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Abstract Bartonella species are highly fastidious, vector

borne, zoonotic bacteria that cause persistent intraerythro-

cytic bacteremia and endotheliotropic infection in reservoir

and incidental hosts. Based upon prior in vitro research,

three Bartonella sp., B. bacilliformis, B. henselae, and

B. quintana can induce proliferation of endothelial cells,

and each species has been associated with in vivo forma-

tion of vasoproliferative tumors in human patients. In this

study, we report the molecular detection of B. vinsonii

subsp. berkhoffii, B. henselae, B. koehlerae, or DNA of two

of these Bartonella species simultaneously in vasoprolif-

erative hemangiopericytomas from a dog, a horse, and a

red wolf and in systemic reactive angioendotheliomatosis

lesions from cats and a steer. In addition, we provide

documentation that B. vinsonii subsp. berkhoffii infections

induce activation of hypoxia inducible factor-1 and pro-

duction of vascular endothelial growth factor, thereby

providing mechanistic evidence as to how these bacteria

could contribute to the development of vasoproliferative

lesions. Based upon these results, we suggest that a fourth

species, B. vinsonii subsp. berkhoffii, should be added to the

list of bartonellae that can induce vasoproliferative lesions and

that infection with one or more Bartonella sp. may contribute

to the pathogenesis of systemic reactive angioendothelioma-

tosis and hemangiopericytomas in animals.
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Introduction

Bartonella species are highly fastidious, vector borne,

zoonotic bacteria that cause chronic intraerythrocytic

bacteremia in reservoir and incidental hosts [1–5]. Bart-

onellae invade endothelial cells [6–9] and are considered

unique in the bacterial kingdom in their ability to promote

angiogenesis in an infected host. In human patients, spe-

cific vasoproliferative pathological lesions, including

verruga peruana (B. bacilliformis), bacillary angiomatosis

(B. henselae and B. quintana), and peliosis hepatis

(B. henselae), have been associated with infection with

specific Bartonella species [4, 10–12]. Bacillary angio-

matosis (BA) and peliosis hepatis (PH) have been repor-

ted most often in immunocompromised HIV-infected

patients, suggesting that suppression of immune regula-

tory mechanisms plays a role in the immunopathogenesis

of Bartonella-induced vasoproliferation [12]. B. henselae

appears to be the most frequent species infecting dogs

[13], was the most frequently detected Bartonella species

in the dogs with splenic hemangiosarcomas [14], and has

been associated with PH in one dog [15].

Bartonella vinsonii subsp. berkhoffii was first isolated

from a dog with endocarditis in 1993 [16]. Subsequently,
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based upon distinct deletions and insertions within the

16S–23S intergenic (ITS) spacer region, three other geno-

types were characterized in blood or tissue samples from

foxes, coyotes, dogs and human patients [17–20]. On an

evolutionary basis, B. vinsonii subsp. berkhoffii appears to

have co-evolved with wild and potentially domestic

canines [21], whereas opportunistic infection has been

identified in cats, horses (Breitschwerdt, unpublished data),

and human patients [22–25]. There is circumstantial evi-

dence to support a role for B. vinsonii subsp. berkhoffii as a

cause of vasoproliferative lesions in animals and perhaps in

human patients. B. vinsonii subsp. berkhoffii genotype II

was isolated from the blood of a dog with a hemangio-

pericytoma, and organism-specific bacterial DNA sequen-

ces were amplified and sequenced from blood and a tissue

biopsy from a young man residing in the United States with

hepatic epitheloid hemangioendothelioma (EHE) [26].

B. vinsonii subsp. berkhoffii genotype I DNA was also

amplified and sequenced from blood and BA skin tissues

from an iatrogenically immunocompromised dog [27].

Subsequently, B. vinsonii subsp. berkhoffii genotype I DNA

was amplified from the blood of a woman from Australia

with hepatic EHE, who was either sequentially or con-

currently co-infected with B. henselae and B. koehlerae

[28]. Bartonella spp. DNA, including B. vinsonii subsp.

berkhoffii, has recently been amplified and sequenced from

dogs with splenic hemangiosarcomas [14]. Collectively,

these observations suggested that B. vinsonii subsp.

berkhoffii might induce endothelial cell proliferations in

dogs, as reported for three other Bartonella sp. in human

patients. To date, a potential role for B. koehlerae in the

etiopathogenesis of vasoproliferative lesions has not been

investigated.

Bartonella-induced vasculoproliferations seem to

depend on at least three overlapping mechanisms: direct

mitogenic activation of endothelial cells [29], inhibition of

endothelial cell apoptosis [30, 31] and angiogenic repro-

gramming of infected host cells leading to the activation of

hypoxia inducible factor (HIF)-1, the key transcriptional

regulator of angiogenesis [32, 33], and subsequent secre-

tion of angiogenic cytokines such as vascular endothelial

growth factor (VEGF) [34, 35]. Infected endothelial cells

are obviously not a major source of VEGF production

following Bartonella infection [34, 36]. Bartonella infec-

tion results in endothelial cell production of MCP-1, which

is a potent chemoattractant for monocytes and macro-

phages [37]. In vitro infection of macrophage cell lines

(THP-1) with B. henselae triggers the production of IL-1b
and VEGF, and conditioned media derived from

B. henselae-infected host cells (macrophages, epithelial

cells) induced proliferation of endothelial cells in vitro [34,

35]. Collectively, these observations support a paracrine

loop of angiogenesis induced by Bartonella, whereby

infection results in a proinflammatory response, the

recruitment of macrophages and monocytes to the site of

infection, and the production of proangiogenic proteins that

stimulate vascular proliferation [38]. In addition to the pro-

angiogenic capabilities, Bartonella inhibits apoptosis of

endothelial cells and monocytes [30, 31, 39]. Whereas the

inhibition of endothelial cell apoptosis is clearly a Virb/D4-

type IV secretion system–driven phenomenon mainly

attributed to the secretion of Bartonella effector protein A

(BepA) [31], inhibition of monocyte apoptosis by

B. henselae is also associated with the activation of NF-jB

which regulates the transcriptional activation of inhibitors

of apoptosis proteins (IAPs)-1 and 2 [39].

In this study, we report the molecular detection of

B. vinsonii subsp. berkhoffii, B. henselae, or DNA from

both Bartonella species in naturally occurring hemangio-

pericytomas from a dog, a horse, and a red wolf (Canis

lupus rufus) and B. henselae, B. koehlerae and/or B. vin-

sonii subsp. berkhoffii DNA in four cats and a steer with

systemic reactive angioendotheliomatosis (SRA), a rare

multi-systemic intravascular proliferative disorder [40, 41].

To date, hemangiopericytoma has been described in only

one horse [42]; there are less than 15 published feline SRA

cases, and only a single case report describing SRA in a

steer [41]. In addition to these microbiological and patho-

logical observations, we provide documentation that

B. vinsonii subsp. berkhoffii can activate HIF-1 and induce

production of VEGF in vitro, as has been demonstrated

earlier for B. quintana and B. henselae. Thus mechanisti-

cally, B. vinsonii subsp. berkhoffii appears to be able to

contribute to the development of vasoproliferative lesions.

Methods

Animal sample sources

Due to the infrequent nature of these vasoproliferative

lesions in most animal species, paraffin-embedded tissues

for PCR testing were requested from multiple institutional

sources. The hemangiopericytoma paraffin tissue blocks

from a previously described 13-year-old female-spayed

Australian Heeler (designated dog 1) [26] and a more

recently referred 13-year-old female English Shepherd

(dog 2) were provided by Dr. Keith Linder, pathologist,

North Carolina State University. The hemangiopericytoma

paraffin tissue block from a previously described 14-year-

old Arabian mare was provided by Dr. Kellye S. Joiner,

pathologist at Auburn University [42]. The hemangioperi-

cytoma paraffin tissue block from a 6-year-old female red

wolf was provided by Ms. Sherry Samuels, Director,

Museum of Life and Science in Durham, NC and Dr. Steve

Rushton, pathologist at Rollins Diagnostic Laboratory,
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Raleigh, NC. This cutaneous hemangiopericytoma was

located on the sternum. Paraffin tissue blocks from the four

cats (designated cats 1–4) with systemic angiomatosis were

provided by Dr. Jim Cooley, pathologist, Mississippi State

University, Starkville, MS, and Dr. Keith Linder, pathol-

ogist, North Carolina State University. The paraffin tissue

blocks from a previously described steer with SRA were

provided by Dr. Melanie A. Breshears, pathologist, Okla-

homa State University, Stillwater, OK [41]. For SRA cases,

lesional heart, pancreas, spleen, small intestine, brain and/

or liver tissue were tested.

DNA extraction, PCR, and sequencing

DNA was extracted from the paraffin-embedded tissue

blocks containing the respective tumors or SRA lesions.

The 16S–23S intergenic transcribed spacer (ITS) region

was amplified using Bartonella genus-specific primers as

described previously [14, 17]. The tissue samples from

each animal were processed at different time points in the

laboratory, and extreme care was taken to prevent DNA

carry over among tissues [43]. A blank reagent control

(paraffin block without tissue) was included with each set

of DNA extractions, and 0.001 pg/lL of B. henselae

(Houston I strain) DNA was used as a positive control for

all PCR reactions. DNA extracted from the blood of a

healthy dog with no serological or BAPGM enrichment

culture evidence of Bartonella infection was included as

the negative control. To avoid DNA carryover in the lab-

oratory, PCR sample preparation, DNA extraction, and

PCR amplification and analysis were performed in three

separate rooms with a unidirectional work flow. All PCRs

were performed in the Intracellular Pathogens Research

Laboratory, Raleigh, NC. DNA was not amplified in the

negative control lane during the course of this study. PCR

positive amplicons were sequenced (Eton Biosciences,

Research Triangle Park, North Carolina) to establish the

species, strain, or genotype. Sequences were compared

with those available in GenBank using BLAST and aligned

using the program VectorNTI AlignX (Invitrogen
TM

, Life

Technologies Corporation, USA) to determine the per-

centage similarity.

Bacterial isolates for cell culture experiments

Bartonella vinsonii subsp. berkhoffii genotypes I, II, and III

[16, 20, 44] were used for the cell culture infection

experiments. B. vinsonii subsp. berkhoffii genotype I

(NCSU isolate 93-CO-1, ATCC #51672) was isolated from

a dog with endocarditis [16], B. vinsonii subsp. berkhoffii

genotype II from the blood of a coyote (DS-535-GG54)

[44], and B. vinsonii subsp. berkhoffii genotype III (NCSU

isolate 06-CO-1) from the blood of a military working dog

diagnosed with endocarditis [20]. Bacteria were grown on

Columbia Sheep Blood agar (Becton–Dickinson, Heidel-

berg, Germany) at 37 �C at a 5 % CO2 concentration.

Bacterial colonies were harvested after 3 days of growth

and washed extensively with PBS (Gibco, Karlsruhe,

Germany). Bacterial numbers were determined by mea-

suring the optical density at a wavelength of 600 nm (OD

of 1.0 = *5 9 108 bacteria).

Cell culture and infection of HeLa 229 cells

For infection experiments, HeLa 229 cells (human cervical

carcinoma cells) were grown in RPMI 1640 supplemented

with 2 g/L NaHCO3 (Biochrom, Berlin, Germany), 10 %

heat-inactivated fetal calf serum (FCS; Sigma Aldrich,

Taufkirchen, Germany), 1 % L-glutamine (Gibco, Karlsruhe,

Germany), and 10 mg/mL streptomycin and 100 U penicillin

(Biochrom, Berlin, Germany) as described earlier [32, 33].

For the determination of HIF-1 activation, 5.0 9 105 cells

were seeded in 6-well plates. For the determination of secreted

cytokines, 1.0 9 105 cells were seeded in 24-well plates.

B. henselae was used at a MOI of 250 or 500 for HIF-1 acti-

vation (6 h) and VEGF secretion (48 h). Bacteria were cen-

trifuged onto cultured cells for 5 min at 300 g. Uninfected

cells were used as negative controls, and desferrioxamine

(DFO, 200 lM, Sigma) was used as positive control [45].

HIF-1a immunoblotting

For the detection of HIF-1 activation by immunoblotting,

proteins from cell cultures were extracted as described

[46], separated by 8 % SDS-PAGE, and blotted onto

polyvinylidene difluoride (PVDF) membranes (Millipore,

Schwalbach, Germany). Monoclonal mouse anti-HIF-1a
antibodies (Becton–Dickinson, Heidelberg, Germany) were

used as primary antibodies and horseradish peroxidase

(HRP)-conjugated rabbit anti-mouse IgG antibodies (Dako,

Hamburg, Germany) as secondary antibodies. Signals were

visualized with the enhanced chemiluminescent (ECL)-

reagent (PJK, Kleinbittersdorf, Germany). For loading

control, monoclonal mouse actin-specific antibodies

(Sigma Aldrich) were used as described [46].

Quantification of VEGF

VEGF concentrations were measured from cell culture

supernatants by ELISA (R&D systems, Wiesbaden, Ger-

many) according to the manufacturer’s instructions [32].

Statistical analysis

All cell culture experiments were performed at least three

times and revealed comparable results. Differences
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between mean values of experimental and control groups

were analyzed by Student’s t test. A value of p \ 0.01 was

considered statistically significant.

Results

Bartonella PCR amplification and DNA sequencing

Hemangiopericytomas

Bartonella vinsonii subsp. berkhoffii genotype I, II, and

III DNA sequences were amplified from hemangioperi-

cytoma tissues obtained from dog 1, the mare, and the

red wolf, respectively (Table 1). The mare was co-

infected with B. henselae, whereas only B. henselae

DNA was amplified from the hemangiopericytoma from

dog 2. As the histopathology from the red wolf has not

been previously published, the following description is

provided: The dermis and subcutis contained an unen-

capsulated, poorly circumscribed, multi-nodular mass

composed of densely packed neoplastic spindle cells,

which form short interlacing bundles and whorls around

capillary and arteriolar-type blood vessels in scant col-

lagenous stroma (Fig. 1). The neoplastic cells have var-

iably distinct cell borders and little eosinophilic fibrillar

cytoplasm. Nuclei range from irregularly round to oval,

contain finely stippled, marginated, or condensed chro-

matin and 1 to 2 variably distinct nucleoli. Five mitotic

figures were observed in ten high magnification (4009)

microscopic fields. Multifocal coagulative necrosis was

present.

Systemic reactive angioenotheliomatosis

A representative cardiac lesion from a cat with systemic

reactive angioendotheliomatosis is illustrated in Fig. 2.

B. vinsonii subsp. berkhoffii DNA was amplified and

sequenced from SRA lesions from two of the four cat (cats

1 & 2) tissues tested (Table 2). Cat 1 was co-infected with

B. henselae, whereas cat 2 was co-infected with

B. koehlerae. Only B. henselae DNA was amplified from

SRA lesions from cats 3 and 4 or from the SRA lesions in

the steer.

Table 1 Bartonella species DNA amplified and sequenced from blood or paraffin-embedded tissues from various animal species with

hemangiopericytomas

Animal

designation

Histopathological

diagnosis

Bartonella spp. Percentage similarity/GenBank accession

number

Dog 1 Hemangiopericytoma B. vinsonii subsp. berkhoffii genotype II 99.3 % similarity to DQ059763

Dog 2 Hemangiopericytoma B. henselae 97.8 % similarity to AF369529

Horse Hemangiopericytoma B. vinsonii subsp. berkhoffii genotype I 99.3 % similarity to AF167988

B. henselae 100 % similarity to AF369529

Red wolf Hemangiopericytoma B. vinsonii subsp. berkhoffii genotype III 97.6 % similarity to EU295657.1

Fig. 1 Photomicrograph illustrates a subcutaneous hemangiopericy-

toma from a red wolf composed of neoplastic spindle cells that are

moderately pleomorphic and are accompanied by numerous small blood

vessels. Hematoxylin and Eosin. 9400 magnification. Bar = 20 lm

Fig. 2 Photomicrograph illustrates lesions of systemic reactive

angioendotheliomatosis in the heart of a cat. Proliferative small

vessels displace cardiac myocytes and contain small amounts of

fibrin. Hematoxylin and Eosin. 9200 magnification. Bar = 100 lm
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Activation of HIF-1 and induction of VEGF secretion by

B. vinsonii subsp. berkhoffii

Activation of HIF-1 and subsequent secretion of VEGF are

key events in the angiogenic cascade [47] and are also

detectable in B. henselae infections [34, 39]. We analyzed

whether infections with B. vinsonii subsp. berkhoffii also

would result in such an angiogenic reprogramming of host

cells. For this purpose, HeLa 229 cells were infected with

B. vinsonii subsp. berkhoffii genotypes I, II, and III at MOI

of 250 (data not shown) and 500 for 24 or 48 h. Infections

with B. vinsonii subsp. berkhoffii genotypes I and II

resulted in a strong activation of HIF-1 at 6 h post-inocu-

lation of HeLa 299 cells (Fig. 3; as determined by HIF-1a
immunoblotting). Similar results were obtained upon

infection with B. vinsonii subsp. berkhoffii genotype III

(data not shown). Accordingly, all three B. vinsonii subsp.

berkhoffii genotypes were capable of inducing VEGF

production from infected HeLa 229 cells (*5.7-fold for

B. vinsonii subsp. berkhoffii genotype I, *6.3-fold for

B. vinsonii subsp. berkhoffii genotype II (Fig. 3b) when

compared with the uninfected controls. Similar results were

obtained for B. vinsonii subsp. berkhoffii genotype III

(*3.7-fold).

Discussion

Based upon prior research, B. bacilliformis, B. henselae,

and B. quintana can induce in vitro proliferation of endo-

thelial cells and cause in vivo formation of vasoprolifera-

tive tumors in human patients [4, 7]. The findings in this

study strengthen the hypothesis that B. vinsonii subsp.

berkhoffii should be added to the list of Bartonella spp. that

can contribute to the induction of vasoproliferative lesions

in animals. Recent in vivo evidence supporting a role for

B. vinsonii subsp. berkhoffii in vasoproliferative lesions has

been generated by amplifying and sequencing the

bacteria’s DNA from a spectrum of vasoproliferative

lesions in dogs, including hemangiopericytoma [26],

bacillary angiomatosis [27], and hemangiosarcoma [14];

from cats with systemic reactive angioendotheliomatosis

(this study); and from EHE human patients [26, 28]. PCR

amplification or isolation of B. vinsonii subsp. berkhoffii

from a dog, a horse, and a red wolf with hemangioperi-

cytomas suggests that this bacterium may contribute to the

development of this tumor across animal species. Also,

amplifying DNA of three different B. vinsonii subsp.

Table 2 Bartonella species DNA amplified and sequenced from paraffin-embedded tissues from four cats and a steer with systemic reactive

angioendotheliomatosis

Animal designation Histopathological

diagnosis

Bartonella sp. Percent similarity/GenBank accession number

Cat 1 SRA B. vinsonii subsp. berkhoffii genotype III 100 % similarity to EU295657.1

B. henselae 99.8 % similarity to AF369529

Cat 2 SRA B. vinsonii subsp. berkhoffii genotype III 99.6 % similarity to EU295657.1

B. koehlerae 99.8 % similarity to AF312490.1

Cat 3 SRA B. henselae 99.8 % similarity to AF369529

Cat 4 SRA B. henselae 99.8 % similarity to AF369529

Steer SRA B. henselae 99.4 % similarity to AF369529

SRA systemic reactive angioendotheliomatosis

HIF-1 α

actin

500

1.000

1.500

2.000

2.500

V
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G
F

 [
p

g
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l]

DFOcontrol             
A

B

DFOcontrol

∗ ∗ ∗∗ ∗ ∗

B. vinsonii
genotype I

B. vinsonii
genotype II

B. vinsonii
genotype I

B. vinsonii
genotype II

Fig. 3 Angiogenic host cell reprogramming by B. vinsonii subsp.

berkhoffii. a HIF-1 activation by B. vinsonii subsp. berkhoffii
genotype I and II. HIF-1a was detected 6 h upon infection by

immunoblotting using anti-HIF-1a-Abs (loading control: actin).

b Induction of VEGF secretion upon infection of HeLa 229 cells.

Supernatants were taken 48 h after infection and analyzed by ELISA.

*Significant difference between B. vinsonii subsp. berkhoffii infected

cells (p \ 0.01); negative control: uninfected cells; positive control:

DFO (desferrioxamine; 200 lM)
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berkhoffii genotypes (I, II, and III) in vasoproliferative

lesions derived from multiple animal species would be an

unexpected random event. In the context of feline infec-

tion, B. vinsonii subsp. berkhoffii genotype II bacteremia

has been described in one cat with recurrent osteomyelitis

[43], and infection with B. vinsonii subsp. berkhoffii

genotype III is reported for the first time in two cats with

SRA in this study. Since B. vinsonii subsp. berkhoffii has

been associated with a wide spectrum of disease manifes-

tations in dogs and human patients, including arthritis,

endocarditis, osteomyelitis, and neurological manifesta-

tions [13, 18, 19, 21, 24, 43, 48], development of vaso-

proliferative lesions is most likely multi-factorial and,

therefore, not solely related to infection with B. vinsonii

subsp. berkhoffii. Based upon existing data, genotype IV

has only been found in the north central United States and

Canada; thus, a limited geographic distribution for this

genotype may explain why it has not been isolated to date

or found in animals with vasoproliferative lesions [18]

(Breitschwerdt, unpublished data).

It is also of potential pathological relevance that DNA

from more than one Bartonella species has been found in

human patients with epithelioid hemangioendothelioma

[28], in dogs with splenic hemangiosarcomas [14], and in

the hemangiopericytoma from the Arabian mare and two of

the four SRA cats in this study, suggesting that co-infection

may represent an additive risk factor for the induction of a

vasoproliferative lesion in vivo. As previously described,

DNA extraction of two Bartonella sp. from a patient

sample can result in selective amplification of only one

species [22]; thus, co-infection may have been more fre-

quent than was documented in this and previous PCR-

based studies. Also, false-negative PCR results can be

caused by prolonged periods of formalin fixation, which

induces DNA cross-linking, and from administration of

antibiotics prior to sample collection, which could reduce

bacterial load in the tissue sample. As a limitation of this

study, our laboratory previously reported Bartonella sp.

DNA carryover during the collection and processing of

paraffin-embedded animal tissue samples [23]; thus, DNA

carryover during necropsy collection or processing of tis-

sues for histopathology cannot be ruled out. However,

infection with Bartonella bovis is prevalent in beef cattle in

the United States, whereas amplification of B. henselae

DNA from the steer in this study, although not unprece-

dented, occurs very infrequently and most likely represents

an opportunistic infection in cattle [49]. Whether Barton-

ella spp. directly cause tumor angiogenesis or alternatively

these bacteria are attracted to pre-existing sites of neo-

plastic inflammation [50], thereby explaining detection of

Bartonella spp. DNA in these animals, is yet to be deter-

mined. In support of causation, antibiotic administration

has resulted in resolution of bacillary angiomatosis in

immunocompromised human patients [12] and BA lesions

in a therapeutically immunocompromised dog [27].

In vitro evidence from this study indicates that all three

B. vinsonii subsp. berkhoffii genotypes are capable of

inducing the activation of HIF-1 from HeLa 229 cells

subsequently leading to the production of VEGF, a potent

endothelial mitogen [34]. Although studied in greater detail

in recent years, the molecular mechanisms by which Bar-

tonella spp. induce vasoproliferation in animals and human

patients remain incompletely understood [4, 5]. Unfortu-

nately, as an animal model of bacillary angiomatosis has

not been developed to date, most current knowledge has

been gathered from studies using cell culture systems [4].

Increased expression of VEGF is found in patients with

verruga peruana, bacillary angiomatosis, and peliosis hep-

atis [34, 51] and has also been reported in association with

vascular tumors including hemangiosarcoma, epithelioid

hemangioendothelioma and hemangiopericytoma [52–54].

Future studies focussing on patients with vasoproliferative

diseases should combine VEGF measurements with highly

sensitive isolation and PCR amplification techniques for

the detection of Bartonella sp. infection.

In conclusion, this study provides additional evidence

that a fourth species, B. vinsonii subsp. berkhoffii, should

be added to the list of bartonellae that can induce vaso-

proliferative lesions in animals. In addition, co-infection

with more than one Bartonella sp. may induce additive

risk. Potentially, a common mechanism involving trigger-

ing of angiogenic reprogramming of host cells by Bar-

tonella spp. (B. henselae, B. vinsonii subsp. berkhoffii, and

others) might underlie a spectrum of vasoproliferative

lesions in animals and human patients.

Acknowledgments The authors wish to thank Kellye S. Joiner,

DVM, PhD, Assistant Professor, Department of Pathobiology,

Auburn University, Auburn Alabama for providing the hemangio-

pericytoma tissue block from the mare, Ms. Sherry Samuels, Animal

Department Director, Museum of Life and Science in Durham, NC

and Dr. Steve Rushton, Rollins Diagnostic Laboratory, Raleigh, NC

for providing the hemangiopericytoma tissue block from the wolf, and

Dr. Melanie A. Breshears, Department of Veterinary Pathobiology,

Oklahoma State University, Stillwater OK for providing tissue blocks

from the steer with SRA. The authors also thank Linda Stolz

(Frankfurt) for expert technical support. This research was supported

in part by Bayer Animal Health and the State of North Carolina.

References

1. Rolain JM, Foucault C, Guieu R, La Scola B, Brouqui P, Raoult

D (2002) Bartonella quintana in human erythrocytes. Lancet

360:226–228

2. Minnick MF, Battisti JM (2009) Pestilence, persistence and

pathogenicity: infection strategies of Bartonella. Future Micro-

biol 4:743–758

3. Vayssier-Taussat M, Le Rhun D, Deng HK, Biville F, Cescau S,

Danchin A, Marignac G, Lenaour E, Boulouis HJ, Mavris M,

324 Med Microbiol Immunol (2012) 201:319–326

123



Arnaud L, Yang H, Wang J, Quebatte M, Engel P, Saenz H,

Dehio C (2010) The Trw type IV secretion system of Bartonella
mediates host-specific adhesion to erythrocytes. PLoS Pathog

6:e1000946

4. Kaiser PO, Riess T, O’Rourke F, Linke D, Kempf VA (2011)

Bartonella spp.: throwing light on uncommon human infections.

Int J Med Microbiol 301:7–15

5. Dehio C (2005) Bartonella—host cell interactions and vascular

tumor formation. Nat Rev Microbiol 3:621–631

6. Brouqui P, Raoult D (1996) Bartonella quintana invades and

multiplies within endothelial cells in vitro and in vivo and forms

intracellular blebs. Res Microbiol 147:719–731

7. Dehio C, Meyer M, Berger J, Schwarz H, Lanz C (1997) Inter-

action of Bartonella henselae with endothelial cells results in

bacterial aggregation on the cell surface and the subsequent

engulfment and internalization of the bacterial aggregate by a

unique structure, the invasome. J Cell Sci 110:2141–2154

8. Kempf VA, Schaller M, Behrendt S, Volkmann B, Aepfelbacher

M, Cakman I, Autenrieth IB (2000) Interaction of Bartonella
henselae with endothelial cells results in rapid bacterial rRNA

synthesis and replication. Cell Microbiol 2(5):431–441

9. Verma A, Ihler GM (2002) Activation of Rac, Cdc42 and other

downstream signaling molecules by Bartonella bacilliformis
during entry into human endothelial cells. Cell Microbiol

4:557–569

10. LeBoit PE, Berger TG, Egbert BM, Beckstead JH, Yen TS, Stoler

MH (1989) Bacillary angiomatosis. The histopathology and dif-

ferential diagnosis of a pseudoneoplastic infection in patients

with human immunodeficiency virus disease. Am J Surg Pathol

13:909–920

11. Leong SS, Cazen RA, Yu GS, LeFevre L, Carson JW (1992)

Abdominal visceral peliosis associated with bacillary angioma-

tosis. Ultrastructural evidence of endothelial destruction by

bacilli. Arch Pathol Lab Med 116:866–871

12. Koehler JE, Sanchez MA, Garrido CS, Whitfeld MJ, Chen FM,

Berger TG, Rodriguez-Barradas MC, LeBoit PE, Tappero JW

(1997) Molecular epidemiology of Bartonella infections in

patients with bacillary angiomatosis-peliosis. N Engl J Med

337:1876–1883
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Raddatz G, Schäfer A, Kempf VA (2008) The head of Bartonella

adhesin A is crucial for host cell interaction of Bartonella
henselae. Cell Microbiol 10:2223–2234

46. Werth N, Beerlage C, Rosenberger C, Yazdi AS, Edelmann M,

Amr A, Bernhardt W, von Eiff C, Becker K, Schäfer A, Peschel
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