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Abstract Coxiella burnetii infection is frequently unrecognized or misdiagnosed,
as symptoms generally mimic an influenza-like illness. However, the disease
(Q fever) may result in chronic infection, usually manifesting as potentially fatal
endocarditis. The development of a chronic fatigue-like sequela may also occur.
Infected ruminants are the major reservoir for infection in humans, primarily through
exposure to birth products or aerosols that transmit the bacterium over wide regions.
A vaccine against C. burnetii infection has been in use in Australia for abattoir and
agricultural workers for many years. The possibility of adverse reactions in those
with previous exposure to the agent has prevented its use elsewhere. Subunit
vaccines, utilizing chemical extraction of components thought to cause adverse
reactions, are in development, but none are yet licensed. Others have sought to com-
bine immunogenic peptides with or without selected lipopolysaccharide compo-
nents to produce a vaccine without the possibility of adverse reactions. Selected
immunogenic proteins have been shown to induce both humoral and cellular immune
responses. Although current diagnosis of infection relies on serological testing, the
presentation of specific antibody occurs 7-15 days following the onset of symp-
toms, delaying treatment that may result in prolonged morbidity. PCR detection of
DNA to specific C. burnetii antigens in the blood is possible early in infection, but
PCR may become negative when PII IgG antibodies appear. PCR is useful for early
diagnosis when Q fever is suspected, as in large epidemics, and shortens the delay
in the identification of Q fever endocarditis. Others have combined PCR with ELISA
or other methods to increase the ability to detect infection at any stage. The search
for new diagnostic reagents and vaccines has utilized new methods for discovery of
immunoreactive proteins. DNA analysis of the heterogeneity of C. burnetii isolates
has led to a greater understanding of the diversity of isolates and a means to deter-
mine whether there is a correlation between strain and disease severity. 2-D SDS
PAGE of immunogenic proteins reactive with human or animal infection sera and
mass spectrometric analysis of specific secreted or outer membrane proteins have
identified candidate antigens. Microarrays have allowed the analysis of peptide
libraries of open reading frames to evaluate the immunogenicity of complete
genomes.

Keywords Coxiella burnetii » Antigens ¢ Diagnostics * Immunogenic proteins
* Vaccines

16.1 Coxiella burnetii Infection

Coxiella burnetii causes a worldwide zoonotic disease known as Q fever, an occu-
pational hazard for abattoir and agricultural workers with exposure to cattle, sheep
and goats. While disease in animals is generally not apparent, infected animals
represent a major reservoir for the dissemination of C. burnetii to humans, mainly
via exposure to birth products for farm workers or through aerosols that may transmit
the bacterium over wide regions. The bacterium exists as two infectious forms,
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small spore-like cells and larger vegetative cells, with the small cell variants able to
survive for long periods in the environment. In addition to domesticated animals,
C. burnetii is known to infect wild vertebrates and arthropods. In humans, Q fever
is generally a self-limiting, flu-like illness with characteristic high fever and head-
ache, but may also present as pneumonia, hepatitis, meningoencephalitis, peripheral
thrombosis, myopericarditis, or bone marrow aplasia (Ormsbee and Marmion 1990).
The disease may persist after overt clinical symptoms have subsided and reactivate
with appropriate stress (Baca and Paretsky 1983). Commonly, the disease is unrec-
ognized or undiagnosed, and in many areas, a high percentage of the population has
serological evidence of previous or latent infection (Luoto et al. 1965; Meiklejohn
et al. 1981; Richardus et al. 1987; Wisniewski et al. 1969). Acute disease is readily
treated with antibiotics, although the response to antibiotics may be slow. However,
the disease may manifest as chronic infection in the form of endocarditis or hepati-
tis. These cases may have a poor prognosis and may be associated with suppression
of cell-mediated immunity. Chronic infections have not responded well to antibiotic
regimens, but the best outcome is seen following a combination of chloroquine and
doxycycline administered over 1-2 years (Raoult et al. 1999; Million et al. 2010).
A post-Q fever debility syndrome, with symptoms similar to chronic fatigue syn-
drome, is also recognized and may follow in up to 10% of acute disease cases
(Marmion et al. 2005).

A vaccine to C. burnetii infection is licensed in Australia where large numbers of
infections occurred annually before the implementation of a national vaccination
program. However, the vaccine is not routinely used elsewhere due to adverse reac-
tions that may occur in those with previous immunity, often from undiagnosed
contact with the agent. While a variety of guidelines have been defined for specific
sero-diagnostic strategies, diagnosis of disease is often hampered by serological
evidence of past or latent infection. New methods for detection of acute cases of
C. burnetii in blood using PCR (polymerase chain reaction) are currently restricted
to the limited period before the appearance of IgG antibodies.

16.2 Early Vaccines

Vaccine development against Q fever, primarily prompted by the need to prevent
disease in abattoir and agricultural workers, veterinarians and laboratory research-
ers, has been an active area of research for several decades. Early vaccines prepared
from formalin-inactivated laboratory stocks passed many times in hen’s eggs were
found to be 100-300 times less effective than vaccines made from fresh isolates
(Ormsbee et al. 1964). These findings were corroborated by observations that the
bacterium exists as two antigenic phase variants, known as virulent phase I (PI) and
avirulent phase II (PII), that differ in their ability to protect against infection in a
guinea pig model (Stoker and Fiset 1956; Moos and Hackstadt 1987). Phase varia-
tion in the Nine Mile (NM) strain was found to relate to a large chromosomal dele-
tion (Vodkin and Williams 1986; Hoover et al. 2002; Denison et al. 2007a) leading
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to an irreversible smooth-to-rough mutation in lipopolysaccharide (LPS) O-side
chain expression (Schramek and Mayer 1982) that occurs following passage of the
organism in non-immunologically competent hosts, such as hen’s eggs used for
laboratory propagation (Lukacova et al. 2008).

Early research on Q fever was characterized by outbreaks of disease in labora-
tory workers. The ability to grow large numbers of organisms in chick embryo yolk
sacs allowed the production of a formalin-inactivated whole cell vaccine to protect
laboratory workers. A formalin-inactivated, ether-extracted 10% suspension of yolk
sac (Smadel vaccine) from the Henzerling strain was highly immunogenic in man
and animals (Smadel et al. 1948). This PI whole cell vaccine (WCV-PI) has been
tested extensively for use in animals and humans, but its use is restricted in most
countries due to the prevalence of local and systemic adverse reactions that can
occur primarily in previously sensitized individuals. Nevertheless, studies have
shown WCV-PI to be able to induce humoral and cellular immune responses to
C. burnetii antigens and to prevent Q fever in humans and animals (Benenson 1959).
These vaccines have also prevented shedding of C. burnetii into the environment by
infected animals and offered protection against infertility, abortion and low birth
weight in livestock (Bilberstein et al. 1977; Schmeer et al. 1987; Arricau-Bouvery
et al. 2005). Vaccines utilizing killed PII organisms have not been shown to be
effective to prevent natural infection in animals (Fishbein and Raoult 1992), but
WCV-PI use in animals is not widespread since there is little economic incentive to
eradicate what is generally a subclinical infection (Sawyer et al. 1987). Increased
outbreaks in France, Germany, and the Netherlands have emphasized the impor-
tance of Q fever detection in livestock (Fishbein and Raoult 1992; Hellenbrand et al.
2001; Carrieri et al. 2002; Tissot-Dupont et al. 2007; Enserink 2010). Measures
taken to curb infection of livestock in the Netherlands have included massive
vaccinations of non-pregnant goats with an inactivated NM PI vaccine shown to
reduce shedding and abortion in non-infected animals that unfortunately requires
prior culling of pregnant ewes (CEVA, Libourne, France, Frankel et al. 2011).

An attenuated C. burnetii strain designated Grita M-44, thought to be in PII, was
tested as a vaccine in the former Soviet Union (Genig 1968). It was later abandoned
when studies showed this strain was able to persist in guinea pigs with mild lesions
occurring in heart, spleen and liver, suggesting there could be a reactivation of infection
in vaccinated individuals due to residual PI organisms (Johnson et al. 1976, 1977).

A new generation vaccine for Q fever is required to confer protection against
infection without the necessity to screen for prior immunity before vaccination, as
skin testing of potential vaccinees may result in adverse reactions and is a barrier to
approval for use in the US and elsewhere. Chemical extraction methods were devel-
oped to reduce the adverse effects of whole killed cell vaccines while retaining good
immunogenicity. Initial efforts focused on developing a vaccine from whole killed
cells with the removal of components responsible for sensitization, thought to be
due to PI-LPS. Extraction methods utilized included phenol-water mixtures, dime-
thylsulfoxide (DMSO), formamide, trichloroacetic acid (TCA) and chloroform-
methanol (CM). Kazar et al. tested a TCA-extracted NM PI vaccine in workers
at high risk for exposure to C. burnetii infection in the former Czechoslovakia.
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While a significant antibody response occurred in vaccinated individuals, severe
local and systemic reactions occurred in individuals who had been previously
infected with C. burnetii (Kazar et al. 1982).

A CM-extraction residue vaccine (CMR) from PI Henzerling strain C. burnetii
was developed through a joint effort between Rocky Mountain Laboratories and the
US Army Research Institute for Infectious Disease (Williams and Cantrell 1982;
Williams et al. 1986). This vaccine could be used at higher doses in mice than the
WCV-PI without causing severe adverse reactions. Efficacy of the CMR vaccine has
been shown so far in rodents, sheep and non-human primates (Brooks et al. 1986;
Waag et al. 1997, 2002). Phase one human trials showed it could be safely administered
to human volunteers unscreened for prior immunity at doses of 30 or 60 png. However,
the CMR vaccine was found to still contain some components responsible for
adverse reactions, as higher doses in human volunteers caused reactions qualita-
tively similar to those seen with 30 pg doses of WCV-PI (Fries et al. 1993). A more
recent study showed that a small priming dose given before vaccination with CMR
vaccine is able to prime the immune system to mount an anamnestic response to
C. burnetii (Waag et al. 2008). The production of specific antibody and the activation
of peripheral blood cells by recall antigen in vitro indicated the CMR vaccine could
offer protection to infection in humans.

16.3 Licensed Coxiella Vaccine

Since there are no C. burnetii vaccines that completely eliminate adverse reactions,
none are currently licensed for use in the US. Australia, however, with large numbers
of Q fever cases annually, has inoculated at-risk abattoir workers with formalin-
inactivated WCV-PI made from PI Henzerling strain (Q-Vax, Commonwealth
Serum Laboratories (CSL)) following testing in the 1980s. In 1994, Ackland et al.
showed that the protective efficacy of Q-Vax is nearly 100%, with the duration of
protection greater than 5 years (Ackland et al. 1994). However, at the end of 2005,
production of the vaccine halted as new regulations for biocontainment facilities
were put into effect. With government support, CSL was able to restart production
and extend the program to include at-risk rural communities. Results indicate that
broadening the population offered the vaccine has resulted in a significant decline in
case numbers (Marmion 2007).

Marmion (2007) described the components of Q-Vax that may allow it to be an
effective vaccine, suggesting these components would likely be required for new
non-cellular vaccines to be effective. First, the highly immunogenic PI LPS or a
component of it may be required for the resulting protective qualities of the vaccine.
Second, C. burnetii proteins that interact with monocytes-macrophages stimulate
the cellular immune system to produce interferon-y and other cytokines, resulting in
restriction of C. burnetii intracellular growth. Marmion postulated that antibody to
PI LPS blocks the occurrence of other interactions of the bacterium with monocytes-
macrophages that might down-regulate the cellular immune response, including
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down-regulation of interferon-y formation. The third component required for vaccine
efficacy may be the small-cell variants of C. burnetii. Due to their slow biodegrad-
ability, they may display both PI LPS and protein antigens as a continuing antigenic
stimulation.

16.4 Diagnostics

The natural antibody response in early stages of C. burnetii infection is primarily to
protein components. In late stage acute infection or in chronic disease, the antibody
response is primarily to the LPS O-antigen. This is detected clinically through the
differential response to fixed whole-cell PI and PII antigen at different stages of infec-
tion. Patient serum from early acute disease reacts initially with PII IgM antibody
followed by PII IgG (Geddes 1983). Previous infections are characterized by the pres-
ence of PII and low PI IgG antibody levels. High IgG titers to PI antigen, originally
set at>800 but now revised to>1,600, signal possible chronic infection (Dupont et al.
1994; Fournier et al. 1996; Frankel et al. 2011). While current platforms for sero-
logical testing include indirect immunofluorescence, complement fixation, enzyme-
linked immunosorbent assay (ELISA), and microagglutination (La Scola 2002),
commercially available products all currently require the use of whole-cell antigen.
LPS antigen was shown to have interstrain heterogeneity in silver-stained SDS-
PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) at the 10-17 kDa
size range among C. burnetii isolates from acute and chronic infection. LPS antigenic
types were separated into three distinct groups — two groups from chronic disease
isolates and one from acute disease isolates (Hackstadt 1986). These results suggest
that heterogeneity of LPS may affect P1I titers, depending on the infecting strain, as
organisms used for testing have generally been from one strain (Nine Mile).
Likewise, protein heterogeneity between strains may affect PII titers, as strains
have been shown to vary by DNA banding patterns, by PAGE patterns of stained or
immunoblotted proteins and other methods, with protein heterogeneity between
strains confirmed by genomic sequencing data (Beare et al. 2009). These results
suggest testing patient sera using NM PI and PII cells may not always give an accurate
picture of the possibility and stage of disease in patients having symptoms compatible
to C. burnetii infection. In practice, this is not considered to be an issue. For example,
tests of the response to past infection or vaccination with Q-Vax show equivalent
protection to Priscilla, Henzerling and NM strains as measured by proliferation of
blood mononuclear lymphocytes on antigen challenge, with T lymphocytes being
the major responders (Izzo et al. 1991). However, eight PI C. burnetii isolates from
four genomic groups were shown in mouse and guinea pig models of acute Q fever
to cause genogroup-specific disease manifestations while vaccine challenge between
isolate groups were cross-protective (Russell-Lodrigue et al. 2009). Also, a study of
the antigenic variation of polypeptides from 18 strains of C. burnetii showed a
28 kDa protein was immunodominant in acute disease isolates but not in strains
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from human cases of chronic Q fever, suggesting this polypeptide could be a marker
for acute disease (To et al. 1998; Zhang et al. 2005). Nevertheless, discovery of
new diagnostic reagents have focused on proteins unique to C. burnetii that are
conserved among all isolates.

16.4.1 Commercially Available Diagnostics

The lack of characteristic symptoms for Q fever infection often leads to a misdiag-
nosis of an influenza-like illness. Identification of the infecting organism from clini-
cal specimens is not advised as C. burnetii is highly infectious and requires a
biosafety level three laboratory for cultivation. Since a firm diagnosis of the disease
relies on evidence of a four-fold rise in serum antibody titer approximately 14 days
after the first serum sample was taken (Derrick 1937; Wisniewski et al. 1969; Brown
1973), serologic testing is a necessary supplement to clinical history. In 1937,
Burnet and Freeman demonstrated macroscopic agglutination reactions between
patient sera and spleen cell emulsions from infected mice (Burnet and Freeman
1937). The microagglutination test (MAA) developed from this early observation
that whole bacterial cells clump or agglutinate in the presence of positive sera. Since
PII cells spontaneously auto-agglutinate in normal serum, the creation of particulate
PII antigens from TCA treatment of PI cells is required.

Commercially available assays to detect Q fever include the complement fixation
test (CFT) and immunofluorescence assay (IFA). The CFT was first developed in
1941 (Bengtson 1941) and entails the addition of C. burnetii antigen to patient sera
from which any naturally occurring complement has been depleted. A standard
amount of complement is added back, followed by the addition of sheep erythro-
cytes pre-bound to anti-erythrocyte antibodies. If antibodies to C. burnetii are present
in the patient sera, they will bind to C. burnetii antigen and complement will be
depleted from the assay due to its binding to the antigen-antibody complexes. The
assay is made quantitative by diluting patient sera until antibody levels are low
enough for complement to bind to and lyse the erythrocytes. The CFT has been
shown to be less sensitive than other assays and has largely been replaced by newer
assays, including IFA.

The most common serological test currently used is the indirect IFA (Fenollar
et al. 2004). This test is a primary binding assay, similar to the ELISA, and utilizes
phase variation of C. burnetii LPS to distinguish the acute convalescent response
from chronic infection responses. Dilutions of sera are reacted with PI and PII
organisms in each slide well and labeled with an immunoglobulin class-specific
fluorescent conjugate. Results are viewed using fluorescence microscopy and com-
pared to positive and negative control wells. Positive sera are rerun to determine the
end-point titer (the reciprocal of the antibody dilution) to compare to earlier or later
samples from the same patient. In acute cases, titers to PI are accompanied by equal
or higher titers to PII. This is reversed in chronic disease. PII titers over 1:256 are
evidence of active or recent infection. PI IgG is often below detectable levels until
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convalescence or in the presence of chronic disease. Chronic hepatitis may have
high and equal PI and PII titers, while endocarditis frequently has higher PI titers.
The IFA is the current reference method for Q fever serodiagnosis (La Scola 2002).

The enzyme-linked immunosorbent assay (ELISA) is a sensitive and reproduc-
ible colorimetric assay that can easily process large numbers of serum samples
determined by optical density (OD) units on a microplate reader (spectrophotometer).
PI or PII whole killed cells, LPS, or individual purified proteins may serve as antigens
absorbed to wells of a microtiter plate. Dilutions of patient sera are added to wells
and anti-human class specific antisera conjugated to an enzyme, usually peroxidase
or alkaline phosphatase, is used to detect sera containing C. burnetii antibodies
following the addition of the enzyme substrate. Titers are determined by comparison
of OD differences between antigen wells and non-antigen control wells. The ELISA
has been shown to be more sensitive than CFT, IFA or MAA with fewer false posi-
tives (Peter et al. 1987; Waag et al. 1991). However, all current serological tests may
require the determination of cutoff values for selected locations or test samples.
A commercial ELISA detecting C. burnetii-specific IgG was evaluated in 2002 for
pre-vaccination screening and diagnosis in Australia, but results suggested negative
reactions by ELISA be confirmed by IFA or CFT (Field et al. 2002). A comparison
of four commercially available assays to detect IgM PII antibodies to C. burnetii
included three IFA tests and one ELISA. Sera from 23 patients with clinical symp-
toms of acute Q fever were tested along with 88 control sera from blood donors.
The specificity of results varied from 97.7% to 100% for the IFAs and 98.9% for the
ELISA. Sensitivity was 95.65% for the ELISA and 100% for all IFAs (Frangoulidis
et al. 20006).

The ELISA may be modified to a fluorescence assay (ELIFA), as was done by
Schmeer et al., resulting in a 50-fold higher sensitivity for the analysis of humoral
immune responses in vaccinated and naturally infected cattle to several C. burnetii
proteins (Schmeer et al. 1988). Interestingly, the results showed that the early
humoral response in cattle immunized with either chloroform-methanol extracted
cell residues or a 27 kDa protein (Com1) was directed against the 27 kDa protein.
They were also able to distinguish vaccinated from naturally infected cattle by
measuring IgG1 and IgG2 subclass responses with ELIFA.

16.4.2 Diagnostics in Development

16.4.2.1 Sero-Diagnostics

Due to its sensitivity and ability to screen large numbers of samples, investigators
have modified the Q fever ELISA for specific situations. Guatteo et al. applied the
test to compare the detection of antibodies to an ovine C. burnetii strain in milk or
serum from six infected dairy cattle herds. Of the 264 positive serum samples, 249
were also positive in milk. Of the 184 serum negative samples, 176 were negative in milk.
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These results showed that a more convenient milk-ELISA could be comparable to
serum-ELISA in lactating dairy cattle (Guatteo et al. 2007).

Many investigators have looked for specific antigens to replace whole killed cells
for use in the ELISA platform. Sekeyova et al. identified candidate C. burnetii pro-
tein antigens through the creation of three monoclonal antibodies to NM strain and
one to Priscilla strain (Sekeyova et al. 2010). They tested the monoclonal antibodies
using one- and two-dimensional SDS-PAGE, immunoblot analysis and mass spec-
trometry and found they identified three specific C. burnetii proteins, CBU_0937
(unknown function), CBU_1910 (Coml), and CBU_0236 (elongation factor Tu).
They purified Com1 and CBU_0937 proteins through the expression of PCR
amplified clones and used them in an ELISA to screen sera from Q fever endocarditis
and acute disease patients. Their results showed CBU_0937 was a better diagnostic
tool for Q fever ELISA than Com1 protein.

A monoclonal antibody to virenose, an unusual sugar in C. burnetii PI LPS O
antigen, was generated using a virenose-rich O-polysaccharide LPS fraction conju-
gated to tetanus toxoid. Testing of the monoclonal antibody at a dilution of 1:1,000
in an ELISA and by immunoblot analysis showed it to be a sensitive and specific
method for the detection of virulent C. burnetii (Palkovicova et al. 2009).

An IgG ELISA microplate assay using C. burnetii heat shock protein, HspB
(GroEL), was developed and tested in goats. Sera from naturally and experimentally
infected goats were tested. The purified rHspB was recognized by 18 days post-
infection (dpi) and was positive at 39—60 dpi in 80—-90% of the animals tested. Also,
animals presenting with reactivation of infection had statistically higher titers than
those in latent infection (Fernandes et al. 2009).

16.4.2.2 DNA-Based Diagnostics

PCR assays detect genes encoding bacterial proteins or non-transcribed regions
independent of viability, although non-viable forms are likely to be more readily
degraded over time. A real-time PCR assay for the detection of C. burnetii DNA in
serum samples targeting IS/711 transposase sequences (also known as htpAB-
associated repetitive element (Hoover et al. 1992)) was used in the Netherlands to
diagnose acute Q fever early in infection to avoid delay in treatment that can lead to
increased hospital admission rates and prolonged morbidity. Researchers found the
latest time point after onset of disease in which C. burnetii could be detected by
PCR of serum samples was day 17. They found 98% of seronegative sera, 90% of
sera with IgM-PII antibodies, 23% with IgM-PII/IgG-PII antibodies, 5% with IgM-
PII/IgG-PIl/IgM-PI antibodies, and 0% with IgG-PI antibodies in combination with
any other antibody types were positive by PCR (Schneeberger et al. 2010).
Previously, Fournier and Raoult used a similar IS/7//] probe to compare
LightCycler nested-PCR (LCN-PCR) to serology by immunofluorescence for early
diagnosis of acute Q fever. While the time line for detection of C. burnetii by PCR
was similar to Schneeberger et al., the sensitivity in their assay was 26% for serone-
gative samples, and 5% for seropositive patients (Fournier and Raoult 2003).
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The sensitivity of the assays of Schneeberger et al. was greater, possibly due to
(1) an increase in numbers of IS/711 in those isolates, (2) the use of a smaller sized
amplification product or (3) a larger initial serum sample. These results indicate that
PCR detection of C. burnetii can be a useful tool for early diagnosis when Q fever
is suspected, such as in large epidemics that have occurred since 2007 in the
Netherlands. PCR detection overcomes the lag in antibody response of 7—15 days
following onset of symptoms that hampers the standard serological diagnosis
(Schneeberger et al. 2010).

Fenollar et al. have also used LCN-PCR with an IS7/71 probe to shorten the
diagnostic delay in the identification of Q fever endocarditis and vascular infections.
They retrospectively and prospectively tested samples from 48 Q fever endocarditis
or vascular infection patients and compared results to 100 controls with endocardi-
tis caused by other agents. They prospectively used the same technique to test 30
patients treated for Q fever endocarditis and 13 patients convalescent for acute Q
fever. Results showed that sera stored more than 1 month exhibited 16.2% positive
results, while 64% of fresh samples analyzed were positive. High IgG PI titers
decreased the sensitivity of the PCR assay. None of 15 serum samples with a PI IgG
titer equal to or greater than 1:25,600 were PCR positive, compared to 39.4% posi-
tive when the PI IgG titer was less than 1:25,600. If only the fresh sera were counted
in samples that had titers less than 1:25,600, 100% were positive. All serum samples
from patients treated for Q fever endocarditis or who were diagnosed with acute Q
fever and whose IgG PI titers were 1:800 or greater, were negative by PCR. All
control patients with endocarditis from other organisms were negative. For 12
patients the first serum sample was positive, but after 1 month of treatment, all sub-
sequent samples were PCR negative. Positivity of all PCR products was confirmed
by sequencing (Fenollar et al. 2004).

A high throughput real-time PCR assay with an internal control system and
automated DNA preparation was developed as a diagnostic tool to be used during
biological weapons attacks or local epidemics (Panning et al. 2008). Use of the
IS7111 transposase results in a probe with a high specificity for Coxiella, although
individual strains vary as to the number of IS//71] elements in their genomes, and
strains lacking the transposase have been described (Denison et al. 2007b).

A recent study evaluated real-time PCR assays and DNA extraction methods for
Q fever diagnosis in use in seven diagnostic or reference laboratories in the
Netherlands. All laboratories in the study used real-time PCR assays targeting the
IS/111a insertion element using different DNA extraction methods. While a low
degree of variation in the sensitivities of most of the developed assays was observed,
PCR assays that amplified short DNA fragments (70-87 bp) yielded better results
than those using larger fragments (202 bp). It was postulated that a shorter sequence
would present a better target, due to the likelihood of bacterial DNA degradation in
serum. Sequence polymorphisms at target sequences in isolates tested may also affect
PCR performance. DNA extraction methods using certain commercial kits yielded
better results than others, despite similar chemistries involved (Tilburg et al. 2010).

The detection of C. burnetii in tissues has been demonstrated using commercial
human C. burnetii positive control serum as the primary antibody source (PanBio,
Inc, Columbia, MD, USA) and stained using a peroxidase immunohistochemistry
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method (Vectastain Elite ABC Kit, Vector Laboratories, Inc., Burlingame, CA,
USA). Results were compared with those obtained from an experimental fluorescent
in situ hybridization test targeting the 16 S ribosomal RNA to detect C. burnetii in
placentas from ruminant abortions. Both methods performed equally well, giving
equivalent results (Jensen et al. 2007). Immunohistochemistry alone had been used
earlier to detect C. burnetii in bovine placentas (Dilbeck and McElwain 1994;
Bildfell et al. 2000).

16.5 Searches for Inmunogenic and Protective Antigens

The likelihood that Q-Vax would not be approved for licensing in other countries
has led to a search for specific immunogenic and protective proteins for the develop-
ment of a protein subunit vaccine and improved diagnostics. Several early studies
suggested that subunit protein vaccines could provide protection. Williams et al.
showed the 29 kDaC. burnetii porin protein P1 conferred protection from lethal
challenge in mice (Williams et al. 1990). A protein of similar size was extracted
from outer membrane preparations with the detergent Empigen BB and found to be
immunogenic and protective in mice against C. burnetii challenge. The Empigen-
extract was shown to also contain C. burnetii LPS (Lukacova et al. 1994). A par-
tially purified 67 kDa GroEL protein conferred full protection in guinea pigs and
mice (Zhang et al. 1994). However, because these proteins were not homogeneous,
the vaccines may have contained other components not fully identified.

Further studies focused on the identification of immunogenic proteins defined by
strong reactivity to infection-derived sera. Muller et al. identified an immunogenic
27 kDaC. burnetii antigen on SDS-PAGE gels purified from infected cell cultures
by guanidinium hydrochloride treatment and chloroform/methanol extraction
(Muller et al. 1987). Techniques including immunoprecipitation of surface-
iodinated C. burnetii, Western blot analysis of bacterial outer membrane fractions
separated on SDS-PAGE, or bacterial products released into acidic media were used
to identify surface-exposed candidate antigens (Hendrix et al. 1993; Redd and
Thompson 1995). With these techniques, protein isolation and purification was
required in order to test immunogenicity, which was time-consuming and, in most
cases, not easily done before the advent of PCR and genome sequencing. Methods
using immune sera to select immunoreactive antigens from E. coli gene banks of
surface-exposed C. burnetii proteins or N-terminal and internal sequencing of pro-
teins from detergent fractions of infected cells on SDS-PAGE gels were possible
when DNA sequencing techniques were available. These methods identified several
predominant antigens that were similar in size, including Com1 and P1 (Hendrix
et al. 1993; Varghees et al. 2002). Cloned antigens allowed DNA sequencing to be
done to positively identify selected antigens and to express and purify them from
E. coli. In vitro transcription and translation protocols also made possible the
conversion of cloned DNA into protein.

More recently, four candidate antigens (Com1, P1, P28 and Cb-Mip) have been
cloned and characterized through testing in a sublethal challenge model in BALB/c
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mice using protection from the development of severe splenomegaly as an indicator
of vaccinogenic activity. None of the identified antigens individually conferred
significant protection in this model, suggesting multiple antigens may be required to
generate protection or that another delivery system may be more appropriate (Zhang
and Samuel 2003). A comprehensive search that made use of antisera obtained from
an experimental infection at various times post infection resulted in the identification
of these proteins and an increased number of immunoreactive antigens by SDS-PAGE,
providing a time course of proteins involved in immunity (Zhang et al. 2004).

In a study that was able to generate protection, a purified recombinant protein
containing a fusion of C. burnetii antigens P1 and HspB (GroEL) was used to immu-
nize mice. Detection of antibodies, T-cell proliferation and cytokine secretion indi-
cated animals immunized with the fusion protein exhibited stronger humoral and
cellular immune responses than those immunized with either protein alone. Spleens
removed from animals challenged with C. burnetii showed those mice that received
the fusion protein had smaller spleens that contained significantly lower bacterial
loads (Li et al. 2005). These results suggested a promising method for generating a
subunit vaccine may reside in the protein-folding properties of the chaperonin
protein.

Projects to produce a vaccine through the combined cloning of portions of the
O antigen of the LPS molecule heterologously with immunogenic proteins are cur-
rently in development. A prerequisite to the development of such a strategy is the
determination of all genes and their enzymatic activities required for the assembly
of PI C. burnetii O antigen. This is made more difficult since the C. burnetii O antigen
contains unique sugar components and the pathways to their synthesis are not fully
characterized (Narasaki et al. 2011).

16.6 New Methods to Identify Immunogenic Proteins

16.6.1 Strain Diversity

In order to successfully detect infections of C. burnetii, it is important to have some
knowledge of the strain diversity of specific antigens to be used in diagnostics and
vaccines. Several typing schemes have been used to classify C. burnetii isolates to
determine their antigenic diversity over time and geographic locations. Such studies
may pinpoint areas having increased diversity of isolates that may require polyva-
lent vaccines or diagnostics specific to the area or indicate antigens specific only to
certain isolates are not appropriate for vaccines or diagnostics for common use.
Early studies utilized restriction enzyme-digested DNA and agarose or polyacrylamide
gel electrophoresis to detect restriction fragment length polymorphisms (RFLP) to
compare isolates, with some studies utilizing pulsed field gels (Vodkin et al. 1986;
Hendrix et al. 1991; Jager et al. 1998). These early studies separated the available
isolates into distinct genomic groups based on DNA restriction fingerprints. Plasmid
types correlated with the genomic groups and in some studies, isolates causing
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chronic infection were grouped together. Isolates that varied only by passage
history, including those that differed by LPS phase, showed no apparent differences
in restriction enzyme banding patterns when EcoR1 or BamH1 enzymes were used
(Hendrix and Williams 1991). NM LPS phase variants were shown to differ if DNA
was digested with Hae III (Vodkin et al. 1986). Differentiation of Coxiella isolates
was also carried out through a repetitive element PCR genotyping method to detect
the presence of insertion sequences of the IS/7/1/ transposase. Differences between
isolates in the number of elements per genome and in sequence alterations within
and near IS element coding regions allowed them to be divided into five genomic
groups that corresponded to groups determined by restriction enzyme banding
patterns (Denison et al. 2007b).

Later genotyping schemes were developed to have greater discriminatory ability to
distinguish between non-clonal isolates, such as may be required in epidemiological
investigations in order to follow outbreaks. Unlike other genera, 16S ribosomal RNA
genes and the generally hypervariable 16S-23S ITS (internal transcribed spacer)
region are conserved throughout C. burnetii isolates (Stein et al. 1997; Thiele et al.
1994). This has led to the development of more powerful assays utilizing regions that
are not transcribed and thus likely to be more variable. Multispacer sequence typing,
based on intergenic region sequencing, was used to classify 173 C. burnetii isolates.
Using 10 variable spacers, the authors were able to establish 30 different genotypes
characterized into 3 monophyletic groups by phylogenetic analysis inferred from the
sequences (Glazunova et al. 2005). Svraka et al. used Tandem Repeats Finder Software
(Benson 1999) to search the C. burnetii RSA493 genome sequence for tandem repeats
and for the development of primer sets for multiple locus variable number of tandem
repeat (VNTR) analysis (MLVA) typing. Twenty-one isolates, including five passage
variants, were characterized using seven tandem repeat loci. Results indicated that the
number of repeats per VNTR locus varied between 2 and 18 and the number of variant
alleles per locus varied between 3 and 6. Nine unique marker allele size combinations
or MLVA types were observed among the 21 C. burnetii samples. Cluster analysis
indicated the MLVA types fell into five major clusters of closely related isolates.
Analysis of passage history variants was used to determine the stability of the chosen
markers. All five NM passage variants, 2S and two Priscilla variants were stable over
time and geographic location (Svraka et al. 2006).

Arricau-Bouvery et al. employed infrequent restriction site-PCR (IRS-PCR) and
MLVA typing to characterize 42 C. burnetii isolates from livestock and ticks. The
IRS-PCR typing of 14 isolates by 4 different restriction assays resulted in 6 geno-
type groups. MLVA typing of the 14 isolates and 28 additional isolates resulted in
22 additional genotypes using 10 minisatellites from NM RSA493 having repeat
units greater than 9 base pairs. The authors proposed two separate panels of markers,
one using minisatellite markers which can be typed in any laboratory on agarose
gels and a second panel of microsatellites which can be typed using capillary electro-
phoresis. The Microorganisms Tandem Repeats Database at http:/minisatellites.
u-psud.fr was used to establish the panel of markers. With the availability of additional
Coxiella genome sequences, additional tandem repeats will be included in typing
schemes that may not be present in RSA493 (Arricau-Bouvery et al. 2006).
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MLVA typing has also been applied to isolates from five patients and six sheep
in the 2007 outbreak in the Netherlands using six microsatellites from NM RSA493.
Results indicated at least four C. burnetii genotypes were involved in the outbreak
(Klaassen et al. 2009).

Beare et al. used comparative genome hybridization (CGH) on DNA microarrays
containing all open reading frames of the NM PI reference isolate to assess
intrastrain/species whole genome sequence variation to analyze the diversity of
24 C. burnetii isolates. The analysis confirmed earlier RFLP groupings (Hendrix
et al. 1991) and showed that two previously ungrouped isolates represent distinct
genomic groups. Results showed that both small and large genetic changes were
responsible for attenuated virulence due to truncated LPS expression and truncation
or loss of other genes may similarly affect virulence. CGH assessment of genome
content can be useful to identify cross-protective subunit vaccine candidates and aid
in the development of new diagnostic reagents (Beare et al. 2000).

16.6.2 2-D SDS PAGE Western Analysis

Early analysis of antigens utilized one-dimensional SDS-PAGE and immunoblot-
ting with infection-derived sera to detect reactive antigens. With the sequencing of
the C. burnetii genome and advances in mass spectrometry that allowed protein
identification from smaller sample sizes, the ability to select and identify antigens
on two-dimensional SDS-PAGE was made easier, although 2-D gels remain a labor
intensive and technically demanding method. Studies comparing antigens of large
and small cell replication variants of C. burnetii determined that two highly antigenic
proteins of 12.5 and 15 kDa are strong candidates for diagnostics. They were seen
in vaccinated and infected animals throughout infection and were associated with
LPS, predominately in SCVs (small cell variant), late in infection (Coleman et al.
2007). Deringer et al. identified nine novel immunogenic proteins by mass
spectrometry on Western blots of 2-D SDS-PAGE using guinea pig immune sera
and 11 additional proteins which were also previously shown to react to human sera
in C. burnetii whole cell lysates (Deringer et al. 2011). Sekeyova et al. utilized acute
stage versus chronic stage infection sera to select antigens on 2-D SDS-PAGE of
C. burnetii membrane extracts. Results of these studies showed that 29 C. burnetii
antigens reacted with acute or chronic sera, with two proteins recognized only by
chronic patient sera. These proteins were considered possible candidates for serodi-
agnostic assays to detect Q fever endocarditis (Sekeyova et al. 2009).

16.6.3 Mass Spectrometric Analysis

As C. burnetii do not grow on bacteriologic media in common use and require
increased containment for growth, rapid methods to identify it as the biological
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agent responsible during outbreaks are needed. Several different strategies for the
rapid identification of intact bacteria using mass spectrometric approaches have
been applied to C. burnetii isolates. In 2002, Domingues et al. analyzed phospholip-
ids from C. burnetii using fast atom bombardment mass spectrometry (FAB-MS).
They acquired constant neutral loss scanning mass spectra (CNL) from NM PI and
PII cells to identify various phospholipids within phospholipid classes. Results
showed that phospholipids from PII C. burnetii were less complex than PI phospho-
lipids and lacked the phosphoinositol class of phospholipids. They postulated that
this rapid method could be used to differentiate virulent C. burnetii from low virulent
strains (Domingues et al. 2002).

Shaw et al. used whole PI C. burnetii organisms grown and purified at different
times and places to identify unique and reproducible biomarkers by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. Small
cell variant protein A (ScvA) was one of three consistently identified proteins that
would be expected to be present in environmental or intentionally released samples
(Shaw et al. 2004). Pierce et al. expanded the use of mass spectrometry to identify
C. burnetii strains and phase. This approach involved the use of MALDI-TOF mass
spectrometry and supervised pattern recognition using Partial Least Squares-Discriminant
Analysis (PLS-DA) on seven C. burnetii isolates grouped into six strain types. The
method was validated by the prediction of unknown C. burnetii samples with 100%
sensitivity and specificity for five out of the six strain classes (Pierce et al. 2007).

Hernychova et al. employed MALDI-TOF MS analyses on acetonitrile and TCA
extractions of inactivated C. burnetii to obtain specific fingerprints of C. burnetii
surface-exposed molecules to be used for detection and identification of C. burnetii.
They also used electrospray tandem mass spectrometry coupled with nanoscale
ultra performance liquid chromatography (LC-MS/MS) to identify 20 acetonitrile-
extracted C. burnetii proteins (Hernychova et al. 2008).

These techniques have also been used for the discovery of vaccine candidates
through identification of specific secreted or outer membrane products. Samoilis
et al. used mass spectrometry techniques to identify proteins of C. burnetii secreted
into the cytosol of infected Vero cells (Samoilis et al. 2010). Similarly, Flores-
Ramirez et al. used mass spectrometry and bioinformatics techniques to identify 21
predicted outer membrane proteins and nine lipoproteins in NM PI lysates as
possible vaccine candidates (Flores-Ramirez et al. 2009).

16.6.4 Microarray Analysis

Knowledge of the genome sequence has made possible the construction of libraries
containing all open reading frames to evaluate the vaccinogenic activity of the
complete genome using microarray technology. Various studies have used either
animal or patient sera to select and analyze immunoreactive proteins.

Beare et al. generated 1,988 C. burnetii open reading frames as transcriptionally
active PCR products from which full-length proteins were synthesized for 75% of
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the ORFs using an E. coli based in vitro transcription-translation (IVTT) system.
Crude IVTT lysates were used to spot nitrocellulose microarrays that were probed
with acute Q fever patient sera and sera from Q-Vax vaccinees. Approximately 50
C. burnetii proteins reacted strongly with immune sera. Immunoreactivity to IVTT
lysates was confirmed by ELISA using recombinant proteins corresponding to
selected array-reactive antigens. Positive proteins included previously reactive
immunogens, an ankyrin-repeat containing protein and many hypothetical proteins
(Beare et al. 2008).

Microarray analysis of 1,901 ORFs from C. burnetii using a plasmid-based
expression system was used to evaluate humoral immune responses to Q fever
patient sera from acute disease cases versus naive controls for the discovery of
specific seroreactive antigens. Positive responses indicated a bias for signal peptide-
containing proteins and were validated using Western blot-style immunostrips. The
investigators found 13 antigens that were significantly more reactive in Q fever
cases among 21 seroreactive antigens. Sixty-four additional antigens were variably
reactive in Q fever patients (Vigil et al. 2010).

In a separate protein microarray study, Vigil et al. compared humoral immune
responses to acute and chronic disease sera accompanied by greater than 6 months
of supportive sero-surveillance and clinical data. Results of the evaluation of IgM
and IgG antibody responses at early and late time points of infection showed a lim-
ited number of proteins undergo increasing or decreasing seroreactivity. Serological
markers able to differentiate between acute and chronic disease states were identified,
along with numerous IgG biomarkers of acute infection and novel IgG biomarkers
for acute and chronic infection. This study profiled for the first time the IgM anti-
body repertoire for both acute and chronic Q fever. These results provided a unique
perspective on the development of the antibody response, insight into isotype switch,
and identified novel seroreactive antigens for the development of recombinant
protein-based diagnostics and potential subunit vaccine candidates (Vigil et al. 2011).

16.6.5 Dominant B and T Cell Antigens by Protein ELISA
and ELISPOT Analysis

Only one study has examined both the humoral and cellular immune response to
Q fever. This study used IFA positive sera from 55 convalescent Q fever patients,
five chronic Q fever patients, and 32 IFA negative controls. Humoral immune
responses were tested by IgG indirect-ELISA using six previously identified and
five array-selected C. burnetii proteins expressed as His-tag fusion proteins in E. coli.
Cellular immune responses were determined using T cells from infected mice, either
with or without a humanized MHC locus (Chen et al. 2009), since previous studies
showed murine and human MHCs recognize different epitopes (Engelhard 1994).
Enzyme-linked immunosorbent spot (ELISPOT) assays were used to test antigen-
specific interferon-y recall of CD4 + T cells from vaccinated C57BL/6 or HLA-DR4
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transgenic mice. Differences between the mice in antigen recognition confirmed the
use of HLA transgenic mice is a more relevant model for screening human T cell anti-
gens. This study showed that most strong antibody responses also induced interferon-y
recall responses in CD4+ T cells of vaccinated mice (Chen et al. 2009).

16.7 Future Developments

The development of safe and effective new vaccines can be guided by understanding
the protective immune responses provided by existing vaccines. Zhang et al. showed
that adoptive transfer of T cells from mice immunized with inactivated whole cell
PI C. burnetii vaccine was protective against challenge for recipient mice (Zhang
et al. 2007), confirming earlier studies that suggested T cell dependent immune
responses are critical for protective immunity (Kazar etal. 1977, 1986). Additionally,
low dose C. burnetii infection caused death in SCID and T cell deficient mice, but
not B cell deficient mice, implying the essential requirement of T cells for host
resistance to C. burnetii infection (Andoh et al. 2007). Microarray studies show a
major portion of the vaccine-derived humoral responses consist of IgG antibodies to
C. burnetii proteins (Vigil et al. 2010), indicating the relevance of CD4+ helper
T cell responses to immunity. Antigen-specific CD4+ T cells direct secretion of
cytokines, including IFN-y and TNF-a. Both are critical for intracellular clear-
ance of C. burnetii (Andoh et al. 2007). INF-y stimulates production of nitric oxide
and reactive oxygen molecules in macrophages, contributing to the control of infec-
tion, and may promote apoptosis in infected monocytes (Dellacasagrande et al.
2002; Howe et al. 2002; Brennan et al. 2004). IFN-y was used successfully to
treat previously intractable chronic Q fever and Q fever chronic multifocal
osteomyelitis (Morisawa et al. 2001; Neth et al. 2011).

In experiments to determine the molecular targets of CD4+ T cell responses to
C. burnetii PI-WCV for use in the development of a new subunit vaccine, Chen
et al. focused on seven antigens previously shown to be targets of immunodominant
B cell responses. Candidate peptides were selected from these antigens based on
bioinformatic predictions of binding to murine MHC class I H-2 I-A°. Peptides
were screened for recognition by IFN-y producing CD4+ T cells in PI-WCV
vaccinated mice. Eight distinct H-2 I-A®-restricted CD4+ T cell epitopes from four
different proteins were identified, with the frequency of CBU1910,, ., (Coml)-
specific CD4+ T cells much higher than for other epitopes (Chen et al. 2011).

The search for C. burnetii protein antigens appropriate for use as diagnostic
reagents and vaccines has been hampered by an inability to make mutants to identify
specific virulence determinants in this obligate intracellular pathogen. New develop-
ments in the ability to grow C. burnetii in axenic media have now allowed for the
creation of mutants, especially since the refinement of growth on plated media
(Omsland et al. 2008, 2009). This should allow for the discovery of antigens unique
to C. burnetii that are essential for virulence and are accessible to the immune system.
Table 16.1 lists currently identified C. burnetii immunodominant protein antigens.



316

Table 16.1

L.R. Hendrix and C. Chen

Identified Coxiella burnetii immunodominant protein antigens

ID CBU Size Identification Sera reactive
No. Gene (AA) method species Annotation References
CBU0008 62  Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
CBUO0092 ygbF 285 2D/mass analysis ~ Human Sekeyova et al.
(2009)
Protein microarray Human Vigil et al.
analysis (2010)
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU0098 nadC 274  Protein microarray Human Beare et al.
analysis (2008)
CBUO0103 480  2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBUO0109 267  Protein microarray Human Vigil et al.
analysis (2010)
CBUO115 mraZ 152  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU0140 ftsA 410 2D/mass analysis  Guinea pig Deringer et al.
(2011)
CBU0223 tuf-1 299  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU0229 rplL 126 2D/mass analysis ~ Human Coleman et al.
(2007)
Protein microarray Human Vigil et al.
analysis (2010)
CBU0235 fusA 699 2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU0236 tuf-2 397  2D/mass analysis ~ Human Coleman et al.
(2007)
2D/mass analysis ~ Human Tested for Sekeyova et al.
Q fever (2010)
diagnostic
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU0263 rpoA 327  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBUO0271 ssb 158  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU0299 rph 237  2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBUO0307 231  Protein microarray Human Beare et al.
analysis (2008)
2D/mass analysis ~ Human Sekeyova et al.
(2009)

(continued)
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ID CBU Size Identification Sera reactive
No. Gene (AA) method species Annotation References
CBUO0309 htpG 633  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBUO311 PI 223 Western blotand ~ Mouse Varghees et al.
N-terminal seq (2002)
C57Bl/6 Mouse Chen et al.
T cell (2009)
antigen
Tested for
Q fever
diagnostic
CBU0366 phoR 252  Protein microarray Human Beare et al.
analysis (2008)
CBUO0383 tag 204  Protein microarray Human Tested for Beare et al.
analysis Q diagnostic (2008)
C57B1/6 Mouse Chen et al.
T cell (2009)
antigen
Tested for
Q fever
diagnostic
CBUO0391 ribF 320  Protein microarray Human Beare et al.
analysis (2008)
CBU0436 258  Protein microarray Human Vigil et al.
analysis (2010)
CBU0479 kdsB 249  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU0480 argR 159  2D/mass analysis ~ Human Recognized by Sekeyova et al.
chronic (2009)
Q fever sera
CBU0497 fabF 414  2D/mass analysis =~ Human Coleman et al.
(2007)
CBUO0528 rpsA 551 2D/mass analysis ~ Human Sekeyova et al.
(2009)
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU0545 lemA 192  Protein microarray Human Beare et al.
analysis (2008)
Protein microarray Human Vigil et al.
analysis (2010)
CBU0572 458  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU0609 340  Protein microarray Human Beare et al.
analysis (2008)

(continued)
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ID CBU Size Identification Sera reactive
No. Gene (AA) method species Annotation References
CBUO0612 ompH 165  Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
Tested for Chen et al.
Q fever (2009)
diagnostic
2D/mass analysis ~ Human Recognized by Sekeyova et al.
chronic (2009)
Q fever sera
Protein microarray Human Vigil et al.
analysis (2010)
CBUO0615 IpxA 259  Protein microarray Human Vigil et al.
analysis (2010)
CBU0628 ppa 175  2D/mass analysis =~ Human Sekeyova et al.
(2009)
CBU0630 mip 230  Protein microarray Human Vigil et al.
analysis (2010)
CBU0632 99  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBUO0648 ribH 151  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU0653 198  Protein microarray Human Vigil et al.
analysis (2010)
CBU0664 381  Protein microarray Human Beare et al.
analysis (2008)
CBUO0718 94  Protein microarray Human Beare et al.
(2008)
C57Bl/6 Mouse Chen et al.
T cell (2009)
antigen
Tested for
Q fever
diagnostic
CBU0723 55  Protein microarray Human Beare et al.
analysis (2008)
CBU0737 tig 442 2D/mass analysis =~ Human Coleman et al.
(2007)
CBUO0750 324 2D/mass analysis  Guinea pig Deringer et al.
(2011)
CBU0754 348  Protein microarray Human Beare et al.
analysis (2008)
CBUO0760 124 Protein microarray Human Beare et al.
analysis (2008)
CBUO0774  pspC 82  Protein microarray Human Beare et al.
analysis (2008)
CBUO0776 283  Protein microarray Human Beare et al.
analysis (2008)

(continued)
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ID CBU Size Identification Sera reactive
No. Gene (AA) method species Annotation References
CBUO781 ankG 338 Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
C57Bl/6 Mouse Chen et al.
T cell (2009)
antigen
Tested for
Q fever
diagnostic
CBU0800 137  Protein microarray Human Beare et al.
analysis (2008)
CBUO858 nadE 542 2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU0891 312 Protein microarray Human Beare et al.
analysis (2008)
C57Bl/6 Mouse Chen et al.
T cell (2009)
antigen
Tested for
Q fever
diagnostic
Protein microarray Human Vigil et al.
analysis (2010)
CBUO0895 203  Protein microarray Human Vigil et al.
analysis (2010)
CBU0898 110 Protein microarray Human Beare et al.
analysis (2008)
CBU0932 gpIK 501 2D/mass analysis  Guinea pig Deringer et al.
(2011)
CBU0935 129  Protein microarray Human Beare et al.
analysis (2008)
CBU0937 465  2D/mass analysis ~ Human Tested for Sekeyova et al.
Q fever (2010)
diagnostic
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU(0952 AdaA 227  Phage library Mouse, Tested for acute Zhang et al.
Guinea disease (2005)
pig diagnostic
2D/mass analysis ~ Human Coleman et al.
(2007)
Tested for Chen et al.
Q fever (2009)
diagnostic
2D/mass analysis ~ Human Sekeyova et al.

(2009)

(continued)
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Table 16.1 (continued)
ID CBU Size Identification Sera reactive
No. Gene (AA) method species Annotation References
CBU0963  bep 151  2D/mass analysis ~ Human Coleman et al.
(2007)
CBU0968 176  Protein microarray Human Beare et al.
analysis (2008)
CBU1002 birA 323  Protein microarray Human Beare et al.
analysis (2008)
CBU1065 184  Protein microarray Human Beare et al.
analysis (2008)
CBU109%4 380  Protein microarray Human Vigil et al.
analysis (2010)
CBU1098 274  Protein microarray Human Beare et al.
analysis (2008)
CBUI115 105  Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
CBU1121 60  Protein microarray Human Beare et al.
analysis (2008)
CBUI1143 yajC 116 Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
Protein microarray Human Vigil et al.
analysis (2010)
CBU1157 233 Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
CBU1184 242 Protein microarray Human Beare et al.
analysis (2008)
CBUI1200 icd 427  2D/mass analysis =~ Human Coleman et al.
(2007)
CBUI1241 mdh 328  2D/mass analysis  Guinea pig Deringer et al.
(2011)
CBU1249 203  Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
CBU1260 248  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBUI1290 dnaK 656 2D/mass analysis ~ Human Sekeyova et al.
(2009)
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBUI1385 tsf 296  2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU1386 rpsB 313  Protein microarray Human Vigil et al.
analysis (2010)
CBUI1396 sucD 294 2D/mass analysis  Guinea pig Deringer et al.
(2011)

(continued)
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ID CBU Size Identification Sera reactive
No. Gene (AA) method species Annotation References
CBU1398 sucB 405 Protein microarray Human Beare et al.
analysis (2008)
Protein microarray Human Vigil et al.
analysis (2010)
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU1416 216 2D/mass analysis ~ Human Coleman et al.
(2007)
CBU1433 nusA 503 2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU1513 258 Protein microarray Human Vigil et al.
(2010)
CBU1627 lcmE 1034 Protein microarray Human Vigil et al.
analysis (2010)
CBU1697 nth 218 Protein microarray Human Beare et al.
analysis (2008)
CBU1706 200 2D/mass analysis ~ Human Sekeyova et al.
(2009)
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU1718 groEL 552 2D/mass analysis ~ Human Coleman et al.
(2007)
2D/mass analysis ~ Human Sekeyova et al.
(2009)
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU1719 groES 96 2D/mass analysis ~ Human Sekeyova et al.
(2009)
Protein microarray Human Vigil et al.
analysis (2010)
CBU1768 153  Protein microarray Human Vigil et al.
analysis (2010)
CBU1770 432  2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU1783 gap 334 2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU1789 288 2D/mass analysis ~ Human Sekeyova et al.
(2009)
CBU1835 459 Protein microarray Human Beare et al.
analysis (2008)
CBU1853 149  Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
CBU1863 603 Protein microarray Human Vigil et al.
analysis (2010)

(continued)
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ID CBU Size Identification Sera reactive
No. Gene (AA) method species Annotation References
CBU1865 175  Protein microarray Human Beare et al.
analysis (2008)
CBU1869 217  Protein microarray Human Tested for Beare et al.
analysis Q fever (2008)
diagnostic
CBUI910 coml 252  Phage library Mouse, Hendrix et al.
screen, 2D guinea (1991)
analysis, pig,
protein array human
C57B1/6 Mouse Chen et al.
T cell (2009)
antigen
Tested for
Q fever
diagnostic
2D/mass analysis ~ Human Tested for Sekeyova et al.
Q fever (2010)
diagnostic
Protein microarray Human Vigil et al.
analysis (2010)
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU1940 atpE 100  Protein microarray Human Beare et al.
analysis (2008)
CBU1943 atpA 515 2D/mass analysis ~ Human Coleman et al.
(2007)
2D/mass analysis ~ Guinea pig Deringer et al.
(2011)
CBU1945 atpD 461  2D/mass analysis =~ Human Sekeyova
et al.
(2009)
CBU1958 32 Protein microarray Human Beare et al.
analysis (2008)
CBU1966 hemA 413  Protein microarray Human Beare et al.
analysis (2008)
CBU1967 409  Protein microarray Human Beare et al.
analysis (2008)
CBU1969 dksA 147  Protein microarray Human Beare et al.
analysis (2008)
CBU2020 476  Protein microarray Human Beare et al.
analysis (2008)
CBU2029 210 2D/mass analysis ~ Human Sekeyova
et al.
(2009)
CBU2065 212 Protein microarray Human Beare et al.
analysis (2008)
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