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The Expression of Functional Toll-Like Receptor 4 Is
Associated With Proliferation and Maintenance of Stem
Cell Phenotype in Endothelial Progenitor Cells (EPCs)
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ABSTRACT
Endothelial dysfunction is involved in various cardiovascular diseases such as atherosclerosis. Endothelial progenitor cells (EPCs) contribute

to re-endothelialization and neo-vascularization, and the increase of EPCs in peripherial circulation benefits the prognosis of cardiovascular

disease. However, little is known about the biological stimuli that initiate the proliferation and the maintenance of stem cell phenotype of

EPCs. Here we reported that human umbilical vein blood derived EPCs expressed gene transcripts coding for Toll-like receptor (TLR) 1–6,

TLR8–10, TLR4 co-receptor CD14, and myeloid differentiation factor 88 (MyD88), a TLR adaptor molecule. Protein expression of TLR2, 4,

CD14, and MyD88 was also detected by FACS or Western blot. The activation of TLR4 by LPS modulated the expression of TLRs, induced the

phosphorylation of NF-kB, P38, and ERK42/44, and up-regulated the gene expression of cytokines IL-8, IFN-a, IFN-b, and TNF-a, suggesting

EPCs expressed functional TLR4. Unexpectedly LPS treatment failed to induce apoptosis in EPCs, but instead promoted cell proliferation of

EPCs. Furthermore, the treatment of EPCs with LPS up-regulated stem cell markers AC133 and CD34 in both mRNA and protein levels, and

down-regulated the protein expression of differential marker eNOS. These results suggested that TLR4 functions to maintain the stem cell

phenotype of EPCs and enlarge its population, which reveals a novel aspect of the multiple-faced TLR biology, and may open new prospects

for using TLR4 agonists to promote the production of EPCs for clinical use. J. Cell. Biochem. 111: 179–186, 2010. � 2010 Wiley-Liss, Inc.
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D espite changes in lifestyle and the use of new pharmacologic

therapies, cardiovascular disease remains the leading cause

of death in the United States, Europe, and much area of Asia

[Braunwald, 1997; Breslow, 1997]. The development of athero-

sclerosis may results in myocardial infarction, heart failure, stroke,

and peripheral artery disease, finally leading to irreversible organ

damage [Werner and Nickenig, 2006]. It has been proposed that

endothelial dysfunction is the initial step in the development of

atherosclerotic plaques. According to the response-to-injury

hypothesis, cardiovascular risk factors induce a chemical or

mechanical injury of the endothelium that triggers and enables

the concomitant invasion of macrophages and lipid deposition
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[Libby et al., 1997]. Various injuries to the endothelium may

increase the local recruitment of monocytes, leukocytes, and

platelets and lead to the loss of the anti-thrombotic properties of the

vessel wall [Nakashima et al., 1998; Ross, 1999]. Endothelial

progenitor cells (EPCs) are special sub-type progenitor cells with

ability to differentiate into mature endothelial cells, and contribute

to re-endothelialization and neo-vascularization which are highly

associated with cardiovascular disease [Hristov and Weber, 2004]. In

general, EPCs can be derived from bone marrow, peripheral blood,

and umbilical cord blood, characterized by three surface markers:

AC133, CD34, and KDR [Dzau et al., 2005]. An amount of

experiments in animals proved that systemic transfusion or intrinsic
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mobilization of EPCs enhances the restoration of the endothelium

after focal endothelial denudation [Griese et al., 2003; Kong et al.,

2004]. However, in human, circulating CD34/KDR positive prog-

enitor cells in patients with CAD are reduced to about 50% of that in

control groups [Vasa et al., 2001]. Cardiovascular risk factors impair

the number and function of EPCs, restricting the therapeutic

potential of progenitor cells [Werner and Nickenig, 2006]. Therefore,

how to improve the level of circulation EPCs has become the

research focus for clinical scientists.

Toll-like receptors (TLRs), a kind of germline-encoded pattern-

recognition receptors (PRRs), are expressed on various immune cells,

including macrophages, dendritic cells (DCs), B cells, specific types

of T cells, and even on non-immune cells such as fibroblasts and

epithelial cells. TLRs can recognize distinct microbial components

and directly activate immune cells [Akira et al., 2006]. Exposure of

immune cells to the ligands of these receptors activates intracellular

signaling cascades that rapidly induce the expression of a variety of

overlapping and unique genes involved in the inflammatory and

immune responses. It has been elucidated that TLRs can regulate

both innate immunity and acquired immunity and play a key role in

anti-microbial and anti-endogenous ligands host defense. To date,

12 members of the TLR family have been identified in mammals.

Among of them, TLR4 is expressed in endothelial cells, macrophages

and recognizes a very divergent collection of ligands such as

lipopolysaccharide (LPS), heat-shock protein 60 and 70, fibrinogen,

and the fusion protein of respiratory syncytial virus (RSV) [Akira

et al., 2006]. Some studies found that there was a significant high

expression of TLR4 in atherosclerotic plaques, and proved that the

synthesis and release of a series of cytokines associated with

atherosclerosis depends on the recognition function of TLR4 [Vasa

et al., 2001], suggesting that the process of TLR4-mediated infla-

mmatory response of immune cells acts as a bridge in connecting

immune responses with chronic inflammation in atherogenesis.

However, little is known about the effect of TLR activation on EPC’s

proliferation and function.

Recently, it had been reported that TLRs were expressed in various

kind of stem cells, and functioned to induce cytokine expression, to

promote proliferation and differentiation [Chen et al., 2009; Covacu

et al., 2009; De Luca et al., 2009; Lee et al., 2009; Liotta et al., 2008].

In the present study, we analyzed the expression and the function of

TLR4 in EPCs from human umbilical cord blood, and found that

activation of TLR4 by LPS induced proliferation but not apoptosis in

EPCs. Unexpectedly, TLR4 also functioned to maintain the stem cells

phenotype of EPCs. These results suggested that TLR4 ligands may

promote the production of EPCs for clinical use.

MATERIALS AND METHODS

CELL CULTURE

Human umbilical cord blood samples were collected in sterile blood

packs containing heparin solution as an anticoagulant, as described

previously [Murohara et al., 2000; Aoki et al., 2004]. The samples

were stored at room temperature and were processed within 24 h

after blood collection. Informed consent was obtained from all

mothers before labor and delivery. Protocols for sampling cord
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blood were approved by the Hospital Ethical Review Board of

Clinical Studies.

Mononuclear cells were isolated by density gradient centrifuga-

tion with Histopaque 1077 (Sigma–Aldrich) from 50 ml of human

umbilical cord blood [Vasa et al., 2001], and 2–5� 106 mononuclear

cells were plated on six-well culture dishes coated with human

fibronectin (Chemicon) in RPMI1640 medium supplemented with

10% fetal bovine serum, 10 ng/ml VEGF (R&D systems, Minnea-

polis, MN), 2 ng/ml bFGF (Peprotech). After 4 days in culture, non-

adherent cells were removed by washing with PBS and adherent

cells were cultured continually by the addition of fresh media for

another three days, and adherent cells underwent cytochemical

analysis. To detect the up-take of 1,10-dioctadecyl-3,3,30,30-tet-

ramethylindocarbocyanine-labeled acetylated LDL (DilLDL), cells

were incubated with 2.4mg/ml DiLDL at 378C for 12 h, and then were

fixed with 2% paraformaldehyde for 30 min at room temperature,

and incubated with FITC-labeled lectin from Ulex europaeus (FITC-

UEA-I, 10mg/ml) at 378C for 1 h. Dual-staining cells positive for

both lectin and DiLDL were judged as EPCs.

REVERSE TRANSCRIPTION-PCR

Total RNA was extracted from 1–5� 106 cells using Trizol (Life

Technologies, Gaithersburg, MD) as described by the manufacturer.

mRNA was reverse transcribed with RevertAid (MBI Fermemtas,

Burlington Ontario, Canada) at 428C for 60 min, and the resulted

cDNA was subjected to PCR (958C for 1 min followed by 25–

35 cycles of 958C for 30 s, 608C for 30 s, 688C for 60 s, and an

extension for 10 min at 688C). PCR products were separated on 1.0%

agarose gels and visualized with ethidium bromide. Forward and

reverse primer pairs are listed as follows:

AC133-F (50-GTCTGACCAGCGTGAAAACTA-30)

AC133-R (50-CAACTCCAACCATGAGGAAGA-30)

CD14-F (50-TTGTGAGCTGGACGATGAAGA-30)

CD14-R (50-AGGCATGGTGCCGGTTAT-30)

CD31-F (50-CGGATCTATGACTCAGGGACA-30)

CD31-R (50-GCCATGACTGAGTACACAGCC-30)

CD34-F (50-ATAGCTCAGGACCTGGGACCT-30)

CD34-R (50-TTCCTGGGAGAAAATTGTAGC-30)

eNOS-F (50-TTCCGGGGATTCTGGCAGGAG-30)

eNOS-R (50-GCCATGGTAACATCGCCGCAG-30)

GAPDH-F (50-AATCCCATCACCATCTTCCA-30)

GAPDH-R (50-CCTGCTTCACCACCTTCTTG-30)

IFN-a-F (50-AGCTGCAAGTCAAGCTGCTCT-30)

IFN-a-R (50-TTCTTCACAGCCAAGATGGA-30)

IFN-b-F (50-TCTCCTCCAAATTGCTCTCCT-30)

IFN-b-R (50-TACTCCTTGGCCTTCAGGTAA-30)

IFN-g-F (50-TGCAGGTCATTCAGATGTAGC-30)

IFN-g-R (50-ATGCTCTTCGACCTCGAAACA-30)

IL-1a-F (50-TTCAAGGAGAGCATGGTGGT-30)

IL-1a-R (50-TGGCTTTTGGGTATCTCAGGCA-30)

IL-1b-F (50-TTGAAGCTGATGGCCCTAAAC-30)

IL-1b-R (50-CACCAAGCTTTTTTGCTGTG-30)

IL-6-F (50-CCAGTACCCCCAGGAGAAGAT-30)

IL-6-R (50-TTGCCTTTTTCTGCAGGAAC-30)

IL-8-F (50-TTGGCAGCCTTCCTGATTT-30)
JOURNAL OF CELLULAR BIOCHEMISTRY



IL-8-R (50-TCAAAAACTTCTCCACAACCC-30)

IL-12P40-F (50-CCCCTGAAGAAGATGGTATCA-30)

IL-12P40-R (50-TGATGAAGAAGCTGCTGGTGT-3)0

KDR-F (50-GATTGTACACCTGTGCAGCAT-30)

KDR-R (50-TATTTCCTCCCTGGAAGTCCT-30)

MyD88-F (50-TTCTTGAACGTGCGGACACA-30)

MyD88-R (50-TTTCGATGAGCTCACTAGCAA-30)

TLR1-F (50-TAATGCATTTGATGCCCTGC-30)

TLR1-R (50-CCTTCAAGGAAGTGCCAGAAT-30)

TLR2-F (50-TTCTTTTTCTTCCCTGGGCA-30)

TLR2-R (50-TGAATTTGTTTCACCAGTGGA-30)

TLR3-F (50-AAAACCTTTGCCTTCTGCAC-30)

TLR3-R (50-GGAATCGTTACCAACCACATT-30)

TLR4-F (50-TGTGGCTCACAATCTTATCCA-30)

TLR4-R (50-CTAAATGTTGCCATCCGAAA-30)

TLR5-F (50-GCTTTTCAGGGACTGTTCCAT-30)

TLR5-R (50-CAAACCCATGTGAAAGATCCA-30)

TLR6-F (50-TCTTGGGATTGAGTGCTATGA-30)

TLR6-R (50-CGGTGTACAAAGCTGTCTGTG-30)

TLR7-F (50-GCTGACAAATTTGGAGTTGCT-30)

TLR7-R (50-GCCAACTTCACTTGAATCTCC-30)

TLR8-F (50-GCTGACAAATTTGGAGTTGCT-30)

TLR8-R (50-AAATGCAATGCCCGTAGAGA-30)

TLR9-F (50-TGAGGACCTGGCCAATCTGA-30)

TLR9-R (50-AAGGCCCTGAAGATGCCGA-30)

TLR10-F (50-CAAATGCACAAATGCCACAC-30)

TLR10-R (50-AAAATCCAGAGATGGGCTGA-30)

TNF-a-F (50-TGACAAGCCTGTAGCCCATGTT-30)

TNF-a-R (50-AGGGCAATGATCCCAAAGTAGA-30)

VE-Cadherin-F (50-TGCCATCGATAATTCTGGAC-30)

VE-Cadherin-R (50-AGAAAGGCTGCTGGAAAATG-30)

vWF-F (50-GAGGCTGAGTTTGAAGTGC-30)

vWF-R (50-CTGCTCCAGCTCATCCAC-30).

For semi-quantitation, gels were scanned and the pixel intensity

for each band was determined using the ImageMaster VDS

(Pharmacia Biotech) and normalized with the level of GAPDH.

CELLULAR APOPTOSIS ASSAY

The apoptosis of cells were detected by propidium iodide (PI)/

Annexin V staining. In general, 106 stimulated or unstimulated cells

were washed twice with phosphate-buffered saline (PBS), then

labeled by Annexin V–fluorescein isothiocyanate (FITC) and PI in

binding buffer according to the instructions in the PI/Annexin

V–FITC Apoptosis Detection Kit provided by Jingmei (Shenzhen,

China). Fluorescence signals of FITC and PI were detected on a

FACScan (BD Bioscience, San Jose, CA). The log of Annexin V–FITC

fluorescence was displayed on the x-axis, and the log of PI

fluorescence was displayed on the y-axis. For each analysis, 10,000

events were recorded.

FLOW CYTOMETRY

Human EPCs were grown to sub-confluency, and washed with

fluorescence-activated cell sorting buffer (5 mM EDTA, 0.1% NaN3,

and 1% FCS, in Dulbecco’s PBS). After incubation with a mono-

clonal antibody against human CD14, TLR2, and TLR4 (R&D
JOURNAL OF CELLULAR BIOCHEMISTRY
systems) for 40 min on ice, the cells were stained with a FITC-labeled

secondary antibody and examined for protein expression by flow

cytometry (BD Bioscience). For one step staining, EPCs were

incubated with PE-conjugated anti-AC133 mAb (Miltenyi Biotec,

Bergisch Gladbach, Germany), or PE-conjugated anti-KDR mAb

(Miltenyi Biotec), or FITC-conjugated anti-CD34 mAb (BD Pharmin-

gen, San Diego, CA), respectively, for 40 min on ice, and washed

with cold PBS for three times. The protein expression was measured

by flow cytometry.

WESTERN BLOTTING ANALYSIS

EPCs were lysed in 150ml of 1� SDS sample buffer [62.5 mM Tris–

HCl (pH 6.8), 2% SDS, 10% glycerol, and 50 mM DTT], sonicated for

3 s, and then boiled for 5 min. The cell lysate was then centrifuged at

10,000g at 48C for 10 min. Total protein was electrophoresed on 10%

Tris–glycine precast gels (Invitrogen) and transferred onto Immu-

noblotin P membranes (Millipore). The membranes were blocked by

incubation in 3% non-fat dry milk for 1 h at room temperature and

then incubated with primary antibodies (CD14, TLR4 antibodies

from R&D Systems, MyD88, eNOS antibodies from Santa Cruz,

phospho-NF-kB P65, NF-kB P65, phospho-p38, p38, phospho-Erk,

Erk antibodies from Cell Signaling, anti-GAPDH antibody from

Beyotime, Hangzhou, China) in PBS containing 0.1% Tween-20

overnight at 48C. After incubation with a horseradish peroxidase-

conjugated secondary antibody, the protein bands were detected

with Super Signal Chemoluminescent Substrate Stable Peroxide

Solution (Pierce) and BIOMAX-MR film (Eastman Kodak). When

necessary, the membranes were stripped with Restore Western Blot

Stripping Buffer (Pierce) and reprobed with antibodies against

various cellular proteins.

PROLIFERATIVE MTT ASSAY

The adherent cells were trypsinized and suspended in 100ml

medium at day 14. About 4,000 cells/well were placed on fibro-

nectin-coated 96-well plates and cultured for 24 h. Twenty micro-

liters of MTT (15 mg/ml, Oxiod) was added to each well. After

incubation for 4 h at 378C, the supernatant was removed and 150ml

of dimethyl sulfoxide (DMSO, Sigma) was replaced for 10 min,

whereupon light absorbance at 490 nm was detected using an

enzyme-linked immunosorbent assay (ELISA) plate reader.

STATISTICS ANALYSIS

All experiments were performed at least three times, and the

representative results were shown. Results are expressed as the mean

plus or minus the standard deviation (SD). Differences between

groups were examined for statistical significance using Student’s

t-test, and P values equal to, or less than, 0.05 were considered

statistically significant.

RESULTS

CHARACTERIZATION OF EPCs

It has been reported that in patients with bacterial pneumonia, the

circulating EPCs is increased [Yamada et al., 2005], but the mech-

anism is not fully understood. To determine the effect of TLR4

activation on the survival, apoptosis and proliferation of EPCs,
THE FUNCTIONS OF TLR4 EXPRESSED IN HUMAN EPCs 181



Fig. 1. Characterization of EPCs. A: DiLDL uptake (left panel) and lectin

binding (middle panel) of isolated EPCs was determined by fluorescence

microscopy. Overlay images are shown in right panel. B: The expression of

stem cell markers in EPCs. Cells cultured at day 7 were harvested, and the total

RNA were isolated and reverse transcripted for the detection of gene expression

of AC133, CD34, CD31, KDR, VE-Cad, vWF, and eNOS by RT-PCR, GAPDH was

detected as loading control. C: Gene expression of endothelial markers in EPCs.

EPCs culture at days 7, 14, and 28 were harvested, total RNA were isolated and

reverse transcripted for the detection of gene expression of KDR, VE-Cad, vWF,

eNOS, and CD31. Genes expressed in HUVEC were detected as control.

Fig. 2. TLRs expression in EPCs. A: Gene expression of TLRs in EPCs. EPCs

treated with or without 100 ng/ml LPS for 24 h were harvested, total RNA were

isolated, and reverse transcripted for the detection of TLR1-10, MyD88, and

CD14 by RT-PCR. The levels of gene expression were semi-quantitated by

scanning the pixel intensity of the bands using the ImageMaster VDS (Phar-

macia Biotech) and normalized with the levels of GAPDH. B: Protein expression

of CD14, TLR4, and TLR2. EPCs cultured on six-well plates were harvested,

fixed, and stained with mouse anti-CD14, TLR4, and TLR2 antibodies, followed

by incubation with FITC-labeled rabbit anti-mouse IgG. Protein expression was

detected by FACS. C: Up-regulation of CD14, TLR4, and MyD88 induced by LPS.

EPCs treated with indicated LPS at 378C for 24 h were lysed. Equal amounts of

total proteins were electrophoresed and blotted for the detection of CD14,

TLR4, and MyD88 by Western blot, respectively. GAPDH protein was detected

as loading control. The levels of protein expression were semi-quantitated by

scanning the pixel intensity of the bands and normalized with the levels of

GAPDH.
mononuclear cells were isolated from human umbilical cord blood.

After the culture with 10 ng/ml VEGF and 2 ng/ml bFGF for 7 days,

adherent EPCs were characterized by DiLDL uptake and concomitant

lectin binding (Fig. 1A) [Vasa et al., 2001], and by expressing of

AC133, CD34, and CD31, which are markers of stem cells. The

endothelial origin was further documented by demonstrating the

expression of KDR, vWF, and vascular endothelium cadherin by

RT-PCR (Fig. 1B). Moreover, late stage EPCs expressed higher level

of eNOS than early stage EPCs, indicating that late stage EPCs began

to differentiate (Fig. 1C).

THE EXPRESSION OF TLRS IN EPCs

Pretreatment with LPS or IFN-g significantly induces the expression

of TLR2 and TLR4 in freshly isolated human umbilical vein

endothelial cells (HUVEC) [Faure et al., 2001]. Also IFN-a sensitizes

freshly isolated HUVEC to double-stranded RNA (dsRNA) induced

apoptosis [Kaiser et al., 2004]. In this study, we detected the

expression of TLRs in rest EPCs and LPS treated EPCs. The RT-PCR

results indicated that rest EPCs expressed TLR1-6, TLR8-10, TLR4

co-receptor CD14 and MyD88, an adaptor molecule in signaling

pathway downstream several TLRs (Fig. 2A). The protein expression

of CD14, TLR4, and TLR2 was also detected in EPCs by FACS

(Fig. 2B). LPS treatment of EPCs up-regulated the gene expression of

TLR1, 2, 3, 4, 8, 9, 10, MyD88, and CD14, down-regulated gene

expression of TLR5 and 6 (Fig. 2A), and LPS dose dependently

up-regulated the protein expression of CD14, MyD88, and TLR4
182 THE FUNCTIONS OF TLR4 EXPRESSED IN HUMAN EPCs
(Fig. 2C). These results suggested that EPCs expressed functional

TLR4.

THE TREATMENT OF EPCs WITH LPS UP-REGULATED THE

EXPRESSION OF CYTOKINES AND INDUCED SIGNAL TRANSDUCTION

Toll-like receptors function to induce innate immune response by

the induction of pro-inflammatory cytokines. We found that the

treatment of HUVECs with LPS induced the up-regulation of

cytokine IL-1b, TNF-a, IL-6, and IL-8 (data not shown). In this study,

we found that the treatment of EPCs with 100 ng/ml LPS for 24 h

up-regulated the gene expression of IL-8, IFN-a, IFN-b, and TNF-a
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. EPCs express functional TLR4. A: LPS up-regulated gene expression of

cytokines. EPCs untreated or treated with 100 ng/ml LPS at 378C for 24 h were

harvested. Total RNA was extracted, and RT-PCR was done to detect gene

expression of cytokines indicated. The levels of gene expression were semi-

quantitated by scanning the pixel intensity of the bands using the ImageMaster

VDS (Pharmacia Biotech) and normalized with the levels of GAPDH. B: LPS

induced the phosphorylation of NF-kB in EPCs. Cells starved with serum-free

medium overnight were cultured in the presence of 100 ng/ml LPS at 378C and

lysed at the indicated time points. Equal amounts of total proteins were

electrophoresed and blotted for the detecting of phosphorylated NF-kB P65

and total P65, respectively. GAPDH protein was detected as loading control. C:

LPS induced the phosphorylation of Erk and P38 in EPCs. Cells were treated as

(B). Phosphorylated p38, Erk and total p38, Erk were detected by Western blot.

GAPDH protein was detected as loading control. The levels of protein phos-

phorylation were semi-quantitated by scanning the pixel intensity of the bands

and normalized with the levels of total proteins in both panels (B) and (C).

Fig. 4. The effect of TLR4 activation on proliferation and cell apoptosis in

EPCs. A: LPS did not induced apoptosis in EPCs. Cells untreated or treated with

100 ng/ml LPS at 378C for 24 h were harvested and stained by Annexin/PI

staining. FACS was done to detect the cell apoptosis. Apoptosis were detected

in cells treated with 2mg/ml staurosporine (STSP) as positive control. B: LPS

promoted proliferation of EPCs. 2� 104 cells were incubated in 96-well plates

with indicated LPS for 3 days. Cell number was measured by MTT assay. �

P< 0.05 and �� P< 0.01 compared with medium alone group respectively.
(Fig. 3A). Meanwhile, LPS treatment induced the activation of signal

molecules including NF-kB, P38, and Erk, which are important

down-stream molecules for TLR signaling [Akira and Takeda, 2004].

Western blot results showed that NF-kB activated with the peak at

120 min, P38 activated with the peak at 60 min and Erk activated

with the peak at 120 min (Fig. 3B,C). These results further suggested

that EPCs expressed functional TLR4.

THE EFFECT OF TLR4 ACTIVATION ON APOPTOSIS AND

PROLIFERATION OF EPCs

Endotoxin LPS is a deleterious factor for many cells and tissue such

as endothelial cell and lung tissue by inducing cell apoptosis [Brass

et al., 2008; Damico et al., 2008]. As EPCs expressed TLR4 and its
JOURNAL OF CELLULAR BIOCHEMISTRY
co-receptor CD14, we detected the effect of LPS on EPC apoptosis.

Unexpectedly, the PI/Annexin V staining results showed that the

treatment of EPCs with 10 or 100 ng/ml LPS did not induce apoptosis

(Fig. 4A). Then we detected the effect of TLR4 on the proliferation of

EPCs. The results from MTT assay indicated that the treatment of

EPCs with 10 or 100 ng/ml LPS for 72 h significantly promoted EPC

growth (P< 0.05 and <0.01, respectively, Fig. 4B).

THE EFFECT OF TLR4 ACTIVATION ON THE EXPRESSION OF STEM

CELL MARKERS IN PECs

TLR agonists selectively promote B cell subsets to differentiate to

terminal plasma cells [Genestier et al., 2007]. In response to a

recombinant heat shock fusion protein, TLR4 activates DCs and

induces the differentiation of cytolytic CD8þ T cells [Palliser et al.,
THE FUNCTIONS OF TLR4 EXPRESSED IN HUMAN EPCs 183



Fig. 5. The effect of TLR4 activation on the expression of stem cell markers in

EPCs. A: TLR4 activation up-regulated gene expression of AC133, CD34. EPCs

treated with indicated LPS for 24 h were harvested, and total RNA were isolated

and reverse transcripted for detection of AC133, CD34, and KDR by RT-PCR.

GAPDH was detected for loading control. B: TLR4 activation up-regulated

protein expression of AC133 and CD34. EPCs treated with indicated LPS for

24 h were harvested, fixed, and stained with mouse anti-human AC133, CD34

antibodies, followed by incubation with FITC-labeled rabbit anti-mouse IgG.

Protein expression was detected by FACS. C: TLR4 activation down-regulated

the protein expression of eNOS. EPCs treated with indicated LPS at 378C for

24 h were lysed. Equal amounts of total proteins were electrophoresed and

blotted for the detecting of eNOS by Western blot. GAPDH protein was

detected as loading control. The levels of protein expression were semi-

quantitated by scanning the pixel intensity of the bands and normalized with

the levels of GAPDH.
2004]. Here, we detected the stem cell markers in EPCs to test the

effect of TLR4 activation on EPCs differentiation. Unexpectedly,

RT-PCR results showed that the treatment of EPCs with 10 or 100 ng/

ml LPS for 24 h up-regulated the expression of stem cell markers

AC133 and CD34 (Fig. 4A). The treatment of EPCs with 100 ng/ml

LPS also up-regulated the protein expression of AC133 and CD34

(Fig. 4B). Western blot results showed that LPS dose dependently

down-regulated the expression of eNOS, a differential marker of

endothelial cells (Fig. 5C). Taking together, these results indicated

that TLR4 functions not to induce EPC differentiation, but instead, to

maintain the stem cell phenotype of EPCs.

DISCUSSION

In this study, we have shown that human umbilical vein blood

derived EPCs expressed gene transcripts of TLR1-6, TLR8-10, the

signaling molecular MyD88 down stream of several TLRs such as

TLR4 and TLR2, and the TLR4 co-receptor CD14. Furthermore we

also demonstrated that EPCs expressed the proteins of TLR4 and

CD14. TLR4 ligand LPS induced TLR4 signaling, resulted in the
184 THE FUNCTIONS OF TLR4 EXPRESSED IN HUMAN EPCs
phosphorylation of NF-kB, P38, and ERK42/44, which all are TLR4

downstream signaling molecules [Akira and Takeda, 2004]. Up-

regulation of the genes coding for cytokines including IL-8, IFN-a,

IFN-b, and TNF-a was induced by LPS treatment, suggesting that

EPCs expressed functional TLR4. Unexpectedly LPS treatment failed

to induce apoptosis of EPCs, but instead promoted cell proliferation.

In addition, the treatment of EPCs with LPS up-regulated stem cell

markers AC133 and CD34 in both mRNA and protein levels, and

down-regulated the differential maker eNOS, suggesting that TLR4

functions to maintain the stem cell phenotype of EPCs.

TLRs have reported to be expressed in various kind of cells,

including monocyte, macrophages, DCs, B cells, specific types of

T cells and even on non-immune cells such as vascular endothelial

cells, fat cells, cardiac cells, and intestinal epithelial cells [Hornung

et al., 2002]. Recently, TLRs had been reported to be expressed in

stem cells. The viral double-strain RNA receptor TLR3 was expressed

in human mesenchymal stem cells and function to induce a cytokine

expression profile distinct from that in immune cells [Chen et al.,

2009]. Human hematopoietic stem cells and hematopoietic progeni-

tor cells have a comparable pattern of expression of TLR transcripts

characterized by the predominance of TLR1, 2, 3, 4, and 6, and the

TLR1/2 agonist PAM(3)CSK(4) instructs commitment of human

hematopoietic stem cells to a myeloid cell fate [De Luca et al., 2009].

Functional TLRs were reported to be expressed on mouse embryonic

stem cells and the TLR ligands stimulate stem cells to proliferate [Lee

et al., 2009]. Adult neural stem cells also constitutively express TLR2

and 4. The expression of TLRs is increased by the treatment of

proinflammatory cytokines, and TLR ligands induce the production

of proinflammatory cytokines, suggesting that neural stem cells

may be primed to participate in cytokine production during neuro-

inflammatory or traumatic conditions [Covacu et al., 2009]. Bone

marrow derived mesenchymal stem cells express high levels of TLR3

and 4. The treatment of cells with ligands induces activation of

NF-kB as well as the production of cytokines IL-6, 8, and CXCL10

[Liotta et al., 2008]. In our study, we detected the gene expression of

all TLRs except TLR7 in EPCs, and TLR4 ligand LPS induced

activation of the downstream signal molecules of TLR4, suggesting

the TLR4 expressed on EPCs is functional.

LPS, known to be an endotoxin of Gram-negative bacteria, is

generally the most potent immunostimulant among cell-wall

components. After binding to the membrane receptor TLR4, LPS

activates intracellular signaling cascades that rapidly induce the

expression of genes involved in the inflammatory and immune

responses, followed by the synthesis and release of pro-inflamma-

tory cytokines, chemokines, growth factors, and others. It has been

proposed that LPS up-regulates the expression of TLR2 and TLR4 on

endothelial cells through NF-kB [Faure et al., 2001]. Our studies also

showed that LPS could up-regulate the expression of TLRs in EPCs

including TLR4 and TLR2 as well as MyD88 and CD14, the assisted

molecules in TLR4 signal transduction, and the LPS treatment

resulted in the expression of inflammatory factors including IL-8,

IFN-a, IFN-b, and TNF-a. However, we found that LPS did not

impact the expression of TLR7.

Many studies have proved that LPS causes morphology change

and dysfunction of endothelial cell through both direct and indirect

ways. The former refers to that LPS activates TLR and MAPK, NF-kB
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signaling pathway which mediates the damage to endothelial cell.

The latter refers to that activated TLR induced by LPS mediates

signal transduction and activates target gene to produce inflam-

matory cytokines which further aggravate the damage [Dauphinee

and Karsan, 2006]. The levels of circulating EPCs have been

investigated in different inflammatory disease states. For example,

rheumatoid arthritis (RA) is associated with significantly lower

levels of circulating EPCs compared to healthy controls [Grisar et al.,

2005]. Mayr also proposed that a low dose of LPS injected into

healthy adults minimize the amount of EPCs, which may attribute to

the abundant accumulation of TNF [Mayr et al., 2007]. In contrast,

circulating EPCs had also been reported to increase in patients with

acute lung injury [Burnham et al., 2005], where they seem to have a

prognostic value, and in patients with bacterial pneumonia [Yamada

et al., 2005], where they contribute to lung repair. Moreover, the

circulating hematopoietic and EPCs had increased in the early phase

of the acute myocardial infarction [Massa et al., 2005]. As microbial

components such as LPS from infected bacteria and factors such as

HSP and HMGB1 released from necrotic tissues are TLR4 ligands, we

supposed that functional TLR may be contributed to the increase of

EPCs. The data in our study that the treatment of EPCs with LPS

increased the number of EPCs in in vitro culture, represent a link

between TLR4 and the increase of EPCs in some cases of diseases.

The importance of TLRs in recognizing exogenous microbial

pathogens and endogenous ligands by the innate defense system is

well established [Akira and Takeda, 2004; Akira et al., 2006]. TLRs

also functions to promote cell differentiation for various kinds of

cells including T, B lymphocytes, plasma cells, bone marrow CD34þ

progenitors, and even osteoclast [Bi et al., 2001; Palliser et al., 2004;

Rui et al., 2006; Genestier et al., 2007; Sioud and Floisand, 2007;

Skokos and Nussenzweig, 2007; Capolunghi et al., 2008; Ha et al.,

2008]. However, several studies had reported that TLR4 activation

led to the block of cell differentiation. In lethal sepsis, TLR4

activation caused the expansion of the pool of hematopoietic stem

cells in the bone marrow, and the block of hematopoietic stem cell

(HSC) differentiation, resulting in the onset of neutropenia [Rodri-

guez et al., 2009]. Hyaluronan (HA), an extracellular matrix (ECM)

component present in bone marrow and soft connective tissues,

inhibits osteoclast differentiation through TLR4 by interfering with

M-CSF signaling, indicating that the interaction between ECM

components and innate immune receptors can play an important

role in the regulation of bone metabolism [Chang et al., 2007]. TLR9

ligand had also been reported to inhibit osterclast differentiation

[Amcheslavsky and Bar-Shavit, 2007]. In our studies, we found that

human umbilical vein blood derived EPCs expresses several TLRs.

The activation of TLR4 by LPS promoted cell proliferation, up-

regulated the expression of CD133 and CD34, two important stem

cell markers, and down-regulated the expression of eNOS, a

important differential marker of endothelial cells, suggesting that

TLR4 functions in EPCs to maintain the stem cell phenotype, but not

to promote cell differentiation.

REFERENCES

Akira S, Takeda K. 2004. Toll-like receptor signalling. Nat Rev Immunol
4:499–511.
JOURNAL OF CELLULAR BIOCHEMISTRY
Akira S, Uematsu S, Takeuchi O. 2006. Pathogen recognition and innate
immunity. Cell 124:783–801.

Amcheslavsky A, Bar-Shavit Z. 2007. Toll-like receptor 9 ligand blocks
osteoclast differentiation through induction of phosphatase. J Bone Miner
Res 22:1301–1310.

Aoki M, Yasutake M, Murohara T. 2004. Derivation of functional endothelial
progenitor cells from human umbilical cord blood mononuclear cells isolated
by a novel cell filtration device. Stem Cells 22:994–1002.

Bi Y, Seabold JM, Kaar SG, Ragab AA, Goldberg VM, Anderson JM, Green-
field EM. 2001. Adherent endotoxin on orthopedic wear particles stimulates
cytokine production and osteoclast differentiation. J Bone Miner Res
16:2082–2091.

Brass DM, Hollingsworth JW, Cinque M, Li Z, Potts E, Toloza E, Foster WM,
Schwartz DA. 2008. Chronic LPS inhalation causes emphysema-like changes
in mouse lung that are associated with apoptosis. Am J Respir Cell Mol Biol
39:584–590.

Braunwald E. 1997. Shattuck lecture–cardiovascular medicine at the turn of
the millennium: Triumphs, concerns, and opportunities. N Engl J Med
337:1360–1369.

Breslow JL. 1997. Cardiovascular disease burden increases, NIH funding
decreases. Nat Med 3:600–601.

Burnham EL, Taylor WR, Quyyumi AA, Rojas M, Brigham KL, Moss M. 2005.
Increased circulating endothelial progenitor cells are associated with survival
in acute lung injury. Am J Respir Crit Care Med 172:854–860.

Capolunghi F, Cascioli S, Giorda E, Rosado MM, Plebani A, Auriti C, Seganti
G, Zuntini R, Ferrari S, Cagliuso M, Quinti I, Carsetti R. 2008. CpG drives
human transitional B cells to terminal differentiation and production of
natural antibodies. J Immunol 180:800–808.

Chang EJ, Kim HJ, Ha J, Kim HJ, Ryu J, Park KH, Kim UH, Lee ZH, Kim HM,
Fisher DE, Kim HH. 2007. Hyaluronan inhibits osteoclast differentiation via
Toll-like receptor 4. J Cell Sci 120:166–176.

Chen GY, Shiah HC, Su HJ, Chen CY, Chuang YJ, Lo WH, Huang JL, Chuang
CK, Hwang SM, Hu YC. 2009. Baculovirus transduction of mesenchymal stem
cells triggers the Toll-like receptor 3 pathway. J Virol 83:10548–10556.

Covacu R, Arvidsson L, Andersson A, Khademi M, Erlandsson-Harris H,
Harris RA, Svensson MA, Olsson T, Brundin L. 2009. TLR activation induces
TNF-alpha production from adult neural stem/progenitor cells. J Immunol
182:6889–6895.

Damico RL, Chesley A, Johnston L, Bind EP, Amaro E, Nijmeh J, Karakas B,
Welsh L, Pearse DB, Garcia JG, Crow MT. 2008. Macrophage migration
inhibitory factor governs endothelial cell sensitivity to LPS-induced apop-
tosis. Am J Respir Cell Mol Biol 39:77–85.

Dauphinee SM, Karsan A. 2006. Lipopolysaccharide signaling in endothelial
cells. Lab Invest 86:9–22.

De Luca K, Frances-Duvert V, Asensio MJ, Ihsani R, Debien E, Taillardet M,
Verhoeyen E, Bella C, Lantheaume S, Genestier L, Defrance T. 2009. The
TLR1/2 agonist PAM(3)CSK(4) instructs commitment of human hematopoie-
tic stem cells to a myeloid cell fate. Leukemia 23:2063–2074.

Dzau VJ, Gnecchi M, Pachori AS, Morello F, Melo LG. 2005. Therapeutic
potential of endothelial progenitor cells in cardiovascular diseases. Hyper-
tension 46:7–18.

Faure E, Thomas L, Xu H, Medvedev A, Equils O, Arditi M. 2001. Bacterial
lipopolysaccharide and IFN-gamma induce Toll-like receptor 2 and Toll-like
receptor 4 expression in human endothelial cells: Role of NF-kappa B
activation. J Immunol 166:2018–2024.

Genestier L, Taillardet M, Mondiere P, Gheit H, Bella C, Defrance T. 2007. TLR
agonists selectively promote terminal plasma cell differentiation of B cell
subsets specialized in thymus-independent responses. J Immunol 178:7779–
7786.

Griese DP, Ehsan A, Melo LG, Kong D, Zhang L, Mann MJ, Pratt RE, Mulligan
RC, Dzau VJ. 2003. Isolation and transplantation of autologous circulating
THE FUNCTIONS OF TLR4 EXPRESSED IN HUMAN EPCs 185



endothelial cells into denuded vessels and prosthetic grafts: Implications for
cell-based vascular therapy. Circulation 108:2710–2715.

Grisar J, Aletaha D, Steiner CW, Kapral T, Steiner S, Seidinger D, Weigel G,
Schwarzinger I, Wolozcszuk W, Steiner G, Smolen JS. 2005. Depletion of
endothelial progenitor cells in the peripheral blood of patients with rheu-
matoid arthritis. Circulation 111:204–211.

Ha H, Lee JH, Kim HN, Kwak HB, Kim HM, Lee SE, Rhee JH, Kim HH, Lee ZH.
2008. Stimulation by TLR5 modulates osteoclast differentiation through
STAT1/IFN-beta. J Immunol 180:1382–1389.

Hornung V, Rothenfusser S, Britsch S, Krug A, Jahrsdorfer B, Giese T, Endres
S, Hartmann G. 2002. Quantitative expression of Toll-like receptor 1-10
mRNA in cellular subsets of human peripheral blood mononuclear cells and
sensitivity to CpG oligodeoxynucleotides. J Immunol 168:4531–4537.

Hristov M, Weber C. 2004. Endothelial progenitor cells: Characterization,
pathophysiology, and possible clinical relevance. J Cell Mol Med 8:498–508.

Kaiser WJ, Kaufman JL, Offermann MK. 2004. IFN-alpha sensitizes human
umbilical vein endothelial cells to apoptosis induced by double-stranded
RNA. J Immunol 172:1699–1710.

Kong D, Melo LG, Mangi AA, Zhang L, Lopez-Ilasaca M, Perrella MA, Liew CC,
Pratt RE, Dzau VJ. 2004. Enhanced inhibition of neointimal hyperplasia by
genetically engineered endothelial progenitor cells. Circulation 109:1769–1775.

Lee SH, Hong B, Sharabi A, Huang XF, Chen SY. 2009. Embryonic stem cells
and mammary luminal progenitors directly sense and respond to microbial
products. Stem Cells 27:1604–1615.

Libby P, Sukhova G, Lee RT, Liao JK. 1997. Molecular biology of athero-
sclerosis. Int J Cardiol 62(Suppl 2): S23–S29.

Liotta F, Angeli R, Cosmi L, Fili L, Manuelli C, Frosali F, Mazzinghi B, Maggi
L, Pasini A, Lisi V, Santarlasci V, Consoloni L, Angelotti ML, Romagnani P,
Parronchi P, Krampera M, Maggi E, Romagnani S, Annunziato F. 2008. Toll-
like receptors 3 and 4 are expressed by human bone marrow-derived
mesenchymal stem cells and can inhibit their T-cell modulatory activity
by impairing Notch signaling. Stem Cells 26:279–289.

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

Mayr FB, Spiel AO, Leitner JM, Firbas C, Sieghart W, Jilma B. 2007. Effects of
low dose endotoxemia on endothelial progenitor cells in humans. Athero-
sclerosis 195:e202–e206.
186 THE FUNCTIONS OF TLR4 EXPRESSED IN HUMAN EPCs
Murohara T, Ikeda H, Duan J, Shintani S, Sasaki K, Eguchi H, Onitsuka I,
Matsui K, Imaizumi T. 2000. Transplanted cord blood-derived endothelial
precursor cells augment postnatal neovascularization. J Clin Invest
105:1527–1536.

Nakashima Y, Raines EW, Plump AS, Breslow JL, Ross R. 1998. Upregulation
of VCAM-1 and ICAM-1 at atherosclerosis-prone sites on the endothelium in
the ApoE-deficient mouse. Arterioscler Thromb Vasc Biol 18:842–851.

Palliser D, Huang Q, Hacohen N, Lamontagne SP, Guillen E, Young RA, Eisen
HN. 2004. A role for Toll-like receptor 4 in dendritic cell activation and
cytolytic CD8þ T cell differentiation in response to a recombinant heat shock
fusion protein. J Immunol 172:2885–2893.

Rodriguez S, Chora A, Goumnerov B, Mumaw C, Goebel WS, Fernandez L,
Baydoun H, HogenEsch H, Dombkowski DM, Karlewicz CA, Rice S, Rahme
LG, Carlesso N. 2009. Dysfunctional expansion of hematopoietic stem cells
and block of myeloid differentiation in lethal sepsis. Blood 114:4064–
4076.

Ross R. 1999. Atherosclerosis—An inflammatory disease. N Engl J Med
340:115–126.

Rui L, Healy JI, Blasioli J, Goodnow CC. 2006. ERK signaling is a molecular
switch integrating opposing inputs from B cell receptor and T cell cytokines
to control TLR4-driven plasma cell differentiation. J Immunol 177:5337–
5346.

Sioud M, Floisand Y. 2007. TLR agonists induce the differentiation of human
bone marrow CD34þ progenitors into CD11cþ CD80/86þ DC capable of
inducing a Th1-type response. Eur J Immunol 37:2834–2846.

Skokos D, Nussenzweig MC. 2007. CD8- DCs induce IL-12-independent Th1
differentiation through Delta 4 Notch-like ligand in response to bacterial
LPS. J Exp Med 204:1525–1531.

Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C, Martin H, Zeiher AM,
Dimmeler S. 2001. Number and migratory activity of circulating endothelial
progenitor cells inversely correlate with risk factors for coronary artery
disease. Circ Res 89:E1–E7.

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

Yamada M, Kubo H, Ishizawa K, Kobayashi S, Shinkawa M, Sasaki H. 2005.
Increased circulating endothelial progenitor cells in patients with bacterial
pneumonia: Evidence that bone marrow derived cells contribute to lung
repair. Thorax 60:410–413.
JOURNAL OF CELLULAR BIOCHEMISTRY


