
Coxiella burnetii Inhibits Neutrophil Apoptosis by Exploiting
Survival Pathways and Antiapoptotic Protein Mcl-1

Rama Cherla,a Yan Zhang,a Lindsey Ledbetter,a Guoquan Zhanga

aDepartment of Veterinary Pathobiology, College of Veterinary Medicine, University of Missouri—Columbia,
Columbia, Missouri, USA

ABSTRACT Our previous study demonstrated that neutrophils play an important role
in host defense against Coxiella burnetii infection in mice. In this study, avirulent strain C.
burnetii Nine Mile phase II (NMII) was used to examine if C. burnetii can modulate mouse
bone marrow-derived neutrophil apoptosis. The results indicated that NMII can inhibit
neutrophil apoptosis. Western blotting demonstrated that caspase-3 cleavage was de-
creased in NMII-infected neutrophils, while phosphorylated mitogen-activated protein ki-
nase (MAPK) p38 and extracellular signal-regulated kinase 1 (Erk1) were increased. Addi-
tionally, p38, Erk1/2, phosphoinositide 3-kinase (PI3K), or NF-�B inhibitors reduced the
ability of NMII to inhibit neutrophil apoptosis. These results suggest that NMII-mediated
inhibition of neutrophil apoptosis depends on its ability to activate neutrophil MAPK
pathways. Antiapoptotic protein myeloid cell leukemia-1 (Mcl-1) was significantly in-
creased in NMII-infected neutrophils, and an Mcl-1 inhibitor significantly reduced the
ability of NMII to inhibit neutrophil apoptosis. Mcl-1 protein stability was enhanced by
phosphorylation at Thr-163 by Erk, and the protein levels were regulated by p38, Erk,
PI3K, and NF-�B. Furthermore, the observation that a type IV secretion system (T4SS)-
deficient dotA mutant showed a significantly reduced ability to inhibit neutrophil apo-
ptosis compared to wild-type (WT) NMII suggests that T4SS-secreted factors may be in-
volved in NMII-induced inhibition of neutrophil apoptosis. Collectively, these results
demonstrate that NMII inhibits neutrophil apoptosis through inhibition of caspase-3
cleavage and activation of MAPK survival pathways with subsequent expression and sta-
bilization of antiapoptotic protein Mcl-1, a process that may partially require the T4SS.
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Coxiella burnetii is an obligate intracellular Gram-negative bacterium that causes the
zoonotic disease Q fever in humans. Q fever commonly manifests as an acute

flu-like illness characterized by high fever with chills and atypical pneumonia, although
infection may persist to a chronic disease that can be fatal if left untreated (1). A recent
outbreak in the Netherlands from 2007 to 2011 resulted in more than 3,500 reported
clinical Q fever cases (2), highlighting the significant threat that this globally distributed
pathogen poses to public health. Antibiotic treatment for acute Q fever is most
effective when initiated within the first 3 days of illness; however, the accurate early
diagnosis of Q fever is difficult and often overlooked due to nondescript flu-like
symptoms. Chronic Q fever is much more difficult to treat effectively, often requiring
treatment with multiple antibiotics for several years (3). Therefore, it is necessary to
discover novel drugs and alternative strategies to control C. burnetii infections.

C. burnetii undergoes lipopolysaccharide (LPS) phase variation, whereby virulent
phase I organisms, such as the Nine Mile phase I (NMI) strain (with smooth LPS), convert
to phase II organisms, such as the avirulent Nine Mile phase II (NMII) strain (with rough
LPS), upon serial passage in eggs, tissue culture, or synthetic media (4, 5). NMI is able
to replicate in immunocompetent animals and cause disease, while NMII is rapidly
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cleared in immunocompetent animals and does not cause disease (6). Understanding
the mechanisms of host cell-pathogen interactions may reveal important insights that
lead to the development of novel therapeutic strategies for treatment of C. burnetii
infections. Neutrophils are major effector cells of the innate immune system with a
primary role in resistance against extracellular pathogens. However, accumulating
evidence suggests that neutrophils also play a protective role in host defense against
intracellular microbial pathogens (7). The observation that the selective depletion of
neutrophils results in the delayed clearance of bacterial infections caused by Legionella
pneumophila and Klebsiella pneumoniae (8–10) indicates that neutrophils play an
important role in host defense against intracellular bacterial pathogens. Interestingly,
our previous study demonstrated that C. burnetii intranasal infection induced more
severe disease in neutrophil-depleted mice, suggesting that neutrophils play an im-
portant role in host defense against C. burnetii pulmonary infection (11). However, the
mechanisms of interaction between neutrophils and C. burnetii are not well under-
stood.

Neutrophils have a very short life span because they are preprogrammed to
undergo apoptosis 18 to 24 h after being released into the circulation (12). However, it
has been shown that neutrophil apoptosis can be modulated by many microbial
pathogens (13). Induction of neutrophil apoptosis following phagocytosis of bacteria is
a well-known phenomenon first described for Escherichia coli (14) but subsequently
reported for many other bacteria (15, 16). In contrast, some intracellular pathogens,
such as Anaplasma phagocytophilum (17), Leishmania major (18), and Chlamydia pneu-
moniae (19), have been reported to inhibit neutrophil apoptosis. C. burnetii is capable
of differentially modulating host cell apoptosis, depending on the conditions. One
study indicated that both the virulent strain C. burnetii NMI and the avirulent strain C.
burnetii NMII can partially prevent exogenously induced apoptosis in differentiated
THP-1 cells and primary monkey alveolar macrophages (20). Similarly, a recent report
also demonstrated the ability of NMII to inhibit exogenously induced apoptosis in
Chinese hamster ovary and HeLa cells in late stages of infection (21). These observa-
tions suggest that C. burnetii-infected cells are able to resist apoptosis in the presence
of exogenously applied apoptotic stimuli, which may be important for C. burnetii to
establish a persistent infection in vitro. In contrast, our recent studies found that NMII
can induce apoptosis in undifferentiated THP-1 cells through a caspase-3-independent
pathway (22). We also found that NMII-infected murine peritoneal B1a cells undergo
caspase-1-dependent pyroptosis through activation of Toll-like receptor 2 and NLRP3
signaling pathways (23). However, it remains unclear whether C. burnetii can modulate
neutrophil apoptosis.

In this study, we examined if C. burnetii NMII can modulate mouse bone marrow-
derived neutrophil apoptotic signaling pathways. Our results demonstrated that NMII
infection inhibits caspase-3 cleavage, activates mitogen-activated protein kinase
(MAPK) signaling pathways, and induces expression of antiapoptotic protein myeloid
cell leukemia-1 (Mcl-1), thus delaying neutrophil apoptosis.

RESULTS
C. burnetii NMII infects primary mouse BMNs. Our previous study demonstrated

that C. burnetii NMII is able to infect mouse bone marrow neutrophils (BMNs) (24). In
this study, an immunofluorescence assay (IFA) was used to determine the percentage
of NMII-infected BMNs at different time points. As shown in Fig. 1A, C. burnetii (green)
was observed only in NMII-infected BMNs. Colocalization of C. burnetii with lysosome-
associated membrane protein 1 (LAMP-1) was observed in Ly-6G-positive BMNs (Fig.
1B), confirming that the bacteria were inside neutrophils. Figure 1C shows the percent-
age of NMII-infected neutrophils. Approximately 13% of BMNs were infected with NMII
after 4 h, while the percentage of infected BMNs increased to 44% after 18 h. The
percentage of NMII-infected neutrophils was not significantly different at between 18
and 24 h postinfection (hpi) (data not shown). Thus, the percentage of NMII-infected
neutrophils is comparable to that in our previous study (24).
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NMII infection inhibits DNA fragmentation in BMNs. DNA fragmentation is a
major biochemical feature of apoptosis. To determine if NMII can modulate neutrophil
apoptosis, terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) staining was used to examine whether NMII infection altered DNA frag-
mentation in neutrophils. As shown in Fig. 2A, fewer TUNEL-positive cells were ob-
served in NMII-infected neutrophils than in uninfected neutrophils at 18 hpi. NMII-
infected neutrophils possessed significantly fewer TUNEL-positive cells at both 4 and 18
hpi (Fig. 2B). These results suggest that NMII can inhibit neutrophil apoptosis.

NMII infection inhibits neutrophil apoptosis in a dose- and time-dependent
manner via inhibition of caspase-3 activity. To further characterize the ability of NMII
to inhibit neutrophil apoptosis, we first examined if the infection dose affected the
ability of NMII to inhibit neutrophil apoptosis. IFA was used to determine the percent-
age of C. burnetii-infected BMNs at 24 hpi at a multiplicity of infection (MOI) of 25, 50,
100, 200, or 500. As shown in Fig. 3A, the infection rate was increased in a dose-
dependent manner up to an MOI of 100, at which point the dose-response was
saturated. Similarly, NMII bacteria could inhibit neutrophil apoptosis in a dose-
dependent manner up to an MOI of 100, at which point maximum inhibition was
reached (Fig. 3B). These results indicate that the ability of NMII to inhibit neutrophil
apoptosis correlates with the infection rate. Next, a quantitative 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay was
used to compare the viability of uninfected and NMII-infected neutrophils. To deter-
mine the time frame for NMII-induced inhibition of neutrophil apoptosis, neutrophils
were infected with NMII at an MOI of 100 and the infection rate and apoptosis were
examined by IFA and MTS assay at 24, 48, 72, and 96 hpi. As shown in Fig. 3C, there
were no significant changes in the infection rate at 24, 48, 72, and 96 hpi. Compared

FIG 1 NMII infects primary mouse BMNs. BMNs were infected with NMII at an MOI of 100 and stained by IFA using antibodies against C. burnetii (C.b; green),
Ly-6G PE (red), and LAMP-1–Alexa Fluor 647 (AF; purple) at 18 h postinfection (hpi). DAPI was used to stain host cell DNA (blue). (A) NMII colocalized with host
cell nuclear DNA. The circled portion is expanded. (B) NMII colocalized with a marker of host cell lysosomal membranes, LAMP-1, inside Ly-6G-positive
neutrophils. (C) The infection rate was determined at 4 and 18 hpi by counting the number of cells positively labeled with C. burnetii antibodies. A total of 200
cells were counted per coverslip in three separate experiments for each time point. Results are expressed as the percentage of infected cells compared to the
percentage of uninfected cells. Error bars represent the standard deviation from the mean. **, P � 0.01.
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to the level of apoptosis seen in uninfected neutrophils, NMII infection significantly
inhibited neutrophil apoptosis beginning at 24 h and continuing through 96 hpi (Fig.
3D). These results further demonstrate the ability of NMII to inhibit neutrophil apoptosis
in a dose-dependent manner for a prolonged period. Heat-killed NMII was unable to
inhibit neutrophil apoptosis (data now shown), suggesting that viable bacteria are
required for apoptosis inhibition.

It has been shown that activation of caspase-3 is critical for apoptosis in neutrophils
(25). To determine if NMII infection affected the activity of caspase-3 in neutrophils, the
levels of cleaved caspase-3 in uninfected and NMII-infected neutrophils were compared
by Western blotting. As shown in Fig. 3E, the strengths of the cleaved caspase-3 protein
bands were similar between uninfected and NMII-infected neutrophils at 8 hpi, but the
cleaved caspase-3 protein bands in NMII-infected neutrophils were weaker than those
in uninfected neutrophils at 18, 38, and 48 hpi. In addition, the intensity units of the
cleaved caspase-3 protein bands were significantly decreased in NMII-infected neutro-
phils compared to those in uninfected neutrophils at 38 hpi (49% for the 17-kDa band,
74% for the 19-kDa band) and 48 hpi (51% for the 17-kDa band, 82% for the 19-kDa
band) (Fig. 3F). These results indicate that NMII infection can significantly reduce the

FIG 2 NMII inhibits DNA fragmentation in primary mouse BMNs. BMNs were infected with NMII at an MOI of 100 for 18 h. (A) Uninfected and
infected cells were stained with TUNEL (red) to detect DNA fragmentation. Cells were also labeled by IFA using antibodies directed against C.
burnetii (green). DAPI was used to stain DNA (blue). Uninfected neutrophils exhibited significant DNA fragmentation, while there were no
detectable TUNEL-positive cells during NMII infection. (B) The percentage of apoptotic cells was determined at 4 and 18 hpi by counting the
number of TUNEL-positive cells. A total of 200 cells per coverslip were counted in three separate experiments for each time point. Results are
expressed as percent apoptosis, and error bars represent the standard deviation from the mean. *, P � 0.05; **, P � 0.01.
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levels of cleaved caspase-3, suggesting that NMII-induced inhibition of neutrophil
apoptosis may depend on its ability to reduce the activity of caspase-3.

NMII infection in neutrophils leads to activation of MAPK p38 and Erk1. MAPK
signaling pathways promote cell survival by one of two mechanisms: posttranslational
modification and inactivation of proapoptotic proteins, such as Bad/Bim, or increased
transcription/translation of prosurvival proteins, such as Bcl-XL/Mcl-1. Neutrophil apo-
ptosis has been demonstrated to be tightly regulated by a complex network of
signaling pathways through controlled expression and degradation of key signaling
molecules, including Bcl-2 family proteins, MAPKs, NF-�B, and caspases (26–29). To

FIG 3 NMII inhibits BMN apoptosis in a dose- and time-dependent manner via inhibition of caspase-3 activity. BMNs were infected with NMII at different MOIs
and incubated for different time points after infection. (A) At 24 hpi, the percentage of BMNs infected with C. burnetii NMII at an MOI of 25, 50, 100, 200, or
500 was determined by IFA in the same manner described in the legend to Fig. 1B. The results are expressed as the percentage of infected cells compared to
the percentage of uninfected cells. A maximum infection rate of �40 to 50% was reached at an MOI of 100 and was not increased at doses beyond this dose.
(B) The percent cell death of uninfected BMNs and BMNs infected with NMII at an MOI of 25, 50, 100, 200, or 500 was measured by the MTS assay at 24 hpi.
NMII could inhibit BMN apoptosis in a dose-dependent manner up to an MOI of 100, where maximum inhibition was reached. (C) The percentage of BMNs
infected with C. burnetii NMII at an MOI of 100 was determined by IFA at 24, 48, 72, and 96 hpi. A maximum infection rate of �50% occurred as early as 24
h. (D) The percent cell death of uninfected BMNs or BMNs infected with NMII at an MOI of 100 was measured by the MTS assay at 24, 48, 72, and 96 hpi. NMII
could significantly inhibit neutrophil apoptosis beginning at 24 hpi and continuing through 96 hpi. (E) The levels of cleaved caspase-3 (Casp-3; 17- and 19-kDa
bands) between uninfected BMNs and BMNs infected with NMII at an MOI of 100 were compared by Western blotting at 8, 18, 38, and 48 hpi. (F) The fold
reduction of the intensity units of cleaved caspase-3 protein bands at different times postinfection was calculated using densitometry software and normalized
to the intensity for the loading controls. Error bars represent the standard deviation from the mean. *, P � 0.05; ***, P � 0.001. 0hr, 0-h time point, fresh
uninfected BMNs; CU, uninfected control BMNs incubated for the indicated time period; �, NMII-infected BMNs; Actin, protein loading control.
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determine whether NMII inhibition of neutrophil apoptosis was dependent on its ability
to promote cell survival pathways, we next evaluated the phosphorylation of p38 and
extracellular signal-regulated kinase 1/2 (Erk1/2) MAPKs by Western blotting. As shown
in Fig. 4A and B, larger amounts of phosphorylated p38 and Erk1 MAPKs were detected
in NMII-infected neutrophils than in the uninfected controls. The intensity units of the
phosphorylated p38 (Fig. 4C) and Erk1 (Fig. 4D) protein bands in NMII-infected neu-
trophils were significantly higher than those in uninfected neutrophils. These results
indicate that NMII bacteria activate p38 and Erk1 MAPKs during infection of neutrophils,
suggesting that NMII inhibition of neutrophil apoptosis may depend on the promotion
of cell survival pathways. To confirm that activation of the p38 and Erk1 MAPKs
promotes neutrophil survival, we examined by the MTS assay if treatment of NMII-
infected neutrophils with p38 or Erk1/2 inhibitors would affect the ability of NMII to
inhibit neutrophil apoptosis. The results indicated that both p38 (Fig. 4E) and Erk1/2

FIG 4 NMII activates MAPK p38 and Erk1 for inhibition of neutrophil apoptosis. (A) Analysis of phosphorylated p38 in BMNs infected with NMII at an MOI of
100 by Western blotting at 8, 18, and 38 hpi. (B) Analysis of phosphorylated Erk1/2 in BMNs infected with NMII at an MOI of 100 by Western blotting at 8, 18,
38, and 48 hpi. (C) Fold increase in the number of intensity units of the phosphorylated p38 protein band. (D) Fold increase in the number of intensity units
of the phosphorylated Erk1 protein band. (E) BMNs were untreated or treated with 5 or 10 �M the p38 inhibitor SB203580 for 1 h prior to infection with NMII
at an MOI of 100. The percent cell death of BMNs with different treatments was measured by the MTS assay at 18 hpi. (F) BMNs were untreated or treated with
25 or 50 �M the Erk1/2 inhibitor PD98059 for 1 h prior to infection with NMII at an MOI of 100. The percent cell death of BMNs receiving different treatments
was measured by the MTS assay at 18 hpi. Error bars represent the standard deviation from the mean. *, P � 0.05; **, P � 0.01; N.S, not significant. P-p38,
phosphorylated p38; P-Erk1 and P-Erk2, phosphorylated Erk1 and Erk2, respectively; SB, SB203580; PD, PD98059; C, 0-h time point, fresh uninfected BMNs; CU,
uninfected control BMNs incubated for the indicated times; CU�DMSO, inhibitor buffer (dimethyl sulfoxide [DMSO])-treated uninfected BMNs.
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(Fig. 4F) inhibitors significantly reduced the ability of NMII to inhibit neutrophil apo-
ptosis in a dose-dependent manner. Additionally, the Erk1/2 inhibitor (PD98059) ap-
peared to be more effective than the p38 inhibitor (SB203580). Collectively, these
results support the hypothesis that NMII inhibition of neutrophil apoptosis depends on
its ability to promote cell survival pathways via activation of p38 and Erk1 MAPKs.

Both PI3K and NF-�B are involved in NMII-induced inhibition of neutrophil
apoptosis. The phosphoinositide 3-kinase (PI3K) pathway is an important survival pathway
activated by growth factors, cytokines, toxins, and pathogens. PI3K activates the down-
stream kinase Akt, an important player in survival signaling. Akt increases the transcription/
translation of survival proteins, such as Bcl-XL and Mcl-1, through activation of NF-�B. Akt
also inactivates proapoptotic proteins, such as Bad, by phosphorylation (27, 28). To deter-
mine if NMII-induced neutrophil survival was dependent on activation of PI3K, we tested
whether treatment of NMII-infected neutrophils with wortmannin, a PI3K inhibitor, affected
the ability of NMII to inhibit neutrophil apoptosis by the MTS assay. As shown in Fig. 5A,
wortmannin treatment significantly reduced the ability of NMII to inhibit neutrophil apo-
ptosis in NMII-infected neutrophils compared to no treatment. This effect was dose de-
pendent, as increasing concentrations of wortmannin significantly increased the percent-
age of apoptotic neutrophils. This suggests that NMII infection triggers activation of PI3K,
which is critical for promotion of neutrophil survival. PI3K activation may be the upstream
signal for activation of neutrophil survival pathways. Next, to determine whether NMII
induced neutrophil survival through activation of transcription factor NF-�B, we examined
whether treatment of NMII-infected neutrophils with the NF-�B inhibitor SN50 affected the
ability of NMII to inhibit neutrophil apoptosis by the MTS assay. The results indicated that
the NF-�B inhibitor was also able to partially reduce the ability of NMII to inhibit neutrophil
apoptosis in a dose-dependent manner (Fig. 5B). Activation of NF-�B may be involved in
the NMII-induced promotion of neutrophil survival, and NF-�B signaling may be the
downstream signal for activation of neutrophil survival pathways.

FIG 5 Both PI3K and NF-�B are involved in NMII-induced inhibition of neutrophil apoptosis. (A) BMNs
were untreated or treated with 25 or 50 nM the PI3K inhibitor wortmannin for 1 h prior to infection with
NMII at an MOI of 100. The percent cell death of BMNs receiving different treatments was measured by
the MTS assay at 18 hpi. (B) BMNs were untreated or treated with 50 or 100 �g/ml of NF-�B inhibitor
SN50 for 1 h prior to infection with NMII at an MOI of 100. The percent cell death of BMNs receiving
different treatments was measured by the MTS assay at 18 hpi. Error bars represent the standard
deviation from the mean. *, P � 0.05; **, P � 0.01; N.S, not significant. C, 0-h time point, fresh uninfected
BMNs; CU, uninfected BMNs; CU�DMSO, wortmannin inhibitor buffer (dimethyl sulfoxide [DMSO])-
treated uninfected BMNs; W, wortmannin; CU�PBS, SN50 inhibitor buffer-treated uninfected BMNs.
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NMII-induced inhibition of neutrophil apoptosis depends on expression of the
antiapoptotic protein Mcl-1. It has been shown that the antiapoptotic protein Mcl-1
is required for neutrophil survival (30). To determine if Mcl-1 is involved in promoting
neutrophil survival during NMII infection, we examined by Western blotting whether
the Mcl-1 protein is expressed in NMII-infected neutrophils. As shown in Fig. 6A,
elevated Mcl-1 protein levels were detected in NMII-infected neutrophils at 18, 38, and
48 hpi. In addition, we also compared the Mcl-1 protein intensity units between
uninfected and NMII-infected neutrophils. As shown in Fig. 6B, the expression of Mcl-1
was 6.4-, 6.6-, and 6.2-fold higher in NMII-infected neutrophils than in uninfected
neutrophils at 18, 38, and 48 hpi, respectively. These results indicate that the expression
of Mcl-1 in neutrophils was significantly increased in response to NMII infection,
suggesting that Mcl-1 may also contribute to NMII-induced inhibition of neutrophil
apoptosis. To further demonstrate the role of Mcl-1 in NMII-induced inhibition of
neutrophil apoptosis, we examined if treatment of NMII-infected neutrophils with a
specific irreversible Mcl-1 inhibitor would affect the ability of NMII to inhibit neutrophil
apoptosis by MTS assay. As shown in Fig. 6C, 45% cell death was detected in untreated
and uninfected neutrophils, whereas the changes in NMII-infected neutrophils were
undetectable. Levels of apoptosis of 19% and 49% were detected with 10 and 25 �M
Mcl-1 inhibitor, respectively. These results indicate that the Mcl-1 inhibitor blocks
NMII-induced neutrophil survival in a concentration-dependent manner, with the
higher concentration of the Mcl-1 inhibitor almost completely blocking NMII-mediated
neutrophil survival. Collectively, these data support a critical role for Mcl-1 in NMII-
induced inhibition of neutrophil apoptosis.

FIG 6 Antiapoptosis protein Mcl-1 is critical for NMII-induced inhibition of neutrophil apoptosis. (A)
Detection of Mcl-1 in BMNs infected with NMII at an MOI of 100 by Western blotting at 8, 18, 38, and 48
hpi. (B) Fold induction of the intensity units of the Mcl-1 protein band. (C) BMNs were untreated or
treated with 10 or 25 �M Mcl-1 inhibitor for 1 h prior to infection with NMII at an MOI of 100. The percent
cell death of BMNs receiving different treatments was measured by the MTS assay at 18 hpi. Error bars
represent the standard deviation from the mean. *, P � 0.05; **, P � 0.01. C, 0-h time point, fresh
uninfected BMNs; CU, uninfected control BMNs; CU�DMSO, inhibitor buffer (dimethyl sulfoxide [DMSO])-
treated uninfected BMNs; �, NMII-infected BMNs; Actin, protein loading control.
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NMII-induced Mcl-1 expression is decreased in the presence of inhibitors, and
the Erk pathway stabilizes the Mcl-1 protein from degradation by phosphorylat-
ing Thr-163. To verify that the delay of apoptosis in neutrophils was only due to
inhibition of signaling pathways, rather than a reduction in the NMII infection rate, we
examined if the inhibitors affected the infection rate. As shown in Fig. 7A, there was no
significant difference in the NMII infection rate between inhibitor-treated and untreated
neutrophils. This result suggests that the ablation of NMII-mediated inhibition of
apoptosis after treatment with inhibitors was not due to a reduction of the infection
rate.

It is known that activation of the Erk survival pathway can stabilize short-lived
antiapoptotic proteins, such as Mcl-1, by phosphorylating Thr-163. To determine
whether Mcl-1 was stabilized by Erk during NMII infection, we analyzed the levels of
phosphorylated Mcl-1 by Western blotting using a phosphorylation-specific antibody
(Ser-159/Thr-163) against Mcl-1. As shown in Fig. 7B, compared to the levels observed
in NMII-infected neutrophils at 0 hpi, elevated levels of phosphorylated Mcl-1 were
observed in NMII-infected neutrophils at 8, 18, 38, and 48 hpi. In addition, the intensity
units of the phosphorylated Mcl-1 significantly increased in NMII-infected neutrophils at
18, 38, and 48 hpi compared to those in NMII-infected neutrophils at 0 hpi (Fig. 7C).

FIG 7 Analysis of Mcl-1 protein levels in the presence of different inhibitors and Mcl-1 protein stabilization. (A) At 18 h hpi, the percentage of
NMII-infected BMNs in the presence of different inhibitors was determined by IFA in the same manner described in the legend to Fig. 1B. (B)
Analysis of phosphorylated Mcl-1 (P-Mcl-1; Ser-159/Thr-163) in BMNs infected with NMII at an MOI of 100 by Western blotting at 8, 18, 38, and
48 hpi. (C) Fold increase in the number of intensity units of the phosphorylated Mcl-1 protein band. (D) Detection of Mcl-1 in BMNs infected with
NMII at an MOI of 100 by Western blotting at 18 hpi after treatment with SB203580 (SB; 10 �M), PD98059 (PD; 50 �M), wortmannin (W; 50 nM),
SN50 (100 �g/ml), MIM1 (25 �M), or the inhibitor control or in untreated cells. (E) Percentage of the number of intensity units of the Mcl-1 protein
band after treatment with inhibitors. *, P � 0.05; N.S, not significant. 0hr, 0-h time point, fresh uninfected BMNs; �, uninfected control inhibitor
buffer (dimethyl sulfoxide [DMSO])-treated uninfected BMNs; �, NMII-infected BMNs; Actin, protein loading control.
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These results indicate that the stabilization of Mcl-1 occurred during NMII infection in
neutrophils.

As shown above, our results demonstrate that NMII infection can activate p38, Erk,
PI3K, and NF-�B in neutrophils and that inhibition of p38, Erk, PI3K, or NF-�B by specific
inhibitors decreases the ability of NMII to inhibit neutrophil apoptosis. Since activation
of p38, Erk, PI3K, and NF-�B can regulate the expression of Mcl-1, we analyzed the levels
of Mcl-1 in NMII-infected neutrophils untreated or treated with an p38 inhibitor
(SB203580), an Erk inhibitor (PD98059), a PI3K inhibitor (wortmannin), an NF-�B inhib-
itor (SN50), or an Mcl-1 inhibitor (MIM1) by Western blotting. As shown in Fig. 7D, the
levels of Mcl-1 decreased in NMII-infected neutrophils treated with each inhibitor
compared to the levels in the untreated controls. Additionally, the intensity units of
Mcl-1 significantly decreased in NMII-infected neutrophils treated with each inhibitor
(Fig. 7E). These results suggest that the p38, Erk, PI3K, and NF-�B signaling pathways
can regulate the expression of Mcl-1 in NMII-infected neutrophils. Activation of p38, Erk,
PI3K, and NF-�B and subsequent expression and/or stabilization of Mcl-1 may be an
important mechanism for NMII to inhibit neutrophil apoptosis.

NMII-induced inhibition of neutrophil apoptosis is partially dependent on its
functional T4SS. C. burnetii possesses a type IV secretion system (T4SS), and it has been
shown that T4SS-secreted effectors can modulate host cell apoptotic signaling (31–35).
To determine whether T4SS effectors might be involved in NMII-induced inhibition of
neutrophil apoptosis, we investigated if an NMII dotA mutant, which lacks a functional
T4SS, could also inhibit neutrophil apoptosis. First, we used IFA to determine if dotA
mutant bacteria could infect BMNs. As shown in Fig. 8A, C. burnetii (green) was
observed in dotA mutant-infected BMNs, suggesting that dotA mutant bacteria could
infect neutrophils. Figure 8B shows the percentage of dotA mutant-infected neutro-
phils. Approximately 9% of BMNs were infected with NMII dotA after 4 h, while the
percentage of infected cells increased to 42% after 18 h. Thus, the percentage of NMII
dotA mutant-infected BMNs was similar to the percentage of wild-type (WT) NMII-
infected BMNs (24). To determine if the T4SS is required for NMII-induced inhibition of
neutrophil apoptosis, we examined whether the dotA mutant could alter DNA frag-
mentation in BMNs by TUNEL staining. As shown in Fig. 9A and B, fewer TUNEL-positive
cells were observed in dotA mutant-infected neutrophils than uninfected neutrophils at
18 hpi. These results indicate that the NMII dotA mutant can also inhibit neutrophil
apoptosis. Furthermore, to determine whether there were differences between dotA
mutant and WT NMII bacteria in their ability to inhibit neutrophil apoptosis, the
quantitative MTS assay was used to compare cell viability between dotA mutant-
infected and NMII-infected neutrophils. As shown in Fig. 9C, the level of apoptosis in
dotA mutant-infected neutrophils was significantly lower than that in uninfected neu-
trophils; however, it was significantly higher than that in NMII-infected neutrophils.
These results suggest that T4SS effectors may be partially involved in NMII-induced
neutrophil survival.

DISCUSSION

In this study, we found that avirulent NMII bacteria are capable of inhibiting BMN
apoptosis. To understand the molecular mechanisms underlying NMII-induced inhibi-
tion of neutrophil apoptosis, we examined whether NMII could modulate cell survival
and/or antiapoptotic signaling pathways during infection of BMNs. Our results indicate
that NMII bacteria can inhibit the activity of caspase-3; activate PI3K, p38 MAPK, Erk1,
and NF-�B; and increase the expression of the antiapoptotic protein Mcl-1. In addition,
the observation that the T4SS-deficient NMII dotA mutant showed significantly lower
levels of inhibition of apoptosis than WT strain NMII suggests that T4SS effectors may
also be involved in NMII-induced inhibition of neutrophil apoptosis.

Generally, neutrophils constitutively undergo apoptosis, and apoptotic neutrophils
are subsequently removed by scavenger macrophages, resulting in resolution of the
inflammatory response without releasing cytotoxic molecules that damage host tissues
(12). Although apoptosis is an intrinsic cell process, neutrophil apoptosis can be altered
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during the course of inflammatory responses by multiple extrinsic signals from the
inflammatory microenvironment (27–29). For example, the recruitment of neutrophils
into infected tissues is often associated with prolongation of their life span through a
delay of apoptosis, which allows neutrophils to effectively perform their microbicidal
functions (36, 37). In addition, the neutrophil life span can be extended in vitro by
incubation with either proinflammatory cytokines, such as granulocyte-macrophage
colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF)
(38), interleukin-8 (IL-8) (39), IL-1� (40), and glucocorticoids (41), or bacterial products,
such as LPS and N-formyl-methionyl-leucyl-phenylalanine (40, 42). Interestingly, we
found that NMII can delay neutrophil apoptosis in vitro in a dose-dependent manner for
as long as 96 hpi. The ability to inhibit neutrophil apoptosis has been described for
several other intracellular pathogens. Yoshiie et al. reported that A. phagocytophilum-
infected neutrophils delayed apoptosis to 2 days postinfection (43). Aga et al. also
observed that L. major-infected neutrophils can survive up to 2 days after infection (18).
Like C. burnetii, van Zandbergen et al. showed that C. pneumoniae-infected neutrophils
survived as long as 90 hpi (19). Thus, the longevity of neutrophil survival appears to
vary between pathogens. The reasons why different pathogens induce distinct lon-
gevities of neutrophil survival remain unknown. However, extension of the neutrophil
life span may be a crucial mechanism of escape from host defense for these intracellular
pathogens to establish infection in their hosts. In addition, since neutrophils are
short-lived cells, the ability to inhibit neutrophil apoptosis may be crucial for invading
intracellular pathogens to maintain the intracellular niche for their survival and repli-

FIG 8 The C. burnetii NMII dotA mutant infects primary mouse BMNs. BMNs were infected with the NMII dotA mutant at an MOI of 100 and stained
by IFA using antibodies against C. burnetii (green) and LAMP-1 (red) at 18 h hpi. DAPI was used to stain host cell DNA (blue). (A) C. burnetii (green)
was observed in dotA mutant-infected BMNs. (B) The NMII dotA mutant infection rate was determined at 4 and 18 hpi by counting the number
of BMNs positively labeled with C. burnetii antibodies. Results are expressed as the percentage of infected BMNs compared to the percentage of
uninfected BMNs. Error bars represent the standard deviation from the mean. *, P � 0.05; **, P � 0.01.

C. burnetii Inhibits Neutrophil Apoptosis Infection and Immunity

April 2018 Volume 86 Issue 4 e00504-17 iai.asm.org 11

http://iai.asm.org


cation. This hypothesis is supported by the observation that A. phagocytophilum, L.
major, and C. pneumoniae not only survive but also multiply in the hostile environment
of neutrophils (18, 19, 43). In contrast, we did not detect C. burnetii replication in
NMII-infected BMNs (data not shown). Our previous study (24) also demonstrated that
both the virulent strain C. burnetii NMI and the avirulent strain C. burnetii NMII were able
to infect and survive in mouse BMNs; however, bacterial replication was not detected.
Although the reason why C. burnetii was unable to replicate in neutrophils remains
unclear, the observation that the C. burnetii bacteria inside neutrophils can infect and
replicate within macrophages suggests that neutrophils cannot kill C. burnetii. Thus, C.
burnetii may be using infection of neutrophils as an immune-evasive strategy to infect
macrophages. This phenomenon may be similar to L. major using neutrophils as Trojan
horses to enter its favorable host cells for replication (18).

FIG 9 The NMII dotA mutant partially inhibits neutrophil apoptosis. BMNs were infected with the NMII dotA mutant at an MOI of 100 for 18 h. (A) Uninfected
and infected BMNs were stained with TUNEL (red) to detect DNA fragmentation. BMNs were also labeled by IFA using antibodies directed against C. burnetii
(green). DAPI was used to stain DNA (blue). Uninfected BMNs exhibited significant DNA fragmentation, while there were fewer TUNEL-positive cells in WT strain
NMII-infected BMNs than in NMII dotA mutant-infected BMNs. (B) The percentage of apoptotic cells was determined at 18 hpi by counting the number of
TUNEL-positive cells. (C) The percent cell death of uninfected BMNs and BMNs infected with WT strain NMII or the NMII dotA mutant at an MOI of 100 was
measured by the MTS assay at 18 hpi. Results are expressed as percent cell death, and error bars represent the standard deviation from the mean. *, P � 0.05;
**, P � 0.01. CU, uninfected control BMNs.
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It has been demonstrated that activation of caspase-3 is critical for neutrophil
apoptosis (25). Freshly isolated neutrophils contain high levels of procaspase-3, which
is cleaved during apoptosis, giving rise to the enzymatically active caspase-3 (44). In
addition, inhibition of the activation of caspase-3 was found in L. major-infected human
neutrophils (18), and C. pneumoniae-mediated delay of neutrophil apoptosis was
demonstrated to be associated with a decrease in caspase-3 activity in infected
neutrophils (19). In this study, we found that the levels of cleaved caspase-3 were
significantly reduced in NMII-infected neutrophils compared to the levels in uninfected
cells, suggesting that NMII-induced inhibition of neutrophil apoptosis depends on its
ability to reduce the activity of caspase-3, resulting in prolongation of neutrophil
survival. Thus, the intracellular pathogen-induced delay of neutrophil apoptosis may be
through a common mechanism that involves inhibiting the activity of caspase-3.

The molecular mechanisms utilized by pathogenic bacteria to prolong the life span
of neutrophils remains an important research topic. Neutrophil apoptosis has been
demonstrated to be tightly regulated by a complex network of signaling pathways
through controlled expression and degradation of key signaling molecules, including
Bcl-2 family proteins, MAPKs, NF-�B, and caspases (26–29). To determine whether NMII
modulated neutrophil apoptosis by promoting cell survival pathways, the activities of
the kinases MAPK p38 and Erk1/2 in NMII-infected neutrophils were analyzed by
Western blotting. Compared to the levels in uninfected controls, elevated levels of
activated p38 and Erk1 kinases were detected in NMII-infected neutrophils, suggesting
that the promotion of survival pathways may be involved in NMII-induced inhibition of
neutrophil apoptosis. This hypothesis is supported by the observation that both p38
and Erk1/2 inhibitors were able to significantly reduce the ability of NMII to inhibit
neutrophil apoptosis in a dose-dependent manner. Additionally, the Erk1/2 inhibitor
PD98059 resulted in higher levels of cell death than the p38 inhibitor SB203580,
suggesting that the kinase Erk1 may play a more important role than p38 in promoting
neutrophil survival during NMII infection. Klein et al. (45) also reported that the Erk
inhibitor PD98059, but not the p38 inhibitor SB203580, reduced the ability of GM-CSF
to inhibit neutrophil apoptosis. Our results corroborate these published data, indicating
that Erk1 may play a more critical role than p38 in promoting neutrophil survival.

A. phagocytophilum-mediated prevention of neutrophil apoptosis has been demon-
strated to be regulated by cell survival pathways via activation of PI3K/Akt, p38 MAPK,
Erk, and NF-�B (46–48). Similarly, the observation that inhibition of PI3K upstream of
Akt increases the apoptosis of HeLa cells during C. trachomatis infection suggests that
the PI3K/Akt signaling pathway is critical for the C. trachomatis-mediated prevention of
apoptosis (49, 50). In this study, we used the PI3K inhibitor wortmannin to determine
by the MTS assay whether PI3K is involved in NMII-induced neutrophil survival. The
observation that treatment of NMII-infected BMNs with wortmannin significantly
blocked the ability of NMII bacteria to promote neutrophil survival in a dose-dependent
manner suggests that NMII infection triggers activation of PI3K. This activation is
required for promotion of neutrophil survival, and PI3K signaling may be the upstream
signal for activation of neutrophil survival pathways. Previous studies (21, 51) also
demonstrated that C. burnetii prevents intrinsic apoptosis by activating prosurvival
Erk1/2 and Akt signaling pathways in THP-1 cells. Although the current study did not
rule out the possibility that Akt is activated in NMII-infected neutrophils, our results
suggest that NMII delays neutrophil apoptosis by promoting cell survival via activation
of the PI3K, p38, and Erk1 signaling pathways.

Activation of antiapoptotic transcription factor NF-�B for the prevention of host cell
apoptosis has been reported for several intracellular pathogens, including Mycobacte-
rium tuberculosis (52), A. phagocytophilum (47), C. pneumoniae (53), Rickettsia rickettsii
(54), and L. pneumophila (55, 56). In contrast, Bartonella henselae (57, 58) failed to induce
NF-�B to inhibit apoptosis, suggesting that B. henselae-mediated inhibition of apoptosis
is independent of NF-�B. In this study, we examined by the MTS assay whether
treatment of NMII-infected neutrophils with the NF-�B inhibitor SN50 would affect the
ability of NMII to promote neutrophil survival. The results indicated that SN50 is able to
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partially reduce the ability of NMII to promote neutrophil survival in a dose-dependent
manner, suggesting that activation of NF-�B is partially involved in NMII-induced
neutrophil survival and that NF-�B signaling may be the downstream signal for
activating neutrophil survival pathways.

Bcl-2 family proteins have been shown to play critical roles in regulating neutrophil
apoptosis (59). Mcl-1 is a key Bcl2 family member protein located in the nucleus and
cytoplasm. When senescent neutrophils undergo apoptosis, the levels of Mcl-1 protein
decrease rapidly due to proteasomal degradation (60). Mcl-1 as an antiapoptotic
protein has been shown to be absolutely necessary for the survival of neutrophils, as
Mcl-1 conditional knockout mice have severe defects in neutrophil survival (30). To
determine if Mcl-1 is involved in promoting neutrophil survival during NMII infection,
we examined by Western blotting whether the Mcl-1 protein is expressed in NMII-
infected neutrophils. The results indicated that the expression of Mcl-1 in neutrophils
is significantly increased in response to NMII infection, suggesting that Mcl-1 maybe
also be involved in NMII-mediated neutrophil survival. In addition, treatment of NMII-
infected neutrophils with a specific irreversible Mcl-1 inhibitor completely blocked
NMII-mediated neutrophil survival. Collectively, these results suggest that Mcl-1 plays a
critical role in NMII-induced inhibition of neutrophil apoptosis.

Mcl-1 is a short-lived protein that is regulated at the transcriptional and post-
translational level. It has an extended amino-terminal PEST sequence (enriched in
proline, glutamic acid, serine, and threonine), which is responsible for its relatively
short half-life (61, 62). Posttranslationally, Mcl-1 is phosphorylated at Thr-163 by Erk,
which enhances its stability via prevention of degradation (63). However, phos-
phorylation at Thr-163 may prime phosphorylation at Ser-159 by glycogen synthase
kinase-3 (GSK-3), which leads to Mcl-1 destabilization and degradation. It has been
shown that activation of the PI3K pathway leads to inactivation of GSK-3, leading to
inhibition of phosphorylation at Ser-159, resulting in the enhanced stability of Mcl-1
(64). Thus, the Erk and PI3K pathways play critical roles in stabilizing Mcl-1 and
prolonging cell survival. The observation that NMII induced the phosphorylation of
Mcl-1 at Thr-163 suggests that the Mcl-1 protein is stabilized by Erk. Furthermore,
the observation that a PI3K inhibitor abolished NMII-mediated inhibition of apo-
ptosis suggests an important role for PI3K activation. As mentioned above, PI3K
activation can lead to GSK-3 inactivation, protecting Mcl-1 from Ser-159 destabili-
zation. These observations further imply that both the Erk and PI3K pathways are
critical for enhancing the viability of neutrophils. The role of p38 in apoptosis and
cell survival depends on the cell type and the stimulus. It may function both
upstream and downstream of caspases and is activated in vivo by environmental
stress and inflammatory cytokines. It has been shown that the oxidative stress
induced by paraquat (an herbicide) can inhibit human neutrophil apoptosis, which
involves p38, NF-�B, tumor necrosis factor, and IL-6 (65). Our results demonstrate
that (i) p38 is activated in NMII-infected neutrophils, (ii) a p38 inhibitor significantly
reduces the ability of NMII to inhibit neutrophil apoptosis in a dose-dependent
manner, and (iii) a p38 inhibitor is able to reduce the levels of the Mcl-1 protein in
NMII-infected neutrophils. These findings suggest that p38 plays an important role
in NMII-induced inhibition of neutrophil apoptosis via regulation of the levels of the
Mcl-1 protein. Overall, the MAPK and PI3K pathways act in parallel to stabilize the
antiapoptotic protein Mcl-1 via phosphorylation.

Activation of the MAPK (p38, Erk) and PI3K pathways further leads to activation of
the downstream transcription factor NF-�B, which is an important player in enhancing
the antiapoptotic proteins (27). The observation that the NF-�B inhibitor SN50 reduces
the ability of NMII to inhibit neutrophil apoptosis and decreases the levels of the Mcl-1
protein in NMII-infected neutrophils suggests that activation of NF-�B and subsequent
expression of the Mcl-1 protein may also be an important mechanism for NMII-induced
inhibition of neutrophil apoptosis. Collectively, these data suggest that activation of
p38, Erk, PI3K, and NF-�B to express and/or stabilize the Mcl-1 protein may be critical
for NMII-induced inhibition of neutrophil apoptosis.
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T4SS effector proteins have been demonstrated to modulate host cell apoptotic
signaling (32). It has been shown that expression of the C. burnetii T4SS protein
CBU0388 enhances the MAPK pathway in the yeast Saccharomyces cerevisiae (66). To
determine whether T4SS effectors are required for NMII-induced inhibition of
neutrophil apoptosis, we examined if there were differences between a T4SS-
deficient dotA mutant and WT strain NMII in their ability to inhibit neutrophil
apoptosis by TUNEL staining and the MTS assay. Interestingly, even though the dotA
mutant and WT NMII bacteria have similar infection rates in neutrophils, the number
of dotA mutant-infected apoptotic cells was significantly higher than the number of
NMII-infected neutrophils. However, the number of apoptotic cells in dotA mutant-
infected neutrophils was significantly lower than the number of uninfected neu-
trophils, which suggests that T4SS effectors partially contribute to NMII-induced
inhibition of neutrophil apoptosis. This partial prevention of apoptosis by the NMII
dotA mutant, which does not secrete bacterial effector proteins inside the host cell,
could be attributed to the activation of PI3K, which is a membrane-derived process
that occurs when the NMII dotA mutant binds to the integrin receptor at the start
of phagocytosis. In addition, activation of downstream transcription factor NF-�B
and subsequent expression of antiapoptotic protein Mcl-1 may be also involved in
NMII dotA mutant-induced inhibition of neutrophil apoptosis. Further studies are
necessary to decipher this mechanism.

In summary, this study demonstrated that NMII bacteria can inhibit neutrophil
apoptosis via their ability to decrease the activity of caspase-3, activate the PI3K survival
pathway, and induce the expression and/or stabilization of antiapoptotic protein Mcl-1.
Inhibitors of the MAPK and PI3K pathways reduce the expression of the Mcl-1 protein,
suggesting their critical role in survival. Future studies are necessary to investigate
whether C. burnetii-mediated inhibition of neutrophil apoptosis plays an important role
during C. burnetii infection in vivo and to identify the bacterial factors that are
responsible for NMII-induced inhibition of neutrophil apoptosis.

MATERIALS AND METHODS
Reagents. Phospho-p38 (Thr-180/Tyr-182) antibody and p38 antibody (Cell Signaling Technologies,

Danvers, MA), phospho-Erk1/2 (pT202/pY204) antibody (BD Transduction Laboratories, San Jose, CA),
Mcl-1 antibody (BioLegend, San Diego, CA), anti-�-actin antibody (Santa Cruz Biotechnology, Dallas, TX),
and phospho-Mcl-1 (Ser-159/Thr-163) (Cell Signaling Technologies) were used for Western blotting. The
MAPK p38 inhibitor (SB203580) and Mcl-1 inhibitor (MIM1) were purchased from EMD Millipore Corp
(Billerica, MA). The Erk1/2 inhibitor (PD98059) and NF-�B inhibitor (SN50) were obtained from Cell
Signaling Technologies and BioVision (Milpitas, CA), respectively. RPMI and other cell culture reagents
were obtained from Thermo Fisher Scientific (Waltham, MA). All remaining chemicals were obtained from
Sigma (St. Louis, MO).

Bacteria. C. burnetii NMII clone 4 (strain RSA 439) was propagated in L929 cells and purified by
density gradient centrifugation as described previously (67). The T4SS-deficient strain NMII (a dot icmA
mutant with a defect in organelle trafficking/intracellular multiplication), a kind gift from Paul Beare, was
propagated in acidified citrate cysteine medium-2 (ACCM-2) (68). Heat-killed NMII was generated by
boiling in a water bath for 10 min.

Animals. Six- to 8-week-old female BALB/c mice were purchased from The Jackson Laboratory (Bar
Harbor, ME) and housed in microisolator cages at a conventional animal facility at the University of
Missouri. All experiments involving the use of animals were conducted in accordance with the animal
care and use guidelines, and all animal use protocols were approved by the Animal Care and Use
Committee at the University of Missouri.

Isolation of BMNs. Bone marrow neutrophils (BMNs) were isolated as described previously (69).
Briefly, mice were euthanized, their femurs and tibias were removed surgically, outer connective tissue
was cleaned off, and the ends of the femurs and tibias were cut off to expose the bone marrow. Three
milliliters of Hanks’ balanced salt solution (HBSS; HyClone Labs, Logan, UT) was flushed through the bone
by use of a syringe, and the bone marrow was collected in a tube. Cells were pelleted by centrifugation
at 500 � g for 10 min. Red blood cells were lysed by incubating the pelleted cells with ammonium
chloride-potassium (ACK) lysis buffer (Lonza, Walkersville, MD) at room temperature for 5 min. The cell
suspension was then layered onto a discontinuous density gradient (55%, 65%, 75%) prepared with
Percoll solution (GE Healthcare, Pittsburg, PA) and separated by centrifugation at 500 � g for 30 min.
BMNs were harvested between the 65 and 75% layers and counted, and their purity was confirmed by
immunofluorescence assay (IFA) with the neutrophil marker Ly-6G and Giemsa staining. As shown in Fig.
S1 in the supplemental material, the purity of freshly isolated BMNs was �96%.

C. burnetii infection and cell lysate preparation. A total of 2 � 106 freshly isolated BMNs were
placed in each well of a 24-well plate containing RPMI and 2.5% fetal bovine serum, infected with NMII
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at a multiplicity of infection (MOI) of 100 or left uninfected, and incubated at 37°C in 5% CO2. At 8, 18,
38, and 48 h postinfection (hpi), the cells were pelleted by centrifugation at 500 � g for 10 min. Proteins
were extracted from the pelleted cells by adding lysis buffer, prepared using the M-PER mammalian
protein extraction reagent (Thermo Fisher Scientific) mixed with Halt protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific) according to the manufacturer’s specifications. The lysates were mixed
thoroughly and clarified by centrifugation at 10,000 rpm for 10 min. The soluble fraction was collected
and used for protein quantification and Western blotting.

Western blotting. The protein concentration was measured using a Pierce bicinchoninic acid protein
assay kit (Thermo Scientific, Rockford, IL). Equal amounts of protein (30 to 75 �g/sample) were separated
by SDS-PAGE with 12% or 15% polyacrylamide gels and then transferred onto nitrocellulose membranes.
The membranes were blocked with 5% nonfat dry milk in Tris buffer (pH 7.5) containing 200 mM Tris, 1.38
M NaCl, and 0.1% Tween 20 for 2 h and then incubated with a primary antibody specific for p38,
phospho-p38, phospho-Erk1/2, phospho-Mcl-1, or anti-�-actin at 4°C overnight in 5% bovine serum
albumin. The bands were visualized using an enhanced chemiluminescence Western blot detection kit
(Thermo Fisher Scientific), and chemiluminescent protein bands were captured on autoradiography film.
Band intensity units were quantified using Image Studio software (Li-Cor), and the fold change in
intensity was calculated by normalization to that for the loading controls and subtracting the back-
ground levels. Each experiment was repeated at least three times.

MTS assay. Neutrophil death was measured indirectly using a CellTiter 96 AQueous one-solution cell
proliferation assay (Promega, Madison, WI). The absorbance is directly proportional to the number of
living cells in the culture. Neutrophils freshly isolated from BALB/c mice were added to a 96-well plate
at 5 � 104 cells/well, infected with NMII at an MOI of 25, 50, 100, 200, or 500, and incubated at 37°C in
5% CO2 for 24, 48, 72, or 96 h. At each time point, 20 �l of MTS solution was added to each well and the
plate was incubated at 37°C for 1 to 4 h until color developed. The absorbance at 490 nm was measured
using a Molecular Devices SpectraMax Plus plate reader and SoftMax software, and the percent cell death
was calculated using the following formula: [(average OD490 for uninfected cells � average OD490 for
infected cells)/average OD490 for uninfected cells] · 100, where OD490 is the optical density at 490 nm. The
background absorbance at 630 nm was measured, and the value was subtracted from the sample values.
All experiments were repeated three times.

Inhibitor treatment. A total of 5 � 104 freshly isolated BMNs were added into each well of a 96-well
plate, treated with 5 or 10 �M the p38 inhibitor (SB203580), 10 or 25 �M the Mcl-1 inhibitor (MIM1), 25
or 50 �M the Erk1/2 inhibitor (PD98059), 50 or 100 �g/ml the NF-�B inhibitor (SN50), 25 or 50 nM
wortmannin, or each inhibitor control at 37°C in 5% CO2 for 1 h prior to infection with NMII. The
inhibitory activity was measured by the MTS assay described above. For Western blotting, 4 � 106 cells
were left untreated or treated with SB203580 (10 �M), PD98059 (50 �M), wortmannin (50 nM), SN50 (100
�g/ml), MIM1 (25 �M), or the inhibitor control for 1 h, infected with NMII (MOI, 100), and then incubated
for 18 h at 37°C in 5% CO2. Cell lysates were prepared and clarified, and 50 to 100 �g of protein was
separated by 12% SDS-PAGE, as described above.

IFA. A total of 1 � 106 freshly isolated BMNs were placed into each well of a 24-well plate containing
poly-D-lysine-coated coverslips, infected with NMII at an MOI of 100, and incubated at 37°C in 5% CO2.
At 4 and 18 hpi, the cells were washed with sterile 1� phosphate-buffered saline (PBS), fixed with 2%
paraformaldehyde (PFA), and permeabilized with ice-cold (�20°C) methanol. The cells were stained
intracellularly with rabbit anti-Coxiella polyclonal antibodies for 1 h at room temperature and then
stained with CD107a-phycoerythrin (PE) (lysosome-associated membrane protein 1 [LAMP-1]), Ly-6G, and
goat anti-rabbit IgG-fluorescein isothiocyanate (FITC) for 1 h at room temperature. The nuclei were
stained with 4=,6=-diamidino-2-phenylindole (DAPI) for 5 min at 4°C. Coverslips were mounted in ProLong
Gold antifade reagent (Invitrogen, Carlsbad, CA) and allowed to cure overnight at room temperature.
Microscopic analysis was performed using an Olympus IX70 inverted microscope.

TUNEL staining. TUNEL staining was performed using an in situ apoptosis detection kit (TMR red;
Roche, Indianapolis, IN) per the manufacturer’s specifications. Briefly, following fixation and permeabi-
lization as described above, the cells were washed and the TUNEL reaction mix was added for 1 h at 37°C
in the dark. The cells were washed twice with 1� PBS and visualized using an Olympus IX70 inverted
microscope.

Statistical analysis. Statistical analysis was performed using Prism (version 5.0) software (GraphPad
Software Inc., San Diego, CA). For p38, Erk1, and Mcl-1 activation, the significance of the fold induction
was analyzed using the t test. For inhibitor treatment studies and infection rate, statistical significance
was calculated using a two-tailed t test. The differences were considered significant at P values of �0.05.
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