











Alveolar Macrophage Infection with C. burnetii

FIG 3 C. burnetii infection in alveolar macrophages assessed by transmission electron microscopy. AMs were infected with C. burnetii phase II (MOI, 3), fixed,
and processed for transmission electron microscopy. Cells were fixed after 3 days (top) and 6 days (bottom) of infection. The panels on the right are enlarged
images of the boxed regions in the panels on the left. Arrows, large-cell variant forms of C. burnetii. Bars, 1 pm.

assess the mechanisms underlying the permissiveness of AMs to C.
burnetii, we evaluated M1/M2 polarization, which has previously
been shown to be important for C. burnetii replication and patho-
genesis (24, 25). Initially, we evaluated the expression of genes
known to be hallmarks of M1 and M2 polarization in AMs and
BMDMs. By measuring gene expression in noninfected BMDMs
and AMs, we found that the latter show a significantly reduced
expression of Nos2, Tnfa, Ifng, and TIr2 (genes associated with an
M1 polarization phenotype) and an increased expression of Argi-
nasel, Fizzl, and YmI, which are associated with an M2 profile
(Fig. 4). The AMs also showed a pronounced M2 polarization
compared to that of BMDMs in response to C. burnetii infection.
We detected reduced expression of Nos2, Tnfa, Ifng, and Tlr2 and
increased expression of I/4, Arginasel, Fizzl, and Yml in AMs
infected with C. burnetii compared to their expression in infected
BMDMs (Fig. 4). These data are consistent with AMs being more
susceptible because they polarize toward an M2 phenotype. Ac-
cordingly, M1 macrophages effectively trigger the production of
tumor necrosis factor alpha (TNF-a), a cytokine known to facili-
tate the restriction of C. burnetii replication in macrophages (26).
To further test this hypothesis, we evaluated the expression of
surface markers known to be hallmarks of M2 macrophages, in-
cluding mannose receptor (CD206) and dectin-1 (27). To evalu-
ate protein expression, we performed fluorescence-activated cell
sorting experiments in which we gated live macrophages and eval-
uated the expression of the cell surface markers CD206, dectin-1,
and CD86 on cells double positive for CD11b and F4/80 (Fig. 5A
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and B). Using specific antibodies, we found that AMs showed
increased expression of M2-associated molecules, such as CD206
(mannose receptor) and dectin-1 (CLEC7A), compared to
BMDMs. This was evident under the uninfected condition (Fig.
5C) and in response to infection (Fig. 5D). Moreover, we mea-
sured the expression of the costimulatory molecule CD86, which
was similarly expressed in AMs and BMDMs (Fig. 5C and D).
These data are consistent with the hypothesis that AMs are more
susceptible because of an M2 polarized phenotype, a characteristic
that has previously been associated with permissiveness to C. bur-
netii replication (reviewed in reference 28).

Alveolar macrophages deficientin NOS2 and IFN- are more
susceptible to C. burnetii replication, whereas cells deficient in
interleukin-4 (IL-4) are more restrictive to C. burnetii replica-
tion. It is well established that nitric oxide (NO) is involved in the
restriction of C. burnetii replication (8, 9, 29, 30). Thus, we as-
sessed bacterial replication in AMs deficient in nitric oxide syn-
thase 2 (NOS2; or inducible nitric oxide synthase [iNOS]) as a
proof of principle that AMs can be used as a model to investigate
the interactions of C. burnetii with primary mouse macrophages
in the C57BL/6 mouse genetic background. In agreement with
previous reports, we found that AMs from Nos2 ™/~ mice are more
permissive to C. burnetii phase Il replication than AMs from wild-
type C57BL/6 mice (Fig. 6A). We also evaluated bacterial replica-
tion in AMs from Ifng '~ mice because gamma interferon
(IFN-v) is known to be essential for NO production (31). More-
over, IFN-vy is well described to be involved in the immune re-
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FIG 4 Alveolar macrophages exhibit higher levels of expression of genes related to the M2 phenotype. BMDMs and AMs from C57BL/6 mice were left uninfected
or infected for 12 h with C. burnetii at an MOI of 3. Total RNA was extracted, and reverse transcription-PCR (RT-PCR) was performed for detection of the genes
Nos2, Tnfa, Ifng, Tlr2, 114, Arginasel, Fizzl, and Ym1. The data shown are the means = standard errors from one representative experiment out of two performed.
*, P < 0.05 comparing BMDMs and AMs; #, P < 0.05 comparing infected cells with the uninfected cells from the respective group (two-way ANOVA).

sponse against C. burnetii (19, 32—40). We found that AMs from
Ifng~’~ mice are significantly more permissive to C. burnetii phase
II replication than AMs from wild-type C57BL/6 mice (Fig. 6B).
Collectively, these data support the use of AMs as a model of
primary macrophages for investigations involving C. burnetii in-
fections in primary macrophages from the C57BL/6 mouse, the
strain mostly commonly used for the generation of transgenic
mice. To further understand the effect of the M2 polarization of
AMs that results in the increased susceptibility to C. burnetii, we
performed experiments using AMs from mice deficient in IL-4,
which is required for M2 differentiation (reviewed in reference
41). We found that AMs from Il4~ '~ mice are less permissive to C.
burnetii replication than cells from C57BL/6 mice (Fig. 6C). The
internalization of bacteria did not differ in AMs from C57BL/6,
Nos2™/~, Ifngf/f, and 14~/ mice, as measured by the number of
C. burnetii bacteria in cultures infected for 4 h (Fig. 6A to C,
insets). Collectively, these data support the hypothesis that the
M1/M2 polarization underlies the increased susceptibility of AMs
in comparison to BMDMs. Importantly, regardless of the mecha-
nisms associated with the resistance of the BMDMs, these data
support the use of AMs as an important and relevant host cell for
evaluation of C. burnetii replication in primary macrophages.
The permissiveness of mouse alveolar macrophages is com-
parable to that of highly susceptible immortalized cell lines. Our
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results demonstrated that murine AMs are permissive for C. bur-
netii phase II replication in vitro. Thus, we decided to compare C.
burnetii phase II replication in C57BL/6 mouse AMs with that in
highly susceptible host cells, such as Vero cells (a green monkey
kidney cell line) and cells of a monocytic cell line (THP-1) differ-
entiated into macrophage-like cells. Both of these cell types are
known to be very susceptible to C. burnetii replication (6, 14, 34).
Figure 7 shows that at 6 days postinfection, murine AMs are as
susceptible to C. burnetii phase II infection as Vero and THP-1
cells. At later time points after infection, the Vero and THP-1 cell
lines supported bacterial replication more robust than that in pri-
mary AMs. Nonetheless, the comparable rate of replication during
the first 6 days of infection reinforces the demonstration that mu-
rine AMs are indeed highly permissive for C. burnetii replication
and can be used as a relevant host cell model for investigations
involving the macrophage interaction with C. burnetii phase II in
culture.

DISCUSSION

C. burnetii is a unique intracellular bacterial pathogen capable of
replicating to high numbers within a lysosome-derived vacuole.
Humans can contract Q fever through the inhalation of contam-
inated aerosols and the subsequent intracellular replication of C.
burnetii within AMs. As such, studying the interaction between
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FIG 5 Alveolar macrophages exhibit an M2 phenotype. (A and B) Gating strategy and frequency of noninfected BMDM:s (A) and AMs (B). FSC, forward scatter;
SSC, side scatter. (C and D) Surface phenotyping of BMDMs and AMs infected (for 24 h) (C) or not infected (D) with C. burnetii for CD86 and the M2 markers
CD206 and dectin-1, as analyzed by flow cytometry. Cells were gated on live CD11b™ F4/80™ cells.

this specific macrophage lineage and the pathogen provides an
important, disease-relevant, in vitro model to understand the spe-
cific host-pathogen interaction that takes place during C. burnetii
infection. Previous research has demonstrated that BMDMs from
different mouse strains vary in their permissiveness to C. burnetii
replication (42). BMDMs from A/] and BALB/c mice support the
intracellular replication of C. burnetii, while BMDMs from
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C57BL/6 mice restrict bacterial replication. Here, we recapitulate
these results and demonstrate that AMs are significantly more
permissive to C. burnetii replication than BMDMs. This finding is
most striking with C57BL/6 mice, in which BMDMs restrict the
intracellular growth of C. burnetii, yet the bacteria readily replicate
in AMs. Indeed, despite a remarkable difference in the replication
of C. burnetii in BMDMSs of C57BL/6 and A/] mice, there is no
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FIG 6 AMs support the assessment of innate immunity against C. burnetii
phase II using knockout mice in the C57BL/6 mouse genetic background.
Primary AMs from wild-type C57BL/6 mice and Nos2™'~ (A), Ifng /™ (B),
and Il4~/~ (C) mice were infected with C. burnetii phase I (MOI, 3), and
bacterial multiplication was evaluated by quantification of the genomic DNA
by qPCR after 0 (4 h after infection), 3, 6, 9, and 12 days of infection. The y axis
represents the difference in the base 10 logarithm between the genomic quan-
tity X at time ¢ [logX(#)] and the quantity X at time zero (T} [logX(0)]. Cells
treated with RIF were used as a negative control of bacterial replication. (In-
sets) Amount of C. burnetii genomic DNA present in cells after 4 h of infection.
The data shown are the means * standard errors from one representative
experiment out of three independent experiments preformed. *, P < 0.05
(two-way ANOVA).

significant difference in the ability of C. burnetii to replicate in
AMs from these two inbred mouse strains. This suggests that the
genetic basis for C57BL/6 mouse BMDM restriction of C. burnetii
infection reflects phenotypic features that may be specific for this
cell type or that operate at a lower efficiency in AMs.

AMs are critical lung resident cells that, in healthy lungs, con-
stitute the vast majority of the cellular content within alveoli (43).
As such these cells are intricately essential for lung homeostasis
and immune surveillance (44). Recent evidence indicates that
AMs originate from fetal monocytes that are long living and are
maintained by self-renewal rather than circulating bone marrow-
derived monocytes (45). This tissue microenvironment has a sig-
nificant epigenetic and transcriptomic impact on resident macro-
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FIG 7 Alveolar macrophages are permissive to C. burnetii phase II replication,
similar to Vero and THP-1 cells, in vitro. C57BL/6 AMs, irradiated Vero cells,
and THP-1 cells (previously differentiated overnight with 200 nM PMA) were
infected with C. burnetii phase II (MOI, 3), and bacterial multiplication was
evaluated by quantification of the genomic DNA by qPCR after 0 (4 h after
infection), 3, 6, 9, and 12 days of infection. The y axis represents the difference
in the base 10 logarithm between the genomic quantity X at time ¢ [logX(t)]
and the quantity X at time zero (T}) [logX(0)]. Cells treated with RIF were used
as a negative control of bacterial replication. (Insets) Amount of C. burnetii
genomic DNA present in cells after 4 h of infection. The data shown are the
means =+ standard deviations from one representative experiment out of three
independent experiments preformed. *, P < 0.05 (two-way ANOVA).

phages, rendering AMs phenotypically distinct from BMDMs
(46-48). In light of our results, one can suggest that these pheno-
typic differences between BMDMSs and AMs from C57BL/6 mice
mediate a significant difference in the capacity to restrict the in-
tracellular replication of C. burnetii. Interestingly, our data com-
paring M1/M2 polarization in BMDMs and AMs suggest that the
M2 profile of AMs may underlie their increased susceptibility to
infection. This hypothesis is supported by experiments using cells
from I14~'~ mice. In the absence of IL-4, the AMs became signif-
icantly more resistant to infection, a feature that is consistent with
the essential role of IL-4 in the induction of M2 polarization (41).
It is likely that during coevolution with mammalian hosts, C. bur-
netii has evolved strategies to target and subvert specific responses
in alveolar macrophages, a process that may be facilitated by the
anti-inflammatory M2 characteristics of this cell type.

In support of our data showing the increased replication of C.
burnetii in AMs, it was previously reported that tissue-resident
AMs are susceptible to C. burnetii replication in vivo (12). More-
over, human AMs were shown to support C. burnetii replication in
culture (11). In addition, a system that allows infection of ex vivo
human lung tissue was recently reported. It was found that within
human lung tissue, C. burnetii preferentially replicated in human
AM:s (49). In this context, our data provide a definitive demon-
stration that mouse AMs can be used as a relevant host cell for
investigations of the interactions of C. burnetii with host cells in
vitro. C57BL/6 mouse AMs support the intracellular replication of
C. burnetii, and the bacteria replicate in a manner that is compa-
rable to that in widely used immortalized cell lines that are highly
susceptible to C. burnetii replication. Over the first 6 days after
infection, we found that C. burnetii phase II replicates similarly in
AMs, THP-1 cells, and Vero cells. At days 9 and 12, we detected
higher bacterial loads in Vero and THP-1 cells, which are possibly
caused by the saturation of the host cells available for bacterial
replication. This hypothesis is supported by the experiments per-
formed with AMs infected with mCherry-expressing C. burnetii.
After 9 days of infection, we visualized AMs filled with bacteria,
which were contained in large vacuoles that occupy the entire
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macrophage cytoplasm (Fig. 2B and C). We did not detect a re-
duction of bacterial loads from days 9 to 12, a feature that does not
support the restriction of bacterial replication in the AMs at later
stages of infection.

C57BL/6 mouse AMs can serve as an important host cell for the
investigation of host factors that aid or restrict the intracellular
replication of C. burnetii. Here we have confirmed the importance
of both nitric oxide and IFN-v in restricting the ability of C. bur-
netii to replicate. Significantly higher levels of C. burnetii were
recovered from both Nos2™/~ and Ifng~/~ mouse AMs than from
wild-type C57BL/6 mouse AMs. Production of nitric oxide and its
reactive nitrogen intermediates is an important cellular response
that acts against respiratory pathogens (50). At high levels, nitric
oxide has a cytotoxic effect and can participate in the control of
intracellular pathogen replication. Indeed, several studies have
demonstrated that nitric oxide has the capacity to restrict the in-
tracellular replication of C. burnetii (8, 9, 29, 30, 51). Our data
support these findings, demonstrating that AMs from C57BL/6
mice lacking Nos2 support higher levels of C. burnetii replication
than wild-type cells. Similarly, the absence of IFN-v, which is crit-
ical for nitric oxide production, is known to be important to host
restriction of C. burnetii replication. Importantly, by using AMs
from Nos2 ™/~ and Ifng /™ mice, we validated the use of AMs as a
relevant host cell for the in vitro infection setting. Our character-
ization of this model of infection demonstrates that studying the
interaction between C. burnetiiand AMs will allow intricate inves-
tigation of both host and bacterial factors that are important for
pathogenesis and host resistance during Q fever.
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