
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Jean-louis Mege,
Aix-Marseille Université, France
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Coxiella burnetii infects
osteoclasts and alters their
differentiation and function
in a type IV secretion system-
dependent manner
Chaobo Lai1,2,3, Md Nur A Alam Siddique1, Faiza Asghar1,
Xudong Su1,2, Jan Schulze-Luehrmann1, Yewei Jia2,
Edith Alexandar Escarrega1, Elke Bachmann1, Aline Bozec2,4,
Roland Lang1,4, Anja Lührmann1,4 and Didier Soulat1,4*
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Erlangen, Friedrich-Alexander-Universität (FAU) Erlangen-Nürnberg, Erlangen, Germany, 2Department
of Internal Medicine 3, Rheumatology and Immunology, Universitätsklinikum Erlangen, Friedrich-
Alexander-Universität (FAU) Erlangen-Nürnberg, Erlangen, Germany, 3Superior-med & Perennial
Hospital, Chengdu, China, 4FAU Pro�le Center Immunomedicine (FAU I-MED), Friedrich-Alexander
University Erlangen-Nürnberg, Erlangen, Germany
Chronic Q fever is caused by persistent infection with the Gram-negative
bacterium Coxiella burnetii. The mechanisms underlying this persistence
remain elusive, but the presence of the bacteria in the bone marrow of C.
burnetii-infected patients has been demonstrated. Therefore, we investigated
the potential role of osteoclasts, the bone-resorbing cells, in harboring C.
burnetii during infection. The histological analysis of bones from a murine
model of Q fever revealed the presence of C. burnetii inside osteoclasts. In
vitro infection assays con�rmed that osteoclasts can be infected with C. burnetii
and supported bacterial replication in a type IVB secretion system (T4BSS)-
dependent manner. Wild-type C. burnetii infection inhibited osteoclast
differentiation and bone-resorbing activity, while the T4BSS mutant enhanced
the differentiation and bone-degrading function of osteoclasts. Taken together,
our �ndings identify osteoclasts as a potential host cell for C. burnetii. This opens
new perspectives on the mechanisms that may underlie chronic Q fever as well
as questioning the putative consequences on bone biology in chronically
affected patients.
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1 Introduction
Coxiella burnetiiis a Gram-negative, obligate intracellu

bacterium and the causative agent of the disease Q fever (1). This
zoonotic disease can be found worldwide, with the exceptio
New Zealand and Antarctica. It affects humans, as well as diff
animal species, like mammals, birds and ticks (2). Infected smal
ruminants bear a risk for the transmission of the disease to hum
while showing a quite diverse picture of disease outcome,
asymptomatic to reproductive disorders and abortion (3). Infected
ruminants shed the pathogen into the environment via feces,
and mainly birthing products, such as amniotic� uid and placenta
The main route of human infection is via inhalation
contaminated aerosols and dust. While around 60% of infe
humans are asymptomatic, acute disease manifestation span
� u-like illness to pneumonia or hepatitis (2). Although most
patients clear the infection, 20% of patients with a symptom
Q fever infection will develop Q fever fatigue syndrome (QFS).
can last 5 to 10 years, and is characterized by severe fa
musculoskeletal pain, sleeping problems, impaired concentr
and headache (4–6). So far, treatment options for QFS are limit
and concentrate on cognitive behavioral therapy (7). Furthermore,
2 to 5% of all infected individuals develop chronic Q fever mon
or years after the primary infection. This chronic diseas
characterized by endocarditis or vasculitis, mainly in patients
underlying valvulopathy (2). Treatment of chronic Q fever require
admin is t ra t ion of doxycyc l ine in combinat ion wi t
hydroxychloroquine for at least 18 months (8). This long
treatment indicates that new therapeutic strategies hav
be developed.

Tissue-resident alveolar macrophages of the lung are believ
be the� rst cells taking up the aerosolized bacteria (2). However,
during the course of an infection the pathogen also infects othe
types, e.g., endothelial cells,� broblasts, trophoblasts and epithel
cells (9). Uptake by phagocytic cells is accomplished by theavb3

integrin and the complement receptor 3 (10, 11). Invasion into non-
phagocytic cells is mediated by theC. burnetii outer membrane
protein (Omp)A and the host cell protein CD44 (12, 13). In all
infected cells,C. burnetii remains inside a phagolysosomal-li
vacuole named theC. burnetii-containing vacuole (CCV)
However, the maturation of the CCV diverges from the canon
phagosome maturation process by fusing early on w
autophagosome and at later stages with secretory vesicle
addition, C. burnetii delays the maturation of the CCV (14–16).
Nevertheless, fully matured CCVs have phagolysoso
characteristics (17). The formation of such a matur
phagolysosome would result in the destruction of most micro
and the activation of the immune system (18). In contrast,C.
burnetii survives within this hostile environment and tak
advantage of the acidic pH to activate one important virule
factor, the type IVB secretion system (T4BSS) (9, 19). The T4BSS is
essential for its intracellular replication (20, 21). T4BSSs are multi
protein complexes used to inject bacterial effector proteins into
host cell cytosol to modulate host cell pathways in favor of
pathogen. For mostC. burnetiiT4BSS effectors the biochemical a
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molecular functions are unknown. Those studied to date modu
cellular processes such as autophagy, vesicular traf� cking, gene
expression, signaling or cell death (9, 22). For the latter, only
anti-apoptotic (AnkG, CaeA and CaeB) and anti-pyroptoti
(IcaA) effector proteins have been identi� ed (23–28). These pro-
survival functions are in line with the fact that inhibition of host c
death is essential forC. burnetiito complete its lengthy replicatio
cycle, which takes ~20 hours (2, 9).

The early stage of the infection is mostly asymptomatic (29),
suggesting thatC. burnetii persist unrecognized from the inna
immune system within the human body, a fact that was alre
recognized since the 1940s (30). However, information about th
site and regulation ofC. burnetiipersistence are still rare. Seve
reports indicated thatC. burnetiiantigen and/or DNA are presen
in the bone marrow of infected mice and humans months to y
after infection (31–34). Taking advantage of compute
tomography, bone marrow and osteo-articular tissues have in
been identi� ed as infection foci in a substantial proportion of
fever patients (35). Moreover, infection of bone tissue byC. burnetii
have been as well documented in Q fever patients follow
prosthetic joint replacement (36, 37). Overall,C. burnetiiappears
to have develop a tropism for the bone tissue. Indeed, the hyp
environment of the bone marrow with an oxygen concentra
ranging from 0.6% to 3% (38) corresponds to the condition
favoring C. burnetii persistence (39, 40). Therefore, we
hypothesized thatC. burnetiican persist in the bone marrow,
it has been demonstrated for several other human pathog
Viruses such as HIV, bacteria likeMycobacterium tuberculos
and even parasites likePlasmodium falciparumor Leishmania
infantum use the bone marrow niche to perpetuate their h
infection (41–44).

Such infections of the bone marrow may alter the� ne-tuned
balance maintaining homeostasis of this organ. Indeed, bone
under continuous renewal to maintain their structure a
functions. This process requires the antagonist activities of
cell types. While osteoblasts differentiating from mesench
precursor cells participate in bone formation by becom
osteocytes, osteoclasts of myeloid origin carry a bone reso
function (45). Depending on the pathogen, a variety of bo
marrow cell types have been identi� ed as pathogen reservoi
While macrophages represent the main cellular reservoir
intracellular pathogens, othercell types including stem cel
populating the bone niche can play this role. Mesenchymal
hematopoietic stem cells (HSC) can both support silent infec
with M. tuberculosis(42, 46). However, HSC have been mo
frequently reported as a cellular niche for various pathogens
HIV (47) or the parasiteLeishmania(48). Recent studies on th
later pathogen illustrated the variety of consequences that infe
can have on bone biology. During acute visceral leishmaniasi
in� ammatory response triggered by the infection dramatically a
the hematopoiesis taking place in the bone marrow leading to
expansion of HSC subsequently differentiating into myeloid
permissive to the infection (49, 50). During the persistent phase
the disease, myeloid cells represent a safe niche for the para
persist in the bone marrow. In addition to macrophages, ano
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phagocytic cell of the bone marrow has been identi� ed as a saf
niche for this intracellular parasite: the osteoclast (44). Like
macrophages, these cells differentiate from the common my
progenitor before fusing into large multinucleated cells that
responsible for bone resorption.C. burnetii, like Leishmania
infantum, is an intracellular pathogen particularly adapted to
manipulate professional phagocytic cells. Therefore, we exte
our hypothesis by suggesting that persistence ofC. burnetiicould be
supported by osteoclasts in the bone marrow.
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2 Materials and methods

2.1 Bacteria strains

C. burnetiiwild type (WT) corresponds to the Nine Mile Pha
II strain (RSA439 clone 4) was kindly provided by Matteo Bon
(CNRS, Montpellier, France) and has been classi� ed by the German
Central Commission for Biological Safety (ZKBS) as a biosafety
level 2 organism. TheC. burnetiiT4BSS mutant used in this stud
has a genetic deletion of the dotA gene (DdotA) (51). TheDankG
andDcaeBstrain were previously established and described in51)
and (26) respectively. Both bacterial strains were grown in acid� ed
citrate cysteine medium-2 adjusted to pH 4.75 (ACCM-2, Sun
Science Products) at 37 °C with 5% CO2 and 2.5% O2 (52). The
bacteria were inoculated at an OD600 of 0.01 and growth of the
culture was monitored by spectrometry until it reached 0.2 -
which is usually around day 4–5 after inoculation. Heat killed WT
C. burnetiiwere prepared from this mature culture. Bacteria w
� rst washed with sterile PBS. Aliquots of 20 µL were prepared in
µL PCR tube with a bacterial suspension at 5×108 mL -1. Then, the
bacteria were heated for 2 min at 65 °C, incubated on ice for 5
and � nally incubated at 37 °C for 5 min and stored on ice.
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2.2 Animals and infection

All mice utilized in this study were at least 6 weeks of
C57BL/6 wild� type mice were obtained from Charles Riv
Breeding Laboratories (Sulzfeld, Germany) or bred at
Präklinische Experimentelle Tierzentrum of the Univers
Hospital Erlangen (PETZ).Myd88� /� mice (Myd88 tm1Aki) were
provided by Dr. S. Akira (University of Osaka, Japan).Rag2-/- g-
Chain-/- mice were kindly provided by Dr. Ulrike Schleich
(Erlangen). All mouse experiments were approved by the reg
government (Regierung von Unterfranken, animal protoc
55.2.2–2532.2�854 and 55.2.2-2532-2-1869). Mice were bred
the PETZ of the University Hospital Erlangen and transferred
a biosafety level 2 animal room at least 1 week before infec
where all procedures (injections, sacri� cing and harvesting o
organs) were carried out under a biosafety level 2 cabinet. M
cadavers and specimens were inactivated by autoclaving b
disposal. Both female and male mice were used in the infe
Frontiers in Immunology 03
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experiments and data from both sexes were pooled for ana
Groups of mice were infected with NMII intraperitoneally (1×17

CFU/200mL PBS/mouse) as described before (53). The physica
condition of the mice was monitored regularly, including measu
the weight of the animals. At the indicated time points, mice w
sacri� ced by cervical dislocation and tibia bone were collected
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2.3 Immuno� uorescence in bone sections

Tibia bones were� xed in 4% paraformaldehyde (PFA, A
Aesar) overnight and decalci� ed for 7 days in 14% EDTA. Bon
were then incubated for 12 h in 30% sucrose in PBS before
embedded in Tissue-Tek® O.C.T compound (Science Services)
cryo-sectioning (6 µm). For the immuno� uorescence staining ofC.
burnetii and CD68 we proceeded as follows. Bone sections
permeabilized with 0.1% Triton X-100 in PBS for 20 min at ro
temperature (RT). Sections were then washed three times with
and incubated in 10% goat serum in PBS for 1h at RT. After t
washing steps of 5 min with PBS, sections were incubated w
primary Ab diluted in 0.5% goat serum in PBS overnight at 4
followed by another three washing steps and an incubation w
suitable secondary Ab diluted in 0.5% goat serum in PBS for 1
RT in the dark. After three� nal washings, sections were moun
with Molecular Probes™ ProLong™ Diamond Antifade Mountant
(Life Technologies), containing DAPI to stain DNA and cu
overnight. For the immuno� uorescence staining ofC. burnetiiand
TRAP we proceeded as follows. Bone sections were permea
with 0.2% Tween 20 in PBS for 20 min at RT. Sections were st
with the primary and secondary antibodies as previously descr
Before mounting, the staining for TRAP was realized with the E
97 Endogenous Phosphatase Detect ion Kit fol low
manufacturer•s instructions (diluted 1:20, E6601, Invitroge
Finally, sections were mounted with the mounting medi
provided in the kit and cured overnight. Polyclonal rabbit antiC.
burnetii antiserum (1:2000) (54) and rat anti-CD68 (diluted 1:200
GTX43914, Genetex/Biozol), were used as primary antibodies
anti-rabbit Alexa488 antibody (1:600; Jackson immune rese
111-545-045), goat anti-rabbit Alexa-594 (1:600, Jackson imm
research, 111-585-045) and goat anti-rat-IgG (H + L) Dylight
(diluted 1:200; ab96888, Abcam) were used as secondary antib
The immuno� uorescence images were acquired with a con
laser scanning� uorescence microscope (LSM700; Zeiss).
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2.4 Quanti� cation of C. burnetii burden in
bone marrow via CFU

Suspension of bone marrow cells were ruptured as desc
above. The homogenates were diluted 1 to 10 in series up
dilution factor of 10-5. A volume of 5 µL of each dilution wa
dropped in triplicate on solid medium (ACCM-2, 0.3% agar). Pl
were incubated at 37°C within a controlled atmosphere contai
frontiersin.org
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2.5% O2 and 5% CO2. After 7 to 10 days, colonies were counted
each dilution to calculate the number of CFU per gram of tiss
r
o)
n

×1
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2.5 Murine bone marrow macrophage
differentiation

Bone marrow macrophages (BMMs) were generated
previously described (55) from femur of C57BL/6N mice. Fo
infect ion, BMM were seeded in RPMI-1640 (Gibc
supplemented with 10 mM HEPES, 50 µM 2-mercaptoetha
and 10% (v/v) heat-inactivated FCS in 24 well plates (4.05

cells/well). BMM were infected withC. burnetiiat a MOI 10 for 6
h before the bacteria were washed with warm PBS twice.
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2.6 Murine osteoclast differentiation

Total bone marrow cells from wild-type (WT) mice we
extracted by� ushing the femur and tibia. The cells were th
plated overnight in a 10 cm cell culture plate containing 10 m
osteoclast medium (aMEM (Gibco), GlutaMAX (Gibco), 10% FC
1% penicillin/streptomycin (Gibco)) supplemented with 5 ng/
M-CSF (PeproTech). The non-adherent cells were collected
next day and cultured in osteoclast medium with 20 ng/mL M-C
and 20 ng/mL RANKL (PeproTech) in 96-well plates (for TR
staining; 200mL/well) or 24-well plates (for RNA preparation;
mL/well) at a concentration of 1×106 cells/mL. The medium wa
renewed every 2 days. The cultures were maintained at 37 °C
humidi� ed atmosphere with 5% CO2.

Early and late differentiated osteoclasts (day 3 and day 5)
washed with PBS and� xed using 4% paraformaldehyde (PF
Alfa Aesar).
Frontiers in Immunology 04
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2.7 Quanti� cation of C. burnetii genome
equivalent per cell for in vitro infection

Infected osteoclast culture cells were washed� rst and then
scraped in PBS. After centrifugation at 700 ×g for 2 min, cells were
lysed in lysis buffer Lysis buffer (0.1 M EDTA, 0.1 M NaCl, 1% S
0.05 M Tris/HCl (pH 8)) plus proteinase K (6 U/mL) overnight
55 °C and 850 rpm. One volume of isopropanol was added to
lysate. After 10 min of incubation at RT, the samples w
centrifuged (20,000 ×g, 30 min, 15 °C). This was followed by
washing steps with 70% EtOH (20,000 ×g, 15 min, RT). The pelle
was air-dried, dissolved in DNase and RNase free H2O and
incubated for 30 min at 55 °C and 850 rpm. The geno
equivalent (GEs) per cell were de� ned as the ratio ofC. burnetii
genomic copies to the genomic copies of osteoclasts.C. burnetii
genomic copies were quanti� ed by qPCR with speci� c primers for
the insertion sequence IS1111 (Table 1). Host cell genomic copie
were quanti� ed from the same sample using a primer set speci� c for
Alb, the murine albumin gene (Table 1). qPCR was carried out i
384-well optical plates on a ViiATM Real-Time PCR System
SYBRTM Select Master Mix (Thermo Fisher Scienti� c). Standard
curves were established with axenic culture ofC. burnetii NMII
DNA in the range of 30 to 3.0×106 genome copies and uninfecte
osteoclasts in the range of 20 to 2.0×104 genome copies. A
correlation between the MOI used for infection and the meas
GE per cell is presented inSupplementary Figure 2A.
der

ere
,

2.8 Immuno� uorescence in osteoclast

Osteoclasts, which were previously seeded on a glass co
in a 24-well plate, were infected withC. burnetii on day 2 of
differentiation (6 h prior the 1st change of medium) at a multiplic
TABLE 1 Sequence of the primers used for qPCR.

Gene Forward primer Reverse primer

Trap CGACCATTGTTAGCCACATACG TCGTCCTGAAGATACTGCAGGTT

Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Ctsk CACCCTTAGTCTTCCGCTCA CTTGAACACCCACATCCTGCT

Nfatc1 GGTGCCTTTTGCGAGCAGTATC CGTATGGACCAGAATGTGACGG

Il1b TGGTGTGTGACGTTCCCATT CAGCACGAGGCTTTTTTGTTG

Il10 GCTGGACAACATACTGCTAACC ATTTCCGATAAGGCTTGGCAA

Il6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA

Tnf CGGCATGGATCTCAAAGACAAC AGATAGCAAATCGGCTGACG

F4/80 CGTGTTGTTGGTGGCACTGTGA CCACATCAGTGTTCCAGGAGAC

CD11b AGCCAGCAGAGATGTTCAGT CCTTGGTTTTCACTGTCGCA

IS1111 AATTTCATCGTTCCCGGCAG GCCGCGTTTACTAATCCCCA

Alb GGCAACAGACCTGACCAAAG CAGCAACCAAGGAGAGCTTG
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of infection (MOI) of 10. On 24 hpi and 72 hpi, the cells we
washed with PBS and� xed with 300 µL of 4% PFA. The cells we
� rst permeabilized with 0.05% Triton X-100 in H2O and then
blocked with 5% goat serum in PBS. The cells were then staine
Coxiellausing a rabbit anti-Coxiellaantiserum (1:5,000) (54) in
0.5% of goat serum in PBS as the primary antibody. Goat anti-r
Alexa488 antibody (1:600 Jackson immune research 111-545
in 0.5% goat serum in PBS was used as a secondary antibo
parallel to the secondary antibody, Actin was stained u
Phalloidin-Alexa647 (1:200, Thermo Scienti� c). DNA was stained
using DAPI incorporated in the mounting medium (ProLong™

Gold Antifade DAPI Mountant, molecular probes). Images w
captured using an LSM700 confocal microscope. The bac
burden was quanti� ed by analyzing the images of infect
osteoclasts or non-osteoclasts on stained coverslips usin
integrated density/area•IntDen/AreaŽ parameter in ImageJ
which represents the mean� uorescence intensity of bacteria
the Alexa488 channel divided by the area of the cells. Cells n
number (DAPI channel) were counted using imageJ. The valida
of this approach to quantify bacterial burden is presented
Supplementary Figure 2depicting the linear correlation betwee
genomic equivalent ofC. burnetiiper cell and the integrated densi
of Coxiellastaining per cell area.
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2.9 TRAP staining

Histochemical TRAP staining (Sigma Aldrich) of osteoc
cultures in 96-well plates was performed at 3 and 5 day
differentiation following the manufacturer•s instruction. Brie� y,
the cells were washed with PBS before being� xed with 4% PFA
for 2 minutes at 37°C. After two washes with warmed PBS, the
were stained with 100mL of the TRAP staining solution per 96-we
plate and incubated for 10 minutes at 37°C. Following the stain
the cells were washed with PBS. Images of the 96-well plates
captured with a light microscope (Keyence). The numbe
osteoclast (TRAP+ and >3 nuclei/cell), their number of nuclei
cell, their diameter and the total number of cells were quant� ed
using ImageJ.
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2.10 TUNEL assay

DNA strand breaks were detected by incubating cells
TUNEL reac t i on mix tu re con ta in ing the te rm ina
deoxynucleotidyl transferase and� uorescently labelled nucleotid
using the manufacturer•s protocol (Roche, 1215679291
Osteoclasts andC. burnetii were stained following the abov
described protocol (Immuno� uorescence in Osteoclast). Posit
control was processed following manufacturer instructions.
number of TUNEL-positive cells was analyzed using an LSM
confocal microscope.
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2.11 Resorption assay

To perform the resorption assay, calcium phosphate (CaP) c
cell culture plates were prepared. Sterile solution of 0.12 M Na2HPO4

and 0.2 M CaCl2 at pH7.4 were pre-incubated overnight at 37°C
maximize solubilization. Next day, solutions were mixed in a 1:1
and washed three times with sterile water after centrifugation fo
min at 360 ×g. The pellet was then resuspended in sterile water w
10 times dilution factor. 200 µL of the suspension was added to
well of a 96-well cell culture plate. The coated plates were the
dried in a closed sterile hood at RT for 3–5 days until fully dried. The
osteoclast culture could then be initiated following the previo
described protocol. Cells were infected on day 2 of differentiation
prior the medium change). After 7 days of differentiation,
osteoclasts were lysed using deionized water and incubated
5% of sodium hypochlorite (MilliporeSigma) for 5 minutes. T
treatment removed the cells and revealed the resorbed area. I
were acquired with a light microscope (Keyence). The quanti� cation
of the resorbed area was performed by calculating the ave
percentage of the resorbed area using ImageJ.
st
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2.12 RNA extraction and quantitative RT-
PCR

Total RNA from osteoclasts or BMM were isolated using TR
(Invitrogen) or RNA-Solv® Reagent (VWR) according to th
manufacturer•s instructions. mRNA samples were reve
transcribed into cDNA using an oligo(dT) primer and a reve
transcriptase (Thermo Scienti� c). Quantitative real-time PCR
(qPCR) was performed using SYBR Select Master Mix (The
Fisher Scienti� c). Samples were analyzed in triplicate. mRNA
expression was reported as relative expression (2–DCt) or fold
induction (2–DDCt) and b-actin were used to normalize the RN
content of samples. Primer sequences are listed inTable 1.
er

th

2.13 Enzyme-linked immunosorbent assay

Osteoclast supernatants were used for the measurement of
IL-6, IL-1B and IL-10 protein levels. The following ELISA kits w
used according to the manufacturer•s instructions: the BD OptEIA
Mouse TNF ELISA Set (BD Bioscience; Cat# 555268), BD Op
Mouse IL-6 ELISA Set (BD Bioscience; Cat# 555240), the Mou
1 beta/IL-1F2 DuoSet ELISA (R&D; cat# DY401-05), the
OptEIA Mouse IL-10 ELISA Set (BD Bioscience; Cat# 555252
e
e

00

2.14 Statistics

All data are presented as mean ± SD. After analyzing
distribution of the data with Shapiro-Wilk test of normality, t
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statistical signi� cance of a difference between two datasets
determined either by unpaired student•s t test for normally
distributed data or Mann Whitney test otherwise using Graph
Prism software 9.0. The p-value of the effect of each indepen
variable and their interaction is indicated on the� gure
when relevant.
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3 Results

3.1 C. burnetii infection results in their
capture by osteoclasts in the bone marrow

Wild type (WT) laboratory mouse strain proved to be resist
to C. burnetii infection via the natural route of infection as th
quickly clear the bacterial infection. In humans, polymorphism
MyD88, an adaptor shared by most TLRs and the IL1 receptor
been linked to Q fever susceptibility (56). Similarly, the geneti
deletion ofMyd88 proved to be suf� cient to establish a murin
model permissive toC. burnetiiinfection (53). Taking advantage o
this model, we analyzed the spreading ofC. burnetii Nine Mile
phase II (WT) into the liver, spleen and bone marrow ofMyd88
de� cient and WT mice� ve days after intra-peritoneal infectio
using non-infected mice as control. The number of livingC.
burnetii per gram of all tested tissue (Figure 1A) was higher in
MyD88 de� cient mice compared to infected control mic
con� rming the adequacy of the model (53). Cryosection of tibia
bone were stained forC. burnetii and CD68, also name
macrosialin, which is a surface protein expressed by macrop
and osteoclasts in the bone marrow. Confocal laser scan
� uorescence microscopy (CLSFM) analysis of the bone ofMyd88
de� cient mice revealed the presence ofC. burnetii inside
multinucleated cells lining bone trabecula and expressing C
three characteristics de� ning osteoclasts (Figure 1B). To con� rm
that the detection of these events was reliable, we also infecte
highly susceptible mouse strainRag2-/- g-Chain-/- for 14 days.
Indeed, the quanti� cation of the immunohisto� uorescence stainin
of the bone con� rmed the reliability of theCoxielladetection as we
observed a substantial increase of infected CD68+ cells in the
marrow of these immunocompromised mice compared to con
mice (Figure 1C). To substantiate the putative infection
osteoclast withCoxiella, additional bone sections from infecte
Myd88de� cient mice were stained simultaneously forCoxiellaand
for the expression of a marker of osteoclast terminal differentia
the tartrate-resistant acid phosphatase (TRAP) and compare
sections of infected and uninfected control mice (Figure 1D). This
staining revealed that the proportion of infected osteoclasts am
osteoclast (Figure 1E) or among infected cells (Figure 1F), including
TRAP negative macrophages and other phagocytes,
comparable between control andMyd88 de� cient mice. These
data suggest that cells of the bone marrow and speci� cally
osteoclasts can be infected byC. burnetii in vivo.
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3.2 C. burnetii infect osteoclasts in vitro

To investigate whetherC. burnetii in� uences osteocla
differentiation and function, we established aC. burnetii in vitro
infection model of osteoclasts (Figure 2A). Bone marrow progenito
cells were initially cultured in presence of macrophage col
stimulating factor (M-CSF) to amplify the pool of myelo
progenitors and to discard other cell types. Next, the proge
cells were differentiated for 2 days in presence of M-CSF
receptor activator of nuclearfactor kappa-Bligand (RANKL
before being infected withC. burnetii (WT). At this stage,
osteoclasts are progressing toward their multinucleated
matured form that they would reach by day 3 to day 4
differentiation. We decided to not infect fully matured osteocl
because of their limited viability after 5 days of differentiat
particularly for non-infected cells. After 24 h and 72 h of infecti
cells were stained forC. burnetii and Actin to visualize the ce
cortex and therefore segregate the cells from each other. At
post-infection, CLSFM analysis con� rmed that osteoclasts cou
phagocytoseC. burnetii(Figure 2B, left panel andSupplementary
Figure 1). In addition to multinucleated osteoclasts, thesein vitro
cultures contained non-fused myeloid cells that resem
macrophages due to the continuous M-CSF stimulation. T
phagocytic cells also harbored substantial quantity of bac
Calculating the ratio between the staining intensity
phagocytosedC. burnetii and the cell surface, we estimated t
these cells contained 8 times more bacteria than osteoclasts a
post-infection (Figures 2B, D). As C. burnetii might replicate
intracellularly only once within the� rst 24 h of infection (2), we
concluded that osteoclasts phagocytose the bacteria, but to a
extent than macrophages.
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3.3 C. burnetii replication in osteoclasts in
vitro requires the T4BSS

Focusing on osteoclasts, it appears thatC. burnetiican thrive in
these cells as we detected a signi� cant increase of the bacteria at 72
post-infection. Within this 48 h interval, the number ofC. burnetii
doubled within osteoclasts (Figures 2B, C). Interestingly, the
macrophage, which initially phagocytosed more bacteria, sh
a signi� cant, but substantially smaller increase of intracell
bacteria (Figure 2B, D). Therefore, osteoclasts appear to be m
permissive forC. burnetii replication and/or survival than
mononuclear phagocytic myeloid cells.

Next, we investigated whetherC. burnetii also relied on its
T4BSS to infect and replicate inside osteoclast, like it doe
macrophage (57). Thus, we infected osteoclasts with a T4B
defective mutant,DdotA C. burnetii, and with the wild type
strain. Both strains could infect osteoclasts similarly w
(Figures 2B, C; Supplementary Figure 1). Likewise, other non
phagocytic cells took up indifferently both strains (Figures 2B, D).
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FIGURE 1

C. burnetii can infect bone marrow myeloid cells including osteoclasts in vivo. (A) C. burnetii was injected intraperitoneally (i.p.) in control (ctrl) or
Myd88 knock out mice (1.0 × 107 b/mice). The number of living C. burnetii in liver, spleen and bone marrow (CFU) of these mice was measured by
limiting dilution (n = 10 for ctrl; n=9 for knock out mice). (B) Control (ctrl), Myd88-/- or Rag2-/- g-Chain-/- mice were similarly infected i.p. for 5 or
14 days. The localization of C. burnetii in myeloid cells of the BM was analyzed in the femurs of these mice (n = 6 for ctrl and Myd88-/- mice; n=3
for Rag2-/- g-Chain-/- mice). Bone tissues were cryosectioned and stained for Coxiella (green-Alexa488), CD68 (expressed by osteoclasts and
macrophages; red-Alexa555), and DNA (blue-DAPI). Sections were imaged by CLSFM. Foci of infection are marked with white arrows. Inserts of
infected CD68 expressing cells lining a trabecula are depicted within dashed line. Scale bar represents 100 µm. (C) Number of infected CD68+
myeloid cells per mm2 of bone marrow section was quanti�ed (n=3 to 4 mice for each condition). (D) The co-localization of C. burnetii with
osteoclast was analyzed in the femurs of ctrl and Myd88-/- infected mice. Bone tissues were cryosectioned and stained for Coxiella (green-
Alexa594) and TRAP (expressed by osteoclasts only; blue-ELF97). Sections were imaged by CLSFM. Foci of infection are marked with white arrows.
Inserts of infected osteoclast are depicted within dashed line. Scale bar represents 50 µm. (E) Percentage of infected osteoclast among all osteoclast
was quanti�ed (n=3 mice for each condition). (F) Percentage of osteoclasts among all infected cells of the BM was quanti�ed (n=3 mice for each
condition). Data are shown as mean ± SD.
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