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ABSTRACT Coxiella burnetii is the causative agent of human Q fever, eliciting symp-
toms that range from acute fever and fatigue to chronic fatal endocarditis. C. bur-
netii is a Gram-negative intracellular bacterium that replicates within an acidic
lysosome-like parasitophorous vacuole (PV) in human macrophages. During intracel-
lular growth, C. burnetii delivers bacterial proteins directly into the host cytoplasm
using a Dot/Icm type IV secretion system (T4SS). Multiple T4SS effectors localize to
and/or disrupt the endoplasmic reticulum (ER) and secretory transport, but their role
in infection is unknown. During microbial infection, unfolded nascent proteins may
exceed the folding capacity of the ER, activating the unfolded protein response
(UPR) and restoring the ER to its normal physiological state. A subset of intracellular
pathogens manipulates the UPR to promote survival and replication in host cells. In
this study, we investigated the impact of C. burnetii infection on activation of the
three arms of the UPR. An inhibitor of the UPR antagonized PV expansion in macro-
phages, indicating this process is needed for bacterial replication niche formation.
Protein kinase RNA-like ER kinase (PERK) signaling was activated during infection,
leading to increased levels of phosphorylated eukaryotic initiation factor �, which
was required for C. burnetii growth. Increased production and nuclear translocation
of the transcription factor ATF4 also occurred, which normally drives expression of
the proapoptotic C/EBP homologous protein (CHOP). CHOP protein production in-
creased during infection; however, C. burnetii actively prevented CHOP nuclear transloca-
tion and downstream apoptosis in a T4SS-dependent manner. The results collectively
demonstrate interplay between C. burnetii and specific components of the eIF2� signal-
ing cascade to parasitize human macrophages.
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Coxiella burnetii is the causative agent of zoonotic Q fever, with livestock serving as
common mammalian reservoirs for the pathogen yet remaining largely asymptom-

atic. Q fever presentation in humans ranges from acute (flu-like symptoms, fever, and
fatigue) to chronic (potentially fatal endocarditis) disease (1, 2). Acute symptoms can be
alleviated by doxycycline treatment, while chronic disease is difficult to combat with
currently available antibiotics and requires a prolonged treatment course (up to 1.5
years). To initiate disease following inhalation, C. burnetii is phagocytosed by alveolar
macrophages, wherein the pathogen undergoes a biphasic life cycle. During this
transition, C. burnetii converts from a nonreplicative, metabolically inactive small cell
variant (SCV) morphological form to a large cell variant (LCV) form that replicates to
high numbers over the course of 1 to 2 weeks (3). SCV to LCV transition and replication
occurs within a unique, acidic, lysosome-like parasitophorous vacuole (PV). The PV
forms through heterotypic fusion with autophagosomes, endosomes, and lysosomes
and is required for bacterial replication and disease progression. During infection, C.
burnetii uses a Dot/Icm type IV secretion system (T4SS) to deliver bacterial effector
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proteins into the host cytoplasm to control numerous events (19), including vesicular
fusion and apoptosis prevention (4, 5). The importance of the T4SS was highlighted in
studies showing that loss of IcmD or IcmL, inner membrane components of the T4SS,
prevents cytosolic delivery of effectors, PV formation, bacterial replication, and inhibi-
tion of apoptosis (6, 7). The nature of effectors, and the critical processes they control,
is a major focus in the C. burnetii field.

A subset of T4SS effectors localizes to and/or disrupts the endoplasmic reticulum
(ER) and secretory transport (6, 8), suggesting C. burnetii actively subverts ER-mediated
processes. ER-resident calnexin surrounds the PV, indicating close association with this
important host organelle that regulates vesicular trafficking and protein delivery to
target sites (8). During microbial infection, unfolded proteins can exceed ER folding
capacity, activating the unfolded protein response (UPR) to revert the ER to its physi-
ological state (9). Levels of proteins entering the ER are decreased by downregulating
polypeptide synthesis and translocation. ER chaperones are then activated to increase
cellular capacity for protein folding. Unfolded proteins remaining in the ER are subject
to ER-associated degradation (ERAD) by the proteasome. Apoptotic cell death
ultimately occurs if homeostasis is not achieved.

The UPR consist of three distinct arms that activate specific downstream responses:
(i) inositol-requiring enzyme 1� (IRE1�) that activates autophagy, (ii) protein kinase
RNA-like ER kinase (PERK) activation that promotes apoptosis, and (iii) activating
transcription factor 6 (ATF6) activation and nuclear translocation that regulate lipid
synthesis (10). The ER chaperone 78-kDa glucose-regulated protein (GRP78/BiP) signals
ER stress sensors and activates the UPR. IRE1� activation leads to splicing of X-box
binding protein-1 (XBP1) mRNA and downstream translation and nuclear translocation
of the transcription factor XBP1s (spliced form). PERK stimulation results in apoptosis
through activation of eukaryotic initiation factor 2� (eIF2�), translocation of activating
transcription factor 4 (ATF4) to the nucleus, and production of proapoptotic C/EBP
homologous protein (CHOP). ATF6 translocates to the Golgi apparatus, undergoes
site-specific cleavage, and then translocates into the nucleus.

Certain intracellular pathogens manipulate the UPR and/or ERAD to promote intra-
cellular replication (11–14). Intracellular Orientia tsutsugamushi induces the UPR and
impedes ERAD to stockpile amino acids until bacteria enter log phase (12). Legionella
pneumophila infection triggers the UPR in alveolar macrophages, and the pathogen
uses T4SS effectors to suppress the UPR by blocking BiP and CHOP production (13). L.
pneumophila also secretes effectors that inhibit XBP1 activation (13). In contrast,
Brucella spp. require a functional ER for infection and trigger the UPR to enable
intracellular replication, using T4SS-secreted VceC to activate IRE1� (14). Together,
these related pathogen activities highlight the significance of UPR modulation in
infectious disease caused by intracellular bacteria.

Here, we used the established THP-1 human macrophage-like cell model (15, 16) to
assess the requirement of the UPR for efficient C. burnetii replication. Results show
phosphorylated levels of eIF2� increased during C. burnetii infection in a T4SS-
dependent manner, leading to increased production and nuclear translocation of ATF4.
Importantly, phosphorylation of eIF2� was required for optimal PV expansion and
bacterial replication. A downstream consequence of ATF4 activity is expression of
proapoptotic CHOP (9). Interestingly, while CHOP production increased during C.
burnetii infection, the pathogen actively inhibited ER stress-induced apoptosis in a
T4SS-dependent manner by inhibiting nuclear translocation of CHOP.

RESULTS
UPR inhibition antagonizes C. burnetii PV expansion. The PV decorates with

ER-resident calnexin and associates with the host sterol-binding protein ORP1L (17),
and numerous T4SS effectors localize to and disrupt the ER and secretory transport (6,
8). Therefore, we predicted C. burnetii modulates ER processes, such as the UPR, to
regulate ER stress and promote PV formation and maintenance. To test this hypothesis,
we first assessed whether ER stress is essential for PV expansion in THP-1 human
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macrophage-like cells. Tauroursodeoxycholic acid (TUDCA), an ER stress-reducing chap-
erone that prevents unfolded protein aggregation by eliciting BiP production and
blocks calcium-mediated apoptosis by decreasing intracellular calcium (18), was used
as a general UPR inhibitor. Effects of TUDCA on PV expansion were assessed using
immunofluorescence microscopy at 72 h postinfection (hpi) (Fig. 1A), and results show
that TUDCA treatment significantly decreased PV expansion (�500 �m2 for wild type
compared to �200 �m2 for TUDCA-treated cells) (Fig. 1B). These results suggest that
preventing the UPR during C. burnetii infection of macrophages inhibits PV expansion.

To determine if decreased PV size corresponded to less efficient bacterial replication,
we monitored C. burnetii growth in THP-1 cells treated with TUDCA. Fluorescence-
based growth curves were used to monitor increases in mCherry-expressing C. burnetii
fluorescence (corresponding to viable bacteria) in the presence or absence of TUDCA
from 1 to 9 days postinfection (dpi) (Fig. 1C). No significant increase in fluorescence
intensity was observed at any time postinfection when treated cells were compared to
nontreated macrophages, suggesting UPR inhibition does not significantly impact
bacterial replication. Fluorescence growth curve analysis was complemented by quan-
tification of bacterial genomes in infected and treated samples, confirming bacterial
replication was not significantly altered by TUDCA (see Fig. S1 in the supplemental
material).

Although C. burnetii replication was not significantly altered by TUDCA, decreased
PV expansion suggests inefficient fusion with intracellular components that could
impact cell signaling events. TUDCA antagonizes nuclear factor kappa-light-chain-

FIG 1 UPR inhibition antagonizes C. burnetii PV expansion. (A) THP-1 cells were infected with C. burnetii for 72 h with or without TUDCA
(500 �g/ml). Cells were processed for microscopy using antibodies against C. burnetii (violet) and CD63 (green), and DNA was stained with
DAPI (4=,6-diamidino-2-phenylindole; blue). TUDCA-treated cells contain PVs with decreased area compared to that of untreated cells. (B)
Average areas of PVs in experiment shown in panel A. More than 50 vacuoles were measured per condition. ****, P � 0.0001, and error
bars indicate the standard deviations from the means. A significant decrease in PV expansion occurred in TUDCA-treated cells. (C) THP-1
cells infected with mCherry-expressing C. burnetii were treated with TUDCA (500 �g/ml) every 24 h for 9 days and compared to untreated
infected cells. Uninfected cells served as a measure of background fluorescence. Error bars indicate standard deviations from the means.
No significant difference in fluorescence was observed from 0 to 9 days postinfection (dpi) between TUDCA-treated and untreated
infected cells, indicating UPR inhibition does not prevent C. burnetii growth. (D) C. burnetii-infected THP-1 cells at 72 hpi with or without
TUDCA treatment were processed for microscopy using antibodies against C. burnetii (violet), CD63 (green), and Bcl-2 (red), and DAPI
stained DNA (blue). (E) Quantification of cells in experiment shown in panel D was performed in duplicates of �100 cells per condition.
****, P � 0.0001, and error bars indicate the standard deviations from the means. A significant decrease in Bcl-2 recruitment to the PV was
observed in TUDCA-treated infected cells, indicating Bcl-2 is not recruited to the PV when the UPR is suppressed.
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enhancer of activated B cells (NF-�B) activation, decreasing levels of antiapoptotic B-cell
lymphoma 2 (Bcl-2) (19). C. burnetii promotes NF-�B activation and recruits Bcl-2 to the
PV membrane (20). Bcl-2 alters PV development, and C. burnetii modulates interplay
between this protein and associated proteins, including beclin-1. Therefore, it is plau-
sible that TUDCA perturbs Bcl-2 recruitment to the PV membrane, interfering with
proper vacuole formation. To assess this possibility, infected THP-1 cells treated with
TUDCA were processed for microscopy to detect Bcl-2 localization to the PV as a
readout of normal PV development. Compared to that in untreated infected cells, Bcl-2
recruitment to the PV in TUDCA-treated cells significantly decreased, as evidenced by
diminished colocalization with vacuolar CD63 at the PV membrane (Fig. 1D and E).
These results suggest the UPR aids proper PV formation events.

ATF6 and IRE1� are not activated in response to C. burnetii. Inhibiting the UPR
decreased PV size, suggesting C. burnetii usurps this host response to control vacuolar
events. However, specific branches of the UPR activated in response to C. burnetii are
unknown. We first investigated activation of ATF6 and IRE1�. During ER stress, ATF6
translocates to the Golgi apparatus, where two site-specific proteases cleave the
protein, and fragmented ATF6 translocates to the nucleus. Fragmented ATF6 functions
as a transcription factor to regulate chaperone and lipid synthesis-related gene expres-
sion (9). C. burnetii modulates host cell lipid signaling to generate the PV membrane (21,
22), suggesting ATF6 activity could benefit the pathogen. We first assessed production
and nuclear translocation of ATF6 by immunoblot analysis. Thapsigargin (TG), an ER
stress-inducing molecule that increases cytosolic calcium and arrests the sarcoplasmic
reticulum/ER calcium ATPase (23, 24), was used to activate ATF6 in uninfected cells as
a positive control. We then isolated cytoplasmic and nuclear proteins and performed
immunoblot analysis to detect ATF6 in respective cell fractions. As shown in Fig. 2A,

FIG 2 ATF6 and IRE1� are not activated by C. burnetii. (A) Immunoblot analysis of the cytoplasmic and
nuclear fractions of infected cells (72 hpi) was performed using an antibody against ATF6. MEK1/2 and
histone H3 served as the cytoplasmic and nuclear loading controls, respectively. TG-treated cells served
as the positive control, and uninfected cells served as a negative control. UI, uninfected cells. C. burnetii
infection does not trigger increased ATF6 nuclear translocation compared to that in uninfected cells. (B)
Immunoblot analysis comparing XBP1s in C. burnetii-infected whole-cell lysates (24 to 72 hpi) to that in
uninfected and TG-treated cells. �-Tubulin served as the loading control. XBP1s is not produced during
infection.
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ATF6 did not translocate to the nuclei of C. burnetii-infected cells, suggesting this
pathway is not activated in response to the pathogen.

We next investigated the IRE1� pathway that initiates with dimerization and phos-
phorylation of IRE1�, resulting in downstream splicing of XBP1 to XBP1s, a transcription
factor that translocates to the nucleus and regulates expression of genes involved in
protein chaperoning and folding (9). IRE1� is triggered by other pathogenic bacteria in
pro- and antibacterial manners. For example, intracellular infection by Staphylococcus
aureus triggers IRE1� activation and consequent macrophage bactericidal activity
through enhanced production of reactive oxygen species (ROS), while Brucella abortus
requires activation of this pathway for fusion with ER-derived vacuoles and bacterial
replication (25, 26), indicating diverse IRE1� activity during intracellular pathogen
infection. To assess IRE1� activation during C. burnetii infection, production of XBP1s,
the spliced isoform of XBP1, was assessed by immunoblot analysis. As shown in Fig. 2B,
XBP1s was not detectable during infection, suggesting the IRE1� pathway is not
activated in response to C. burnetii.

Phosphorylated eIF2� levels increase during C. burnetii infection in a T4SS-
dependent manner. The third arm of the UPR involves PERK, which dimerizes and
autophosphorylates during times of ER stress (9). PERK then phosphorylates and
activates eIF2�. eIF2� activity elicits production and nuclear translocation of the
transcription factor ATF4, and nuclear ATF4 regulates production of numerous proteins,
including proapoptotic CHOP. Studies by George et al. show PERK kinase activity is
necessary for proper inclusion formation and shedding of the obligate intracellular
pathogen Chlamydia muridarum (27). To assess PERK activation during C. burnetii
infection, we conducted an immunoblot analysis of eIF2�. Figure 3 shows that phos-
phorylated eIF2� levels increased substantially during wild-type C. burnetii infection of
THP-1 cells.

To determine if increased eIF2� phosphorylation is actively triggered by C. burnetii,
we assessed infection by IcmD-deficient bacteria (icmD::Tn) in which the T4SS is
rendered nonfunctional by a Himar1 transposon insertion in icmD (5). Levels of phos-
phorylated eIF2� were substantially lower in IcmD mutant-infected cells than those
with wild-type infection and did not increase relative to phosphorylated eIF2� in
uninfected cells (Fig. 3). The requirement of a functional T4SS for increased eIF2�

phosphorylation during C. burnetii infection indicates bacterial effectors actively regu-
late this activity.

eIF2� activity is required for PV expansion and intracellular C. burnetii repli-
cation. To determine if eIF2� activity is essential for C. burnetii PV expansion and
bacterial replication, we treated infected cells with integrated stress response inhibitor
(ISRIB), a chemical that reverses the effects of eIF2� phosphorylation (28). Using
microscopy to monitor PV expansion (Fig. 4A), ISRIB reduced the PV area from

FIG 3 Phosphorylated eIF2� levels increase during C. burnetii infection in a T4SS-dependent manner.
Immunoblot analysis of wild-type and IcmD mutant C. burnetii-infected cells (24 to 72 hpi) was performed
using antibody against eIF2� and phosphorylated eIF2�. TG-treated cells served as the positive control,
and �-tubulin served as the loading control. C. burnetii promotes increased levels of phosphorylated
eIF2� compared to that in uninfected cells, whereas IcmD mutant-infected cells do not contain increased
levels of phosphorylated eIF2�.
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�600 �m2 to �250 �m2 compared to that in untreated cells (Fig. 4B), suggesting eIF2�

phosphorylation is crucial for bacterial replication niche development. Next, fluorescence-
based growth curve analysis was used to determine the importance of eIF2� for
bacterial replication. We observed a significant decrease in bacterial growth in ISRIB-
treated cells compared to that in untreated cells with wild-type infection alone (Fig. 4C).
Reduction in bacterial replication in ISRIB-treated infected samples was confirmed by
quantification of bacterial genomes (see Fig. S2). Together, these results indicate eIF2�

activity is essential for C. burnetii PV formation and bacterial proliferation.
To address possible mechanisms of decreased PV expansion and bacterial replica-

tion in macrophages treated with ISRIB, we assessed autophagosome association with
the PV. C. burnetii actively engages autophagy by recruiting microtubule-associated
protein 1A/1B-light chain 3 (LC3)-positive autophagosomes to the PV in a T4SS-
dependent manner, and progression through the autophagic pathway increases PV
formation and bacterial load (29, 30). Figure 5A and B show that infected cells treated
with ISRIB contained significantly fewer LC3-positive PVs than untreated cells. These
data suggest C. burnetii is unable to recruit existing autophagosomes when eIF2�

activity is suppressed, hindering progression through the autophagic pathway.
ATF4 and CHOP are produced during C. burnetii infection. Downstream effects

of eIF2� phosphorylation include production and nuclear translocation of ATF4 (9). atf4
expression increases at the peak of C. muridarum infection and aids amino acid
transport and resistance to oxidative stress (27). C. burnetii is auxotrophic for 11 amino
acids (31) and also combats intravacuolar ROS (32). Thus, to assess whether ATF4 is

FIG 4 eIF2� activity is required for C. burnetii intracellular growth. (A) C. burnetii-infected THP-1 cells (72
hpi) in the presence or absence of ISRIB (10 �M) were processed for microscopy using antibodies against
C. burnetii (violet) and CD63 (green), and DAPI stained DNA (blue). (B) The areas of �50 PVs were
measured under each condition. ****, P � 0.0001, and error bars indicate the standard deviations from
the means. ISRIB significantly decreased PV size. (C) THP-1 cells were infected with mCherry-expressing
C. burnetii for 9 days in the presence or absence of ISRIB (10 �M). mCherry fluorescence was compared
to that in uninfected cells. *, P � 0.05, and error bars indicate the standard deviations from the means.
eIF2� activity is necessary for efficient C. burnetii intracellular growth.
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modulated by C. burnetii, we investigated ATF4 protein production and nuclear trans-
location in infected THP-1 cells compared to that in uninfected and TG-treated cells.
Figure 6A shows increased levels of nuclear ATF4 in infected cells and TG-treated cells
compared to that in uninfected cells. Nuclear ATF4 activity increases expression and
production of CHOP following induction of the UPR (9). As shown in Fig. 6B, CHOP
levels increased substantially during infection compared to that in uninfected cells.
These results suggest that C. burnetii triggers increased production and nuclear local-
ization of ATF4, culminating in the production of proapoptotic CHOP.

C. burnetii antagonizes ER stress-induced apoptosis in a T4SS-dependent man-
ner. C. burnetii actively prevents intrinsic and extrinsic host cell apoptosis using T4SS
effectors to alter host signaling (5, 33–35). TG-induced ER stress leads to cell death
through multiple mechanisms, including CHOP-induced apoptosis following mitochon-
drial permeabilization, cytochrome c release, tribbles homolog 3 (TRB3) production, and
inhibition of Bcl-2 family protein activity (36). As proapoptotic CHOP is produced during
C. burnetii infection, but infected cells do not undergo apoptosis, we assessed whether

FIG 5 Inhibition of eIF2� activity prevents autophagosome recruitment to the PV. (A) C. burnetii-infected THP-1 cells in the presence
or absence of ISRIB (10 �M) were processed for microscopy using antibodies against LC3 (red) and CD63 (green), and DAPI stained
bacterial and host DNA (blue). (B) PV areas were measured from �50 cells. **, P � 0.01, and error bars indicate the standard deviations
from the means. eIF2� activity was required for LC3 decoration of the PV membrane.

FIG 6 ATF4 and CHOP are produced in C. burnetii-infected cells. (A) Immunoblot analysis of ATF4 in
nuclear fractions was performed at 72 hpi. Histone H3 served as the loading control. TG served as the
positive control. Levels of nuclear ATF4 increased in infected cells. (B) Immunoblot analysis of CHOP in
whole-cell lysates (24 to 72 hpi) showed that higher levels of CHOP are produced in infected cells than
in uninfected cells. �-Tubulin served as the loading control.
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C. burnetii actively prevents TG-induced cell death. As shown in Fig. 7A, C. burnetii
infection did not trigger significant cell death as expected, while TG treatment resulted
in �60% cell death. When C. burnetii-infected cells were treated with TG, cell death
significantly decreased compared to that with TG alone (�30%), suggesting C. burnetii
antagonizes TG-induced apoptosis. We next assessed whether C. burnetii prevention of
TG-induced death requires a functional T4SS. We performed viability assays comparing
IcmD mutant-infected cells to cells infected with wild-type bacteria. Figure 7B shows
that significant rescue of TG-induced cell death occurred in wild-type C. burnetii-
infected cells but not IcmD mutant-infected cells, indicating C. burnetii uses T4SS
effectors to prevent TG-induced cell death.

To determine if C. burnetii specifically antagonizes TG-induced apoptotic cell death,
we next analyzed cleavage of poly(ADP-ribose) polymerase (PARP). PARP typically
repairs DNA to promote genome stability; however, cleavage of PARP by caspase-3
inactivates the protein’s repair function and is a classical marker of apoptosis (16).
Therefore, we assessed levels of cleaved PARP in infected THP-1 cells and cells treated
with TG. Compared to that in uninfected and C. burnetii-infected cells, TG-treated cells
contained increased levels of cleaved PARP (Fig. 7C). In contrast, C. burnetii-infected
cells treated with TG contained decreased levels of cleaved PARP compared to levels in
those with TG treatment alone. These data suggest C. burnetii actively antagonizes
TG-induced apoptosis.

CHOP does not localize to the nucleus during C. burnetii infection. After
canonical activation of the eIF2� pathway, CHOP translocates to the nucleus, regulates
Bcl-2 family protein production, and upregulates and interacts with TRB3, ultimately
triggering apoptotic cell death (37). Interestingly, C. burnetii actively prevents apoptosis
despite CHOP production. Therefore, we assessed CHOP localization in C. burnetii-
infected cells. Microscopy analysis revealed that TG-treated cells contained obvious
nuclear CHOP as expected (Fig. 8; see Fig. S3, black arrows). In contrast, CHOP did not
preferentially localize to the nucleus of C. burnetii-infected or uninfected control cells.
In C. burnetii-infected cells treated with TG, we observed reduced CHOP localization to
the nucleus compared to that with TG treatment alone (Fig. 8). While overall CHOP
intensity was increased in TG-treated infected cells compared to that in uninfected (UI)
cells and those with infection alone, C. burnetii infection antagonized TG-induced
nuclear localization, as evidenced by increased intensity of CHOP in the cytoplasm (Fig.
S3, asterisks). These results indicate that while CHOP protein levels increase during

FIG 7 C. burnetii antagonizes TG-induced apoptosis in a T4SS-dependent manner. (A) Cell death was assessed in THP-1 cells infected with
wild-type C. burnetii and treated with ISRIB (10 �M) and compared to that in uninfected (UI) and TG-treated cells. ISRIB combined with
TG treatment provided proof of concept for rescue of TG-induced death by reversing eIF2� phosphorylation. C. burnetii efficiently inhibits
TG-induced death. (B) Cell death was assessed in THP-1 cells infected with wild-type or IcmD mutant bacteria using control conditions as
for the data shown in panel A. *, P � 0.05; **, P � 0.01; error bars indicate the standard deviations from the means. IcmD-deficient C.
burnetii did not rescue cells from TG-induced death. (C) Immunoblot analysis of cells infected with wild-type or IcmD mutant bacteria (24
to 72 hpi) and TG-treated C. burnetii-infected cells (72 hpi) was conducted using an antibody against cleaved PARP. Uninfected (UI) and
TG-treated cells served as controls, and �-tubulin served as the loading control. C. burnetii antagonized TG-induced PARP cleavage,
indicating decreased apoptosis.
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infection, C. burnetii prevents increased CHOP nuclear localization as an effective
method for preventing ER stress-induced apoptosis.

DISCUSSION

Here, we investigated the importance of the host UPR during C. burnetii infection of
human macrophage-like cells, identifying a critical role for eIF2� in PV formation and
bacterial replication. Several intracellular pathogens trigger the UPR to enhance survival
and promote intracellular growth. For example, Brucella spp. and Salmonella spp. use
secreted proteins to induce the UPR and promote efficient intracellular replication (14,
38). Likewise, ER stress-reducing TUDCA alters C. burnetii PV fusion events and Bcl-2
recruitment but does not prevent bacterial replication. Interestingly, eIF2�-specific
ISRIB limits LC3 recruitment to the PV, inhibits proper vacuole formation, and antago-
nizes C. burnetii growth. Thus, C. burnetii usurps distinct components of the UPR to
promote infection, adding a novel component to our understanding of unique mech-
anisms used by intracellular pathogens to parasitize host cells.

The UPR consists of three major yet distinct arms that are activated in response to
different stresses. The IRE1� and ATF6 branches of the UPR are not activated during C.
burnetii infection, contrary to reports of other pathogens, such as S. aureus and L.
pneumophila, respectively (13, 25). However, it remains unknown whether C. burnetii
actively prevents activation of these arms or simply never stimulates either pathway.
In contrast to the pathogens mentioned above, C. burnetii infection of human
macrophage-like cells triggers eIF2� activation downstream of PERK, highlighting the
selective response to infection. Activation of eIF2� is an effector-driven process, as
infection with T4SS-defective C. burnetii does not increase levels of phosphorylated

FIG 8 CHOP does not localize to the nucleus of C. burnetii-infected cells. Uninfected (UI), TG-treated, C.
burnetii-infected, or C. burnetii-infected TG-treated THP-1 cells were processed for microscopy using an
antibody against CHOP (red), and DAPI (blue) was used to visualize bacterial and host DNA. Increased
CHOP was present in the nuclei of TG-treated cells (positive control) but did not localize to the nuclei of
C. burnetii-infected cells or uninfected cells. CHOP nuclear translocation was decreased in TG-treated
infected cells compared to that in cells with TG treatment alone, indicating C. burnetii actively prevents
CHOP nuclear translocation.
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eIF2�. Currently, the specific effector(s) responsible is unknown. Potential candidate
effectors include CBU0372, CBU1825, and CBU1576, which localize to the ER and/or
disrupt host cell secretory transport (6), and CpeC, CirA, and CBU1379a that reportedly
interact with UPR-related components (39). The ability of these effectors to activate
eIF2� signaling awaits future testing.

In contrast to general relief of the UPR using TUDCA, eIF2� activation is required for
both PV expansion and C. burnetii replication, as prevention of protein activity reduces
PV area and decreases bacterial numbers. A likely mechanism for this reduction is
inefficient autophagosome recruitment, an event that is required for efficient intracel-
lular growth by providing nutrients and membrane for C. burnetii and the expanding
PV, respectively (3, 29). Autophagosomal LC3 is not efficiently recruited to PV in
eIF2�-inhibited cells, suggesting C. burnetii uses UPR components to engage au-
tophagy and promote vacuole expansion. Activation of the eIF2�/ATF4/CHOP pathway
is implicated in the induction of autophagy-related gene expression. Importantly,
expression of multiple autophagy-associated genes requires ATF4 binding to the amino
acid response element (AARE), independent of CHOP (40). ATF4 is produced during C.
burnetii infection, and it is plausible that nuclear translocation of the protein results in
induction of autophagy. Thus, ISRIB likely prevents expression of autophagic genes
downstream of eIF2� activation, resulting in decreased localization of LC3 to the PV.

Additional downstream aspects of eIF2� activation, including nuclear translocation
of ATF4 and consequent production of proapoptotic CHOP, occur during C. burnetii
infection, but these events do not result in apoptosis of infected host cells, contrary to
the canonical effects of prolonged UPR activation. C. burnetii actively prevents host cell
apoptosis, including TG-induced death, in a T4SS-dependent manner. C. burnetii ac-
tively inhibits increased CHOP translocation to the nucleus, highlighting a second
potential effector-mediated event related to the UPR. Similarly, the intracellular chla-
mydial organism Simkania negevensis, which harbors a T4SS and a type III secretion
system (T3SS), blocks nuclear translocation of CHOP during ER stress in HeLa cells (41).
While the mechanism of how C. burnetii prevents CHOP nuclear translocation is
unknown, the benefits to host cell parasitism are clear. C. burnetii requires sustained
activation of the master cell survival regulator protein kinase B (Akt) to maintain host
cell viability (42). CHOP promotes expression of TRB3, an intracellular pseudokinase that
directly inhibits Akt activity by binding to Ser473 and Thr308, preventing phosphory-
lation of Akt at these residues and triggering apoptosis (43, 44). However, these sites
are phosphorylated during C. burnetii infection (42), indicating the pathogen prevents
this CHOP activity. CHOP also inhibits expression of Bcl-2, which interacts with the
autophagy protein beclin-1 in C. burnetii-infected cells (20). Decreased Bcl-2 production
during infection would prevent interplay between these two proteins, disrupting the
ability of the pathogen to modulate autophagy and apoptosis. However, Bcl-2 levels
remain stable in C. burnetii-infected cells (45), again demonstrating the pathogen
blocks CHOP-dependent gene regulation. Together, these findings further expand our
understanding of methods used by C. burnetii to ensure long-term viability of host cells.

While ER stress activates the PERK pathway of the UPR leading to eIF2� phosphor-
ylation, three additional kinases can also regulate this event. Further work is needed to
determine if PERK, general control nonderepressible 2 (GCN2), protein kinase R (PKR),
and/or heme-regulated inhibitor (HRI) activate eIF2� during C. burnetii infection. PERK
dimerizes and autophosphorylates in response to ER stress when BiP dissociates from
an inactive receptor to chaperone unfolded proteins in the ER, and UPR activation is
often assessed by increased BiP production. For example, Brucella melitensis upregu-
lates the UPR in macrophages, evidenced by increased BiP translation (14). In contrast,
BiP levels do not increase during C. burnetii infection (data not shown), suggesting
another kinase may be responsible for eIF2� activation. HRI is essential to the virulence
of intracellular bacteria, including Yersinia and Listeria, by promoting proper type III
secretion system (T3SS) function and postinvasion trafficking, respectively (46). GCN2
triggers eIF2� phosphorylation in response to amino acid starvation during Salmonella
intracellular infection and triggers an inflammatory cytokine response to lipopolysac-
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charide (LPS) (47). PKR, historically regarded as a viral stress response element, is also
stimulated by LPS and inflammatory cytokines. Avirulent C. burnetii, used in this study,
triggers proinflammatory cytokine production during early stages of infection (48) but
contains a truncated LPS compared to that in virulent isolates, highlighting the need to
investigate the potential role of GCN2 and PKR during C. burnetii growth in macro-
phages. Moreover, C. burnetii elicits increased levels of phosphorylated c-Jun and
phosphorylated Jun N-terminal protein kinase (JNK) at early times postinfection (42),
further suggesting a role for PKR activation (49).

Collectively, the present results demonstrate that C. burnetii engages distinct com-
ponents of the host UPR and that eIF2� activity is essential for C. burnetii replication in
human macrophages. Importantly, C. burnetii prevents consequent ER stress-induced
apoptosis in a T4SS-dependent manner, adding to our ability to model pathogen
manipulation of host cell death. Future investigation of the interplay between C.
burnetii and the eIF2� pathway, and the T4SS effectors responsible, will advance
understanding of the pathogen’s ability to trigger specific host responses that are
critical for intracellular survival and disease progression.

MATERIALS AND METHODS
Eukaryotic cell culture. THP-1 human monocytes (TIB-202; American Type Culture Collection) were

cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum at 37°C in 5%
CO2. Overnight treatment of THP-1 cells with phorbol-12-myristate-13-acetate (PMA; 200 nM) was used
to differentiate monocytes into adherent macrophage-like cells. Medium containing PMA was removed
24 h prior to infection and replaced with fresh medium lacking PMA. All samples in respective
experiments were collected at a single time point postseeding.

C. burnetii cultivation. Wild type C. burnetii (avirulent Nine Mile II [NMII], RSA 439, clone 4) was
cultured in acidified citrate cysteine medium (ACCM) for 7 days at 37°C in 5% CO2 and 2.5% O2. For
mCherry-expressing bacteria, chloramphenicol (3 �g/ml) was added to ACCM cultures, and IcmD mutant
bacteria (icmD::Tn) were grown in ACCM containing kanamycin (350 �g/ml). At 7 days postinoculation,
cultures were collected by centrifugation, washed, and resuspended in sucrose phosphate (SP) buffer. C.
burnetii stocks were stored in SP buffer at �80°C. Infections were performed using a multiplicity of
infection (MOI) of 10 to 30.

C. burnetii growth curve and genome equivalent analysis. THP-1 cells were cultured in black-wall,
96-well glass-bottom plates in phenol red-free medium. Cells were infected with mCherry-expressing C.
burnetii and inhibitors were added daily (TUDCA [Calbiochem], 500 �g/ml; ISRIB [Sigma], 10 �M). Relative
mCherry fluorescence (excitation, 585 nm; emission, 620 nm) was measured from 1 to 9 dpi using a
Synergy H1 plate reader (BioTek). Fluorescence readings from mCherry-expressing C. burnetii-infected
cells were compared to those from uninfected control cells in each experiment. To complement
fluorescence-based data, standard genome equivalent assays were performed for the conditions de-
scribed above. Briefly, THP-1 cells were harvested by scraping and centrifugation, followed by DNA
isolation (Qiagen DNeasy Ultraclean Microbial kit) according to the manufacturer’s protocol. Genomes
were enumerated in duplicates using quantitative PCR as described previously (50).

Immunoblot analysis. Cells were lysed in buffer containing sodium dodecyl sulfate (SDS; 1%),
Tris-HCl (50 mM, pH 7.4), EDTA (5 mM), and protease and phosphatase inhibitor cocktails (Sigma). Ten
micrograms of total protein was separated by SDS-polyacrylamide gel electrophoresis (10% or 4% to
15%) and transferred to a 0.2-�m pore polyvinylidene fluoride (PVDF) membrane (Bio-Rad). Membranes
were blocked with Tris-buffered saline (150 mM NaCl, 100 mM Tris-HCl [pH 7.6]) containing 0.1% Tween
20 and 5% nonfat milk for 1 h at room temperature (RT). Membranes were probed overnight at 4°C with
antibodies against human BiP (Cell Signaling), phosphorylated (p)-eIF2� (Cell Signaling), eIF2� (Cell
Signaling), ATF4 (Cell Signaling), CHOP (Cell Signaling), XBP1s (Cell Signaling), ATF6 (Abcam), histone H3
(Cell Signaling), MEK1/2 (Cell Signaling), or cleaved poly(ADP-ribose) polymerase (PARP; Cell Signaling) in
5% nonfat milk or 5% bovine serum albumin (BSA) according to the manufacturer’s instructions.
Secondary antibodies (Cell Signaling) conjugated to horseradish peroxidase (HRP) were used, and
WesternBright chemiluminescence reagents (Advansta) allowed visualization of proteins. �-Tubulin
(Sigma) served as the loading control.

Immunofluorescence microscopy. Cells were fixed in ice-cold methanol for 3 min and then incu-
bated overnight at 4°C in phosphate-buffered saline (PBS) containing 0.5% BSA to block nonspecific
binding. Samples were incubated with antibodies against CD63 (BD Biosciences), Bcl-2 (Cell Signaling),
LC3B (Cell Signaling), CHOP (Cell Signaling), or C. burnetii for 1 h at RT. Samples were washed 3 times with
PBS, and respective secondary antibodies conjugated to Alexa Fluor 488, 594, or 647 (Invitrogen) were
incubated with samples for 1 h at RT. Samples were visualized using a Ti-U microscope with a 40� dry
or 60� oil immersion lens objective, and images were captured with a D5-QilMc digital camera (Nikon).
All images were analyzed using NIS-Elements software (Nikon). PV area was determined using NIS-
Elements 5-point area measurement analysis.

Cell fractionation. THP-1 cells were harvested by scraping into PBS and centrifuging at 600 � g for
5 min at 4°C. Nuclear extracts were separated from cytosolic fractions using a BioVision nuclear/cytosol
extraction kit according to the manufacturer’s protocol. Extracts were stored at �80°C prior to analysis.
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Immunoblot analysis was used to detect proteins in respective fractions. Histone H3 (Cell Signaling) and
MEK 1/2 (Cell Signaling) served as the nuclear and cytoplasmic controls, respectively.

Cell viability assays. A colorimetric Cell Counting Kit-8 (Dojindo) was used to determine cell viability
according to the manufacturer’s protocol. Uninfected THP-1 cells were compared to cells treated with
ISRIB (10 �M) for 72 h, cells infected with wild-type or icmD::Tn C. burnetii for 72 h, and cells treated with
thapsigargin (TG; 2 �M) (Abcam) for 24 h. TG served as the positive control for ER stress-induced cell
death. WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt] was then added to each sample in a 96-well plate for 4 h at 37°C. A450 was measured
for each condition, and cell viability was calculated using the formula [(Atest � Abackground)/(Acontrol �
Abackground)] � 100. Medium alone served as the background control, and untreated uninfected cells
served as the negative control.

Statistical analysis. Data were analyzed using unpaired, parametric Student’s t tests (GraphPad
Prism 8). A P value of �0.05 was considered significant, as indicated in individual figures. All data shown
are representative of at least three independent experiments unless otherwise noted.
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