
CLINICAL AND DIAGNOSTIC LABORATORY IMMUNOLOGY, July 2003, p. 558–563 Vol. 10, No. 4
1071-412X/03/$08.00�0 DOI: 10.1128/CDLI.10.4.558–563.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Endothelial Cells Are Main Producers of Interleukin 8 through
Toll-Like Receptor 2 and 4 Signaling during Bacterial

Infection in Leukopenic Cancer Patients
C. S. M. Oude Nijhuis,1 E. Vellenga,2 S. M. G. J. Daenen,2 W. A. Kamps,1

and E. S. J. M. de Bont1*
Division of Pediatric Oncology, Beatrix Children’s Hospital,1 and Division of Hematology, Department

of Internal Medicine,2 University Hospital Groningen, Groningen, The Netherlands

Received 8 October 2002/Returned for modification 14 February 2003/Accepted 30 April 2003

Cancer patients who are leukopenic due to chemotherapy are susceptible to bacterial infections. Normally,
clinical conditions during bacterial infections are caused by pathogen-associated molecular patterns, which are
components that bind to Toll-like receptor (TLR) 2 (TLR-2) and TLR-4 on leukocytes, resulting in the
production of inflammatory cytokines. The mechanism of this inflammatory response in cancer patients with
diminished numbers of leukocytes is not completely clear. The levels of interleukin 1� (IL-1�) and tumor
necrosis factor alpha measured in the circulation of leukopenic cancer patients are lower than those measured
in that of nonleukopenic patients during bacterial infections, whereas plasma interleukin 8 (IL-8) levels show
distinct identical increases during bacterial infections in both leukopenic and nonleukopenic patients. Nor-
mally, these cytokines are mainly secreted by leukocytes. In cancer patients with bacterial infections and a
diminished number of leukocytes, other sources of IL-8 production, such as endothelial cells, might be
expected. Endothelial cells instead of leukocytes become the most important producers of IL-8 during bacterial
infections in patients with chemotherapy-induced leukopenia through TLR-2 and TLR-4 signaling. Whole
blood samples from six cancer patients were stimulated with lipopolysaccharide (LPS), and then IL-8 con-
centrations in supernatants were measured. Further, human umbilical vein endothelial cells (HUVECs) were
incubated with sera from leukopenic cancer patients with or without bacterial infections, and then IL-8
concentrations in supernatants were measured (n � 6). In addition, the same HUVEC experiment was
performed with the addition of neutralizing antibodies against TLR-2 and TLR-4. During leukopenia (<109

cells/liter), LPS stimulation of whole blood did not result in an increase in IL-8 levels. However, when
endothelial cells were incubated with sera from leukopenic cancer patients during bacterial infections, a three-
to eightfold increase in IL-8 production was found, compared to the IL-8 production found after incubation
with sera from patients without signs of infections. This increase did not reflect a higher level of IL-8 already
present in the sera. Further, we demonstrated that IL-8 production induced in endothelial cells by sera from
patients with documented gram-negative infections could be reduced significantly by up to 40% when the cells
were incubated with neutralizing antibodies against TLR-4 (P � 0.028). The addition of TLR-2 antibodies
slightly enhanced the reduction of IL-8 production. These results suggest that during bacterial infections in
cancer patients with markedly diminished numbers of leukocytes, endothelial cells become important produc-
ers of IL-8 through TLR-4 signaling and, to a lesser extent, TLR-2 signaling.

Bacterial infections remain a common and severe problem
in cancer patients who are leukopenic (leukocyte count, �109/
liter) due to chemotherapy (3, 4). Infections with gram-nega-
tive as well as gram-positive microorganisms may lead to septic
shock and death. The development of novel strategies to pre-
vent complications of bacterial infections and strategies to
diagnose bacterial infections earlier by using inflammatory cy-
tokines, such as interleukin 8 (IL-8), requires further insight
into the innate immune response of cancer patients treated
with chemotherapy (9, 20).

Clinical responses to bacterial infections are caused by cer-
tain components of the bacterial cell wall, called the pathogen-
associated molecular patterns (PAMPs). When these compo-
nents are recognized by receptors of the innate immune

system, a complex network of changes in the human body is
induced, called the inflammatory response. For example, lipo-
polysaccharide (LPS), the PAMP from gram-negative bacteria,
becomes detached from the bacterial cell membrane and binds
to LPS-binding protein, an acute-phase protein (18). LPS-
binding protein transports LPS to soluble CD14 or membrane-
bound CD14 on monocytes and tissue macrophages, resulting
in an effector phase characterized by the production of IL-1�
and tumor necrosis factor alpha (TNF-�) and then the pro-
duction of IL-6 and IL-8 (7, 29).

Recently, the involvement of Toll-like receptors (TLRs) as
pattern recognition receptors in the innate immune response
was demonstrated. The TLRs are characterized by an extra-
cellular domain containing leucine-rich repeats and an intra-
cellular domain sharing a high degree of similarity with the
IL-1 receptor (21). Downstream signaling involves the MyD88/
IRAK cascade and the activation of NF-�B-controlled genes
involved in the regulation of antimicrobial defenses, such as
the IL-1, IL-6, and IL-8 genes (31). LPS-hyporesponsive mice
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were found to have a mutation in the TLR-4 gene (2, 24, 25).
Other studies showed that besides TLR-4, TLR-2 also appears
to be a signaling molecule for LPS (32, 33). In addition, TLR-2
was identified as a signal transducer for PAMPs from gram-
positive bacteria, such as peptidoglycan and lipoteichoic acid
(26). Most effector cells of the innate immune system, such as
monocytes and endothelial cells, express TLR-2 and TLR-4 on
their membranes (13, 17).

The exact mechanism of the inflammatory response in can-
cer patients with disturbed innate immunity has not been com-
pletely clear. During bacterial infections, the levels of IL-1�
and TNF-� measured in the circulation of leukopenic cancer
patients are lower than those measured in that of nonleuko-
penic patients (6, 7, 14, 16). Normally, these cytokines are
mainly secreted by leukocytes, especially monocytes. However,
bone marrow toxicity as the result of chemotherapy leads to
reduced numbers of leukocytes in cancer patients; this factor
may be one of the reasons for the low total levels of TNF-� and
IL-1� (8). At the same time, leukopenic cancer patients strik-
ingly show distinct increases in plasma IL-8 and IL-6 levels
during bacterial infections, suggesting that there may be
sources other than leukocytes for IL-8 and IL-6 (5, 9, 11, 12, 15,
20, 22, 23, 30).

Endothelial cells also have the ability to produce inflamma-
tory cytokines, such as IL-8 and IL-6. We hypothesized that
endothelial cells instead of leukocytes become the most im-
portant producers of IL-8 and IL-6 during bacterial infections
in patients with chemotherapy-induced leukopenia. We spec-
ulated that in leukopenic cancer patients, TLRs on endothelial
cells act as pattern recognition receptors that induce the pro-
duction of proinflammatory cytokines upon binding of bacte-
rial cell wall components.

In this study, we show that the remaining leukocytes of
leukopenic cancer patients do not contribute significantly to
IL-8 or TNF-� production upon LPS stimulation. However,
sera from leukopenic cancer patients with bacterial infections
induce markedly increased production of IL-8 in endothelial
cells compared to sera from patients without signs of infec-
tions. Moreover, this patient serum-induced IL-8 production in
endothelial cells is reduced after the addition of neutralizing
antibodies against TLR-2 and/or TLR-4. These results sug-
gest that in cancer patients with markedly diminished num-
bers of leukocytes, endothelial cells become important pro-
ducers of IL-8 during the inflammatory response against
bacteria through TLR-2 and TLR-4 signaling.

MATERIALS AND METHODS

Patient samples. Serial blood samples were collected three times weekly from
six adult patients who had hematological malignancies (acute myeloid leukemia
[n � 5] and Burkitt lymphoma [n � 1]) and who were admitted to the University
Hospital Groningen during a leukopenic period following a chemotherapy
course. These serial samples were used in the ex vivo whole-blood assay and the
human umbilical vein endothelial cell (HUVEC) assay. Leukopenia was defined
as a leukocyte count of �109/liter. Clinical sepsis was defined by the following
criteria: a systolic blood pressure of �90 mm Hg or both a heart rate of �100/
min and a breath rate of �20/min according to systemic inflammatory response
syndrome criteria (1).

In addition, blood samples were collected from 10 leukopenic cancer patients
at the onset of documented gram-negative or gram-positive bloodstream infec-
tions. These were adult and pediatric patients who had hematological malignan-
cies or solid tumors and who had been entered into a prospective study concern-
ing the diagnostic role of IL-8 in a new treatment strategy for ambulatory febrile

leukopenia which is currently being performed at the University Hospital Gro-
ningen. These blood samples were used for the HUVEC blocking experiments.

Serum and plasma were separated from cells by centrifugation within 30 min
after collection and were stored at �80°C.

Reagents and antibodies. LPS was derived from Pseudomonas aeruginosa
serotype 10 and purified by phenol extraction (Sigma, St. Louis, Mo.). The
neutralizing anti-human TLR-2 monoclonal antibody (MAb) 2392 was a kind gift
from Genentech (South San Francisco, Calif.) and was generated by immuniza-
tion of BALB/c mice with the purified soluble extracellular domain of human
TLR-2 (32). The neutralizing anti-human TLR-4 MAb HTA125 was a generous
gift from Kensuke Miyake (Saga Medical School, Nabeshima, Saga, Japan) and
was generated by immunization of BALB/c mice with the Ba/F3 cell line express-
ing TLR-4 (27). Murine isotype antibodies (immunoglobulin G1 [IgG1] and
IgG2A) were used as control antibodies in the experiments.

Cell culture. HUVECs were obtained from the Endothelial Cell Facility at the
University Hospital Groningen (H. Moorlag and G. Molema) and cultured in EC
medium (RPMI 1640 [BioWhittaker, Walkersville, Md.] supplemented with 2
mM L-glutamine [Gibco, Paisley, United Kingdom], 5 U of heparin [Leo Phar-
maceutical Products, Weesp, The Netherlands]/ml, antibiotics, and 50 	g of
endothelial cell growth factor [Endothelial Cell Facility]/ml). Third-passage
HUVECs were used for all experiments.

Determination of cytokine concentrations. IL-8 concentrations were measured
by using a commercially available enzyme-linked immunosorbent assay (ELISA)
(Human IL-8 Flexia; Biosource, Camarillo, Calif.). IL-1� and IL-6 concentra-
tions were also measured by using ELISAs (the respective antibody pairs used
were as follows: anti-IL-1� MAb 601 and biotinylated goat anti-human IL-1�
antibody 201-NA [R&D, Minneapolis, Minn.]; anti-IL-6 MAb M1595 and bio-
tinylated sheep anti-human IL-6 antibody M1514 [Sanquin, Amsterdam, The
Netherlands]). TNF-� concentrations were determined by using a chemilumi-
nescence immunoassay (Immulite; Diagnostic Products Corporation, Los Ange-
les, Calif.).

Ex vivo whole-blood assay. Serial whole-blood samples from six patients were
incubated ex vivo with and without LPS (500 pg/ml) at 37°C. After 4 h, plasma
was separated from the cells by centrifugation, and TNF-� and IL-8 concentra-
tions were measured by following manufacturer instructions for the Milenia ex
vivo stimulation kit (Diagnostic Products Corporation). In addition, leukocyte
numbers in whole blood were measured with an automated Coulter Counter.

HUVEC assay. HUVECs were plated on 24-well tissue culture plates (Costar,
High Wycombe, United Kingdom) and grown to confluence. Monolayers were
washed once with phosphate-buffered saline and incubated at 37°C in EC me-
dium at a 1:1 dilution with serum or plasma from leukopenic cancer patients with
or without documented and/or clinically defined bacterial infections. For incu-
bation with patient plasma, calcium chloride was added to neutralize the anti-
clotting factor. After 8 h, supernatants were removed and IL-8 concentrations
were determined by using an ELISA.

HUVEC blocking experiments. For HUVEC blocking experiments, neutraliz-
ing antibodies against TLR-2 and TLR-4 were added to the cells 30 min prior to
incubation with patient serum or plasma at concentrations varying from 10 to
30 	g/ml.

Statistical analysis. To compare patient serum-induced IL-8 production in
HUVECs during bacterial infection with patient serum-induced IL-8 production
during a period with no signs of infection, the Wilcoxon signed rank test was
used. To assess the relationship between plasma IL-8 levels in vivo and patient
serum-induced IL-8 production in HUVECs, the Spearman correlation coeffi-
cient was determined. To compare patient serum-induced IL-8 production in
HUVECs before and after blocking with anti-TLR antibodies, the Wilcoxon
signed rank test for paired samples was used. A two-sided P value of �0.05 was
considered statistically significant.

RESULTS

The decreased number of leukocytes is related to dimin-
ished TNF-� and IL-8 production in leukopenic cancer
patients. The role of leukocytes in the production of proin-
flammatory cytokines in leukopenic cancer patients was inves-
tigated by stimulating serial whole-blood samples from cancer
patients with LPS (500 pg/ml) for 4 h, after which TNF-� and
IL-8 levels in supernatants were determined (Fig. 1). TNF-�
production and IL-8 production were not higher in LPS-stim-
ulated whole-blood cultures during leukopenia (�109 leuko-
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cytes/liter) than in controls without LPS stimulation. When
leukopenia was resolved (�2 
 109 leukocytes/liter), LPS stim-
ulation of whole-blood cultures induced TNF-� production
and IL-8 production, as expected.

These results demonstrate that the decreased number of
circulating leukocytes seems to be related to low TNF-� and
IL-8 production ex vivo and could well be responsible for the
low plasma TNF-� levels in vivo. However, it has been re-
ported that plasma IL-8 levels in vivo show distinct elevations
during bacterial infections in cancer patients with low leuko-
cyte counts (9, 20, 30). We questioned whether endothelial
cells may play a role in IL-8 production during bacterial infec-
tions in cancer patients.

Sera from leukopenic cancer patients during bacterial in-
fections induce increased IL-8 production in HUVECs. To
study the role of endothelial cells in IL-8 production during
bacterial infections in cancer patients, HUVEC monolayers
were incubated with sera from leukopenic cancer patients with
clinical sepsis, documented bacterial infections, or no signs
and/or documentation of infections. Sera from leukopenic pa-
tients without signs of infections induced IL-8 production in
HUVECs (419 � 168 ng/liter; mean and standard deviation)
comparable to the IL-8 production seen after the stimulation
of HUVECs with serum from a nonleukopenic control person.
However, when HUVECs were incubated with serial serum
samples from leukopenic patients (n � 6) at the onset of or
during bacterial infections, a significant three- to eightfold
increase in IL-8 production (1,515 to 2,889 ng/liter) over that
found in the period preceding the infections (P � 0.028) was
found (Fig. 2). In addition, a trend correlation was found
between serially measured plasma IL-8 levels in vivo and pa-
tient serum-induced IL-8 production by HUVECs (r � 0.759;
P � 0.08). However, the increase in IL-8 levels in HUVEC
supernatants could not be explained by the amount of IL-8 in
the added sera, since IL-8 concentrations in HUVEC super-
natants were much higher (1,515 to 2,889 ng/liter compared to
20 to 600 ng/liter).

Thus, sera from leukopenic patients stimulate HUVECs to
produce IL-8 in much larger amounts during bacterial infec-
tions than during periods when they have no signs and/or
documentation of infections. These results suggest that in vivo
endothelial cells play a role in producing IL-8 during the innate
inflammatory response in leukopenic cancer patients.

Neutralizing antibodies against TLR-2 and TLR-4 can re-
duce patient plasma-induced IL-8 production in HUVECs.
To investigate whether pattern recognition receptors TLR-2
and TLR-4 are involved in increased IL-8 production when
HUVECs are stimulated with serum or plasma samples from
leukopenic cancer patients with bacterial infections, blocking
experiments with antibodies against TLR-2 and/or TLR-4 were
performed. HUVEC monolayers in 24-well tissue culture
plates were pretreated with anti-TLR-2 and anti-TLR-4 anti-
bodies at various concentrations. Then, plasma from seven leu-
kopenic cancer patients with gram-negative infections (Esch-
erichia coli, n � 2; Klebsiella pneumoniae, n � 1; P. aeruginosa,
n � 1; multiorganism, n � 2) and plasma from three patients
with gram-positive infections (viridans group streptococci, n �
2; coagulase-negative staphylococci, n � 1) were added. Pa-
tient characteristics are shown in Table 1. After 8 h, superna-
tants of cells were collected, and IL-8 concentrations were
measured. Figure 3A shows that for gram-negative infections,
anti-TLR-2 antibodies slightly attenuated IL-8 production in
HUVECs. However, when anti-TLR-4 antibodies (30 	g/ml)
were added to the cultures, a significant reduction in patient
plasma-induced IL-8 production to 40% was found (P �
0.028). The effect of anti-TLR-4 antibodies could slightly be
enhanced by the addition of anti-TLR-2 antibodies. Figure 3B
shows that for gram-positive infections, IL-8 production in
HUVECs was inhibited by anti-TLR-2 antibodies by 45% and
by anti-TLR-4 antibodies by 40%. The addition of both anti-
TLR-2 and anti-TLR-4 antibodies reduced patient plasma-
induced IL-8 production in HUVECs to 55%.

Thus, TLR-2 and TLR-4 seem to be involved in endothelial

FIG. 1. Cytokine production. Whole blood obtained from cancer patients during chemotherapy-induced leukopenia and after the recovery of
leukocytes was stimulated ex vivo with LPS (500 pg/ml) (filled circles) or not stimulated with LPS (controls) (open circles). TNF-� production (A)
and IL-8 production (B) were measured.

560 OUDE NIJHUIS ET AL. CLIN. DIAGN. LAB. IMMUNOL.



cell IL-8 production during gram-negative and gram-positive
bacterial infections in leukopenic cancer patients.

DISCUSSION

Cancer patients who are treated with chemotherapy are
highly susceptible to bacterial infections due to disturbances in
their innate immune systems. Reduced numbers of neutrophils
are known to be an important risk factor (3). However, the
exact pathway of the innate immune response at the time of a
bacterial infection during leukopenia still has to be elucidated.
In recent decades, new strategies for the early diagnosis of
bacterial infections in febrile leukopenic patients have been
developed. The plasma IL-8 level seems to be a promising
diagnostic parameter in leukopenic cancer patients because of
its early increase at the time of an invasive bacterial infection
(9, 12).

Leukocytes are normally the main producers of inflamma-
tory cytokines. Previous publications and our own results show
that a decreased number of leukocytes is related to diminished
IL-8 and TNF-� production in LPS-stimulated whole-blood
cultures of samples from cancer patients (10, 28).

Therefore, we investigated whether other effector cells of
the innate immune response, such as endothelial cells, may be
important producers of IL-8 during bacterial infections in
leukopenic cancer patients. When HUVEC monolayers were
incubated with sera from leukopenic cancer patients with
gram-negative as well as gram-positive bacterial infections, a
significant increase in IL-8 production was found compared to
IL-8 production after incubation with sera from the same pa-
tients when they had no signs of infections. We concluded that
endothelial cells may be involved in IL-8 production during
bacterial infections in leukopenic cancer patients.

However, the question remains as to which factors in the
sera of leukopenic cancer patients with bacterial infections
stimulate endothelial cells to produce IL-8. PAMPs on the cell
walls of gram-negative bacteria and gram-positive bacteria are
known to induce an inflammatory response in the host through
binding to pattern recognition receptors on effector cells.
Faure et al. analyzed the patterns of expression of pattern
recognition receptors TLR-2 and TLR-4 in human vascular
endothelial cells and found that endothelial cells express
TLR-4 and, to a much smaller extent, TLR-2 (13). To study
whether the interaction between PAMPs in sera from leuko-
penic patients and TLR-2 and TLR-4 on HUVECs was re-
sponsible for the increased IL-8 production in HUVECs,
blocking experiments with antibodies against TLR-2 and
TLR-4 were performed. IL-8 production in HUVECs stimu-
lated with plasma from patients with gram-negative infections

FIG. 2. HUVEC assay results. Individual body temperature (A),
plasma cytokine levels in vivo (B), and IL-8 production by HUVEC
stimulated with patient serum (C) were measured during a leukopenic
period following chemotherapy in a patient with clinical sepsis from
day 17 until day 30. The cytokines measured in panel B were IL-1�
(multiplication signs), IL-8 (filled ovals), TNF-� (rectangles), and IL-6
(open ovals). HUVEC-induced IL-8 production in panel C is ex-
pressed as the fold increase in IL-8 production in HUVECs compared
to production during the period preceding the infection (set as 1). The
data are for one patient representative of six patients.

TABLE 1. Characteristics of patients whose samples were
used in HUVEC blocking experiments

Bacteremia
(no. of patients)

No. (%) of patients with the indicated characteristic or cancer

Female Male Children

Acute leukemia

Myeloid Lympho-
blastic Myeloma

Gram-negative (7) 4 (57) 3 (43) 2 (29) 1 (14) 3 (43) 3 (43)
Gram-positive (3) 1 (33) 2 (67) 1 (33) 2 (67) 0 1 (33)
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could be significantly reduced (up to 40%) by blocking of the
TLR-4 pathway. For gram-positive infections, inhibition of pa-
tient plasma-induced IL-8 production in HUVECs was most
obvious when the TLR-2 pathway was blocked (45%), al-
though anti-TLR-4 antibodies had a similar effect. The obser-
vation that IL-8 production induced by plasma from patients
with gram-negative infections was reduced by the addition of
especially neutralizing antibodies against TLR-4 is in agree-
ment with the current concept that TLR-4 is the long-sought
LPS receptor (19).

The partial reduction of IL-8 production in HUVECs after
blocking of the TLR-2 and TLR-4 pathways suggests that other
serum factors and receptors on HUVECs contributed to IL-8
production in HUVECs as well. It is possible that small
amounts of serum TNF-� and IL-1�, the earliest cytokines in
the inflammatory cascade, have a role in inducing IL-8 pro-
duction in HUVECs. However, in the patient sera that we
used, TNF-� and IL-1� levels were immeasurably low (below
the detection limits of 10 and 20 ng/liter, respectively). In
addition, blocking experiments with antibodies against TNF-�
and IL-1� did not result in any inhibition of IL-8 production in
HUVECs (data not shown).

Our data indicate that in cancer patients with markedly
diminished numbers of leukocytes, endothelial cells may have
a major role in the production of cytokines important in innate
immunity against bacterial microorganisms. As a result of di-
rect and/or indirect interactions between PAMPs of bacteria
and TLR-4 and TLR-2 expressed on the cell surface, a signal-
ing route in endothelial cells is started, leading to the produc-
tion of IL-8 and probably other important mediators of the
innate immune system as well.

Knowledge about the exact pathway of the innate immune
response in leukopenic cancer patients will help to determine

the optimal diagnostic parameter in leukopenic febrile epi-
sodes during cancer treatment. In addition, novel treatment
possibilities for severe bacterial infections in leukopenic cancer
patients, such as blocking of TLR pathways, may be considered
in the future.
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