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Abstract

Bartonella are Gram-negative bacterial pathogens that trigger pathological angiogenesis

during infection of humans. Bartonella bacilliformis (Bb) is a neglected tropical agent

endemic to South America, where it causes Carrión’s disease. Little is known about Bb’s vir-

ulence determinants or how the pathogen elicits hyperproliferation of the vasculature, culmi-

nating in Peruvian warts (verruga peruana) of the skin. In this study, we determined that

active infection of human umbilical vein endothelial cells (HUVECs) by live Bb induced host

cell secretion of epidermal growth factor (EGF) using ELISA. Killed bacteria or lysates of

various Bb strains did not cause EGF production, suggesting that an active infection was

necessary for the response. Bb also caused hyperproliferation of infected HUVECs, and the

mitogenic response could be inhibited by the EGF-receptor (EGFR) inhibitor, AG1478. Bb

strains engineered to overexpress recombinant GroEL, evoked greater EGF production and

hyperproliferation of HUVECs compared to control strains. Conditioned (spent) media from

cultured HUVECs that had been previously infected by Bb were found to be mitogenic for

naïve HUVECs, and the response could be inhibited by EGFR blocking with AG1478. Bb

cells and cell lysates stimulated HUVEC migration and capillary-like tube formation in trans-

migration and Matrigel assays, respectively. To our knowledge, this is the first demonstra-

tion of EGF production by Bb-infected endothelial cells; an association that could contribute

to hyperproliferation of the vascular bed during bartonellosis.

Author summary

Bartonella are bacteria that infect the circulatory system and, unlike other bacteria, cause

blood vessels to grow uncontrollably in the skin, spleen and liver of humans. In many

respects, the process resembles the aberrant blood vessel formation that occurs during

tumor formation. This study found that when Bartonella bacilliformis (Bb) infects vascular

endothelial cells (VECs) that line the circulatory system, it causes them to overproduce a

protein called epidermal growth factor (EGF) which, in turn, causes the cells to multiply

more rapidly than usual. We also found that VECs migrate towards the bacterium and
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form capillary-like tubes; processes that occur during an actual infection. This cause-effect

has not been previously reported, and it may help to explain the pathology observed in

humans infected by Bb.

Introduction

Bartonella are arthropod-transmitted, Gram-negative bacteria that parasitize the circulatory

system of mammals. Bartonella bacilliformis (Bb), Bartonella quintana (Bq) and Bartonella
henselae (Bh); etiological agents of Carrión’s disease, trench fever, and cat-scratch disease,

respectively, are the major pathogenic species for humans. Bartonelloses are manifested by

diverse symptoms and syndromes, including chronic asymptomatic bacteremia, infectious

endocarditis, bacillary angiomatosis, bacillary peliosis and hemolytic anemia. These disorders

arise primarily through parasitism of two host cell types. First, bartonellae are hemotrophic

pathogens that infect erythrocytes, presumably to fulfill their extraordinary requirement for

heme [1]. Hemotrophy is an unusual parasitic strategy for bacteria, and likely contributes to

the severe hemolytic anemia observed in the acute (hematic) phase of Carrión’s disease and

the persistent bacteremia common to all types of bartonelloses [1]. Second, Bartonella infects

vascular endothelial cells (VECs) and evokes pathological angiogenesis in the skin, spleen and

liver of humans, ultimately leading to bacillary angiomatosis (Bq or Bh), verruga peruana (Bb),

and bacillary peliosis (Bh) [1].

Pathological angiogenesis induced by Bh arises directly from infected VECs and indirectly

through the influence of effector cells in the vicinity of the infection. For example, VECs

infected by Bh have been shown to secrete the angiogenic chemokine IL-8, upregulate expres-

sion of the IL-8 receptor (CXCR2), and display elevated Bcl-2: Bax ratios that delay apoptosis

[2]. Bh-infected VECs also produce monocyte-macrophage chemoattractant protein-1 (MCP-

1) which recruits various cell types such as monocytes [3]; a source of pro-angiogenic vascular

endothelial cell growth factor (VEGF) [3, 4]. Moreover, Bh-infected THP-1 macrophages or

EA.hy 926 cells (a VEC hybrid line) were found to produce VEGF as well as IL-1β, a potentia-

tor of VEGF [4, 5]. Heavily-infected human umbilical vein endothelial cells (HUVECs) have

also been shown to upregulate expression of VEGF, IL-8 and hypoxia-inducible factor-I (HIF-

1); a key transcriptional factor for angiogenesis [6]. Finally, research has demonstrated the

importance of the Bh VirB/VirD4 type IV secretion system (T4SS), its translocated substrates

[i.e., Bartonella effector proteins (Beps)] and direct host cell contact via the Bartonella adhesin

A (BadA) protein, in evoking a pro-inflammatory response and inhibiting apoptosis to ulti-

mately foster neovascularization [7, 8, 9, 10].

While the molecular basis for pathological angiogenesis during a Bh infection has been

investigated in considerable detail, it is relatively understudied in Bb. This is unfortunate, as

Bb is the most virulent Bartonella species and employs a set of virulence determinants that are

distinct from those of Bh and Bq [1, 11]. For example, Bb lacks the VirB/VirD4 T4SS and effec-

tor substrates employed by Bh and Bq; thus, they are obviously not involved in the pathological

angiogenesis induced by this bacterium. The earliest report on Bb-induced angiogenesis

showed that the soluble fraction of the Bb cell contained a heat-sensitive factor(s) that was sig-

nificantly and specifically mitogenic for cultured HUVECs [12]. In addition, the soluble frac-

tion was able to evoke VEC invasion into subcutaneous sponge implants in a Sprague-Dawley

rat model [12]. Subsequent work by our lab set out to purify the responsible factor(s) from the

Bb cell lysate and identified GroEL as a participant in HUVEC mitogenicity [13]. Results

showed that in vitro proliferation of HUVECs correlated with levels of GroEL present in the

Bb cell lysate, and anti-Bb GroEL antibodies significantly decreased the mitogenic activity [13].

PLOS NEGLECTED TROPICAL DISEASES Bartonella bacilliformis infection induces EGF expression by endothelial cells

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008236 April 17, 2020 2 / 15

https://doi.org/10.1371/journal.pntd.0008236


Interestingly, a Bh cell lysate showed significantly less mitogenicity for HUVECs as compared

to Bb cell lysates, underscoring the differences between Bb- and Bh-induced angiogenesis.

The current study was undertaken to address the hypothesis that Bb infection of HUVECs

induces the expression of potentially angiogenic protein factors, and that GroEL might play a

role in the process, based upon our earlier work [13]. The results of the study showed that a Bb
infection of HUVECs induced expression of epidermal growth factor (EGF) which, in turn,

significantly enhanced cell proliferation in vitro. To our knowledge, this is the first description

of EGF production by VECs in direct response to a Bartonella infection and discussion of the

growth factor’s potential role in pathological angiogenesis.

Materials and methods

Bacterial culture and cell preparations

Bb strains were cultivated on Bacto heart infusion agar (Becton Dickinson; Franklin Lakes, NJ)

containing 4% defibrinated sheep blood and 2% sheep serum (HIBB plates) by volume. Bb cul-

tures were routinely grown for 4 d at 30˚C in a water-saturated atmosphere under ambient

CO2 levels. Escherichia coli (TOP10F0) was grown for 16 h at 37˚C in lysogeny broth (LB), with

shaking or on LB agar plates. Antibiotic supplements were added to media as required, includ-

ing kanamycin (25 μg/ml) or ampicillin (100 μg/ml). A complete list of bacterial strains used

in the study is provided in S1 Table.

Whole-cell lysates from the Bb strains listed in S1 Table were prepared as previously

described [13] with minor modifications. Briefly, 4-d-old cultures of Bb were harvested from

two HIBB plates into ice-cold phosphate-buffered saline (PBS; pH 7.4). The mixture was

transferred to a sterile, 2-ml screw-cap microcentrifuge tube containing ~500 μl of 0.1-mm

diameter glass beads. Bacterial cells were lysed for 5 min with a Disruptor Genie (Scientific

Industries; Bohemia, NY). Cellular debris was subsequently removed by centrifugation at

16,000 x g for 5 min at 4˚C. The supernatant was transferred to a sterile microcentrifuge tube,

assayed for protein content using a Pierce BCA Protein Assay kit as instructed (ThermoFisher;

Waltham, MA) and stored at -20˚C until used. Formaldehyde-fixed (killed) Bb strains were

prepared by harvesting and washing 4-d-old cultures in Endothelial Cell Growth Basal

Medium-Plus (Lonza; Greenwood, SC) followed by fixing in 1% (v/v) formaldehyde (Thermo-

Fisher) for 24 h at 4˚C. Fixed bacteria were washed with, and resuspended in, EBM+ then

stored at -20˚C until used.

Genetic manipulation

Genomic DNA was purified using a DNeasy kit as instructed (Qiagen; Germantown, MD). A

Q5 Site-Directed Mutagenesis kit was employed to generate deletions in successive portions of

the Bb groESL operon cloned in pGRO1 (see S1 Fig), following manufacturer’s instructions

(New England Biolabs; Ipswich, MA). Primers used in deletion mutagenesis are listed in S2

Table. Bb (strain JB584) was transformed by electroporation, as previously described [14],

using ~0.1–4 μg purified plasmid DNA. DNA was cleaned prior to electroporation with Ultra-

0.5 ml Amicon filters (Millipore Sigma; Burlington, MA) and stored in nuclease-free water

until used. Plasmid content was verified before and after transformation by Sanger automated

sequencing with pbbrSEQ_F and pbbrSEQ_R primers (S2 Table).

HUVEC cultivation and infections

Pooled, primary HUVECs (PCS-100-013) were obtained from the American Type Culture

Collection (ATCC; Manassas, VA). For routine maintenance, HUVECs were cultured
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essentially as previously described [13], but in Endothelial Cell Growth Basal Medium-Plus

(Lonza) supplemented with an Endothelial Cell Growth Kit-BBE, as instructed by the supplier

(ATCC). HUVECs employed in the study were restricted to passages two through five. Prior

to the start of infections, HUVEC growth medium was replaced with Endothelial Cell Growth

Basal Media-Plus (EBM+) containing 10 mM L-glutamine plus 0.5% fetal bovine serum

(Rocky Mountain Biologicals; Missoula, MT) to slow growth. Endothelial cells were infected at

a MOI of 500 bacteria per mammalian cell; bacteria from 4-d-old plates were harvested and

washed using EBM+ prior to infections. Bacterial cell numbers were quantified using a LIVE/

DEAD BacLight kit (ThermoFisher; L7007). Unless otherwise indicated, HUVECs were

infected for 24 h at 37˚C and 5% CO2 following serum starvation.

Growth assays

For cell growth experiments, serum-starved HUVECs were harvested and used to seed a

96-well plate at a density of 1000 cells per well using EBM+ 20% fetal bovine serum (FBS).

Wells were brought to a final volume of 100 μl with cell culture medium after the addition of

prepared Bb lysate, PBS, VEGF (PHC9394) (Gibco; Gaithersburg, MD) at 10 ng/ml, prepared

conditioned media (CM) or infected with the indicated strains of Bb (MO1 = 500). CM were

prepared by removing cell culture media from each well following infection and centrifuged at

4˚C to remove any cellular debris; media were then passed through a 0.22-μm syringe filter to

sterilize, and each infection was done individually with a new filter and kept on ice. Once ster-

ilized, CM was aliquoted to limit freeze/thaw cycles and stored at -80˚C until used. HUVEC

numbers were measured indirectly using a phosphatase assay for viable cells following a 96-h

growth period at 37˚C, 5% CO2 [15]. For growth assays involving an epidermal growth factor

receptor (EGFR) inhibitor; AG1478 (Sigma-Aldrich; St. Louis, MO) was added to a final con-

centration of 10 μM to the wells immediately prior to infection with Bb strains.

HUVEC migration and tube-formation assays

HUVEC migration was analyzed using a transmigration assay as described in the Endothelial

Cell Migration and Invasion Assay application note from PromoCell; Heidelberg, Germany

[16]. Briefly, low passage HUVECs were serum-starved for 16 h prior to the start of the assay

in EBM+ 10 mM L-glutamine. Cells (1 x 105) were added to the upper chamber containing

200 μl of base media without FBS, while 600 μl of base media with 2% FBS along with lysates

(1 μg / ml protein), live Bb strains or untreated controls were added to the lower chamber.

HUVECs that migrated through the membrane after 20 h were fixed in methanol and stained

with 0.2% crystal violet. To determine the number of migrated cells, the mean value was calcu-

lated by counting the number of cells in five random fields (at ~100–200 cells per field) under

an inverted light microscope.

Tube formation by HUVECs, in response to exposure to Bb cell lysates or live Bb strains, was

examined by the methods of Arnaoutova and Kleinman [17]. Briefly, 50 μl / cm2 of Matrigel

Basement Membrane Matrix Growth Factor Reduced (354230) (Corning; Corning, NY) was

added to the surface of a tissue culture plate and allowed to solidify for 30 min at 37˚C. HUVECs

were diluted in either EBM or EBM+ 2% FBS to achieve 9.0x104 cells per well and overlaid onto

the surface of solidified Matrigel. Bb cell lysates, VEGF (10 ng/ml) or live Bb strains (MOI =

500) were added to indicated wells and incubated for 6 h to allow for development of tubes.

HUVECs were subsequently stained for 30 min with Calcein AM at 2 μM as instructed by the

manufacturer (Corning; 354216). Five random images from each well were captured at 40X

magnification under an inverted light microscope and images quantified using ImageJ Angio-

genesis Analyzer plugin focusing on formation of nodes and branches [18].
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Angiogenic factor arrays and ELISA

Angiogenesis arrays were used to analyze differential expression of twenty human cytokines

by HUVECs in response to a Bb infection. HUVECs were infected for 24 h with various Bb
strains (MOI = 500). Culture supernatants were subsequently collected and analyzed by a

Human Angiogenesis Antibody Array C1 as instructed by the manufacturer (RayBiotech;

Peachtree Corners, GA). Results of the array were interpreted by the Human Angiogenesis

Analysis Tool (RayBiotech). A RayBio Human EGF ELISA kit was subsequently used to assay

changes in EGF concentrations in the HUVEC culture medium in response to Bb lysates,

formaldehyde-fixed Bb or Bb-infection at 24 h post-infection or post-treatment, following the

manufacturer’s instructions (RayBiotech).

Statistics and graphics

Statistical analyses were performed using Prism (8.2.0) software (GraphPad; San Diego, CA).

Statistical significance was determined by a Student’s t-test, where a P-value of< 0.05 was con-

sidered significant. Graphics were done using Excel and Powerpoint software (Microsoft; Red-

mond, WA).

Results

During work exploring the molecular basis for Bb-induced pathological angiogenesis, we

determined that a 24-h infection by the bacterium resulted in a significant increase in expres-

sion and secretion of epidermal growth factor (EGF) into the culture medium as compared to

uninfected control cells (Fig 1). In addition, the magnitude of increase in EGF production, rel-

ative to controls, was similar between the three Bb strains employed, including LSS001,

LSS100 and LSS500. (Please see S1 Fig and S1 Table for details on Bb strains).

To quantify the EGF present in the growth medium following infection, a human EGF

ELISA (RayBiotech) was employed. Results of the ELISA revealed significant increases in EGF

production (P<0.01) in response to infections by all three Bb strains compared to mock-

infected controls, with concentrations ranging from ~3 pg EGF / ml (strain LSS001) to 5 pg

EGF / ml (strains LSS100 and LSS500) (Fig 2). In addition, the quantity of EGF released in

Fig 1. Detection of EGF produced by Bb-infected HUVECs. Results of an angiogenic factor array (RayBiotech) are

shown with relative EGF levels in the HUVEC culture medium following a 24-h infection by three different Bb strains

as indicated. Uninfected HUVECs were included as a negative control. Values represent the means of two independent

determinations ± SEM. (�� P< 0.01 relative to uninfected controls).

https://doi.org/10.1371/journal.pntd.0008236.g001
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response to infection by strains LSS100 and LSS500 (overexpressing rGroEL) was significantly

higher than that elicited by strain LSS001 (harboring the corresponding vector) (P< 0.05)

(Fig 2).

Secretion of EGF by HUVECs in response to infection by Bb made us curious whether the

reaction was due to an active infection or simply arose through bacterial interactions with the

host cell. To address this, we conducted parallel experiments in which HUVECs were chal-

lenged for 24 h with live or non-viable Bb LSS100, then assayed the medium for secreted EGF

by ELISA. Results of these experiments showed a significant decrease in EGF production in

response to non-viable versus live Bb LSS100 (P< 0.05) (Fig 3). In fact, EGF production levels

were similar between uninfected HUVECs and what was observed following challenge with

Fig 2. EGF concentrations in the HUVEC culture medium following a Bb infection. ELISA analysis of EGF

concentrations (pg/ml) in HUVEC culture media following a 24-h infection by three different Bb strains is shown.

Values represent the average of three independent determinations done in duplicate ± SEM. (� P< 0.05 relative to

indicated pair; �� P< 0.01 relative to uninfected controls).

https://doi.org/10.1371/journal.pntd.0008236.g002

Fig 3. EGF production by HUVECs requires infection by viable Bb. ELISA determination of EGF concentrations

(pg/ml) in HUVEC culture medium following a 24-h infection with viable or non-viable (formaldehyde-fixed) cells of

Bb strain LSS100. Uninfected HUVECs were included as a negative control. Values represent the means of three

independent determinations involving Bb and two independent determinations for uninfected HUVECs ± SEM. (�

P< 0.05).

https://doi.org/10.1371/journal.pntd.0008236.g003
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non-viable bacteria (Fig 3). Similarly, treatment of HUVECs for 24 h with cell lysates obtained

from three Bb strains did not significantly alter the amount of EGF released to the media rela-

tive to untreated cultures (all ~0.65 pg/ml; S2 Fig).

Since EGF could conceivably play a role in the hyperproliferation of VECs during bartonel-

losis of humans, we examined HUVEC proliferation in response to a 96-h infection by two live

Bb strains (LSS001 and LSS100) and one non-viable Bb strain (LSS100-fixed) in the presence

or absence of AG1478; a potent and specific EGFR-blocking agent [19]. These results showed

that infections by any of the three Bb strains elicited a significant increase in HUVEC numbers

relative to uninfected HUVECs (P< 0.01) (Fig 4). As expected, VEGF-treated positive-con-

trols also showed a significant increase in cell numbers. The greatest relative HUVEC prolifer-

ation occurred in response to infection by Bb strain LSS100 (overexpressing GroEL), and it

was significantly higher (P< 0.01) than what was produced by infection with Bb strain LSS001

(harboring the vector alone). As predicted, challenge by non-viable (fixed) Bb LSS100 resulted

in HUVEC numbers that were similar to uninfected control cells. Finally, treatment with

AG1478 significantly reduced HUVEC numbers (P< 0.01) compared to un-blocked infec-

tions or treatment with VEGF, and the resulting HUVEC numbers were similar to uninfected

control cells. Only uninfected HUVECs did not respond to EGFR blocking by AG1478 (Fig 4).

Since the results indicated that EGF was secreted by Bb-infected HUVECs, we hypothesized

that cell-free, CM from such cultures would be mitogenic if used to culture fresh, naive

HUVECs. Indeed, results of this experiment showed that HUVEC numbers were significantly

increased after 96 h of growth in CM from previous infections with three different Bb strains

vs. a negative control of CM from untreated HUVECs (P < 0.01). In fact, HUVEC numbers

were greater from the infection CMs than the CM collected from a VEGF positive-control (Fig

5). Although the greatest proliferation was observed in response to CM obtained from LSS100

/ HUVEC co-cultures (nearly 3.5-fold higher than the negative control), proliferation results

were not significantly different from those obtained with CM collected from LSS001- and

LSS500- HUVEC co-cultures. To verify that the HUVEC proliferative response to the CM

involved EGF, additional growth assays were done using AG1478. These results showed that

Fig 4. Blocking EGFR inhibits HUVEC proliferation during Bb infection. Results of HUVEC proliferation assays

following a 96-h infection by two different Bb strains in the absence (green bars) or presence of AG1478 (10 μM; blue

bars) to block EGFR. Controls included untreated HUVECs, treatment with VEGF (10 ng/ml), and mock infection

with non-viable (formaldehyde-fixed) bacteria. This experiment was conducted three times independently with

indistinguishable results. Results of one experiment are shown, and values represent the means of six technical

replicates ± SEM. (�� P< 0.01).

https://doi.org/10.1371/journal.pntd.0008236.g004
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blocking of EGFR by AG1478 significantly reduced HUVEC proliferation relative to

unblocked cultures in the CM (Fig 6). However, unlike the Bb infection results shown in Fig 4,

AG1478 did not uniformly block proliferation to levels approximating that of the negative con-

trol (i.e., HUVEC_CM). In addition, HUVEC proliferative responses to CM were similar

regardless of Bb strain, and the response to CM collected from challenges with non-viable Bb
were similar to the negative control (Fig 6).

An early study reported that HUVECs co-cultured with Bh were stimulated to migrate in

vitro, and the source of the activity was localized to the insoluble fraction of the Bh cell [20]. In

contrast, a second study showed that Bb infection of HUVECs caused intracellular cytoskeletal

Fig 5. Conditioned media from Bb-infected HUVECs is mitogenic. HUVEC proliferation assay results following

96-h growth in conditioned media (CM) collected from HUVECs that had been previously infected for 24 h with one

of three different Bb strains. Controls included 96-h growth of uninfected/untreated HUVECs, VEGF-treated

HUVECs (10 ng/ml), or growth in CM from uninfected/untreated HUVECs or VEGF-treated HUVECs. Values

represent the means of six independent determinations ± SEM. (�� P< 0.01).

https://doi.org/10.1371/journal.pntd.0008236.g005

Fig 6. Blocking EGFR inhibits mitogenic activity of conditioned media. HUVEC proliferation assay results

following 96-h growth in conditioned media (CM) from HUVECs that were infected for 24 h with the three indicated

Bb strains or non-viable (formaldehyde-fixed) Bb LSS001. Controls included 96-h growth in CM obtained from 24-h

uninfected/untreated HUVECs or VEGF-treated HUVECs. Parallel EGFR-blocking experiments (blue bars) were

done by supplementing media with AG1478 (10 μM final concentration). (�� P< 0.01).

https://doi.org/10.1371/journal.pntd.0008236.g006
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stress fibers which, in turn, impaired migration [21]. With this apparent discrepancy as a back-

drop, we wished to examine the HUVEC migratory response to several Bb strains in order to

help clarify the host cell’s migratory behavior. To that end, we employed three different live Bb
strains (LSS001, LSS100 and LSS500) and a non-viable Bb strain (fixed LSS001) in an in vitro
transmigration assay, where the bacteria and host cells were initially separated by a membrane

[16]. Results of the assay clearly showed that all Bb strains triggered significantly higher

HUVEC migration towards the pathogen, as compared to untreated host cells (Fig 7). More-

over, migratory activity was comparable to the VEGF-treated positive control cells. To exam-

ine whether enhanced migration required viable bacteria as a stimulus, the response to non-

viable (formaldehyde-fixed) Bb was also assayed. Although fixing Bb significantly reduced the

activity relative to the corresponding, live Bb strain (P< 0.05), migratory stimulation by dead

bacteria remained significantly higher than for untreated HUVECs (P<0.01). In addition to

intact bacteria, we also assayed the HUVEC migration response to cell lysates prepared from

five Bb strains. These results showed that the migratory activity of HUVECs was significantly

stimulated by cell lysates relative to untreated controls and regardless of Bb strain (S3 Fig).

Formation of capillary tube-like structures by stimulated vascular endothelial cells is a hall-

mark characteristic of angiogenesis, and previous reports have shown that Bh-infected

HUVECs produce capillary-like tubes in Matrigel [2, 22]. However, a single report involving

Bb suggested that the intracellular cytoskeletal stress fibers formed during intracellular infec-

tion of HUVECs impaired formation of capillary tubes in a collagen matrix [21]. To address

this apparent discrepancy, we examined and assayed the formation of nodes, branches and

tubes in HUVEC cultures infected with viable or non-viable (formaldehyde-fixed) Bb and

compared these to VEGF-treated or untreated host cells as positive and negative controls,

respectively. Results showed capillary-like tube formation in Bb-infected HUVECs that was

indistinguishable from VEGF-treated controls (Fig 8A). Unexpectedly, tube formation was

also observed in HUVECs treated with non-viable Bb LSS100. Untreated cells did not produce

anastomosing tube-like structures as seen in response to other treatments. Quantification of

tube formation by ImageJ analysis of culture images revealed significant increases in the

Fig 7. HUVECs migrate towards Bb cells. HUVEC migration towards three different live Bb strains and non-viable

(formaldehyde-fixed) Bb was assayed following a 20-h transmigration period. The experiment was conducted

independently three times with consistent results. Results of one experiment are shown, and values represent the

means of two technical replicates ± SEM. (� P< 0.05; �� P< 0.01 relative to untreated controls or the indicated

datasets).

https://doi.org/10.1371/journal.pntd.0008236.g007
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number of nodes, branches and tubes in VEGF-treated and Bb infections relative to untreated

controls (Fig 8B). Differences in the number of nodes, branches and tubes were not signifi-

cantly different between VEGF-treated HUVECs and Bb infections.

We also assayed the HUVEC tube-stimulating activity of cell lysates prepared from five dif-

ferent Bb strains. These experiments showed that regardless of Bb strain, corresponding cell

lysates stimulated HUVECs to form anastomosing tube-like structures that were indistinguish-

able from VEGF-treated positive controls (S4A Fig). As expected, untreated cells did not pro-

duce anastomosing tube-like structures. Quantification of tube formation by ImageJ analysis

revealed significant increases in the number of nodes, branches and tubes in response to

VEGF and Bb cell lysates vs. untreated controls, but differences between VEGF-treated cells

and the five Bb lysate treatments were not significant (S4B Fig).

Discussion

EGF is a 53-amino acid (~6 kDa) polypeptide and a ligand for the EGF receptor (EGFR). EGF

plays essential roles in the growth and survival of several cell types through activation of the

EGFR signaling pathway and subsequent regulation of cell differentiation, apoptosis, prolifera-

tion and migration [23]. To our knowledge, a role for EGF in VEC proliferation during a Bb
infection has not been previously demonstrated. However, a previous report examining the

cytokine profiles of 144 healthy patients from five villages in Northern Peru that had suffered

recent Bb outbreaks and/or were endemic for Carrión’s disease showed a moderate positive cor-

relation between EGF levels and chronic Bb bacteremia [24]. Moreover, the authors suggested

that EGF could be involved in the pathological angiogenesis (i.e., verruga peruana) that is com-

monly observed in the chronic phase of human bartonellosis. Whether the source of elevated

levels in these patients was due to infected VECs is unknown but possible in view of our results.

In this study, EGF production by 24-h infected HUVECs was ~5-fold greater than unin-

fected cells when Bb strain LSS001 was used in infection and ~7-fold and significantly greater

when Bb strains LSS100 or LSS500 were used (P< 0.05). These Bb strains are isogenic except

Fig 8. Bb-Infected HUVECs form tubes that resemble those induced by VEGF. A) Tube formation by HUVECs in

response to: 1) untreated culture medium, 2) 6-h VEGF treatment (10 ng/ml), 3) 6-h infection by viable Bb LSS100 or

4) exposure to non-viable Bb (formaldehyde-fixed LSS100). Examples of typical micrographs (40X magnification) are

shown. B) Average number of nodes, branches and tubes (master segments and branches) ± SEM in captured

micrographs such as those in Fig 8A, using the ImageJ Angiogenesis Analyzer plugin [18] is shown. The experiment

was done twice independently with five technical replicates each. (� P< 0.05; �� P< 0.01 relative to untreated

controls).

https://doi.org/10.1371/journal.pntd.0008236.g008
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for plasmid content (S1 Table) plus LSS100 and LSS500 overexpress recombinant GroEL

(rGroEL) [25]. Taken as a whole, the results suggest that higher levels of rGroEL produced by

these two strains fosters increased EGF production by infected HUVECs, perhaps due to

enhanced bacterial resistance to intracellular stress through GroEL’s chaperone activities.

Interestingly, enhanced EGF production by HUVECs was abrogated if Bb was killed by fixing

with formaldehyde prior to challenge (Fig 3) or if a Bb cell lysate was used (S2 Fig), suggesting

that an active bacterial infection was necessary for increased EGF production.

There are several reports on the molecular basis of hyperproliferation of human VECs in

response to a Bartonella infection, but the effectors involved are not uniform between species

and a demonstrated role for EGF has not been reported, to date. To corroborate the ELISA

results identifying human EGF in growth media, we determined that HUVEC proliferation in

response to Bb infection or VEGF treatment could be blocked by tyrphostin AG1478; a potent

and selective EGFR inhibitor (Fig 4). From a combination of these two sets of data, we propose

that EGF is being produced by Bb-infected HUVECs and VEGF-stimulated cells, then subse-

quently acting to stimulate cell division. Previous work has demonstrated the mitogenic activ-

ity of human EGF for HUVECs [26]. As observed with EGF production levels (Fig 2), the

mitogenic response was significantly greater during infection by LSS100 vs. LSS001, suggesting

a possible role for GroEL in HUVEC proliferation, perhaps by enhancing bacterial resistance

to intracellular stress.

Conditioned media (CM) containing EGF secreted by Bb-infected HUVECs was able to

stimulate proliferation of cultured naïve HUVECs in vitro (Fig 5). These results suggest that

EGF in the CM can act in a paracrine fashion, although it certainly does not rule out the possi-

bility of autocrine activity. Interestingly, blocking CM-grown HUVECs with AG1478, while

significantly decreasing cell proliferation, did not abrogate activity to background levels (Fig

6), as was observed in AG1478-blocked Bb infections (Fig 4), suggesting that additional

growth factors could be present in the CM.

In addition to discovering a potential role for EGF in Bb-induced hyperproliferation of

VECs, results of this study also helped to clarify discrepancies regarding the migratory behav-

ior and capillary-like tube formation of HUVECs in response to Bb. In the single previous

study examining the migratory behavior of Bb-infected HUVECs, Verma et al. [21] examined

cell migration during infection. In this study, we examined the migratory behavior of

HUVECs towards live or dead Bb cells (Fig 7) or their corresponding cell lysates (S3 Fig).

While our results suggested that HUVECs migrated towards all Bb strains tested, a dead strain

evoked a significantly lower migratory response than its live counterpart, but it was still signifi-

cantly greater than random migration (i.e., untreated controls). One possible explanation for

this is that protein cross-linking during formaldehyde treatment only partially inhibited the

passive release of a bacterial chemotactic factor(s) from dead bacteria. Interestingly, Bb cell

lysates uniformly and significantly stimulated migration (S3 Fig). It is possible that lysing the

Bb cell generated a mixture that was rich in a soluble, unidentified chemotactic factor(s) for

HUVECs which significantly enhanced migration. In fact, on the whole, the number of

HUVECs migrating towards Bb cell lysates was higher than the migratory response towards

intact bacteria. The role of EGF in HUVEC migration towards Bb is unknown but currently

under investigation. Capillary-like tube formation was also investigated and found to occur in

response to Bb infection, challenge by dead Bb, or treatment with Bb cell lysates. The results

showing a lack of EGF production by HUVECs in response to fixed Bb cells (Fig 3) or Bb cell

lysates (S2 Fig); both of which evoked tube formation (Fig 8A and S4 Fig), suggest that the

stimulation of capillary-like tube formation can occur independently of EGF production.

The role of EGF in hyperproliferation of host cells during a bacterial infection is not com-

monly described in the literature. In one study, a link was made between heparin-binding
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EGF-like growth factor (HB-EGF) and the mucosal epithelial hyperplasia that is commonly

observed during otitis media [27]. In another study, levels of EGF, EGFR and a homolog of

EGFR (c-erb-B2) were shown to be elevated in gastric mucosa of patients suffering from

chronic gastritis with a Helicobacter pylori infection, and were comparable to samples from

gastric cancer patients [28]. Subsequent work showed that H. pylori possessing an intact T4SS

induced gastrin promoter activity through HB-EGF and EGFR [29]. In turn, gastrin could

affect a variety of epithelial cell activities, including proliferation [30].

In summary, we have discovered a potentially novel strategy whereby Bb could enhance

proliferation and production of additional VEC hosts by inducing synthesis of EGF during

infection.
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cates the relative position of the operon’s promoter.
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S2 Fig. EGF concentrations (pg/ml) in culture media following a 24-h incubation of

HUVECs with cell lysates of the three indicated Bb strains, as determined by ELISA. Values

represent the means of three independent determinations with two technical replicates

each ± SEM. No statistically significant differences were observed between the samples.

(PPTX)

S3 Fig. Assays of HUVEC migration over a 20-h period in response towards Bb cell lysates

(1 μg/ml) prepared from the indicated strains. Experiments were conducted independently

three times with consistent results. Results of one experiment are shown, where values repre-

sent the means of two technical replicates ± SEM. (� P< 0.05; �� P< 0.01 relative to untreated

controls).

(PPTX)

S4 Fig. Tube formation by HUVECs in response to a 6-h treatment with VEGF (10 ng/ml)

or cell lysates from the indicated Bb strains. Untreated cultures served as controls. A) Exam-

ples of typical micrographs are shown at 40X magnification. B) The number of nodes,

branches and tubes in the micrographs is shown, using the ImageJ Angiogenesis Analyzer

plugin [18]. Numbers on the X axis correspond to treatments shown in S4A Fig. The experi-

ment was done twice independently with two technical replicates each. (� P< 0.05; �� P< 0.01

relative to untreated controls).
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