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Bartonella henselae is responsible for various disease syndromes that loosely correlate with the immune sta-
tus of the host. In the immunocompromised individual, B. henselae-induced angiogenesis, or bacillary angio-
matosis, is characterized by vascular proliferative lesions similar to those in Kaposi’s sarcoma. We hypothesize
that B. henselae-mediated interaction with immune cells, namely, macrophages, induces potential angiogenic
growth factors and cytokines which contribute in a paracrine manner to the proliferation of endothelial cells.
Vascular endothelial growth factor (VEGF), a direct inducer of angiogenesis, and interleukin-1� (IL-1�), a
potentiator of VEGF, were detected within 12 and 6 h, respectively, in supernatants from phorbol 12-myristate
13-acetate-differentiated human THP-1 macrophages exposed to live B. henselae. Pretreatment of macrophages
with cytochalasin D, a phagocytosis inhibitor, yielded comparable results, suggesting that bacterium-cell
attachment is sufficient for VEGF and IL-1� induction. IL-8, an angiogenic cytokine with chemotactic prop-
erties, was induced in human microvascular endothelial cells (HMEC-1) within 6 h of infection, whereas no
IL-8 induction was observed in infected THP-1 cells. In addition, conditioned medium from infected macro-
phages induced the proliferation of HMEC-1, thus demonstrating angiogenic potential. These data suggest that
Bartonella modulation of host or target cell cytokines and growth factors, rather than a direct role of the bac-
terium as an endothelial cell mitogen, is the predominant mechanism responsible for angiogenesis. B. henselae
induction of VEGF, IL-1�, and IL-8 outlines a broader potential paracrine angiogenic loop whereby macro-
phages play the predominant role as the effector cell and endothelial cells are the final target cell, resulting in
their proliferation.

Bartonella henselae is a gram-negative, fastidious, facultative
intracellular bacterium whose natural reservoir is the domestic
cat. Infection with B. henselae may result in a range of syn-
dromes, including cat-scratch disease (CSD), bacillary angio-
matosis (BA), bacillary peliosis hepatis, and other multiorgan
complications (2). Distinct clinical manifestations and patho-
logical processes are determined primarily by the competency
of the host’s immune system. CSD, usually a benign syndrome,
occurs predominantly in immunocompetent individuals follow-
ing exposure to a cat. Conversely, the course of disease in the
immunocompromised individual varies from a self-resolving
infection to a systemic infection that may include fever with
bacteremia and B. henselae-induced angiogenesis. BA is a man-
ifestation of infection with B. henselae and Bartonella quintana
in immunosuppressed individuals, including AIDS patients
and chronic alcoholics (2).

Angiogenesis, or the proliferation of blood vessels, is a nat-
ural process required for growth and tissue reorganization,
primarily during developmental stages (21). During adulthood,
physiological angiogenesis is required but is mainly limited to
processes associated with tissue healing and the menstrual
cycle (21). Physiological angiogenesis is induced by positive

regulators but declines due to the strict control of endogenous
negative regulators (35). Besides physiological angiogenesis,
pathological (inflammatory or tumor) angiogenesis, induced
predominantly in neoplastic tissue and diabetic retinopathy,
provides vascular nourishment required for tissue survival (35).

Endothelial, stromal, and immune chemoattracted cells gen-
erate some of the molecules involved in the regulatory coor-
dination of angiogenesis. In particular, cells of the mono-
nuclear phagocyte lineage, although highly heterogeneous in
function, are capable of producing potent angiogenic factors
upon activation (34). In fact, macrophage infiltration is fre-
quently observed in tumor angiogenesis (34). The role of mac-
rophages as effector cells depends on their stage of develop-
ment and stimulation. Stimulation is required for macrophages
to become functionally angiogenic; this may be triggered by
metabolic signals, cytokines, bacterial lipopolysaccharide, or
other factors and occurs by a different mechanism than acti-
vation for antigen presentation (36). Macrophages are thought
to play a central role in the modulation of angiogenesis by
means of their secreted molecules (22, 27, 34, 40). VEGF is
one such potent endothelial cell mitogen induced and secreted
by activated macrophages (13, 14, 26, 30, 32, 42, 47). Several
other macrophage-derived mediators of angiogenesis have
been described, including interleukin-8 (IL-8), IL-6, IL-1�, and
tumor necrosis factor alpha (TNF-�) (34, 40).

The interaction between professional mononuclear phago-
cytic cells and bacteria may trigger different functional states
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that result in the production of inflammatory, microbicidal, or
angiogenic cytokines and growth factors with autocrine or
paracrine functions. Investigation of the role of macrophages
in Bartonella-mediated disease has focused primarily on mech-
anisms of immune clearance (33). Histological examination of
BA lesions shows the infiltration of polymorphonuclear leuko-
cytes and the presence of macrophages (23, 24, 31). Thus,
macrophages can be found in close proximity to proliferating
endothelial cells. In this study we focused on the induction of
secreted angiogenic factors by human THP-1 cells infected
with B. henselae to determine if macrophages may play an
effector cell role in mediating angiogenesis.

MATERIALS AND METHODS

Bacteria and plasmids. B. henselae strains were grown on chocolate agar
prepared with heart infusion agar base (Difco, Detroit, Mich.) supplemented
with 1% bovine hemoglobin (Becton Dickinson, Cockeysville, Md.). B. henselae
Houston-1 ATCC 49882 was recovered from a human immunodeficiency virus
(HIV)-infected patient and has previously been described (37). B. henselae
882str, a streptomycin-resistant laboratory-adapted strain of ATCC 49882 (25),
was grown on streptomycin (200 �g/ml) chocolate agar. A green fluorescent
protein (GFP)-expressing derivative of 882str was previously developed in our
laboratory by transformation with plasmid pVBGFPF (39) and was grown on
kanamycin (25 �g/ml) chocolate agar. The B. henselae virB promoter used to
drive the expression of the gfp gene in pVBGFPF is activated intracellularly (39).
For certain experiments, bacteria were heat killed at 100°C for 30 min. Bacteria
were plated on chocolate agar to assess viability. B. henselae cultures were
maintained at 37°C with 5% CO2 and humidity to saturation.

Cell lines. The human monocytic cell line THP-1, derived from a 1-year-old
boy with acute monocytic leukemia (43), was seeded in 75-cm2 flasks containing
RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum
(HyClone Laboratories, Logan, Utah), 5 � 10�6 M 2-mercaptoethanol (Sigma,
St. Louis, Mo.), 10 �g of vancomycin (Sigma) per ml, 10 �g of gentamicin
(Sigma) per ml, and 1 �g of amphotericin B (Sigma) per ml. Cells were subcul-
tured every 2 days.

To generate supernatants for the analysis of secreted cytokines, THP-1 mono-
cytes were placed into 24-well tissue culture plates (Costar, Cambridge, Mass.) at
a concentration of 106 cells/well and differentiated by overnight incubation with
100 ng of phorbol 12-myristate 13-acetate (PMA) (Sigma) per ml. Nonadherent
cells were removed by washing with supplemented RPMI. At this time, THP-1
macrophages were allowed to stabilize for 2 days prior to infection. For some
experiments THP-1 monocytes were not differentiated with PMA. THP-1 cul-
tures were incubated at 37°C with 5% CO2 and humidity to saturation.

HMEC-1 is a human microvascular endothelial cell line of dermal origin
immortalized by transfection with plasmid pBR322 containing the gene for the
simian virus 40 large T antigen (1) (Materials Transfer Agreement, Centers for
Disease Control and Prevention, Atlanta, Ga.). Stock cultures of HMEC-1 were
seeded in 75-cm2 flasks in MCDB131 as previously described (38). HMEC-1
cultures were incubated at 37°C with 5% CO2 and humidity to saturation.

Infection of macrophages, monocytes, and endothelial cells. Induction of an-
giogenic factors by B. henselae was evaluated in THP-1 PMA-differentiated
macrophages and in undifferentiated monocytes. PMA promotes not only cell
differentiation but also cell activation (41). In fact, treatment with PMA induces
vascular endothelial growth factor (VEGF) in other cell types (4, 15, 18, 19).
Therefore, to control for the effect of PMA on induction of VEGF in the unin-
fected, control cells, we used a two-pronged strategy. First, differentiated cells
were allowed to rest for 2 days prior to infection, and, second, we also evaluated
VEGF induction in B. henselae-infected THP-1 undifferentiated monocytes.

Prior to infection, the culture medium containing antibiotics was removed
from cell cultures, replaced with 20 ml of supplemented RPMI without antibi-
otics, and allowed to adapt overnight. This was done to avoid the potential effect
of pinocytized antibiotics on intracellular bacteria. Bacteria were prepared by
harvesting growth from chocolate agar plates inoculated with B. henselae and
then incubated for 4 days and suspended in RPMI or MCDB131 medium.
Suspensions were diluted to an optical density at 600 nm of 0.05, which we have
shown corresponds to 108 CFU/ml by plate counts. THP-1 and HMEC-1 were
infected with bacterial suspensions prepared in supplemented medium without
antibiotics at a multiplicity of infection (MOI) of 100 or 1,000 bacteria per cell
for 30 min, unless otherwise specified. Cells were infected with Escherichia coli

JM109 as a control. Extracellular bacteria were removed by being washed three
times with prewarmed supplemented medium. Cells were treated with supple-
mented RPMI containing 50 �g of gentamicin (Sigma) per ml for 1 h. Subse-
quently, cells were washed three times. In most experiments, cultures were
replenished with medium containing 12.5 �g of gentamicin per ml. Supernatants
were collected at specified times (hours) after infection.

For some experiments, undifferentiated THP-1 monocytes were resuspended
in supplemented media without antibiotics. Because undifferentiated THP-1
monocytes grow in suspension, cells were infected with B. henselae in suspension
as described above and subcultured at 106 cells/well in a 24-well plate. After
incubation, supernatants were collected by centrifugation of the culture plates at
300 � g for 10 min. HMEC-1 were also adjusted to 106 cells/well prior to
infection. All incubations involving infection of cells with B. henselae were done
at 37°C with 5%CO2 and humidity to saturation.

Inhibition of phagocytosis with cytochalasin D. Fluorescence microscopy was
used to assess phagocytosis of GFP-expressing B. henselae by THP-1. Cells were
seeded into sterile round coverslips placed inside 24-well plates at 105 cells/well
and differentiated as described above. At this time, infection of THP-1 macro-
phages with B. henselae 882str/pVBGFPF was done at an MOI of 100. The virB
promoter used to drive the expression of the gfp gene in pVBGFPF is activated
intracellularly (39). After phagocytosis, cells were stained with 50 �g of ethidium
bromide per ml to allow discrimination between intracellular (green, protected
from dye) and extracellular (red-orange, exposed to dye) bacteria. This method
was adapted from a previous application which used fluorescein isothiocyanate-
labeled compounds (12). Coverslips were analyzed by fluorescence microscopy
with a Nikon Eclipse E400 instrument (Southern Micro Instruments, Atlanta,
Ga.) equipped with a Kodak DC290 Zoom camera. In selected cultures, THP-1
cells were pretreated with 1 �g of cytochalasin D (Sigma) per ml for 30 min prior
to infection. Studies involving Legionella have shown that cytochalasin D can
prevent phagocytosis by macrophages without affecting attachment (46). The
ability of cytochalasin D to block phagocytosis and vacuole formation in this
system was confirmed by fluorescence microscopy using GFP-expressing B.
henselae and ethidium bromide as a quenching agent. In addition, supernatants
from B. henselae-infected THP-1 macrophages, pretreated with cytochalasin D,
were collected and assayed for VEGF, IL-1�, and IL-8 by enzyme-linked immu-
nosorbent assay (ELISA).

ELISA. To determine cytokine and growth factor levels in supernatants from
B. henselae-infected cells, DuoSet ELISA development systems (R&D Systems,
Minneapolis, Minn.) for human VEGF, IL-1�, and IL-8 were used according to
the manufacturer’s directions. The 3,3�,5,5�-tetramethylbenzidine Liquid Sub-
strate System (Sigma) was added and left for 20 min. The horseradish peroxidase
reaction was stopped with 2 N sulfuric acid. ELISA plates were analyzed using an
Emax Microplate Reader (Molecular Devices, Sunnyvale, Calif.) at 450 nm.

HMEC-1 proliferation assay. To determine if human macrophages produced
sufficient levels of VEGF capable of causing proliferation of human microvas-
cular endothelial cells in a paracrine manner, conditioned medium from B.
henselae Houston-1-infected THP-1 macrophages was added to HMEC-1 cell
cultures. HMEC-1 to be used for proliferation assays were grown to confluence
in 75-cm2 flasks and harvested with trypsin. Cells were washed twice in Hanks’
balanced salt solution (Sigma) and seeded into 24-well culture plates at a cell
density of 105 cells/well. Conditioned medium from either uninfected or B.
henselae Houston-1-infected THP-1 differentiated macrophages, collected 24 h
after infection, was diluted 1:2 with MCDB131 with 10% fetal calf serum and
added to the seeded 24-well culture plates. Control HMEC-1 were grown either
in unconditioned medium or with medium containing 25 ng of human recombi-
nant VEGF per ml. Cultures were incubated for 4 days without changing the
medium, and cells were harvested and counted directly with a hemacytometer.
Proliferation of HMEC-1 by live B. henselae was also examined by direct infec-
tion of HMEC-1 (in the absence of THP-1) at an MOI of 1,000 as described
above. Proliferation is reported as an index calculated as number of cells har-
vested/number of cells seeded.

Statistical analysis. Statistical significance was determined by Student’s t test.
P values of �0.05 were considered statistically significant. Analysis was per-
formed using Excel 97 (Microsoft Corp., Redmond, Wash.). Experiments were
performed two or more times in triplicate, and mean values 	 standard devia-
tions of the means are reported.

RESULTS

VEGF induction in THP-1 macrophages infected with
B. henselae. Supernatants analyzed by ELISA demonstrated
that VEGF was induced in PMA-differentiated THP-1 macro-
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phages at significant levels in B. henselae-infected cells com-
pared to uninfected cells (Fig. 1A). The initial increase was
observed within 6 to 12 h postinfection. Approximate levels
ranged between 3,000 and 4,000 pg/ml per 106 cells at 24 h
after infection (Fig. 1A). Also, heat-killed bacteria drastically
decreased VEGF induction at all tested time points (Fig. 1A).
No induction of VEGF by E. coli JM109-infected THP-1 cells
above the level for uninfected controls was observed (not
shown).

IL-1� induction in THP-1 macrophages infected with B.
henselae. B. henselae infection of THP-1 induced IL-1� within
6 h of infection and resulted in approximately an eightfold
induction by 12 h after infection (Fig. 1B). Infection with
heat-killed bacteria did not induce IL-1� at levels comparable
to those for viable bacteria (Fig. 1B).

IL-8 production by B. henselae-infected THP-1. No evident
induction of IL-8 by B. henselae in THP-1 cells was observed
beyond constitutive levels in uninfected controls (Fig. 1C).
Analogous results were obtained when cells were infected with
heat-killed bacteria (Fig. 1C).

Cytochalasin D-treated THP-1 macrophages. Pretreatment
of THP-1 with cytochalasin D was performed to assess VEGF
production in the absence of phagocytosis (46). Cytochalasin D
interferes with cytoskeleton rearrangement. Cytochalasin D at
0.05 �g/ml (100 nM) prevents invasome formation in endothe-
lial cells, whereas single B. henselae uptake remains unaffected
(11). THP-1 were treated with 1 �g of cytochalasin D per ml,

a concentration previously reported to inhibit phagocytosis but
not adherence to the macrophage (46). No apparent changes
were observed in the overall patterns of B. henselae-induced
VEGF (Fig. 2A), IL-1� (Fig. 2B), and IL-8 (Fig. 2C) produc-
tion between cytochalasin D-treated and untreated groups.
However, at 18 h postinfection, a slight decrease (approximate-
ly 18%) was observed in VEGF and IL-1� production in the
cytochalasin D-treated infected cells. These observations sug-
gest that attachment is sufficient for the induction of these
angiogenic factors. Absence of phagocytosis was confirmed by
fluorescence microscopy (Fig. 3). Microscopic examination
showed no intracellular (green) bacteria in cytochalasin D-
treated macrophages (Fig. 3A), while vacuole formation was
clearly evident in the untreated infected cells (Fig. 3B).

Endothelial cell proliferation. HMEC-1 that have been cul-
tured with conditioned medium from B. henselae-infected
THP-1 cells result in significant proliferation compared to
those cultured in both unconditioned medium (155%) and
conditioned medium from uninfected THP-1 cells (137%) (Ta-
ble 1). In addition, HMEC-1 cultured in conditioned medium
from B. henselae-infected THP-1 cells resulted in a slightly
increased proliferation (104%) over that observed in the hu-
man recombinant VEGF control (Table 1). The ability of B.
henselae to cause direct proliferation of HMEC-1 (in the ab-
sence of conditioned medium or THP-1 cells) was not seen in

FIG. 1. VEGF (A), IL-1� (B), and IL-8 (C) induction in THP-1
macrophages infected with viable or heat-killed B. henselae (Bh). Cells
were seeded into 24-well plates at a concentration of 106 cells/well.
THP-1 cells were differentiated by treatment with PMA. After a 2-day
resting period, PMA-differentiated, adherent cells were infected at an
MOI of 1,500. Heat-killed bacteria were boiled for 30 min prior to
coculture with THP-1. Supernatants were analyzed by ELISA. The
data depicted correspond to a representative experiment from three
trials. Values are means and standard deviations; asterisks indicate
statistical significance (P � 0.05).

FIG. 2. VEGF (A), IL-1� (B), and IL-8 (C) induction in B.
henselae (Bh)-infected THP-1 macrophages pretreated with cytocha-
lasin D (CyD). THP-1 cells were seeded into 24-well plates at a con-
centration of 106 cells/well and differentiated into macrophages by
treatment with PMA. After a 2-day resting period, PMA-differenti-
ated, adherent cells were infected at a MOI of 100. Selected groups
were treated with 1 �g of CyD per ml prior to infection. Supernatants
were collected at the indicated times and analyzed by ELISA for
protein expression. The data depicted correspond to a representative
experiment from three trials. Values are means and standard devia-
tions; asterisks indicate statistical significance (P � 0.05). DMSO,
dimethyl sulfoxide.
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any experiments, including those here (85% of control value).
The percent proliferation values reported here are actual cell
counts and reflect absolute increases in cell numbers.

Production of angiogenic factors in undifferentiated THP-1

monocytes. VEGF induction was detected in THP-1 mono-
cytes within 24 h of infection (Fig. 4A). A similar pattern of
induction was observed for IL-1� (Fig. 4B). This induction was
proportional to the MOI used (Fig. 4A and B). Levels of
VEGF and IL-1� in monocytes were lower than those detected
in B. henselae-infected THP-1 macrophages. Monocytes pro-
duced approximately 600 pg of VEGF per ml (Fig. 4A),
whereas macrophages produced close to 1,500 to 2,000 pg/ml
(Fig. 2A) at an MOI of 100. Additionally, infected monocytes
did not significantly induce the production of IL-8 (Fig. 4C).

Production of angiogenic substances in B. henselae-infected
endothelial cells. In B. henselae-infected endothelial cells
(HMEC-1), an approximately fourfold increase in IL-8 was
observed within 6 h of infection (Fig. 5). IL-8 induction con-
tinued throughout all examined time points. No evidence of
VEGF or IL-1� induction by B. henselae was observed in
HMEC-1 (not shown). This observation is in accord with the
absence of VEGF induction reported for B. henselae-infected
human umbilical vein endothelial cells (HUVECs) (18, 28).

DISCUSSION

B. henselae is one of three members of the genus Bartonella
that are capable of causing disease characterized by vascular
proliferative lesions (2). A close correlation between the host’s
immune status and disease severity during B. henselae infection
is evidenced by the distinct clinical manifestations observed in
CSD, which occurs predominantly in immunocompetent indi-
viduals, and in BA, which is a manifestation of infection seen

FIG. 3. Fluorescence microscopy showing phagocytosis of GFP-
expressing B. henselae by THP-1. THP-1 cells were infected with B.
henselae 882str/pVBGFPF (39). After phagocytosis, cells were stained
with 50 �g of ethidium bromide per ml to allow discrimination be-
tween intracellular (green, protected from dye) and extracellular (red-
orange, exposed to dye) bacteria. (A) Cells pretreated with 1 �g of
cytochalasin D per ml prior to infection. (B) Infected cells without
cytochalasin D pretreatment. The data depicted correspond to a rep-
resentative experiment from three trials. I, intracellular; E, extracellu-
lar. Total magnification, approximately �2,800.

FIG. 4. Effect of bacterial load on VEGF (A), IL-1� (B), and IL-8
(C) induction in undifferentiated THP-1 monocytes. Cells in suspen-
sion were infected with viable B. henselae (Bh) at an MOI of 100 or
1,000. Cells were seeded into 24-well plates at a concentration of 106

cells/well. At the indicated times, plates were centrifuged and super-
natants were collected and analyzed by ELISA for protein expression.
The data depicted correspond to a representative experiment from two
trials. Values are means and standard deviations; asterisks indicate
statistical significance (P � 0.05).

TABLE 1. Proliferation of HMEC-1 treated with conditioned
medium from THP-1 cells infected with B. henselae, treated

with uninfected control medium, or directly
infected with B. henselae Houston-1

HMEC-1 culture
No. of cells harvested/

no. of cells seeded
(mean 	 SD)c

Unconditioned medium .......................................................... 3.95 	 0.64
THP-1 conditioned medium................................................... 4.47 	 0.12
THP-1 B. henselae conditioned mediuma ............................. 6.13 	 0.64*
B. henselae Houston-1b ........................................................... 3.35 	 0.20
Human recombinant VEGF (25 ng/ml) ............................... 5.85 	 0.34*

a Collected 24 h after infection with B. henselae.
b Direct infection of HMEC-1 with B. henselae Houston-1 at an MOI of 1,000.
c *, significant at a P value of �0.01.
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primarily in the immunosuppressed. Therefore, in this study
we considered the involvement of immune cells of the mono-
nuclear phagocytic lineage in the development of B. henselae-
induced angiogenesis. As part of the innate arm of the immune
system, professional phagocytic cells are involved in the elim-
ination of particulate targets such as bacteria. The interaction
between these scavenger cells and bacteria results in the pro-
duction of cytokines and growth factors with autocrine and
paracrine functions, some of which are known regulators of
angiogenesis (34, 40). The interaction of monocytes or macro-
phages with vascular endothelium during pathological angio-
genesis and arteriogenesis may induce the production of
angiogenic mediators (17, 27). In addition, macrophage infil-
tration is a common occurrence in BA lesions (23, 24, 31).

Our results suggest that more than one angiogenic factor
may be induced during infection of THP-1 macrophages and
monocytes with B. henselae. Our data implicate VEGF, a direct
endothelial cell mitogen, as a significant mediator induced
during B. henselae infection of macrophages and monocytes.
VEGF induction by B. henselae was previously reported in
EA.hy926, a cell line resulting from the fusion of HUVECs
with A549, a permanent human lung carcinoma cell line (18).
Also, IL-1�, a proinflammatory cytokine that indirectly up-
regulates angiogenesis in vivo and induces direct positive me-
diators from stromal or recruited inflammatory cells (35), was
induced by B. henselae in THP-1 monocytes and macrophages.
In the tumor microenvironment, macrophage chemoattractant
protein-1 (MCP-1), an indirect positive inducer of angiogene-
sis, recruits macrophages (16). Production of MCP-1 by tumor
cells induces macrophage-derived proinflammatory cytokines,
such as IL-1�, that in turn support output of other direct
mediators of angiogenesis (27). Presumably, a comparable
phenomenon may also take place during B. henselae infection
by interaction between macrophages and other cells in the
stroma adjacent to vascular endothelium.

Heat-killed bacteria did not induce VEGF or IL-1� at levels
equivalent to those for viable bacteria. To determine if VEGF

induction was due to the activity of bacterial endotoxin, TNF-�
was examined. Interestingly, heat-killed B. henselae induced
TNF-� (data not shown), a hallmark of inflammation typically
elicited in response to lipopolysaccharide in gram-negative
bacteria. Inhibition of phagocytosis by pretreatment with cy-
tochalasin D did not significantly affect VEGF or IL-1� induc-
tion patterns in THP-1 cells. Our results are consistent with
those reported for EA.hy926 (18). Taken together, the data
suggest that VEGF induction is caused by the interaction of
bacterial proteins with macrophages and does not involve en-
dotoxin. Pretreatment of THP-1 with purified B. henselae
OMP43 (6) induced VEGF but at an approximately fourfold
lower level than for viable bacteria. Furthermore, consistent
with the report involving EA.hy926 (18), induction of VEGF in
THP-1 macrophages is specific to B. henselae, since infection
with E. coli JM109 did not induce its production (data not
shown).

Angiogenic activity in conditioned medium from B. henselae-
infected THP-1 cultures was evidenced by induction of endo-
thelial cell proliferation. The levels of proliferation were com-
parable to those seen with recombinant VEGF and similar
to those observed for other endothelial cell mitogens with
HMEC-1 (44). Our results are in agreement with a recent
study by Kempf et al. showing the importance of VEGF in B.
henselae-mediated endothelial cell proliferation but also show-
ing that endothelial cells are not the major cell type producing
VEGF (18). Maeno et al. previously showed that endothelial
cells do not produce VEGF in response to B. henselae but are
able to proliferate in response to a B. henselae factor (28). It is
also important to indicate that direct comparison with other
reports showing proliferation of endothelial cells by B. henselae
is difficult, since these reports used HUVECs (7, 28). A more
recent study showed that B. henselae and B. quintana are able
to suppress caspase activity in endothelial cells, resulting in
inhibition of apoptosis (20). Those authors propose that inhi-
bition of apoptosis accounts in part for the ability of Bartonella
to induce vascular proliferation in vivo (20).

Macrophage-derived IL-8 is also a direct positive mediator
of angiogenesis (22). However, in this system IL-8 production
was upregulated in HMEC-1 (Fig. 5) within 6 h of infection
with B. henselae but not in B. henselae-infected THP-1 macro-
phages and monocytes. Levels of secreted IL-8 in THP-1-
infected cells were similar to the levels observed in uninfected
cells. HMEC-1-derived IL-8 may have an autocrine role in
disease progression associated with B. henselae infection. In
addition to VEGF (3), IL-8 has been associated with the
pathogenesis of Kaposi’s sarcoma, a neoplasm caused by Ka-
posi’s sarcoma-associated herpesvirus 8 that is seen most often
in HIV-infected individuals in the United States (29). How-
ever, the autocrine role of IL-8 in causing endothelial cell
proliferation seems minimal in the absence of other cell types,
since we were unable to demonstrate direct proliferation of
HMEC-1 by B. henselae (Table 1).

Taken together, the data suggest that macrophage-derived
VEGF and IL-1�, as well as HMEC-1-derived IL-8, are linked
to a paracrine angiogenic loop that could promote the devel-
opment of BA during B. henselae infection. THP-1 conditioned
medium from infected cultures confirmed the potential angio-
genic activity present in supernatants by promoting the prolif-
eration of HMEC-1. The steps central to such a paracrine

FIG. 5. IL-8 induction in B. henselae-infected human microvascular
endothelial cells (HMEC-1). Cells were seeded into 24-well plates at a
concentration of 106 cells/well and were infected with B. henselae
Houston-1 (Bh) at an MOI of 500. Supernatants were collected at the
indicated times and analyzed by ELISA for protein expression. The
data depicted correspond to a representative experiment from three
trials. Values are means and standard deviations; asterisks indicate
statistical significance (P � 0.05).
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angiogenic loop are outlined in Fig. 6. Clearly, the role of
additional cytokines, chemokines such as MCP-1, growth fac-
tors, other regulators of angiogenesis, and antiapoptotic fac-
tors of Bartonella need to be further defined and clarified.
However, the central concept of this model is the role of the
macrophage as the secondary effector cell in promoting angio-
genesis.

We have proposed that macrophages are an efficient source
of VEGF upon B. henselae stimulation to fulfill this effector
role. However, others have shown proliferation of endothelial
cells upon exposure to B. henselae or fractions of the bacterium
(7, 28), implying the presence of an angiogenic factor with
direct mitogenic activity for endothelial cells. In each of these
studies early-passage primary HUVECs were used. We have
not been able to reproduce consistent proliferation of
HUVECs by B. henselae. In addition, we observe no direct
proliferation of HMEC-1 by B. henselae, despite the fact that
HMEC-1 responds well to known endothelial cell mitogens
such as VEGF and basic fibroblast growth factor (44). We and
others have shown that endothelial cells are not efficient pro-
ducers of VEGF upon B. henselae stimulation (18, 28). Two
possibilities may serve to explain this apparent contradiction in
the mechanisms by which endothelial cell proliferation is acti-
vated. First, there may be some direct mitogenic effect of B.
henselae on endothelial cells that we did not observe. This
mitogenic effect may be through an antiapoptotic mechanism
like that recently described (20) or through an IL-8-dependent
(VEGF-independent) mechanism. The induction of IL-8 in
HMEC-1 by B. henselae supports this possibility. Either mech-
anism may serve to complement the VEGF production by the
macrophage effector cell. Alternatively and less likely, the pro-
liferation of HUVECs may be due to the presence of small
numbers of other cell types capable of producing VEGF in
these low-passage primary endothelial cells which function in
the role of effector cells.

We further speculate that these angiogenic molecules may
be differentially regulated in immunosuppressed and immuno-
competent individuals. Monocytes and macrophages are a pri-
mary target for HIV infection and may become viral reservoirs
in HIV-infected individuals. Impairment of macrophage pha-

gocytic function and increased production of proinflammatory
cytokines are observed during HIV infection (8, 9). For exam-
ple, activated macrophages are able to control intracellular in-
fections with Candida albicans and Toxoplasma gondii, whereas
intracellular killing of these opportunistic pathogens is im-
paired in HIV-infected macrophages (5, 10). Phagocytosis is a
complex process, and clearly further experimentation is re-
quired to elucidate whether a similar occurrence takes place
during B. henselae infection of macrophages.

In conclusion, we report that B. henselae triggers the type of
activation required for the induction of secreted macrophage-
derived mediators of angiogenesis. The primary factor involved
appears to be VEGF, since the level of VEGF induction is
mitogenic for endothelial cells. The role of other cell and bac-
terial factors in inducing angiogenesis must be further exam-
ined, since a number of both positive and negative regulators
of angiogenesis are likely to be involved. In addition, the es-
tablishment of an animal model will prove invaluable to studies
aimed at understanding B. henselae-mediated angiogenesis. A
recent study by Wong et al. showed that VEGF-secreting tu-
mor cells caused a paraneoplastic disease similar to bacillary
peliosis hepatis in SCID mice (45). Similar models may prove
useful in the study of B. henselae-induced angiogenesis.
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