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ABSTRACT Coxiella burnetii requires a type IVB secretion system (T4SS) to promote in-
tracellular replication and virulence. We hypothesized that Coxiella employs its T4SS to
secrete effectors that enable stealthy colonization of immune cells. To address this, we
used RNA sequencing to compare the transcriptional response of murine bone marrow-
derived macrophages (BMDM) infected with those of wild-type Coxiella and a T4SS-null
mutant at 8 and 24 h postinfection. We found a T4SS-independent upregulation of
proinflammatory transcripts which was consistent with a proinflammatory polarization
phenotype. Despite this, infected BMDM failed to completely polarize, as evidenced by
modest surface expression of CD38 and CD11c, nitrate production, and reduced proin-
flammatory cytokine and chemokine secretion compared to positive controls. As these
BMDM permitted replication of C. burnetii, we employed them to identify T4SS effectors
that are essential in the specific cellular context of a primary macrophage. We found
five Himar1 transposon mutants in T4SS effectors that had a replication defect in BMDM
but not J774A.1 cells. The mutants were also attenuated in a SCID mouse model of
infection. Among these candidate virulence factors, we found that CBU1639 contributed
to the inhibition of macrophage proinflammatory responses to Coxiella infection. These
data demonstrate that while T4SS is dispensable for the stealthy invasion of primary
macrophages, Coxiella has evolved multiple T4SS effectors that specifically target macro-
phage function to proliferate within that specific cellular context.

IMPORTANCE Coxiella burnetii, the causative agent of Q fever, preferentially infects mac-
rophages of the respiratory tract when causing human disease. This work describes how
primary macrophages respond to C. burnetii at the earliest stages of infection, before
bacterial replication. We found that while infected macrophages increase expression of
proinflammatory genes after bacterial entry, they fail to activate the accompanying anti-
bacterial functions that might ultimately control the infection. This disconnect between
initial response and downstream function was not mediated by the bacterium’s type IVB
secretion system, suggesting that Coxiella has other virulence factors that dampen host
responses early in the infection process. Nevertheless, we were able to identify several
type IVB secreted effectors that were specifically required for survival in macrophages
and mice. This work is the first to identify type IVB secretion effectors that are specifi-
cally required for infection and replication within primary macrophages.

KEYWORDS Coxiella, primary macrophages, type IVB secretion, phenotypic profiling,
innate immunity

C oxiella burnetii, the causative agent of Q fever, is a stealth pathogen for which the
principal pathogenic niche in humans is the alveolar macrophage (AM) (1). Coxiella is

primarily transmitted to humans via contaminated aerosols generated where infected
sheep, goats, or cattle are housed at high density (2). Q fever has a very low infectious
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dose, as fewer than 10 organisms can establish disease (3). Q fever usually manifests as a
severe acute respiratory illness that may progress to pneumonia or hepatitis. Rarely, Q fever
can become a chronic, life-threatening disease. The pathogen C. burnetii is a naturally obli-
gate, intracellular, Gram-negative bacterium that can persist in the environment for
extended periods and is resistant to most disinfection methods (4). For these reasons, ease
of aerosolization, low infectious dose, and high degree of environmental stability, C. burne-
tii is categorized as a select agent (SA) in the United States. As such, working with all strains
of C. burnetii, except the exempted Nine Mile II (NMII) strain, requires SA registration and
biosafety level 3 (BSL3) containment. The attenuated NMII strain (RSA439, phase II, clone 4)
was derived from the virulent Nine Mile isolate, has a truncated lipopolysaccharide (LPS),
and is avirulent to humans (2, 5). Limited access to BSL3 laboratory space makes working
with the NMII strain an attractive model for C. burnetii infection, and most in vitro studies of
Coxiella pathogenesis are conducted with this strain.

As C. burnetii preferentially infects and replicates within macrophages, researchers
have attempted to employ primary macrophages in cell culture to model pathogenesis
in vitro. However, several studies have shown that the attenuated NMII strain of C. bur-
netii is restricted from colonizing murine bone marrow-derived macrophages (BMDM)
(6–8). The bacteria appear to be capable of surviving the entry process and inducing
expansion of the Coxiella-containing vacuole (CCV). However, replication in these cells
has been shown to be highly limited compared to that in permissive cell types, such as
stable fibroblast cell lines (8). The restriction of NMII by BMDM had been largely attrib-
uted to its truncated O antigen, which likely leaves surface lipoproteins exposed to
activate Toll-like receptor 2 (TLR2)-dependent antibacterial defenses (7). Cockrell et al.
published a differentiation protocol that employed recombinant macrophage colony-
stimulating factor (mCSF) for generating BMDM that were equally permissive for NMII
replication as stable cell lines (9). That report was particularly important, as it high-
lighted that O antigen is not the sole virulence factor contributing to Coxiella’s ability
to evade detection and prevent proinflammatory macrophage responses (9).

Much work with C. burnetii NMII has focused on the contribution of its type IVB
secretion system (T4SS) to the manipulation of macrophage host responses. Unlike the
O antigen, the C. burnetii T4SS is absolutely required for intracellular replication (10).
T4SS-null mutants activate the proinflammatory transcriptional responses of macro-
phage cell lines within 48 to 72 h of infection (11, 12), and some effectors have been
identified as modulators of the host response to infection. The effector IcaA has been
shown to inhibit inflammasome activation (13). Most recently, NopA was described as
an effector that inhibits proinflammatory transcriptional responses to Coxiella as it rep-
licates (12).

In this study, we differentiated primary macrophages from the bone marrow of
C57BL/6 mice and characterized their response to infection with NMII prior to the ini-
tiation of replication. Our primary aim was to determine whether Coxiella’s stealthy col-
onization of BMDM (9) could be attributed to T4SS-dependent modulation of host cell
polarization at early times. In this study, we found that the T4SS was not required at
the initial stages of infection to manipulate macrophage responses.

Nonetheless, the T4SS of Coxiella burnetii is a crucial virulence factor for the patho-
gen, and many laboratories continue to define the functions of individual effectors. For
T4SS effectors that have been genetically inactivated, a large proportion had no dis-
cernible contribution to Coxiella pathogenesis in permissive cell lines (14). We hypothe-
sized that among those apparently nonessential effectors, one or more effectors are
required for modulating a primary macrophage-specific function. To this end, we
tested whether BMDM permit the replication of C. burnetii NMII mutants lacking effec-
tors that are dispensable for replication in permissive cell lines. Our screen of mutant C.
burnetii did suggest that multiple macrophage-specific effectors are required for intra-
cellular replication in BMDM and disease in an animal model of infection. Further, we
identified one effector, encoded by CBU1639, that contributes to the inhibition of anti-
bacterial responses. Importantly, these data demonstrate the profound influence that
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our choice of in vitro experimental models have on our ability to identify and under-
stand host-pathogen interactions.

RESULTS
Replication of C. burnetii NMII in primary murine macrophages. As our labora-

tory is interested in modeling the host innate immune response to C. burnetii infection,
we sought to develop a primary murine macrophage model of infection. To differenti-
ate murine macrophages from bone marrow, we used L929-conditioned medium as a
source of murine mCSF (15). To verify that these BMDM could support NMII replication,
infections were conducted in parallel with Vero cells (16) and a mouse macrophage
cell line, RAW 264.7 (Fig. 1A and B). We observed that NMII replicated in BMDM with
kinetics similar to that of the Vero cells over 7 days. We also observed that NMII repli-
cated better in BMDM (42.5-fold) than in RAW 264.7 cells (11.1-fold) after 4 days of
infection. We attributed this difference to the limited life span of RAW 264.7 cells; their
rapid proliferation quickly depleted the culture medium. Coxiella-containing vacuoles
(CCVs) of infected BMDM grow to occupy a substantial proportion of the cell volume
and are filled with replicating bacteria by 4 days postinfection (Fig. 1C). As a control,
BMDM were also infected with a strain of NMII containing a transposon insertion in the
dotA gene to demonstrate the requirement for an active type IVB secretion system
(T4SS) for intracellular replication of the bacterium. As expected, Fig. 1D shows the lack
of CCV expansion and absence of replication for the dotA::Tn strain, in direct contrast
to the NMII wild type at 4 days postinfection.

Early transcriptional response of BMDM to Coxiella burnetii NMII. Having estab-
lished that these BMDM support replication of C. burnetii NMII, we next examined the host
cells’ response to infection with the bacterium. BMDM are known to respond to bacterial
infection with rapid upregulation of proinflammatory gene transcription within hours of stim-
ulation (17, 18). Published works characterizing the macrophage transcriptional response to
Coxiella infection have assessed gene expression after 24 h, with typical time points ranging
from 48 to 72 h postinfection (hpi) (11, 12). Given the usually rapid transcriptional kinetics for
primary macrophage responses to bacterial infection (17), we wanted to determine how host
gene expression might change after the initiation of T4SS effector delivery but before replica-
tion is detectable (19). We hypothesized that if there is a T4SS-dependent suppression of host
transcription in primary macrophages within the first 8 to 24 h postinfection, we should be
able to detect the transcriptional response using the BMDM infection model.

To address these questions, we infected BMDM with the NMII wild type or a dotA::
Tn strain and harvested the total host mRNA at 8 and 24 h postinfection and subjected

FIG 1 Replication of C. burnetii NMII in murine bone marrow-derived macrophages (BMDM). (A and B)
Growth curves of C. burnetii NMII in Vero cells and C57BL/6 BMDM over 7 days (A) or RAW 264.7 (RAW)
cells and BMDM over 4 days (B). Each point is the mean of results from 3 independent experiments, with
error bars representing standard deviations. (C and D) Confocal micrographs of C. burnetii NMII wild-type-
infected (C) or dotA::Tn mutant-infected (D) BMDM at 4 days postinfection. Coxiella was stained green,
LAMP-1 is shown in red, and DNA is stained blue with DAPI. Scale bar, 10 mm.
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it to transcriptome sequencing (RNA-seq), using uninfected BMDM as a control. In
choosing this time range, we minimized the possibility of confounding effects due to
Coxiella replication, which could not be controlled for with the dotA::Tn mutant. We
found that for both wild-type NMII and the dotA::Tn mutant, most differential gene
expression was observed at 8 h postinfection (Fig. 2A). This is the first report to show a
significant upregulation of host gene expression in response to C. burnetii so soon after
infection. Both C. burnetii strains induced transcription of genes involved in host innate
immune responses (ccl4, treml4, tarm1, nos2, cd69, rasgrp1), lipid metabolism (hilpda,

FIG 2 BMDM transcriptional response to C. burnetii at 8 and 24 h postinfection. (A) Heat map
displaying the most highly differentially expressed BMDM genes at 8 and 24 h postinfection (hpi). The
legend shows the range of log2-transformed fold changes of genes either upregulated (red) or
downregulated (blue) in response to infection with either wild-type C. burnetii (NMII) or a T4SS-null
mutant (dotA::Tn). (B) Canonical pathways predicted by Ingenuity Pathway Analysis (IPA) to be
differentially regulated in response to infection with wild-type or T4SS-null C. burnetii. (C) Principal-
component analysis of the RNA-seq data set. RNA from four independent experiments was sequenced
using mock-infected BMDM (triangles) or BMDM infected with either wild-type C. burnetii (NMII,
squares) or T4SS-null C. burnetii (dotA::Tn, circles) at 8 hpi (gray) and 24 hpi (black).
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alas1, gpr84, acsbg1), and nucleotide metabolism (dctd, upp1, ak4) at 8 h postinfection.
Wild-type NMII induced higher levels of expression for these genes than the dotA::Tn
strain (Fig. 2A). Infection with both strains of Coxiella also repressed expression of sev-
eral transcripts at 8 h, including genes with roles in cell adhesion and migration (sorbs3,
loxl3, arhgap6, tens1, plxnc1), lipid metabolism (agmo, st6gal1), and innate immune sig-
naling (irf4, lifr, cxcr4). As the principal-component analysis shows, we also observed
modest transcriptional changes in the uninfected control cell populations between 8
and 24 h (Fig. 2C). We attribute these differences to the continued development of the
BMDM that occurs between 7 and 10 days postdifferentiation, which has been previ-
ously documented (20–23). As the largest differences in host gene expression were
observed during infection with both strains of Coxiella, we concluded that at early
times, the host transcriptional response to infection is T4SS independent.

To search for larger patterns in the gene expression data set, we employed the
Ingenuity Pathway Analysis (IPA) software package available from Qiagen. For this anal-
ysis, we compared the expression of transcripts from each condition (mock, wild-type
NMII, and dotA::Tn) at 24 h to that at 8 h, to detect infection-dependent gene regula-
tion that occurred within that time window. The analysis predicted that several path-
ways were differentially regulated between 8 and 24 h following C. burnetii infection
(Fig. 2B). The largest activation scores returned by the software package were assigned
to signaling pathways associated with innate immune responses to infection. IPA gave
the TREM1 and neuroinflammation signaling pathways negative activation scores in
contrast to that of mock-infected controls. Both signaling pathways are activated in
response to engagement of Toll-like receptors upon infection (24, 25). Interestingly,
downregulation of trem1 gene expression has been associated with acute Q fever (26).
The pathway analysis also predicted positive activation of LXR/RXR signaling in
response to C. burnetii. Like the TREM1 and neuroinflammation pathways, LXR/RXR sig-
naling is also activated by NF-kB downstream of TLRs (27). These predictions suggest
that Coxiella infection may alter host innate immune responses prior to bacterial repli-
cation independently of T4SS.

We next subjected the RNA-seq data to analysis with MacSpectrum (28) to predict the
polarization phenotypes of the BMDM based on the transcriptional responses we observed
at 8 and 24 h postinfection. The MacSpectrum algorithm annotates macrophage popula-
tions based upon the relative expression of 500 genes that differentiate classical and alterna-
tive macrophage polarization responses (28). This platform grants a negative macrophage
polarization index (MPI) to a transcriptional profile that skews toward alternative polarization
and a positive MPI to transcriptional profiles consistent with a classical polarization pheno-
type. Interestingly, for all conditions, a bimodal curve was observed, with the highest abso-
lute value for MPI at 8 h postinfection and then shifting in the opposite direction at 24 h
(Fig. 3A). MacSpectrum assigned uninfected BMDM a negative MPI ranging from 29.29 at
8 h to 27.72 at 24 h, indicating that our naive BMDM population skews toward alternative
polarization (Fig. 3A) or an anti-inflammatory phenotype. Upon infection with both strains
of C. burnetii, BMDM shifted to a positive MPI, as Coxiella initially induces a proinflammatory
transcriptional program in primary macrophages. We observed a broad distribution of mac-
rophage responses to the dotA::Tn strain (7.38 at 8 h, 0.21 at 24 h), whereas wild-type
Coxiellamore consistently induced a classical polarization response (5.89 at 8 h, 2.18 at 24 h)
based on the RNA-seq data set. There were 6 signature genes identified by MacSpectrum
that most strongly correlated with the predicted polarization state of the BMDM: mmp14,
fpr2, cd38, rasgrp1, lcn2, and saa3 (Fig. 3B). To validate these data, we used reverse transcrip-
tion-quantitative PCR (qRT-PCR) to measure transcripts of these significant genes in
response to infection or stimulation with an inducer of classical polarization (gamma inter-
feron [IFN-g] and LPS). At 24 h postinfection, both strains of C. burnetii produced a transcrip-
tional response that was consistent with classical polarization at 24 h (Fig. 3C). For all genes
queried, the host transcriptional response to C. burnetii infection was consistent with that
for the IFN-g plus LPS control at 24 h postinfection. These data show that the host transcrip-
tional response to Coxiella infection at 24 h is consistent with that of a classically activated
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macrophage. Notably, the differential gene expression pattern was observed to be inde-
pendent of the presence of a functional type IVB secretion system.

Type IVB secretion-independent suppression of the host innate immune response
to Coxiella infection during initial stages of infection.We next investigated the polariza-
tion phenotype of Coxiella-infected BMDM by flow cytometric analysis to determine if the
transcriptional responses we observed resulted in the physical expression of a classical acti-
vation phenotype. At 48 h postinfection, a time that allowed sufficient stimulation with
inducers of alternative (IL-4) and classical (IFN-g plus LPS) macrophage polarization, we
stained infected BMDM for cellular markers of polarization. Uninfected BMDM, which we
predicted would adopt an alternative polarization phenotype by MacSpectrum, stained
weakly with surface markers EGR2 and CD206, compared with the IL-4-stimulated BMDM,
which serve as the control for that phenotype (Fig. 4A). Likewise, they did not display
amounts of the classical activation markers CD38 or CD11c comparable to those of the
IFN-g plus LPS control population. For this reason, we define their phenotype as M0, or

FIG 3 MacSpectrum predicts that C. burnetii infection skews BMDM to a classical activation
phenotype. (A) MacSpectrum macrophage polarization index (MPI) graph showing predicted
activation status of mock-infected BMDM (pink) or BMDM infected with wild-type NMII (blue) or T4SS-
null dotA::Tn (green) Coxiella. A positive value for MPI indicates a skew toward classical activation,
while a negative value indicates alternative activation. (B) Heat map of significant genes returned by
MacSpectrum as contributing to the MPI predictions derived from the BMDM RNA-seq data set. The
legend shows the range of log2-transformed fold changes in gene expression for the given genes. (C)
qRT-PCR validation of the significant genes identified by MacSpectrum. Each bar represents the fold
change in mRNA copies relative to mock-infected BMDM after normalization to the actb transcript.
The data presented are the mean of results of three independent experiments with error bars
representing standard deviations. Asterisks denote P values calculated by a two-tailed ratio-paired t
test (*, 0.0332; **, 0.0021; ***, 0.0002; ****, ,0.0001).
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unpolarized. Indeed, enzymatic assays to measure the activity of arginase and inducible ni-
tric oxide synthase showed that these cells behave as if they are unpolarized (Fig. 4B and
C, mock). Surface staining of wild-type NMII- and dotA::Tn-infected cells showed upregula-
tion of all surface markers relative to that of uninfected controls, but the percentages of
positive cells for CD38, CD11c, EGR2, and CD206 were much lower than that observed for
control cells stimulated with IFN-g plus LPS or IL-4, indicating that the Coxiella-induced
polarization phenotype is modest. Indeed, despite the significant proinflammatory tran-
scriptional responses we observed (Fig. 3), markers indicative of classical polarization were
expressed at approximately 6- to 7-fold (CD38) or 2-fold (CD11c) less than the IFN-g plus
LPS- positive control (Fig. 4A). Moreover, the arginase and nitric oxide synthase activity in
these cells was comparable to that of the unstimulated control BMDM (Fig. 4B), suggesting
that Coxiella-infected BMDM largely behave as unpolarized cells, despite the initial tran-
scriptional responses observed. We confirmed that the lack of enzymatic activity was due
to insufficient protein expression (Fig. 4C and D). These results are consistent with our ear-
lier observations for CD38 expression (Fig. 3C); the transcriptional activation we observed
for these genes did not result in the production of sufficient protein to mount an effective
antibacterial response.

To get a more complete view of the early host response to infection, we also investi-
gated cytokine and chemokine secretion in the supernatants of BMDM at 24 h postinfec-
tion. To do this, we employed the Bio-Plex Pro mouse cytokine 23-plex assay (Bio-Rad). For

FIG 4 Phenotype of BMDM infected with C. burnetii NMII. (A) Flow cytometric analysis of untreated primary BMDM in parallel with
BMDM treated with either IFN-g plus 100 ng/mL LPS or IL-4 or infected with dotA::Tn or wild-type NMII C. burnetii for 48 h. Cells were
stained for two markers of classical activation (CD38 and CD11c) and two markers of alternative activation (EGR2 and CD206). A
histogram (representative of two independent experiments with greater than 10,000 events) shows the percentage of positive events in
the population for each marker and condition, where a horizonal line denotes the threshold for a positive signal. (B) Graph displaying
the relative arginase activity of mock-infected BMDM or BMDM treated with either IFN-g plus 100 ng/mL LPS or IL-4 (positive control,
100%) or infected with dotA::Tn or wild-type NMII C. burnetii at 24 hpi. (C) Graph displaying the absolute nitrate production of the same
BMDM populations described in the legend for panel B, where the population treated with IFN-g plus 100 ng/mL LPS serves as the
positive control for the assay. For both panels B and C, the data shown are the mean of results of three independent experiments, with
error bars representing the standard deviations. The statistical significance relative to positive controls was calculated by one-way
ANOVA, with Dunnett’s test for multiple comparisons: ****, P , 0.0001. (D) Western blots of whole-cell lysates from mock-infected
BMDM, BMDM treated with either IFN-g plus 100 ng/mL LPS or IL-4, or BMDM infected with wild-type NMII or dotA::Tn C. burnetii at 24
hpi. Expression of inducible nitric acid synthase (a-NOS2) and arginase (a-ARG1) is shown, with b-actin (a-actin) serving as a loading
control.
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each condition, secreted protein levels were normalized to those detected in supernatants
of BMDM treated with IFN-g plus LPS for 24 h. We found that cytokine and chemokine
secretion was significantly reduced in BMDM infected with both the wild type and the
dotA::Tn mutant in comparison to that of the IFN-g plus LPS controls. For both strains of
Coxiella, there was little secretion of tumor necrosis factor alpha (TNF-a), IL-1b , and IFN-g
(Fig. 5), which have been shown previously to control infection (1, 29, 30). Interestingly, we
saw no significant difference in the amounts of IL-3, -5, -6, -9, -13, -17A, or CXCL1 secretion
between infected cells and the IFN-g plus LPS control. Overall, there was little difference in
the amount of proinflammatory protein secretion between cells infected with either strain
of Coxiella, which is consistent with the results of our transcriptional, cytometric, and enzy-
matic assays (Fig. 3 and 4). However, while overall cytokine and chemokine secretion for
infected cells was low, we noted that infection did induce limited secretion in comparison
to that of the uninfected mock controls. We concluded that this BMDM model supported
NMII replication because the macrophages failed to mount an effective antibacterial
response to infection, in contrast to what had been observed in restrictive primary macro-
phage models of infection (6–8).

FIG 5 Coxiella infection of BMDM induced modest cytokine/chemokine secretion. Bio-Plex cytokine
assay demonstrating host cytokine secretion response to mock-infected BMDM (gray bars), BMDM
treated with IFN-g plus 100 ng/mL LPS (black bars), or BMDM infected with wild-type NMII (yellow
bars) or dotA::Tn (blue bars) C. burnetii at 24 hpi. Each bar represents the mean protein secretion in
BMDM supernatants from three independent experiments normalized to the positive control (IFN-g
plus 100 ng/mL LPS). Error bars represent standard deviations from the mean, with asterisks denoting
P values calculated by two-way ANOVA, with Dunnett’s test for multiple comparisons (*, 0.0332; **,
0.0021; ***, 0.0002; ****, ,0.0001).
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Identification of type IVB secretion effectors that are essential for replication
within primary macrophages and SCID mice. While it appears that the T4SS of C. bur-
netii is not required for the suppression of host innate immune responses during the ear-
liest stages of infection, it is essential for CCV formation, replication, and innate immune
dampening thereafter (Fig. 1) (see references 10 and 11). There are few specific T4SS effec-
tors known to inhibit antibacterial responses to Coxiella (12, 13), despite evidence of
T4SS-dependent innate immune subversion (31). In fact, genetic disruption of many T4SS
effectors resulted in no discernible phenotype during in vitro infection of permissive cell
lines (14). Having established this BMDM model of C. burnetii NMII infection, we used it to
screen for unappreciated T4SS effectors that may contribute to pathogenesis in this cellu-
lar context. Among the T4SS transposon mutants in our laboratory (32), we identified five
which were capable of replication within the J774.A1 macrophage cell line but that did
not replicate within primary murine BMDM (Fig. 6). Replication was completely restricted
in BMDM, as in the case of CBU1639::Tn, or the bacteria were gradually cleared from the
cells (CBU1636::Tn, CBU2007::Tn, CBU2016::Tn, and CBU2028::Tn). Interestingly, we did iden-
tify a T4SS effector mutant, CBU0069::Tn, which replicated within both cell types (Fig. 6).
Replication of CBU0069::Tn confirms that insertion of the Himar1 transposon is not suffi-
cient to abrogate Coxiella replication; genetic disruption of a specific locus is necessary to
observe a replication defect in BMDM. At 4 days postinfection, we saw that the mutants
that were cleared by BMDM were limited to tight (nonspacious), LAMP-positive CCVs with
individual bacteria, as represented by the CBU2016::Tn mutant (Fig. 6B). The CBU1639::Tn
mutant was consistently found in tight CCVs containing 1 to 3 bacteria. As a result of this
screen, we identified three novel virulence phenotypes associated with T4SS effectors of
Coxiella burnetii NMII: those that are nonessential for intracellular replication in primary
macrophages (CBU0069), those that are essential for survival in the context of primary

FIG 6 Screen for T4SS effectors required for replication within BMDM. (A) Bar graph showing average fold
replication of T4SS effector transposon mutants over 4 days in either BMDM (black) or J774A.1 (white)
macrophages. Data shown are the average of results of two independent experiments, with error bars
representing standard deviations. (B) Confocal micrographs of representative T4SS effector transposon
mutants from the BMDM intracellular replication screen at 4 days postinfection. Coxiella was stained
green, LAMP-1 is shown in red, and DNA is stained blue with DAPI. Arrowheads indicate the locations of
individual CCVs in infected BMDM. Scale bar, 10 mm. (C) Bacterial burden of SCID mouse spleens 14 days
postinoculation with wild-type C. burnetii NMII and T4SS effector transposon mutants. (D) Relative spleen
weight (splenomegaly) expressed as a percentage of total body weight of mice 14 days postinoculation
with wild-type NMII C. burnetii and T4SS effector transposon mutants. For panels C and D, error bars
represent standard deviations from the mean (n = 5 mice). ****, significance at P of ,0.0001 by one-way
ANOVA for all T4SS mutants tested, relative to results for NMII.
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macrophages (CBU1636::Tn, CBU2007::Tn, CBU2016::Tn, and CBU2028::Tn), and those that
are capable of survival but not replication within BMDM (CBU1639::Tn).

To extend these findings, we next assessed the relative virulence of these effector
mutants in the SCID mouse model of C. burnetii infection. This mouse model of infec-
tion has successfully defined the contribution of virulence loci to Coxiella pathogenesis
with two readouts of disease severity: bacterial burden in infected tissues and spleno-
megaly (12, 33). Each of the T4SS mutants that had a BMDM-specific replication defect
were used to inoculate SCID mice for 14 days. We observed that each of the transpo-
son mutants was present at a lower density in the spleens of infected mice than were
wild-type bacteria, indicating that they are attenuated for virulence (Fig. 5C). While all
the T4SS mutants had reduced bacterial burdens, the CBU1639::Tn mutant was present
in spleen at higher densities than the other T4SS mutants. We were surprised to find
that the CBU0069::Tn mutant, which replicated efficiently in BMDM, was attenuated in
the SCID mouse. The CBU0069 locus was originally annotated as a T4SS effector (32,
34) and then later reannotated as a pseudogene (14). However, it appears that the
CBU0069 locus encodes some function, as it did contribute to virulence in the SCID
mouse. This finding highlights the utility of having multiple assays to evaluate relative
virulence, as the contribution of CBU0069 would have remained unappreciated without
the benefit of this animal model.

In addition to measuring bacterial burdens in infected spleens, the weight of each
organ was compared to total body weight to measure inflammation due to infection
(splenomegaly). Relative to wild-type NMII, each of the T4SS effector mutants induced
less splenomegaly, which is consistent with our findings regarding bacterial burdens
(Fig. 5D). The mouse infection model confirmed that the T4SS effectors that were
required for replication in BMDM do contribute to the virulence of C. burnetii. We also
saw that the CBU1639::Tn mutant’s phenotype in the animal model was consistent
with what we observed in vitro and distinct from that of the other mutants we tested.
For this reason, we deemed the CBU1639::Tn mutant to be of particular interest and
worth further investigation.

CBU1639::Tn induces NF-jB-dependent transcription in response to Coxiella
infection. As the CBU1639::Tn mutant had a unique virulence phenotype relative to
the other transposon mutants, we subjected it to further study to investigate its contri-
bution to Coxiella pathogenesis. We hypothesized that since CBU1639 is not required
in permissive cells for CCV development and intracellular replication, its role may be to
contend with the innate immune pathways that are active in primary macrophages
but not in permissive cell lines. We used the THP1-Lucia reporter cell line to assess
whether the CBU1639::Tn strain of Coxiella induced proinflammatory gene transcription
in response to infection. This human macrophage reporter cell line is exquisitely sensi-
tive to proinflammatory stimuli and produces a wide dynamic range of luciferase in
response to NF-kB agonists. We employed this reporter cell line to detect very small
differences in the host response to infection with C. burnetii and to distinguish pheno-
types between individual transposon mutant strains. THP1 cells that were infected
with wild-type NMII express modest amounts of luciferase which were not statistically
different from those of the mock-infected controls (Fig. 7). These results were in direct
contrast to the significant luciferase expression induced by Escherichia coli LPS and
heat-killed Listeria monocytogenes (Fig. 7, HKLM). When these cells were infected with
the CBU1636::Tn mutant, which is representative of those that are gradually cleared
from BMDM (Fig. 7), the induced NF-kB-dependent luciferase expression was modest
in comparison to that of the positive controls (up to 80.7-fold for LPS at 24 h postinfec-
tion [hpi]). However, the CBU1639::Tn mutant induced luciferase production over 100-
fold at 24 hpi, demonstrating that this gene may play a role in mitigating the host
innate immune response to infection with C. burnetii. Future studies will focus on eluci-
dating the molecular mechanism by which CBU1639 contributes to Coxiella pathoge-
nesis in the context of this BMDM model of infection.
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DISCUSSION

As we are interested in understanding the molecular mechanisms of C. burnetii patho-
genesis, we sought to adopt a convenient cellular model of infection that more closely rep-
resents the host cell environment that it encounters upon infection. Primary macrophages
have been successfully applied to the investigation of host responses to Coxiella infection
(35), but we sought to identify an accessible infection model that did not require the use
of human subjects. The comprehensive range of host innate immune pathways and the
wide array of genetic tools available in murine BMDM made them a particularly attractive
model. We found that differentiation of these cells using conditioned medium from L929
fibroblasts (36) generated host cells that exhibit an unpolarized phenotype prior to stimula-
tion and that respond appropriately to canonical stimuli (Fig. 4) (37, 38). These BMDM per-
mitted intracellular replication of C. burnetii NMII with kinetics comparable to that in
other highly permissive cell lines (9, 16, 39). This was very encouraging, as the use of
L929-conditioned medium is a convenient and cost-effective method for the differen-
tiation of BMDM in vitro.

The transcriptional response to Coxiella infection was the first host parameter of
this infection model that we queried. We focused on early transcriptional responses to
determine how these innate immune cells respond upon initial contact with the bacte-
ria and whether the T4SS contributed to the host cell response prior to bacterial repli-
cation. We found that between 8 and 24 hpi, Coxiella induced a proinflammatory gene
expression program in BMDM that was independent of its T4SS (Fig. 2 and 3). To our
knowledge, this is the first report demonstrating a significant induction of host proin-
flammatory gene transcription earlier than 24 h after inoculation with C. burnetii. At
the transcriptional level, C. burnetii-infected BMDM resembled cells stimulated with
IFN-g and LPS, canonical agonists that induce classical activation of macrophages (38).
We were surprised to find this, as it contrasted with previous data showing that wild-
type NMII inhibits antibacterial host transcription responses via T4SS (11, 12). While
previous studies primarily investigated host responses to infection at 24 to 72 h, no sig-
nificant induction of proinflammatory transcription was observed with wild-type or
T4SS-null bacteria prior to 24 h (11, 12). We attribute our ability to detect these early
transcriptional responses to the use of primary macrophages, which are more sensitive
to invading pathogens than immortalized cell lines (17).

Based on their early differential transcription profile in response to Coxiella, we pre-
dicted that these BMDM polarized to a classical, proinflammatory phenotype upon
infection (Fig. 3 and 4). However, by assessing host cell responses downstream of tran-
scription, such as surface marker expression, enzymatic activity, and protein secretion,
we observed no significant upregulation of host defenses (Fig. 4 and 5) that might con-
trol bacterial replication. Few studies characterizing the host cell’s response to

FIG 7 Induction of NF-kB-dependent gene expression by T4SS effector mutant CBU1639::Tn. Bar
graph illustrating relative fold induction of luciferase by THP1-Lucia reporter cells in response to
canonical agonists (E. coli LPS and heat-killed L. monocytogenes [HKLM]) or infection by C. burnetii
NMII wild type or T4SS effector mutant strains CBU1636::Tn and CBU1639::Tn at 12 (white) and 24
(black) hpi. The data presented are the means of results of three independent experiments, and the
error bars represent standard deviations from the means. Statistical significance was determined by
two-way ANOVA with Dunnett’s test for multiple comparisons. P values are reported with asterisks: **,
P = 0.0010; ****, P , 0.0001; ns, not significant.
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infection have shown limited induction of antibacterial host responses to C. burnetii
NMII in macrophages. In a primary murine alveolar macrophage (AM) model of NMII
infection, the infected AMs supported robust intracellular replication, in direct contrast
to BMDM that were assessed in parallel (40). Interestingly, these AMs alternatively
polarized prior to infection, and that polarization status was sustained after challenge
with C. burnetii. In a more recent permissive BMDM infection model using the NMII
strain, no polarization of infected BMDM toward classical or an alternative activation
state was detected, and modest production of TNF-a and nitrite was observed (9), which
is consistent with our findings. Ultimately, we found that the early proinflammatory tran-
scriptional response of BMDM to C. burnetii did not translate into an antibacterial pheno-
type when downstream markers of macrophage activation were investigated. The
observed disconnect between transcription and polarization emphasizes that research-
ers should exercise caution when interpreting transcriptional responses as indicative of
host cell phenotype.

Based on our results with the dotA::Tn mutant, if C. burnetii does inhibit early innate
immune function prior to replication, it may employ a T4SS-independent strategy. C.
burnetii lacks many pathogen-associated molecular patterns (PAMPs) that would alert
a professional phagocyte to its presence (2). In addition, lipid A, which is present in
both the virulent Nine Mile isolate and the attenuated NMII, has been shown to inacti-
vate TLR4-dependent host responses to infection (41). There is also evidence that C.
burnetii can release outer membrane vesicles, which may deliver virulence factors into
the host cell across the CCV membrane (42, 43). The sensitivity of the primary BMDM
model of infection provides us with an opportunity to investigate such host modula-
tion strategies employed by C. burnetii.

Our permissive BMDM infection model allowed us to identify several T4SS effectors
as having a previously unappreciated contribution to Coxiella virulence. We screened
T4SS effectors that had been described as having no replication defects in HeLa and
J774A.1 cells (32) in our BMDM model, hypothesizing that we may find an effector that
is required in the context of a primary macrophage among them. We identified five
such effectors that were also attenuated in a mouse model of Coxiella infection (Fig. 6C
and D). These results highlight how our choice of in vitro infection model can limit our
ability to detect virulence determinants; we must balance convenience with relevance
when selecting an experimental platform for discovery.

Among these five effector mutants, we found one, CBU1639::Tn, which had a particu-
larly interesting phenotype: in both BMDM and SCID mice, it appeared to survive without
replication, in contrast to the other mutants we screened, which were gradually killed and
cleared by these hosts. Further investigation with that mutant revealed that it induced anti-
bacterial transcriptional responses upon infection. It is possible that the NF-kB-dependent
transcription induced either directly or indirectly by the CBU1639::Tn strain was responsible
for its growth restriction. We predict that if the function of CBU1639 is required to modu-
late host responses, it acts later during infection, as our RNA-seq and qRT-PCR data demon-
strated that the loss of type IVB secretion does little to affect primary macrophage
responses prior to 24 h.

Little is known about the function encoded by the CBU1639 open reading frame (ORF).
The protein was not toxic when expressed ectopically in Saccharomyces cerevisiae, and it did
not traffic to a specific cellular compartment when expressed in HeLa cells as a green fluo-
rescent protein (GFP) fusion (32). We employed the I-TASSER protein structure and function
prediction server (44) to gain insight into the putative function of this hypothetical protein.
I-TASSER returned 10 structural analogs for CBU1639 from the Protein Data Bank (PDB)
library (45). Most of those hits aligned CBU1639 with the nucleotide binding adaptor shared
by APAF-1, certain R gene products, and CED-4 (NB-ARC) domains of proteins involved in
the host response to infection, including the apoptosomes of Drosophila melanogaster,
Homo sapiens, and Caenorhabditis elegans, as well as Arabidopsis thaliana resistance proteins
and the murine NAIP5-NLRC4 inflammasome (see Fig. S1 in the supplemental material).
However, CBU1639 was not predicted to include any additional functional domains. While
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these results do not reveal a definitive function for CBU1639, the structural predictions are
consistent with its observed ability to affect innate immune host responses. Future work will
focus on confirming the molecular contribution of CBU1639 and other macrophage-specific
effectors identified in this work to Coxiella pathogenesis and the primary macrophages’
response to infection.

MATERIALS ANDMETHODS
Bacterial strains. Biosafety level 3- and select agent-exempt C. burnetii RSA439 NMII (clone 4) was

used as the parent strain for this study. All mutants used in this study were created using pKM225 con-
taining the Himar1 transposon (32). C. burnetii wild-type NMII and mutant strains were grown at pH 4.75
in acidified citrate cysteine medium-2 (ACCM-2) from Sunrise Science Products (San Diego, CA, USA) for
7 days at 37°C with 5% CO2 and 2.5% O2. Cultures were then centrifuged at 15,000 � g for 20 min and
resuspended in phosphate-buffered saline (PBS), pH 7.4. Genome equivalents for each bacterial stock
were determined using quantitative real-time PCR as described below.

Cell culture and in vitro infection assays. Primary bone marrow-derived macrophages (BMDM)
were prepared from C57BL/6 mice (Envigo, Houston, TX) as previously described (15). J774A.1, Vero, and
RAW 264.7 cells (all from ATCC) were maintained in Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). THP1-Lucia cells (Invivogen) were maintained in RPMI 1640
containing 2 mM L-glutamine, 25 mM HEPES, and 10% heat-inactivated FBS with 200 mg/mL Zeocin
(Invivogen) according to the manufacturer’s instructions. All cells were grown at 37°C in 5% CO2.

To infect cells with C. burnetii, bacterial stocks from ACCM-2 cultures were enumerated by TaqMan quan-
titative PCR (qPCR) using primers and a probe directed against the com1 gene sequence (33) and applied to
the cells on ice at a multiplicity of infection (MOI) of 10. The inoculated cells were centrifuged at 500 � g for
10 min at 4°C and then shifted to a water bath at 37°C, 5% CO2, to synchronize bacterial uptake. After 1 h,
the cells were washed 3 times with warm DMEM to remove excess inoculum; the medium was replaced with
complete macrophage medium (DMEM supplemented with 10% FBS and 10% L929-conditioned medium)
and returned to the incubator for a total of 7 days. The culture medium was replaced daily. To control for
infection levels across strains and cell lines, we compared infection efficiencies by fluorescence confocal mi-
croscopy (described below) of cells on glass coverslips infected in parallel with those used for downstream
analyses. Analysis of infection phenotypes was performed only under conditions where the infection rate
was at least 90% for all conditions. For control experiments, 2.5 ng/mL recombinant mouse IFN-g (R&D
Diagnostics) or 20 ng/mL recombinant mouse IL-4 (Peprotech) was added 48 h before infection and main-
tained throughout the duration of the experiment. IFN-g-treated BMDM were stimulated with 100 ng/mL E.
coli O111:B4 LPS (Invivogen) at infection time zero. For bacterial growth curves, infected cells were collected
at 0, 1, 4, and 7 days postinfection (unless indicated otherwise) for genomic DNA isolation and enumeration
of bacteria by TaqMan qPCR (33). Three independent infections were performed, and all samples were col-
lected in triplicate.

RNA-seq and transcriptional analysis. To prepare RNA samples, BMDM were infected at an MOI of
10 as described above, and RNA was collected from infected cells and mock-infected controls in dupli-
cate at 8 and 24 h postinfection using TRIzol (Invitrogen) according to the manufacturer’s instructions.
Total RNA from four independent experiments was quantified with a Qubit flourometer, and quality was
assessed on an Agilent TapeStation RNA tape. Stranded mRNA sequencing libraries were generated
using the Illumina TruSeq stranded mRNA library prep kit with rRNA depletion and sequenced on an
Illumina NextSeq 500 75-cycle high-output sequencing kit.

Raw sequencing reads were checked to trim any adapter sequences and low-quality bases using
Trimmomatic (46), after which filtered reads were mapped to the Mus musculus (mm10) genome assem-
bly using version 2.1 (47). Transcript-wise counts were generated using the “featureCounts” tool from
the SUBREAD package (48). Differential gene expression tests were then performed using DESeq2 (49)
by following recommended guidelines. The resulting gene expression values were entered into
Ingenuity Pathway Analysis software (Qiagen, Venlo, Netherlands; www.ingenuity.com) for biological
pathway analysis. The complete data set is presented as log-transformed gene expression values in
Table S2 in the supplemental material. For prediction of macrophage activation states upon infection,
log-transformed gene expression values were input to the MacSpectrum algorithm (28) according to the
developers’ instructions. MacSpectrum is freely available at https://macspectrum.uconn.edu.

Quantitative real-time PCR and RT-PCR. To enumerate Coxiella bacteria, DNA purified from ACCM-
2-grown bacteria, infected cells, or infected mouse spleens was used as a template for TaqMan real-time
PCR as described previously (33). Twenty-microliter reaction mixtures were run using ABI TaqMan uni-
versal PCR master mix on an ABI StepOne Plus machine. For the quantitation of host transcripts, RNA
was extracted from 2 � 106 BMDM at 24 h postinfection using TRIzol (Invitrogen) according to the man-
ufacturer’s instructions. Contaminating DNA was removed with a DNA-free DNA removal kit (Invitrogen)
according to the manufacturer’s instructions. The purified host transcripts were used as a template for
cDNA synthesis with a high-capacity cDNA reverse transcription kit (Invitrogen) using the supplied ran-
dom primers. Host cDNAs were amplified and quantified with Fast SYBR green master mix (Invitrogen)
on an Applied Biosystems QuantStudio 6 machine. A list of the host target transcripts and primers used
are included in Table S1. The results are presented as the means of results from three independent
experiments. Error bars represent standard deviations from the mean, with asterisks denoting P values
calculated by a two-tailed ratio-paired t test.
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Flow cytometric analysis. Primary BMDM prepared as described above were seeded into 6-well
plates at 3 � 105 cells/well in a 6-well plate 5 days postdifferentiation. After 7 days of differentiation, the
BMDM were infected using an MOI of 10 with NMII and NMII dotA::Tn or were treated with 2.5 ng/mL
recombinant mouse IFN-g (R&D Diagnostics) or 20 ng/mL recombinant mouse IL-4 (PeproTech) for 48 h.
At 48 h, the BMDM were removed from the plates using Accutase (Invitrogen) and enumerated. All sam-
ples were placed in 96-well U-bottom plates at a density of 2 � 105 cells/well. The macrophages were
first stained for viability using Zombie Red per the manufacturer’s specifications (BioLegend). The cells
were then treated with Fc Block 1:100 for 10 min at 4°C (BD Pharmingen). Surface stains (F4/80 biotin
[eBioscience] plus phycoerythrin [PE]/Cy7 streptavidin [BioLegend], eFluor450 CD11b [Invitrogen], PE
CD11c (Tonbo Bioscience), peridinin chlorophyll protein [PerCP]-Cy5.5 CD38 [BD Pharmingen]) diluted in
PBS plus 0.5% bovine serum albumin (PBSA) were incubated with the cells on ice for 20 min. The cells
were then washed twice with PBSA and then fixed with 2% paraformaldehyde for 15 min on ice. The
cells were then washed once with Perm/Wash (0.1% saponin in PBSA) and permeabilized using Perm/
Wash for 20 min on ice. Intracellular stains (Alexa Fluor 488 CD206 [BioLegend] and allophycocyanin
[APC] Egr2 [Invitrogen]) diluted in Perm/Wash were incubated with cells on ice for 30 min. Fluorescence-
minus-one controls were performed (FMO) with compensation for each fluor using single-stained cells
and unstained cells. The stained samples were run on a BD Fortessa analyzer, and analysis was done
using FlowJo software.

Enzymatic activity assays. The amount of active arginase in 1 � 106 Coxiella-infected BMDM was
assessed at 24 h postinfection using an arginase activity assay kit (Sigma) according to the manufac-
turer’s instructions. To detect the presence of active induced nitric oxide synthase (NOS2) in BMDM, the
Griess reagent system (Promega) was used to measure the amount of nitrite present at 24 h postinfec-
tion in the cell culture supernatants from the same BMDM used for the arginase activity assay. For both
assays, duplicate wells were each measured in triplicate, and the results presented are the average of
three independent experiments.

Bio-Plex cytokine assay. Quantification of secreted cytokines and chemokines was assessed using
the Bio-Plex Pro mouse cytokine 23-plex assay (Bio-Rad). BMDM were seeded in a 24-well plate as
described above. The cells were infected as described above with wild-type NMII or dotA::Tn NMII at an
MOI of 10 or were treated with 2.5 ng/mL IFN-g and 100 ng/mL LPS. Supernatants were collected at 24 h
postinfection/treatment in parallel with mock-infected BMDM. Secreted cytokines and chemokines pres-
ent in the cell culture supernatants were measured using the Bio-Plex Pro mouse cytokine 23-plex assay
(Bio-Rad) according to the manufacturer’s instructions. Per the manufacturer’s recommendations, undi-
luted supernatants were measured in triplicate and quantified using a five-parameter logistic regression
with an 8-sample standard curve. Results were calculated as the average of triplicate samples in pg/mL.
The mean protein secretion from three independent experiments for each condition was normalized to
that of the positive control (IFN-g plus LPS). Data for secretion of MIP-1b is not reported, as it was out-
side the limit of detection for the positive control. Error bars represent standard deviations from the
mean, with asterisks denoting P values calculated by two-way analysis of variance (ANOVA), with
Dunnett’s test for multiple comparisons.

Western blotting. At 24 h postinfection, BMDM were lysed directly in a 6-well tissue culture dish with
hot 2� NuPAGE LDS sample buffer (Invitrogen) and boiled for 10 min. The resultant whole-cell lysates were
loaded onto a 4-to-12% SDS-PAGE gel for electrophoresis and transferred to a polyvinylidene difluoride
(PVDF) membrane for probing. The following antibodies were used for primary probing: rabbit anti-NOS2,
rabbit anti-CD38, rabbit anti-ARG1 (all from AbClonal). Mouse anti-actin (Sigma) was used as a loading control
for the assay. For detection, we used LI-COR IRDye 800CW donkey anti-rabbit and IRDye 680RD donkey anti-
mouse secondary antibodies and imaged blots with a LI-COR Odyssey Fc imager (Lincoln, NE).

SCID mouse infections. SCID (C.B-17/lcrHsd-Prkdcscid) mice were purchased from Envigo (Indianapolis,
IN, USA) and housed in the Texas A&M University Health Science Center (TAMHSC) animal facility. All animal
procedures were done in compliance with Texas A&M University IACUC (AUP no. 2016-0370). Infections were
performed as described previously (33). Briefly, 6- to 8-week-old female mice (SCID or C57BL/6) were infected
with 1 � 106 C. burnetii phase II strain bacteria via intraperitoneal (i.p.) injection. DNA was extracted from
spleens at 14 days postinfection as previously described (12) for bacterial enumeration.

Fluorescence microscopy. Cells seeded on 12-mm glass coverslips were washed 3 times with PBS and
then fixed with room-temperature 4% paraformaldehyde at the indicted times postinfection. After fixation,
the coverslips were again washed with PBS and stored at 4°C prior to immunofluorescence staining. Staining
proceeded as described previously (15), using guinea pig NMII antisera (J. Samuel Laboratory, TAMHSC) to
detect Coxiella, rat anti-LAMP1 antibody (1D4B; Developmental Studies Hybridoma Bank), and 10 ng/mL
DAPI (49,6-diamidino-2-phenylindole). Images were captured with a Nikon A1 confocal microscope and proc-
essed using Nikon Elements software and Adobe Photoshop.

THP1-Lucia luciferase assay. A total of 1 � 106 THP1-Lucia cells were stimulated with heat-killed
Listeria monocytogenes (107 cells/mL) or E. coli LPS O111:B4 (200 ng/mL) or infected at an MOI of 25 with
either wild-type C. burnetii NMII, C. burnetii NMII CBU1639::Tn, or C. burnetii NMII CBU1636::Tn. At 12 and
24 h postinfection, the cell culture supernatants were collected, and the levels of NF-kB-induced lumi-
nescence were measured in triplicate from the cell culture supernatant using QUANTI-Luc coelentera-
zine-based luminescence assay detection reagent (Invivogen) on a PerkinElmer EnVision 2104 multilabel
reader. A total of three independent experiments were performed, and the data were normalized to
those of the mock-treated control to generate NF-kB fold induction.

Data availability. The RNA-seq data set has been deposited in the GEO database under accession
number GSE208339.
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