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Inhibition of Aldehyde Dehydrogenase-Activity
Expands Multipotent Myeloid Progenitor Cells with
Vascular Regenerative Function

TYLER T. COOPER,a,b STEPHEN E. SHERMAN,a,b MILJAN KULJANIN,b,c GILLIAN I. BELL,b

GILLES A. LAJOIE,c DAVID A. HESS
a,b
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ABSTRACT

Blood-derived progenitor cell transplantation holds potential for the treatment of severe vascu-
lar diseases. Human umbilical cord blood (UCB)-derived hematopoietic progenitor cells purified
using high aldehyde dehydrogenase (ALDHhi) activity demonstrate pro-angiogenic functions fol-
lowing intramuscular (i.m.) transplantation into immunodeficient mice with hind-limb ischemia.
Unfortunately, UCB ALDHhi cells are rare and prolonged ex vivo expansion leads to loss of high
ALDH-activity and diminished vascular regenerative function. ALDH-activity generates retinoic
acid, a potent driver of hematopoietic differentiation, creating a paradoxical challenge to
expand UCB ALDHhi cells while limiting differentiation and retaining pro-angiogenic functions.
We investigated whether inhibition of ALDH-activity during ex vivo expansion of UCB ALDHhi

cells would prevent differentiation and expand progeny that retained pro-angiogenic functions
after transplantation into non-obese diabetic/severe combined immunodeficient mice with fem-
oral artery ligation-induced unilateral hind-limb ischemia. Human UCB ALDHhi cells were cul-
tured under serum-free conditions for 9 days, with or without the reversible ALDH-inhibitor,
diethylaminobenzaldehyde (DEAB). Although total cell numbers were increased >70-fold, the
frequency of cells that retained ALDHhi/CD341 phenotype was significantly diminished under
basal conditions. In contrast, DEAB-inhibition increased total ALDHhi/CD341 cell number by
�10-fold, reduced differentiation marker (CD38) expression, and enhanced the retention of mul-
tipotent colony-forming cells in vitro. Proteomic analysis revealed that DEAB-treated cells upre-
gulated anti-apoptotic protein expression and diminished production of proteins implicated with
megakaryocyte differentiation. The i.m. transplantation of DEAB-treated cells into mice with
hind-limb ischemia stimulated endothelial cell proliferation and augmented recovery of hind-
limb perfusion. DEAB-inhibition of ALDH-activity delayed hematopoietic differentiation and
expanded multipotent myeloid cells that accelerated vascular regeneration following i.m. trans-
plantation in vivo. STEM CELLS 2018;36:723–736

SIGNIFICANCE STATEMENT

This article demonstrates a novel method to generate clinically applicable numbers of human
umbilical cord blood-derived myeloid progenitor cells with high aldehyde dehydrogenase
(ALDHhi)-activity by limiting retinoic acid-induced differentiation ex vivo. Furthermore, ALDH
inhibition prevented megakaryocyte maturation, expanded myeloid multipotent progenitor cells
possessed a pro-angiogenic and pro-survival proteome and exhibited vascular regenerative
function after intramuscular transplantation into non-obese diabetic/severe combined immuno-
deficient mice with femoral artery ligation-induced hind limb ischemia.

INTRODUCTION

Systemic atherosclerosis results in impaired
blood vessel architecture and function [1],
leading to peripheral arterial disease (PAD)
characterized by obstructed blood flow within
the peripheral vasculature, limiting delivery of
oxygen and nutrients to afflicted tissues [2].
Clinical presentation of PAD ranges from
asymptomatic ischemia to exercise-induced

intermittent claudication, which may progress
toward critical limb ischemia (CLI), the most
severe manifestation of PAD. Patients with CLI
suffer from pain at rest, non-healing tissue
ulceration, and life-threatening infections. Cur-
rent pharmaceutical therapies target risk fac-
tors to reduce cardiovascular events, whereas
endovascular or surgical bypass interventions
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aim to recover perfusion to afflicted tissues. Unfortunately,
these therapies provide only short-term benefit and are not
offered to individuals with diffuse CLI [3–6]. As a result, 25%–
30% of CLI patients require limb amputation within the first
year of diagnosis [7], and >60% of CLI patients will succumb
to death within 5 years [8]. There is a need to develop effec-
tive therapies for the 8–12 million North Americans and >200
million individuals worldwide afflicted with advancing PAD [7].

Tissue revascularization via “therapeutic angiogenesis” has
been proposed as a potential target for combating severe
PAD. Robust angiogenesis can occur in skeletal muscle follow-
ing ischemic injury; however, this requires activation of sev-
eral cell types to orchestrate vascular remodeling or to
activate flow within collateral vessels [9, 10]. Pro-angiogenic
cytokine/chemokine secretion by hematopoietic progenitor
cells (HPCs) direct sprouting by vessel-forming endothelial
progenitor cells (EPC) and encourage infiltration by vessel
wrapping pericytes, respectively; two processes essential for
stable neovessel formation [10]. Thus, cellular therapies to
induce revascularization uses the secretory properties of
transplanted blood-derived progenitor cells to generate a pro-
angiogenic microenvironment and restore revascularization
within ischemic tissues [11].

We have previously demonstrated the vascular regenera-
tive potential of HPC isolated from healthy human bone mar-
row (BM) and umbilical cord blood (UCB) [12, 13]. Notably,
purification of cells with high aldehyde dehydrogenase (ALDH)
activity (ALDHhi), a detoxification function conserved in pro-
genitor cells of multiple lineages, promoted revascularization
following transplantation into mice with hind-limb ischemia,
by stimulating endogenous capillary formation at the site of
injury without permanent incorporation into regenerating
murine neovessels [13]. Moreover, ALDHhi cells from BM or
UCB are also enriched for rare non-HPCs (EPC and multipo-
tent stromal cells), with a larger representation of myeloid
HPC [12–15]. In 2011, a randomized Phase I clinical trial by
Perin et al. demonstrated that intramuscular (i.m.) transplan-
tation of autologous BM ALDHhi cells significantly improved
Rutherford’s Category scores and ankle-brachial index meas-
urements from baseline in patients with non-operational CLI,
but did not improve ischemic ulcer healing [16]. These results
provided rationale for a Phase II trial (PACE trial) which aimed
to stimulate revascularization in patients with intermittent
claudication, thereby mitigating progression toward end-stage
CLI [17]. This double-blinded multicenter study recently
reported that transplantation of autologous BM-derived
ALDHhi cells was unable to effectively improve exercise perfor-
mance or blood perfusion via collateral vessel formation after
6 months [18].

Although the preclinical data used to initiate early clinical
studies were promising [13], several factors may explain why
the preclinical efficacy in murine models does not accurately
predict clinical efficacy in humans. The preclinical experiments
were performed using healthy human BM ALDHhi cells trans-
planted into immunodeficient mice with surgically induced
limb ischemia. Femoral artery ligation (FAL) in mice has been
the gold-standard preclinical model to assess therapeutic
angiogenesis elicited by pharmaceuticals or cells; however,
the model does possess several limitations which need to be
addressed to improve clinical translation. Specifically, this
model mimics an acute ischemic injury occurring in young and

healthy animals, and does not reflect the chronic ischemic
microenvironment occurring in human patients due to the
buildup of atherosclerotic plaques over an extended period of
time. In addition to physiological differences between species
(i.e., heart rate and plasma cholesterol), patients with PAD
commonly demonstrate other influential factors, chronic
inflammation, smoking, and sedentary lifestyles, which are dif-
ficult to mimic in a murine model. Furthermore, emerging
preclinical evidence also indicates autologous BM mononu-
clear cells (MNC) harvested from patients with chronic athero-
sclerosis and associated comorbidities exhibit severe
functional impairments [19, 20]. Endothelial cells derived
from healthy animals exhibited vascular regenerative functions
in a diabetic model of myocardium ischemia, whereas, cells
harvested from diabetic animals failed to induce vasculogene-
sis [21]. Several studies have aimed to increase clinical effi-
cacy by purification of select subpopulations (CD341) derived
from autologous BM-MNC [22]; however, this approach has
provided a modest benefit over transplantation of unpurified
BM-MNC. Alternatively, using healthy allogenic sources may
improve the efficacy of cell-based therapies, by limiting the
exposure of therapeutic cells to the damaging microenviron-
ment of chronic disease [23, 24].

ALDH provides protection to long-lived stem and progeni-
tor cell populations from cytotoxic insults [25]. Representing a
conserved stem cell function and coinciding with primitive
surface marker expression (CD341), ALDHhi-activity rapidly
diminishes as multipotent HPC differentiate toward more
expendable lineage-restricted phenotypes [15]. ALDH also rep-
resents the rate-limiting enzyme in the production of retinoic
acid (RA), a potent driver of hematopoietic differentiation. RA
activates the retinoic acid receptor (RAR) - retinoid X receptor
(RXR) nuclear receptor complex that regulates mRNA tran-
scription and epigenetic modifications [26], resulting in hema-
topoietic cell differentiation. For example, activation of RAR/
RXR induces the expression cyclic-ribose ADP hydrolase
(CD38), a membrane-bound enzyme implicated with hemato-
poietic cell differentiation [27]. Therefore, the ex vivo expan-
sion of UCB ALDHhi cells represents a paradoxical challenge to
increase primitive and pro-angiogenic ALDHhi cell numbers
while limiting RA-induced hematopoietic differentiation.

We have recently shown that UCB ALDHhi cells can be
efficiently expanded under serum-free conditions to generate
hematopoietic progeny retaining vascular regenerative func-
tions in vivo [28]. However, as culture time was increased
from 6 to 9 days, expanded progeny failed to retain vascular
regenerative functions. In addition, reducing RA-production by
inhibition of ALDH-activity during ex vivo expansion aug-
mented the number of CD341 HPC with SCID-repopulation
capacity [29, 30]. Therefore, we sought to determine whether
inhibition of ALDH-activity, using diethylaminobenzaldehyde
(DEAB) treatment, would enhance the expansion of UCB
ALDHhi cells without loss of vascular regenerative functions
assessed after i.m. transplantation into mice with FAL-induced
unilateral hind-limb ischemia.

MATERIALS AND METHODS

Detailed Methods have been provided in Supporting Informa-
tion Materials that describe routine, previously published
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procedures in our laboratory such as UCB ALDHhi cell isolation
[12], flow cytometric characterization of cell surface pheno-
type [15], and hematopoietic progenitor colony formation
[28]. Also included in Supporting Information Methods is
detailed descriptions of transplantation experiments per-
formed with immunodeficient mice after FAL surgery [12],
analyses of limb perfusion using laser Doppler perfusion imag-
ing [12], gait analyses by Catwalk imaging [28], and immuno-
histochemical analyses used to characterize vessel
regeneration and human cell engraftment in ischemic muscle
[28]. Novel culture conditions and proteomic analyses unique
to this article are described below.

Expansion of UCB ALDHhi Cells in Culture

UCB ALDHhi cells were plated on fibronectin-coated flasks and
expanded in serum-free X-vivo 15 (Lonza, Basel, Switzerland)
supplemented with 10 ng/ml thrombopoietin (TPO), Fms-like
tyrosine kinase 3 ligand (FLT-3L), and stem cell factor (SCF) for
up to 9 days, herein referred to as Basal conditions. All
growth factors were purchased from Life Technologies (Carls-
bad, CA). To inhibit ALDH-activity and limit cell differentiation,
1.0 3 1025 mol/l diethylaminobenzaldehyde (DEAB) (Stem
Cell Technologies, Vancouver, Canada) was added to Basal
conditions between days 3 and 6 of ex vivo expansion, herein
referred to as DEAB-treated conditions. DEAB dose and treat-
ment kinetics were optimized based on maximal retention of
ALDHhi cells at endpoint. Complete media change was per-
formed every 3 days.

Generation of HPC-Conditioned Media and Cell Lysates
for Proteomic Analyses

Expanded cells were harvested and washed with phosphate-
buffered saline (PBS) to remove residual growth factors and
resuspended in fresh RPMI 16401 10 ng/ml of SCF, TPO, and
FLT-3L for 24 hours to generate conditioned media (CdM) in
biological triplicate. CdM was centrifuged to remove cellular
debris and concentrated using 3 kDa molecular weight cutoff
filter units (Millipore, Bedford, MA). Concentrated CdM was
lyophilized overnight and resuspended in 8 mol/l urea,
5.0 3 1022 mol/l ammonium bicarbonate, 1.0 3 1022 mol/
l dithiothreitol, and 2% SDS solution before secreted protein
quantitation and fractionation. Expanded cell pellets were
lysed in 8 M urea buffer, and sonicated (20 3 0.5 second
pulses; level 1) to shear DNA. Protein concentrations were
estimated using the Pierce 660 nm protein assay (Thermo-
Fisher Scientific, Waltham, MA).

Chloroform/Methanol Precipitation and Protein
Digestion

Cell lysates or CdM were reduced in 1.0 3 1022 mol/l dithio-
threitol for 30 minutes and alkylated in 1.0 3 1021 mol/
l iodoacetamide for 30 minutes. Samples were precipitated in
chloroform/methanol in 1.5 ml microfuge tubes [31]; 50 lg
aliquots of each sample were topped up to 150 ll with
5.0 3 1022 mol/l ammonium bicarbonate, 600 ll of ice cold
methanol, followed by 150 ll of chloroform; 450 ll of water
was added before vortexing and centrifugation at 14,000g for
5 minutes. The upper/aqueous methanol phase was removed
and 450 ll of ice cold methanol was added before vortexing
and centrifugation. Precipitated protein pellet was air dried
before protein digestion. For on-pellet protein digestion, 100

ll of 5.0 3 1022 mol/l ammonium bicarbonate (pH 8.0) tryp-
sin/LysC (1:50 ratio, enzyme:sample) (Promega, Madison, WI)
solution was added before incubation overnight at 378C in
water bath shaker. Trypsin (1:100 ratio) was added for 4 hours
before acidifying with 10% formic acid (pH 3–4). Digests were
centrifuged at 16,000g to remove insoluble material. Peptide
concentrations were estimated using a BCA assay (Thermo-
Fisher Scientific).

SCX Peptide Fractionation

Tryptic peptides recovered from chloroform/methanol precipi-
tation of cell lysates or CDM (50 lg) were fractionated using
SCX StageTips [32]. Peptides were acidified using 1% Trifluoro-
acetic acid and loaded onto a 12-plug StageTips. Six SCX frac-
tions were collected by eluting in 7.5 3 1022, 1.25 3 1021,
2.0 3 1021, 2.50 3 1021, and 3.0 3 1021 mol/l ammonium
acetate/20% acetonitrile/0.5% formic acid (FA) solutions fol-
lowed by elution with 5% (w/v) ammonium hydroxide/80%
ACN. Fractions were dried in a SpeedVac, resuspended in dou-
ble distilled water and dried again to remove residual ammo-
nium acetate. All samples were resuspended in 0.1% FA
before liquid chromatography–tandem mass spectrometry (LC-
MS)/MS analysis.

Liquid Chromatography–Tandem Mass Spectrometry

One microgram of sample was injected into a Waters nano-
Acquity HPLC system (Waters, Milford, MA) coupled to an ESI
Orbitrap mass spectrometer (Orbitrap Elite or QExactive, Ther-
moFisher Scientific). Buffer A consisted of water/0.1% FA and
buffer B consisted of ACN/0.1% FA. All samples were trapped
for 5 minutes at a flow rate of 10 ll/minute using 99% Buffer
A, 1% Buffer B on a Symmetry BEH C18 Trapping Column, 5
lm, 180 lm 3 20 mm (Waters). Peptides were separated
using a Peptide BEH C18 Column, 130Å, 1.7 lm, 75
lm 3 250 mm operating at a flow rate of 300 nl/minute at
358C (Waters). Cell lysate samples were separated using a
nonlinear gradient consisting of 5%–7.5% B over 1 minute,
7.5%–25% B over 180 minutes and 25%–60% B over 240
minutes before increasing to 98% B and washing. CdM sam-
ples were separated using a nonlinear gradient consisting of
1%–7% B over 3.5 minutes, 7%–19% B over 90 minutes, and
19%–30% B over 120 minutes before increasing to 95% B and
washing. Settings for data acquisition on the Orbitrap Elite
and QExactive are provided in Supporting Information Table
S6.

Proteomic Data Analyses

Data analysis was performed using PEAKS 8.0 software (Bioin-
formatics Solutions Inc., Waterloo, ON, Canada). Raw data files
were refined using correct precursor mass and de novo
sequencing was performed using the following parameters:
parent mass tolerance 20 ppm; fragment ion tolerance 0.80
Da; enzyme was set to trypsin. Data analyses were searched
against the Uniprot human sequence database (20,178
entries). Quantitative data analysis was performed using Max-
Quant version 1.5.2.8 [33]. Protein and peptide false discovery
rate were set to 0.01 (1%), while the decoy database was set
to revert. All parent and fragment tolerances were set as
described above. The match between runs was enabled and
all other parameters left at default. Data were analyzed using
label free quantitation and intensity-based absolute

Cooper, Sherman, Kuljanin et al. 725

www.StemCells.com VC AlphaMed Press 2018



quantification as described previously [34]. Bioinformatic anal-
ysis was performed using Perseus version 1.5.0.8 and proteins
identified by site, reverse and contaminants were removed
manually. When using the match between runs feature, data-
sets were filtered for proteins containing a minimum of one
unique peptide in at least two biological replicates. Missing
values were replaced using data imputation by using a width
of 0.3 and a downshift of 1.2 [35].

Statistical Analyses

A multiple sample t test was performed in Perseus comparing
the cell lysates for day 9 Basal versus DEAB for proteomic
analysis; and day 6 Basal versus day 9 Basal for secretome
analysis. Statistical analysis for flow cytometry, quantitative
polymerase chain reaction (qPCR), hematopoietic colony form-
ing-cell analyses was performed using a student’s t test within

each time point. Analysis of significance was performed by
one-way analysis of variance with Tukey’s multiple compari-
sons tests for all in vivo experiments and enumeration of
myeloid-specific colony formation. Outliers were identified
using Grubb’s test; p< .05.

RESULTS

Basal Conditions Promoted Expansion of Cells with
Megakaryocyte Secretory Profile

We have recently demonstrated UCB ALDHhi cells expanded
under Basal conditions for 6 but not 9 days, accelerated the
recovery of hindlimb perfusion after transplantation [28]. This
led us to investigate whether additional culture time (3 days)
changed the secretory profile of expanded hematopoietic

Figure 1. Umbilical cord blood ALDHhi cells differentiated toward a megakaryocyte phenotype when cultured under Basal conditions.
Viable day 6 (N 5 3) or day 9 (N 5 3) cells expanded under Basal conditions were replated in RPMI 16401 stem cell factor, thrombo-
poietin, Fms-like tyrosine kinase 3 ligand for 24 hours to generate conditioned media (CdM). (A): Mass spectrometry analyses of CdM
revealed distinct secretome profiles. (B): The secretory profile of day 9 cells was highly enriched with proteins implicated in platelet acti-
vation. (C): day 9 cells significantly upregulated the expression of CD41 (ITGA2B) and CD42 (GPIB), compared with day 6 cells. (D, E):
Increased culture time under Basal conditions enriched for cells with a megakaryocyte cell surface phenotype (CD411/CD421). Data
represented as mean 6 SEM (*, p< .05; N 5 5–7). Statistical analyses were determined by paired Student’s t test. Abbreviations: GPIB,
CD41 (ITGA2B) and CD42; HPC, hematopoietic progenitor cell.
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progeny, thereby limiting vascular regenerative function in
vivo. Mass spectrometry proteomic analysis was used to
determine changes in the secretome of cells harvested after
culture under Basal conditions (N 5 3) at day 6 or day 9. A
total of 5,404 unique proteins were detected, with 3,636 pro-
teins identified in CdM generated by both day 6 and day 9
expanded cells; 325 proteins or 1443 proteins were exclusively
contained within CdM generated from day 6 or day 9 cells,
respectively. Major cytokines associated with angiogenesis
were present in CdM generated from both expanded cell pop-
ulations. Therefore, we focused on the relative quantity of
proteins commonly secreted. Of the 3,636 common proteins

secreted, 144 and 317 proteins were significantly increased in
day 6 and day 9 CdM, respectively. Distinct patterns of
expression were identified reflecting widespread changes in
protein expression as culture time was increased (Fig. 1A).
Although day 6 and day 9 cells demonstrated polarized regen-
erative function in vivo [23], the secretion of proangiogenic
proteins, such as vascular endothelial growth factor (VEGF)-A
and angiopoietin 1 (ANGPT1), was comparable between
expanded cell populations. Interestingly, proteins involved in
inflammation and platelet activation were enriched within
CdM generated from day 9 cells (Fig. 1B). For example, plate-
let activation-associated proteins significantly increased in

Figure 2. Diethylaminobenzaldehyde (DEAB)-treatment augmented the expansion of early myeloid progenitors with high ALDH-activity.
(A): Umbilical cord blood ALDHhi cells were isolated by fluorescence-activated cell sorting and expanded with or without DEAB-
treatment between days 3 and 6. (B): Representative flow cytometry plots showing DEAB-treatment enhanced (C) the frequency of
ALDHhi cells retained after 9 days (N 5 7). (D): Total cell expansion was not affected by DEAB-treatment, whereas (E): total ALDHhi cell
number was increased �25-fold under DEAB-treated conditions. (F): DEAB-treatment increased the hematopoietic colony forming capac-
ity of expanded cells seeded in methylcellulose media (N 5 5). (G): DEAB-treatment enhanced the production of colonies with multiple
myeloid phenotypes. Data represented as mean 6 SEM (*, p< .05; **, p< .01; ***, p< .001). Statistical analyses were determined by
paired Student’s t test. Abbreviations: BFU-E, burst forming unit-erythrocyte; CFU, colony forming unit; DEAB, diethylaminobenzaldehyde;
FSC, forward scatter; MNC, mononuclear cells; SSC, side scatter; UCB, umbilical cord blood.
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CdM generated from day 9 cells included integrin alpha-IIb
(ITGA2B, CD41), glycoprotein Ib (GP1B, CD42), glycoprotein IX
(GP9), and platelet endothelial aggregation receptor 1
(Fig. 1C). Flow cytometry was used to validate expression of
CD41 and CD42, classic markers of megakaryocyte-lineage dif-
ferentiation (Fig. 1D). These analyses demonstrated that
expansion of UCB-derived ALDHhi cells under Basal conditions
enriched for cells with a committed megakaryocyte (CD411/
CD421) phenotype as culture time progressed from 6 to 9
days (25.76 6 5.14% vs. 54.7 6 6.50%; *, p< .05; Fig. 1E).
Importantly, this end-stage megakaryocyte differentiation was
also associated with the loss of vascular regenerative capacity
after transplantation [28].

DEAB-Treatment Augmented ALDHhi Cell Expansion

ALDHhi cells represented only 2.47 6 1.33% Lin– cells (Fig.
2A) correlating to �0.5% of total MNC collected. In addition,
UCB ALDHhi cells rapidly reduce ALDH-activity (Fig. 2B) during
ex vivo expansion [28]. Therefore, ALDHhi cells were expanded
with or without DEAB-treatment, to inhibit ALDH-activity and
limit RA-induced differentiation during culture (Fig. 2B). Expo-
sure of cells to DEAB-treatment at days 3–6 was selected
based on the optimal preservation of ALDHhi cells during 6
and 9 days expansion ex vivo (Supporting Information Fig.
S1). Temporal DEAB-treatment from days 3 to 6 increased
expanded ALDHhi cell frequency at day 6 (40.98 6 8.43% vs.
13.85 6 2.38%; **, p< .01) and at day 9 (31.04 6 5.48% vs.
6.58 6 1.03%; **, p< .01; Fig. 2C). Total cell expansion kinet-
ics were equivalent over 9 days with or without DEAB-
treatment (82.62 6 9.51-fold vs. 79.22616.49-fold increase;
Fig. 2D.). Taken together, DEAB-treatment led to a 25.42 6

4.35-fold increase in ALDHhi cell numbers obtained after 9
days; a significant increase compared with Basal conditions
(5.40 6 1.27-fold increase; ***, p< .001; Fig. 2E). Therefore,
DEAB-treatment from days 3 to 6 during a 9-day expansion
protocol was selected for further assessment of primitive pro-
genitor cell phenotype and function.

RA-Signaling Was Modified following DEAB-Treatment

ALDH-activity leads to the production of RA, a potent driver
of hematopoietic differentiation. To validate that DEAB-
treatment modulated RA-signaling during expansion, we first
performed reverse transcriptase-qPCR on transcriptional tar-
gets of the RAR/RXR complex. Activation of the RAR/RXR
complex was expected to increase transcription of target

genes such as CYP26A1, ALDH1A3 isoform, and RAR [25].
DEAB-treatment significantly reduced transcription of
ALDH1A3, CYP26A1, and RARa subunit while transcription of
RARg was increased (Supporting Information Fig. S2). Collec-
tively, this suggested RA-signaling networks were modified fol-
lowing DEAB-treatment.

DEAB-Treatment Enriched for Cells with Multipotent
Myeloid Progenitor Function

To determine whether expanded cells retained hematopoietic
colony forming unit (CFU) functions in vitro, day 9 cultured cells
were seeded in methylcellulose media and enumerated for
myeloid-lineage colony formation after 14 days. DEAB-treated
cells demonstrated a significantly higher frequency (*, p< .05)
of total colony formation (1 CFU in 7.4 cells) compared with
cells expanded under Basal conditions (1 CFU in 13.3 cells; Fig.
2F). DEAB-treatment enriched specifically for early HPC with
myeloid multipotentcy; enumerated by colonies demonstrating
multiple myeloid morphologies (Fig. 2G). Thus, DEAB treatment
augmented the expansion of ALDHhi cells that retained multipo-
tent hematopoietic CFU capacity in vitro.

DEAB-Treatment Enriched for Cells with Primitive
Surface Marker Expression

To determine whether DEAB-treatment also prevented the
loss of primitive cell surface phenotype (ALDHhi/CD341/
CD38–) during expansion, cells were analyzed using multicolor
flow cytometry (Table 1). At day 9, expanded cells were exclu-
sively hematopoietic determined by pan-leukocyte marker
(CD45) expression (>99%), and the majority of Basal or DEAB-
treated cells expressed the early myeloid cell surface marker
CD33 (96.1 6 0.85 and 94.5 6 1.53%, Supporting Information
Table S1). Monocyte-specific marker (CD14) expression was
comparable between Basal and DEAB-treated conditions (2.96
6 1.23 vs. 4.08 6 1.64% of total cells). compared with Basal
conditions, expression of the hematopoietic differentiation
marker CD38 was significantly reduced following DEAB-
treatment (31.06 6 2.52 vs. 21.16 6 2.56% of total cells; **,
p< .01; Table 1). Futhermore, DEAB-treatment enriched for
cells with primitive ALDHhi/CD341 (2.18 6 0.42 vs. 6.20 6

0.73% of total cells; *, p< .05) and ALDHhi/CD341/CD38–

(2.29 6 0.35 vs. 5.46 6 0.59% of total cells; ***, p< .001)
phenotypes (Table 1). Collectively, DEAB-treatment generated
5- and 10-fold increase in the total number of ALDHhi CD341

or ALDHhi CD341/CD38– after 9 days, respectively (Supporting

Table 1. DEAB-treatment enhanced the expansion of cells with a primitive surface phenotype

Expanded HPC % of Total cells

Population Phenotype

Day 6

Basal

Day 6

DEAB

Day 9

Basal

Day 9

DEAB

BULK CD341 20.716 2.09 22.206 2.51 9.496 1.03 9.376 1.53
CO341 CD38– 11.776 2.14 17.19 6 2.09* 7.436 1.05 7.576 1.21
CD381 20.246 5.77 11.09 6 2.36* 31.066 2.52 21.16 6 2.56**

ALDHhi CD341 5.726 1.36 11.46 6 1.77* 2.186 0.42 6.20 6 0.73*
CD341 CD38– 2.776 0.70 9.20 6 1.36* 2.296 0.35 5.46 6 0.59***
CD381 6.226 1.95 5.316 0.90 2.956 0.84 8.94 6 1.73*

ALDHIo CD341 10.98 6 1.32* 6.346 1.48 5.646 0.80 2.47 6 0.76***
CD341 CD38– 7.016 1.17 5.566 1.36 3.966 0.69 1.75 6 0.58*
CD381 6.626 2.60 3.786 1.04 24.596 181 6.25 6 2.70***

Statistical analyses were determined by Student’s t test compared within each time point.
Data expressed as mean6 SEM (*p< 0.05, **p< 0.01, ***p< 0.001: N 5 5–9).
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Information Table S2). In contrast, Basal conditions generated
a modest 1.7- and 4.1-fold increase in the number of ALDHhi

CD341 or ALDHhi CD341/CD38–, respectively. Basal condi-
tions highly enriched for cells with mature hematopoietic cell
(ALDHlo/CD381) phenotype (24.59 6 1.81 vs. 6.25 6 2.70%
of total cells; ***, p< .001; Table 1). Collectively, DEAB-
treatment enhanced the expansion of hematopoietic cells
retaining ALDHhi-activity and primitive cell surface marker
expression patterns.

DEAB-Treatment Reduced Megakaryocyte Lineage
Maturation

Basal culture conditions led to UCB ALDHhi cell differentiation
toward a megakaryocyte phenotype as culture time pro-
gressed (Fig. 1). Therefore, we sought to determine whether
DEAB-treatment delayed differentiation of expanded ALDHhi

cells toward the megakaryocyte lineage (Fig. 3A). Although we
did not observe differences in the frequency of expanded cells
acquiring mature megakaryocyte phenotype (CD411/CD421)
at day 9 (Fig. 3B), DEAB-treatment significantly reduced the
frequency of CD411 cells that coexpressed CD38 (17.3 62.7
vs. 26.2 6 6.4% of CD411 cells; Fig. 3C; *, p< .05, and Sup-
porting Information Table S3). Furthermore, DEAB-treatment
significantly reduced the expression of CD38 on CD411/
CD421 megakaryocytes, compared with Basal conditions (*,
p< .05; Fig. 3D). Previous reports have also suggested that
expanded CD411/CD42– hematopoietic cells retain myeloid
multipotentcy in vitro and SCID-repopulating capacities in vivo
when coexpressing a CD341/CD38– phenotype [36]. At day 9,
DEAB-treatment enriched the CD411/CD42– megakaryoblast
fraction with primitive CD341/CD38– phenotype (13.1 6

2.4% vs. 8.2 6 2.0%; *, p< .05; Supporting Information Table

Figure 3. Diethylaminobenzaldehyde (DEAB)-treatment reduced differentiation toward megakaryocyte phenotype. (A): Schematic repre-
sentation of megakaryopoiesis and acquisition of mature megakaryocyte phenotype (CD41/CD421/CD381). (B): DEAB-treatment did not
alter CD41 and CD42 expression patterns at 6 or 9 days. (C): Representative flow cytometry plots showing reduced expression of CD38
on CD411/– cells generated under DEAB-treated conditions. (D): CD38 expression was reduced on megakaryocytes (CD411/CD421)
under DEAB-treated conditions. Data represented as mean 6 SEM (*, p< .05; N 5 5–8). Statistical analyses were performed by paired
Student’s t test. Abbreviation: DEAB, diethylaminobenzaldehyde.
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S3). Collectively, these results suggested that DEAB-treatment
delayed the maturation of CD411/CD42– megkaryoblasts by
delaying CD38 acquisition and loss of CD34 expression.

DEAB-Treated Cells Demonstrated a Pro-Survival and
Pro-Angiogenic Proteome

We used highly sensitive mass spectrometry to compare
global proteome changes after 9 days expansion under
either Basal (N 5 3) or DEAB-treated (N 5 3) conditions.
Expanded UCB ALDHhi cells generated a heterogeneous cell
population comprised of several hematopoietic cell types
after 9 days [28]; therefore, detectable changes in the global
proteome should reflect changes within influential signaling
networks. The proteomic profiles of these expanded cell
populations were remarkably similar. Of the 6,804 unique
proteins detected, only 121 proteins were unique to cells
harvested from DEAB-treated conditions, and 164 were
unique to cells harvested from Basal conditions, (Fig. 4A).
Proteins exclusively expressed under DEAB-treated conditions
were largely associated with anti-apoptotic activity (i.e.,
NEMO, IKBKG; Caspase Recruitment Domain-containing pro-
tein 6, CARD6; Supporting Information Table S4). Conversely,
proteins exclusive to Basal conditions included drivers of
apoptosis, including Fas cell surface death receptor (FAS)
(Supporting Information Table S5). Several proteins impli-
cated with mature hematopoietic cell functions (i.e., plasmin-
ogen activator; platelet-activating factor receptor; dendritic
cell-associated lectin 2; integrin subunit beta 7) were exclu-
sively produced under Basal conditions.

Of the 6,519 proteins common to cells from Basal and
DEAB-treated conditions, only 117 proteins demonstrated a
>1.2-fold or <1.2-fold difference comparing DEAB-treated to
Basal conditions (Fig. 4B, 4C). Common angiogenic factors
(ANGPT1; von Willebrand factor, vWF; and transforming
growth factor beta 1) were comparable in the proteome of
Basal and DEAB-treated cells. Interestingly, DEAB-treatment
primarily upregulated intracellular proteins involved in the
prevention of apoptosis (i.e., BCL2 family apoptosis regulator,
MCL1), in the preservation of progenitor cell function
(thrombopoietin receptor, MPL), or with cell motility such as
proto-oncogene C-Crk (CRK) and leucine rich repeat contain-
ing 16A. Cells harvested from Basal conditions upregulated
proteins primarily associated with HPC differentiation; includ-
ing Fibronectin (FN1), Serpin family B member 8 (SERPINB8),
lymphocyte antigen 75 (LY75), and adenosine deaminase 2
(CECR1). Validating our flow cytometry data, CD38 protein
levels were decreased 1.68-fold in cells harvested after
DEAB-treatment compared with Basal conditions. Collectively,
these analyses suggest that DEAB-treatment increased the
production of pro-survival proteins and decreased the
production of proteins associated with hematopoietic
differentiation.

Figure 4.

Figure 4. Distinct proteomic profiles for diethylaminobenzalde-
hyde (DEAB)-treated versus Basal cells. (A): Mass spectrometry
identified 6804 individual proteins across cell lysates. Of the
6,519 proteins detected in both Basal and DEAB-treated cells
(N 5 3), only 137 proteins were found to be (B) differentially
expressed (red circles, *, p< .05). (C): DEAB-treatment increased
production of anti-apoptotic proteins, including myeloid cell
leukemia-1 (MCL1) and thrombopoietin receptor (MPL).
Decreased detection of differentiation factors including CD38,
CECR1, SERPINB8, and Fibronectin (FN1) was also observed in
DEAB-treated cells. Statistical analyses were performed by stu-
dents t test. Abbreviation: DEAB, diethylaminobenzaldehyde.
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Transplantation of DEAB-Treated Cells Accelerated the
Recovery of Perfusion

We have previously shown that extended culture of UCB

ALDHhi cells resulted in the loss of vascular regenerative

functions after transplantation in vivo [28]. Therefore, we

sought to determine whether DEAB-treatment could gener-

ate cells that retained vascular regenerative function follow-

ing transplantation into mice with hind-limb ischemia. After

unilateral FAL surgery, non-obese diabetic/severe combined

immunodeficient (NOD/SCID) mice with hind-limb ischemia

(Perfusion Ratio, PR; PR< 0.1) received i.m. injection of UCB

ALDHhi cells expanded for 9 days under Basal or DEAB-

treated culture conditions. Transplantation of 5.0 3 105 cells

generated under Basal conditions failed to improve limb per-
fusion from baseline recovery observed with PBS-injected
controls (PR5 0.58 6 0.04 vs. 0.49 6 0.05 at day 35,
respectively; Fig. 5A, 5B). However, i.m.-transplantation with
5.0 3 105 cells generated under DEAB-treated conditions
significantly increased limb perfusion as early as day 21,
compared with PBS controls (0.70 6 0.04 vs. 0.43 6 0.03;
**, p< .01), and improved limb perfusion persisted until day
35 post-transplantation (0.76 6 0.06; **, p< .01). Limb
usage assessed by Catwalk paw print area measurements for
all groups were equivalent at day 35. However, at 7 days
post-transplantation mice that received DEAB-treated cells
showed modestly improved limb usage compared with PBS-
controls (p 5 .17).

Figure 5. Diethylaminobenzaldehyde (DEAB)-treated cells accelerated the recovery of limb perfusion after transplantation. (A):
Representative laser Doppler perfusion imaging following femoral artery ligation and intramuscular (i.m.) transplantation of phosphate-
buffered saline (PBS) (n 5 7), 5 3 105 Basal cells (n 5 11) or 5 3 105 DEAB-treated cells (n 5 11). Perfusion ratio (PR) in the ischemic
(orange box) versus non-ischemic (yellow box) limbs are shown in white text. (B): Non-obese diabetic/severe combined immunodeficient
mice were i.m. injected with Basal cells showed similar recovery of perfusion compared with PBS controls (day 35 PR5 0.586 0.04 vs.
0.496 0.06; respectively). Transplantation of DEAB-treated cells enhanced the recovery of limb perfusion compared with PBS vehicle
controls or Basal cells at days 21–35. (C): Paw area ratio of ischemic vs. non-ischemic limb measure at 7 and 35 days post-
transplantation (n 5 5–7). DEAB-treated cells modestly increased limb usage at 7 days post-transplantation, although limb usage was
equal across transplantation conditions at day 35 post-transplantation. Data represented as mean6 SEM (*, p< .05, **, p< .01). Statis-
tical analyses were performed by analysis of variance with Tukey’s multiple comparisons test relative to PBS-injected mice. Abbreviation:
DEAB, diethylaminobenzaldehyde.
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Transplantation of DEAB-Treated Cells Stimulated
Endothelial Cell Proliferation and Increased Capillary
Density within Ischemic Limbs

To investigate potential mechanisms by which DEAB-treated
cells accelerated the recovery of limb perfusion, vascular den-
sity was assessed alongside human cell engraftment kinetics

at day 7 and day 35 post-transplantation in ischemic thigh
muscle tissue sections. Human cell engraftment was detected
within ischemic thigh muscles at 7-days post-transplantation
with either Basal or DEAB-treated cells (Supporting Informa-
tion Fig. S3). Compared with Basal cells, DEAB-treated cells
demonstrated a trend toward increased engraftment within

Figure 6. Transplantation of diethylaminobenzaldehyde (DEAB)-treated cells increased capillary density via increasing murine endothe-
lial cell proliferation. Non-obese diabetic/severe combined immunodeficient mice transplanted with either phosphate-buffered saline
(PBS) (n 5 5), Basal cells (n 5 6), or DEAB-treated cells (n 5 6) were injected with EdU 24 hours before euthanasia at 7 days post-
transplantation. (A): Representative confocal images (310) of cryosectioned thigh muscles stained for endothelial cell marker (CD31)
and EdU-incorporation (Alexafluor 594).(B): Representative confocal image (340) of endothelial cell proliferation (EdU1/CD311) in the
ischemic limb of mice transplanted with DEAB-treated cells. (C): Mice transplanted with DEAB-treated cells had a significantly increased
number of proliferating endothelial cells within the ischemic limb, compared with PBS-injected or Basal cell transplanted mice. (D):
Intramuscular transplantation of DEAB-treated cells increased CD311 capillary density in ischemic limbs of mice killed at day 35 (n 5 7–
11). Data represented as mean6 SEM.( *, p< .05; **, p< .01). Statistical analyses were performed by analysis of variance with Tukey’s
multiple comparisons test. Scale bar5 150 lm. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; DEAB, diethylaminobenzaldehyde;
PBS, phosphate-buffered saline.
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the ischemia thigh muscle (1.256 0.21 vs. 0.836 0.11 HLA1

cells/mm2, n 5 4, p 5 .13). Moreover, transplanted cells were
not detected after 35-days post-transplantation. Mice were
injected with EdU 24 hours before euthanasia to allow quanti-
fication of proliferating CD311 endothelial cells. At day 7
post-transplantation, mice transplanted with DEAB-treated
cells showed an increased number of EdU1/CD311 cells/
mm2 within ischemic thigh muscle, compared with mice
injected with cells generated under Basal conditions (3.06 6

1.08 vs. 0.67 6 0.27, *, p< .05) or PBS (0.11 6 0.11, **,
p< .01; Fig. 6A, 6B). Augmented endothelial cell proliferation
corresponded to increased CD311 capillary density at day 35
with DEAB-treated cells (*, p< .05; Fig. 6C). In addition, mice
transplanted with DEAB-treated cells increased the number of
larger vessels expressing vWF at day 35 (Supporting Informa-
tion Fig. 4), compared with PBS-injected controls. Collectively,
DEAB-treated cells survived for at least 7 days post-
transplantation and stimulated endothelial cell proliferation
leading to increased vascular density in the ischemic limb.

DISCUSSION

Blood-derived progenitor cells with ALDHhi-activity demon-
strate multifaceted regenerative functions in preclinical stud-
ies [12, 15]. However, it is becoming well accepted in
preclinical studies that harvesting autologous cells from the
BM of individuals with diffuse atherosclerosis [19] and associ-
ated comorbidities such as obesity and type 2 diabetes [20,
37], results in the accrual of progenitor cells with depleted
numbers and dysfunctional vascular regenerative capacity. The
use of allogenic UCB cells with limited exposure to damaging
metabolic by-products of chronic disease [24] may mitigate
progenitor cell exhaustion and facilitate the development of
cellular therapies with improved efficacy. UCB represents a
readily accessible source of regenerative cells, usually consid-
ered discarded material, and is easily harvested with no risk
to either the newborn or mother. Recent establishment of
national cord blood banking programs generates a renewable
multidonor pool with increased diversity for HLA-matching
and subsequent use in allogeneic therapeutic applications. A
phase I clinical trial (NCT01019681) was recently initiated to
determine the safety and efficacy of UCB-MNC; however,
these results have yet to be reported. We have previously
demonstrated enhanced vascular regenerative functions of
UCB-derived ALDHhi cells compared with unpurified UCB-MNC
[12]. However, ALDHhi cells only represent <0.5% of total
UCB-MNC and require ex vivo expansion to increase the num-
ber of progenitor cells needed to support early preclinical
studies. Herein, we demonstrate an expansion strategy and
early preclinical evidence which indicates expanded allogeneic
UCB ALDHhi cells could be used for treating severe ischemic
disease [16].

UCB ALDHhi cells are primarily comprised of early myeloid
HPC [12] that can be efficiently expanded in short-term culture
under serum-free conditions [28]. Unfortunately, when culture
time was extended from 6 to 9 days, the vascular regenerative
function of expanded progeny was diminished after i.m.-trans-
plantation into NOD/SCID mice with hind-limb ischemia [23].
This led us to speculate that prolonged culture time under
serum-free (Basal) conditions reduced pro-angiogenic growth

factor production and/or secretion, such as VEGF-A, from
expanded progeny. Despite robust differentiation toward the
megakaryocyte lineage between days 6 and 9, we did not
observe significant decrease in secreted levels of common pro-
angiogenic growth factors (VEGF-A, ANGPT1, CCL5). In contrast,
we observed an increased expression of megakaryocyte
lineage-specific proteins, including CD41 (ITGA2B) and CD42
(GPIB). Specifically, flow cytometry analyses demonstrated a
reduction of primitive surface marker (CD34) expression along-
side diminished ALDH-activity, which coincided with the acquisi-
tion of a mature megakaryocyte phenotype (CD411/CD421/
CD381).

Megakaryocytes represent large hematopoietic cells (50–
100 lm) which release platelets into systemic circulation
through the fragmentation of proplatelet extensions that pro-
trude into vascular sinuses of the BM niche. The turnover of
circulating platelets is frequent (<9 days); therefore, the con-
sistent production of platelets is necessary to ensure vessel
hemostasis and injury repair [38, 39]. Platelet-derived CD42
binds to vWF on exposed subendothelium collagen during
vascular injury, the subsequent activation of platelets will
stimulate soluble protein and extracellular vesicle secretion
into the local microenvironment and systemic circulation.
These stimuli recruit and activate biological processes within
endothelial or hematopoietic cells [38, 40, 41]. Specifically,
platelet-derived stimuli (i.e., VEGF-A) influence both angio-
genic and inflammatory pathways during wound healing and
vascular regeneration in vitro and in vivo [39, 40, 42]. To our
knowledge, this is the first study to characterize and investi-
gate the vascular regenerative potential of a culture-
expanded, megakaryocyte-enriched cell population for treating
ischemic disease. Indeed, the acquisition of a mature mega-
karyocyte phenotype (CD411/CD421/CD381) and concomi-
tant loss of ALDHhi-activity under Basal conditions diminished
the vascular regenerative capacity of UCB-derived ALDHhi

cells.
Chute et al. were the first to show that DEAB-treatment

enhanced the expansion of UCB-derived CD341 CD38– cells
with SCID repopulating capacity. Specifically, DEAB-treated cul-
tures were enriched 11.6-fold with cells retaining primitive
CD341/CD38– phenotype after 7 days. The benefit of DEAB-
treatment was reversed after RA-supplementation, suggesting
that inhibition of ALDH-activity promoted HSC self-renewal via
reduced RA-production. Our study extends these findings to
show that inhibition of ALDH-activity and RAR/RXR complex
activation could modify the transcription of downstream tar-
gets (i.e., CYP26A1) [29]. Despite equal expansion of CD341

cells compared with Basal conditions, DEAB-treated progeny
better retained a primitive phenotype, with a 15-fold expan-
sion in CD341 CD38– cells and an 11-fold expansion of the
most primitive ALDHhi/CD341/CD38– cells. Importantly, DEAB-
treatment significantly increased multipotent myeloid colony
formation in vitro, suggesting that ALDHhi activity can segre-
gate multipotent CD341 cells from committed, unipotent
ALDHlo CD341 cells [43].

Under Basal conditions, rapid loss of ALDHhi-activity coin-
cided with the acquisition of mature hematopoietic surface
marker, CD38. In contrast, DEAB-treatment enhanced reten-
tion of ALDHhi phenotype and reduced CD38 expression.
CD38 (Cyclic Ribose ADP Hydrolase) is a multifunctional
enzyme implicated with intracellular Ca1 signaling, platelet
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aggregation, and adhesion of leukocytes to CD311 endothe-
lial cells [44, 45]. CD38 is also a direct target of RA-signaling
[27], suggesting that DEAB-treatment limited CD38 expression
by modifying RA-signaling networks. Furthermore, DEAB-
treated cell lysates exhibited increased levels of MCL1 and
MPL, cellular proteins implicated with progenitor cell mainte-
nance [46, 47]. Conversely, Basal conditions, increased the
expression of proteins implicated with hematopoietic differen-
tiation (i.e., CECR1, FN1, SERPINB8, and LY75). Collectively,
flow cytometry and proteomic data confirmed DEAB-
treatment enhanced the expansion of multipotent HPC by lim-
iting RA-induced differentiation.

We next investigated whether differentiation toward the
megakaryocyte lineage was delayed by the inhibition of RA-
production. Commitment to the megakaryocyte lineage is
marked by the acquisition of CD41 (ITGA2B), whereas CD42
(GP1B) expression occurs later in megakaryopoiesis [48]. How-
ever, acquisition of CD41 and CD42 expression was not
altered by DEAB-treatment. This was not a surprise consider-
ing treatment with TPO and FLT-3L is known to drive early
megakaryopoiesis and increase CD41 expression during ex
vivo expansion [49]. Several reports have suggested that cells
with the immature megakaryoblast phenotype (CD341/
CD38–/CD411/CD42–) retain multipotentcy in vitro and in
vivo [36, 50, 51]. DEAB-treatment increased the accumulation
of CD341/CD38– progenitor cells and delayed the acquisition
of CD38 within the megakaryoblast lineage (CD411/CD42–).
DEAB-treatment also limited the production of mature mega-
karyocytes (CD411/CD421/CD381); suggesting that inhibi-
tion of RA-production delayed differentiation at multiple
stages of megakaryopoeisis.

Although the secretome and proteome of day 9 Basal cells
showed similar expression of pro-angiogenic stimuli (i.e.,
VEGF-A), day 9 Basal cells did not support the recovery of
perfusion after i.m. transplantation into the ischemic limb of
NOD/SCID mice. In contrast, DEAB-treated cells accelerated
the recovery of blood perfusion by increasing endothelial cell
proliferation in ischemic muscle tissue. Both Basal and DEAB-
treated cells were detected 7-days post-transplantation, but
were absent at day 35. DEAB-treated cells demonstrated a
trend toward increased engraftment and were found to be
closely associated with proliferating endothelial cells, however,
did not engraft into murine vasculature. Thus, we predict that
survival and/or migration to a regenerative niche is compro-
mised in day 9 Basal cells following i.m.-transplantation. In
support of this interpretation, day 9 Basal cells exclusively
expressed proteins implicated with the induction of apoptosis,
including FAS [52]. In contrast, DEAB-treated cells exclusively
expressed several pro-survival molecules (i.e., CARD6, MCL1,
KRT18, etc.), in addition to retaining the cytoprotective func-
tions of ALDHhi-activity. Further studies are warranted to
determine the role of apoptotic and pro-survival pathways
identified in this study. Several studies have demonstrated
increased regenerative cell function by pre-treating cells with
small molecules to enhance survival following transplantation
[53, 54]. Our data suggest DEAB-treatment generated hetero-
geneous myeloid cell progeny with pro-angiogenic secretory
capacity that were more likely to survive i.m.-transplantation
into a harsh ischemic microenvironment. Furthermore, our
data suggest ALDHhi -activity and reduced CD38 expression
may be a characteristic of vascular regenerative

hematopoietic cells. Especially considering day 9 DEAB-
treated, day 6 Basal, and fresh UCB ALDHhi cells [12] share
these characteristics (ALDHhi/CD38lo), in contrast to day 9
Basal cells with diminished vascular regenerative functions
(ALDHlo/CD38hi).

Both Basal and DEAB-treated cells were identified by pro-
teomics to equally express integrin complexes including
CD41,CD61, CD18, and CD29 after culture on fibronectin. Acti-
vation of integrin signaling is expected to increase trans-
planted cells survival and/or migration. In contrast,
detachment induced apoptosis could negatively impact trans-
planted cell engraftment. In addition, UCB ALDHhi cells cul-
tured under Basal conditions for 9 days increased the
production of extracellular matrix (ECM) molecules (fibronec-
tin and collagen), compared with DEAB-treated cells. The
increased production of ECM molecules is characteristic of
cells within the megakaryocyte lineage that could potentially
limit bio-distribution throughout the ischemic muscle. Addi-
tional studies are needed to specifically address whether pre-
exposure to a matrix influences the engraftment and bio-
distribution of transplanted progenitor cells. Interestingly,
Whiteley et al. demonstrated UCB-derived CD341/CD451

cells cultured for 8 days, engrafted ischemic murine muscle
tissue at a higher rate than uncultured CD341 cells or MNC,
suggesting that ex vivo culture may benefit cellular therapies
for PAD [55]. Several early trials have reported modest clinical
benefits following the i.m. transplantation of expanded pro-
genitor cells from autologous BM or peripheral blood [56,
57]; however, these trials were unable to improve limb ampu-
tation rates.

In summary, our previous studies established that UCB
ALDHhi cells and day 6 expanded progeny temporally engraft
ischemic muscle tissues and induce neovascularization in
NOD/SCID mice with hind-limb ischemia [28]. Unfortunately,
the low number of transplantable cells would limit or impede
a controlled clinical study to effectively investigate currently
unestablished parameters of expandable UCB-cells, such as
clinical efficacy and cell dose. This study demonstrates limiting
RA-induced differentiation during UCB-cell expansion can
expand total cell number by �80-fold, and total ALDHhi cells
by �25-fold, without a significant loss of vascular regenerative
function. Therefore, we consider these results early preclinical
evidence that reasonable cell numbers can be generated from
a single UCB sample to assess currently undetermined param-
eters leading to improved efficacy, such as cell dose, pheno-
type (ALDH, CD34, CD38, etc.), or therapeutic cell source (BM
vs. UCB). Collectively, (a) advanced understanding of signaling
pathways which drive progenitor cell differentiation, (b) iden-
tification of vascular regenerative cell subpopulations, and (c)
improving culture conditions to facilitate cell type specific
expansion is warranted for the development of effective vas-
cular regenerative therapies.
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