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Abstract
Human stem cell populations that express high aldehyde dehydrogenase activity [ALDHbr cells] have angiogenic 

activity in preclinical models and have been used safely to treat patients in early clinical trials. Bone marrow ALDHbr 
cells are being developed for therapeutic use in ischemic cardiovascular diseases. The mechanisms by which 
ALDHbr cells repair ischemic tissue are unknown, but available data suggest that angiogenic factors released by 
ALDHbr cells are involved. Gene expression studies were performed, and bone marrow ALDHbr cells were found 
to express 69 of 84 angiogenic factors tested. The 25 most highly expressed genes included soluble cytokines 
and growth factors, cytokine receptors, extracellular matrix proteins, and cell-cell signaling receptors. ALDHdim 
bone marrow cells that do not express high levels of ALDH and that have no angiogenic activity in preclinical 
models expressed a different group of genes. CD105 and Ephrin B4 transcripts were expressed about 65-fold more 
highly in ALDHbr than ALDHdim cells, and expression of these proteins was demonstrated in ALDHbr cells by flow 
cytometry. Expression analysis probing all 19 ALDH isozymes and immunofluorescence both demonstrated that 
ALDH1A1, an enzyme that can generate retinoic acids from retinaldehyde, was the ALDH isozyme most highly 
over expressed in ALDHbr cells compared to ALDHdim cells. Transwell studies demonstrated that ALDHbr cells 
responded to hypoxic conditions and to factors released from human endothelial vein cells (HUVEC) with changes 
in expression of specific angiogenic factors. Soluble factors released from ALDHbr cells in transwell cultures under 
hypoxic conditions stabilized endothelial tubules formed by HUVEC. The results are consistent with the hypothesis 
that human bone marrow ALDHbr cells can promote angiogenesis in ischemic tissues of patients with cardiovascular 
disease by several mechanisms including the release of soluble mediators.	
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Introduction
Restoration of blood flow to ischemic tissue may provide new 

treatment possibilities in cardiovascular disease. Various methods 
of inducing therapeutic angiogenesis, including treatment with 
recombinant angiogenic growth factor proteins and gene therapy 
constructs have been tested in clinical trials [1-5], but no technology 
is currently approved to drive angiogenesis for ischemic diseases in 
a clinical setting. Angiogenesis requires the orchestration of complex 
cellular and molecular events [6], and a single angiogenic factor, even 
delivered over a long period of time, may not be capable of inducing 
the full cascade of events necessary for restoration of tissue perfusion. 
Therapeutic cell populations, including bone marrow stem cells, have 
the potential to interact with ischemic tissues and deliver the variety of 
necessary factors in the correct spatial and temporal milieu, and several 
candidate cell products are in clinical development [7-13]. 

Cell populations with high aldehyde dehydrogenase (ALDH) 
enzymatic activity (ALDHbr cells) sorted from cord blood [14,15] 
and bone marrow [16,17] are among the candidates therapies being 
investigated to treat cardiovascular diseases [18].  Autologous ALDHbr 
bone marrow cells have been used safely in clinical trials to treat adults 
with critical limb ischemia [19] and ischemic heart failure [20]. These 
trials provided clinical evidence for increased perfusion in the area of 
the damaged heart or leg injected with ALDHbr cells. Human ALDHbr 
cells home to sites of ischemic damage and have angiogenic activity in 
mouse models of hind limb ischemia [17], acute myocardial infarction 
[21], and pancreatic islet regeneration [22], and the restoration of tissue 
perfusion in the clinical studies may reflect this angiogenic activity.   

The mechanisms of by which ALDHbr cells promote formation 
of new blood vessels in ischemic tissue are not known. ALDHbr 
cell populations are enriched in endothelial, mesenchymal, and 
hematopoietic progenitor cells that could play a direct role in forming 
new vessels [16,17]. However, these cells have not been observed to 
contribute significantly to newly formed vessels in vivo [16,21,22], 
suggesting that ALDHbr cells may secrete paracrine factors that 
regulate endothelial differentiation, division or survival under the 
conditions in ischemic tissue. Such factors could include extra-cellular 
matrix molecules that provide adhesion sites to endothelial cells, 
soluble chemokines and growth factors that promote endothelial cell 
migration, or other intercellular signaling molecules [6].  Retinoids 
are paracrine signaling molecules that are particularly interesting to 
consider in the context of ALDHbr cells, since these cells are defined 
by high ALDH activity and four of the 19 human ALDH isozymes 
generate retinoic acids from retinaldehydes [23]. Retinoids can have 
both pro- or anti-angiogenic effects by modulating endothelial cell 
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cytokine and growth factors expression [24-33], migration [34-36], and 
vasculogenesis [37-40]. 

Identifying the specific paracrine angiogenic regulators expressed 
by ALDHbr cells may help elucidate the mechanisms by which 
ALDHbr cells promote angiogenesis. In the work presented here, 
gene expression arrays and flow cytometric and immunofluorescence 
analysis were used to study expression of angiogenic factors and ALDH 
isozymes by freshly isolated human bone marrow ALDHbr cells. How 
ALDHbr cells regulate expression of angiogenic factor genes when 
exposed to hypoxia and to hypoxic endothelial cells was also explored 
to identify angiogenic factors ALDHbr cells may express in ischemic 
tissue. Because experiments in the hind limb ischemia mouse model 
have suggested that the population of bone marrow mononuclear 
cells that do not over express ALDH (ALDHdim cells) can inhibit the 
angiogenic activity of ALDHbr cells [17], expression of angiogenic 
factors by ALDHbr and ALDHdim cells was compared. To explore the 
hypothesis that retinoids produced by ALDHbr cells might be among 
the paracrine factors that regulate angiogenesis, expression arrays were 
used to determine which ALDH human isozymes are over expressed in 
marrow and cord blood ALDHbr cells. Finally, an in vitro system was 
established to determine if paracrine factors released from ALDHbr 
cells can protect human endothelial cells from ischemic damage.  

Materials and Methods 
ALDHbr cell preparation

Bone marrow and cord blood units obtained from donors who 
had given informed consent under protocols approved by local 
institutional review boards were processed to remove red blood cells 
by the Sepax RM (Biosafe America, Inc., Houston, TX) automated 
density gradient protocol followed by lysing with ammonium chloride.   
Cells were then reacted with biodipy aminoacylacetaldehyde (BAAA), 
a fluorescent substrate for ALDH [14], and ALDHbr cells were isolated 
by fluorescence activated cell sorting [16]. Bone marrow mononuclear 
cells depleted of detectable ALDHbr cells by cell sorting (ALDHdim) 
were sorted from the same marrows and analyzed [16].

Quantitative polymerase chain reaction [qRT-PCR]

mRNA was isolated and purified from ALDHbr and ALDHdim 
cells using the Qiagen RNEasy Mini Plus kit. SABiosciences First Strand 
kit was used to generate cDNA templates and SYBR green based RT2-
PCR arrays were used for gene array analysis. Arrays contained PCR 
controls and housekeeping gene controls and either 84 angiogenic gene 
factors or the 19 ALDH isozymes. All primer sequences are available 
at http://www.sabiosciences.com. The delta threshold cycle (ΔCt) 
was compared between conditions to control for marrow to marrow 
variability, and the ∆∆Ct method was used to determine relative gene 
expression between different cell populations. Genes with at least 
a four-fold difference in expression were considered differentially 
expressed. All data analysis was carried out using software provided 
online at http://www.sabiosciences.com/pcrarraydataanalysis.php.

Flow cytometric analysis of cell surface antigens

ALDHbr cells were stained with fluorescent antibodies to cell 
surface markers as previously described [16]. PE-Cy5 conjugated anti-
CD34 (BD Biosciences), PE conjugated anti-Ephrin receptor B4 (R&D 
Systems), and APC conjugated anti-CD105 (BD Biosciences) were 
used. Flow cytometry was carried out using a FACS Calibur, and data 
analysis was carried out using CellQuest software. 

Transwell assays of release of paracrine factors by ALDHbr 
cells

Human umbilical cord vein endothelial cells (HUVEC) (Lonza, 
Inc.,Gaithersburg, MD) were maintained in endothelial growth 
medium 2 (EGM2, Lonza) and used between passage 2 and 5. HUVECs 
were plated on thick Matrigel® (BD Biosciences,) gels in a 24 well 
plate (70,000 cells/well) and tubules were allowed to form overnight 
as described by the manufacturer. ALDHbr cells (50,000 cells/well) 
were then added to a 0.4 µm Transwell® (Millipore, Inc.) inserted 
into the culture well. Transwell cultures were incubated under either 
normal or hypoxic, high CO2 conditions (1%O2 and 20%CO2) for 24 
hours. Tubules were imaged before addition of ALDHbr cells and 
after 24 hour co-culture using an Olympus IX50 inverted microscope. 
Random fields from five replicates per condition were imaged and the 
study was repeated with four ALDHbr cell isolations (total number of 
branches counted ≥50 per condition per study). The number of intact 
tubule branches was counted for each culture condition, and the ratio 
of tubule branches preserved under hypoxic conditions to tubule 
branches preserved under normoxic conditions was used to control for 
intrinsic tubule degradation.

Immunofluorescence of ALDH1A1 expression

Cytospin preparations of bone marrow ALDHbr and 
ALDHdim cells were reacted with monocolonal rabbit anti-human 
ALDH1A1antibody clone EP1933Y (Epitomics, Inc., Burlingame, 
CA) followed by a FITC-conjugated goat anti-rabbit IgG (Jackson 
ImmunoResearch Laboratories, West Grove, PA). Nuclei were 
counter-stained with DAPI. According to the manufacturer, EP1933Y 
recognizes an epitope between residues 325-350 of human ALDH1A1. 
BLAST searches revealed that human and rabbit ALDH1A1 sequences 
in this region differ only at residues 335-339 (human TPGVT vs. rabbit 
APEVN), and that only human ALDH1A2 and 1A3 have significant 
homology to ALDH1A1 in this region.

Results
Angiogenic gene expression profiling

The expression of angiogenic genes by ALDHbr cells was 
determined by qRT-PCR using an array containing 84 angiogenic 
genes. Expression of 69 genes was detected (ΔCt <14); the other 15 genes 
were not expressed. The 25 most highly expressed genes (ΔCt <11) are 
listed in order of decreasing expression in Table 1. The highly expressed 
genes, which include soluble growth factors and chemokines, cytokine 
receptors, intracellular signaling molecules and extra-cellular matrix 
(ECM) molecules, have diverse functions in angiogenesis, indicating 
that freshly isolated bone marrow ALDHbr cells express transcripts for 
a variety of different types of angiogenic factors.

ALDH isozyme expression analysis

A gene array of ALDH isozymes was used to determine whether 
ALDHbr cells over express the ALDH isozymes that generate retinoic 
acids that may modulate angiogenesis. Bone marrow and cord blood 
ALDHbr cells were studied, since both show angiogenic activity in 
preclinical animal models. Both cell populations expressed the same 
11 ALDH isozymes [ΔCt <12, ALDH1A1, 1B1, 2, 3B1, 4A1, 5A1, 6A1, 
7A1, 9A1, 16A1, and 18A1] and did not express the same 8 isozymes 
[ΔCt >12, ALDH1A2, 1A3, 1L1, 1L2, 3A1, 3B2, 8A1]. Although the 
relative expression of the isozymes in cord blood and bone marrow 
ALDHbr cells was very similar, ALDH4A1, ALDH9A1, and ALDH1B1 
were significantly more highly expressed in bone marrow ALDHbr 
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cells, and ALDH2 was more highly expressed in cord blood ALDHbr 
cells. Significantly, of the four isozymes that can oxidize retinaldehyde 
[ALDH 1A1, 1A2, 1A3, 8A1], only one isozyme, ALDH1A1, was 
expressed in ALDHbr cells, and it was more than 10-fold more highly 
expressed than ALDH9A1, the only other cytoplasmic ALDH isozyme 
expressed in ALDHbr cells.  

Differential gene profiles of ALDHbr and ALDHdim cells

To identify the angiogenic factors that may contribute to the 
difference in angiogenic activity of ALDHbr and ALDHdim cells that 

has been observed in preclinical models, the differential expression 
of angiogenic factors was analyzed (Table 1). The top section of the 
Table compares the expression of the 25 (ΔCt >10) genes most highly 
expressed in ALDHbr cells to their expression in ALDHdim cells, and 
the bottom section of Table 1 includes genes that were weakly expressed 
by ALDHbr cells. Only genes showing a difference in expression 
between ALDHbr and ALDHdim cells that was greater than 4-fold, or, 
if less than 4-fold, was statistically significant [p<0.05] were included in 
the bottom section of Table 1. Expression of 43 genes [TGFA, TGFBR1, 
NRP1, ITGAV, CCL2, PLAU, EFNA3, HPSE, LAMA5, ANGPT2, 

  ALDHbr ALDHdim ALDHbr vs. ALDHdim

Symbol Description mean ∆Ct SD mean ∆Ct SD Fold change p value

Most highly expressed genes in ALDHbr cells
ENG CD105 [endoglin] 4.31 0.95 10.38 1.44 66.93 0.04

TIMP1 TIMP metallopeptidase inhibitor 1 4.78 0.23 5.26 0.11 1.39 0.03
IL8 Interleukin 8 4.79 1.59 2.11 0.20 -6.38 <0.001

TGFB1 Transforming growth factor, beta 1 5.39 0.52 4.05 0.59 -2.54 0.03
EREG Epiregulin 5.41 0.90 6.11 0.27 1.63 0.20
EPHB4 EPH receptor B4 5.94 0.59 11.96 0.23 64.60 0.01
AKT1 V-akt murine thymoma viral oncogene homolog 1 6.02 0.76 7.10 0.13 2.11 0.10
HIF1A Hypoxia inducible factor 1, alpha subunit 6.60 0.51 5.44 0.23 -2.24 0.01
SPHK1 Sphingosine kinase 1 7.06 0.78 10.28 0.22 9.30 0.01

COL18A1 Collagen, type XVIII, alpha 1 7.30 0.91 10.76 0.73 10.97 0.03
VEGFA Vascular endothelial growth factor A 7.39 0.84 7.91 0.03 1.43 0.24
TIMP2 TIMP metallopeptidase inhibitor 2 8.00 1.26 6.02 0.82 -3.95 0.08
ANPEP Alanyl (membrane) aminopeptidase 8.36 1.85 7.21 1.00 -2.23 0.28
S1PR1 Sphingosine-1-phosphate receptor 1 8.53 0.39 4.81 0.70 -13.15 0.01
FGFR3 Fibroblast growth factor receptor 3 8.80 0.62 12.25 0.43 10.87 0.01
MMP2 Matrix metallopeptidase 2 (Collagenase) 8.83 1.43 13.31 0.27 22.44 0.07
MDK Midkine (neurite growth-promoting factor 2) 9.03 1.21 11.13 0.64 4.28 0.11

MMP9 Matrix metallopeptidase 9 (Collagenase) 9.18 0.92 2.44 0.94 -106.64 0.02
ID1 Inhibitor of DNA binding 1 9.33 0.39 8.49 0.33 -1.79 0.02

PTGS1 Prostaglandin-endoperoxide synthase 1 9.40 0.54 12.21 0.74 7.01 0.02
PROK2 Prokineticin 2 9.45 2.37 7.44 1.44 -4.02 0.33
TYMP Thymidine phosphorylase 9.50 0.38 6.62 0.67 -7.34 0.01

SERPINF1 EDG1 9.61 0.77 9.86 0.56 1.19 0.55
IL1B Interleukin 1, beta 9.63 1.44 6.83 0.46 -6.97 <0.001

PECAM1 CD31 9.69 2.57 7.90 6.91 -3.45 0.29
Other genes differentially expressed in ALDbr vs. ALDHdim cells

TEK TEK tyrosine kinase, endothelial 10.57 1.12 13.32 0.52 6.75 0.14
TNFAIP2 Tumor necrosis factor, alpha-induced protein 2 10.78 0.62 8.53 0.19 -4.77 <0.001
CXCL1 Chemokine (C-X-C motif) ligand 1 10.82 1.77 7.64 1.42 -9.10 0.11
THBS1 Thrombospondin 1 10.97 1.69 8.24 1.18 -6.64 0.05

ID3 Inhibitor of DNA binding 3 10.99 0.49 7.51 0.16 -11.14 <0.001
ANGPT1 Angiopoietin 1 11.15 0.81 13.94 0.90 6.96 0.03

TNF Tumor necrosis factor 11.76 1.22 6.17 0.74 -48.27 0.01
EFNB2 Ephrin-B2 12.66 0.95 11.10 0.41 -2.94 0.03
VEGFC Vascular endothelial growth factor C 12.99 1.96 10.19 5.73 -6.96 0.29

IL6 Interleukin 6 (interferon, beta 2) 13.96 0.45 9.22 0.96 -26.86 0.04
IFNG Interferon, gamma 13.99 0.92 7.66 0.89 -80.49 0.01

PLXDC1 Plexin domain containing 1 14.00 1.12 11.23 1.77 -6.83 0.13
CXCL6 Chemokine (C-X-C motif) ligand 6 14.69 0.70 10.38 1.08 -19.87 0.05
KDR Kinase insert domain receptor/VEGF receptor 15.08 1.22 13.24 0.61 -3.60 0.03

COL4A3 Collagen, type IV, alpha 3 15.19 1.22 13.55 0.44 -3.10 0.04
HAND2 Heart and neural crest derivatives expressed 2 15.19 1.22 13.30 0.54 -3.70 0.02

Table 1: Expression of angiogenic genes by ALDHbr and ALDHdim cell populations of human bone marrow cells.    Top section. QRT-PCR based expression data 
for the 25 gene products most highly expressed in ALDHbr cells are listed in order from the most to least abundant transcript. The Fold Change columns shows the fold 
up-regulation [positive numbers, red] or down regulation [negative numbers, blue] of expression of ALDHbr cells compared to ALDHdim cells. The last column indicates 
the p-value [t-test] for the fold regulation of expression between the populations. Bottom Section. Expression data for other genes selected as described in the text.
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FIGF, NRP2, ANGPTL3, ANGPTL4, ITGB3, THBS2, IGF1, CXCL9, 
CXCL10, LECT1, PDGFA, EGF, CXCL5, FLT1, IFNB1, BAI1, FGF2, 
PGF, SERPINF1, PF4, CXCL3, HGF, JAG1, STAB1, NOTCH4, CDH5, 
CCL11, FGF1, IFNA1, LEP, PLG, TGFB2, TIMP3] did not meet 
these criteria. CD105 and EPHB4 were the most upregulated genes in 
ALDHbr cells. The next 10 most upregulated genes in ALDHbr cells 
included cytokines, matrix modifying proteases, and intracellular 
signaling molecules. The most down regulated gene in ALDHbr cells 
compared to ALDHdim cells was the MMP9 protease; interleukins, 
TNF, and inflammatory cytokines and chemokines were among the 
most downregulated genes. 

Differential expression of ALDH isozymes by ALDHbr than 
ALDHdim cells was also studied (Table 2). Eight isozymes (ALDH1A1, 
1B1, 4A1, 5A1, 18A1, 6A1, 9A1, and 16A1) were upregulated in 
ALDHbr cells, and ten isozymes showed no difference in expression. 
Only ALDH2, the most highly expressed ALDH isozyme in ALDHdim 
cells, had a lower ∆Ct in ALDHdim cells (∆Ct = 5.00) than ALDHbr 
cells (∆Ct = 6.65), but this ∆Ct value was significantly higher than the 
∆Ct value for the most highly expressed ALDHbr isozyme (ALDH1A1, 
∆Ct = 1.89), and ALDH2 was only 3.79 fold upregulated in ALDHdim 
cells. Transcripts for ALDH1A1 were 102-fold more abundant in 
ALDHbr cells than ALDHdim cells. 

Expression of angiogenic proteins by ALDHbr cells

Flow cytometry and immunofluorescence were used to examine 

expression of proteins corresponding to abundant transcripts in 
ALDHbr cells (Figure 1). CD105 and EphB4 were the most highly 
upregulated genes in ALDHbr cells, and flow analysis demonstrated 
that 44.7 ± 14.1% of ALDHbr cells expressed CD105 and 41.8 ± 13.8 
% expressed EphB4 (Figure 1A-C). Multicolor flow studies were 
performed to analyze co-expression of CD105, EphB4, and CD34 in 
ALDHbr cells.   These analyses showed that 88.2± 11.1% of ALDHbr 
cells expressing either EphB4 or CD105 co-expressed the other marker 

(Figure 1D), but only 22.0 ±10.1% of ALDHbr/EphB4+ cells and 24.6 
± 13.9% of ALDHbr/CD105+ cells expressed CD34 (Figure 1E, F). 
Immunofluorescence analysis was used to confirm that ALDH1A1 
protein, like its transcript, was expressed in ALDHbr cells. Given the 
characteristics of the EP1933Y monoclonal antibody presented in 
Materials and Methods and the observation that neitherALDH1A2 
or ALDH1A3 transcripts were detected in ALDHbr or ALDHdim 
bone marrow cells (Table 2), EP1933Y is a highly specific reagent 
to detect ALDH1A1 expression in these cell populations. Intense 
cytoplasmic staining was observed in ALDHbr cells incubated in this 
antibody,  while no staining was observed in ALDHdim cells (Figure 
2),  indicating that ALDHbr cells express higher levels of ALDH1A1 
than ALDHdim cells. 

Interactions between ALDHbr cells and endothelial cells in 
hypoxic cultures

An in vitro model was established to determine if paracrine factors 

ALDH isozyme UCB ALDHbr
Mean ΔCt (SD)a

BM ALDHbr
Mean ΔCt (SD)a

BM ALDHdim
Mean ΔCt (SD)a BM Fold regulationb Compartmentc

1A1 3.36 (0.63) 1.90 (0.73) 8.32 (0.65)# 102.96 Cytoplasmic

1B1 10.00 (0.55)* 7.40 ( 0.79) 11.28 (0.66)# 13.35 Mitochondrial

4A1 7.15 (0.49)* 4.79 (0.70) 8.07 (1.01)# 10.38 Mitochondrial

5A1 6.75 (0.16) 5.48 ( 0.71) 8.28 (0.90)# 8.11 Mitochondrial

18A1 5.16 (0.41) 4.07 (0.61) 7.08 (0.66)# 7.51 Mitochondrial

6A1 5.68 (0.42) 5.07 (0.62) 7.04 (0.86)# 4.37 Mitochondrial

9A1 7.36 (0.34)* 5.47 (0.68) 7.46 (0.91)# 4.27 Cytoplasmic

16A1 6.73 (0.40) 5.53 (0.78) 7.63 (0.55)# 4.26 Unknown

7A1 7.10 (0.52) 7.22 (0.25) 8.54 (0.99)# 2.56 Cytoplasmic

3A2 7.76 (0.25) 7.22 (0.61) 7.95 (0.48) 1.5 Microsomal

1A3 12.84 (1.54) 12.38 (1.23) 12.37 (1.01) -1.24 Cytoplasmic

3B1 7.06 (1.13) 6.20 (0.52) 5.53 (0.83) -1.29 Cytoplasmic

2 4.73 (0.53)* 6.65 ( 0.54) 5.00 (0.60)# -3.79 Mitochondrial

1L1 13.92 (1.20) 13.42 (0.92) 13.20 (1.03) -1.18 Cytoplasmic

8A1 13.70 (0.77) 13.49 (0.75) 13.12 (1.03) -1.37 Cytoplasmic

1L2 12.92 (0.64) 13.28 (1.06) 11.84 (0.75) -1.44 Mitochondrial

1A2 15.23 (1.33) 13.60 (0.83) 13.12 (1.03) -1.51 Cytoplasmic

3B2 13.63 (0.84) 13.60 (0.83) 13.12 (1.03) -1.51 Cytoplasmic

3A1 13.67 (1.93) 13.34 (0.97) 12.99 (1.00) -2.34 Cytoplasmic

a       N=10 for BM ALDHbr; n=5 for BM ALDHdim; N=4 for UCB ALDHbr. 
b       Positive fold-regulation, ALDHbr>ALDHdim; Negative, ALDHdim>ALDHbr. 
c         Subcellular localization according to reference 22
*      p< 0.05 for UCB ALDHbr as compared to bone marrow ALDHbr; t-test

  #      p< 0.05 for bone marrow ALDHbr as compared to bone marrow ALDHdim; N=5 matched   pairs, t-test

Table 2:  Quantitative reverse transcriptase polymerase chain reaction analysis of 19 ALDH isozyme transcripts in ALDHbr cells from cord blood and of ALDHbr and 
ALDHdim cells from bone marrow.
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Figure 1:  Mutliparameter flow cytometric analysis of expression of surface antigens endoglin/CD105, EphB4, and CD34 by bone marrow ALDHbr cells. 
(A) ALDHbr cells defined on the basis of high BAAA fluorescence and low side scatter are shown in the oval gate. (B) and (C) show expression of CD105 and EphB4, 
respectively, and (D) shows co-expression of CD105 and Eph B4 by CD105+  or EphB4+ cells in the  ALDHbr gate shown in (A). CD105 and Eph B4 are predominantly 
expressed on ALDHbr/CD34- cells (E, F, respectively).  
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Figure 2:  Immunofluorescence analysis of ALDH1A1 expression. Cytospin 
preparations of ALDHdim (A) and ALDHbr (B) cells incubated with rabbit 
monoclonal antibody EP1933Y to ALDH1Al and FITC conjugated goat anti-
rabbit IgG. Nuclei are counterstained with DAPI. Original magnification 400 x.  

released from ALDHbr cells stabilize interactions among endothelial 
cells in tubular networks and between endothelial tubules and the 
extracellular matrix under hypoxic conditions.  HUVEC tubules formed 
under normoxic conditions on Matrigel were exposed to hypoxia either 
in the presence or absence of ALDHbr cells placed in a transwell insert, 
and the persistence of the branched network of HUVEC was measured 
by counting branches arising from individual endothelial cells. Figure 3 

shows a representative areas of plates at the time endothelial networks 
were transferred to hypoxic conditions and after 24 hours in transwell 
cultures with and without ALDHbr cells. Treating HUVEC networks 
with ALDHbr cells under normoxic conditions had no effect on network 
persistence; the number of branches in HUVEC networks maintained 
under normoxic conditions in co-cultures with ALDHbr cells for 24h 
was 98 ± 4 % (mean +/- SD) of the initial value (n=4). In contrast, when 
HUVEC tubules were held under hypoxic conditions for 24h, tubules 
retracted and branching decreased to 79 ± 16% of the initial value. 
Hypoxic HUVEC tubules cultured in transwells with ALDHbr cells 
maintained branched network morphology and the number of intact 
branches increased to 127 ± 13% of the control value. The difference in 
tubule branching between hypoxic HUVEC cultured in transwells with 
and without ALDHbr cells was statistically significant (p<0.05, n= 4).

To identify paracrine factors that may be released by ALDHbr 
cells to stabilize HUVEC networks in this model system, and, by 
extension, factors that may stabilize endothelium in ischemic tissue in 
vivo, changes in expression of angiogenic transcripts in ALDHbr cells 
cultured under hypoxic conditions with and without HUVEC were 
measured. Expression of 49 of the 84 genes in the angiogenic array 
was upregulated, and 9 were down regulated greater than 2-fold when 
ALDHbr cells were cultured under hypoxic conditions. Difference 
in expression of the 20 genes shown in Table 3 reached statistical 
significance (p<0.05, n=4). These transcripts included transcriptions 
factors (HAND2, ID1), cell signaling molecules (EFNA1, S1PR1), 
soluble chemokines and cytokines (CXCL5, CXCL6, CXCL9, FGF1, 
IL1B, LEP), VEGF receptor 2, and ECM molecules (PLAU, PLG, TIMP2, 
TMP3, COLL4A3). Only expression of collagen 18A1, was significantly 
down regulated by hypoxia. When ALDHbr cells were cultured in 
transwells with HUVECs under hypoxic conditions, 56 transcripts 
were upregulated, and none were down regulated, more than 2-fold. 
Differences in expression of 20 of the angiogenic genes upregulated in 
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hypoxic transwell cocultures were statistical significant (p<0.05; n= 3; 
Table 3). Table 3 shows that 12 of these upregulated transcripts were 
also upregulated in ALDHbr cells cultured under hypoxia without 
HUVEC cells. Expression of nine transcripts in hypoxic ALDHbr cells 
increased further, of 2 transcripts decreased, and of one transcript 
did not change significantly in response to HUVEC (Table 3). In 
addition, hypoxic ALDHbr cells specifically and significantly (p<0.05) 
upregulated expression of 8 transcripts shown in Table 3 in response to 
the presence of HUVEC cells in transwell cultures. 

Discussion
The data presented above represent the first analysis of expression 

of angiogenic factors by ALDHbr cells. Expression of 69 of the 84 
angiogenic factors in the microarray was detected. Soluble angiogenic 
molecules that can be secreted from ALDHbr cells and act in a 
paracrine fashion are prominent among the 25 most highly expressed 
genes. These include soluble cytokines (IL8, TGFβ, VEGF, and MDK), 
soluble molecules that can alter the structure of the extracellular 
matrix (TIMP1, COL18A, TIMP2, ANPEP, MMP2), and enzymes that 
generate soluble molecules that are angiogenic signals to endothelial 
cells (SPHK1, PTGS1). Retinoids may also be among the soluble 
angiogenic mediators produced by ALDHbr cells. ALDH1A1 is the 

most highly expressed ALDH superfamily gene in human ALDHbr 
bone marrow and cord blood ALDHbr cell populations, and ALDH1A1 
transcripts are more than 102 times more abundant in ALDHbr cells 
than ALDHdim cells. Immunofluorescence studies showed intense 
cytoplasmic staining with anti-ALDH1A1, demonstrating that the 
ALDH1A1 protein is also highly expressed in ALDHbr cells. None of 
the other ALDH isozymes that generate retinoic acids were expressed 
by these cells. Expression of only one ALDH1 subfamily isozyme 

Figure 3:  Effect of hypoxia on HUVEC tubular network maintained with 
and without ALDHbr cells in transwell cultures. (A)HUVEC cells plated 
on extracellular matrix in the bottom of transwell culture plates were allowed 
to form tubular networks under normoxic conditions. Transwell cultures were 
then incubated under hypoxic conditions for 24h either with (B) or without (C) 
ALDHbr cells added to the top chamber of the transwell cultures. HUVEC 
maintained defined branching structures in transwells with ALDHbr cells (B), 
while tubules without ALDHbr cells (C) retract (thin arrows) and areas of cell 
necrosis were present (wide arrow).

ALDHbr vs. Hypoxic 
ALDHbr in monoculture

ALDHbr vs. Hypoxic ALDHbr with 
HUVEC in transwells

Gene Fold 
Regulation p value Fold Regulation p value

Genes significantly upregulated under both culture conditions

CXCL5 16.0 <0.001       140.3 0.02

EFNA1 11.2 <0.01 7.2 0.04

CXCL6 11.0  0.01 11.6 0.03

TIMP3 10.0 <0.01 20.3 0.02

COL4A3 9.1 <0.01 15.6 0.02

PLAU 9.1 0.03 6.0 0.01

FGF1 6.7 <0.001 22.6 0.02

PLG 6.7 <0.001 24.3 0.02

LEP 6.4 <0.001 23.7 0.02

CCL11 5.8 <0.001 22.2 0.02

HAND2 5.6 <0.001 21.9 0.02

PGF 3.6 0.0376 18.5 0.01

Genes significantly regulated in hypoxic monoculture only

IL1B 6.4 0.03

KDR 4.7 0.04

TIMP2 4.2 0.03

CXCL9 3.7 0.01

JAG1 3.3 0.01

S1PR1 3.1 0.04

ID1 1.8 0.02

COL18A1 -9.2 0.03

Genes significantly upregulated in hypoxic cultures with HUVEC only

IFNA1 16.1 0.02

EFNA3 11.9 0.03

IL6 9.8 0.02

ANGPTL3 8.1 0.02

CCL2 7.7 0.04

EGF 7.4 0.04

THBS2 6.9 0.03

SPHK1 3.5 <0.01

Table 3:  Expression of angiogenesis genes by freshly isolated ALDHbr 
cells and ALDHbr cells cultured in transwells under hypoxic conditions with 
and without HUVEC networks. Cultures were maintained as described in the 
text. Values are fold change in mean expression of genes in the angiogenic array 
that were significantly (p<0.05) upregulated (positive values) or down regulated 
(negative values). Gene expression was measured by QRT-PCR.
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that can oxidize retinoids appears to be a general characteristic of 
ALDHbr cells isolated by sorting with the BAAA substrate [18]. 
Retinoid oxidizing ALDH isozymes have a large substrate passage that 
permits bulky aldehyde substrates like retinoids and BAAA access to 
the catalytic site, while isozymes that oxidize small metabolic aldehyde 
substrates exclude such bulky substrates [41]. Thus, using the ALDH 
substrate BAAA may select for cells expressing high levels of enzymes 
that can generate retinoid signaling molecules. Both the angiogenic 
and ALDH microarray results, then, are consistent with the idea that 
ALDHbr cells can provide a variety of soluble angiogenic signaling 
molecules to endothelial and identify the specific gene products that 
are likely to participate.

Analysis of the branching of HUVEC tubular networks in 
hypoxic co-culture with ALDHbr cells demonstrated that soluble 
molecules released by ALDHbr cells exposed to hypoxic endothelium 
are active in stabilizing endothelial cell interactions under hypoxia. 
Adding ALDHbr cells to the upper chamber of the transwells allowed 
the endothelial networks to maintain their branching structure as 
compared to controls with no source of angiogenic factors. In this 
model, paracrine factors may influence interactions among HUVEC 
cells as well as their interactions with the matrix.  The branching assay 
was adopted to model the effects of paracrine factors on established 
endothelial interactions in the tissues of chronic ischemia patients 
where existing endothelial interactions with other endothelial cells, the 
matrix, and other cell types must be maintained while damaged cells 
are replaced, angiogenesis occurs, and new interactions are formed [6]. 

Co-culture of ALDHbr cells with HUVECs in transwells also 
provided direct evidence that ALDHbr cells change expression 
of angiogenic factors in response to soluble factors released from 
endothelial cells under hypoxic conditions. These soluble endothelial 
cell factors further upregulated expression by ALDHbr cells of 12 of 
the genes upregulated by hypoxia alone and significantly upregulated 
expression of an additional 8 genes compared to freshly isolated cells 
alone. The upregulated genes encode soluble cytokines and growth 
factors, enzymes that control modifications of the matrix, angiogenic 
transcription factors, and receptors for angiogenic cytokines. Thus, 
the results of expression analysis in hypoxic transwell co-cultures 
confirm that ALDHbr cells specifically respond to soluble signals from 
endothelial cells by producing additional signals that can regulate the 
activities of the endothelial cells.    

Several genes encoding soluble angiogenic factors were also 
expressed by ALDHdim cells.  Nevertheless, ALDHdim cells have 
less angiogenic activity in culture and preclinical animal models than 
ALDHbr cells [16,17,21,22]. This suggests that the angiogenic cytokines 
that are differentially expressed in ALDHbr cells and/or the products of 
ALDH1A1 are particularly important in mediating angiogenic activity 
in the ischemic environment. In addition, several of the genes that were 
most highly expressed by ALDHdim compared to ALDHbr cells were 
soluble inflammatory cytokines INFG, TNF, and IL6 that can have 
anti-angiogenic activity and impede repair of cardiovascular tissue 
[42]. Because ALDHbr cells are rare (approximately 1% of the marrow 
mononuclear cells), this may explain why co-infusing ALDHdim cells 
with ALDHbr cells inhibits the angiogenic activity of ALDHbr cells in 
the hind limb ischemia model [17].

We studied expression of angiogenic factors by ALDHbr cells 
maintained in culture under hypoxic conditions to determine what 
angiogenic factors these cells might express when exposed to ischemic 
tissue. Expression of one gene in the angiogenic array, COL18A, was 

down regulated, expression of 19 genes was upregulated, and expression 
of the other 49 angiogenic genes expressed by freshly isolated ALDHbr 
cells was not significantly changed in hypoxic cultures. These results 
show, first, that ALDHbr continue to express many angiogenic gene 
products under hypoxic conditions and, second, that these cells 
regulate the expression of a specific subset of angiogenic conditions 
under hypoxia. An interesting aspect of the response of ALDHbr cells 
to hypoxia is that several angiogenic cytokines (CD105, HIFa, AKT, and 
VEGFA, for example) that are generally upregulated by hypoxia [6], 
were highly expressed by freshly isolated ALDHbr cells, and expression 
of these factors was not significantly changed when ALDHbr cells were 
exposed to hypoxia. The stem cell niche in bone marrow is thought to 
be hypoxic [43], and expression of these cytokines in ALDHbr cells 
isolated from marrow may reflect residence in that environment. 
Hypoxia also alters cell metabolism, and the high expression of 
mitochondrial ALDH4A1 and 2A in freshly isolated ALDHbr cells may 
also be a result of their exposure to the niche. Compared to ALDHdim 
cells, ALDHbr cells over expressed transcripts for five mitochondrial 
and three cytoplasmic ALDH isozymes that oxidize aldehydes formed 
during intermediary carbohydrate metabolism and lipid oxidation 
[23]. Other workers have also found that ALDHbr cell populations 
express mitochondrial isozymes ALDH2 [44] and ALDH4A1 [45]. 
Upregulation of mitochondrial ALDH isozymes may reflect the 
metabolic demands of the hypoxic niche; mitochondrial biogenesis is 
an integral part of the differentiation of hematopoietic stem cells from 
pluripotent progenitors in the stem cell niche [46,47]. Adaptation to 
low oxygen environments may augment the ability of ALDHbr cells to 
function in ischemic tissues of patients.

The similarity of the ALDH isozyme expression profiles of 
ALDHbr cells isolated from human bone marrow and cord blood 
cells is remarkable given that these cell populations differ significantly 
in the percentage of cells that express several canonical stem cell 
surface antigens such as CD34 and CD133 [14-17]. Several workers 
have now reported that ALDHbr cells have higher stem cell activity 
than ALDHdim cells bearing similar surface antigens associated with 
stem cell activity [18]. Retinoid mediated regulatory changes have 
recently been shown to alter the ability of CD34+ cells in the peripheral 
circulation of coronary artery disease patients to home to ischemic 
tissue [48], a finding consistent with the idea that retinoids produced 
by ALDH play an important role in controlling the ability of stem cells 
to respond to ischemic damage. 

Our gene expression studies also suggest that ALDHbr cells can 
participate in angiogenesis by mechanisms in addition to production 
of soluble mediators. First, the 25 most highly expressed genes include 
regulatory proteins (EREG, AKT, HIF1A, and ID1) that regulate 
multiple angiogenic pathways. Second, receptors for angiogenic 
molecules including CD105, S1PR1, and FGFR3 were also highly 
expressed by ALDHbr cells. CD105 was the most highly expressed gene 
in the array and was expressed about 66-fold more highly by ALDHbr 
cells than ALDHdim cells. CD105 is a multi-functional non-signaling 
receptor that modulates binding of TGFβ-activating-BMP family 
cytokines, regulates cell adhesion and migration, modulates angiogenic 
cytokine secretion and has a variety of other functions [49-51]. The 
function of CD105 in ALDHbr cells remains to be determined. Flow 
cytometry showed that CD105 was expressed primarily by the CD34- 
subpopulation of ALDHbr cells. Expression of CD105, S1PR1, and 
FGFR3 suggests that ALDHbr can interact with other cells, including 
endothelial cells, in cross-signaling. The transwell studies already 
discussed provide direct evidence that ALDHbr cells respond to signals 
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produced by HUVEC under hypoxia.  Finally, the high expression of 
EphB4 suggests that ALDHbr cells may interact with endothelial cells 
and also regulate angiogenesis by an additional mechanism, direct cell 
to cell contact [51-53]. Interaction of ephrin receptors on one cell with 
cognate ephrin ligands on another can initiate angiogenic activity in 
both cells. Ephrin receptor B4 was the sixth most highly expressed 
gene in the array and, like CD105, was expressed about 66-fold more 
strongly in ALDHbr than ALDHdim cells. Flow cytometry showed 
that EphB4 was almost always co-expressed with CD105 in ALDHbr 
cells. Genes for ephrin ligands EFNA1 and A2 were weakly expressed 
by freshly isolated cells ALDHbr cells, but were upregulated about ten-
fold in response to hypoxia and HUVEC in culture, suggesting that 
ALDHbr cells can participate in a variety of cell interactions through 
the ephrin system. Expression of any member of the ephrin signaling 
system by ALDHbr cells has not been previously reported.

These studies document the broad angiogenic potential of ALDHbr 
cells from human bone marrow. These cells expressed angiogenic 
genes encoding soluble growth factors, regulatory molecules, and 
ECM molecules, and soluble factors released from these protected 
endothelial tubules from damage from hypoxia. In addition, ALDHbr 
cells engaged in cross-signaling with endothelial cells, responding 
to soluble molecules produced by endothelial cells by changing 
expression of a specific set of genes encoding angiogenic factors.  Gene 
expression studies showed that ALDHbr cells strongly expressed 
genes for several receptors of cytokines produced by endothelial cells. 
Furthermore, these studies showed that such paracrine signaling is 
not the only possible mechanism by which ALDHbr cells may interact 
with endothelium in the ischemic tissues, for ALDHbr cells strongly 
expressed molecules involved in ephrin signaling. The angiogenic 
factors that are differentially expressed in ALDHbr cells and ALDHdim 
cells and that are upregulated in response to hypoxia and soluble 
products from endothelial are candidates for further work detailing the 
multiple mechanisms by which ALDHbr cells participate in formation 
of new blood vessels, increase tissue perfusion, and repair ischemic 
damage in patients with cardiovascular disease.
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