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SUMMARY

 

Umbilical cord blood has emerged as an alternative source of haematopoietic CD34

 

+

 

 cells for allogeneic
stem cell transplantation. Although bacteraemia induced by 

 

Escherichia coli

 

 is considered one of the
complications of transplantation, expression of proinflammatory cytokines is poorly understood. In this
study, we report the altered expression of proinflammatory cytokines in CD34

 

+

 

 cells and their 

 

in vitro

 

cultured cells following 

 

E. coli

 

 infection. CD34

 

+

 

 stem cells and their cultured cells up-regulated expres-
sion of proinflammatory cytokines such as interleukin (IL)-1

 

a

 

, IL-6, IL-8 and tumour necrosis factor
(TNF)-

 

a

 

 after infection with 

 

E. coli

 

. Expression of the proinflammatory cytokines was generated mainly
by the granulocyte-macrophage lineages. 

 

E. coli

 

 infection activated the signals of p50/p50 nuclear
factor-kappaB (NF-

 

k

 

B) homodimers and I

 

k

 

B kinase. Furthermore, inhibition of NF-

 

k

 

B activation
lowered the up-regulated expression of the proinflammatory cytokines. These results suggest that
CD34

 

+

 

 cells and their cultured cells infected with 

 

E. coli

 

 induce the expression of proinflammatory
cytokines via the NF-

 

k

 

B pathway.
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INTRODUCTION

 

Umbilical cord blood contains a significantly higher number of
CD34

 

+

 

 stem cells than adult peripheral blood [1]. Moreover, the
number of colony forming unit–granulocyte-macrophages (CFU–
GM) is much higher in umbilical cord blood than peripheral
blood [2,3]. Therefore, umbilical cord blood is proposed as an
ideal alternative to bone marrow and peripheral blood for hae-
matopoietic stem cell transplantation. However, sepsis induced
by bacterial infection is known to be one of the complications
after cord blood transplantation. For example, early transplant-
related mortality after cord blood transplantation is close to 50%,
due mainly to infectious complications such as bacteraemia [4]. In
addition, a report demonstrated that the sepsis induced by

 

Escherichia coli

 

 infection has been considered as the one of the
complications upon transplantation treatment [5].

Proinflammatory cytokines, including tumour necrosis factor
(TNF)-

 

a

 

, interleukin (IL)-1, IL-6 and IL-8, are synthesized and

secreted by numerous cell types and tissues in response to patho-
genic infection [6,7]. TNF-

 

a

 

, IL-1

 

a

 

 and IL-6 are involved in the
induction of acute phase proteins, generation of fever and shock.
This phenomenon is known to be observed during the sepsis. In
addition, many neutrophils are found in the blood in septic
patients. The migration and activation of neutrophils are induced
by chemokine IL-8 [8,9]. In this regard, cytokine-induced inflam-
matory responses are highly characteristic of the septic insult
produced by Gram-negative bacterial infection. Considering
cytokine-induced inflammatory responses in sepsis, there is a pos-
sibility that proinflammatory cytokines may be expressed in
CD34

 

+

 

 cells or their cultured cells when bacterial infection occurs
during the period of cord blood transplantation. However, the
expression of proinflammatory cytokines in the CD34

 

+

 

 stem cells
is poorly understood.

Many of the genes that are activated after bacterial infection
are target genes of the transcription nuclear factor-kappa B (NF-

 

k

 

B) [10–14]. NF-

 

k

 

B is a dimeric transcription factor composed of
homodimers or heterodimers of Rel protein, of which there are
five family members in mammalian cells [i.e. RelA (p65), c-Rel,
Rel B, NF-

 

k

 

B1 (p50) and NF-

 

k

 

B2 (p52)] [15–17]. NF-

 

k

 

B dimers
are held in the cytoplasm in an inactive state by inhibitory pro-
teins, the I

 

k

 

Bs. Stimulation of cells with cytokine or bacterial
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infection activates a signalling cascade that culminates in the
phosphorylation of I

 

k

 

Bs [11,13]. Two isoforms of I

 

k

 

B kinases, I

 

k

 

B
kinase (IKK)

 

a

 

 and IKK

 

a

 

, phosphorylate I

 

k

 

Bs directly on serine
residues and are components of a high molecular weight cytoplas-
mic IKK complex. Phosphorylation of I

 

k

 

Bs on conserved serine
residues targets I

 

k

 

Bs for subsequent ubiquitination and degrada-
tion. However, the role of NF-

 

k

 

B in 

 

E. coli

 

-induced signal trans-
duction of CD34

 

+

 

 cells has not been clarified.
The present study thus tested whether CD34

 

+

 

 cells or their
cultured cells could use an NF-

 

k

 

B signal transduction pathway to
activate the proinflammatory cytokines in response to 

 

E. coli

 

infection. We report here that 

 

E. coli

 

 infection can induce NF-

 

k

 

B
signals in CD34

 

+

 

 cells and their derivatives and that inhibition of
NF-

 

k

 

B showed the suppression of the proinflammatory cytokine
expression. These results suggest that activated NF-

 

k

 

B signals
may be a major regulator of the activation of proinflammatory
cytokine genes in CD34

 

+

 

 cells and their cultivated cells in
response to 

 

E. coli

 

 infection.

 

MATERIALS AND METHODS

 

Isolation of CD34

 

+

 

 cells in umbilical cord blood

 

Normal umbilical cord blood scheduled for discarding after deliv-
ery was obtained with a maternal consent. Low-density mononu-
clear cells were isolated on Ficoll-Paque (1·077 g/ml) (Amersham
Pharmacia Biotech, Piscataway, NJ, USA), washed twice in a
phosphate-buffered saline (PBS) containing 2 m

 

M

 

 of EDTA, and
centrifuged for 10 min at 200 

 

g

 

 at 20

 

∞

 

C. The cell pellet was resus-
pended in a final volume of 300 

 

m

 

l buffer/10

 

8

 

 total cells. CD34

 

+

 

cells were incubated with a monoclonal antihuman CD34

 

+

 

 anti-
body (QBEND/10), followed by a positive selection of immuno-
magnetic beads and MACS separators according to the
manufacturer’s recommendations (Miltenyl Biotech, Auburn,
CA, USA) [18]. The purity of CD34

 

+

 

 cells routinely exceeded

 

~

 

98%, as determined by fluorescence-activated cell sorting
(FACS) analysis (Becton Dickinson, San Jose, CA, USA) (Fig. 1).

To differentiate CD34

 

+

 

 cells 

 

in vitro

 

, CD34

 

+

 

 cells (1 

 

¥

 

 10

 

5

 

/ml)
were seeded at Dulbecco’s minimum essential medium (DMEM)
with 10% heat-inactivated fetal bovine serum (FBS) containing
FLT3 ligand (FL, 50 ng/ml, Chemicon, Temecula, CA, USA),

thrombopoietin (TPO, 10 ng/ml, Kirin Brewery, Gunma, Japan)
and stem cell factor (SCF, 50 ng/ml, Kirin Brewery) in 35 mm
dishes at 37

 

∞

 

C in a humidified atmosphere of 5% CO

 

2

 

 in air.
Every 3–4 days, a half of the culture volume was removed from
the wells to be replaced with fresh medium and growth factors.
The cells were harvested at various intervals (days 7 and 14). Via-
bility of the cells was assessed using the trypan blue exclusion
assay. Under this culture condition, CD34

 

+

 

 fraction was decreased
to 21–30% at day 7 and was only 5–6% at day 14, as assessed by
FACS analyses. When 1 

 

¥

 

 10

 

5

 

 isolated CD34

 

+

 

 cells were incubated
with FL + TPO + SCF at day 0, the viable cells were increased to
(1·6 

 

±

 

 0·7) 

 

¥

 

 10

 

7

 

 cells after 7 days’ culture and (8·6 

 

±

 

 1·5) 

 

¥

 

 10

 

8

 

cells after 14 days culture (mean 

 

±

 

 s.d. of five separate experi-
ments). The percentage of living cells was 96·2 

 

±

 

 2·6% (day 7) and
86·8 

 

±

 

 3·6% (day 14) of total cells (mean 

 

±

 

 s.d. of five separate
experiments).

To isolate CFU–GM, BFU–E (burst-forming unit–erythroid)
and CFU–GEMM (colony forming unit–granulocyte, erythrocyte,
macrophage, megakaryocyte), CD34

 

+

 

 cells were cultured in com-
plete MethoCult

 

TM

 

 medium (1% methylcellulose in DMEM, 30%
FBS, 1% bovine serum albumin, 3 U/ml erythropoietin, 10

 

-

 

4

 

 

 

M

 

 2-
mercaptoethanol, 2 m

 

M

 

 

 

L

 

-glutamine, 50 ng/ml stem cell factor,
10 ng/ml GM–CSF, 10 ng/ml IL-3; Stem Cell Technologies, Van-
couver, Canada). After 14 days of CD34

 

+

 

 cell culture in the com-
plete MethoCult

 

TM

 

 medium according to the manufacturer’s
protocol, the fractions of CFU–GM, BFU–E and CFU–GEMM
were 68%, 29% and 3%, respectively (mean value of three sep-
arate experiments). Under the optical inverted microscopy, CFU–
GM or BFU–E was collected.

 

Infection protocol
E. coli

 

 O29 was obtained from the American Type Culture Col-
lection (ATCC; no. 23892). Bacteria were grown to late log
phase at 37

 

∞

 

C in tryptic soy broth before infection. CD34

 

+

 

 stem
cells (day 0) or their cultured cells (days 7 or 14) in the six-well
tissue culture plate were infected with 

 

E. coli

 

 for 1, 3, 6, 9 or
12 h in electrophoretic mobility shift assays; for 6, 12 or 18 h in
reverse transcription–polymerase chain reaction (RT-PCR); for
18 h in cytokine production experiments [enzyme-linked immu-
nosorbent assay (ELISA)]. The ratio of 

 

E. coli

 

 to the cells was
adjusted to 10 : 1. In some experiments, CD34

 

+

 

 cells or their
cultured cells were treated with an inhibitor of NF-

 

k

 

B activa-
tion, calpain-1 inhibitor (25 

 

m

 

M

 

, Calbiochem, La Jolla, CA,
USA), for 1 h before exposure to 

 

E. coli

 

 and during the incu-
bation period of the experiment. A similar protocol was used
for the experiments using NF-

 

k

 

B essential modifier (NEMO)-
binding domain (NBD) peptide (200 

 

m

 

M

 

, Peptron, Daejeon,
Korea). An NBD peptide can block association of NEMO with
the IKK complex and inhibit NF-

 

k

 

B activation [19]. Sequences
of the wild-type and mutant peptides are drqikiwfqnrrmkwkk-
TALD

 

W

 

S

 

W

 

LQTE (wild-type) and drqikiwfqnrrmkwkkTAL-
DASALQT E (mutant). Positions of the W

 

�

 

A mutations are
underlined [19].

 

Quantitative RT-PCR analysis

 

CD34

 

+

 

 cells and their cultured cells were incubated with 

 

E. coli

 

for the indicated times, after which total cellular RNA was
extracted from the cells using Trizol reagent (Gibco BRL, Life
Technologies, Palo Alto, CA, USA). Quantitative RT-PCR using
internal standards was used to quantify cytokine mRNA levels, as
described previously [20,21]. Synthetic standard RNA was kindly

 

Fig. 1.

 

Flow cytometric analysis of CD34

 

+

 

 cells on cord blood cells. CD34

 

+

 

cells were isolated from cord blood cells using MACS separation. The
isolated CD34

 

+

 

 cells were stained with CD34-fluorescein isothiocyanate
(FITC, solid line) or isotype control-FITC (dot line) for 15 min and fixed
with 2% paraformaldehyde solution. Fixed cells were suspended in PBS
and analysed by flow cytometry. Data for 10 000 cells were analysed by
using a VellQuest version 3·11. software (Becton Dickinson). The area
marked as M to the right peak contains the CD34

 

+

 

 cells (98·6%).
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provided by Dr Kagnoff of the University of California, San
Diego. PCR amplification consisted of 35 cycles of 1-min dena-
turation at 95∞C, 2·5-min annealing and extension at either 60∞C
(IL-1a, IL-6, IL-8 and eotaxin), 65∞C [TNF-a, MCP-1 and normal
T cell expressed and secreted (RANTES)] or 72∞C (b-actin).
Cytokine mRNA levels of 5 ¥ 103 molecules/mg of total RNA
were considered positive. Although lower levels could be
detected and quantified, they were considered unlikely to be bio-
logically meaningful as they would, on average, reflect < 1 mRNA
transcript/20 cells [22].

Cytokine ELISA in culture supernatants
Before the measurement of cytokines, the supernatants of E. coli-
infected cell culture media were filtered through a 0·22-mm filter
to remove any contaminants. The levels of human IL-1a, IL-6, IL-
8, MCP-1 and TNF-a were determined by Quantikine immunoas-
say kits (R&D Systems, Minneapolis, MN, USA). Each sample
was tested in triplicate. The detection limit was 15 pg/ml for the
five cytokines.

Electrophoretic mobility shift assays (EMSA) and 
supershift EMSA
Cells were harvested, and nuclear extracts were prepared as
described [13]. The concentrations of proteins in the extracts were
determined by the Bradford assay (Bio-Rad, Hercules, CA,
USA). Electrophoretic mobility shift assays (EMSA) were per-
formed according to the protocol of the manufacturer (Promega,
Madison, WI, USA). Five mg of nuclear extracts (obtained from
~3 ¥ 107 cultured cells derived from CD34+) or 0·5 mg of nuclear
extracts (obtained from ~ 3 ¥ 106 CD34+ cells) was used. In brief,
nuclear extracts were incubated for 30 min at room temperature
with g32P-labelled oligonucleotide probe corresponding to a con-
sensus NF-kB binding site. After incubation, bound and free
DNAs were resolved on 5% native polyacrylamide gels as
described previously [11,13].

Supershift assays were used to identify the specific members
of the NF-kB family which could be activated by infection with E.
coli. EMSA was performed as described above except that rabbit
antibodies (1 mg/reaction) against that NF-kB proteins p50, p52,
p65, c-Rel and Rel B (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) were added during the binding reaction period [13].

Immunoblots
Cells were washed with ice-cold PBS and lysed in a 0·5 ml/well
lysis buffer (150 mM NaCl, 20 mM Tris, pH 7·5, 0·1% Triton X-100,
1 mM PMSF, 10 mg/ml aprotonin), as described previously [13].
Protein concentrations in the lysates were determined by the
Bradford method (Bio-Rad). Five to 15 mg protein/lane was size-
fractionated on a denaturing, non-reducing 6% polyacrylamide
minigel (Mini-PROTEIN II; Bio-Rad) and electrophoretically
transferred to a nitrocellulose membrane (0·1-mm pore size). Spe-
cific proteins were detected using mouse antihuman IkBa (Santa
Cruz Biotechnology), phospho-IkB kinase (IKK)a (Cell Signal-
ling Technology, Beverly, MA, USA) or actin (Santa Cruz Bio-
technology) as a primary antibody and peroxidase-conjugated
antimouse or antirabbit IgG (Transduction Laboratories, Lexing-
ton, KY, USA) as a secondary antibody. Specifically bound per-
oxidase was detected by enhanced chemiluminescence (ECL
system; Amersham Life Science, Bucks, UK) and exposure to X-
ray film (XAR5; Eastman Kodak Company, Rochester, NY,
USA) for 10–30 s.

Recombinant retrovirus and retrovirus infection
Dominant-negative  IkBa  (S32A,  S36A)  [23]  was  amplified
with sense (5¢-aacc ATGGCATACCCATACGACGTCCCA
GACTACGCTttccaggcggccgagcgcccccaggag-3¢) and antisense
(5¢-aaaaGGATCCtcataacgtcagacgctggcct-3¢) primers using high
fidelity Taq polymerase (GIBCO BRL). The capital letters repre-
sent nucleotides encoding a HA tag. The PCR products were
digested with Nco-1 and BamH1 restriction enzymes. These
enzymes were incubated with the buffer [150 mM NaCl, 10 mM

Tris-HCl, 10 mM MgCl2, 1 mM dithiothreitol (pH 7·9) and 100 mg/
ml bovine serum albumin] at 37∞C for 2 h. The digested PCR
products were cloned into the corresponding sites in MFG retro-
viral vector by replacing the GFP sequence of
MFG.GFP.IRES.puro [24]. The retroviral plasmids obtained were
introduced into the 293 gpg retrovirus packaging cell line [25] by
transient transfection. Briefly, the plasmid DNA (4 mg) was mixed
with Lipofectamine (GIBCO BRL) in optiMEM (GIBCO BRL) at
room temperature for 30 min. These mixtures were overlaid to
the 293 gpg retrovirus packaging cell line (3 ¥ 106 cells/60 mm cul-
ture dish) and incubated for 8 h at 37∞C. After 8 h, DMEM sup-
plemented with 10% FBS and puromycin (2 mg/ml, Sigma, St
Louis, MO, USA) were added. At 24 and 48 h later, the culture
media were change to new media. After 72 h the supernatants
were harvested and used for retroviral infection. The virus titres,
measured in NIH3T3 cell line by puromycin-resistant colony for-
mation, were between 105 and 5 ¥ 105/ml (retrovirus-IkBa-AA).
The infection and selection of target cells with puromycin was
performed as described previously [24].

Transfection of plasmids and luciferase assay
pIL8-luciferase and pRSV-b-galactosidase transcriptional report-
ers were kindly donated by Dr Kagnoff of the University of Cal-
ifornia, San Diego [11]. The cultured cells derived from CD34+

(day 14) were transfected with 1·5 mg of plasmid DNA using
GenePorter transfection reagent (Gene Therapy Systems, San
Diego, CA, USA), according to the manufacturer’s instructions.
The transfected cells were incubated for 48 h at 37∞C in a 5% CO2

incubator. Cells were incubated with E. coli for the indicated peri-
ods. Luciferase activity was determined and normalized relative
to b-galactosidase expression, in accordance with the manufac-
turer’s instructions (Tropix Inc., Bedford, MA, USA). Light
release was quantified for 10 s using a luminometer (MicroLumat
Plus, Berthold GmbH KG, Bad Wildbad, Germany), as described
previously [11,13].

Statistical analysis
Data are presented as the mean ± standard deviation (s.d.) for
quantitative RT-PCR, and the mean ± standard error of the
means (SEM) for the ELISA and luciferase assays. Wilcoxon’s
rank sum test was used for statistical analysis. A P-value less than
0·05 was considered statistically significant.

RESULTS

E. coli infection up-regulates expression of IL-1a, IL-6, IL-8 and 
TNF-a in the CD34+ cells or their cultured cells
IL-1a, IL-6, IL-8, MCP-1 and TNF-a are proinflammatory cytok-
ines that are involved in the inflammatory process. We assessed the
gene expression of these cytokines in CD34+ cells following E. coli
infection. CD34+ cells constitutively expressed low levels of IL-1a,
IL-6, IL-8 and TNF-a mRNA expression, but the expression of
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these proinflammatory cytokines increased after E. coli infection
(Fig. 2). In addition, up-regulated proinflammatory cytokine
mRNA expression such as IL-1a, IL-6, IL-8 and TNF-a were also
noted in E. coli-infected cultured cells derived from CD34+ (days
7 and 14) (Fig. 2). Quantification of mRNA using synthetic stan-
dard RNA, as shown in Table 1, showed that IL-1a, IL-6, IL-8 and
TNF-a mRNA expression by E. coli infection was 2–19 times
greater than control in CD34+ cells. The cultured cells derived from
CD34+ stem cells also increased the numbers of proinflammatory
cytokine mRNA transcripts in response to E. coli infection
(Table 2). However, mRNA expression of MCP-1, RANTES and
eotaxin was not increased significantly in E. coli-infected CD34+

cells  (day  0)  and  their  cultured  cells  (days  7  and  14)  (MCP-1,
~8·5 ¥ 104 transcripts/mg total RNA; RANTES, <5 ¥ 103

transcripts/mg total RNA; eotaxin, <5 ¥ 103 transcripts/mg total
RNA; b-actin, ~1 ¥ 106 transcripts/mg total RNA).

To determine whether increased cytokine mRNA levels were
accompanied by increased protein secretion, we measured the
amount of cytokine proteins in culture supernatants. The secre-
tions of each cytokine were paralleled by each mRNA expression
(Fig. 3). For example, the cultured cells derived from CD34+ (day
14) infected with E. coli produced 3·6-fold higher amounts of IL-
1a compared with uninfected controls. However, MCP-1 produc-
tion in infected and uninfected cells remained relatively constant
(~ 18·5 ng/ml). These data suggest that the increased proinflam-
matory cytokine secretion in response to E. coli infection may be
due in large part to pretranslational events.

The magnitude of the cytokine response was dependent on
the number of infected E. coli per CD34+ cells. Infection of the

IL-1a(a)

0

Time after infection (h)

6 12 18

IL-6

IL-8

TNF-a

b-actin

IL-1a(b)

IL-6

IL-8

TNF-a

b-actin

IL-1a(c)

IL-6

IL-8

TNF-a

b-actin

Fig. 2. RT-PCR analysis of proinflammatory cytokine mRNA in E. coli-
infected CD34+ cells and their cultured cells. The cells (1 ¥ 106) in the six-
well tissue culture plate were infected with E. coli for the indicated hours.
The ratio of E. coli to the cells was adjusted to 10 : 1. The expression of
mRNA for each cytokine and b-actin was assessed by RT-PCR using
specific primers. The data are representative of more than five separate
experiments. (a) Freshly isolated CD34+ haematopoietic stem cells; (b) or
(c), cultured cells which were obtained from CD34+ stem cells incubated
with FL + TPO + SCF for 7 days or 14 days, respectively.

Table 1. Proinflammatory cytokine mRNA expression in CD34+ stem 
cells infected with E. coli*

Time after infection (h)

0 6 12 18

IL-1a 3·8 ± 4·6† 35·6 ± 20·8 (9) 45·6 ± 29·0 (12) 41·8 ± 28·9 (11)
IL-6 8·2 ± 9·8 124 ± 67 (15) 145 ± 49 (18) 118 ± 34 (14)
IL-8 3·7 ± 3·3 7·8 ± 2·7 (2) 19·8 ± 7·3 (5) 32·6 ± 11·3 (9)
TNF-a 0·6 ± 0·8 11·4 ± 6·2 (19) 9·2 ± 3·3 (16) 8·2 ± 3·4 (14)
b-actin 106 ± 61 195 ± 125 (1·8) 104 ± 56 (1·0) 123 ± 50 (1·2)

*CD34+ cells (purity > 98%, 1 ¥ 106 cells) in six-well plates were incu-
bated with E. coli for the indicated hours. The ratio of E. coli to CD34+

cells was adjusted to 10 : 1. For quantification of the expressed transcripts,
total RNA was reverse-transcribed using an oligo(dT) primer and syn-
thetic internal RNA standards, and amplified by PCR. †Mean numbers ±
s.d. of mRNA transcripts (104)/mg RNA (n = 5). Parentheses are mean fold-
induction compared with uninfected control.
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cultured cells derived from CD34+ (day 14, 1 ¥ 106 cells) with
increasing numbers of E. coli for 6 h was paralleled by increased
IL-1a mRNA expression. At 6 h after infection of the cultured
cells with 104, 105, 106, 107 and 108 CFU of E. coli, IL-1a mRNA
transcripts increased 5·4 ± 2·5, 8·2 ± 1·4, 13·2 ± 3·1, 19·0 ± 3·6 and
17·3 ± 3·2-fold, respectively, relative to those of uninfected con-
trol (mean fold-increase ± s.d., n = 3). In this experiment, the
mean number of IL-1a mRNA transcripts of the uninfected con-
trol was 1·2 ¥ 105 transcripts/mg RNA.

To test the subpopulation of the cultured cells derived from
CD34+ involved in the induction of proinflammatory cytokines in
response to E. coli infection, the proinflammatory cytokine
expression levels were compared between CFU–GM and BFU–
E. As shown in Fig. 4, up-regulation of the proinflammatory
cytokines by E. coli infection was attributed mainly to CFU–GM
in the cultured cells derived from CD34+.

E. coli infection induces p50 homodimeric NF-kB activation and 
IkBa degradation in CD34+ cells and their cultured cells
To determine whether E. coli activates NF-kB in human CD34+

cells and their cultured cells, DNA binding studies were per-
formed using cell extracts after infection of the cultured cells
derived from CD34+ cells (day 14) with E. coli. Following infec-
tion, these cells increased the DNA binding activity of NF-kB, as
shown by EMSA (Fig. 5a). In addition, degradation of IkBa was
observed in E. coli-infected cultured cells derived from CD34+, as
determined by immunoblot analysis. Notably, an IkBa signal
completely disappeared at 1 h after infection, but then continu-
ously recovered (Fig. 5a). Similar results were obtained in the
CD34+ cells (day 0) (Fig. 5b).

NF-kB exist as dimeric complexes, either homo- or het-
erodimers [17]. To identify the specific NF-kB subunits that com-
prise the NF-kB signal detected by EMSAs in E. coli-infected
CD34+ cells or their cultured cells, a supershift assay was per-
formed. Specific antibodies to p50, p52, p65, c-Rel and Rel B were

used for these experiments. Supershift studies demonstrated that
the antibody to p50 shifted the entire signal. However, antip52,
antip65, antic-Rel or anti-Rel B antibodies did not shift the NF-kB
signals (Fig. 5c,d). These results indicate that NF-kB activation by
E. coli infection is mediated predominantly by homodimers of p50.

Inhibition of NF-kB activity down-regulates the 
proinflammatory cytokine expression in CD34+ cells infected 
with E. coli
Based on E. coli infection activating the NF-kB signals in CD34+

cells or their cultured cells (Fig. 5), we next determined whether
increased proinflammatory cytokine expression after E. coli
infection was associated with NF-kB pathways. Addition of
calphain-1 inhibitor to E. coli-infected cultured cells derived from
CD34+ cells (day 14) significantly decreased the proinflammatory
cytokine secretion (Table 2). Consistent with this, the expression
of up-regulated IL-1a mRNA transcripts was also decreased by
the treatment with calpain-1 inhibitor [E. coli-infected, 37 ± 26; E.
coli + calpain-1 inhibitor, 6·9 ± 1·3; non-infected control, 1·5 ± 1·8;
mean ± s.d. (¥ 105) mRNA transcripts/mg total RNA; 6 h post-
infection, n = 3].

One of the major pathways of NF-kB activation involves the
phosphorylation of IkBa, which is followed in turn by IkB deg-
radation and the subsequent migration of NF-kB dimers from the
cytoplasm to the nucleus [15,16]. We assayed the expression of
proinflammatory cytokines in CD34+ cells with suppressed NF-kB
activity, which had been transfected with the retrovirus-IkBa-
AA. To confirm that the transfection with retrovirus-IkBa-AA
was related to a decrease in an NF-kB signal, EMSA was per-
formed. Activation of NF-kB signals was inhibited in the cultured
cells derived from CD34+ (day 14) transfected with retrovirus-
IkBa-AA (Fig. 6a). Consistent with this, mRNA expression of IL-
1, IL-6, IL-8 and TNF-a in response to E. coli infection was also
decreased in NF-kB-suppressed cultured cells derived from
CD34+ (Fig. 6b).

Table 2. Proinflammatory cytokine mRNA expression in E. coli-infected cultured cells derived from CD34 + stem cells*

Time after infection (h)

0 6 12 18

7 days’ culture
IL-1a 8·5 ± 6·2† 46·2 ± 18·0 (5) 57·2 ± 30·8 (7) 46·6 ± 27·4 (5)
IL-6 6·8 ± 3·3 10·1 ± 3·5 (1·5) 23·4 ± 11·0 (3·4) 9·7 ± 3·4 (1·4)
IL-8 7·2 ± 3·6 36·4 ± 15·6 (5) 88·4 ± 25·0 (12) 129 ± 46 (18)
TNF-a 0·8 ± 0·3 11·4 ± 4·2 (14) 10·3 ± 3·8 (12) 6·9 ± 3·2 (8)
b-actin 112 ± 49 125 ± 75 (1·1) 256 ± 143 (2·3) 190 ± 123 (1·7)

14 days’ culture
IL-1a 9·2 ± 5·2 120 ± 110 (13) 148 ± 106 (16) 133 ± 73 (14)
IL-6 9·2 ± 3·8 468 ± 267 (51) 436 ± 254 (47) 450 ± 258 (49)
IL-8 8·7 ± 3·5 40·6 ± 17·0 (5) 278 ± 154 (32) 678 ± 355 (78)
TNF-a 0·3 ± 0·2 20·1 ± 12·8 (63) 17·3 ± 10·0 (54) 16·4 ± 12·2 (51)
b-actin 231 ± 119 175 ± 95 (0·8) 151 ± 60 (0·7) 174 ± 55 (0·8)

*CD34+ stem cells (purity > 98%, 1 ¥ 105 cells) were incubated with FLT3 ligand (50 ng/ml) + thrombopoietin (10 ng/ml) + stem cell factor (50 ng/ml)
for 7 or 14 days. Every 3–4 days, half the culture volume was removed from the wells to be replaced with fresh medium and growth factors. The cultured
cells (1 ¥ 106 cells) in six-well plates were incubated with E. coli for the indicated hours. The ratio of E. coli to the cultured cells was adjusted to 10 : 1.
For quantification of the expressed transcripts, total RNA was reverse-transcribed using an oligo(dT) primer and synthetic internal RNA standards, and
amplified by PCR. †Mean numbers ± s.d. of mRNA transcripts (104)/mg RNA (n = 5). Parentheses are mean fold-induction compared with uninfected
control.
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E. coli infection increases phosphorylated IKK signals in the 
cultured cells derived from CD34+

Major pathways for NF-kB activation are involved in the activa-
tion of IKK, which is followed by IkB degradation [16]. In this
study, we found that E. coli infection increased the signals of
phosphorylated IKKa in the cultured cells derived from CD34+

(day 14) (Fig. 7a). These cultured cells were obtained from CD34+

cells incubated with FL + TPO + SCF for 14 days. In order to
study whether the activation of IKK was one of the major path-
ways that culminated in the expression of proinflammatory cytok-
ines following E. coli infection, cultured cells derived from CD34+

Fig. 3. Proinflammatory cytokine secretion by CD34+ cells or their cul-
tured cells infected with E. coli. CD34+ cells (day 0, a) or their cultured
cells [day 7 (b) and 14 (c)] in six-well plates were incubated with E. coli
for 18 h and protein levels of each cytokine were determined by ELISA.
Data are the mean ± s.e.m. of seven separate experiments. White bar, E.
coli-infected; black bar, non-infected controls.
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(day 14) were treated with an NBD peptide which can block the
association of NEMO with the IKK complex [19]. Secretion of
proinflammatory cytokines was inhibited by treatment with an
NBD peptide, but not by treatment with the mutant type of NBD
peptide (Table 3). Similar results were obtained from the CD34+

cells (day 0) infected with E. coli [IL-1a, control, 1·78 ± 0·66; E.
coli-infected, 9·33 ± 2·22; E. coli + NBD (wild-type), 3·62 ± 1·01;
E. coli + NBD (mutant), 10·20 ± 1·51; mean ± s.e.m. (ng/ml) of

three separate experiments], [TNF-a, control, 0·03 ± 0·02; E. coli-
infected, 1·91 ± 0·15; E. coli + NBD (wild-type), 0·73 ± 0·13; E.
coli + NBD (mutant), 1·87 ± 0·27; mean ± s.e.m. (ng/ml) of three
separate experiments]. To confirm that E. coli-induced IKK acti-
vation was directly associated with reporter gene activation,
luciferase assays were also performed. Addition of NBD peptide
decreased the activation of IL-8 reporter genes in the cultured
cells infected with E. coli (Fig. 7b). These cultured cells were
obtained from CD34+ cells incubated with FL + TPO + SCF for
day 14. These results demonstrate that the activation of IKK are
involved as crucial steps for NF-kB activation in CD34+ cells or
their cultured cells following E. coli infection.

DISCUSSION

Bacteraemia or sepsis causes complication of stem cell transplan-
tation [5]. We have shown that the infection of CD34+ cells or

Fig. 5. NF-kB activation and IkBa degradation in the CD34+ cells or their
cultured cells infected with E. coli. (a) The cultured cells (day 14) were
incubated with E. coli. The ratio of E. coli to the cells was adjusted to 10 : 1.
NF-kB DNA binding activity was assessed by EMSA at the indicated
times. Immunoblots for concurrent IkBa and actin under the same condi-
tion are provided beneath each EMSA time point. The results are repre-
sentative of five repeated experiments. (+) Represents a positive control
whereby the cultured cells derived from CD34+ were treated with TNF-a
(20 ng/ml) for 3 h (–) represents negative control. (b) Similar results of
NF-kB activation and IkBa degradation were observed in the CD34+ stem
cells (day 0). (c) Activation of specific NF-kB subunits in the cultured cells
(c, day 14) infected with E. coli. Supershift assays were performed using
antibodies to p50, p52, p65, c-Rel and Rel B. The antibody to p50 shifts
the entire NF-kB signals. Anti-p52, p65, c-Rel and Rel B did not show the
shifts. The results are representative of three repeated experiments. (d)
Similar results of supershift assay were obtained from the CD34+ cells (day
0).
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their cultured cells with E. coli up-regulated expression of the
proinflammatory cytokines such as IL-1a, IL-6, IL-8 and TNF-a.
Furthermore, we demonstrated that the NF-kB activation path-
way plays a crucial role in the expression of proinflammatory
cytokines in response to the infection of CD34+ cells or their cul-
tured cells with E. coli.

The release of proinflammatory cytokines can contribute to
the inflammatory cell infiltration that accompanies bacteraemia.
In addition, cytokines IL-1, IL-6 and TNF-a are known to be
importantly involved in the systemic inflammatory process such
as shock, fever and production of acute phase proteins and anti-
bodies [26,27]. IL-8 is also known to be a chemoattractant and
activator for neutrophils [28]. Our results showed that these
cytokines were up-regulated in CD34+ cells infected with E. coli.
Notably, the kinetics of IL-8 mRNA expression was delayed rel-
ative to the other cytokines. Therefore, there is a possibility that
cytokines released from the cells during infection may mediate
the IL-8 response to E. coli infection.

NF-kB has a key role in regulating the transcription of several
members of a proinflammatory gene family that is induced in
response to inflammation or infection with pathogens [10–14].
Activation of NF-kB in the cytoplasm involves the inducible phos-
phorylation of IkBs, which then undergoes ubiquitin-mediated
proteolysis, thereby releasing NF-kB dimers to translocate to the
nucleus [15–17]. In this study, E. coli infection activated NF-kB in
CD34+ cells or their cultured cells as assayed by EMSA. In addi-
tion, degradation of IkBa was observed in E. coli-infected cells.
Furthermore, blocking the NF-kB activation with calpain-1 inhib-
itor or retrovirus-IkBa-AA transfection significantly decreased
expression of the proinflammatory cytokines in E. coli-infected
cells. These results indicate that phosphorylation and degradation
of the inhibitory protein IkBa and the subsequent dissocation of
this protein from the NF-kB complex are necessary for the proin-
flammatory cytokine expression in response to E. coli infection.
However, considering that the addition with calpain-1 inhibitor or
transfection with retrovirus-IkBa-AA did not suppress com-
pletely proinflammatory cytokine expression, there is a possibility
that other pathways may be involved in the expression of the
proinflammatory cytokines induced by E. coli infection.

Distinct expression profiles for each of the five mammalian
NF-kB/Rel members have been observed in developing tissues

Fig. 7. Phosphorylation of IKK and IL-8 reporter gene activation in E.
coli-infected cultured cells derived from CD34+. (a) The cultured cells (day
14) were incubated with E. coli for the indicated times. The ratio of E. coli
to the cells was adjusted to 10 : 1. Phosphorylation and protein expression
of IKKa and actin were assessed by immunoblot. (b) Cultured cells (day
14) were transfected with pIL-8-luciferase transcriptional reporters; 48 h
later the transfected cells were incubated with E. coli (black bar) or TNF-
a (20 ng/ml, open bar) for 6 h. Data are expressed as the mean fold
induction ± s.e.m. in luciferase activity relative to non-stimulated controls
(n = 5).
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Table 3. Proinflammatory cytokine production in E. coli-infected cultured cells derived from CD34+ in the presence of NF-kB inhibitor or IKK inhibitor*

Cytokines Control E. coli-infected

E. coli-infected

Calpain-1
inhibitor

NBD peptide

Wild-type Mutant-type

IL-1a 3·10 ± 0·47† 12·23 ± 1·04 7·36 ± 0·89‡ 6·71 ± 0·92‡ 13·09 ± 1·48
IL-6 5·92 ± 1·41 16·85 ± 2·08 9·63 ± 1·72‡ 7·78 ± 1·43‡ 15·85 ± 1·39
IL-8 6·72 ± 0·93 22·94 ± 2·51 11·36 ± 1·46‡ 12·18 ± 2·76‡ 22·56 ± 3·28
TNF-a 0·04 ± 0·03 2·68 ± 0·55 1·14 ± 0·19‡ 0·98 ± 0·13‡ 2·35 ± 0·53

*CD34+ stem cells (purity > 98%, 1 ¥ 105 cells) were incubated with FLT3 ligand (50 ng/ml) + thrombopoietin (10 ng/ml) + stem cell factor (50 ng/ml)
for day 14. These cultured cells (1 ¥ 108 cells) were incubated with an NF-kB inhibitor, calpain-1 inhibitor (25 mM), or an IKK inhibitor, NBD peptides
(200 mM) for 1 h followed by infection with E. coli for 18 h. The ratio of E. coli to the cells was adjusted to 10 : 1. Protein levels of cytokines in culture
supernatants were determined by ELISA. †Mean ± s.e.m. (ng/ml) of five separate experiments. ‡Significantly different from value for the E. coli-infected
group (P < 0·05).
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and organs. Thus, p50/p65 heterodimers are activated readily in
most cell types while, in contrast, c-Rel complexes (e.g. p50/c-Rel
heterodimers and c-Rel homodimers) are found predominantly in
cells of haematopoietic lineage [29]. NF-kB/Rel is known not to
affect the potency of haematopoietic stem cells to differentiate
into common lymphoid and common myeloid cells. Nevertheless,
p50/p65 is crucial for lymphopoiesis, whereas p65/c-Rel is com-
plementary for myeloid development [29]. Our supershift studies
showed that E. coli infection induced p50/p50 homodimers in
CD34+ cells and their cultured cells. Until now, there has been lit-
tle understanding of the induction of p50/p50 homodimers in
CD34+ cells and their cultured cells. A recent study reported that
p50/p65 was required for proper development of myeloid den-
dritic cells [30]. However, loss of p50/c-Rel or c-Rel alone did not
perturb dendritic cell development, but rather affected the mat-
uration and survival of dendritic cells [30,31]. These findings thus
suggest that p50 is involved in dendritic cell development. Con-
sidering that CFU–GM was involved mainly in proinflammatory
cytokine expression in E. coli-infected cultured cells derived from
CD34+, the activation of p50/p50 homodimer may be due to mye-
loid lineages of CD34+ stem cells. Further study of the NF-kB sub-
units in the stage of myeloid development from CD34+ cells seems
to be necessary.

In this study, E. coli infection increased the signals of phos-
phorylated IKKa in the cultured cells derived from CD34+.
NEMO is required for the activation of IKK by inflammatory
stimuli such as TNF-a [32,33]. Treatment with an NBD peptide
which blocks the association of NEMO with the IKK complex
decreased proinflammatory cytokine expression in E. coli-
infected CD34+ cells and their cultured cells. These findings sug-
gest that transcription of the proinflammatory cytokines in
response to E. coli infection is regulated via IKK activation.

In conclusion, our data indicate that the NF-kB activation
pathway is involved in E. coli-induced expression of IL-1a, IL-6,
IL-8 and TNF-a from CD34+ cells. These proinflammatory cytok-
ines may contribute to the inflammatory process following bacter-
aemia in transplantation treatment.
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