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ABSTRACT 

NEUPANE, PRADEEP. Identification of Diagnostic and Potential Vaccine Candidates for 

Bartonelloses by Genomics, Proteomics, and Serum Profiling. (Under the direction of Dr. 

Edward Breitschwerdt, Committee Chair). 

 

Bartonella species are associated with a spectrum of chronic debilitating and potentially life-

threatening diseases in animals and humans. Due to the poor sensitivity of Indirect 

immunofluorescent antibody assays (IFA; the current ñgold standardò serological assay), 

Enzyme-linked immunosorbent assay (ELISA) and Western Blot (WB), a reliable serodiagnostic 

test for Bartonelloses is of clinical importance. In this study, we evaluated diagnostic 

performance of IFA for canine Bartonelloses, and employed genomic, proteomics, and serum 

profiling approaches to identify and characterize B. henselae (Bh) immunodominant proteins for 

diagnosis of canine and human Bartonelloses.  

Despite IFA testing of 34 Bartonella species naturally exposed (Bartonella spp. PCR-positive) 

and 26 control (Bartonella spp. PCR-negative and IFA-negative) dogs using cell-culture grown 

antigens derived from eight different Bartonella isolates in our IFA study, IFA sensitivity 

remained poor (62%). These findings suggest that increasing number of Bartonella species 

antigens is not a practical approach to increase IFA sensitivity for serodiagnosis of canine 

Bartonelloses. Using WB, we identified immunodominant proteins of Bh using sera from 36 

Bartonella PCR-positive naturally and 10 experimentally infected dogs with Bartonella species 

and control unexposed dogs. In this study, six Bh proteins (proteins of 13, 17, 29, 50, 56, and 150 

kDa) appear to represent Bartonella relevant immunodominant antigens as recognized by 

majority of experimentally and naturally infected dogs with Bartonella species. The 56 kDa band 

was identified as Bh GroEL protein (NCBI Reference Sequence WP_034454894.1) by the 

matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). 
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The other Bartonella immunodominant protein identified by MALDI-TOF-MS from our study 

was B. henselae F0F1 ATP synthase subunit beta (NCBI Reference Sequence 

WP_082251662.1).  

Using sera from Bartonella-infected and naïve dogs and humans, we applied an 

immunoproteomic approach to develop a reliable ELISA assay for the diagnosis of Bartonelloses 

in dogs and humans. Five recombinant B. henselae immunodominant proteins (rATP-ɓ, rGroEL, 

rLemA, rSucB, and rVirB5) and two chimera proteins (rBart-1 and rBart-2), comprised of 

multiple epitope regions of Bartonella surface proteins, were tested in an ELISA format. For 

canine Bartonelloses, rGroEL resulted the sensitivity of 83% and specificity of 94% at cutoff OD 

value of 0.439 and AUC score of 0.93 (95% CI 0.87-0.99), while the sensitivity and specificity 

of recombinant rATP-ɓ was 69% and 94%, respectively, at a cutoff value of 0.565. The 

combination of rATP-ɓ with rGroEL resulted in sensitivity of 88% and specificity of 92% at an 

OD cutoff value of 0.505 for dogs. In dogs, a ROC curve analysis for the rATP-ɓ plus rGroEL 

yielded AUC score of 0.899 (95% CI 0.809-0.989). For human Bartonelloses, sensitivity and 

specificity of rATP-ɓ was 56% and 94%, respectively, at an OD cutoff value of 0.568, and 67% 

and 87% for GroEL, respectively, at cutoff value of 0.765. In humans, the combination of rATP-

ɓ plus rGroEL resulted in 28% sensitivity and 100% specificity at cutoff value of 1.042. These 

findings indicate that the combination of rATP-ɓ with rGroEL could potentially further improve 

both the diagnostic sensitivity and specificity of an ELISA assay. 

To date, there has been minimal research conducted to identify and evaluate the diagnostic utility 

of Bartonella in vivo induced antigens for serodiagnosis of canine and human Bartonelloses. In 

this study, we identified two in vivo induced Bh antigens using in vivo induced antigen 

technology. Immunoscreening of an approximately 22,500 recombinant E. coli clones expressing 
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Bh genomic fragments by colony immunoblotting yielded two reactive clones, encoding Bh 

hypothetical membrane protein (HMP) and glutamate-5-semialdehyde dehydrogenase. The IVI 

antigen, HMP protein, was reactive with Bartonella infected dog and human sera, suggesting that 

this unique antigen may be useful in generating protective immune responses against Bh 

infection in dogs and humans. 
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1. CHAPTER 1: Lite rature Review 

Introduction  

Bartonella species comprise a group of fastidious, slow-growing, and facultative intracellular 

gram-negative pathogens belonging to the family Bartonellaceae and class alphaproteobacteria 

(1ï3). Bartonella are small (0.3 to 0.6 in width by 1.0 to 1.7 µm in length), unencapsulated, non-

motile (with a few species exceptions), non-spore-forming, gram-negative rods (1ï3)). 

Bartonella species share a close phylogenetic relationships to the genera Brucella and 

Agrobacterium (3ï5). Bartonella and Brucella cause acute and chronic infections in animals and 

humans while Agrobacterium, a plant pathogen, causes tumor formation in plants (1, 2, 6). 

Bartonella spp. are found worldwide, and are the etiological agents of many chronic cardiac, 

neurological, and rheumatological illnesses, including potentially life-threatening granulomatous 

and vasculoproliferative diseases in animals and humans (2, 7). Bartonella comprise numerous 

species, subspecies, and subtypes. These bacteria have been isolated or detected on a molecular 

basis from a wide range of animals and humans, including cats, dogs, rodents, rabbits, cattle, 

horses, coyotes, deer, elk, and foxes, as well as aquatic species including sea otters, sea lions, 

dolphins, porpoises, whales and sea turtles (2). Transmission of Bartonella species occurs by 

arthropod vectors or via direct contact with Bartonella infected animal specimens. The vectors 

associated with Bartonella transmission include flies, fleas, ticks, lice and mites. Ants and 

spiders have also been implicated in transmission of Bartonella henselae. The potential risk for 

transmission of Bartonella species from animals to humans poses a major public health concern.  

Bartonella infection is characterized by prolonged intraerythrocytic and endotheliotropic 

bacterial persistence (7, 8). More than forty species and subspecies of Bartonella have been 
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described since 1990 and nearly half are known or suspected to cause disease in animals and 

humans (2, 9). At least ten species have been associated with a wide range of clinical 

manifestations in dogs and humans throughout the world. Three species of the genus Bartonella; 

B. bacilliformis, B. henselae and B. quintana, are  common human pathogens, and the etiologic 

agents of Carrionôs disease, Cat Scratch Disease (CSD) and Trench fever, respectively. In 

addition, bacillary angiomatosis, culture-negative endocarditis, peliosis hepatis, neuroretinitis, 

and encephalitis are also related to human Bartonella infections (3, 4, 6). Bartonella henselae 

infections in dogs are associated with a wide range of clinical and pathological abnormalities, 

similar to those seen in humans, including bacteremia, fever, endocarditis and myocarditis, 

cardiac arrhythmias, granulomatous lymphadenitis, myositis, granulomatous rhinitis, and 

epistaxis (2, 3, 10). Bartonella species have coevolved with a large number of animal reservoir 

hosts and a diversity of arthropod vectors to cause chronic, relapsing, intraerythrocytic 

bacteremia in animals and humans (2, 3). Ctenocephalides felis (cat flea) is responsible for 

transmission of Bartonella henselae, among cats throughout much of the world. Direct 

transmission of several Bartonella species to humans via flea bites (cat, dog, and rodent fleas) is 

supported by circumstantial historic and clinical evidence (4). 

The intraerythrocytic persistence of Bartonella species represents a unique strategy for immune 

evasion. Bacterial localization within endothelial cells and erythrocytes facilitates movement 

through and within the vascular system, contributing to efficient vector transmission among 

animals and potentially between animals and humans. The persistence and relapsing capability of 

Bartonella infections, in conjunction with the widespread zoonotic potential, are of substantial 

importance to physicians, clinicians, microbiologists, veterinarians, and public health 

professionals because of the commonly vague or misleading symptomology displayed by 
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infected individuals and the clinical and diagnostic challenges posed by Bartonella transmission 

in nature. Despite being currently underappreciated, Bartonella-associated zoonotic diseases 

pose a serious threat to public health worldwide. To date, no vaccines are available to prevent 

Bartonella infections in animals and humans. 

The laboratory diagnosis of Bartonella infection generally includes bacterial culture, 

amplification of bacterial DNA through Polymerase Chain Reaction (conventional or qPCR) or 

Droplet Digital PCR (ddPCR), and serology-based assays (11). Bartonella species are 

exceedingly difficult to diagnose using traditional culture methods, and the other diagnostic 

modalities can lack specificity and sensitivity, leading to falsely negative diagnostic results for 

animal and human patients. Culture is technically challenging due to the fastidious nature of 

Bartonella species, and may take up to 21 days of incubation to visualize colonies on a blood 

agar plate. PCR testing is the most specific assay for diagnosis of Bartonelloses, particularly in 

identifying distinct infecting species and strains among the now over 40 Bartonella species. 

However, sensitivity of PCR is often low in blood samples and successful isolation of Bartonella 

species from bacteremic animal and human patients remains a challenge for microbiologists 

worldwide. PCR amplification of DNA from blood, cerebrospinal fluid (CSF), joint fluid or 

tissue samples, in conjunction with serology-based assays, increases the sensitivity of diagnosing 

Bartonella infection in animals and humans (11, 12). Serology is the most frequently used and 

most cost-effective diagnostic tool used currently; however, serology has important diagnostic 

limitations. Indirect Immunofluorescence Assays (IFA) are considered the gold-standard to 

accurately diagnose Bartonella infection, by detecting IgM and IgG antibodies in serum samples 

of patients (16). Low sensitivity and serological cross-reactivity between Bartonella species and 

other bacterial pathogens currently complicates the accurate serodiagnosis of Bartonella 
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infection. Therefore, Bartonella- associated diseases are optimally diagnosed via a combination 

of serological and molecular diagnostic testing methods, in correlation with the clinical 

evaluation, and recognition of characteristic symptoms. Unfortunately, due to variations in host 

immune responses in conjunction with the ability to infect numerous cells and tissues within a 

patient, symptomatology varies substantially and can wax and wane over time. As another 

diagnostic modality, visualization of Bartonella species in clinical specimens can confirm 

infection using Fluorescence in situ hybridization (FISH) and immunohistochemistry (IHC) (2, 

13). Despite substantial progress in our biomedical understanding of canine and human 

Bartonelloses, medically relevant clinical, epidemiological, pathological and treatment outcome 

data is minimal or lacking. Current limitations associated with Bartonella diagnostic testing 

modalities are a major impediment for patients and for improvements in our current 

understanding of the medical importance of Bartonelloses in animals and human patients.  

Therefore, the goal of my thesis research was to identify and validate a sensitive and specific 

serodiagnostic assay and to concurrently identify potential vaccine candidates. As described 

above identification of a sensitive and specific serodiagnostic modality is of biomedical 

importance for human and veterinary medicine. The purpose of my thesis research was to use 

genomic, proteomic and serum profiling approaches to identify specific diagnostic targets and 

potential vaccine candidates for the prevention of Bartonelloses in animals and humans. The 

objectives of my research were 

I. To evaluate the sensitivity and specificity of Indirect Immunofluorescent Antibody 

testing using eight cell-culture grown Bartonella spp. isolates for serodiagnosis of canine 

Bartonelloses. 

 

II.  To characterize specific immunodominant proteins and patterns of Western Blot 

immunoreactivity for serodiagnosis of canine Bartonelloses, and to compare the 

sensitivity and the specificity of B. henselae IFA to B. henselae WB. 
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III.  To evaluate the diagnostic utility of individual Bartonella henselae immunodominant 

proteins for serodiagnosis of canine and human Bartonelloses 

 

IV.  To identify and evaluate the diagnostic utility of Bartonella henselae in vivo induced 

antigens and to assess these specific antigens as vaccine candidates based upon immune 

recognition by dog and human sera. 

 

Growth Characteristics and Isolation of Bartonella species  

Bartonella species are difficult to grow using traditional culture media due to complex 

nutritional requirements and fastidious behavior, and because little is known about their 

metabolic requirements. Most Bartonella species are microaerophilic and their growth is 

enhanced by the presence of blood-enriched media and an atmosphere containing 5% CO2. 

Bartonella are unable to synthesize protoporphyrin IX (PPIX) or haem (Fe2+-PPIX), which are 

essential for Bartonella survival (8). Bartonella spp. encode for a complete heme update system 

that are involved in transportation of exogenous heme into their cytoplasm. Sustainable growth 

media requires iron-rich supplements including hemoglobin, erythrocytes or hemin-augmented 

agar plates (8, 14). A neutral media pH between 7.0ï7.5 is necessary for optimal growth of 

Bartonella species.  

With the exception of B. bacilliformis, most pathogenic Bartonella species are routinely grown 

on haemin, chocolate or various blood agar plates at 35 to 37°C containing 5% CO2 and 99% 

relative humidity. Bartonella bacilliformis, the causative agent of Carrionôs disease or Oroya 

fever (acute phase of infection) and Peruvian wart (chronic phase of infection), requires a cooler 

temperature (25ï30°C) and ambient CO2 levels for growth on blood agar plates (15). Isolation of 

Bartonella species from blood-enriched agar media requires extended incubation times (up to 21 

days). Previous studies have reported that successful isolation of Bartonella species from 

patients is rarely successful. Mammalian and insect cell culture based liquid media have been 

https://www.sciencedirect.com/topics/medicine-and-dentistry/protoporphyrin
https://www.sciencedirect.com/topics/medicine-and-dentistry/protoporphyrin
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developed to support and enrich the growth of Bartonella species from clinical samples before 

plating on agar. To facilitate the growth and isolation of these bacteria, previous researchers have 

developed Brucella broth histidine-hematin (BBH-H) liquid media that supports the growth of 

Bartonella henselae from the blood of infected cats (16). A novel insect-based liquid culture 

medium, Bartonella-Alphaproteobacteria growth medium (BAPGM), has been previously 

reported to support the growth of at least seven Bartonella species from animal and human blood 

samples, indicating the utility of this novel liquid culture media for isolation of fastidious 

Bartonella species from patient samples (17). Importantly, BAPGM cell free media requires 

blood supplementation to achieve optimal bacterial growth. Another study demonstrated that the 

combination of mammalian and insect cell culture-based media with and without Vero E6 Cells 

(MS10-V and MS10, respectively) supports the growth of four Bartonella species: B. henselae, 

B. quintana, B. elizabethae, and B. tamiae (14). However, MS10-V and MS10 has not been 

critically used to achieve growth and isolation of Bartonella species from clinical samples. 

Although several liquid media have been formulated over the years, liquid culture-based 

isolation methods have not supported the growth of all or most medically relevant Bartonella 

species. Thus, to date, culture-based methods have not been proven suitable for routine growth 

and isolation of Bartonella species from clinical specimens. 

Disease Pathogenesis associated with Bartonella species Infection 

Bartonella species have been documented in a wide range of animals that serve as reservoir hosts 

and in a large spectrum of bloodsucking arthropods that evolutionarily facilitate vector-borne 

transmission of these bacteria. Primary reservoirs, accidental hosts and the confirmed or 

suspected vectors for the main Bartonella species infecting dogs and humans with zoonotic 

potential are listed in Table 1.1.  
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Table 1.1. The known Bartonella species, hosts, vectors, and associated disease. The known 

Bartonella species, hosts, vectors, and associated disease. Adapted from Breitschwerdt, 2014; 

2017. Breitschwerdt, E. B. (2017). Bartonellosis, One Health and all creatures great and 

small. Advances in Veterinary Dermatology, 8, 111-121. Breitschwerdt, E. B. (2014). 

Bartonellosis: one health perspectives for an emerging infectious disease. ILAR journal, 55(1), 

46-58. 

 

Bartonella 

Species  

Reservoir 

(s) 
Vector (s) 

Accidental 

hosts 
Disease (s) 

Human-specific  

B. 

bacilliformis  
Human Sandfly None Carrion's disease 

B. quintana Human Human Body louse 
Cat, dog, 

monkey 

Trench fever,  

endocarditis, bacillary 

angiomatosis, 

lymphadenopathy  

Zoonotic  

B. henselae Cats, dogs Fleas, ticks 
Human, 

dogs 

Cat-scratch Disease, 

bacillary angiomatosis, 

bacteremia with fever, 

peliosis hepatitis  

B. koehlerae 
Cats, 

gerbils 
Fleas 

Human, 

Dogs 
endocarditis  

B. vinosonii 

berkhoffii 

Coyote, 

dogs 
Ticks  

Human 

Cat,  
endocarditis  

B. 

clarridgeiae  

(Cat Felis 

catus)  

(Cat 

flea, Ctenocephalides 

felis)  

Human, 

dogs  

cat scratch 

disease/endocarditis  

B. 

elizabethae  

(Rat Rattus 

norvegicus)  

(Oriental rat 

flea Xenopsylla 

cheopis)  

Human, 

dogs  

endocarditis, 

neuroretinitis 

B. 

rochalimae  
Canids  

(Fleas? Pulex 

irritans, Pulex 

simulans)  

Human, 

dogs  
bacteremia, fever 

 

Association of Bartonella species in a wide range of animal hosts and emergence of Bartonella 

species in newly described animals and environments indicates a significant source for acquiring 

zoonotic infection. Bartonella species have co-evolved with their mammalian hosts, for example, 

B. henselae with cats, B. vinsonii subsp. berkhoffii with dogs and wild canids, B. bovis in cows, 
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and B. melophagi in sheep (3). Bartonella spp. can cause culture-negative endocarditis in dogs 

and people (18ï21). More than seventeen individual species have been associated with an 

expanding spectrum of animal and human disease. Importantly, dogs and humans develop very 

similar disease manifestations, and identical pathological lesions (1-4), making dogs an optimal 

naturally occurring sentinel to better understand human Bartonelloses. The complete spectrum of 

clinical manifestations and disease outcomes associated with Bartonella infection in dogs and 

humans are currently unknown. PCR amplification of Bartonella species DNA from heart valves 

or blood culture isolation of these bacteria from dogs and humans with evidence of endocarditis 

has supported a definitive pathological role of Bartonella species in disease causation of 

endocarditis (16ï18). Bartonella species causing endocarditis have been detected in the blood of 

cats, rats, ground squirrels, rabbits, and numerous other animals, thereby emphasizing the 

medical importance of physicians and microbiologists recognizing these zoonotic bacteria from a 

One-Health perspective. Although B.bacilliformis and B. quintana are two important human 

pathogens, for which humans are considered the primary reservoir host, B. henselae bacteremia 

has been documented in cats, cows, dogs, horses, marine mammals, small terrestrial mammals 

and sea turtles, making this the single most medically and ecologically important species; with a 

much higher epidemiological and clinical complexity compared to other Bartonella species. 

Bartonella henselae, the causative agent of CSD, is the most common Bartonella infection 

reported in dogs and humans. Originally isolated from HIV-infected humans, B. henselae was 

subsequently isolated from cats around the world (1, 2). Cat Scratch Disease is transmitted 

through a scratch or bite from infected cats. Cats infected with B. henselae usually have 

asymptomatic bacteremia for months to years after flea transmission, making flea-exposed cats a 

major reservoir for human infection. The cat flea, Ctenocephalides felis, is the vector responsible 
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for transmission of B. henselae between cats (4, 10). Symptoms of CSD include low-grade fever, 

headaches, swollen lymph nodes, a rash or nodule on the skin, fatigue, and malaise. Most cases 

of CSD are usually self-limiting; however, it is increasingly understood that the acute disease can 

progress to severe, chronic life threatening conditions affecting the brain, eyes, heart or other 

internal organs, such as encephalopathy, encephalitis, cerebral arteritis, neuroretinitis, transverse 

myelitis, endocarditis and myocarditis. Other disease manifestations include tonsillitis, 

granulomatous hepatitis and/or splenitis, osteomyelitis, pneumonia, pleural effusion, and 

thrombocytopenic purpura (6, 7). Osteomyelitis, granulomatous hepatitis, and granulomatous 

splenitis have been increasingly diagnosed in children and adults infected with B. henselae. 

Severe disseminated forms of CSD occur more commonly in immunocompromised patients. 

Bartonella bacilliformis is transmitted by the sand fly (Lutzomyia, formerly Phlebotomus), and is 

the etiological agent of acute Carrionôs disease (hemolytic anemia) and the chronic 

vasculoproliferative tissue phase (Peruvian warts) (2, 15). Carrionôs disease is geographically 

restricted to the Andes Mountain regions of Colombia, Peru, and Ecuador due to the distribution 

area of the sand fly vector. Invasion and reproduction of B. bacilliformis in erythrocytes leads to 

their premature destruction, resulting in a severe hemolytic anemia. Life threatening 

complications may arise from severe hemolytic anemia and the abnormal formation of blood 

clots. Acute hemolytic anemia usually occurs within 21 days of a bite from an infected sandfly, 

with symptoms of high fever, anemia, and temporary immunosuppression that lasts between two 

and four weeks. Nodular skin lesions subsequently develop when B. bacilliformis invades 

endothelial cells. These lesions can be pruritic and bleed spontaneously. Long-standing 

intravascular B. bacilliformis infection results in verruga peruana, which are blood-filled nodular 

hemangiomas of the skin. 
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Bartonella quintana, another clinically important Bartonella species, is transmitted by the human 

body louse (Pediculus humanus). This species was first isolated in 1960 and is best known for 

causing trench fever in more than one million soldiers during World War I in Europe (2). Trench 

fever (acute phase) is characterized by fever, headache, and leg pain (osteomyelitis). Bacillary 

angiomatosis, a chronic B. quintana disease manifestation that causes cutaneous nodular lesions 

protruding from the vascular lamina, can occur in immunocompromised individuals when B. 

quintana invade erythrocytes and endothelial cells (1, 15). Bacillary angiomatosis 

(angioproliferative lesions), bacteremia, and endocarditis are associated with B. quintana 

infection. Individuals at higher risk of human body louse exposure and persistent B. quintana 

bacteremia include homeless people, alcoholics/substance abusers, and immunocompromised 

individuals. Other clinically important Bartonella species in human disease are B. clarridgeiae, 

B. elizabethae, B. koehlerae, B. rochalimae and B. vinsonii subsp. berkhoffii. Humans infected 

with B. clarridgeiae, B. elizabethae, B. koehlerae, and B. vinsonii subsp. berkhoffii may develop 

neuropathologic disease including neuropsychiatric symptoms such as hallucinations, as well as 

endocarditis, and other clinical conditions. Bartonella rochalimae has been associated with fever 

and bacteremia in humans and endocarditis in dogs (3, 7, 10, 21, 22). 

Bartonella vinsonii subsp. berkhoffii was initially isolated from a dog with endocarditis and has 

since been isolated or PCR-amplified from human patients and a wide range of animals including 

cats, coyotes, deer, foxes, and horses (10, 23). An in vitro study demonstrated that B. vinsonii 

subsp. berkhoffii are capable of activating hypoxia inducible factor-1 and inducing production of 

vascular endothelial growth factor (VEGF), suggesting these phenomena can contribute to the 

formation of vasoproliferative lesions and promote angiogenesis (24). Additionally, B. vinosnii 
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subsp. berkhoffii induction of VEGF in dogs has been reported, akin to what is seen with B. 

bacilliformis, B. henselae and B. quintana infections in human patients (23). 

Recently, studies reported a potential association between Bartonella infection and 

hemangiosarcoma, an aggressive blood vessel cancer, in dogs (25, 26). Bartonella species DNA 

was amplified and sequenced from tissue samples of 73% of dogs with histopathologically 

diagnosed hemangiosarcoma (25). The study population consisted of dogs from throughout the 

United States, and B. henselae was the most common Bartonella species identified. B henselae is 

associated with peliosis hepatis in dogs and humans, along with other disease manifestations in 

dogs, for example, dermatitis, endocarditis, hepatitis, panniculitis, endocarditis, 

pyogranulomatous lymphadenitis, and pulmonary nodules (3, 4, 10). In humans, B. henselae 

have been strongly implicated as a cause of cutaneous vasoproliferative lesions (bacillary 

angiomatosis) and parenchymal vasoproliferative lesions of the liver and spleen, particularly in 

immunocompromised people, including transplant recipients, HIV-infected individuals and 

cancer patients (7, 20, 23). Previous studies reported PCR amplification of B. rochalimae, B. 

vinsonii subsp. berkhoffii and B. koehlerae from blood or valve tissue from eight out of 30 

(26.6%) dogs with blood culture-negative endocarditis (22). In dogs, B. vinsonii subsp. berkhoffii 

infection has been associated with arrhythmias, endocarditis, myocarditis, granulomatous 

lymphadenitis and granulomatous rhinitis (2). Literature reports of clinical manifestations and 

disease progression associated with B. vinsonii subsp. berkhoffii infection in cats and humans are 

rare. Previous studies have reported similar clinical and pathological manifestations of 

Bartonelloses in animals and human patients, suggesting veterinarians and animal health 

professionals have an occupational risk of Bartonella infection from animal bites, scratches, and 

direct contact with bodily fluids (10, 20). These individuals should take precautions to avoid 
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exposure to animals, animal fleas, bites, scratches and direct contact with sick animals harboring 

Bartonella species. In contrast to Bartonella infection in cats, Bartonella spp. infections appear 

to be more pathogenic in dogs and humans, potentially reflecting differences in host evolutionary 

adaptations to these vector-borne organisms. Because of the numerous clinicopathological 

similarities between dogs and human Bartonelloses, research directed at enhanced diagnosis of 

Bartonella has important comparative infectious disease implications from a One Health global 

perspective.  

Epidemiology of Bartonella Infections 

Bartonella henselae bacteremia has been more commonly documented in cats than in dogs or 

humans. According to the Centers for Disease Control and Prevention, 30 to 40% of domestic 

and shelter cats harbor B. henselae in their blood. Rates of Bartonella seropositivity in cats 

ranges from 6% in Illinois to 33% in Florida. Seroprevalence studies involving cats from 

different geographical locations within the United States reported higher seroprevalence of B. 

henselae antibodies in warmer, humid climates. These regions represent an ideal environment for 

the cat flea that is responsible for transmission of Bartonella species among cats. Bartonella 

henselae is the most frequently detected Bartonella species in dogs and humans worldwide. 

Detection or isolation of B. clarridgeiae, B. quintana, B. koehlerae and B. bovis from domestic 

cats occurs less frequently than documentation of B. henselae infection. Dogs may be carryiers 

for B. henselae, B. vinsonii subsp. berkhoffii, B. koehlerae, B. clarridgeiae, B. elizabethae, B. 

washoensis, B. quintana, B. bovis, B. volans-like, and B. rochalimae (2, 3, 7). Transmission of 

Bartonella species among dogs most likely occurs via fleas and ticks; however, modes of 

transmission to dogs remain essentially unknown. According to a recent Bartonella 

seroepidemiology study from North America involving nearly 16,000 dogs suspected of 
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infection with a vector borne pathogen, rates of Bartonella seropositivity were low for B. 

henselae (2.13%), B. koehlerae (2.39%) and B. vinsonii berkhoffii (1.42%) in clinically ill dogs 

(27). In another study, only 3.6% of 1,920 clinically ill dogs in the USA had serological evidence 

of B. vinsonii subsp. berkhoffii exposure (28). Another study reported B. henselae IgG antibodies 

in 10.1% of healthy dogs and in 27.2% of sick dogs, whereas only 1% of healthy dogs and 4.7% 

of sick dogs were seroreactive to B. vinsonii subsp. berkhoffii IgG antibodies (29). Low 

Bartonella seroprevalence in dogs suggests that dogs, similar to humans, are more likely to be 

accidental hosts rather than chronic carriers for many Bartonella species. 

According to a seroepidemiology study from North America, the incidence of CSD was 6.4 cases 

per 100,000 population in adults and 9.4 cases per 100,000 population in children aged 5-9 years 

(30). The highest proportion of diagnoses was reported in the southeastern United States with a 

peak in January, late summer, and fall. Another study reported 22,000 to 24,000 annual numbers 

of CSD cases in the United Sates, with 2,000 cases requiring hospitalization (10). In various 

studies involving comparative Bartonella seroprevalence data from healthy human populations, 

Bartonella seroprevalence rates ranged from 3.6% to 6% (28). Epidemic and sporadic outbreaks 

of Trench Fever (B. quintana) have been reported since World War 1, with research suggesting a 

higher risk amongst the homeless population due to the potential exposure to human body lice. 

Infections caused by B. bacilliformis are endemic in the Andes regions of Peru, Columbia, and 

Ecuador (31). Thus, differences in serological or bacteremic prevalence are related to different 

climatic, environmental, and socioeconomic conditions. 
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Serological Diagnostics for Bartonelloses 

More than ten Bartonella species have been implicated in association with serious clinical 

disease manifestations in dogs and humans (1, 2), with  Bartonella henselae being  the most 

frequently identified species from sick dog clinical specimens at the Vector Borne Disease 

Diagnostic Laboratory at NC State University, College of Veterinary Medicine (NCSU-CVM-

VBDDL) (25). Culture, PCR, and serology assays are the most frequently used testing modalities 

for diagnosis of Bartonelloses in animals and humans. Immunofluorescent antibody assays (IFA) 

and an enzyme-linked immunosorbent assay (ELISA) have been the most-practical and least 

invasive assays for serological evidence of Bartonella infection. Antibody detection by 

serological assays is regarded as a primary modality for diagnosing Bartonelloses in cats, dogs, 

and humans. Previous studies have reported that IFA and other molecular and serological 

modalities that are currently being used in diagnosis generate numerous false negative results in 

cats, dogs and humans (11, 32ï34). In concordance with previous findings of poor IFA 

sensitivity, our laboratory recently reported a strikingly low IFA sensitivity (6%) in dogs with 

hemangiosarcoma, despite the molecular evidence of Bartonella  spp. DNA in 73% of these dogs 

(80/110) (25). In another study, anti-Bartonella antibodies were not detected in 75% of B. 

henselae bacteremic naturally infected dogs (35). One possible explanation for the failure of the 

IFA assay to detect serum antibodies is that antigenic structures of Bartonella proteins derived 

from Bartonella infected cell lines are altered during IFA antigen preparation. It is also possible 

in vitro culture alters gene expression profiles and their gene products. Antibodies that are 

produced during an infection bind only to antigens that have the same three-dimensional 

structure as those induced by the original response. Anti-Bartonella serum antibodies may not 

recognize those altered cell-culture grown Bartonella antigens as a result of antigen preparation 
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and processing steps required for IFA testing. Although IFA is the most widely used 

serodiagnostic assay for diagnosing Bartonella infection in dogs and humans, it suffers from 

potential cross-reactivity and poor sensitivity. 

Previous studies have demonstrated that an immunoproteomic approach, a technique involving 

two-dimensional (2-D) electrophoresis, followed by immunoblotting, might be useful for the 

identification of diagnostic markers for Bartonelloses. Bartonella henselae, the most common 

Bartonella species associated with cats, dogs, and human infections, has been the most critically 

investigated Bartonella species for the identification of immunoreactive antigens for developing 

a highly specific and sensitive serodiagnostic assay (36ï39). Other studies have employed an 

immunoproteomics approach for discovery and analysis of B. quintana and B. bacilliformis 

predominant antigens that are recognized by naturally infected patients compared to control 

healthy individuals (40ï42).  A previous study investigating the B. henselae-targeted humoral 

response of 33 patients with CSD using a 2-D proteome reference map of B. henselae found 

eleven immunodominant proteins that represented potentially useful targets for development of a 

more specific serodiagnostic assay (37). Another study involving the comparison of 

immunoproteomic profiles of sera collected from CSD, infective endocarditis patients, and blood 

donors identified several candidate proteins including phage-encoding Pap31 and an outer 

membrane, Bh11510 as potentially promising serodiagnostic markers (43). 

In attempts to develop an alternative diagnostic assays for IFA, Western Blot (WB) and ELISA 

have been used to identify Bartonella immunodominant proteins that can be used as diagnostic 

markers.  A study comparing IgM IFA and IgM ELISA assays using sera from 24 cases of 

definitive CSD further highlighted the need for more accurate testing (44). In this study, several 

IgM-ELISAs using antigen II (N-lauroyl-sarcosine-insoluble B. henselae antigen), and antigen 
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IV and V (sarcosine-insoluble, and sarcosine-soluble antigens refined by DEAE-Sepharose Fast 

Flow ion-exchange chromatography) had sensitivities of 75%, 83%, and 75%, respectively, 

compared to a 54% sensitivity for IgM-IFA. The specificity of these three IgM-ELISAs and 

IgM-IFA was 100%, indicating these antigen-based ELISAs may be appropriate for developing a 

highly specific serodiagnostic assay for CSD, but lack sensitivity even in the acute phase of a 

prototypical CSD case. Further, Tsuruoka et al. (2012) found that an IgG ELISA employing 

sarcosine-soluble proteins of B. henselae improved accuracy of diagnosing CSD compared to an 

ELISA that used whole-cell or sarcosine-insoluble proteins as antigens (45).   

Western immunoblot has been proposed as an alternative to identify Bartonella dominant 

antigens as specific diagnostic candidates. Western Blot analysis of B. henselae soluble proteins 

demonstrated that most B. henselae IFA-positive human sera was reactive to GroES, BepA, and 

GroEL, with negligible reactivity to B. henselae IFA-negative human sera, suggesting  the 

usefulness of these proteins  as targets for a clinical serological assay (36). Using a proteomic 

approach, another study identified two B. henselae proteins, 17-kDa and GroEL, as useful for 

diagnosing B. henselae human infection (46). In this study, the specificity and sensitivity were 

76 and 65.7% respectively for 17-kDa IgG ELISA, and 82 and 42.9% for the GroEL IgG ELISA. 

Of interest, when testing sera from CSD patients and healthy donors, IgM ELISAs were found to 

be more sensitive and specific for both proteins: 17-kDa protein, specificity 86.2% and 

sensitivity 75%; GroEL, specificity 97.7% and sensitivity 45.3%. In another study, evaluation of 

diagnostic performance of B. henselae IgG and IgM IFAs and IgG and IgM Enzyme-linked 

Immunoassay (EIAs) with sera from CSD patients and healthy blood donors (control group) 

revealed that there was no predictable kinetics for either anti-B. henselae IgG and IgM 

production in CSD patients (32).  Previous studies evaluating and comparing B. henselae based 
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commercial to in-house IFA assays or IFA to ELISA assays have also reported variable 

sensitivities and specificities (11, 32, 33, 43, 46, 47). Variation in the seroreactivity between 

these two assay testing modalities could be attributable to several factors, including variation of 

infecting Bartonella species or strain, route of infection, interference or variation in the host-

mediated immune response, as well as disparity in the antigen(s) used for IFA and ELISA testing 

(32, 33, 43, 46, 47). In previous studies, serological-based assays underestimate the true 

prevalence of Bartonella species in dogs and humans (11, 33). Significant gaps exist in 

identifying and studying the role of Bartonella immunodominant antigens in diagnosis of or 

protection against Bartonella infection in dogs. 

Previous studies investigating the proteome of B. henselae and B. quintana through an 

immunoblotting approach with sera from Bartonella-infected patients  identified several 

immunodominant proteins including ATP-ɓ; ATP synthase subunit beta,  GroEL; heat shock 

protein,  SdhA; succinate dehydrogenase flavoprotein subunit,  and Pap31; a heme binding 

protein, all of which have potential relevance for pathogenesis, diagnosis, and vaccine 

development (36, 37, 39, 40, 43). Identification of specific, unique Bartonella immunodominant 

antigens targeted by the canineô immune system during infection is critical in understanding the 

molecular pathogenesis of infection, for the development of a reliable serodiagnostic modality, 

and for the identification of one or more effective vaccine candidates for Bartonelloses 

prevention. Since no previous studies have critically characterized antigenic recognition patterns 

of B. henselae proteins in canine Bartonelloses, we identified immunodominant proteins of B. 

henselae in this study, using sera from naturally and experimentally infected dogs and control 

unexposed dogs. We employed an immunoproteomic approach to develop a more sensitive and 

specific serodiagnostic assay for canine and human Bartonelloses. Using this approach was 
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expected to result in a new and powerful serodiagnostic tool. Development of a sensitive and 

specific rapid assay would reduce diagnostic costs, and turn-around time for serological testing, 

helping clinicians make treatment decisions in a timely manner, compared to the tedious, time-

consuming and diagnostically limited traditional IFA or WB assays.
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2. CHAPTER 2: Evaluation of cell culture-grown Bartonella antigens in 

immunofluorescent antibody assays for the serological diagnosis of bartonellosis in 

dogs. 

 

Presented here is the manuscript titled ñEvaluation of cell culture-grown Bartonella antigens in 

immunofluorescent antibody assays for the serological diagnosis of bartonellosis in dogsò, 
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3. CHAPTER 3: Validation of  Bartonella henselae Western Immunoblotting for 

Serodiagnosis of Bartonelloses in Dogs. 
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