
Review

Q fever: persistence of antigenic non-viable cell residues
of Coxiella burnetii in the host—implications for post
Q fever infection fatigue syndrome and other chronic
sequelae

B.P. MARMION1, O. SUKOCHEVA2, P.A. STORM1, M. LOCKHART2, M. TURRA1, T. KOK1,
J. AYRES3, H. ROUTLEDGE3 and S. GRAVES2

From the 1Q fever Research Group, SA Pathology/Hanson Institute, Adelaide, South Australia,
2Australian Rickettsial Reference Laboratory, Geelong, Victoria, Australia and 3Environmental and

Occupational Medicine, University of Birmingham, Birmingham, UK

Summary

Background: Our previous studies of persistence of
Coxiella burnetii in humans after an initial acute
Q fever infection revealed raised, maintained anti-
body levels and low levels of coxiella genomic DNA
at the age of 5 years from onset in Australian patients
and at 12 years in patients in the 1989 Birmingham
UK Q fever outbreak. Attempts to isolate the coxiella
in standard cell culture and susceptible mice by
serial passage of PCR positive PBMC and bone
marrow were negative.
Aim: To retest PCR positive patient samples by more
sensitive methods for viable coxiellas and for the
coxiella cell components of antigen and specific
lipopolysaccharide (LPS). To re-interpret the previ-
ous results in the light of the new information. To
review the pertinent literature for a concept of an
immuno-modulatory complex generated by the cur-
rent studies.
Design: Laboratory case study.
Methods: Stored patient samples were inoculated
into SCID mice that were followed for 60 days.
Mouse spleen and liver samples were then exam-
ined by PCR assay for targets in the COM1 and

IS1111a sequences and for antigens by IFA with a
polyclonal rabbit antiserum to C. burnetii Phase 1
and a monoclonal antiserum to Phase 1 LPS (details;
O. Sukocheva et al., unpublished data).
Results: All specimens, including a recently excised
heart valve from a Birmingham patient with late
developing endocarditis, were infection negative in
SCID mice. Dilutions of SCID mouse spleen and
liver homogenates titrated in PCR assays were neg-
ative at dilutions attained by control mice inocu-
lated with an endpoint dilution of a viable
prototype strain of C. burnetii. Sections of the
spleens from all specimens showed a complex of
coxiella antigen-LPS by IFA.
Discussion/Review: We advance a concept of
long-term persistence of a non-infective, non-
biodegraded complex of coxiella cell components
with its antigens and specific LPS [so called
Immunomodulatory complex (IMC)] associated
with traces of genomic DNA that signalled its pres-
ence in our earlier studies. The IMC’s survival in
patients for at least 12 years, and in one patient for
70 years implies a capacity for serial passage in
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macrophages with effective down-regulation of their
biodegrading functions. The review assesses the
compatibility of the IMC concept in relation to
cogent literature on C. burnetii interactions with

macrophage and cell-mediated immunity. Some
remaining gaps in our knowledge of the organ
sites and duration of carriage of viable coxiellas
after initial infection are also identified.

Introduction

In 1996 research groups in Adelaide Australia and

Birmingham UK identified an additional chronic

sequel to acute Q fever—the post Q fever fatigue

syndrome (QFS)—that differed from other recog-

nized sequelae such as subacute endocarditis,

recrudescence of viable coxiellas at parturition and

granulomata in various organ systems.1,2 Between

10% and 15% of patients who had had acute pri-

mary Q fever subsequently developed a seriously

disabling post-infection fatigue syndrome (QFS),

lasting for 5–10 years or longer and symptomatically

closely similar to the idiopathic chronic fatigue syn-

drome (CFS). Subsequently QFS has also been

recognized in Canada,3 USA,4 Croatia,5 Japan6:

also currently in the large goat-associated outbreak

(�1300 cases) in the Netherlands (Gijs Limonard

MD personal communication).
Further investigations of QFS in Australia and UK

proceeded on the hypothesis that three interacting

factors were involved. Namely, (i) a persisting anti-

genic challenge from Coxiella burnetii after the

acute infection, (ii) failure in a subset of patients to

down-regulate a continuing, raised but impaired

cell-mediated immune (CMI) response to the antigen

after the decline of the initial acute phase response

of the primary Q fever and (iii) a failure of home-

ostasis in the QFS patient subset probably related to

polymorphic variation in the immunogenetic control

and response repertoire.
Studies of patterns of cytokine dysregulation7 and

of genetic polymorphism in QFS patients and other

Q fever groups are described elsewhere.8,9 Our ear-

lier results,10,11 on the search, long after initial acute

Q fever, for persisting viable coxiellas based on anti-

body levels, detection of sequences in genomic

DNA and inoculation of samples into cell culture

and laboratory animals, while correct as original

observations, now require review and reinterpreta-

tion in view of our current findings.
The ability of viable C. burnetii to persist in its

host after an initial infection has been recognized

since the 1940s—first in laboratory animals and

domestic ruminants, and later in human beings

(summary10). Until recently the carrier state has

been defined mainly by detection of coxiellas as

infective entities either by infection of laboratory

animals, or by culture in eukaryotic cells or in the

chick embryo yolk sac. Additionally, when coxiellas

are present in large numbers, as in early stage florid

endocarditis,12 detection of viable and non-viable

organisms with varying sensitivity and specificity is

also possible with special histological stains (e.g.

Giemsa, Gimenez, Macchiavello), with fluoro-

chromes, by serological assays for antigen (CFT,

EIA, immunofluorescence), or by electron

microscopy.
Recently, PCR amplification of short target

sequences in the C. burnetii genome has provided

an indirect marker of the presence of very small

numbers of coxiella cells, probably even when

their DNA is fragmented. The increased sensitivity

has revealed long-term persistence of small amounts

of coxiella genomic DNA and by inference, the per-

sistence of coxiella cell components in the host, as

distinct from or in addition to infective organisms.
In 2000 and 2005, the Q fever Research Group in

Adelaide in collaboration with colleagues in

Australia and in England described the detection of

C. burnetii cells by PCR amplification of DNA geno-

mic sequences in bone marrow aspirates, buffy

coats or peripheral blood mononuclear cells

(PBMC), long after initial infection.10,11 Thus with

an Australian cohort of 29 QFS patients with labo-

ratory evidence of previous Q fever, samples col-

lected at varying periods from 9 months to 5 years

after initial illness (mean period 37 months), were

positive with primer/probe sets for targets in

IS1111a, and Com1 C. burnetii genes. With the

cohort of 149 cases from the 1989 Q fever out-

break13 in Solihull, Birmingham UK, which followed

a single exposure to infection, samples collected 12

years after acute illness from a subset of 92 patients

were examined serologically, with uniformly posi-

tive results. Bone marrow aspirates and buffy coat/

peripheral blood samples were positive with primer/

probe sets for Com1 and 16S rRNA, but were either

negative or gave only occasional borderline posi-

tives with IS1111a.11 The last finding was in

marked contrast to the Australian cohort sampled

at a shorter time after initial infection. In both

cohorts the PCR amplicons were shown to be cor-

rect sequence for the designated targets in the

C. burnetii genes.
In the Birmingham cohort,11 both those patients

who had made an asymptomatic recovery, and

those who were still unwell with various morbidities

—including QFS or developing, but covert subacute

endocarditis—had closely similar geometric mean
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levels of IgG class antibody to C. burnetii Phases 1

and 2 antigens by immunofluorescence assay (IFA).
Again, counter intuitively but in line with the anti-

body studies, bone marrow samples from both

asymptomatic, recovered patients and from those

remaining ill, were positive in about the same pro-
portions (85–90%) in PCR assays with primer and

probe sets directed against COM1 or 16S rRNA

genes. Significantly, subsequent observations

showed that samples could rarely be diluted more
than one in 10 before PCR reactivity was lost indicat-

ing presence of very few copies of DNA targets [This

contrasted with the pattern found with the spleens

of SCID mice inoculated with a viable C. burnetii

(Henzerling) suspension at endpoint infectivity. The
latter were PCR positive at dilutions 100–10 000

or more. (AQRG/ARRL: Unpublished 2005–2009)]
In our original reports, we canvassed various

explanations including persistence of dormant
non-replicating coxiella cells or their sub-

components surviving from the wide seeding

during the original acute infection.
Eventually, swayed by the common belief that

persistence implies the presence of viable infective
organisms, we suggested a sequence of survival of

very small numbers of viable coxiellas in the bone

marrow, with low-level replication and periodic

destruction, all under tight host control.
Nevertheless, serial passage of PCR positive bone

marrow samples from one or other of our patient

cohort in cultures of human lung fibroblasts

(HEL),14 or in A/J and interferong ‘knockout’ mice,

failed to yield the postulated infective ‘persisters’. It
remained possible that the mouse lines and shell

vial/HEL culture system that we used were not sen-

sitive enough to detect the very small numbers

thought to be present.11 The recent demonstration15

of the substantially greater susceptibility to C. bur-

netii infection shown by SCID versus immuno-

competent mice led us to retest samples in the

former.

Methods

SCID mice

Extracts of PCR positive marrow/peripheral blood

cell homogenates from 10 Birmingham patients
stored at –708C were inoculated into groups of

three SCID mice in parallel with a freshly excised

optimally transported heart valve from one

Birmingham patient with low-grade, late-stage
endocarditis. Absence of Infection was judged by

maintenance of weight gain and survival over an

observation period of 60 days before euthanasia

and autopsy (O. Sukocheva et al., unpublished
data).

PCR assays

SCID mouse spleen homogenates were tested over a

range from undiluted to one in 100 by PCR with
COM1 and IS1111a primers and probe sets.

Immunofluorescence assay for
C. burnetii Phase 1 and 2 antigens

Valve tissue and SCID mouse spleen and liver sam-
ples were fixed in 10% v/v formal-saline and wax-

embedded. Six microns sections were cut and taken
to water then treated with acid citrate buffer pH 6.4

to elute bound host antibody globulin that might
block rabbit antibody, followed by blocking with

non immune goat serum. IFA staining was with a
polyclonal rabbit antiserum to Phases 1 and 2 anti-

gens followed goat anti-rabbit fluorescein conjugate.
Control sera were negative serum from rabbit and

an immune rabbit antiserum to influenza virus.
A monoclonal antibody to Phase 1 antigen LPS

was also used in the same format.

Results

Details of the weight changes in inoculated SCID
mice, macro- and microscopic organ and tissue
changes, PCR and immunofluorescence detection

of antigen are detailed elsewhere (O. Sukocheva et
al., unpublished data).

In brief, infection was not detected in any of the

SCID mice, which did not fail to gain weight. All
PCR assays on their spleen or liver homogenates

were negative at a one in 100 dilution thus exclud-
ing viable (i.e. replication competent) coxiella in

the mice (AQRG/ARRL: Unpublished 2005–2009)
although variable reactions remained in undiluted
suspensions, presumably reflecting survival of the

inocula. On the other hand, sections from the
mouse spleens from all 11 Birmingham samples

showed aggregates of coxiella antigen when stained
by IFA with a rabbit polyclonal antiserum containing

antibodies to Phases 1 and 2 antigens of C. burnetii
but were negative with sera from an unimmunized

rabbit (illustrated Figure 1B and E). Sections were
also negative with a rabbit serum immunized with

influenza virus but positive with a monoclonal anti-
body to C. burnetii Phase 1 antigen (O. Sukocheva

et al., unpublished data). The divergence between
lack of infectivity on the one hand, and persistence
of DNA fragments and antigen on the other, is illu-

strated with samples from three patients—one with
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QFS and two with late stage endocarditis

(Figure 1A–F, Box 1).

Discussion

The persistence of C. burnetii Phases 1 and 2 anti-

gens and antibody, with the minor amounts of spe-

cific genomic DNA in the Birmingham patients, >12

years after initial infection, coupled with the

absence of infective coxiella cells in PBMC or

bone marrow, adds a previously unsuspected

dimension to the pathogenetic patterns of chronic

Q fever.
One possible explanation for absence of infective

cells might be attributed to neutralizing effects of

human C. burnetii antibody in the inocula, however,

note that while antibody modifies lesion develop-

ment in immune-competent mice,16 animals are

nevertheless infected. Also for lesion prevention,

co-operation of a competent cellular immune

system is required: antibody does not prevent

lesion development in congenitally athymic

mice.17 Overall, our results suggest the long-term

survival of non-infective complexes of C. burnetii

cell components including lipopolysaccharide

(LPS) associated with small, variable amounts of

coxiella genomic DNA sequences. The latter sig-

nalled the presence of the complexes in our original

observations. These complexes now appear more

likely to be a residue of the original heavy seeding

during the bacteraemia of the acute infection >12

years earlier rather than the product of an ongo-

ing complex low-grade recurrent cycle of

multiplication, destruction and renewal of infection

as previously proposed.11

Clearly, in view of the regular recrudescence of

infection in late pregnancy in animals and human
beings, long-term low level survival of living cox-

iella is a reality (cf. 18). Further study is being under-
taken of the reproductive tract as a possible
specialized locus (so called ‘privileged site’) for dor-

mancy or low-grade coxiella infection after initial
infection, given known infection of prostate, ‘spon-

taneous’ testicular granulomas, and prolonged
excretion from the bovine mammary gland as well
the differential pattern of survival of viable coxiella

in the earlier Californian experimental inoculation of
pregnant sheep (Lennette E. H. et al., unpublished

data: cited10 and below),

Review

There appear to be key unanswered questions about
the cellular state of persistent viable coxiellas in an
immunologically competent host. This is despite

much recent, highly illuminating in vitro and
ex vivo model experiments with coxiella macro-

phage interactions. Our review explores the concept
of an immunomodulatory complex (IMC) of antigen
and LPS on the disease process as distinct from other

modifiers coded by the coxiella genome.

How long do viable coxiellas persist in
the human host after initial infection?

Derrick,19 in reviewing the course of infection
in 273 acute primary Q fever patients during the

Figure 1. (A) Heart valve of Patient 1� 400�. (B) Spleen of SCID mouse inoculated with heart valve P1� 400�. (C) Super-

imposed images of co-located unstained spleen cells and fluorescent stained material in subcapsular region of SCID mouse

in (B) and (D) Heart valve from Patient 2. �400�. (E) Spleen (IFA only) from SCID mouse inoculated with bone marrow/buffy

coat from Patient 3(44) QFS without endocarditis �400�. (F) Control section for A with negative rabbit serum.
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pre-antibiotic era, concluded that virtually all blood
samples were infective for guinea pigs when taken
during the primary fever, from onset to �Day 12.
Likewise Japanese workers isolated C. burnetii in
A/J mice from 13/18 (75%) of samples from children
during the acute phase of serologically proven Q
fever.20 PCR assay detects the coxiella in serum
during the same period and somewhat beyond.21

However, during periods of ‘secondary fever’, after
Day 15 from onset, Derrick did not isolate the cox-
iella from blood and only rarely from the urine. He
surmised that the secondary fever was a side effect
of the immune response (‘inflammation’). More
recently Musso and Raoult22 in contrast with
Derrick’s findings and using shell vial cell culture
had a low rate (17%) positive cultures from
untreated acute Q fever before treatment. This also
suggests a short ‘window’ of high titre bacteraemia
after onset of illness.

Systematic SCID mouse and cell culture, and PCR
examination of optimally collected and tested sam-
ples—taken at intervals beyond 10–12 days from
onset of acute illness well into convalescence—
are now required to document the duration of bac-
teraemia and the point of divergence between infec-
tivity, on the one hand, and continuing positive
assays for DNA sequences and antigens on the
other.

Nevertheless strong hints remain that in general,
levels of infective coxiella cells detected by culture
of blood or tissues probably decline rapidly after an
initial uncomplicated acute Q fever, apart from
those patients who progress to subacute endocardi-
tis, chronic granuloma or later recrudesce at parturi-
tion. [Such a sequence is illustrated e.g. by
unpublished, systematic studies by Lennette’s
group in Berkeley, CA, 1951–53. They found that
sheep inoculated with C. burnetii in early pregnancy

Box 1 Notes on patients in Figure 1

(i) Patient 1 (#84) from the Birmingham cohort first presented as QFS after initial infection in 1989. Later he
complained of progressive breathlessness on exertion and was found to have a low-grade endocarditis of the
aortic valve. At 12 years after initial acute Q fever he remained antibody positive (C. burnetii Phase 1: 10;
Phase 2: 160) but not with the ‘classical’ serological pattern seen in early florid Q fever endocarditis. His bone
marrow was PCR positive with COM1 primer/probe set but not with IS1111a. At 17 years from onset his
aortic valve failed and was replaced. It was distorted and fibrosed and a histological diagnosis of calcific
aortic valve was offered. However an extract was positive by PCR with primer probe sets for IS1111a and
COM1 in two different laboratories. In vitro culture in Vero, dog macrophage (DH82) and XTC-2 and L929
cells was negative. Inoculation of valve extract and bone marrow into SCID mice was also culture negative.
IFA examination showed antigen was present in large amounts in sections from the heart valve as such, and
also at lower levels in the subcortex of spleens of the SCID mice inoculated with valve homogenate and bone
marrow even though a coxiella had not replicated in the mice (Figure 1A–C).

(ii) Patient 2, an unvaccinated Australian abattoir worker, had an aortic valve homograft (1990) after rheu-
matic fever in 1962. He then developed laboratory-proven acute Q fever (6/1992). After a period of QFS
(1992–95) during which his Q fever serological tests (CFT) became negative; the tests slowly reverted to
positive. When serological IFA tests (8/1997) were used antibody to Phases 1 and 2 antigens showed high
titres in IgG and lower in IgM class (examples Phase 1: IgG: 5120; Phase 2: 10 240; Phase 1or 2: IgA class
<10). PCMC samples (3/97 and 3/98) were PCR positive for coxiella DNA but isolation negative in A/J mice.
At 9 years after the acute Q fever the valve was removed for mechanical reasons and was fibrosed and
calcified. Surgical and tissue pathology diagnoses were, respectively, ‘wear and tear’, and calcific aortic valve
with thrombotic vegetation. However a valve extract titrated out to 10–5 by PCR with primer/probe sets to
IS1111a but even so a coxiella was not isolated in A/J mice. Electron microscopy showed lacunae in the valve
with possible degenerate LCV and a few SCV. IFA examination showed plentiful focal staining probably
corresponding to the lacunae. (Figure 1D).

(iii) Patient 3 (#44) from the Birmingham cohort after initial Q fever progressed to QFS without co-morbidity.
At 12 years after infection IFA antibody tests showed IgG C. burnetii Phase 1< 10; Phase 2: 320; IgM and IgA
antibody negative. Bone marrow aspirate was positive in PCR with the COM1 primer probe set but negative
with IS1111a sets. Coxiella burnetii was not isolated in HEL cells or in AJ or IFNg ko mice. Later, bone
marrow/buffy coat samples were also negative on inoculation of SCID mice. But the SCID mouse spleen and
liver samples showed aggregates of antigen when stained with Phase 1 rabbit serum, but not with negative
control sera (Figure 1E). PCR (COM1) primer set assays on mouse spleen showed variable positive ct values
over a range of 1 in 1–10 dilutions but were clearly negative at 100.
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initially had infective coxiellas (by hamster

inoculation) in most organs through the body

except in the developing placenta and fetus.

After Week 13 the dispersed sites became non-

infective. In contrast, placenta and fetus only

became infective just before parturition at 19–20

weeks (cited10)].
The termination of the bacteraemia appears to be

mediated by the developing adaptive CMI and anti-

body responses—nowadays probably assisted by

antibiotic therapy. Apoptotic changes are induced

in infected host macrophages and other cells via

CMI and cytokine responses of TNFa and IFNg23

to C. burnetii epitopes presented on the infected

macrophage surface.
The delayed onset of the adaptive CMI response

so long after initial infection requires explanation.

The incubation period of Q fever is around 3

weeks depending on the infective dose. Yet during

this period it appears that the coxiella is able to

multiply, initially in alveolar macrophages, and

then spread through the body to other cells essen-

tially unchecked by the repertoire of innate immune

responses (latter as summarized by Lydyard and

Gross.24). Coxiella burnetii is poorly cytolytic in

in vitro cell culture and forms phagolysosome-

bounded microcolonies taking up much of the cell

cytoplasm. It may be that the apoptotic changes

induced by the adaptive CMI serve to liberate the

nascent coxiellas from the infected host cells, signal-

ling the onset of the bacteraemia and febrile phase

of the clinical disease as a by-product of the cellular

immune responses.

What survives after the bacteraemia?

The residua from the containment of the infection by

killing the coxiella-infected host cell appear to
include incompletely biodegraded non-replicating
coxiella cells with small amounts of DNA
sequences. Presumably the acid hydrolases of acti-

vated macrophages cut the coxiella genomic DNA
yet leaves fragments still detectable by PCR with
closely spaced primers. At present it is uncertain

whether the different targets (IS1111a, COM1, 16S
rRNA) detected by our assays are together on the
same coxiella genome, or on subgenomic fragments
from different coxiellas. It is also possible that some

DNA sequences—e.g. insertion sequence genes
(IS1111a)—present in variable copy numbers—are
more sensitive over time to host nuclease degrada-
tion than constituent genes such as COM1 (cf. low

rate of IS1111a reactors compared with COM1 reac-
tors in Birmingham outbreak samples compared
with those from the cohort of Australian patients

sampled earlier after infection).
Electron microscopy25 and Patient #2 Figure 1,

suggests both large cell variants (LCV) and small
cell variants (SCV) may survive as morphological
entities, the latter presumably retaining their LPS

and protein antigens. The outcome is most easily
seen in endocarditis valves where the remains of
microcolonies can be visualized in electron micro-
graphs, by Giemsa, Macchiavello or by IFA staining

as reported by numerous authors in the 1950s and
1960s [summary,11,26,27 and by PCR and IFA
(Figure 1A and D)].

The elimination of the coxiellas as infective enti-
ties may vary in efficiency depending on the poly-

morphism of the individual host’s cellular
immunogenetic repertoire8,9 and Figure 2. In suba-
cute endocarditis and some granulomatous compli-

cations living coxiella survive but in a lower
proportion of the total number of coxiellas visua-
lized by other means. For example in the prototype
florid early case described by Andrews and

Marmion12 aortic valve vegetations titrated to 10–6

in guinea pigs but the morphological material
detected by Giemsa stains indicated more numerous

extracellular coxiella. In late stage endocarditis
cases, the discrepancy widens between numbers of
coxiellas detected by animal inoculation or cell cul-
ture and those detected by PCR or histological stain-

ing27 and Figure 1A and D, Patients 1 and 2).
In the great majority (>80%) of patients with

acute Q fever there is a symptom-free recovery
with homeostatic control of the level of antigenic
stimulation from the postulated persisting unde-

graded coxiella cell debris. The covert stimulation
is signalled only by long lasting or slowly declining

Q Fever Fatigue
Syndrome(2)

Asymptomatic
recovery(3)

Q Fever
Endocarditis(5)

(”Chronic Q fever”) 

Immune response

Granuloma(4)

Acute
Primary 
Q Fever

IMMUNOGENETIC(1)

POLYMORPHISM 
RAISED IMPAIRED CMI POLE

(cytokine dysregulation)

LOW CMI POLE
(anergic state)

* Putative immunomodulatory complex

CultureCellular
immunity

Antibody

+

–

–

+

+++

+

+

+++

++++

??
see notes

+

–

++++

Antigen*PCR

+

+–

++

+++

??
see notes

++

+

+++

Figure 2. Provisional paradigm for further investigation of

C. burnetii host–pathogen interactions (There is substan-

tial variation between patients in antibody and CMI

responses and also in assay sensitivity in different labora-

tories. This should be taken into account in viewing illus-

trative ranges of values given in Notes below).
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antibody levels and the heightened cellular immu-
nity detected in humans by positive intradermal skin
tests in pre-vaccination ‘screen’ tests,28 or in lym-
phocyte stimulation assays with PBMC and C. bur-
netii antigen.29

In a small minority (10–15%) of patients with a
different (partly defined) immunogenetic back-
ground,8,9 who develop post QFS it appears that
there is a failure of control of the continuing CMI
response to the persistent antigens with develop-
ment of raised, impaired cell mediated and cytokine
responses (IL-6 in particular) on stimulation of PBMC
in short term culture with Q fever antigens;7 see also
Figure 2.

Survival and replication of C. burnetii
in the macrophage

Factors influencing survival are (i) the highly bacte-
ricidal environment of the phagolysosome in an
activated macrophage (ii) innate and adaptive
immune responses, particularly in the cell-mediated
compartment (iii) polymorphism in host immunolo-
gical control and response genes. In relation to (i),
recent studies30–32 of the interaction of live C. bur-
netii with macrophage lineage cells in short-term
culture revealed the profound modifications of
macrophage function coded by the coxiella, which
completes its whole life cycle in the phagolyso-
some30 and whose enzyme systems operate opti-
mally at the pH of phagolysosome.33–35 Inter alia,
the normal autophagic functions of the macrophage
are subverted to provide metabolic precursors for
the synthesis and replication of the coxiella LCV.
Expression of Type-IV secretion proteins from
C. burnetii genes,32 analogous to virB of Brucella
and Icm/Dot of Legionella spp., modifies and
enlarges the phagolysosome to a favourable envi-
ronment for growth—the so-called parasitophorous
vesicle. Inhibition of host cell apoptosis by coxiella
gene product is another recently identified survival
mechanism.36

However, even given these remarkable diversions
of macrophage function in models in vitro, in the
whole animal innate immune mechanisms and the
developing adaptive CMI response remain as bar-
riers to coxiella survival and replication. The LCV,
the putative replicating unit, lacks the robust cell
wall of the SCV and has an open membrane struc-
ture, presumably evolved to allow intake of meta-
bolic precursors from the autophagic products of the
macrophage, and a nuclear configuration to allow
DNA transcription. It might be expected that its
genomic DNA and ribosomes would be highly vul-
nerable to the enzymes and reactive radicals in
the phagolysosome of a macrophage activated by

IFNg—e.g. from NK cells of the innate immunity
or later from the adaptive CMI response. But as
already noted, the fact that multiplication occurs
during the long incubation period indicates a
highly effective down-regulation of at least the
mechanisms of innate immunity until fever signals
the onset of illness and the increasing dominance of
the adaptive immune response.

Many facets of modification of macrophage func-
tion by C. burnetii have also been explored by Mege
and colleagues (Rickettsial Unit, University of
Marseilles). These have covered cytokine responses
in acute Q fever, in subacute Q fever endocarditis
and the interactions of C. burnetii with monocytes/
macrophages ex vivo from healthy persons, Q fever
endocarditis patients or, in vitro, with a continuous
macrophage cell line (TPH1)37–49: see also notes for
Figure 2). Aspects pertinent to the present review are
(i) coxiella LPS stimulates TNFa production by
human monocytes via cell receptor alpha (v) b3
integrin. (ii) IL-10, but not TGFb, down-regulates
TNFa production allowing C. burnetii survival and
replication in monocytes. (iii) viable C. burnetii sur-
vives longer in monocytes from Q fever endocarditis
patients than in monocytes from healthy uninfected
persons—see also below. (vii) C. burnetii LPS is
involved in phagocytosis by macrophages, reorgani-
zation of actin filaments and inflammatory
responses via Toll-like receptor 4. Overall these stu-
dies highlight the pivotal role of C. burnetii LPS in
modulation of macrophage functions. Note also the
central role of Phase 1 LPS as a protective epitope in
Q fever vaccine for generation of immunity to block
macrophage down-regulation.50

Coxiella burnetii LPS–protein complex
as a modulator of macrophage function

We advance a concept of immunologically
mediated disease from impaired function of the var-
ious cells in the monocyte/macrophage or dendritic
lineage from carriage of incompletely degraded cox-
iella cell components with Phase 1 LPS as an alter-
native additional regulator to persisting viable
coxiella cells; a postulate foreshadowed by some
previous reports viz.

In the 1980s, Schramek et al.51 studied LPS from a
killed (1% phenol) suspension of C. burnetii Nine
Mile strain in Phase 1. After chloroform–methanol
treatment the LPS was extracted from the coxella by
the phenol–water method. Analysis of the purified
LPS revealed two unusual 3-carbon-branched sugars
designated virenose and dihydro-hydroxystreptose,
respectively, linked into the LPS in the pyranose
and furanose configurations. Methylation analysis
suggested that the two sugar units occupied terminal
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positions in the LPS chain. Mild acid hydrolysis of
the LPS with 1% acetic acid progressively decreased
specific Phase 1 antigen potency in coating sheep
erythrocytes exposed to C. burnetii Phase 1 anti-
serum in a passive haemolysis system, while gradu-
ally revealing activity with the underlying lipid A
with antiserum to Salm.minnesota. LPS from Phase
2 coxiella cells did not contain the unusual sugars.
The two unusual sugars offer a possible basis for
specific engagement with macrophage receptors
e.g. via a complex with CD14-Toll receptor 2 or 4
and the expression of the cytokines, prostaglandins
and other mediators that modulate macrophage and
T cell activation.52

Koster et al.53 recorded modulation of cellular
immune responses by C. burnetii via a suppressor
T-cell monocyte circuit involving prostaglandin
inhibition of T lymphocyte function. They drew
attention to the role of the mechanism in the
anergy of Q fever endocarditis.54 Significantly, the
inhibition of cellular immunity was specific for
C. burnetii as that to Candida spp. was not impaired.
The specificity of the inhibition of Q fever immune
responses appeared to originate from the coxiella–
monocyte/macrophage interaction.

Izzo and Marmion,55 in parallel observations,
found that the interaction of separated monocytes
and killed suspensions of C. burnetii with Phase 1
antigen generated immune mediators, including
prostaglandin PGE2. The latter down-regulated IL-2
and IFNg production by T lymphocytes. The inhibi-
tion of IFNg was reversed by addition of a small
unitage of IL-2 and also by Piroxicam, an inhibitor
of prostaglandin synthesis. The immmodulation was
not produced by coxiellas with Phase 2 antigen, or
by a Phase 1 coxiella suspension treated with potas-
sium periodate to open and ablate the sugar rings of
the Phase I LPS ‘O’ chain, thereby creating an arti-
ficial Phase 2 antigen. In this context note earlier
observations underlining the role of Phase 1 antigen
as a protective immunogen by sero-prophylaxis in
immunocompetent mice,16 in challenge experi-
ments in guinea pigs with inactivated Phases 1 and
2 vaccines.28 Also experiments in mice with
an inactivated Phase 1 C. burnetii vaccine that
showed its protective effect in mice was removed
by treatment with potassium periodate to modify
the LPS sugar units.50

Waag and Williams56 described ‘an immunosup-
pressive complex’ associated with C. burnetii. The
immunomodulatory capacity of formalin-inactivated
whole cell (wc) C. burnetii preparations and derived
fractions was measured in endotoxin non-responder
C57BL/10ScN mice inoculated with the test materi-
als and killed 14 days later. Spleen weights were
measured and ‘nucleated spleen cells’ were then

assayed for their in vitro mitogenic responses to con-
canavalin A and pokeweed mitogen. Marked sple-
nic enlargement and a (variable) suppression of
mitogenesis were induced by inactivated coxiella
Phase 1 wc but significantly less by Phase 2 cells.

Extraction of Phase 1 cells with chloroform-
methanol produced a cell residue (CMR) retaining
its LPS phase specificity, and a supernatant extract
(CME). When the two fractions were recombined the
inhibitory effects of the original wc preparation were
reproduced. Pre-treatment of CMR cell component
with potassium periodate destroyed the effect, as did
lysozyme and neuraminidase to a lesser extent;
lipase or proteinase were inactive. (The chemical
basis of the effect of recombining CMR and CME
is perhaps puzzling and does not suggest a chemical
bonding. When taken with the ability of lipids
such as cholesterol and cardiolipin to substitute
for CME in restoring suppressive activity it may
indicate enhanced presentation of hydrophilic LPS
components as a mixed lipid micelle thereby
increasing binding of critical epitopes to macro-
phage receptors—see role of ‘auxiliary lipids’:
Rapport.57).

Dellacasagrande et al.38 observed that monocytes
from healthy control subjects held in culture were
able to reduce the infectivity of a challenge dose of
Phase 1 C. burnetii cells by 75% in 3 days whereas
monocytes from active Q fever endocarditis patients
did not alter infectivity levels of the challenge inocu-
lum over 6 days. In this first stage of their experi-
ment, the factor down-regulating activation of the
endocarditis monocytes was not identified. The
cells as taken from the endocarditis patients appar-
ently did not contain infective coxiellas. The possi-
bility remains that non-infective IMC was present
and responsible for down-regulating activation and
retarding destruction of the challenge dose of
C. burnetii.

Finally, Shannon et al.58 found that inactivated
C. burnetii Phase1 but not Phase 2 coxiella cells
inhibited maturation of macrophage-derived dendri-
tic cells. Modification of Phase1 cells by removal of
LPS layer with trichloroacetic acid removed the inhi-
bition of dendritic maturation.

The IMC of C. burnetii

Overall, the above reports, and our current analysis
and results, support the concept of an ‘IMC’ of an
antigenic residue from coxiella cells that can persist
in the mononuclear phagocyte cell department and
in dendritic cells. Cells in the former lineage include
e.g. fixed macrophages and promonocyte stages in
the bone marrow, circulating monocytes and fixed
tissue macrophages, and a range of specialized cells
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such as alveolar macrophages, Kupffer cells, syno-
vial A cells, microglia, osteoclasts and juxtaglomer-
ular macrophage complex, etc.

The wide distribution in the body of such poten-
tial host cells able to take up IMC and be stimulated
would facilitate delivery of cytokines and other bio-
logical modulators to the proximity of specialized
organ parenchymal cells with other functions.

The long-term persistence of the IMC and the lim-
ited half life of mononuclear phagocytes seem to
require that IMC are shed from pyknotic or apoptotic
cells and recycled into fresh phagocytes. Note that
non-infective, undegradable silica particles ingested
by macrophages induce cytokine expression and
apoptotic change: liberated particles are recycled
through fresh macrophages: Subra et al.59

Remarkably, C. burnetii Phases 1 and 2 antigens
were detected in Patients 12–17 years after Q fever
in the Birmingham outbreak. Persistence for over
70 years is the longest period after infection
known to us (see Box 2).

It postulated that although no longer infective, the
residua of coxiella cells or subcellular elements are
not finally degraded because they carry the Phase 1
LPS determinants that modify cellular immune
function and that of macrophage and dendritic
cells. The coxiella cell components constitute the
IMC. However although in our experiments the
material concentrated in SCID mouse spleens from
clinical specimens reacted specifically with a poly-
valent Q fever Phase1 or 2 antiserum and also with a
monoclonal antibody to Phase 1 antigen (latter data
not shown, O. Sukocheva et al., unpublished data),
its capacity to stimulate or down-regulate the cellu-
lar immune system also needs to be tested directly.
This is being tested in various model systems. Thus
far reactive lesions have been produced by the
material in the skins of Q fever hyperimmune
guinea pigs (assay model after Ascher et al.,62,63

but not in unimmunized control animals
(O. Sukocheva et al., unpublished data). The regu-
latory effect on cytokine responses and immuno-
suppression provoked by the IMC is also under
investigation.

Conclusions: implications of IMC for
C. burnetii–host interactions

For acute and chronic Q fever and for Q
fever fatigue syndrome

For example, in QFS it identifies a mechanism for
the maintenance of antibody and cell-mediated
immunity long after an acute attack and in
the absence of demonstrable viable organisms.

The pattern of systemic symptoms in QFS
may reflect the wide distribution of parasitized

mononuclear phagocytes. The common—but not

invariable—lack of response of QFS to broad-
spectrum antibiotics, effective against living organ-

isms in the early infective bacteremic stage of the

acute illness becomes understandable. The finding
that QFS follows a clinically overt infection (heavy

seeding), but rarely that of a subclinical infection is

also illuminated.
The matter of infectivity, antigen persistence, IMC

and its relation to QFS need to be integrated into a

broader paradigm for the coxiella–host interaction
in other chronic sequelae, in particular Q fever

endocarditis. The broad elements of a suggested par-

adigm are shown in Figure 2 and associated notes
(Box 3). The paradigm also tallies with current, evol-

ving views on levels of macrophage differentiation

and differences in Type 1 and Type 2 cytokine-
polarized macrophages—so called M1 and M2

states.69 It includes the concept that the polarity of
the response is influenced by the immunogenetic

background of the host in addition to the numerous

functions specified by the coxiella.

Implications for other intracellular bacterial
infections

The concept of an IMC may have application to a

range of facultative or obligate intracellular bacteria

that interact with the macrophage and are asso-
ciated with prolonged post-infection fatigue syn-

dromes. Some examples are Brucella spp.,
Chlamydophilia pneumoniae, Rickettsias.64,65

Additionally, disease states with immunologically

mediated tissue reactions suspected to follow an
infection but with either few or no demonstrable

bacteria (e.g. Crohn disease; Rheumatoid arthritis:

Sarcoidosis) might repay investigation for ‘candi-
date’ prokaryotic antigens in addition to a search

for their infective cells and specific nucleic acid

sequences.
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