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Abstract

Coxiella burnetii is an obligate intracellular bacterial pathogen that causes the zoonosis Q fever.
While an effective whole-cell vaccine against Q fever exists, the vaccine has limitations in being
highly reactogenic in sensitized individuals. Thus, a safe and effective vaccine based on recombinant
protein antigen (Ag) is desirable. To achieve this goal, a better understanding of the host response
to primary infection and the precise mechanisms involved in protective immunity to C. burnetii are
needed. This review summarizes our current understanding of adaptive immunity to C. burnetii with
a focus on recent developments in the field.
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Introduction

Coxiella burnetii, an obligate intracellular gram negative bacterium with near world-wide
distribution, is the causative agent of the zoonosis Q fever. Roughly half of C. burnetii
infections are asymptomatic, but result in seroconversion. Clinical Q fever can present as two
basic forms: acute or chronic. Acute Q fever normally manifests as a self-limiting flu-like
illness characterized by high-grade fever, peri-orbital headache and myalgia (1). However, in
some cases pneumonia occurs requiring hospitalization. C. burnetii can establish a persistent,
latent infection that may reactivate months or years after initial exposure to the organism to
cause chronic disease. Chronic Q fever is typically associated with patients who are
immunocompromised and/or who have pre-existing heart valve defects and most commonly
presents as endocarditis (1). Because of a very low infectious dose, stability in the environment,
and an aerosol route of transmission, C. burnetii is considered a potential biological weapon.
Consequently, C. burnetii is categorized by the Centers for Disease Control and Prevention as
a category B Select Agent.

Cattle, sheep and goats are major reservoirs of C. burnetii. The organism can be found in the
milk, urine and feces of these animals as well as the placenta and birth fluids. Humans are most
commonly infected through inhalation of contaminated dust or aerosols generated by livestock
operations involving these animals. Consequently, Q fever is an occupational hazard for

veterinarians, abattoir workers, dairy farmers and anyone with regular contact with livestock
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or their products (1). Urban outbreaks of Q fever are also associated with contact with infected
domestic cats (2).

Currently, there is no FDA-approved Q fever vaccine available in the United States. An
effective vaccine (Q-vax®, Commonwealth Serum Laboratories) has been developed by an
Australian company and is commonly used in Australia. Q-vax consists of formalin-inactivated
C. burnetii and provides long-lived protective immunity with a single dose (3). However,
because of negative side effects in previously sensitized individuals, potential vaccinees require
pre-vaccination skin testing. A better understanding of adaptive immunity to C. burnetii would
help progress towards a safe and effective vaccine that does not require pre-screening. Herein,
we have summarized the current state of C. burnetii immunology with a focus on specific areas
in need of further study to advance our knowledge of the adaptive immune response to C.
burnetii.

C. burnetii-Host Cell Interactions

C. burnetii typically infects humans via the aerosol route and alveolar macrophages (aM®)
and other mononuclear phagocytes are believed to be the primary target cells of the pathogen.
The bacteria are engulfed by M® and are retained in a phagosomal compartment that matures
to acquire many characteristics of a secondary lysosome (4). Unlike other intracellular
pathogens, such as Mycobacterium spp. and Legionella pneumophila, C. burnetii does not
subvert phagosome-lysosome fusion to create a replicative niche (5). In fact, C. burnetii
requires the moderately acidic pH (<5) of this compartment for its metabolism and subsequent
replication (6). As mononuclear phagocytes are typically responsible for phagocytosis and
killing of invading pathogens, the fact that C. burnetii prefers to reside in phagolysomes within
these cells presents some interesting problems for the host immune system.

Differential trafficking of virulent phase | and avirulent phase Il C. burnetii has been proposed
(7,8). Virulent phase I strains are always isolated from an infected animal or patient and produce
a full-length lipopolysaccharide (LPS) (9,10). Repeated passage of phase | organisms in
vitro results in conversion to a phase Il phenotype where bacteria produce a truncated LPS
molecule lacking the terminal O-antigen sugars (9,10). Phase Il C. burnetii are severely
attenuated and cannot establish an infection in an immunocompetent host (11). There are
several potential explanations for the attenuation of phase Il C. burnetii. Phase Il organisms
are more sensitive to complement-mediated lysis than fully virulent phase | strains (12). Phase
I1 C. burnetii are also believed to engage different receptors on monocytes and macrophages
that may result in differential uptake, trafficking and intracellular replication between phase Il
and phase | bacteria (7,8).

Virulent C. burnetii productively infect mononuclear phagocytes in vivo and these cells appear
unable to control bacterial growth in naive animals. Interestingly, full-length phase I LPS from
C. burnetii does not stimulate macrophages and may actually be a TLR4 antagonist (13). While
C. burnetii does not appear to signal through TLR4, Honstettre et al. (14) have reported that
TLR4 does participate in bacterial uptake. However, TLR4 knockout mice do not appear to be
deficient in their ability to control C. burnetii infection (14). Zamboni et al. demonstrated that
avirulent C. burnetii stimulate macrophages through TLR2 (13). However, given the low
infectious dose of C. burnetii (less than 10 viable organisms (11)), the innate immune system
appears unable to contain primary infection by this organism in a large number of exposed
individuals.

Dendritic cells (DC) serve as immune sentinels that detect the presence of pathogens and
orchestrate the host’s immune response to infection (15). Because of their phagocytic nature
and prevalence in mucosal tissues, immature DC are likely one of the first cell types
encountered by C. burnetii during natural infection. Phase I C. burnetii can infect and grow
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within human DC without inducing maturation or inflammatory cytokine production by these
cells (Fig. 1) (16). In contrast, phase Il bacteria, with their truncated LPS, induce dramatic
maturation and inflammatory cytokine production. Interestingly, we found that full-length C.
burnetii LPS is required for the organism to avoid DC stimulation (16). These results suggest
a novel role for LPS as a shielding molecule that prevents access of C. burnetii surface
molecules to pattern recognition receptors on DC. Additionally, a lack of DC maturation in
response to virulent C. burnetii would likely result in presentation of bacterial Ag by
unstimulated, steady-state DC in vivo. The net effect of this might be the induction of tolerance
to C. burnetii Ag which, if true, would be important in the establishment of persistent infection
(17,18).

Cell-mediated Immunity to C. burnetii

Most research on the immune response to C. burnetii infection can be divided into two main
areas of study: 1) immune response to primary infection and, 2) protection against challenge
after vaccination.

The importance of cell-mediated immunity (CMI) in defense against a number of intracellular
pathogens, including Mycobacterium tuberculosis, Legionella pneumophila, and Listeria
monocytogenes, is well established (reviewed in (19-21)). Uptake of intracellular pathogens
by antigen presenting cells (APC) leads to presentation of pathogen Ag on the surface of the
host cell. This Ag presentation is typically accompanied by expression of T cell costimulatory
molecules on the APC surface. Cumulatively, these events lead to mobilization of Ag-specific
T cells. Large numbers of activated T cells are recruited to sites of infection where they produce
inflammatory cytokines such as interferon-y (IFN-y) and tumor necrosis factor (TNF). These
cytokines stimulate an antimicrobial response in a variety of cell types thereby controlling
infection. T cells can also recruit mononuclear cells, lymphocytes and fibroblasts to sites of
infection and establish granulomas, effectively walling-off invading pathogens. C. burnetii
infection can stimulate a strong cellular host response. Lymphocytes from vaccinated and
convalescent humans proliferate and produce IFN-y in response to C. burnetii Ag (22-24).
IFN-y stimulation allows monocytes/macrophages and fibroblasts to control C. burnetii growth
(8,25-27). The production of reactive oxygen and nitrogen species by cells in response to IFN-
v appears to play an import role in controlling intracellular bacterial replication (25,27). C.
burnetii infection often results in granulomatous lesions in a variety of different tissues
including, but not limited to, the spleen, liver and lungs. Chronic Q fever is associated with
reduced granuloma formation (28). Thus, cell-mediated immunity is important for control of
acute infection and prevention of disease reactivation.

Andoh et al. (29) recently described a detailed study of the primary immune response to C.
burnetii infection using a mouse model of acute Q fever. They found that T cell-deficient and
IFN-y k/o mice show greatly increased susceptibility to C. burnetii infection. Thus, it would
appear that T cells are required for resolution of disease, most likely because they serve as the
main source of IFN-y. So far, the roles of specific populations of T cells, such as CD4+ or CD8
+, have not been determined. Sidwell et al. demonstrated in a series of papers that suppression
of CMI in mice caused by pregnancy, corticosteroid treatment or gamma-irradiation causes
reactivation of persistent C. burnetii infection (30-32). Thus, cellular immunity is clearly
important in the control of C. burnetii infection.

To evaluate potential mechanisms of protective immunity, Zhang et al. studied protection of
vaccinated mice against challenge with virulent C. burnetii (33). They found that vaccination
with formalin-fixed phase | or phase Il bacteria induced a predominantly Th1-type immune
response. However, only vaccination with phase | organism provided protection. Splenocytes
from phase | vaccinated mice are protective when adoptively transferred into naive mice
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indicating a role for the cellular response in the protection elicited by vaccination (33). Thus,
CMI plays an important role in protective immunity elicited by vaccination.

Humoral Immunity to C. burnetii

Historically, antibody-mediated immunity was considered important for protection against
extracellular pathogens whereas immunity to intracellular pathogens was thought to be
exclusively cell-mediated. Recently it has become clear that this paradigm is not accurate and
that antibody plays an important role in protective immunity to a number of intracellular
pathogens (34). Antibody (Ab) can mediate protection via a variety of different mechanisms.
These include direct bactericidal activity, complement activation, toxin neutralization,
opsonizaton/phagocytosis, antibody-dependent cellular cytotoxicity (ADCC), altered
intracellular trafficking of pathogens, and modulation of the immune response through
interactions with Fc and complement receptors. Most of the effective vaccines that have been
developed to date exert their protective effects through Ab-dependent mechanisms. Thus, a
better understanding of Ab-mediated immunity (AMI) to C. burnetii will be important for
vaccine development.

Ab develops within 3—4 weeks of onset of symptoms of acute Q fever, mostly against phase
Il Ag which are considered proteinaceous (35). In fact, development of anti-phase 11 Ab
accompanied by low levels of anti-phase | Ab, which are primarily directed against LPS, is
considered diagnostic of acute Q fever. In chronic Q fever patients the trend is reversed where
an anti-phase I titer of >800 is considered diagnostic (35). The importance of Ab in immunity
to C. burnetii has been overlooked in the past as not all vaccinated or convalescent patients
have detectable levels of serum Ab (3). However, as the sensitivity of methods used to detect
Ab has increased, so has the percentage of individuals testing positive in human studies (3).
Because the levels of Ab necessary for protective immunity in humans are unknown, we must
consider the role of Ab when designing subunit vaccines.

Shortly after the discovery of C. burnetii, Burnet and Freeman described the passive protection
of mice and guinea pigs with C. burnetii antiserum (36,37). The fact that antibody can protect
a naive animal against this obligate intracellular pathogen raises some interesting questions.
For example, at what point during infection in vivo do antibodies gain access to C. burnetii?
Furthermore, how does antibody opsonization affect the replication of a pathogen that normally
resides in the phagolysosome of a macrophage?

Ab-opsonization of phase | C. burnetii has been reported to increase phagocytosis of the
organism by M® (38). Indeed, we have observed dramatically increased uptake of Ab-
opsonized C. burnetii by human monocytes, M® and DC in vitro. Interestingly, Ab-
opsonization had no effect on the growth rate of bacteria in these cells (Shannon and Heinzen,
unpublished data). Thus, increased phagocytosis and altered trafficking are probably not
mechanisms of AMI to C. burnetii.

We have found that infection of DC with Ab opsonized C. burnetii results in increased
expression of maturation markers and inflammatory cytokine production (Shannon and
Heinzen, unpublished data). This effect was Fc receptor (FcR)-dependent as evidenced by a
reduced response of DC from FcR knockout compared to C57BI/6 mice. However, wild-type
and FcR knockout mice are equally protected by passive immunization indicating that FcR are
not essential for AMI in vivo (Shannon and Heinzen, unpublished data). We have also
investigated the role of complement in AMI to C. burnetii by passively immunizing
complement-deficient mice. We found that, like FcR, complement is not essential for passive
protection in vivo (Shannon and Heinzen, unpublished data). Work is in progress to determine
the precise immune mechanisms responsible for passive immunity to C. burnetii.
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Andoh et al. report that B cell-deficient mice display more pathology than wild-type mice after
C. burnetii infection indicating Ab may play a role in reducing inflammatory tissue damage
after containment of infection (29). However, antibody does not appear essential for resolution
of primary infection. Passive immunization of naive mice with serum from vaccinated mice
protects against challenge (33,39). Thus, antibody can provide complete protection in the
mouse model. Interestingly, athymic mice are not protected by passive immunization indicating
that T cells are required for antibody-mediated immunity to C. burnetii (39). In support of this,
Zhang et al. recently demonstrated that passive immunization with immune serum does not
protect SCID mice, while adoptive transfer of T cells from immune animals does, indicating
that T cell-mediated immunity is essential for protective immunity to C. burnetii (33).

It is clear that AMI plays an important role in C. burnetii infection but the precise mechanisms
by which it contributes to immunity have not been determined. A better understanding of the
role of AMI in protection against infection will be necessary if an effective subunit Q fever
vaccine is to be developed.

Q Fever Vaccine Development

Currently, there is no FDA-approved Q fever vaccine available in the United States. Several
different vaccine formulations have been developed in the past each with varying degrees of
effectiveness. Chloroform:methanol residue (CMR) extracts of phase | C. burnetii have been
explored for use as Q fever vaccines. These extracts are less reactogenic in animal models and
thus, may be safer for sensitized individuals than the whole cell vaccines (WCV) (40,41).
Unlike with WCV, multiple doses of CMR can be administered without adverse effects (40,
42). Phase I clinical trials of the CMR formulation have been conducted and the vaccine appears
to be safe and immunogenic in human volunteers with no history of C. burnetii exposure
(42). The safety of this vaccine in skin test positive individuals still needs to be determined.
Attempts have been made to develop phase Il C. burnetii into a fixed WCV or live attenuated
vaccine with minimal success. A live attenuated Q fever vaccine was developed in the Soviet
Union from the phase 11 form of the M-44 strain of C. burnetii (43). However, this strain was
shown to persist and cause pathologic changes in laboratory animals, which has raised concerns
about its safety in humans (44). Ormsbee et al. showed that vaccination with formalin-
inactivated phase I bacteria was 100 to 300 times more protective than vaccination with phase
Il organisms (45). The only known difference between phase | and phase 11 C. burnetii is the
presence or absence of O-antigen, respectively. Therefore, full-length phase | LPS appears to
be critical for the generation of robust anti-C. burnetii immunity. In support of this, vaccination
of mice with purified phase I LPS is protective (33). However, due to the difficulty in obtaining
100% pure LPS one can always question whether or not small amounts of other Ag are
contributing to immunity. Interestingly, Abinanti and Marmion (46) showed a correlation
between the ability of immune serum to protect mice and the amount of antibody against phase
| Ag present in the serum. Whole-cell phase | vaccines have been proven protective in livestock,
laboratory animals and humans (3,41,47-50). One of the most widely used and effective WCV
is a preparation of the Henzerling strain of C. burnetii in phase | that has been formalin-
inactivated. This vaccine, called Q-vax®, has been in widespread use in high-risk individuals
in Australia for over 25 years. One 30 pg dose of Q-vax delivered subcutaneously provides
long-lived immunity to Q fever (50,51). However, individuals with previous exposure to C.
burnetii can have a severe delayed-type hypersensitivity reaction to the vaccine. Thus, potential
vaccinees need to be pre-screened by skin test to determine if they have had prior exposure.
However, even with this pre-screening side effects such as headache and flu-like symptoms
have been reported in 10-18% of vaccine recipients (50). Clearly a safe, effective subunit
vaccine that does not require pre-screening would be desirable.

Immunol Res. Author manuscript; available in PMC 2010 January 1.
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A number of potential protective protein Ag have been identified. A 67 kDa protein affinity
purified from the QiYi strain of C. burnetii can provide 100% protection in guinea pigs and
mice (52). Purified native P1, a 29 kDa major outer membrane protein, provides protection
from challenge in mice (53). Zhang and Samuel (54) cloned four proteins (Com1, P1, Ch-Mip
and P28) that were recognized by C. burnetii immune sera. However, vaccination of mice with
these individual recombinant proteins failed to provide protection against challenge (54). The
fact that purified native proteins protect, but recombinant proteins do not, suggests Ag epitopes
on natively conformed proteins are important for protection or that the native protein
preparations used in these studies were contaminated with small amounts of other protective
Ag, most likely LPS. Interestingly, Li et al. showed that recombinant P1 or HspB were unable
to induce protective immunity, but a recombinant P1-HspB fusion protein provided complete
protection (55). Thus, candidate Ag for subunit vaccines may need to be combined to induce
protective immunity to C. burnetii. A genetic library consisting of 97% of C. burnetii’s open
reading frames (ORF) has been constructed. To date, ~75% of these clones have been
individually expressed by in vitro transcription and translation and spotted on slides to create
C. burnetii ORFeome microarrays (Beare et al., submitted). These protein arrays were probed
with naive, immune and convalescent human sera and >50 immunoreactive proteins were
identified, including a number with predicted outer membrane localization. We are currently
pursuing the proteins on this list as potential subunit vaccine candidates.

Chronic C. burnetii Infection

Human exposure to C. burnetii can result in a variety of outcomes including severe flu-like
symptoms to asymptomatic infection (1). Regardless of presentation, C. burnetii can establish
apersistent, latent infection that may reactivate months or years after initial exposure and cause
chronic disease. This reactivation is largely dependent on the host’s immune status as chronic
Q fever is typically associated with some type of immune suppression (56,57). One of the most
frequent manifestations of chronic Q fever is endocarditis. In fact, C. burnetii is a leading cause
of blood culture-negative endocarditis (58). Chronic Q fever can be treated with antibiotics;
however, treatment does not result in clearance of the organism and patients often require life-
long prophylactic antibiotic therapy to prevent reactivation (1). A vaccine that could be
administered to persistently infected individuals to boost their immune system and drive the
immune response towards elimination of the persistent bacteria would be advantageous for the
treatment of chronic Q fever. While our knowledge of the immunology of chronic Q fever has
steadily increased, a better understanding is needed before such a vaccine can be developed.

Elevated levels of interleukin-10 (IL-10) have been found in chronic Q fever patientsand IL-10
has been implicated in the ability of C. burnetii to establish a persistent infection (59,60). IL-10
is a pleiotropic cytokine exhibiting both pro- and anti-inflammatory properties. However, it is
generally thought to play more of an anti-inflammatory role in most in vivo situations. IL-10
is essential for maintenance of the delicate balance between immunity to pathogens and
pathology that can result when an immune response is left unchecked. A variety of pathogens
(e.g. Mycobacterium tuberculosis, Leishmania sp. and Helicobacter pylori) can take advantage
of the anti-inflammatory properties of IL-10 as a means of avoiding sterilizing immunity and
establishing a persistent infection (reviewed in (61-63)). Several lines of evidence point to an
importantrole for IL-10 in chronic Q fever. Capo et al. found that peripheral blood mononuclear
cells (PBMC) from chronic disease patients spontaneously produce elevated levels of IL-10
and that the amount of 1L-10 produced is related to disease severity and likelihood of relapse
(59). Furthermore, Honstettre et al. monitored cytokine production by PBMC from acute
disease patients and found a correlation between IL-10 levels and progression of the patient to
chronic disease (60). 1L-10 induces growth of C. burnetii in human monocytes and monocytes
from chronic Q fever patients are more permissive for growth than controls (64). 1L-10 may
increase C. burnetii replication by inhibiting TNF production by these cells. C. burnetii
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establishes a more robust infection in transgenic mice overexpressing IL-10 in macrophages

(maclL-10tg) and macrophages from these mice fail to kill the bacteria (65). These mice also
develop very similar pathology to human chronic Q fever patients. Therefore, the maclL-10tg
mouse may be an informative animal model of chronic Q fever.

Clearly IL-10 plays an important role in C. burnetii infection. Identifying the main source of
this cytokine in vivo will be necessary for a more complete understanding of Q fever
pathogenesis. Regulatory T cells can be a major source of IL-10 during infection (66). T cells
from chronic Q fever patients can be unresponsive to C. burnetii Ag and this T cell suppression
is associated with an Ag-specific population of “suppressor” T cells (67,68). These results were
published in the mid-1980s. In the intervening time the field of suppressor or regulatory T cells
has exploded. The tools and techniques available for study of these cells in vivo and in vitro
are now widely available. Thus, the role of regulatory T cells in Q fever needs to be investigated
using modern approaches.

Conclusions

As an obligate intracellular pathogen, C. burnetii presents some interesting challenges to
immunologists. The organism takes up residence in a lysosome-like compartment in a
phagocyte. Despite this intracellular niche, passive immunization with antiserum provides
complete protection against C. burnetii infection. Interestingly, T cells are absolutely required
for control of primary infection and passive protection provided by Ab. However, to date, we
have been unable to determine the precise mechanism(s) of AMI to C. burnetii. An efficacious
whole-cell vaccine against Q fever has been developed, although the exact mechanisms by
which this vaccine provides protection are only partially understood. The recent developments
in the field of C. burnetii immunology have undoubtedly moved us closer to the goal of a safe,
effective subunit vaccine for Q fever. However, further studies on the basic mechanisms of
immunity to this pathogen are needed.
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Fig. 1.

Scanning electron micrograph showing internalization of the Nine Mile phase | strain of C.
burnetii by human monocyte-derived DC. Bacteria are pseudocolored green while the DC is
pseudocolored orange. Bar, 0.2 um.
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