, Theiss HD, Vallaster M, Mehl U, Brunner S, David R, Fischer R,
Krieg L, Hirsch E, Huber B, Nathan P, Israel L, Imhof A, Herbach N, Assmann G,
Wanke R, Mueller-Hoecker J, Steinbeck G, Franz WM: Synergy between
CD26/DPP-IV inhibition and G-CSF improves cardiac function after acute
myocardial infarction. Cell Stem Cell 4:313-323, 2009

63. Fadini GP, Avogaro A: Cardiovascular effects of DPP-4 inhibition: Beyond
GLP-1. Vascul Pharmacol 55:10-16, 2011

64. Christopherson KW, Cooper S, Hangoc G, Broxmeyer HE: CD26 is essential
for normal G-CSF-induced progenitor cell mobilization as determined by CD26-/-
mice. Exp Hematol 31:1126-1134, 2003

65. Albiero M, Menegazzo L, Boscaro E, Agostini C, Avogaro A, Fadini GP:
Defective recruitment, survival and proliferation of bone marrow-derived
progenitor cells at sites of delayed diabetic wound healing in mice. Diabetologia
54:945-953, 2011

66. Dong L, Kang L, Ding L, Chen Q, Bai J, Gu R, Li L, Xu B: Insulin modulates
ischemia-induced endothelial progenitor cell mobilization and neovascularization
in diabetic mice. Microvasc Res 82:227-236, 2011

67. Sanganalmath SK, Abdel-Latif A, Bolli R, Xuan YT, Dawn B: Hematopoietic
cytokines for cardiac repair: mobilization of bone marrow cells and beyond. Basic
Res Cardiol 106:709-733, 2011

68. Broxmeyer HE, Hoggatt J, O'Leary HA, Mantel C, Chitteti BR, Cooper S,
Messina-Graham S, Hangoc G, Farag S, Rohrabaugh SL, Ou X, Speth J, Pelus
LM, Srour EF, Campbell TB: Dipeptidylpeptidase 4 negatively regulates colony-
stimulating factor activity and stress hematopoiesis. Nat Med, 2012

69. Achilli F, Malafronte C, Lenatti L, Gentile F, Dadone V, Gibelli G, Maggiolini
S, Squadroni L, Di Leo C, Burba I, Pesce M, Mircoli L, Capogrossi MC, Di Lelio
A, Camisasca P, Morabito A, Colombo G, Pompilio G: Granulocyte colony-

stimulating factor attenuates left ventricular remodelling after acute anterior



58

STEMI: results of the single-blind, randomized, placebo-controlled multicentre
STem cEIll Mobilization in Acute Myocardial Infarction (STEM-AMI) Trial. Eur J
Heart Fail 12:1111-1121, 2010

70. Arai M, Misao Y, Nagai H, Kawasaki M, Nagashima K, Suzuki K, Tsuchiya K,
Otsuka S, Uno Y, Takemura G, Nishigaki K, Minatoguchi S, Fujiwara H:
Granulocyte colony-stimulating factor: a noninvasive regeneration therapy for
treating atherosclerotic peripheral artery disease. Circ J 70:1093-1098, 2006

71. Boyle AJ, Whitbourn R, Schlicht S, Krum H, Kocher A, Nandurkar H,
Bergmann S, Daniell M, O'Day J, Skerrett D, Haylock D, Gilbert RE, Itescu S:
Intra-coronary high-dose CD34+ stem cells in patients with chronic ischemic
heart disease: a 12-month follow-up. Int J Cardiol 109:21-27, 2006

72. Chih S, Macdonald PS, McCrohon JA, Ma D, Moore J, Feneley MP, Law M,
Kovacic JC, Graham RM: Granulocyte colony stimulating factor in chronic angina
to stimulate neovascularisation: a placebo controlled crossover ftrial. Heart
98:282-290, 2012

73. Ellis SG, Penn MS, Bolwell B, Garcia M, Chacko M, Wang T, Brezina KJ,
McConnell G, Topol EJ: Granulocyte colony stimulating factor in patients with
large acute myocardial infarction: results of a pilot dose-escalation randomized
trial. Am Heart J 152:1051 €1059-1014, 2006

74. Engelmann MG, Theiss HD, Hennig-Theiss C, Huber A, Wintersperger BJ,
Werle-Ruedinger AE, Schoenberg SO, Steinbeck G, Franz WM: Autologous bone
marrow stem cell mobilization induced by granulocyte colony-stimulating factor
after subacute ST-segment elevation myocardial infarction undergoing late
revascularization: final results from the G-CSF-STEMI (Granulocyte Colony-
Stimulating Factor ST-Segment Elevation Myocardial Infarction) trial. J Am Coll
Cardiol 48:1712-1721, 2006

75. Huttmann A, Duhrsen U, Stypmann J, Noppeney R, Nuckel H, Neumann T,

Gutersohn A, Nikol S, Erbel R: Granulocyte colony-stimulating factor-induced



59

blood stem cell mobilisation in patients with chronic heart failure--Feasibility,
safety and effects on exercise tolerance and cardiac function. Basic Res Cardiol
101:78-86, 2006

76. Ince H, Petzsch M, Kleine HD, Eckard H, Rehders T, Burska D, Kische S,
Freund M, Nienaber CA: Prevention of left ventricular remodeling with
granulocyte colony-stimulating factor after acute myocardial infarction: final 1-
year results of the Front-Integrated Revascularization and Stem Cell Liberation in
Evolving Acute Myocardial Infarction by Granulocyte Colony-Stimulating Factor
(FIRSTLINE-AMI) Trial. Circulation 112:173-80, 2005

77. Ince H, Petzsch M, Kleine HD, Schmidt H, Rehders T, Korber T, Schumichen
C, Freund M, Nienaber CA: Preservation from left ventricular remodeling by front-
integrated revascularization and stem cell liberation in evolving acute myocardial
infarction by use of granulocyte-colony-stimulating factor (FIRSTLINE-AMI).
Circulation 112:3097-3106, 2005

78. Karimabad HM, Shabestari M, Baharvand H, Vosough A, Gourabi H,
Shahverdi A, Shamsian A, Abdolhoseini S, Moazzami K, Marjanimehr MM,
Emami F, Bidkhori HR, Hamedanchi A, Talebi S, Farrokhi F, Jabbari-Azad F,
Fadavi M, Garivani U, Mahmoodi M, Aghdami N: Lack of beneficial effects of
granulocyte colony-stimulating factor in patients with subacute myocardial
infarction undergoing late revascularization: a double-blind, randomized, placebo-
controlled clinical trial. Acta Cardiol 66:219-224, 2011

79. Kuethe F, Figulla HR, Herzau M, Voth M, Fritzenwanger M, Opfermann T,
Pachmann K, Krack A, Sayer HG, Gottschild D, Werner GS: Treatment with
granulocyte colony-stimulating factor for mobilization of bone marrow cells in
patients with acute myocardial infarction. Am Heart J 150:115, 2005

80. Kovacic JC, Macdonald P, Feneley MP, Muller DW, Freund J, Dodds A,
Milliken S, Tao H, Itescu S, Moore J, Ma D, Graham RM: Safety and efficacy of

consecutive cycles of granulocyte-colony stimulating factor, and an intracoronary



60

CD133+ cell infusion in patients with chronic refractory ischemic heart disease:
the G-CSF in angina patients with IHD to stimulate neovascularization (GAIN 1)
trial. Am Heart J 156:954-963, 2008

81. Leone AM, Galiuto L, Garramone B, Rutella S, Giannico MB, Brugaletta S,
Perfetti M, Liuzzo G, Porto |, Burzotta F, Niccoli G, Biasucci LM, Leone G,
Rebuzzi AG, Crea F: Usefulness of granulocyte colony-stimulating factor in
patients with a large anterior wall acute myocardial infarction to prevent left
ventricular remodeling (the rigenera study). Am J Cardiol 100:397-403, 2007

82. Losordo DW, Schatz RA, White CJ, Udelson JE, Veereshwarayya V, Durgin
M, Poh KK, Weinstein R, Kearney M, Chaudhry M, Burg A, Eaton L, Heyd L,
Thorne T, Shturman L, Hoffmeister P, Story K, Zak V, Dowling D, Traverse JH,
Olson RE, Flanagan J, Sodano D, Murayama T, Kawamoto A, Kusano KF,
Wollins J, Welt F, Shah P, Soukas P, Asahara T, Henry TD: Intramyocardial
transplantation of autologous CD34+ stem cells for intractable angina: a phase
I/lla double-blind, randomized controlled trial. Circulation 115:3165-3172, 2007
83. Ripa RS, Haack-Sorensen M, Wang Y, Jorgensen E, Mortensen S, Bindslev
L, Friis T, Kastrup J: Bone marrow derived mesenchymal cell mobilization by
granulocyte-colony stimulating factor after acute myocardial infarction: results
from the Stem Cells in Myocardial Infarction (STEMMI) trial. Circulation 116:124-
30, 2007

84. Ripa RS, Wang Y, Jorgensen E, Johnsen HE, Hesse B, Kastrup J:
Intramyocardial injection of vascular endothelial growth factor-A165 plasmid
followed by granulocyte-colony stimulating factor to induce angiogenesis in
patients with severe chronic ischaemic heart disease. Eur Heart J 27:1785-1792,
2006

85. Sprigg N, Bath PM, Zhao L, Willmot MR, Gray LJ, Walker MF, Dennis MS,
Russell N: Granulocyte-colony-stimulating factor mobilizes bone marrow stem

cells in patients with subacute ischemic stroke: the Stem cell Trial of recovery



61

EnhanceMent after Stroke (STEMS) pilot randomized, controlled trial (ISRCTN
16784092). Stroke 37:2979-2983, 2006

86. Stein A, Zohinhofer D, Pogatsa-Murray G, von Wedel J, Steppich BA,
Schomig A, Kastrati A, Ott I: Expression of CXCR4, VLA-1, LFA-3 and transducer
of ERB in G-CSF-mobilised progenitor cells in acute myocardial infarction.
Thromb Haemost 103:638-643, 2010

87. Suzuki K, Nagashima K, Arai M, Uno Y, Misao Y, Takemura G, Nishigaki K,
Minatoguchi S, Watanabe S, Tei C, Fujiwara H: Effect of granulocyte colony-
stimulating factor treatment at a low dose but for a long duration in patients with
coronary heart disease. Circ J 70:430-437, 2006

88. Takano H, Hasegawa H, Kuwabara Y, Nakayama T, Matsuno K, Miyazaki Y,
Yamamoto M, Fujimoto Y, Okada H, Okubo S, Fujita M, Shindo S, Kobayashi Y,
Komiyama N, Takekoshi N, Imai K, Himi T, Ishibashi I, Komuro I: Feasibility and
safety of granulocyte colony-stimulating factor treatment in patients with acute
myocardial infarction. Int J Cardiol 122:41-47, 2007

89. Valgimigli M, Rigolin GM, Cittanti C, Malagutti P, Curello S, Percoco G, Bugli
AM, Della Porta M, Bragotti LZ, Ansani L, Mauro E, Lanfranchi A, Giganti M,
Feggi L, Castoldi G, Ferrari R: Use of granulocyte-colony stimulating factor during
acute myocardial infarction to enhance bone marrow stem cell mobilization in
humans: clinical and angiographic safety profile. Eur Heart J 26:1838-1845, 2005
90. Wang S, Cui J, Peng W, Lu M: Intracoronary autologous CD34+ stem cell
therapy for intractable angina. Cardiology 117:140-147, 2010

91. Wolfram O, Jentsch-Ullrich K, Wagner A, Hammwohner M, Steinke R, Franke
A, Zupan |, Klein HU, Goette A: G-CSF-induced mobilization of CD34(+)
progenitor cells and proarrhythmic effects in patients with severe coronary artery

disease. Pacing Clin Electrophysiol 30 Suppl 1:5166-169, 2007



All DM All non DM Age-matched Age-matched

Characteristic p T1D p T2D p

subjects subjects controls controls
Number 24 14 - 10 8 - 14 6 -
Age, yrs 48.8+2.5 40.1£3.8 0.06 37.1£2.6 29.4+2.3 0.06 57.1£1.6 54.5+2.7 0.39
Sex male, n (%) 20 (83.3) 11 (78.6) 0.73 8(80.0) 6 (75.0) 0.81 12 (85.7) 5(83.3) 0.89
Body mass index, kg/m 28.0+1.2 25.8+1.3 0.26 25.7£1.0 24.3+1.9 0.49 29.6+1.9 27.5+1.6 0.51
HbA1c, % 7.9+0.3 - - 7.7+0.3 - - 8.0+0.4 - -
Plasma glucose, mg/dL 151.317.8 84.2+3.1 <0.01 | 148.246.3 80.9+3.6 <0.01 | 155.7+8.1 89.317.4 <0.01
Serum creatinine, ymol/L 78.2+6.5 81.3+3.4 0.65 77.4+5.4 78.2+3.8 0.88 84.3+4.5 83.7+2.9 0.89
Diabetes duration, yrs 16.1£2.3 - - 21.2+3.1 - - 12.5£2.9* - -
Hypertension, n (%) 15 (62.5) 2 (14.3) 0.01 2(20.0) 0(0.0) 0.56 13 (92.8)* 2(33.3) 0.03
Complications
Cardiovascular disease, n (%) 6 (25.0) 0(0.0) 0.10 0(0.0) 0(0.0) - 6 (42.9)* 0(0.0) 0.07
Retinopathy, n (%) 8(33.3) - - 5(50.0) - - 3(21.4) - -
Nephropathy, n (%) 2(8.3) - - 1(10.0) - - 1(7.1) - -
Neuropathy, n (%) 6 (25.0) - - 3(30.0) - - 3(21.4) - -
Medications
Insulin, n (%) 20 (83.3) - - 10 (100) - - 10 (77.0) - -
Oral anti-diabetic agents, n (%) 11 (43.8) - - 0 (0.0) - - 11 (78.6)* - -
ACE-inhibitors, n (%) 13 (54.2) 1(7.1) 0.01 3(30.0) (0.0) 0.29 10 (77.0) 1(16.7) 0.03
Other anti-hypertensives, n (%) 9 (37.5) 0(0.0) <0.01 2(20.0) 0(0.0) 0.56 7 (50.0) 0(0.0) 0.05
Statins, n (%) 12 (50.0) 0(0.0) <0.01 2(20.0) 0 (0.0 0.56 10 (77.0)* 0(0.0) <0.01
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Table 2. Hematological parameters and absolute progenitor cell counts in DM

and non DM patients before and after administration of hrG-CSF in Part 1.

*p<0.05 versus baseline.

Diabetic patients (n=24)

Non diabetic subjects (n=14)

Variable Post hrG-

Baseline Baseline Post hrG-CSF

CSF

White blood cells x 10° /

6.53+0.32 | 21.88+0.82* | 6.05+0.34 23.54%1.14*
ML
Neutrophils x 10° / uL 3.57%0.26 | 17.91+0.74* | 3.290.22 19.94+0.97*
Lymphocytes x 10° / uL 2.20+0.10 2.60+0.14 2.02+0.12 2.34+0.20
Monocytes x 10° / uL 0.55+0.03 1.06+0.04* 0.52+0.05 1.00+£0.04*
Eosinophils x 10° / uL 0.1820.02 0.28+0.03 0.19+0.04 0.27+0.06
Basophils x 10° / pL 0.03£0.003 | 0.04+0.004 | 0.03+0.005 0.04+0.003
Red blood cells x 10°/ yL | 4.88+0.07 4.82+0.08 5.04+0.11 4.91+0.12
Platelets x 10° / pL 235.4+7.5 231.5+8.7 243.0+12.4 237.6+13.1
CD34" cells / mL 3236+269 3289+269 2837351 6312+743*
CD133" cells / mL 18844185 21284212 937+184 2476+409*
CD34°CD133" cells / mL 12041179 1423+193 719+156 2152+374*
CD34°KDR" cells / mL 253434 223438 201+46 515+145*
CD133KDR’ cells / mL 287455 274+40 249+84 754+266*
CD34°CD133’KDR"/ mL 3118 27+7 3811 86+27
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Table 3. Characteristics of the trials included in the meta-regression analysis in Part 2. Total G-CSF dose is reported in ug/kg. CD34+ cells
refers to the achieved CD34+ cell count (cells / uL + standard deviation) at completion of the G-CSF course. N, number of patients. HT,
hypertension. DL, dyslipidemia. STEMI, ST-elevation myocardial infarction. CLlI, critical limb ischemia. CHF, chronic heart failure. IHD, ischemic
heart disease. IA, intractable angina. * Calculated. T Derived from figures. * reports CD34+CD133+ cell count. N/A, not available.

G-CSF
Authors (ref) dose | Days | CD34+/uL N | %DM Age %Male | %HT | %DL | %Smokers | Disease
Achilli et al. (69) 50.0 5.0 56.7+61.1 | 29 | 20.7 | 61.0+£8.0 | 100.0 | 48.0 | 59.0 59.0 STEMI
Arai et al. (70) 35.0 10.0 47+0.9 14 | 50.0 | 69.0+2.0 50.0 | N/A | N/A N/A CLI
Boyle et al. (71) 40.0 4.0 24.3+9.0 5 | 40.0 | 654+ N/A | 80.0 |100.0| 100.0 0.0 IHD
Burt et al. (49) 45.0 4.5 20.2+174 9 | 444 | 681+19.3 | 55,6 | 77.8 | 55.6 77.8 CLI
Chih et al. (72) 22.5 5.0 33.0+8.0" 18 | 22.2 | 62.0+7.0 89.0 | 78.0 | 83.0 72.0 IHD
Ellis et al. (A) (73) 25.0 5.0 37.0 £ 30.0 6 16.7 | 53.0£15.0 | 100.0 | 50.0 | N/A 40.0 STEMI
Ellis et al. (B) (73) 50.0 5.0 29.0+14.0 6 33.3 | 60.0+11.0 | 83.0 | 33.0 | N/A 50.0 STEMI
Engelmann et al. (74) 50.0 50 | 46.1+32.9" | 23 | 21.7 | 60.0+11.0 | 87.0 | 74.0 | 57.0 65.0 STEMI
Huttman et al. (75) 88.6 10.0 | 204+224* | 16 | 375 | 61.0+£10.0 | 100.0 | 56.3 | 81.3 62.5 CHF
Ince et al. (76) 60.0 6.0 66.0+54.0 | 15 | 13.3 | 51.1+8.2 93.3 | 40.0 | 66.7 80.0 STEMI
Ince et al. (77) 60.0 6.0 64.6+37.1 | 25 8.0 50.5+7.9 92.0 | 40.0 | 64.0 80.0 STEMI
Karimabad et al. (78) 50.0 5.0 24.3+8.6 8 50.0 | 48.6+8.7 875 | 125 | 125 62.5 STEMI
Kluethe et al. (79) 70.0 7.0 75.8+446 | 14 | 214 | 57.7+11.5 | 100.0 | N/A | 35.7 35.7 STEMI
Kovacic et al. (80) 50.0 50 [100.0+17.0"| 20 | 15.0 | 62.4+9.1 90.0 | 90.0 | 100.0 0.0 IA
Leone et al. (81) 50.0 5.0 50.3+352 | 14 | 143 | 53.0+£11.0 | 93.0 | 57.0 | 64.0 71.0 STEMI
Losordo et al. (82) 25.0 5.0 287+165 | 24 | 417 | 624+25.0 | 79.2 | 77.8 | 944 72.2 IA
Ripa et al. (83) 60.0 6.0 55.1+53.3 | 39 7.7 574 +8.6 72.0 | 33.0 | N/A 56.0 STEMI
Ripa et al. (84) 60.0 6.0 47.1+8.8 16 | 43.8 | 62.0+9.0 87.5 | 44.0 | 100.0 13.0 IHD
Sprigg et al. (85) 50.0 5.0 37.7+36.7 | 24 | 29.2 | 76.0+9.0 50.0 | 75.0 | 33.0 N/A Stroke
Stein et al. (86) 50.0 5.0 72.0+200 | 56 | 10.7 | 59.4+12.0 | 786 | 554 | 411 44.6 STEMI
Suzuki et al. (A) (87) 31.0 10.0 3.9+2.1 11 | 545 | 63.0+10.0 | 72.7 | 81.8 | 81.8 18.2 IA
Suzuki et al. (B) (87) 26.0 10.0 9.0+4.7 12 | 25.0 | 65.0+9.0 83.3 | 50.0 | 33.3 N/A STEMI
Takano et al. (88) 12.5 5.0 15.0+19.8 | 18 | 33.3 | 61.0+8.0 77.8 | 444 | 333 50.0 STEMI
Valgimigli et al. (89) 20.0 4.0 33.0+7.0" 10 | 20.0 | 62.0+9.0 80.0 | 60.0 | N/A 40.0 STEMI
Wang et al. (90) 30.0 6.0 22.9+4.0* 13 | 46.2 | 63.0+2.0 84.6 | N/A | 100.0 N/A IHD
Wolfram et al. (91) 35.0 7.0 33.0+22.8 8 375 | 69.0+10.0 | 62.5 |100.0| N/A N/A IA
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Table 4. Pooled characteristics of the patients from trials included in the primary

analysis of Part 2 substudy.

Characteristic

Weighted average

Number

453

Age, years (range)

60.7 £ 21.1 (50-76)

Male sex, % (range)

81.7 (50-100)

Diabetes, % (range)

24.7 (8-55)

Hypertension, % (range)

58.0 (13-100)

Dyslipidemia, % (range)

62.4 (13-100)

Smoking, % (range) 52.4 (18-80)

Type of disease
ST-elevation myocardial infarction, n (%) 275 (60.7)
Chronic heart failure, n (%) 16 (3.5)
Ischemic heart disease, n (%) 52 (11.5)
Intractable angina, n (%) 63 (13.9)
Stroke, n (%) 24 (5.3)
Critical limb ischemia, n (%) 23 (5.1)

Total G-CSF dose, ug/kg (range)

46.6 + 7.3 (12.5-88.6)

Treatment duration, days (range)

6.0+ 1.9 (4-10)
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Table 5. Multivariable analysis conducted in the n=16 trials reporting data on all

the covariates (Part 2). The dependent variable was achieved CD34+ cell count.

Variable B-coefficient P

Diabetes mellitus -1.128 0.028
Mean age 0.158 0.710
Male gender -0.114 0.731
Hypertension -0.163 0.726
Dyslipidemia -0.460 0.384
Smoke -0.113 0.671
Underlying disease 0.760 0.176
Sample size 0.050 0.867




Table 6. Characteristics of the study population in Part 3. *p<0.05.

Characteristic Healthy subjects Patients
(n=12) (n=60)
Age (years) 31.312.0 58.31+1.8*
Male sex (%) 40.0 83.3*
Smoking habit (%) 33.3 25.9
Obesity (%) 0.0 41.6*
Family history for CV (%) 0.0 46.6*
Diabetes mellitus (%) 0.0 28.3*
Plasma glucose (mg/dL) 81.814.1 118.317.8*
Hypertension (%) 0.0 70.7*
Dyslipidemia (%) 0.0 70.2*
Total cholesterol 175.6£11.9 174.8+7.0
HDL cholesterol (mg/dL) 68.919.6 48.0+1.9*
Triglicerydes (mg/dL) 93.6+14.3 164.2+17.3
LDL cholesterol (mg/dL) 98.5+10.1 91.245.5
Medications
Statin (%) 0.0 68.9*
ACE inhibitor /AR blocker (%) 0.0 74.1%
Beta-blockers (%) 0.0 77.6*
Other anti-hypertensives (%) 0.0 12.1
Insulin (%) 0.0 8.6
Oral anti-diabetic agents (%) 0.0 10.3
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Peripheral blood

CD34+ | CD133+ CD34+CD133+ CD34+KDR+ CD133+KDR+ CD34+CD133+KDR+
3 CD34+ 0,43* 0,20 0,29* 0,27* 0,08 0,16
g CD133+ 0,45* 0,31* 0,41* 0,20 0,01 0,16
g CD34+CD133+ 0,44* 0,30* 0,44* 0,21 0,00 0,20
o CD34+KDR+ 0,05 0,13 0,05 0,35* 0,43* 0,42*
5 CD133+KDR+ 0,06 0,17 0,13 0,30* 0,50* 0,46*
@ CD34+CD133+KDR+ 0,15 0,20 0,30* 0,19 0,28* 0,37*
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Table 8. Multivariable linear regression analysis for identification of determinants

of peripheral blood CD34+ cell count (dependent variable) in Part 3.

Variable Beta coefficient p value
Bone marrow CD34+ cells 0.392 0.002
Age -0.110 0.450
Diabetes -0.300 0.040
Hypertension -0.044 0.754
Obesity -0.032 0.813
Beta-blocker use 0.171 0.172
Insulin use 0.349 0.01




Characteristic CD34+ CD133+ CD34+CD133+ | CD34+KDR+ | CD133+KDR+ | CD34+CD133+KDR+
Demographics
Age NS Lower in group 1 NS Higher in group NS NS
2
Sex NS NS NS NS NS NS
Risk factors
No. risk factors Lower in group 1 | Lower in group 1 | Lower in group 1 NS NS NS
Smoke NS NS NS NS NS NS
Family History NS Higher in group 4 | Higher in group 4 NS NS Lower in group 4
Diabetes Lower in group 1 NS NS NS NS NS
Hypertension Lower in group 1 | Lower in group 1 | Lower in group 1 | Lower in group NS NS
3
Dyslipidemia NS NS NS NS NS Lower in group 4
Obesity Lower in group 1 NS NS NS NS NS
Medications
Statins NS Lower in group 1 NS NS NS NS
Higher in group 2
ACEi/ ARBs NS NS NS NS NS NS
Beta-blockers Lower in group 2 NS NS NS NS NS
Higher in group 3
Insulin Higher in group 3 NS NS NS NS NS
Angiogenic factors
Angiopoietin-2 NS Higher in group 1 | Higher in group 1 NS NS NS
Follistatin NS NS NS NS NS NS
G-CSF NS NS NS NS NS NS
IL-8 NS NS NS NS NS NS
Leptin NS NS NS NS NS Higher in group 3
PDGF-BB NS Higher in group 1 | Higher in group 1 NS NS NS
PECAM-1 NS NS NS NS NS NS
VEGF Lower in group 1 NS NS NS NS NS
SDF-1 NS NS NS NS NS Higher in group 1 and 3
SCF NS NS NS NS NS NS
IL-18 NS NS NS NS NS NS
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Table 10. Body weight, plasma glucose and HbA1c of the four groups of animals
(Part 3). *p<0.05 versus non diabetic of the same strain. There were no
significant differences between non diabetic wild type and DPP4null mice and

between diabetic wild type and DPP4null mice.

Wild type DPP4null Wild type | DPP4 null

non diabetic | non diabetic | Diabetic diabetic

Weight (g) 348417 33814 220+14 * | 236%7 *

Plasma glucose (mg/dL) 154123 12016 480142 * | 410122~

HbA1c (%) 4.3+0.1 4.5+0.1 121207 * | 11211~
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Figure 1. CD34" cell mobilization after hrG-CSF. A) Absolute pre- and post-G-
CSF CD34" cell count in all DM and all non DM controls (study primary end-
point). *p<0.05 versus baseline. B-C) Absolute pre- and post-G-CSF CD34" cell
count in type 1 DM compared to young controls (B) and in type 2 DM compared
to age-matched controls (C). *p<0.05 versus baseline. D) Changes in the

absolute levels of circulating CD34" cell counts. *p<0.05 versus DM.
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Figure 2. Mobilization of other progenitor cell phenotypes after hrG-CSF. A-
E) Absolute pre- and post-G-CSF cell counts of circulating hematopoietic stem
cells (CD133", CD34°CD133") and endothelial progenitor cells (CD34"'KDR",
CD133'KDR"* and CD34'CD133"KDR") in DM and non DM patients. *p<0.05
versus baseline. F) Changes in the absolute levels of stem/progenitor cell

phenotypes in DM and non DM patients. *p<0.05 versus non DM controls.
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Figure 3. Effects of hrG-CSF on CD26/DPP-4 expression. Percentage
CD26/DPP-4 expression on CD34" cells was significantly (*p<0.05) increased in

non DM controls, while it was reduced in DM patients.
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Figure 4. In vivo proangiogenic cell function. Patients’ PBMC before collected
pre- and post-GCSF were embedded into Matrigel plugs and implanted in
immunodeficient mice. Representative gross appearance of the plugs (scale bar
= 1 cm) and histological sections (scale bar 100 micron) are shown. In the
bottom, quantification of hemoglobin content, a quantitative surrogate of
perfusion, adjusted for mobilized monocytes, is shown. *p<0.05 versus pre-
GCSF; 1 p<0.05 versus non DM.
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Figure 5. Pre- and post-G-CSF levels of white blood cells (WBC, A), neutrophils
(B) and monocytes (C) count in DM and non DM patients. * p<0.05 versus pre-
GCSF. D) Absolute changes in WBC, neurophils and monocytes: no significant
differences were found between DM patients and non DM controls in the change

in blood cell counts.
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Figure 6. Significant linear correlations between Matrigel plug neovascularisation

and progenitor cell levels. White circles indicate pre-GCSF; black circles indicate

post-GCSF data.
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Figure 7. The PRISMA flow diagram illustrating the phases of data selection.
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Figure 8. The itemized methodological quality graph. For each item, trials are
scored as low risk of bias (complies with the item), uncertain risk of bias (not
reported) or high risk of bias (does not comply with the item). The percentages of

trials with low, uncertain and high risk of bias are plotted.
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Figure 9. Plots illustrating the meta-regression between prevalence of diabetes
(explanatory variable) and achieved (A) or increase (B) in absolute CD34+ cell
count. Each circle represents a clinical trial included in the analysis. The area of
the circles are proportional to weights of the studies. The regression line is shown

with 95% confidence intervals (dashed lines).
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Figure 10. Most circulating CD34+ cells are viable, non-proliferating and
bone marrow-derived. A) Correlation between bone marrow and peripheral
blood CD34+ cell counts. Dashed lines indicate the 95% C.I. of the regression
line. B) Fluorescence in situ hybridization (FISH) analysis of circulating CD34+
cell origin. The upper panels show positive controls of male cells (hybridization
efficiency). The lower panels show Y-chromosome signal in sorted circulating
CD34+ cells from females transplanted with a male bone marrow (zoom from 40x
original magnification). The table summarizes the percentage of chimerism of 3
transplanted patients, after correcting for the Y-chromosome hybridization
efficiency. C) Circulating CD34+ cells were analyzed for DNA content: the CD34
vs Pl plot shows very few CD34+ cells above the Pl threshold for the G2-M
phase. The proliferating rate of 3 replicates is shown. D) Apoptosis of circulating
CD34+ cells: the CD34 vs Annexin-V plot shows that very few CD34+ cells
stained positive for the early apoptotic marker Annexin-V. The apoptotic rate of 6

replicates is shown.
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Figure 11. Stem cell compartmentalization and the cardiovascular risk
profile. Patients were divided into 4 groups according to their circulating and
bone marrow CD34+ cell counts. Cut-offs for definition of groups were based on
the 40° and 60° percentile of the distribution. Relevant clinical characteristics of
the patients in each group are shown. *p<0.05 in post-hoc test versus the

exhausted group after ANOVA or Kruskall-Wallis, as appropriate.
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Figure 12. Self-organizing maps showing clinical phenotypes associated
with stem cell compartmentalization. A) Self-organizing maps colouring of
clinical features in patients analyzed for stem cell compartmentalization. The
colour scale indicates deviation from the population mean compared to random
fluctuations that can be expected by chance. Numbers on selected hexagons
indicate the prevalence (from 0 to 1) or the mean of each variable for that region.
The p-values indicate the probability to observe equal colour distribution from
random fluctuations. B) Topological localization of stem cell compartmentalization
groups can be visually overlaid to maps in panel A to derive a representation of
the clinical typical phenotype of each group. C) Each histogram of this figure
represents a multivariate clinical profile in which bars can be interpreted as
regression coefficients. The topological organization is the same as in the maps
of panels A and B. Thus, bar plots illustrate the averaged profile for patients that
reside on a given hexagon. The legends aids interpretation of the histograms: for
instance, the upper-right region contains a typical patient with advanced age,
diabetes, hypertension and obesity, belonging to the “exhausted” group. D)
Typical phenotypes associated with stem cell compartmentalization groups are
shown. Numbers in the hexagons represent sample size. The analysis was

conducted in the whole cohort of 72 patient.
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Figure 13. DPP-4 activity in diabetic and non diabetic animals. DPP-4 activity

was measured in plasma and BM extracts of diabetic and non diabetic F344 rats.

BM samples were also collected at the end of G-CSF stimulation. *p<0.05.
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Figure 14. DPP-4 deficiency does not restore the defective G-CSF response
in diabetic rats. The levels of circulating Sca-1+c-kit+ and Sca-1+CD31+
progenitor cells were determined by FACS at baseline, and after 5 day
administration of G-CSF. A) The gating strategy used to enumerate Sca-1+c-kit+
and Sca-1+CD31+ cells. Data from a representative wild type (WT) non diabetic
animal are shown. B) Effects of G-CSF on circulating Sca-1+c-kit+ and Sca-
1+CD31+ cells in WT and DPP4null diabetic and non diabetic (control) rats. *

p<0.05 post- vs. pre-G-CSF. Bars indicate SEM. Logarithmic scale.
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Figure 15. DPP-4 deficiency restores post-ischemic progenitor cell
mobilization in diabetic rats. The levels of circulating Sca-1+c-kit+ and Sca-
1+CD31+ progenitor cells were determined at baseline, day 3 and day 7 after
hind limb ischemia. A) The gating strategy used to enumerate Sca-1+c-kit+ and
Sca-1+CD31+ cells is shown on the left. Data from a representative wild type
(WT) non diabetic animal are shown. Trends over time of circulating Sca-1+c-kit+
and Sca-1+CD31+ cells in WT and DPP4null diabetic and non diabetic (control)
rats are shown on the right. * p<0.05 diabetic vs. controls. Bars indicate SEM. B)
Capillary density in ischemic muscles at day 7 in wild type and DPP4null diabetic
and non diabetic rats. Capillaries are stained in green with lectin (40x). C)
Degree of ischemia assessed by staining with the hypoxia marker pimonidazole.
Pimonidazole adducts formed in tissue areas with pO,<10 mmHg were detected
by immunohistochemistry *p<0.05 diabetic vs. non diabetic.
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Figure 16. The role of DPP-4 in diabetic stem cell mobilopathy. Bone marrow

stem cell mobilization is governed by SDF-1a gradients across the
osteoblast/mesenchymal compartment and the vasculature within the niche. In
the non diabetic condition, tissue ischemia upregulates circulating SDF-1a, which
is partly cleaved by DPP-4. G-CSF activates bone marrow DPP-4 and reduces
SDF-1a. As a result, both stimuli create a mobilizing gradient toward the
vasculature. In diabetes, circulating DPP-4 activity in increased and ischemia-
derived SDF-1a is reduced, thereby impairing post-ischemic mobilization. In
addition, diabetes reduces DPP-4 activity in the bone marrow and prevents G-
CSF from suppressing SDF-1a concentrations. Thus, tissue specific DPP-4
maladaptation in diabetes is responsible for both G-CSF and ischemia-induced
impaired mobilization. DPP-4 deficiency in diabetes protects circulating SDF-1a

from degradation and restores post-ischemic mobilization, but not G-CSF

induced mobilization, which requires stimulation of DPP-4.
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Figure 17. Self-organizing maps showing clinical phenotypes associated
with stem cell compartmentalization. A) Self-organizing maps colouring of
clinical features in patients analyzed for stem cell compartmentalization. The
colour scale indicate the deviation from the population mean compared to
random fluctuations that can be expected by chance. The numbers on selected
hexagons indicate the prevalence (from 0 to 1) or the mean of each variable for
that region. The p-values indicate the probability to observe equal colour
distribution from random fluctuations. B) The topological localization of stem cell
compartmentalization groups can be visually overlaid to maps in panel A to
derive a representation of the clinical typical phenotype of each group. C) Each
histogram of this figure represents a multivariate clinical profile in which bars can
be interpreted as regression coefficients. The topological organization is the
same as in the maps of panels A and B. Thus, bar plots illustrate the averaged
profile for patients that reside on a given hexagon. The legends aids
interpretation of the histograms: for instance, the bottom-right region contains a
typical patient with advanced age, diabetes, hypertension and obesity, belonging
to the “exhausted” group. D) The typical phenotypes associated with stem cell
compartmentalization groups are shown. Numbers in the hexagons represent
sample size. The analysis was conducted in the subgroup of patients defined by

the 40°/60° percentile partitioning.
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Figure 18. Self-organizing maps showing the co-localization of high DPP-4
activity with CD34+ cell compartmentalization. The right panel shows self-
organizing maps colouring of the patients’ CD34+ cell mobilizer phenotype. The
left panel shows the corresponding SOM for DPP-4 activity, which clearly
indicates co-localization of high DPP-4 activity with the exhausted phenotype and

of low DPP-4 activity with the healthy phenotype.
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Figure 19. Assessment of skin blood flow after ischemia. Laser Doppler
Imaging was used to determine superficial skin blood flow at day 7 after ischemia
in diabetic and non diabetic, wild type and DPP-4null rats. Both limbs were
monitored and the ischemic/non ischemic ratio is reported. There was no
significant difference among groups in skin perfusion 7 days after femoral artery

and vein excision, although diabetic rats tended to have a lower perfusion ratio.
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Figure 20. Apoptosis in muscle tissue. Apoptosis was evaluated with the in
situ TUNEL method (ApopTag) in ischemic and non ischemic muscle sections of
diabetic and non diabetic, wild type and DPP-4null rats at day 7 after induction of
ischemia. Nuclei were stained in blue with Hoechst, the basement membrane
was stained in green with laminin and apoptotic cells were stained in red.

The average number of apoptotic cells per section was very low and most
apoptotic cells were located in the interstitium (see inserts). There was a non

significant trend toward reduced apoptotic cell number in DPP-4null rats.
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