ABSTRACT
NEUPANE, PRADEER Identification of Diagnostic and Potential Vaccine Candidates for

Bartonellosedy Genomics, Proteomics, and Serum Profil{nder the directioof Dr.
Edward Breitschwerdt, Committee Chair

Bartonellaspecies are associateith a spectrum of chronic debilitating and potentially-life

threatening diseases in animals and humans. Dile pwor sensitivity of Indirect

i mmunofl uorescent antibody assays (I FA; the ¢
Enzymelinked immunosdrent assay (ELISA) and Western Blot (WB), a reliable serodiagnostic

test forBartonellosess of clinical importance. In this study, we evaluated diagnostic

performance of IFA for caninBartonellosesand employed genomic, proteomics, and serum

profiling approaches to identify and charactei&eéensela¢Bh) immunodominant proteins for

diagnosis of canine and humBartonelloses

Despite IFA testing of 3Bartonellaspecies naturally exposeartonellaspp.PCRpositive)

and 26 controlBartonellaspp.PCRnegative and IFAlegative) dogs using cetlilture grown
antigens derived from eight differeBartonellaisolates in our IFA study, IFA sensitivity
remained poor (62%). These findings suggest that increasing nuntbertahellaspecies
antigens is at a practical approach to increase IFA sensitivity for serodiagnosis of canine
BartonellosesUsing WB, we identified immunodominant proteinsBtfusing sera from 36
BartonellaPCR-positive naturally and 10 experimentally infected dogs Bahonellaspecies
and control unexposed dods.this studysix Bh proteins (proteins of 13, 17, 29, 50, 56, and 150
kDa) appear to represeBartonellarelevant immunodominant antigens as recognized by
majority of experimentally and naturally infected dogs vidtrtonellaspecies. The 56 kDa band
was identified a8h GroEL protein (NCBI Reference Sequence WP_034454894.1) by the

matrix-assisted laser desorption ionization tiofdlight mass spectrometry (MALBTOF MS).



The otheBartonellaimmunodominant protein idéfied by MALDI-TORMS from our study
wasB. hensela&0F1 ATP synthase subunit beta (NCBI Reference Sequence

WP_082251662.1).

Using sera fronBartonellainfected and naive dogs and humans, we applied an

immunoproteomic approach to develop a reliable BLa&Ssay for the diagnosis Bartonelloses

in dogs and humans. Five recombinBnhenselaénmunodominant proteingATP-b, r Gr o EL ,
rLemA, rSucB, and rVirB5and two chimera proteins (rBattand rBar2), comprised of

multiple epitope regions dartonellasurface proteins, were tested in an ELISA forrRat.
canineBartonellosesrGroEL resulted the sensitivity of @3and specificity of 94% at cutoff OD

value of 0.439 and AUC score of 0.93 (95% CI 60899), while the sensitivity and specificity

of recombinantATP-b was 69% and 94%, respeche vely, at
combination of ATP-b with rGroEL resited in sensitivity of 88% and specificity of 92% at an

OD cutoff value of 0.505 for dogs. In dogs, a ROC curve analysis foA#fe-b plus rGroEL

yielded AUC score of 0.899 (95% CI 0.80989).For humarBartonellosessensitivity and
specificity of ATP-b was 56 % and 94%, respectively, at a
and 87% for GroEL, respectively, at cutoff value of 0.765. In humans, the combinat®hRf r

b plus rGroEL resulted in 28% sensitThese ty and
findings indicate thatite combination of ATP-b 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 thetidiagiiy
of Bartonellain vivoinduced antigens for serodiagnosis of canine and hidagonellosesin
this study, we identified twm vivoinducedBh antigens usingn vivoinduced antigen

technology. Immunoscreening of an approximately 22,500 reit@ntE. coli clones expressing



Bh genomic fragments by colony immunoblotting yielded two reactive clones, endlling
hypothetical membrane protein (HMP) agldtamate5-semialdehyde dehydrogenagée VI
antigen, HMP protein, was reactive wilartonela infected dog and human sera, suggesting that
this unique antigen may be useful in generating protective immune responsesBtgainst

infection in dogs and humans.
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Identification of Bartonella henselae immunodominant proteins by the matrix
assisted laser desorption ionization tiofdlight mass spectrometry (MALDI

TOF MS). The majority of experimentally and naturaihfected dogs recognized
Bartonella species proteins of molecular weights 13, 17, 50, 56, and 150 kDa, thus,
thee proteins appeared to be Bartonella relevant immunodominant proteins
(Neupane, P., Sevala, SalBkrishnan, N., Marr, H., Wilson, J., Maggi, R.,
Birkenheuer, A., Lappin, M., Chomel, B. and Breitschwerdt, E.B., 2020).
Validation of Bartonella henselae Western immunoblotting for serodiagnosis of
Bartonelloses in dogdournal of clinical microbiologyg8(4), pp.e013349.). For
MALDI -TOF MS analysis, heatenatured B. henselae SA2 whole cell proteins
were separated by SBlyacrylamide gel electrophoresis (PAGE) followed by
silver staining of the gel and MS analysis of the excised immunodominaetnprot

Predicted Bcell epitopes of Bartonella henselae FOF1 ATP synthase subunit beta
(NCBI Reference Sequence: WP_08225166B1henselae GroELNCBI

Reference Sequend®/P_034454894.1and B. henselae LemA protein (NCBI
Reference Sequence: WP_011180688.1; ranging from 79 to 214 amino acids) using
the IEDB antibody epitope prediction tool (BepiPred 2.0). (A) Analysis of B.
henselae FOF1 ATP synthase subunit betaB(Bjenselae GroEL, and (C) B.

henselae LemABartonella henselae FOF1 ATP synthase subunit beta (NCBI
Reference Sequence: WP_082251662.1 ranging from 109 amino acid to 265 amino
acids),B. henselae GroEL peptide (WP_034454894.1; ranging from 193 amino
acidto 370 amino acids) ar8l henselae LemA protein ((NCBI Reference

Sequence: WP_011180688.1; ranging from 79 to 214 amino acicgyrised

predicted Bcell epitopes with higher scores, which are represented by red boxes.
Based on immunoproteomic analysisede peptide regions of B. henselae ATP
GroEL, and LemA were selected for cloning, expression, and purification in this

Coomassie stained SEFAGE and Western Blot atysis of purified recombinant
proteins (ATP-b, rGroEL, rLemA, rSucB, rVirB5, rBafi, and rBar2). Western

Blot analysis of purified proteins was performed using mouseHasitantibody
(Thermo Scientific, Rockford, IL) and alkalinghosphatase conjugat Goat anti
mouse IgG (Thermo Scientific, Rockford, IL). Predicted molecular mass of
recombinant proteins were determined by coding sequence of the specified gene
insert plus fused in frame with pET200D/TOPO expression system fusion tag (~3
kDa)] as indiated by red arrows. Green arrows indicate recombinant proteins in
multimeric forms. Coomassie= Coomassie stained-BBSE; AntiHis= Western
Blot analysis; and L= protein l[adder.............ooovvviiiiiiimreeeeeeeeee e 110
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Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Western Blot image showing reactivity of rat antisera against B. henselae San
Antonio type 2 whole cell proteins (A) and recombinant rBaand rBart2

chimera proteins (B). Two-®&eekold female SpraguBawley rats were

i mmuni zed wi ttllandB&+2 emglsified in aBld ratio with complete
Freund adjuvant and administered intraperitongally a t ot al v ol ume
These rats were boosted with 25 e€g of
week 3 and 5. AniBart-1 and antirBart-2 sera were collected at post

immunization week 6. Immunized sera (1:100) and alkglimsophatase

conjugated goat antat antibody (1:5,000) were used for WB. L= protein standard;
pre-sera= pooled rat sera prior to immunization,-aB&rt1= rat sera aér

immunization with rBartl; antirBart-2= rat sera after immunization with rB&t

Scatter plots of the ELISA seroreactivity among Bartorellected and control

dogs. ELI seroreactivity for (A) recombinanfif P-b: (B) rGroEL,; (C) rLemA;
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1. CHAPTER 1: Literature Review

Introduction

Bartonellaspecies comprise a group of fastidious, sgpawing, and facultative intracellular
gramnegative pathogens belonging to the farBiértonellaceaeand class alphaproteobacteria

(i 3). Bartonellaare small (0.3 to 0.6 in width by 1.0 to 1.7 pum in length), unencapsulated, non
motile (with a few species exgons), norsporeforming, gramnegative rod¢li 3)).
Bartonellaspecies share a clophylogenetic relationships to the genBracellaand
Agrobacterium(3i 5). BartonellaandBrucellacause acute and chronic infections in animals and
humans whiléAgrobacteriuma plant pathogen, causes tumor formation in pnt8, 6)
Bartonellaspp. are found worldwi and are the etiological agents of many chronic cardiac,
neurological, and rheumatological illnesses, including potentialihifeatening granulomatous
and vasculoproliferative diseases in animals and hui2a7 Bartonellacomprise numerous
species, subspecies, and subtypes. Theseribatéee 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, popoises, whales and sea turt{s Transmission oBartonellaspecies occurs by
arthropod vectors or via direct contact withrtonellainfected animal specimens. The vectors
associated witBartonellatransmission include flies, fleas, ticks, lice and mites. Ants and
spiders have also been implicated in transmissidaaibnella henselaelhe potential risk for

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

Bartonellainfection is characterized by prolonged intraerythrocytic and endotheliotropic

bacterial persistend@, 8) More than fortyspecies and subspeciesBafrtonellahave been



described since 1990 and nearly half are known or suspected to cause disease in animals and
humang2, 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 thBaytonslla;

B. bacilliformis, B. henselae and B. quintaaeg common human pathogens, and the etiologic
agents of Carrionés disease, Cat Scratch Disea
addition, bacillary angiomatosis, cultumegative endocarditis, peliosis hepatis, neuroretinitis,
and encephalitis are also related to humartonellainfections(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 acataitia

cardiac arrhythmias, granulomatous lymphadenitis, myositis, granulomatous rhinitis, and
epistaxis(2, 3, 10) Bartonellaspeciesdave coevolved with a large number of animal reservoir
hosts and a diversity of arthropod vectors to cause chronic, relapsing, intraerythrocytic
bacteremia in animals and humd&Bs3). Ctenocephalides feligat flea) is responsible for
transmission bBartonella henselaggmong cats throughout much of the world. Direct
transmission of sever8lartonellaspecies to humans via flea bites (cat, dog, and rodent fleas) is

supported by circumstantial historic and clinical evidgdge

The intraerythrocytic persistence Bartonellaspecies represents a unigue strategy for immune
evasion. Bacteridbcalization 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 relapsility cépabi
Bartonellainfections, 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@yipigy displayed by



infected individuals and the clinical and diagnostic challenges posBdrhgnellatransmission
in nature. Despite being currently underappreciddadtonellaassociated zoonotic diseases
pose a serious threat to public health worttby To date, no vaccines are available to prevent

Bartonellainfections in animals and humans.

The laboratory diagnosis &artonellainfection generally includes bacterial culture,
amplification of bacterial DNA through Polymerase Chain Reaction (coiovehior gPCR) or
Droplet Digital PCR (ddPCR), and serolelggised assay41). Bartonellaspecies are

exceedingly difficult to diagnose using traditional culture methand,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
Bartonellaspecies, and may take tgp21 days of incubation to visualize colonies on a blood
agar plate. PCR testing is the most specific assay for diagndstohellosesparticularly in
identifying distinct infecting species and strains among the now ovBartOnellaspecies.
Howeva, sensitivity of PCR is often low in blood samples and successful isolat®armnella
species from bacteremic animal and human patients remains a challenge for microbiologists
worldwide. PCR amplification of DNA from blood, cerebrospinal fluid (C$#tint fluid or

tissue samples, in conjunction with seroldgased assays, increases the sensitivity of diagnosing
Bartonellainfection in animals and humafikl, 12) Serology is the most frequently used and
most costeffective diagnostic tool used currently; however, serology has important diagnost
limitations. Indirect Immunofluorescence Assays (IFA) are considered thesgoidard to
accurately diagnodgartonellainfection, by detecting IgM and IgG antibodies in serum samples
of patients (16). Low sensitivity and serological crosactivity ketweenBartonellaspecies and

other bacterial pathogens currently complicates the accurate serodiagmiai®oélla



infection. ThereforeBartonella associated diseases are optimally diagnosed via a combination
of serological and molecular diagnoststing 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, symptmatology varies substantially and can wax and wane over time. As another
diagnostic modality, visualization &artonellaspecies in clinical specimens can confirm
infection using Fluorescence in situ hybridization (FISH) immunohistochemistry (IHG2,

13). Despite substantial progress in our biomedical understanding of canine and human
Bartonellosesmedically relevant clinical, epidemiological, pathological and treatmentoetco
data is minimal or lacking. Current limitations associated ®afronelladiagnostic testing
modalities are a major impediment for patients and for improvements in our current

understanding of the medical importancéBaftonellosesn animals and hunmapatients.

Thereforethe 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 sexgostic 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 fhrevention oBartonellosesn animals and humans. The

objectives of my research were

I.  To evaluate the sensitivity and specificity of Indirect Immunofluorescent Antibody
testing using eight cetiulture growrBartonellaspp. isolates for serodiagnosis ahine
Bartonelloses

[I.  To characterize specific immunodominant proteins and patterns of Western Blot
immunoreactivity for serodiagnosis of caniBartonellosesand to compare the
sensitivity and the specificity &. henseladFA to B. hensela&VB.



[ll.  To evduate the diagnostic utility of individu#artonella henselaBnmunodominant
proteins for serodiagnosis of canine and huBartonelloses

IV.  To identify and evaluate the diagnostic utilityRdrtonella henselae in viviaduced
antigens and to assess thgpecific antigens as vaccine candidates based upon immune
recognition by dog and human sera.

Growth Characteristics and Isolation of Bartonella species

Bartonellaspecies 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. MoBartonellaspecies are microaerophilic and their growth is
enhanced by the presence of blediched media and an atmosphere containing 5% CO

Bartorella are unable to synthesipeotoporphyriniX (PPIX) or haem (F&-PPIX), which are

essential foBartonellasurvival(8). Bartonellaspp. encode for a complete heme update system

that are involved in transportation of exogenous heme into their cytoplasm. Sustginaibe
media requires ironich supplerents including hemoglobin, erythrocytes or hemirgmented

agar plate¢8, 14) A neutral media pH between Y15 is necessary for optimal growth of

Bartonellaspecies.

With the exception oB. bacilliformis,most pathgenicBartonellaspecies are routinely grown

on haemin, chocolate or various blood agar plates at 35 to 37°C containing Z0d_¥9%

relative humidity Bartonella bacilliformis t he causative agent of Car
fever (acute phase of irdon) and Peruvian wart (chronic phase of infection), requires a cooler
temperature (230°C) and ambient CQevels for growth on blood agar platd$). Isolation of
Bartonellaspecies from bloo@&nriched agar media requires extended incubation times (up to 21
days). Previous studies have reported that ss@gkeisolation oBartonellaspecies from

patients is rarely successful. Mammalian and insect cell culture based liquid media have been
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developed to support and enrich the growtBaftonellaspecies from clinical samples before
plating on agar. To fadihte the growth and isolation of these bacteria, previous researchers have
developedrucellabroth histidinehematin (BBHH) liquid media that supports the growth of
Bartonella henselarom the blood of infected caf46). A novel insectbased liquid culture
medium,BartonellaAlphaproteobacteria growth medium (BAPGM), has been previously
reported to support the growth of at least seé¥arionellaspecies from animal and human blood
samplesindicating the utility of this novel liquid culture media for isolation of fastidious
Bartonellaspecies from patient sampl@s). Importantly, BAPGM cell free media requires

blood supplementation to achieve optimal bacterial growth. Another study demonstrateel that th
combination oilmammalian and insect cell cultdb@asedmedia with and without Vero E6 Cells
(MS10V and MS10, respectively) supports the growth of BartonellaspeciesB. henselae,

B. quintana, B. elizabethaandB. tamiae(14). However, MS16V and MS10 has not been

critically used to achieve growth and isolatiorBafrtonellaspecies from clinical samples.

Although several liquid media have been formulated over the years, liquid cudised

isolation methods have not supfea the growth of all or most medically relev&atrtonella

species. Thus, to date, cultdyased methods have not been proven suitable for routine growth

and isolation oBartonellaspecies from clinical specimens.

Disease Pathogenesis associated wighrtonella species hfection

Bartonellaspecies 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-bbecter
transmission of these bacteria. Prigneeservoirs, accidental hosts and the confirmed or

suspected vectors for the m@artonellaspecies infecting dogs and humans with zoonotic

potential are listed iffable 1.1



Table 1.1. The knownBartonell species, hosts, vectors, and associated disease. The known
Bartonellaspecies, hosts, vectors, and associated disease. Adapted from Breitschwerdt, 2014;
2017. Breitschwerdt, E. B. (2017). Bartonellosis, One Health and all creatures great and
small. Advarces in Veterinary Dermatolog$, 111121. Breitschwerdt, E. B. (2014).
Bartonellosis: one health perspectives for an emerging infectious dide®Rgournal 55(1),

46-58.

Bartonella Reservoir Vector (s) Accidental Disease (s)
Species (s) hosts
Human-specific
. B . Human Sandfly None Carrion's disease
bacilliformis
Trench fever
B. quintana Human Human Body louse Cat, dog, endocafdltls, b?C'”aW
monkey angiomatosis,
lymphadenopathy
Zoonotic
Catsaatch Disease,
B. henselae| Cats, dogs Fleas, ticks Human, | bacillary angiomatosis
dogs bacteremia with fever
peliosis hepatitis
Cats, Human, "
B. koehlerae gerbils Fleas Dogs endocarditis
B. vinosonii Coyote, : Human .
berkhoffii dogs Ticks Cat. endocarditis
B. (CatFelis (Cat . Human, cat scratch
S flea,Ctenocephalide : .
clarridgeiae catug felis) dogs disease/endocarditis
B. (RatRattus ﬂég;gr]]?l ;altla Human, endocarditis,
elizabethae | norvegicu$ pSy dogs neuroretinitis
cheopi$
B (FleasPulex Human
: Canids irritans, Pulex ' bacteremia, fever
rochalimae : dogs
simulang

Association oBartonellaspecies in a wide range of animal hosts and emergeBartinella

species in newly described animals and environments indicates a significant source for acquiring
zoonotic infectionBartonellaspecies have eevolved with their mammalian hosts, for example,

B. henselasvith cats,B. vinsonii subsp. berkhoffivith dogs and wild canid&. bovisin cows,
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andB. melophagin sheef3). Bartonellaspp. can cause cultureegative endocarditis in dogs

and peopl€18i 21). More than seventeen individual species have been associated with an
expanding sectrum of animal and human disease. Importantly, dogs and humans develop very
similar disease manifestations, and identical pathological lesiedis fdaking dogs an optimal
naturally occurring sentinel to better understand huBstonellosesThe complee spectrum of
clinical manifestations and disease outcomes associate@avritbnellainfection in dogs and

humans are currently unknown. PCR amplificatioBaftonellaspecies DNA from heart valves

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

has supported a definitive pathological roldBaftonellaspecies in disease causation of
endocarditig16i 18). Bartonellaspeciesausing 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
OneHealth pespective. AlthougtB.bacilliformisandB. quintanaare two important human
pathogens, for which humans are considered the primary reservoiBhbstseladacteremia

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

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

much higher epidemiological and clinical complexity compared to &adonellaspecies.

Bartonella henselae, the causatagent of CSD, is the mostrmononBartonellainfection
reported in dogs and humans. Originally isolated from-thifécted humandB. henselaavas
subsequently isolated from cats around the wdr]@) Cat Scratch Disease is transmitted
through a scratch or bite from infected c&ats infected witlB. hensela@isually have
asymptomatic bacteremia for months to years after flea transmission, makiegdtesed cats a

major reservoir for human infectiomhe cat fleaCtenocephalides faljis the vector responsible



for transmission oB. henselabetween caté4, 10) Symptoms of CSD include lograde fever,
headaches, swollen lymph nodes, a rash or nodule on the skin, fatigue, and Maktisases

of CSD are usuallgelf-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 areuitisetinitis, transverse
myelitis, endocarditis and myocarditis. Other disease manifestations include tonsillitis,
granulomatous hepatitis and/or splenitis, osteomyelitis, pneumonia, pleural effusion, and
thrombocytopenic purpur@®, 7). Osteomyelitis, granulomatous hepatitis, and granulomatous
splenitis have been increasingly diagnosed in children and adults infectdsl Wwehselae.

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

Bartonella bacilliformisis transmitted by the sand flizi{tzomyia formerly Phlebotomuy and is

the etiological agent of acute Carrionds di
vasculgroliferative tissue phase (Peruvian wa(%)15) Carri ondés di sease
restricted to the Andes Mountain regions of Colombia, Peru, and Ecuador due to the distribution
area 6 the sand fly vector. Invasion and reproductiomobacilliformisin erythrocytes leads to

their premature destruction, resulting in a severe hemolytic anemia. Life threatening
complications may arise from severe hemolytic anemia and the abnormalidorofatlood

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 dpwehenB. bacilliformisinvades
endothelial cells. These lesions can be pruritic and bleed spontaneoushstaoding
intravasculaB. bacilliformisinfection results in verruga peruana, which are bifolbetl nodular

hemangiomas of the skin.
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Bartonellaguintana,another clinically importariBartonellaspecies, is transmitted by the human
body louse Pediculus humanysThis speciesvas first isolated in 1960 and is best known for
causing trench fever in more than one million soldiers during World \MaEdrope(2). Trench

fever (acute phase) is characterized by fever, headache, and leg pain (osteomyelitis). Bacillary
angiomatods, a chronid@. quintanadisease manifestation that causes cutaneous nodular lesions
protruding from the vascular lamina, can occur in immunocompromised individualsBxyhen
guintanainvade erythrocytes and endothelial c€lls15) Bacillary angiomatosis

(angioproliferative lesions), bacteremia, and endocarditis are associatd®l witimtana
infection.Individuals at higher risk of humabody louse exposure and persisi@nfjuintana
bacteremia include homeless people, alcoholics/substance abusers, and immunocompromised
individuals. Other clinically importar®artonellaspecies in human disease Brelarridgeiag

B. elizabethaeB. kodlerae, B. rochalimaandB. vinsoniisubsp berkhoffii. Humans infected

with B. clarridgeiae B. elizabethaeB. koehleraeandB. vinsoniisubsp berkhoffiimay develop
neuropathologic disease including neuropsychiatric symptoms such as hallucinativel &
endocarditis, and other clinical conditioBsrtonellarochalimaehas been associated with fever

and bacteremia in humans and endocarditis in (&g 10, 21, 22)

Bartonella vinsonisubspberkhoffiiwas initially isolated from a dog with endocarditis and has
sincebeen isolated or PGBmplified from human patients and a wide range of animals including
cats, coyotes, deer, foxes, and ho(4€s 23) An in vitro study demonstrated thBt vinsonii

subsp berkhoffiiare capable of activating hypoxia inducible factand inducing production of
vascular endothelial graw factor (VEGF), suggesting these phenomena can contribute to the

formation of vasoproliferative lesions and promote angiogef24$)sAdditionally, B. vinosnii
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subsp berkhoffiiinduction of VEGF in dogs has been reported, akin to what is seeBwith

baciliformis, B. hensela@ndB. quintanainfections in human patien{23).

Recently, studies reported a potential association betBaeonellainfection and
hemangiosamma, an aggressive blood vessel cancer, in (Rig26) Bartonellaspecies DNA

was amplified and sequenced from tissamples of 73% of dogs with histopathologically
diagnosed hemangiosarcoii@2d). The study population consisted of dogs from throughout the
United StatesandB. henselae wahe most commoBartonellaspecies identifiedB henselaés
associated with peliosis hepatis in dogs and humans, along with other disease manifestations in
dogs, for example, dermatitis, endocarditis, hepatitis, panniculitis, enldts;ar

pyogranulomatous lymphadenitis, and pulmonary nod@le4, 10) In humansB. henselae

have ben 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;ikfidtcted indviduals and

cancer patient§/, 20, 23) Previous studies reported PCR amplificatio®BofochalimaeB.
vinsoniisubspberkhoffiiandB. koehleradrom blood or valve tissue from eight out of 30

(26.6%) dogs with blood cultuneegative endocarditi®?2). In dogs B. vinsoniisubsp berkhoffii
infection has been associated with arrhythmias, endocarditis, myocarditis, granulomatous
lymphadertis and granulomatous rhinit{). Literature reports of clinical manifestations and
disease progression associated Bitlvinsaii subspberkhoffiiinfection in cats and humans are
rare. Previous studies have reported similar clinical and pathological manifestations of
Bartonellosesn animals and human patients, suggesting veterinarians and animal health
professionals have an@gational risk oBartonellainfection from animal bites, scratches, and

direct contact with bodily fluidé10, 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
Bartonellaspecies. In contrast ®artonellainfection in catsBartonellaspp. infections appear

to be more pathogenic in dogs and humans, potentially reflecting differences in host evolutionary
adaptations to these vectoorne organisms. Because of the numerous clinicopathological
similarities between dogs and hunBartonellosesresearch directed at enhanced diagnosis of
Bartonellahas important comparative infectious disease implications from a One Health global

perspective.

Epidemiology of Bartonella Infections

Bartonella henselabacteremia has been more commaidgumented in cats than in dogs or
humans. According to the Centers for Disease Control and Prevention, 30 to 40% of domestic
and shelter cats harbBr henselaén their blood. Rates dartonellaseropositivity in cats

ranges from 6% in lllinois to 33% Florida. Seroprevalence studies involving cats from
different geographical locations within the United States reported higher seroprevalBnce of
henselaantibodies in warmer, humid climates. These regions represent an ideal environment for
the cat fea that is responsible for transmissiomBaftonellaspecies among catBartonella
henselaas the most frequently detectBartonellaspecies in dogs and humans worldwide.
Detection or isolation oB. clarridgeiae B. quintanaB. koehleraeandB. bovisfrom domestic

cats occurs less frequently than documentatidd. dienselaénfection. Dogs may be carryiers

for B. henselagB. vinsoniisubsp berkhoffii, B. koehlerad. clarridgeiae B. elizabethageB.
washoensisB. quintanaB. bovis B. volanslike, andB. rochalimag2, 3, 7) Transmission of
Bartonellaspecies among dogs most likely occurs via fleas and ticks; however, modes of
transmission to dogs renmagssentially unknown. According to a recBattonella

seroepidemiology study from North America involving nearly 16,000 dogs suspected of
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infection with a vector borne pathogen, rateBaftonellaseropositivity were low foB.
hensela€2.13%),B. koelterae (2.39%) and. vinsonii berkhoffi{1.42%) in clinically ill dogs

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

of B. vinsoniisubspberkhoffiiexposurg28). Another study reported. henselaégG 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 seroreactiveBovinsoniisubspberkhoffii IgG antibodieg29). Low
Bartonellaseroprevalence in dogs suggests that dogs, similar to humans, are more likely to be

accidental hosts rather than chronic carriers for nBarjonellaspecies.

According to a seroepidemiology study from North America, the incidence of CSb.4vaases

per 100,000 population in adults and 9.4 cases per 100,000 population in childrerbaget$H

(30). The highest proportion of diagnoses was reported in the southeastern United States with a
peak in January, lamummer, and fall. Another study reported 22,000 to 24,000 annual numbers
of CSD cases in the United Sates, with 2,000 cases requiring hospital(Z&jidn various

studies involving comparativi@éartonellaseroprevalence data from healthy human populations,
Bartonellaseroprevalence rates ranged from 3.6% to 6% (28). Epidemic and sporadic outbreaks
of Trench FeverR. quintana have beenaported 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 bB. bacilliformisare endemic in the Andes regions of Peru, Columbia, and
Ecuadorn(31). Thus, differences in serological or bacteremic prevalence are related to different

climatic, environmental, and socio@emmnic conditions.
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Serological Diagnostics foBartonelloses

More than terBartonellaspecies have been implicated in association with serious clinical
disease manifestations in dogs and hunfang), with Bartonella henselae beinthe most
frequently identifiedspecies from sick dog clinical specimens at the Vector Borne Disease
Diagnostic Laboratory at NC State University, College of Veterinary Medicine (NCBU-
VBDDL) (25). Culture, PCR, and serology assays are the most frequently used testing modalities
for diagnosis oBartonellosesn animals and humanknmunofluorescent antibody assays (IFA)
and a enzymédinked immunosorbent assay (ELISA) have been the 4mi@sgitical and least
invasive assays faerological evidence d@artonellainfection. Antibodydetection by

serological assays is regarded as a primary modality for diagri®artanellosesn 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 huma(isl, 33 34). 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 evidenBambnella spp.DNA in 73% of these dogs
(80/110)(25). In another study, anBartonellaantibodies were not detected in 75%Bof
henseladacteremic naturally infeetl dogq35). One possible explanation for the failure of the
IFA assayto detect serum antibodies is that antigenic structurBambnellaproteins derived

from Bartonellainfected cell lines are altered during IFA antigen preparation. It is also possible
in vitro culture alters gene expression profiles and their geneigiodAntibodies that are
produced during an infection bind only to antigens that have the sameltmessional

structure as those induced by the original response-Bamtonellaserum antibodies may not

recognize those altered celllture grownBartonella antigers asa result of antigen preparation
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and processing steps required for IFA test&though IFA is the most widely used
serodiagnostic assay for diagnosBaytonellainfection in dogs and humans, it suffers from

potential crosseactivity aml poor sensitivity.

Previous studies have demonstrated that an immunoproteomic approach, a technique involving
two-dimensional (2D) electrophoresis, followed by immunoblotting, might be useful for the
identification of diagnostic markers fBartonellosesBartonella henselaghe most common
Bartonellaspecies associated with cats, dogs, and human infections, has been the most critically
investigatedartonellaspecies for the identification of immunoreactive antigens for developing

a highly specific andensitive serodiagnostic asg8@i 39). Other studies have employed an
immunoproteomics approach for discovery and analydss gfiintanaandB. bacilliformis
predominant antigens that are recognized by naturally infected patients compared to control
healthy individualg40i 42). A previous study investigating tile henselag¢argeted humoral
response of 33 patients with CSD usinga groteome reference map Bf henselaéound

eleven immunodominant proteins that represented potentially useful targetedimpaeent of a

more specific serodiagnostic asgay). Another study involvinghe comparison of
immunoproteomic profiles of sera collected from CSD, infective endocarditis patients, and blood
donors identified several candidate proteins including pleageding Pap31 and an outer

membrane, Bh11510 as potentially promising serodstgmmarkerg43).

In attempts to develop an alternative diagnostic assays for IFA, Western Blot (WB) and ELISA
have been usdd identify Bartonellaimmunodominant 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 te@t#gin this studyseveral

IgM-ELISAs using antigen IIN-lauroylsarcosinansolubleB. hensela@antigen), and antigen
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IV and V (sarcosinénsoluble, and sarcosirsoluble antigensefined by DEAESepharose Fast
Flow ion-exchange chromatographyad sensitivities of 75%, 88, and 75%, respectively,
compared to a 54% sensitivity for IgMA. The specificity of these three IgHELISAs and

IgM-IFA was 100%, indicating these antigeased ELISAs may be appropriate for developing a
highly specific serodiagnostic assay for CSD,lbak sensitivity even in the acute phase of a
prototypical CSD case. Further, Tsuruoka et al. (2012) found that an IgG ELISA employing
sarcosinesoluble proteins oB. henselagmproved accuracy of diagnosing CSD compared to an

ELISA that used wholeell or sarcosingnsoluble proteins as antige(#b).

Western immunoblot has been proposed as an alternative to id&stibyelladominant

antigens as specific diagnostic candidates. Western Blot analyifehselasoluble proteins
demonstrated that moBt henselad¢-A-positive human sera was reactive to GroES, BepA, and
GroEL, with negligible reactivity t®8. hensela¢-A-negative human sera, suggesting the
usefulness of these proteins as targets for a clinical serological36¥dysing a proteomic
approach, another study identified tBohensela@roteins, 17kDa and GroEL, as useful for
diagnosindB. henseladiumaninfection(46). In this study, hie specificity and sensitivity were

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

Of interest, when testing sera from C8&tients and healthy donors, IgM ELISAs were found to
be more sensitive and specific for both proteinskDa protein, specificity 86.2% and

sensitivity 75%; GroEL, specificity 97.7% and sensitivity 45.83%@another study, evaluation of
diagnostic perfamance oB. henseladégG and IgM IFAs and IgG and IgM Enzynrlieked
Immunoassay (EIAs) with sera from CSD patients and healthy blood donors (control group)
revealed that there was no predictable kinetics for eitheBamhténselaégG and IgM

productionin CSD patient$32). Prevous studies evaluating and comparBighenselabdased
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commercial to ichouse IFA assays or IFA to ELISA assays have also reported variable
sensitivities and specificitigd 1, 32, 33, 43, 46, 47Yariation in the seroreactivity between
these two assay tesgmodalities could be attributable to several factors, including variation of
infecting Bartonellaspecies or strain, route imffection, interference or variation in the host
mediated immune response, as well as disparity in the antigen(s) used fodIEAISA testing
(32, 33, 43, 46, 47)n previous studies, serologidahsed assays darestimate the true
prevalence oBartonellaspecies in dogs and humg4, 33) Significant gaps exist in

identifying and studying the role 8fartonellaimmunodominant antigens in djaosis of or

protection againdartonellainfection in dogs.

Previous studies investigating the proteomB.dfiensela@andB. quintanathrough an

immunoblotting approach with sera frddartonellainfected patients identified several

immunodominant protes including ATRb ; ATP synthase subunit beta
protein, SdhA; succinate dehydrogenase flavoprotein subunit, and Pap31; a heme binding

protein, all of which have potential relevance for pathogenesis, diagnosis, and vaccine
developmen(36, 37, 39, 40, 43)dentification of specific, uniqguBartonellaimmunodominant

antgms t argeted by the caninebé i mmune system du
molecular pathogenesis ioffection, for the development of a reliable serodiagnostic modality,

and for the identification of one or more effective vaccine candidat®artonelloses

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

of B. henselag@roteins in caninBartonelloseswe identified immunodominant proteinsB®f

henselaen this study, using sera from neailly 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 huBaatonellosesUsing this approach was
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expected to result in a neamd powerful serodiagnostic tool. Development of a sensitive and
specific rapid assay would reduce diagnostic costs, anéitatmd time for serological testing,
helping clinicians make treatment decisions in a timely manner, compared to the tedieus, tim

consuming and diagnostically limited traditional IFA or WB assays.
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2. CHAPTER 2: Evaluation of cell culture-grown Bartonellaantigens in
immunofluorescent antibody assays for the serological diagnosis of bartonellosis in

dogs

Presented here is the manusgownBartbnellaantigenseid fEv al
i mmunofl uorescent antibody assays for the ser

published in thdournal of Veterinary Internal Medicine.
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complicating and confounding clinical, diagnostic, and epidemiological
analyses.*”” Currently, serology, as well as culture-based and polymer-
ase chain reaction (PCR) assays, are relatively insensitive for the diag-
nosis of bartonellosis in dogs.®1°

Immunofluorescent antibody assays (IFAs) are the most fre-
quently used serological testing modalities for the diagnosis of barto-
nellosis in dogs.®*"12 Studies involving dogs, humans, and other
animals have reported inconsistent and variable sensitivities and spec-
ificities for Bartonella IFAs.*®"*® Genetically different Bartonella spp.
and strains are widespread in humans and animals throughout the
world.**2! Therefore, a possible explanation for variation among
studies is exposure to Bartonella spp., subspecies, or strain that differs
from the IFA antigen used for diagnostic testing.'?>1*¢ Diagnostically
important differences in Bartonella serological responses have been
documented in animals and human patients depending on which Bar-
tonella isolate/strain was used as an antigen.**'¢22 Further complicat-
ing diagnoses, clinical signs, pathologic sequelae, and antibody kinetics
can vary among individual animals infected with the same Bartonella
strain.2325 Because members of the genus Bartonella can induce
long-lasting bacteremia, the stage of infection (acute, subacute, or
chronic) also contributes to variation in antibody detection.?®2* Sub-
jectivity associated with IFA interpretation and variability in technical
variables among laboratories further contribute to differences in anti-
body detection or reported antibody titers. Thus, Bartonella spp. sero-
diagnosis is influenced by variations in bacterial, host, and laboratory
variables.

Although 10 Bartonella spp. have been implicated in association
with endocarditis, myocarditis, or other disease manifestations in
dogs; Bartonella henselae (Bh), Bartonella koehlerae (Bk), and Bartonella
vinsonii subsp. berkhoffii (Bvb) have been the most frequently docu-
mented species in North America.2%2* Historically, Bvb represented
the first Bartonella spp. isolated from dogs.?® Therefore, initial IFA
testing used Bvb as the sole antigen source for diagnostic and
research purposes. Subsequently, 4 Bvb genotypes and several other
Bartonella spp. were found to infect dogs, including B. clarridgeiae (Bcl),
B. elizabethae, Bh, Bk, Bg, B. rochalimae (Br), B. volans, and
B. washoensis.?” After natural or experimental infection with a Barto-
nella spp., dogs develop a species-specific IFA antibody response.'?28
However, bacteremic sick dogs frequently are seroreactive to multiple
IFA antigens or alternatively they are not Bartonella spp. seroreactive
despite extended illness durations.?® Ideally, a serological assay used
for epidemiological or diagnostic purposes should detect antibodies
regardless of the infecting Bartonella spp., genotype, or strain. Cur-
rently, because there are at least 38 named and Candidatus Bartonella
spp., with nearly half implicated in association with infections of dogs
or humans, we posed the question: Would a broader panel of Barto-
nella spp. antigens increase the serodiagnostic sensitivity and specific-
ity of IFAs? We hypothesized that a comprehensive panel of
Bartonella spp. isolates would increase IFA serodiagnostic sensitivity,
while optimizing specificity. Therefore, the purpose of our study was
to evaluate the sensitivity and specificity of 8 IFAs using archived
serum samples from Bartonella spp. naturally-exposed (PCR-positive)

and presumptively non-exposed (seronegative/PCR-negative) dogs.
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2 | MATERIALS AND METHODS

2.1 | Source of sera for immunofluorescent antibody
assays testing

Sixty archived sera from dogs previously tested at the North Carolina
State University, College of Veterinary Medicine, Vector Borne Dis-
eases Diagnostic Laboratory (NCSU-CVM-VBDDL) were selected for
comparative IFA testing against 8 cell culture-grown Bartonella spp.
antigens. Serum samples were categorized into 2 groups to assess
sensitivity and specificity. All sera were submitted to the NCSU-CVM-
VBDDL for diagnostic testing between 2011 and 2016. After initial
processing by the NCSU-CVM-VBDDL, sera were stored at -80 °C.

2.1.1 | Group I (polymerase chain reaction positive dogs)
Group | consisted of 34 stored frozen serum samples from Bartonella
spp. naturally infected dogs (PCR-positive) for which the species,
genotype, or strain was confirmed by DNA sequencing. We could only
identify 34 Bartonella PCR-positive dogs with adequate sera to test
against all 8 antigen preparations. Veterinarians often request only
serology or only PCR, thus the number of matched specimens for
inclusion in our study was limited. Group | sera were used to examine
the sensitivity of each of the 8 IFAs. Bartonella 165-23S intergenic
transcribed spacer (ITS) region DNA was amplified from blood (n = 31)
or Bartonella alpha-Proteobacteria growth medium (BAPGM) enrich-
ment blood culture (n = 3), after which amplicons from each dog were
sequenced for the confirmation of bacterial strain and species. Dogs
were infected with Bh (n = 20), Bvb (n = 6), B. vinsonii (DNA sequence
incomplete to determine subsp. n = 2), Bcl (1), Br (2), Bk (2), and Bq (1).
For Group | dogs, Bartonella PCR-positive cases were included regard-
less of the tests requested by the attending clinician. Therefore, com-
prehensive serology and PCR testing was not available for most dogs
in Group .

2.1.2 | Group Il (immunofluorescent antibody assay
negative and polymerase chain reaction negative dogs)

Group Il consisted of 26 dogs for which diagnostic testing was nega-
tive for evidence of exposure to canine vector-borne disease (CVBD)
organisms that are routinely tested for in the NCSU-CVM-VBDDL.
These sera were used to assess the specificity of the 8 IFAs. Sera from
all 26 dogs were PCR-negative after whole blood DNA extraction for
Bartonella, Babesia, Ehrlichia, Anaplasma, Rickettsia, hemotropic Myco-
plasma and Leishmania spp. In addition, all sera were IFA nonreactive
(titers <1:16) to the 3 Bartonella spp. (Bh SA2, Bvb |, and Bk), Rickettsia
rickettsii, Ehrlichia canis, Babesia canis, Babesia gibsoni and were not
seroreactive to Anaplasma phagocytophilum, Anaplasma platys, Borrelia
burgdorferi, Ehrlichia canis, and Ehrlichia ewingii by ELISA (SNAP 4Dx
PLUS ELISA, IDEXX Laboratories, Westbrook, Maine).

2.1.3 | Immunofluorescent antibody assay serology assays
Bartonella spp. antibody reactivity was determined by following tradi-
tional IFA practices with fluorescein-conjugated goat anti-dog 1gG
(Cappel, ICN, Costa Mesa, CA), as described previously.'? Bartonella
organisms derived from clinical isolates representative of common
serotypes of Bartonella spp., specifically, Bh (strains Bh H1, Bh SA2,
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and Bh CAL1), Bvb (genotypes |, Il and Ill), Bk, and Bq each were grown
in cell culture for antigen preparation. Previously frozen stocks of iso-
lates were grown on blood agar plates. Once colonies were plentiful,
bacterial cultures were passed into Bartonella-permissive cell lines,
DH82 (a canine monocytoid cell line) for Bvb genotype | (NCSU
93C0O-01, ATCC type strain #51672)2¢ Bvb genotype Il (NCSU
95C0-08),%7 Bh H1 (NCSU 93FO-23), Bh SA2 (NCSU 95FO-099), Bk
(NCSU 09FO-01), and Bg (NCSU 11MO-01), FCRé8 (a canine mono-
cytoid cell line) for Bh CAL1 (NCSU 08HO-2424), and Vero cells
(a monkey fibroblast cell line) for Bvb genotype IIl (NCSU 06C0O-01).%°
Bartonella isolates used for antigen preparation in our study had not
been passaged more than 2 times. For each isolate, cellular prepara-
tions were diluted to achieve a single layer of evenly-spaced cells that
were 50% to 80% infected with bacteria when layered onto 30-well
Teflon-coated slides. Acetone fixation was used for pathogen inactiva-
tion, to adhere cells to the slides and to permeate cellular membranes
so that secondary anti-canine fluorescein-conjugated molecules could
access antigens expressed within cells.

For IFA testing, serum was diluted in phosphate buffered saline
(PBS) solution containing 1% normal goat serum, 0.05% Tween-20,
and 0.5% powdered nonfat dry milk to block nonspecific antigen-
binding sites. Sera were screened at 1:16 to 1:64 dilutions, after which
reactive sera were titered out at 2-fold dilutions to 1:8192. To avoid
interpretation issues induced by nonspecific background fluorescence
found at low dilutions (1:16 or 1:32), a cutoff titer of 1:64 was used to
define a seroreactive titer.

2.1.4 | Positive and negative control sera

Serum from a naturally exposed dog (VB09-01611) as confirmed by
prior serology testing (seroreactive to Bh H1 and Bvb 1) at the NCSU-
CVM-VBDDL was used as a positive IFA control. This dog's serum
was reactive to all 8 Bartonella spp. antigens with endpoint titers that
varied from 1:1024 to 1:8192. The negative control serum sample also
was from a diagnostic accession (VB16-06078) and was nonseroreac-
tive and PCR-negative to the same tick-borne pathogens used to
screen Group Il dogs. In addition, the negative control sera was not
reactive to any of the 8 Bartonella spp. antigens at 1:16, 1:32 or 1:64

dilutions.

3 | RESULTS

3.1 | Group | (polymerase chain reaction
positive dogs)

Seroreactivity to each of the 8 Bartonella spp. antigens is summarized
in Table 1. Sixty-two percent of Bartonella spp. PCR-positive dogs
were seroreactive to at least 1 of 8 Bartonella spp. antigens, of which
41% (14/34) were seroreactive to 22 Bartonella antigens, whereas
38% of the PCR-positive dogs were not seroreactive to any of the
8 test antigens (Table 1). Seven PCR-positive dogs were seroreactive
to only 1 Bartonella spp. antigen, of which 4, 2, and 1 dog were seror-
eactive to Bg, Bvb Il, and Bvb lll, respectively.

Among the 8 selected antigen preparations, PCR-positive dogs
most often were seroreactive to Bq (44%) and Bvb Il (38%; Table 1).

Although Bg antigen yielded the highest sensitivity compared to other
selected Bartonella antigens, there was considerable background fluo-
rescence compared to the other IFA preparations, making technician
interpretation challenging at low serum dilutions. When individual
results for Bq and Bvb |l seroreactivity were combined, diagnostic use
of these 2 antigens would have resulted in the identification of 19/21
IFA seroreactive/PCR-positive dogs, but would not have identified
seroreactivity for the remaining 13 dogs. Historically, our laboratory
used only Bvb | (the first dog isolate of a Bartonella spp. and the
ATCC-type strain) for serodiagnostic testing.2®

The IFA sensitivities for Bvb | (35%), Bvb Il (38%), and Bvb IIl (35%)
antigens were similar (Table 1). If all the 3 Bvb genotype antigens were
used for diagnostic IFA testing, 50% (17/34) of Bartonella spp. PCR-
positive dogs would have been seroreactive, of which 8/17 dogs were
seroreactive to all 3 (Bvb |, Bvb Il, and Bvb lIl) genotypes. Among the
3 Bh IFA antigens, use of Bh SA2 provided the highest sensitivity (24%)
followed by Bh H1 (21%) and Bh CAL1 (15%). Sensitivity of IFA would
have been only 26% (9/34) if all 3 Bh antigens were used for IFA test-
ing. Only 18% (6) of the 34 PCR-positive dogs were Bk seroreactive.

To evaluate the potential association between PCR status and
seroreactivity, PCR results of Group | dogs were compared with the
corresponding IFA seroreactivity. Of the 21 IFA seroreactive dogs,
5(3 Bvb Il, 1 Bcl, and 1 Br PCR-positive) were seroreactive to all 8 Bar-
tonella spp. antigens. Of the remaining 16 dogs, 7 were seroreactive
to 1,4 to 4, 3to 2, 1to 6, and 1 to 3 Bartonella antigens. Eleven (55%)
of 20 Bh PCR-positive dogs were not seroreactive to any of the 8 Bar-
tonella antigens and 18/20 were not seroreactive to any of the 3 Bh
antigens. Of the 8 Bvb PCR-positive dogs (4 Bvb Il, 1 Bvb |, 1 Bvb lll,
and 2 Bvb [genotype undetermined based upon limited DNA
sequence]), 7 were seroreactive to at least 1 Bartonella antigen. The
Bvb | PCR-positive dog was seroreactive to Bvb |, Bvb |ll, and Bg. One
Bvb Il PCR-positive dog was not reactive to any of the 8 Bartonella
antigens, whereas the remaining 3 Bvb || PCR-positive dogs were ser-
oreactive to all 8 Bartonella antigens. One dog each, infected with Bvb
11l and Bvb (genotype undetermined) was IFA seroreactive to all 3 Bvb
genotypes and Bg. The other Bvb (genotype undetermined) infected
dog was only Bq seroreactive. Among the subset of 8 Bvb PCR-
positive dogs, 6 were seroreactive to at least 2 of the 3 Bvb antigens
in the panel, whereas 2/8 were not seroreactive to any of the 3 Bvb
antigens.

3.2 | Group Il (immunofluorescent antibody assay
negative/polymerase chain reaction negative dogs)

Of the 26 PCR-negative nonseroreactive dogs, 22 dogs (85%) were
not seroreactive to any of the 8 Bartonella IFA antigens (Table 1). One
dog was seroreactive to Bvb Il, Bvb |ll, Bh H1, Bh SA2, and Bh CAL1,
and 1 dog each was seroreactive to either Bvb Il, Bvb lll, or Bq anti-
gens. No Group |l dog was seroreactive to Bvb | or Bk antigens.

4 | DISCUSSION

In our study, sera from Bartonella PCR-positive dogs varied from non-

seroreactive to strongly seroreactive to all 8 IFA antigen preparations.
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Despite testing against 8 Bartonella spp. or strains, only 62% of Barto-
nella spp. PCR-positive dogs were seroreactive to any test antigen.
Based on our results, increasing the number of Bartonella spp. IFA
antigens is not a practical approach to increase IFA sensitivity for the
serodiagnosis of bartonellosis. Increasing the number of antigens
would substantially increase diagnostic testing costs associated with
the time and materials required for antigen growth in cell culture fol-
lowed by IFA slide preparation, increased IFA conjugate requirements,
and substantially increased technician time for interpretation of each
antigen preparation. Of the 8 IFA assays examined, seroreactivity
most often was documented to Bq (44%), followed by Bvb Il (38%),
Bvb | (35%), Bvb lll (35%), and Bh SA2 (24%). In contrast to poor anti-
genic sensitivity, IFA specificity to the panel of 8 antigens was at least
85% in 26 Bartonella spp. PCR-negative dogs. Similar to the findings
reported in previous studies,*® our study documented a lack of agree-
ment between infection (PCR or BAPGM culture/PCR) and IFA seror-
eactivity (infection or exposure).

Among the subset of PCR-positive/IFA seroreactive dogs, 90%
(19/21) would have been identified if tested using only the Bvb Il and
Bq IFA assays, but 13 Group | dogs were not Bvb Il or Bq seroreactive,
further illustrating IFA sensitivity limitations. Clinically, Bq and all
4 Bvb genotypes have been isolated or detected in dogs or humans
with endocarditis, myocarditis, and neurological diseases.?¢2?732-
Although Bvb | was the first Bartonella spp. isolated from a dog, Bvb Il
was subsequently found to be a more frequent infection in dogs and
humans tested in our diagnostic (dogs) or research laboratory
(humans).2?*2 Bq has been isolated from 2 dogs with endocarditis,>®
from Ctenocephalides felis, the common cat and dog flea,** and from a
woman and subsequently from the feral cat that bit her.%® Collec-
tively, these and other observations suggest that the epidemiology of
Bg in dogs, a historically important Bartonella spp. that caused Trench
Fever in WWI, should be reassessed, particularly in light of the possi-
bility that cat fleas and head lice, as well as the human body louse
may transmit this organism.3¢%7

Despite testing dogs against 3 different Bh strains, only 10% of
the 20 Bh PCR-positive dogs were Bh IFA seroreactive, which is even
less than noted in a previous study® in which only 25% of Bh-infected
dogs were Bh IFA seroreactive to a single Bh strain. In contrast to the
Bh IFA results, 9 of 20 Bh bacteremic dogs were seroreactive (IFA
titers 21:64) to at least 1 of the 3 Bvb genotypes, Bq antigens, or both.
Whether these disparate IFA results in Bh PCR-positive dogs reflect
serological cross-reactivity or prior exposure to other Bartonella spp.
is unknown. In contrast to the overall lack of seroreactivity among Bh-
infected dogs, most dogs that were PCR-positive for Br, Bcl, and Bvb ||
were seroreactive to all 8 Bartonella antigens, including reactivity (Bh
titer 21:64) to all 3 Bh strains. Collectively, our results indicate that
seroreactivity patterns in PCR-positive dogs are highly variable and
often do not correlate with the organism that was PCR amplified and
sequenced from their blood.

Previously, we documented a lack of cross-reactivity to Bartonella
spp. antigens when testing sera from dogs experimentally infected
with Rickettsia rickettsii or Ehrlichia canis, 2 organisms that are alpha
proteobacteria phylogenetically closely related to Bartonella spp. in
the evolutionary microbial tree of life.'2*>%8Also, cross-reactivity
among Bh, Bvb, and Bk antigens did not occur in 2 dogs infected with

each of these 3 Bartonella spp.2® Canine vector-borne disease (CVBD)
serology results (15 451 diagnostic submissions) generated between
January 1, 2008 and December 31, 2014 at the NCSU-CVM-VBDDL
recently were retrospectively reviewed.>? Bh (2.13%), Bk (2.39%), and
Bvb | (1.42%, P < 0.0001) seroreactivities among dogs tested because
of suspicion of a vector-borne disease were low, further supporting
the specificity of Bartonella spp. IFA testing.

In an effort to further examine IFA specificity, we assessed sera
from 26 dogs that were PCR-negative/IFA-negative to our panel of
vector-borne pathogens and IFA nonseroreactive to the 3 Bartonella
spp. (Bh SA2, Bvb |, and Bk) used diagnostically in the NCSU-CVM-
VBDDL. When tested against the 8 Bartonella antigens, 85% (22/26)
were not seroreactive to any antigen and no dog was seroreactive to
Bvb | or Bk IFA antigens routinely used for serodiagnostic testing of
dogs in our laboratory. Collectively, our research to date supports low
sensitivity, but relatively good specificity for the historical panel of
Bartonella antigens used in the NCSU-CVM-VBDDL. Interestingly,
3 Group Il dogs were only Bg, Bvb Il, or Bvb lll seroreactive, respec-
tively. If Bg, Bvb Il, or Bvb lll seroreactivity reflects exposure solely to
Bg, Bvb I, or Bvb lll, rather than nonspecific IFA immunofluorescence,
our historical antigen panel has most likely underestimated Bartonella
seroprevalence in dogs.'>* The remaining PCR-negative/IFA-
negative dog was seroreactive to Bvb Il and Ill, Bh H1, and Bh SA2.
This dog was previously reported IFA-negative using the NCSU-CVM-
VBDDL antigen preparations. This finding illustrates that IFA antibody
titers should be interpreted with caution because of variability among
antigen preparations (ie, the species or strain used for testing), immu-
noglobulin conjugates, and the diagnostic technician's interpretation
of specific versus nonspecific immunofluorescence.

Although serology, culture, and PCR remain the mainstays for
diagnosing bartonellosis in dogs, clinicians and diagnosticians should
recognize that each of these assays lacks sensitivity, specificity, or
both.>4%41 These limitations adversely influence seroepidemiological
conclusions; potentially result in the transfusion of Bartonella spp. bac-
teremic donor blood into sick dogs; impede attainment of an accurate
microbiological diagnosis upon which to base-directed therapy; and,
may adversely influence patient outcomes. Although an effective anti-
biotic regimen for the treatment of bartonellosis in dogs has not been
established, treatment failures have been associated with both short-
term and long-term antibiotic administration.?”*? Thus, an accurate
diagnosis of bartonellosis in dogs is critical to facilitate directed anti-
microbial treatment, and to avoid the unnecessary use of antibiotics
that may contribute to antimicrobial resistance.

In conclusion, we report comparative data for 8 cell culture-
grown Bartonella isolates used in IFAs for serodiagnosis of bartonello-
sis. With the rapid expansion of characterized Bartonella spp., many of
which appear to be pathogenic for dogs, a serological assay that con-
firms exposure to any Bartonella spp. would be optimal. Currently,
there are no highly sensitive serological assays to determine if a dog
has been exposed to or is infected with a Bartonella spp. Determining
which Bartonella spp., genotype or strain a dog has been exposed to
may have important epidemiological or zoonotic implications. Based
on existing knowledge, however, these phylogenetic classifications
currently do not influence antibiotic selection, treatment duration, or
prognosis. Increasing the number of Bartonella spp., genotypes or
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strains used in IFA panels is technically time consuming, increases the
cost of diagnostic testing and, based upon the results of our study,
does not substantially enhance overall diagnostic sensitivity. Our find-
ings will be used in future research efforts aimed at improving the ser-
odiagnosis of Bartonella spp. infections in dogs.
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ABSTRACT Bartonella spp. are etiological agents of life-threatening zoonotic dis-
eases in dogs worldwide. Due to the poor sensitivity of immunofluorescent-antibody
assays (IFAs), a reliable serodiagnostic test for canine bartonelloses is of clinical im-
portance. The utility of Western blotting (WB) for the serodiagnosis of canine bartonel-
loses has not been critically investigated. The objective of this study was to characterize
WB immunodominant proteins that could be used to confirm a serodiagnosis of barto-
nelloses. Using agar-grown Bartonella henselae San Antonio type 2 (SA2) whole-
cell proteins, sera derived from four dog groups were tested by WB to assess im-
munodominant protein recognition patterns: group | consisted of 92 serum
samples (10 preexposure and 82 postexposure serum samples) from 10 adult
beagles experimentally inoculated with Bartonella spp., group Il consisted of 36
serum samples from Bartonella PCR-positive naturally infected dogs, group Il
consisted of 26 serum samples from Bartonella PCR-negative and IFA-negative
dogs, and group IV consisted of serum samples from 8 Brucella canis IFA-positive
and 10 Rickettsia rickettsii IFA-positive dogs. Following experimental inoculation,
9 (90%) group | dogs were variably seroreactive to one or more of six specific
immunodominant proteins (13, 17, 29, 50, 56, and 150 kDa). There was a strong
but variable recognition of these proteins among 81% of group Il dogs. In contrast,
24/26 group Il dogs were not reactive to any immunodominant protein. In this study,
the sensitivity and diagnostic accuracy of B. henselae SA2 WB were higher than those of
B. henselae SA2 IFA testing. Some B. henselae SA2 immunodominant proteins were rec-
ognized by dogs experimentally and naturally infected with Bartonella spp. other than B.
henselae. Additional research is necessary to more fully define the utility of WB for the
serodiagnosis of canine bartonelloses.

KEYWORDS serology, zoonosis, vector borne, Western blotting, antigen, Bartonella
henselae

pecies of Bartonella, a genus of Gram-negative bacteria, are etiological agents of

acute, chronic, and potentially life-threatening infectious diseases in animals and hu-
mans throughout the world. Bartonella-associated disease manifestations in humans in-
clude cat scratch disease (CSD), endocarditis, myocarditis, bacillary angiomatosis, epistaxis,
vasculitis, thromboembolism, polyarthritis, granulomatous lymphadenitis, and peliosis
hepatis and a spectrum of neurological symptoms (1-4). Canine bartonelloses are associ-
ated with similar pathologies, serious morbidity, and, at times, mortality (5-7). Serology is
the primary modality used for the diagnosis of bartonelloses in dogs and human patients
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(8, 9). Historically, serological methods, such as immunofluorescent-antibody assays (IFAs),
have provided the most practical and least invasive means of deriving a clinical diagnosis.
However, poor IFA sensitivity often leads to false-negative serological results in dogs and
humans, in whom infection can be confirmed by culture or PCR testing (9-11). For example,
antibodies were not detected by IFAs in the majority (75%) of Bartonella henselae-infected
dogs (11). In addition, testing of serum samples from Bartonella PCR-positive dogs (n = 34)
against a panel of eight Bartonella IFA antigens, including three B. henselae strains, did not
substantially improve the sensitivity (10). Thus, in the clinical setting, negative IFA results
should be interpreted with caution.

Western blotting (WB) has been used for the serodiagnosis of bartonelloses in
humans; however, the utility of WB for the serodiagnosis of canine bartonelloses has
not been critically investigated. A study investigating the utility of B. henselae WB using
serum samples from 92 human patients clinically suspected of cat scratch disease (CSD)
documented a higher sensitivity of WB (53.5%) than of IFA (28.3%) (12). Investigators
reported a 100% sensitivity of WB when it was used to diagnose blood culture-negative
endocarditis in humans (3).

We hypothesized that B. henselae WB would be more sensitive than the B. henselae
IFA for the serodiagnosis of bartonelloses in dogs. Our three specific objectives were (i)
to define Bartonella immunodominant proteins recognized by sera from dogs experi-
mentally and naturally infected with Bartonella spp., (i) to characterize the WB patterns
that could be used for the serodiagnosis of canine bartonelloses, and (iii) to compare
the sensitivity and the specificity of B. henselae WB and B. henselae IFA.

MATERIALS AND METHODS

Group | (10 dogs experimentally infected with Bartonella spp.). Sera from dogs that were
inoculated intradermally with blood agar plate-grown Bartonella spp. as described previously (13) were
provided by Bruno Chomel, School of Veterinary Medicine, University of California, Davis, CA. This study
was approved by the UC Davis Institutional Animal Care and Use Committee (13). In brief, 6 adult beagles
were inoculated with B. henselae (strain 94022, isolated from a cat experimentally infested with fleas).
Two dogs each were intradermally infected with inocula of 1.1 X 10° CFU/ml, 6.3 X 107 CFU/ml, and
2.4 X 10 CFU/ml. Two dogs receiving 6.3 X 107 CFU/ml were reinoculated with B. henselae strain 94022
at 6.6 X 107 CFU/ml at 40 days after the initial B. henselae inoculation. Two beagles were inoculated with
Bartonella vinsonii subsp. berkhoffii type Il (strain Coyote 15). After 7 months, two of the B. henselae-
inoculated dogs were inoculated with Bartonella rochalimae (strain Coyote 004). Prior to the initial
inoculation, all dogs were Bartonella PCR negative and seronegative and seroconverted within 2 weeks
postinoculation. Dogs inoculated with B. vinsonii subsp. berkhoffii type Il and B. rochalimae, Bartonella
spp. for which dogs may be reservoirs, became bacteremic, whereas blood cultures were negative for B.
henselae-inoculated dogs (13). A total of 92 serum samples sequentially collected from each dog prior to
and following inoculation of the Bartonella spp. were used in this study. Sera from eight time points were
tested (Table 1).

Group Il (36 Bartonella PCR-positive naturally infected dogs). Serum samples from 36 naturally
exposed Bartonella PCR-positive dogs, 34 of which were reported on in a previous study (10), were tested
by B. henselae WB. Based upon PCR amplification/DNA sequencing results, these dogs were infected with
B. henselae (n = 22), B. vinsonii subsp. berkhoffii (n = 8), B. rochalimae (n = 2), Bartonella koehlerae (n = 2),
Bartonella quintana (n = 1), and Bartonella clarridgeiae (n = 1).

Group lIl (26 Bartonella PCR-negative and IFA-negative dogs). Sera from group Ill dogs, reported
on in a previous study of the IFA (10), were selected from the North Carolina State University (NCSU)
College of Veterinary Medicine (CVM) Vector Borne Diseases Diagnostic Laboratory (VBDDL) archives. In
an effort to identify dogs with minimal or no vector exposure, these sera were selected on the basis of
negative serological and PCR assay results. All 26 dogs had previously tested IFA negative (titers, =1:16
screening dilution) for three Bartonella spp. (B. henselae, B. vinsonii subsp. berkhoffii, and B. koehlerae). In
addition, these dogs were not seroreactive to Anaplasma, Babesia canis, Borrelia burgdorferi, Rickettsia
rickettsii, or Ehrlichia antigens by IFA or a commercial enzyme-linked immunosorbent assay (ELISA; SNAP
4Dx*; Idexx Laboratories, Westbrook, MI) and were PCR negative for Bartonella, Babesia, Ehrlichia,
Anaplasma, Rickettsia, Mycoplasma, and Leishmania (NCSU, VBDDL, Raleigh, NC). Therefore, these dogs
were presumably considered to be unexposed to Bartonella spp.

Group IV (8 Brucella canis IFA-positive and 10 Rickettsia rickettsii IFA-positive dogs). To further
assess specificity, Brucella canis (n = 8)- or R. rickettsii (n = 10)-seroreactive dog sera were tested by WB.
Sera from Brucella canis IFA- and ELISA-positive dogs, kindly provided by Andrew Johnson, Veterinary
Medical Research and Development, Inc,, or R. rickettsii IFA-positive dogs, obtained from the NCSU
VBDDL, were tested, as these are two important intracellular pathogens belonging to the class alpha-
proteobacteria, the members of which are phylogenetically related to the genus Bartonella. These sera
were screened for the presence of antibodies to B. henselae San Antonio type 2 (SA2), B. vinsonii subsp.
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berkhoffii type |, and B. koehlerae by IFA using cell culture-grown B. henselae SA2, B. vinsonii subsp.
berkhoffii type |, and B. koehlerae antigens and by B. henselae SA2 WB at NCSU.

IFA. Group | dogs’ sera were tested for the presence of Bartonella antibodies using an immuno-
fluorescent-antibody assay (IFA) or enzyme-linked immunosorbent assay (ELISA) in a previous study (13).
In brief, Bartonella antibody titers were determined for 6 B. h lae- and 2 B. rochali inoculated dogs
by IFA using the inoculation strain type, as described previously (13). For B. vinsonii subsp. berkhoffii type
ll-inoculated dogs, an ELISA was performed to assess seroconversion, as described previously (13). To
compare WB and IFA results for group | dogs, serum samples from six B. henselae-inoculated dogs were
tested for the presence of Bartonella antibodies at the NCSU laboratory by IFA using as the antigen cell
culture-grown B. henselae SA2, the same strain that was used for WB analysis in this study. Due to
inadequate serum volumes, NCSU B. henselae SA2 IFA results were not available for B. vinsonii subsp.
berkhoffii type Il- and B. rochalimae-inoculated dogs.

IFA results for group Il (PCR-positive) and group Ill (PCR-negative and IFA-negative) dogs were
reported in a previous study from the NCSU laboratory (10). These sera were tested by the IFA using eight
Bartonella antigens. IgG titers of =1:64 were considered positive for Bartonella exposure. Based on an IFA
using eight Bartonella antigens, 58% (21/36) of Bartonella PCR-positive group Il dogs were seroreactive
to at least one of the eight Bartonella antigens, whereas 25% (9/36) were seroreactive to at least one of
three B. henselae antigens (B. henselae California-1, B. henselae Houston-1, and B. henselae SA2). Only 8
(22%) group Il dogs were IFA positive for B. henselae SA2. Twenty-six group lll dogs were negative on
initial diagnostic IFA screening for B. henselae SA2, B. vinsonii subsp. berkhoffii type |, and B. koehlerae
antibodies, and 4 of these dogs were IFA positive for one or more of the eight Bartonella antigens: one
dog each was IFA positive for B. vinsonii subsp. berkhoffii type Il, B. vinsonii subsp. berkhoffii type Ill, or
B. quintana, and the fourth dog was B. vinsonii subsp. berkhoffii type |l, B. vinsonii subsp. berkhoffii type
Ill, B. henselae California-1, B. henselae Houston-1, and B. henselae SA2 seroreactive.

PCR amplification, BAPGM enrichment blood culture, and DNA sequencing. For group | dogs, a
Bartonella PCR targeting the gltA gene was performed using a previously described PCR methodology
(14) on DNA extracted from Bartonella blood agar plate isolates (Bruno Chomel, personal communica-
tion). Bartonella PCR was not performed on whole blood for group | dogs (13). EDTA-anticoagulated
samples from group | and IV dogs were not available for enrichment culture testing on Bartonella
alphaproteobacterium growth medium (BAPGM).

For group Il and IIl dogs, blood samples were processed in BAPGM for up to 21 days as previously
described (8). Genomic DNA was extracted from EDTA-anticoagulated blood specimens using an
automated robotic workstation (BioRobot M48; Qiagen, Valencia, CA) according to the manufacturer’s
protocol. DNA extracted from blood and BAPGM subcultures was tested using Bartonella genus-specific
PCR primers targeting the intergenic transcribed spacer (ITS) region as previously described (8). Contig
Express software and Align X software (Vector NT Suite 10.1; Invitrogen Corp., CA, USA) were used for
chromatograph evaluation and sequence alignment. /n silico analyses of DNA sequences were performed
using the NCBI BLAST program (version 2.0) for the identification of bacterial species and strain.

Preparation of B. h lae SA2 whole-cell p! ins for WB. An isolate of B. henselae SA2 (NCSU
strain 95 FO-099), obtained from a naturally infected cat (15), was used for the WB antigen preparations
in this study. The B. henselae SA2 stock used for WB antigen preparation had not been passaged more
than 3 times. The B. henselae SA2 strain has been the most frequently identified B. henselae strain isolated
or PCR amplified from clinical specimens from sick dogs tested in the NCSU CVM VBDDL. B. henselae SA2
was cultivated on Trypticase soy agar plates supplemented with 5% defibrinated rabbit blood (BBL,
Cockeysville, MD). The plates were incubated for 5 to 7 days at 35°C in the presence of 5% CO, and 99%
relative humidity. B. henselae SA2 whole-cell proteins were extracted by harvesting 5- to 7-day-old
colonies in 300 ul of the B-PER reagent (Pierce, Rockford, IL). The contents were vortexed vigorously until
the cell suspension was homogeneous. Soluble proteins were collected by centrifugation at 13,000 rpm
(13,793 X g) for 5 min. The protein concentrations of B. henselae SA2 lysates were determined by the
bicinchoninic acid (BCA) method (Pierce, Rockford, IL), with bovine serum albumin used as a standard.
The whole-cell protein lysates were stored in 50 ul aliquots at —80°C until use.

SDS-PAGE and WB. B. henselae SA2 whole-cell proteins (1.5 mg/ml) from frozen stocks were
suspended in an equal volume of 1X sample buffer (62.5 mM Tris hydrochloride [pH 8.0], 2% sodium
dodecyl sulfate [SDS], 5% 2-mercaptoethanol, 10% glycerol, 0.02% bromophenol blue; Bio-Rad, Hercules,
CA) and heated for 5min at 100°C. The denatured proteins were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) in Criterion precast gels, using 4 to 15% gradient polyacrylamide Tris-glycine
precast midigels (Bio-Rad, Hercules, CA), at a constant current (100 V) for 1 h 50 min in 1X running buffer
(25 mM Tris, 192 mM glycine, 0.1% SDS). A prestained broad-range (10- to 250-kDa)-molecular-weight
protein marker (Bio-Rad, Hercules, CA) was used as a standard.

For SDS-PAGE analysis, fractionated proteins were visualized by staining the gel overnight with
Bio-Safe Coomassie brilliant blue (Bio-Rad, Hercules, CA). Each batch of B. henselae SA2 proteins, which
were used at concentrations of 15 and 30 g per lane, was tested by SDS-PAGE to evaluate the
reproducibility of immunogenic protein separations. B. henselae SA2 whole-cell protein profile analysis by
SDS-PAGE revealed numerous proteins, with their molecular sizes ranging from 12 kDa to 250 kDa. Based
on analyses of Coomassie brilliant blue-stained SDS-PAGE gels, proteins of 13, 22, 25, 31, 39, 41, 56, 62,
68, 75, 84, 94, and 250 kDa were present at a higher intensity, as indicated by the blue arrows in Fig. S1
in the supplemental material.

For WB, fractionated proteins were electrophoretically transferred to 0.2-mm-pore-size polyvi-
nylidene fluoride (PVDF) membranes at 100 V for 1 h 30 min at 4°C in an electrophoretic transfer cell
(Criterion blotter; Bio-Rad). The membranes were transiently stained with ponceau S (Sigma-Aldrich, St.
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Louis, MO) to verify adequate protein transfer. After transfer, the membranes were blocked overnight at
4°C with 5% nonfat dry milk in 1X Tris-buffered saline containing 0.05% Tween 20 (1X TBS-T). After
overnight blocking, the membranes were incubated with dog serum diluted 1:200 in 1X TBS-T contain-
ing 3% nonfat dry milk at room temperature for 1 h. The blots were washed five times with 1x TBS-T.
Bound antibodies were detected with alkaline phosphatase (AP)-conjugated goat anti-dog whole IgG
(Abcam, Cambridge, MA) diluted at 1:35,000 in 1X TBS-T containing 3% nonfat dry milk and incubated
at room temperature for 1 h. After washing 5 times with 1 TBS-T (as described above), a colorimetric
detection method was used with the addition of a commercially available substrate solution containing
nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP;
Pierce, Rockford, IL). The color development time was optimized to be between 35 and 50s. The blots
were rinsed for 15 min using sterile distilled water and imaged. Image acquisition was performed using
a ChemiDoc imaging system (Bio-Rad, Hercules, CA). Size estimates of B. henselae SA2 immunogenic
proteins and blots were analyzed with Image Lab software (version 4.1; Bio-Rad, Hercules, CA).

WB assay optimization. Antigen and antibody concentrations were optimized using a checkerboard
titration assay. Briefly, 5 ul of B. henselae SA2 antigen at a concentration of 15 ug was spotted onto PVDF
membranes. The spots were allowed to dry at room temperature. After drying, the membranes were
sliced into individual strips. The strips were then blocked overnight with 5% nonfat dry milk in 1 TBS-T.
After overnight blocking, each strip containing antigen (15 1g) was treated with different dilutions
(1:100, 1:200, 1:500, 1:1,000) of primary antibody (a positive-control serum sample from a naturally
exposed dog with a B. henselae 1gG titer of 1:1,024) in 1X TBS-T containing 3% nonfat dry milk. A
negative-control dog serum sample (B. henselae, B. vinsonii subsp. berkhoffii, and B. koehlerae 19G IFA
titers, <1:16) was chosen from the VBDDL archives. These serum samples were also seronegative for
other canine vector-borne pathogens included in the VBDDL diagnostic panel described above. The
strips were incubated at room temperature for an hour. After incubation, the strips were washed five
times for 10 min each time with 1X TBS-T. After washing, secondary antibody (alkaline phosphatase
[AP]-conjugated goat anti-dog whole IgG) was added at serial dilutions (1:5,000, 1:10,000, 1:35,000, and
1:50,000) in 1X TBS-T containing 3% nonfat dry milk. The strips were then incubated at room temper-
ature for an hour. After incubation, the strips were washed as described above with 1X TBS-T.
Additionally, a commercially available mouse monoclonal antibody (monoclonal antibody H2A10) to B.
henselae (Abcam, Cambridge, MA) diluted 1:500 in 1X TBS-T containing 3% milk was used as an
additional positive control, with horseradish peroxidase (HRP)-conjugated goat anti-mouse whole IgG
(Jackson Immunoresearch Laboratories, West Grove, PA) being used as the secondary antibody. After the
washings with secondary antibody, the membrane strips were developed using a commercially available
BCIP-NBT solution. Image acquisition was performed using a ChemiDoc imaging system (Bio-Rad,
Hercules, CA). The blots were analyzed with Image Lab software (version 4.1; Bio-Rad, Hercules, CA). The
checkerboard titration assay was also repeated using 25 g and 50 g of antigen.

Based on the checkerboard optimization results (data not shown), WB testing was performed using
15 pg/lane of B. henselae SA2 whole-cell proteins, primary antibody at 1:200, and secondary antibody at
a 1:35,000 dilution in 3% 1 TBS-T milk solution to obtain an acceptable signal precision with minimal
or no background.

Statistical analysis. To compare the serological results obtained from B. henselae SA2 WB and B.
henselae SA2 IFA for the three groups, the positive, negative, and overall percent agreements between
WB and IFA were calculated as described previously (16). Due to a lack of residual serum volumes, B.
henselae SA2 IFA serology results were not available for 4 group | dogs, 2 each inoculated with B. vinsonii
subsp. berkhoffii type Il or B. rochalimae. Therefore, only 6 B. henselae-inoculated group | dogs were
included in the WB and IFA comparison.

To propose WB criteria, the sensitivity, specificity, and positive predictive values for six B. henselae
immunodominant proteins were calculated as described previously (16), using group Il and Ill dogs’ WB
results. Also, for calculation of the sensitivity, specificity, and diagnostic accuracy for B. henselae SA2 WB
and B. henselae SA2 IFA, only group Il and group Ill dogs were used since comparable Bartonella PCR (on
blood), BAPGM enrichment culture, and B. henselae SA2 IFA results were not available for group | and
group IV dogs. The results for group IV dogs were not analyzed statistically.

RESULTS

WB seroreactivity among group | dogs. Despite being IFA or ELISA negative, 2
group | dogs (10 dogs experimentally infected with Bartonella spp.) were B. henselae WB
seroreactive prior to inoculation (Table 1). Sera from one dog (dog 6GCB4) reacted with
13-, 17-, 25-, 27-, and 183-kDa proteins, whereas the other dog (dog 6GCB6) was
reactive only with a 29-kDa protein (Table 1). Following inoculation of the Bartonella
spp., all but one dog developed variable WB seroreactivity, recognizing B. henselae
proteins of 10, 13, 15, 17, 22, 25, 27, 29, 30, 41, 45, 50, 56, 62, 68, 75, 94, 124, 138, 150,
168, 183, and 233 kDa (Fig. 1). One dog (dog 6GCB1) failed to recognize any B. henselae
WB proteins prior to or after B. henselae inoculation.

The WB reactivity patterns using sera from dogs inoculated with high, medium, and low
doses of B. henselae inoculum were compared. Four dogs inoculated with high or medium
doses recognized multiple B. henselae proteins (=5 proteins; Table 1). In contrast, of the two
dogs (dogs 6GCB5 and 6GCB1) receiving a low-dose inoculum, 6GCB5 was reactive to a
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