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ABSTRACT Bartonella henselae causes cat scratch disease and several other clinical
entities. Infections with B. henselae are frequently occurring; however, the infection
is only rarely diagnosed, mainly due to a lack of knowledge in the medical commu-
nity. Microscopic immunofluorescence assays (IFA) are widely used for the serodiag-
nosis of B. henselae infections but are laborious and time-consuming, and interpreta-
tion is subjective. An easy and reliable method for the serological diagnosis of B.
henselae infections is needed to overcome the shortcomings of the current IFA.
Here, we report the development of an ELISA detecting human anti-B. henselae anti-
bodies from serum samples. By separating the water-insoluble fraction of B. henselae
Houston-1 via ion-exchange chromatography, 16 subfractions were generated and
tested for immunoreactivity via line blotting. One particular fraction (fraction 24) was
selected and spotted on ELISA plates using an industrial production platform. By use
of well-characterized human sera from the strictly quality-controlled serum library of
the German National Consiliary Laboratory for Bartonella infections, the sensitivity of
this ELISA was 100% for PCR-proven infections and 76% for clinically suspected in-
fections at a specificity of 93%. This ELISA is therefore a reliable high-throughput
method allowing the serodiagnosis of B. henselae infections.

KEYWORDS Bartonella henselae, serology, IFA, ELISA, development, human,
serodiagnostics

Infections with Bartonella henselae usually result in cat scratch disease (CSD), a benign
and self-limiting but often prolonged lymphadenitis. In immunocompromised pa-

tients (e.g., AIDS patients), B. henselae infections can lead to vasculoproliferative
diseases such as bacillary angiomatosis and peliosis hepatis (1). Cats are the primary
reservoir host of B. henselae, and transmission to humans occurs by cat scratches or cat
fleas (2); the role of ticks in the transmission process of B. henselae has been contro-
versially discussed (3, 4). Regional lymphadenopathy is the predominant clinical feature
of CSD and develops �2 to 3 weeks after inoculation (5). Most often, axillary and
epitrochlear (46%), head and neck (26%), and groin (17.5%) lymph nodes are affected
(6) and are regularly tender, swollen, and suppurating in �13% of the cases (5). Other
symptoms are fever (48%), malaise (45%), and skin lesions at the site of the cat scratch
(25%) (7). B. henselae infections are the third most common reason for fever of
unknown origin (8) and an often ignored pathogen causing “culture-negative” endo-
carditis (2).

Human infections caused by Bartonella spp. are common. Bartonella-specific anti-
bodies are present in �5 to 10% of the population (2, 9, 10). B. henselae infections are
responsible for �14% of all cervicofacial lymphadenopathies (11, 12). Recently, the
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prevalence of B. henselae-specific IgG antibodies was determined to be �40% in
German forest workers (13). In the United States, �6.4 to 9.4/100,000 people suffer from
a newly diagnosed B. henselae infection per year (14). From these numbers, a disease
load of �7,000 cases per year for Germany and of 12,000 for the United States can be
calculated. It is suggested that the number of unrecognized cases is probably much
higher because of insufficient knowledge about this infection in the medical commu-
nity. Additionally, many anti-B. henselae seroreactive patients do not report a history of
CSD, most likely due to a clinically inapparent course of infection.

Methods for the laboratory identification of B. henselae infections include histolog-
ical examination (e.g., Warthin-Starry staining), bacterial cultivation (conventional blood
agar, cell coculture), molecular (PCR), and serological (indirect immunofluorescence
assay [IFA]) approaches (2). The most reliable diagnosis of B. henselae infection is the
direct detection of the pathogen via PCR assays and by laborious cultivation tech-
niques. This approach, however, requires invasive procedures (e.g., biopsy, fine needle
aspiration) to gain adequate patient material (9, 15) and is, therefore, often avoided.

IFA for specific antibodies is the widely used diagnostic method of choice for the
laboratory diagnosis of B. henselae infections. For this purpose, an IFA protocol was
established using whole-cell antigen from B. henselae bacteria cocultivated with Vero
cells (16) and has been only slightly modified since the description of this technique in
the year 1992. Currently, IgG titer levels are internationally accepted to be clearly
positive at titers of �1:200, �1:256, and �1:320, depending on the respective serum
dilution scheme (10). For IgM, the CDC does not give clear anti-B. henselae IgM cutoff
values (10). Previously described anti-B. henselae immunoglobulin ELISAs, however, lack
sensitivity and specificity (5, 15, 17, 18). Nevertheless, an ELISA-based B. henselae
serodiagnostic test would overcome the shortcomings of the time-consuming IFA,
which is, moreover, influenced by interobserver variability. As it allows the automated
handling of a high number of serum samples in parallel (18–20), a B. henselae-specific
ELISA would also allow seroepidemiological studies, which can currently be performed
only on a small scale using classical IFAs (13).

Here, we report the development of a novel, ELISA-based detection method for
anti-B. henselae antibodies. This test was systematically established and evaluated by
the use of well characterized human serum.

MATERIALS AND METHODS
Collection of human sera. Sera of patients were collected routinely by physicians or general

practitioners for medical reasons to confirm or exclude the clinical diagnosis of cat scratch disease or
Bartonella infection and were sent to the German Consiliary Laboratory for Bartonella infections (Frank-
furt am Main, appointed by the Robert Koch Institute, Berlin, Germany). Sera were used for routine anti-B.
henselae IFA testing and for evaluation of the anti-B. henselae ELISA. This procedure was approved by the
ethics committee of the University Hospital Frankfurt (ethics proposal 423/11).

Laboratory characterization of human serum samples. Laboratory testing was performed under
strict quality-controlled criteria (laboratory accreditation according to ISO 15189:2014 standards; certif-
icate D-ML-13102-01-00, valid through 25 January 25 2021) at the Institute for Medical Microbiology and
Infection Control, University Hospital, Frankfurt am Main, Germany. Indirect immunofluorescence assays
(IFAs) were performed using the Bartonella henselae/Bartonella quintana (IgG) kit (Euroimmun, Lübeck,
Germany) with some modifications. Standard serum dilution series from 1:80 to 1:320 and higher were
screened for anti-B. henselae IgG antibodies. The results were considered positive when specific fluores-
cence signals were detected at titers of �1:320. Control sera were considered IFA negative at a titer
of �1:80. Titers in between these values were considered equivocal.

Three categories of human samples were used in this study: (i) samples from patients suffering from
a PCR-confirmed Bartonella infection (n � 10), (ii) samples from patients with a clinically suspected B.
henselae infection based on the medical history (lymphadenopathy and/or cat scratch) and a positive
(�1:320) IFA result (n � 21), and (iii) not further qualified samples from IFA-positive (�1:320) blood
donors (n � 12). IFA-negative serum samples (�1:80) from healthy blood donors were used as controls
(n � 16). For PCR-based detection of Bartonella DNA from human tissue samples, DNA was extracted
using the DNeasy blood and tissue kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. A nested PCR for the detection of the Bartonella 16S rRNA genes was performed as
previously described (21) using the Taq DNA polymerase kit (Invitrogen, Schwerte, Germany). Further, a
PCR detecting the 16S-23S rRNA intergenic transcribed spacer (ITS) region of Bartonella was conducted
using the Platinum Taq polymerase kit (Invitrogen). Positive (B. henselae Marseille [22]) and negative
(water) controls were always included. DNA was amplified in a Biometra T3000 thermocycler. Products
were separated on an agarose gel, stained with ethidium bromide, and visualized under UV light. 16S
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rRNA gene and ITS-PCR products were sequenced (GATC, Constance, Germany) with both forward and
reverse primers to distinguish Bartonella species (23). Sequences were analyzed using the Chromas
software (version 2.6; Technelysium, South Brisbane, Australia) and compared to sequences deposited in
GenBank (https://www.ncbi.nlm.nih.gov/GenBank/).

Bacterial strains and cultivation. For the development of the ELISA described herein, B. henselae
Houston-1 (ATCC 49882 [16, 24]) and B. henselae Marseille (22, 25) were used. In some experiments, B.
henselae San Antonio-3 (designation CHDE161:SA3; kind gift of C. Dehio, Basel, Switzerland [26]) was also
used.

B. henselae was grown from deep-frozen stock samples (�80°C) on Columbia blood agar (CBA;
Becton Dickinson, Heidelberg, German) in a humidified atmosphere at 37°C and 5% CO2. Bartonella liquid
(BaLi) medium (27) was inoculated with �1 � 107 CFU of B. henselae and incubated for 72 h at 37°C and
100 rpm in Erlenmeyer flasks.

Bacterial antigen preparation. B. henselae bacterial cells were harvested by centrifugation for 15
min at 4,990 � g at 4°C and washed once with phosphate-buffered saline (PBS; Thermo Fisher Scientific,
Darmstadt, Germany). Pellets were resuspended in PBS containing 1 mM EDTA (Thermo Fisher Scientific)
and 4 mM Pefabloc (Roche Diagnostics, Mannheim, Germany). Cell disruption was performed with a
homogenizer (Miccra GmbH, Müllheim, Germany) on ice. The resulting suspension was treated with 100
�g/ml gentamicin (Thermo Fisher Scientific) and stored at �20°C. The absence of viable bacteria was
determined by cultivating 20 �l of the bacterial suspension on Columbia agar plates for 14 days. The
suspension was divided into a PBS-soluble fraction and a PBS-insoluble fraction by centrifugation for 10
min at 11,300 � g at room temperature. The supernatant was collected (soluble part) and the pellet
(insoluble part) was washed three times with PBS before it was resuspended in 8 M urea (Sigma-Aldrich,
St. Louis) with 20 mM Tris (Sigma-Aldrich) at a pH 8.0.

IEX. All samples were filtered through a 0.45-�m filter (Sartorius, Göttingen, Germany) prior to use.
Ion-exchange chromatography (IEX) was done with an anion-exchange column (HiPrep Q HP 16/10; GE
Healthcare, Chicago, IL, USA) on an Äkta Start system (GE Healthcare). Samples were loaded onto the
column in 20 mM Tris buffer, pH 8.0. Buffer for the insoluble fraction in PBS contained, in addition, 8 M
urea. After the unbound proteins were washed out, elution was performed using a linear sodium chloride
(Merck, Darmstadt, Germany) gradient from 0 to 1 M. A new fraction was collected every 5 ml.

Line blotting. Line blots were used to find IEX fractions containing immunodominant antigens by
using reactive human sera. Fractions from the IEX were printed directly from IEX samples without any
further processing on nitrocellulose membranes (GE Healthcare) with a dispenser (FrontLine HR micro-
liter contact; BioDot, Irvine, CA, USA) with 0.7 �l/cm and air dried. Membranes were cut into 3-mm strips
and stored at 4°C until use. Strips were equilibrated in sample dilution buffer (NovaTec Immundiagnos-
tica, Dietzenbach, Germany) for 5 min prior to use. IFA-positive and IFA-negative human samples were
diluted 1:100 (a broadly used standard dilution for Western blotting in serodiagnostics) with sample
dilution buffer, and strips were incubated for 1 h, followed by a 30-min incubation with NovaLisa
conjugate based on horseradish peroxidase (HRP)-coupled protein A/G (NovaTec Immundiagnostica).
After each incubation step, the strips were washed three times with washing buffer (NovaTec Immun-
diagnostica) and developed with 3,3=,5,5=-tetramethylbenzidine (TMB) solution (NovaTec Immundiag-
nostica) for 10 min; this was stopped by washing with distilled water. All steps were performed on a
rocking platform at room temperature. Quantification of signals from scanned line blots was done using
ImageJ software (1.48v; http://rsb.info.nih.gov/ij/index.html).

ELISA procedures. Medium-binding 96-well ELISA plates (Greiner, Nürtingen, Germany) were coated
with all fractions (0.1 �g/well) overnight at 4°C and blocked with bovine serum albumin (BSA) in PBS.
Plates were stored at 4°C until use. Samples were diluted 1:100 in sample dilution buffer (NovaTec
Immundiagnostica) prior to application onto the ELISA plate and incubated for 1 h at 37°C, followed by
30 min of incubation at room temperature with NovaLisa antibody conjugate (NovaTec Immundiagnos-
tica), which was also used for the line blots. After each incubation step, the wells were washed three
times with washing buffer (NovaTec Immundiagnostica). Development was done with 100 �l TMB for 15
min and stopped by adding the same amount of stop solution (NovaTec Immundiagnostica). The results
were measured at 450 nm in a plate reader (Anthos Labtec Instruments, Wals-Siezenheim, Austria).
Values of strongly positive samples above an optical density of 3.0 (the limit of the device) were set to
3.0. All measurements were performed in duplicate.

Western blot analysis. Proteins for Western blot analysis were concentrated and desalted by
chloroform-methanol precipitation (28) and dissolved directly in SDS sample buffer after drying. SDS-
PAGE was performed in a 12% acrylamide gel. To obtain a consistent gel for the Western blots, the
sample was loaded in one 7.4-cm-wide pocket next to the prestained protein marker (AppliChem GmbH,
Darmstadt, Germany) and separated for 30 min at 60 V. Proteins were transferred via semidry blotting to
a nitrocellulose membrane for 60 min with 1 mA/cm2 and cut in 3-mm strips. The outer lines at the side
of the blot were not used for Western blots. Further treatment was performed as described for the line
blots above.

Statistics. All experiments were performed at least two times. As variances within the groups were
not normally distributed according to the Shapiro-Wilk normality test, differences between experimental
and control groups were analyzed by an unpaired t test with Welch’s correlation. A P value of �0.05 was
considered statistically significant. Ratios were defined as the quotient of the mean value for patient sera
and the mean value for control sera. Differences were defined as the lowest value (e.g., integrated image
density) for patient sera minus the highest value for control sera.
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RESULTS
Determination of B. henselae protein composition for ELISA-based serodiag-

nostics. There is no consensus about which particular B. henselae strain should be used
for serodiagnostics of B. henselae infections. Therefore, two different strains (B. henselae
Houston-1 and B. henselae Marseille) were evaluated in parallel in the first steps for
identifying a functional ELISA antigen composition. An antigen purification strategy
allowing for later integration into an industrial manufacturing process of ELISAs was
chosen, and both water-soluble and water-insoluble protein compositions were en-
riched. Crude extracts were separated into water-soluble and water-insoluble fractions
and coated on ELISA plates. In a first step, binding of anti-B. henselae-directed anti-
bodies was analyzed by using highly IFA-positive (�1:1,280) and IFA-negative (�1:80)
sera, and the respective ELISA (Fig. 1) demonstrated for both strains that the water-
soluble protein composition revealed a better discrimination between IFA-positive and
-negative sera than did that of the water-insoluble proteins (B. henselae Houston-1
ratio, 7.88 versus 5.69; B. henselae Marseille ratio, 13.7 versus 4.27, respectively).

Selection of a functional protein composition for anti-B. henselae ELISA. For
optimization of the presumptive Bartonella ELISA antigen, the water-soluble proteins of
B. henselae Marseille and the water-insoluble proteins of B. henselae Houston-1 were
used for further antigen processing by IEX and subsequent line blot analysis. The
fractioning and line blot analysis of B. henselae Marseille and, later on, of single fractions
by ELISA did not result in an increased performance compared with that of crude
protein preparations (data not shown) and was therefore not followed up. In contrast,
it was possible to separate the water-insoluble fraction of B. henselae Houston-1 by IEX
into 40 subfractions representing the peak areas for analysis of immunoreactivity with
IFA-positive human sera. Fractions with no peak (fractions 1 to 5 and 13 to 18) were
collected but not printed on line blots. Fractions 6 to 12 and 19 to 26 were printed on
line blots and evaluated for seroreactivity. Fractions 27 to 40 showed only minor

FIG 1 Optical density results of ELISAs (human sera) using crude extracts from different B. henselae
strains. Crude protein extracts were prepared from B. henselae Houston-1 and B. henselae Marseille as
described in Materials and Methods. ELISA plates were coated with 1.0 �g/ml protein extract. ELISAs
were performed with samples of highly positive sera (IFA � 1:1,000) and IFA-negative control sera (each,
n � 6). Upper row, PBS-insoluble fraction; lower row, PBS-soluble fraction. Bars represent the mean
values.
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reactivity in line blots and were not further analyzed (data not shown). Figure 2A shows
the chromatogram obtained by IEX from the water-insoluble fraction of B. henselae
Houston-1. Only peak-containing fractions were used for subsequent line blot analysis
(Fig. 2B). From these fractions, fraction 11 had the highest ratio between IFA-positive
and control sera, whereas fraction 24 showed the highest difference, discriminating the
most weakly reacting IFA-positive serum from the most strongly reacting IFA-negative
serum.

Next, ELISA plates were coated with fractions 11 and 24 and tested with IFA-positive
and IFA-negative sera. Results were compared with data from ELISA plates coated with
the crude insoluble antigens from B. henselae Houston-1, which were tested with the
same sera (Fig. 3). Fractions 11 and 24 showed a significantly improved discrimination
of IFA-positive and IFA-negative sera in an ELISA format (fraction 11, P � 0.0088;

FIG 2 Ion-exchange chromatography (IEX) of the insoluble fraction of B. henselae Houston-1 and line blot analysis of the respective
fractions by using human reactive sera. (A) Chromatogram of the IEX with the PBS-insoluble antigens from B. henselae Houston-1.
Shown are the UV signal (solid line) and the gradient for elution (dotted line). Arrows indicate fraction 11 and fraction 24. (B) Line blots
with fractions collected after the IEX. Blots were incubated either with IFA-positive patient sera (n � 7, left) or with IFA-negative sera
(n � 6, right). The row with the best ratio (fraction 11) and with the best difference (fraction 24) are marked with arrows. (C)
Visualization of the reactivity of the line blots with human sera by heat maps. Values are shown ranging from no binding (green) to
maximum binding (red). Numbers at the side indicate the number of the particular IEX fraction (ce, crude extract).
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fraction 24, P � 0.0001) compared to that of the crude antigen preparation (P �

0.0320). Based on these findings, it was concluded that IEX fraction 24 from the
water-insoluble fraction of B. henselae Houston-1 harbors the most promising protein
composition for further ELISA development.

ELISA performance characteristics of the IEX fractions. To analyze the specifici-
ties and sensitivities of fractions 11 and 24, a receiver operating characteristic curve
(ROC) analysis was performed. The results for ELISA plates coated with the antigen
compositions of the insoluble part of B. henselae Houston-1 fraction 11, fraction 24, and
also the crude extract are depicted in Fig. 4. A ROC analysis was used to adjust the
cutoff at an optical density (OD) of 0.5 and revealed that fraction 11 shows a sensitivity
and specificity of 85% and 93%, respectively, and that fraction 24 shows a sensitivity
and specificity of 100% (for PCR-proven infections) and 93%, respectively. In contrast,
the crude protein extract of the water-insoluble protein fraction showed only a sensi-
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FIG 3 Immunoreactivity of IEX fractions 11 and 24 compared to that of crude extracts from B. henselae
Houston-1. Antigens were prepared as crude extracts (see Materials and Methods) and purified by IEX,
resulting in fractions 11 and 24 (see Fig. 2). ELISA results above the range (OD � 3.0) were set to 3.0. ODs
obtained with patient sera (IFA positive) were compared to ODs from control samples (IFA negative). P
values between IFA-positive and IFA-negative samples are given within the figure.

FIG 4 Receiver operating characteristic (ROC) curve analysis of B. henselae Houston-1 pellet and fractions
11 and 24. Results of ELISAs using three different antigen compositions derived from B. henselae
Houston-1 (crude pellet, fraction 11, and fraction 24) are shown. IFA-positive (n � 13) and IFA-negative
(n � 14) sera were tested on three different ELISA plates. Values are depicted in a ROC diagram according
to sensitivity (true-positive rate) and 1 � specificity (false-positive rate). Curves represent the PBS-
insoluble crude pellet (dotted line, white circles), fraction 11 (dashed line, white diamonds), and fraction
24 (solid line, black squares).
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tivity and specificity of 85% and 86%, respectively. Thus, fraction 24 from the water-
insoluble protein composition of B. henselae Houston-1 seems to represent the most
suitable B. henselae ELISA antigen composition.

In the next step, the composition of fraction 24 harboring immunodominant pro-
teins was explored in greater detail. Proteins of fraction 24 were separated by SDS-
PAGE, and Western blot analysis was performed with IFA-positive and IFA-negative
human sera (Fig. 5), revealing immunoreactive bands at �17 kDa (IFA positive, n � 6/8;
IFA negative, n � 1/8), 35 kDa (IFA positive, n � 8/8; IFA negative, n � 0/8), and 60 kDa
(IFA positive, n � 6/8; IFA negative, n � 0/8). Of the 8 IFA-positive human sera, 4 sera
(sera 3, 4, 5, and 6) reacted with all three bands and the remaining 4 human sera (sera
1, 2, 7, and 8) reacted with two of these three bands. Although there are particular
recurring bands appearing at these protein sizes, the serum of each patient reacted
individually to the antigens of fraction 24. In total, �17 protein bands (sizes between
10 and 130 kDa) seem to react in any of the eight tested IFA-positive sera. Generally,
in the blots from the IFA-negative control sera, virtually no bands were visible.

Performance of the anti-B. henselae fraction 24 ELISA with human sera. To
exclude any influence of the industrially used protein A/G-based conjugate in compar-
ison to anti-human IgG (used in conventional IFA testing), the results of the ELISA were
compared using both detection systems. Fraction 24-coated ELISA plates (0,1 �g/well)
were incubated with human sera (n � 33) with various IFA titers and developed in
parallel using protein A/G conjugate or anti-human IgG. Analysis of the resulting ODs
revealed a strong correlation of the two methods (r2 � 0.98) (Fig. 6), demonstrating that
the protein A/G conjugate (compared with anti-human IgG) is an appropriate conjugate
suitable for industrial use.

Finally, the performance of the herein described ELISA was evaluated. For this
purpose, fraction 24-coated ELISA plates (repeated with three independently produced
IEX preparations) were used to analyze human sera for anti-B. henselae antibodies.
Human sera were categorized into five different groups: (i) IFA-positive sera from
patients suffering from a PCR-proven infection (n � 10), (ii) IFA-positive sera from
patients with a CSD-specific medical history (n � 21), (iii) IFA-positive sera without a
CSD-specific medical history (n � 12), (iv) IFA-positive sera with a low (1:320) IFA titer
(n � 20), and (v) IFA-negative sera (titer, �1:80) (n � 16) (Fig. 7). Remarkably, all
samples from patients with a PCR-proven Bartonella infection were highly positive in
the fraction 24 ELISA (n � 10, 100%), while 16 (76%) of 21 IFA-positive serum samples
from patients with a medically validated Bartonella infection were positive. In the group

FIG 5 (A) Determination of immunogenic proteins within IEX fraction 24. (A) Proteins of fraction 24 were separated
using a 12% denaturing SDS-PAGE gel and blotted onto nitrocellulose membranes. Western blots were incubated
either with IFA-positive patient sera (left) or with IFA-negative sera (right) (each, n � 8). (B) Visualization of the
reactivity of the Western blots with human sera by heat maps. Values are shown ranging from no binding (green)
to maximum binding (red). Categorized areas of protein size are at 17, 19, 25, 33, 45, 59, 74, and 140 kDa.
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of IFA-positive sera from patients without a documented medical history and no PCR
confirmation of the infection, the ELISA detected 10 of the 12 samples (83%) as positive,
while 1 was equivocal (8%). When human sera were analyzed from patients without a
documented CSD-specific medical history and no PCR confirmation of the infection but
with the lowest IFA titer to be categorized as positive (1:320), 30% (n � 6/20) were also
rated positive in the ELISA, whereas 25% (n � 5/20) were equivocally close to the cutoff
and the remaining 45% (n � 9/20) were negative. From the group of IFA-negative
samples, 1 out of 16 samples was positive (6%) in the ELISA and 1 was equivocal.
Analysis of IFA titers (over a titer spectrum of 1:80 up to 1:20,480) revealed a strong
correlation (r2 � 0.92) with the respective ODs (Fig. 8).

DISCUSSION

In this study, we established an anti-B. henselae antibody ELISA suitable for large-
scale serological laboratory diagnosis of human B. henselae infections. By nature, the
widely used IFA is highly laborious, its interpretation is subjective, and the throughput
is small. Therefore, an ELISA represents a significant step forward in improving the
serological diagnosis of B. henselae infections.

Generally, numerous different IFAs are applied in diagnostic laboratories, providing
a simple and reliable method to detect antibodies against a wide variety of pathogens
(e.g., viruses, intracellular bacteria, etc.). Since its first description in 1992 (16), the
serodiagnosis of B. henselae infections based on IFA has not changed much and the
protocol is accepted worldwide. An improved protocol for the generation of B. henselae
IFA using cell culture-derived antigen was distributed by the CDC (10), and B. henselae-
infected Vero cells turned out to be the most feasible antigen since both the sensitivity
(�90%) and the specificity (�95%) of IFA testing were higher than those for agar-
grown bacteria (9, 16). However, the production of B. henselae IFA antigen is compli-
cated: quality-controlled cell cultures (originally using Vero cells [10]) have to be
infected with agar-grown B. henselae (the exact cultivation period on agar is not
known). Next, the respective multiplicity of infection (MOI) of the cell culture flask-
cultivated Vero cells is not exactly defined, and this MOI is also difficult to be deter-
mined in the laboratory. In addition, infected cell cultures need to be cultivated for 24
to 72 h without antibiotics (to allow the growth of the intracellular B. henselae bacteria),
resulting in potential contamination problems. Finally, this coculture antigen of bac-

FIG 6 Comparison of the industrially used protein A/G conjugates and anti-human IgG antibodies in the
fraction 24 ELISA. A spectrum of IFA-positive and IFA-negative sera (n � 33) were tested in parallel with
the B. henselae ELISA plate coated with IEX fraction 24 and the conjugate protein A/G and anti-human
IgG antibodies. Optical densities of each sample were plotted in the diagram according to the respective
conjugate. A line represents the linear regression of all values.
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teria and cells has to be harvested, spotted onto glass slides, and fixed to be stable and
to avoid laboratory infections; again, the exact fixation protocol is not clearly defined.
So, antigen preparation by cell coculture for B. henselae is naturally a difficult task in an
industrial antigen production process.

Two different liquid media for cultivation of Bartonella spp. were described some
years ago: the so-called BAPGM medium (29), which contains �20 different ingredients,
and the so-called BaLi medium (27), which has only three ingredients (Schneider=s
insect cell culture medium, 10% heat-inactivated fetal calf serum, 5% sucrose). Since
BaLi medium is much easier to prepare than BAPGM medium and it has already been
shown that cultivation of B. henselae in BaLi medium does not influence the bacterial
antigen composition (27), we used this medium for antigen preparation for the ELISA
described herein. Compared to cell cultures, liquid B. henselae cultivation allows the
production of large amounts of antigen with reproducible quality in a short time
(�72 h). Antigen production with liquid medium is therefore technically easier, avoids
background signals in fluorescence microscopy arising from the reaction of autoim-
munological antibodies with the cocultivated host cells (e.g., from antinuclear antibod-
ies appearing, e.g., as nuclear dots that look similar to the intracellular perinuclear B.
henselae bacteria [30]), and is, moreover, much cheaper than expensive cell cultures.

Previous B. henselae ELISAs suffered from poor sensitivity (36% to 71%) when the
specificity was set to sufficient levels (�93%) and, therefore, failed to achieve a
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FIG 7 Performance of the B. henselae Houston-1 IEX fraction 24 ELISA with human sera (ntotal � 79).
Results of the ELISA are grouped for IFA-positive sera from patients suffering from a PCR-proven infection
(n � 10), IFA-positive sera from patients with a CSD-specific medical history (n � 21), IFA-positive sera
from patients without a CSD-specific clinical history (n � 12), IFA-positive sera with a low (1:320) IFA titer
(n � 20), and IFA-negative (�1:80) sera (n � 16). Values above the range are set to 60 relative units (RU).
Bars represent the mean value. Values above 11 RU are considered positive (black circles), and values
below 9 RU are considered negative (white circles). Values between 9 and 11 RU are equivocal (white
circles with an X). Respective P values between sample categories are given.
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performance that was competitive with that of IFA testing (5, 15, 17). This precluded the
launch of commercially available ELISAs for the detection of B. henselae antibodies until
the development of the ELISA described in our study. Moreover, the arbitrary selection
of single antigens, excluding all other possibly immunogenic proteins from the first
setup of such assays (e.g., 17-kDa antigen [17, 31]), and, additionally, the expression of
these proteins in Escherichia coli, possibly resulting in unknown posttranslational
modifications (affecting the immunogenicity of these proteins), are further potential
pitfalls in the selection of an appropriate antigen for anti-B. henselae-specific ELISAs. In
our opinion, the restriction to one or two particular B. henselae proteins is a conceptual
mistake in the development of an ELISA, as it has been described several times that sera
of B. henselae-infected patients react with a broad variety of different antigens with a
high interpatient variability (32–34). In the case of IgM, no clear recommendation is
given in the original CDC protocols (10), and because of this, a validated cutoff limiting
the use of IgM ELISAs does not exist.

We decided to use liquid-grown B. henselae Houston-1 for antigen preparation. This
decision was made based on the facts that (i) the water-insoluble fraction of this strain
was superior to the Marseille strain in initial experiments (Fig. 1) and (ii) this strain is
used for the production of commercially available B. henselae IFA antigens. Therefore,
B. henselae Houston-1 antigen in ELISA-based serology should be as similar as possible
to current IFA antigens, allowing a direct comparison of the performance of these two
technologies. Moreover, since we and others were able to demonstrate that in IFA-
positive sera from B. henselae-infected patients, no clear discriminatory bands are
present in Western blots (32–34), we did not rely on an arbitrary selection of antigens
but identified a complex and reproducible protein composition from the water-
insoluble pellet of liquid-grown B. henselae. All of these careful considerations resulted
in an industrially applicable antigen preparation able to be used in large-scale ELISA
production. Finally, the composition of the ELISA antigen used herein from the water-
insoluble compartment of B. henselae should include many different B. henselae pro-
teins (as well as membrane proteins). Currently, we do not know the particular protein
composition of fraction 24. As can be seen in Fig. 5, at least 13 different immunore-
active proteins are present (Fig. 5A, positive samples, lane 5). It will be a future task to
analyze the composition of fraction 24 in detail, e.g., via mass spectrometry. In the
interim, the ELISA described in this study can be used for diagnostic testing and larger
epidemiological studies to further clarify the medical importance of B. henselae.

The ELISA described herein has a sensitivity of 100% when using sera of PCR-proven

FIG 8 Correlation of human serum IFA titers with ELISA ODs of the B. henselae Houston-1 IEX fraction 24
(ntotal � 65). Results are grouped according to the IFA titers (x axis) and relative OD units [(ODsample/
ODcutoff) � 10]. Bars represent mean values. A dashed line represents the linear regression of the mean
values.
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patients and of 76% when using IFA-positive sera from patients with a clinical history
suspicious of a B. henselae infection (Fig. 7). It is important to realize that a clinical
history of lymphadenitis is per se not specific for a B. henselae infection (e.g., CSD) and
neither are positive IFA results specific for B. henselae antibodies, as many IFA cross-
reactivities with lymphadenitis-causing pathogens are known (e.g., Bartonella quintana,
Coxiella burnetii [35], Chlamydophila pneumoniae [36], Ehrlichia chaffeensis, Mycoplasma
pneumoniae, E. coli, Rickettsia spp., and Treponema pallidum [37], and Bordetella pertussis
and Borrelia spp. [38]). Therefore, we think that a correct performance evaluation of our
ELISA is possible only by restricting the test to PCR-proven serum samples or samples
from patients with a conclusive clinical history. This restriction results in 100% sensi-
tivity and 93% specificity, which are the best known performance data of a B. henselae
ELISA. When testing 108 human sera for cross-reactivity (data not shown in detail), we
found 13 sera to be cross-reactive in our ELISA (B. quintana, n � 1/1; Brucella spp., n �

4/7; Chlamydophila pneumoniae, n � 2/16; Coxiella burnetii, n � 0/10; Epstein-Barr virus,
n � 0/13; Mycoplasma pneumoniae, n � 0/26; Treponema pallidum, n � 1/11; Rickettsia
spp., n � 5/11; rheumatoid factor, n � 0/8; and antinuclear antibodies, n � 0/5) that
were previously tested by certified routine laboratory methods. Since cross-reactivity is
a difficult-to-quantify problem in infection serology, the use of certified sera (as done
here) results in only a rough estimation of cross-reactivities for our ELISA. It is obvious
that the given (and many other potential) cross-reactivities must be evaluated broadly
later. It must also be stated that in the group of sera at the anti-B. henselae-positive
threshold (IFA titer, 1:320), five sera were evaluated as equivocal, six sera as positive,
and nine sera as negative in the ELISA. The reason for this heterogenous reactivity in
the ELISA is not clear, but it might be suggested that for sera marginally reaching an
IFA threshold titer of 1:320, some of those sera led to a positive IFA result only by
cross-reactivity. In particular, these sera were not from PCR-proven infections or even
from patients with a clinically suspected B. henselae infection.

The use of the industrially suitable protein A/G as a conjugate did not differ in its
performance in the ELISA in comparison to the anti-human IgG. The use of protein A/G
conjugate allows the manufacturing of ELISAs in a building-block strategy, which is
often used in diagnostic companies to be able to exchange antigens or detection
systems. As already mentioned, there are no clear cutoff values for anti-B. henselae IgM
(10), and, moreover, detection of IgM is only of limited use in B. henselae infections,
which are normally long-lasting. From this, we do not see a medical need to establish
IgM-specific ELISAs. However, as the protein A/G conjugate detects IgM simultaneously
with IgG when present in the serum sample, it is, however, included in the serological
results achieved by the herein-described ELISA.

Taken together, the ELISA described herein is the first ELISA with a sufficient
sensitivity (100% for PCR-proven samples and 76% for clinically suspected samples) and
a high specificity (93%). Compared with cell cultures, the use of liquid media and IEX
is easy to integrate into an industrial manufacturing process. In diagnostic laboratories,
such an ELISA allows the automated, economical, and objective analysis of serum
samples for B. henselae antibodies. From a scientific perspective, a B. henselae ELISA will
allow high-throughput seroepidemiological analyses, which were highly laborious
when using IFA-based technology (13). Finally, our ELISA might also be modified for
later use with other Bartonella species or in the analysis of veterinary serum samples.
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