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ABSTRACT Coxiella burnetii replicates in a phagolysosome-like vacuole called the
Coxiella-containing vacuole (CCV). While host cholesterol readily traffics to the CCV, choles-
terol accumulation leads to CCV acidification and bacterial death. Thus, bacterial regulation
of CCV cholesterol content is essential for Coxiella pathogenesis. Coxiella expresses a sterol-
modifying protein, Stmp1, that may function to lower CCV cholesterol through enzymatic
modification. Using an Stmp1 knockout (Dstmp1), we determined that Stmp1 is not essen-
tial for axenic growth. Inside host cells, however, Dstmp1 mutant bacteria form smaller
CCVs which accumulate cholesterol, preferentially fuse with lysosomes, and become more
acidic, correlating with a significant growth defect. However, in cholesterol-free cells, Dstmp1
mutant bacteria grow similarly to wild-type bacteria but are hypersensitive to cholesterol
supplementation. To better understand the underlying mechanism behind the Dstmp1
mutant phenotype, we performed sterol profiling. Surprisingly, we found that Dstmp1
mutant-infected macrophages accumulated the potent cholesterol homeostasis regula-
tor 25-hydroxycholesterol (25-HC). We next determined whether dysregulated 25-HC
alters Coxiella infection by treating wild-type Coxiella-infected cells with 25-HC. Similar
to the Dstmp1 mutant phenotype, 25-HC increased CCV proteolytic activity and inhibited
bacterial growth. Collectively, these data indicate that Stmp1 alters host cholesterol
metabolism and is essential to establish a mature CCV which supports Coxiella growth.

IMPORTANCE Coxiella burnetii is the causative agent of human Q fever, an emerging
infectious disease and significant cause of culture-negative endocarditis. Acute infections
are often undiagnosed, there are no licensed vaccines in the United States, and chronic Q
fever requires a prolonged antibiotic treatment. Therefore, new treatment and preventive
options are critically needed. Coxiella is an obligate intracellular bacterium that replicates
within a large acidic phagolysosome-like compartment, the Coxiella-containing vacuole
(CCV). We previously discovered that cholesterol accumulation in the CCV increases its
acidification, leading to bacterial death. Therefore, in order to survive in this harsh envi-
ronment, Coxiella likely regulates CCV cholesterol levels. Here, we found that Coxiella
sterol modifying protein (Stmp1) facilitates bacterial growth by reducing CCV cholesterol
and host cell 25-hydroxycholesterol (25-HC) levels, which prevents excessive CCV fusion
with host lysosomes and CCV acidification. This study establishes that Stmp1-mediated
regulation of host cholesterol homeostasis is essential for Coxiella intracellular survival.
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The obligate intracellular Gram-negative bacterium Coxiella burnetii is the causative
agent of human Q fever. In its acute stage, Q fever presents with mild flu-like symp-

toms. However, the infection can resurface years later as debilitating fatigue or manifest as
endocarditis, which is usually fatal if untreated (1). Chronic disease requires 18 to 24 months
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of doxycycline in combination with hydroxychloroquine, and there are currently no licensed
vaccines for Q fever in the United States (2, 3). Thus, there is an urgent need to better
understand C. burnetii pathogenesis and identify new virulence factors that could be used
as drug targets.

Mainly transmitted by aerosols, C. burnetii first infects alveolar macrophages and directs
the biogenesis of a phagolysosome-like compartment known as the Coxiella-containing
vacuole (CCV), which is essential for bacterial replication (4, 5). The C. burnetii type 4B secre-
tion system (T4BSS) secretes effector proteins into the host cell cytosol in order to establish
and maintain CCV fusogenicity with host endocytic vesicles, a process critical for CCV expan-
sion and subsequent bacterial replication (6–9). The promiscuous fusogenicity of the CCV
with early and late endosomes, lysosomes, and autophagosomes delivers cholesterol to the
CCV membrane (10, 11). Cholesterol is a major cellular lipid that regulates membrane fluid-
ity, trafficking, and signaling in mammalian cells (12). Many intracellular pathogens target
mammalian cholesterol for host cell entry, to obtain nutrients, and/or to manipulate cellular
signaling (13, 14). For C. burnetii, cholesterol plays an important role during host cell infec-
tion. C. burnetii host cell entry utilizes aVb3 integrin, a transmembrane protein present in
cholesterol-rich plasma membrane microdomains known as lipid rafts (15, 16). Additionally,
during infection of monocytes, C. burnetii regulates expression of several host cell genes
involved in cholesterol storage and efflux (17–19). Finally, the CCV membrane is sterol-rich,
and treatment of C. burnetii-infected cells with drugs that perturb host cell cholesterol ho-
meostasis also inhibits bacterial growth (20, 21). Collectively, these data had suggested
that cholesterol is essential for CCV formation and C. burnetii replication. However, our cho-
lesterol-free tissue culture model revealed that cholesterol is not required for C. burnetii
growth (16). In fact, we discovered that high cholesterol levels on the CCV membrane lead
to decreased fusogenicity and increased acidification, which causes bacterial degradation
(10). These surprising findings indicate that elevated CCV cholesterol is toxic to C. burnetii,
and the bacteria must actively modulate host cholesterol metabolism to decrease CCV
cholesterol levels.

C. burnetii expresses two eukaryote-like sterol reductases, CBU1158 and CBU1206, with
homology to D7 and D24 sterol reductases, respectively (22). As C. burnetii lacks the remaining
enzymes in the cholesterol biosynthetic pathway, CBU1158 and CBU1206 are considered
“orphan enzymes” that were likely obtained through horizontal transfer from amoebas (23–
25). We previously showed that CBU1206 is an active enzyme in yeast and can generate ergos-
terol from ergosterol precursors (25). As this suggested that CBU1206 may have broad sub-
strate specificity, we named it sterol-modifying protein 1 (Stmp1). Interestingly, we have not
detected any evidence that Stmp1 generates cholesterol during C. burnetii infection (16). Here,
we utilize an Stmp1 knockout (Dstmp1) to further investigate the role of Stmp1 during C. bur-
netii host cell infection. Our data demonstrate that the absence of Stmp1 leads to a severe in-
tracellular growth defect, higher fusogenicity with lysosomes, increased acidification of the
CCV lumen, accumulation of cholesterol on the CCV membrane, and elevated levels of 25-
hydroxycholesterol in infected cells. These data support our previous findings that C. burnetii is
exquisitely sensitive to cholesterol and that regulation of cholesterol levels on the CCV mem-
brane plays a key role in C. burnetii intracellular growth.

RESULTS
Stmp1 is a bacterial outer membrane protein required for C. burnetii intracellular

growth and normal CCV formation.Our previous studies demonstrated that C. burnetii
expresses two homologs of eukaryotic sterol reductases, CBU1158 and CBU1206 (22).
By heterologous expression, we found that CBU1206 is an active enzyme capable of binding
and modifying yeast sterols (25); thus, we named this protein Stmp1 for sterol-modifying
protein 1. Stmp1 contains 10 predicted transmembrane domains and is not secreted
through the C. burnetii T4BSS (26), suggesting that Stmp1 is associated with the bacterial
cell envelope. To determine Stmp1 localization within the bacteria, C. burnetii bacteria
expressing C-terminal 3xFlag (Stmp1-Flag) were fractionated (27). Proteins found in the
bacterial cytoplasm (elongation factor-Ts and ATPase dotB), inner membrane (IcmD), and
outer membrane (DotH/IcmK) validated the fractionation protocol (28, 29). Stmp1-Flag
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was detected in the outer membrane fraction, indicating that Stmp1 localizes to the outer
membrane of the bacterial cell envelope (Fig. 1A and B).

Given that cholesterol accumulation on the CCV membrane leads to C. burnetii death
(10), we hypothesized that Stmp1 modifies host sterols in order to promote C. burnetii in-
tracellular growth. To elucidate the role of Stmp1 during C. burnetii infection, we generated
a targeted deletion mutant in C. burnetii (Dstmp1) (Fig. S1A). In broth media, the Dstmp1mu-
tant grows identically to wild-type (WT) C. burnetii (Fig. 2A). We next assessed intracellular
growth of the Dstmp1 mutant in human monocyte-derived macrophages (hMDMs), murine
alveolar macrophages (MH-S), and HeLa epithelial cells using a CFU assay (30). Over 6 days,
Dstmp1 mutant growth was significantly decreased compared to WT bacteria in hMDMs
(65.3% decrease, Fig. 2B), in MH-S cells (79.1%, Fig. 2C), and in HeLa cells (91.55%, Fig. 2D).
Of interest, in HeLa cells the Dstmp1 mutant growth defect started at 2 days postinfection
(dpi) and became more pronounced as the infection progressed (Fig. 2D). To measure
Dstmp1 CCV size, infected cells were stained for LAMP1 by immunofluorescence at 6 dpi
and analyzed by microscopy. At 6 dpi, Dstmp1 CCVs were significantly smaller (66.9%) than
WT CCVs (Fig. 2E and F), suggesting Stmp1 positively influences CCV expansion. Finally, to
test whether the observed phenotypes are specific to the lack of Stmp1, the gene was com-
plemented using the endogenous promoter (Fig. S1B). Complementation of the Dstmp1
mutant rescued both the growth and CCV phenotype in HeLa cells (Fig. 2D to F) and the
growth defect in MH-S cells (data not shown).

C. burnetii utilizes a specialized Dot/Icm type 4B secretion system (T4BSS) to inject
bacterial effector proteins across the CCV membrane and into the host cell cytoplasm in order
to manipulate host signaling and trafficking (6, 7, 31). Given the intracellular growth defect of
the Dstmp1mutant (Fig. 2B to D), we tested whether Dstmp1mutant bacteria possess a func-
tional T4BSS using an adenylate cyclase (CyaA) translocation assay. HeLa cells were infected
with WT, a T4BSS-defective mutant (DdotA), or Dstmp1 mutant bacteria, all expressing either
CvpA (a known C. burnetii T4BSS [32]) fused to CyaA, or CyaA alone. Effector translocation was
determined by measuring changes in host cAMP levels based on the ratio of CyaA-CvpA/
CyaA at 2 dpi (6). As expected, cAMP levels were significantly elevated in WT-infected cells
compared to those of DdotA mutant-infected cells (Fig. 3). The cAMP levels in Dstmp1 mu-
tant-infected cells were significantly higher than those of DdotAmutant-infected cells and sim-
ilar to those of WT-infected cells, demonstrating that the Dstmp1 mutant has a functional
T4BSS. Taken together, these data demonstrate that Stmp1 is required for C. burnetii intracellu-
lar growth and CCV expansion.

Stmp1 is critical for CCV fusion with late endosomes and autophagosomes and
proper acidification of the CCV. CCV biogenesis requires a dynamic T4BSS-dependent
process of vesicular trafficking and fusion events. The resulting mature CCV is a large acidic
compartment with a hybrid membrane consisting of both bacterial and host components
(4, 11). Given the small size of Dstmp1 CCVs (Fig. 2E and F), we next assessed whether

FIG 1 Stmp1 localizes to the bacterial outer membrane. (A) Stmp1 localization within the bacterial
cell was determined by fractionation of Stmp1-Flag-expressing C. burnetii. Controls for the subcellular
fractions were elongation factor Ts (EF-Ts) and DotB (cytoplasm), IcmD (inner membrane), and DotH/
IcmK (outer membrane). Immunoblots blots are representative of three independent experiments. (B)
Schematic representation of Stmp1 in C. burnetii.
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Dstmp1 CCVs acquire known CCV markers on its membrane, which would indicate typical
CCV development. Infected cells were stained for CD63 and LAMP1 by immunofluorescence
or transfected with GFP-LC3, GFP-ORP1L, GFP-Rab7, or GFP-RILP and then analyzed at 3 dpi
by microscopy (4, 5, 33–37). As expected, most WT CCVs were positive for markers of auto-
phagosomes, late endosomes, and lysosomes at 3 dpi (Fig. 4A). However, the autophago-
some marker LC3, as well as the late endosome markers ORP1L and Rab7, localized to less
than 50% of Dstmp1 CCVs, while approximately 65% of Dstmp1 CCVs were positive for RILP
and CD63, late endosome and late endosome/lysosome markers, respectively. Only the lyso-
somal marker LAMP1 was detected in 100% of the Dstmp1 CCVs (Fig. 4A).

The absence of known CCV markers, as well as their small size (Fig. 2E and F), suggested
that Dstmp1 CCVs have a fusion defect with the host endocytic pathway. To test this possibil-
ity, we measured CCV fusogenicity using a quantitative dextran trafficking assay (38). Dextran

FIG 2 The C. burnetii Dstmp1 mutant has a growth defect in macrophages and epithelial cells. (A) In
axenic cultures, C. burnetii WT and Dstmp1 mutant bacteria have identical growth over 5 days, as
determined by CFU assay for bacterial numbers. (B to D) However, the C. burnetii Dstmp1 mutant has
a significant intracellular growth defect in (B) human monocyte-derived macrophages (hMDMs), (C)
murine alveolar macrophages (MH-S), and (D) HeLa cells, as determined by CFU assay. Growth was
calculated as the fold change over day 0 and shown as the mean 6 standard error of the mean
(SEM) from three separate growth experiments done in duplicate. Statistical significance was
determined by multiple t tests or t test; ***, P , 0.005; ****, P , 0.001. (E and F) Immunofluorescence
staining (E) and quantitative measurements (F) indicate that Dstmp1 CCVs are significantly smaller than WT
or complemented Dstmp1 CCVs. Representative images of CCVs (arrows) stained by immunofluorescence at
6 dpi. Blue, DAPI (host cell nuclei); red, C. burnetii; green, LAMP1 (lysosomes and CCV). CCV size was
measured using ImageJ, with each circle representing an individual CCV. Data are shown as the mean 6
SEM of at least 20 cells in each of three independent experiments. Statistical significance was determined
by one-way ANOVA with Tukey’s post hoc test.
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is internalized by the cells through fluid-phase endocytosis and delivered to the CCV lumen
by fusion between endosomes and the CCV (5). HeLa cells infected with either mCherry-
expressing WT or Dstmp1 mutant bacteria were pulsed with fluorescent Alexa Fluor 488 dex-
tran for 10 min and then imaged every 4 min for 28 min by live-cell confocal microscopy.
Dextran accumulation in the CCV lumen was quantitated by measuring the fold change in flu-
orescence intensity at every time point over the initial time point. Surprisingly, we found that
despite their small size, the Dstmp1 CCVs were as fusogenic as WT CCVs (Fig. 4B and C). This
enabled us to use our established ratiometric assay to measure the pH of Dstmp1 CCVs, as
this approach also relies on dextran trafficking to the CCV. HeLa cells infected with either
mCherry-expressing WT or Dstmp1 mutant bacteria were pulsed for 4 h with pH-sensitive
Oregon green 488 dextran and pH-stable Alexa Fluor 647 dextran (39), followed by 1-h chase
to allow for endosomal maturation prior to measuring the pH of both CCVs and host endo-
somes (40) (Fig. 4D). The Dstmp1 CCVs (pH;4.9) were significantly more acidic than WT CCVs
(pH ;5.2) (Fig. 4E), suggesting that, unlike WT CCVs, Dstmp1 CCVs have an acidic pH similar
to lysosomes.

We recently demonstrated that the C. burnetii T4BSS blocks host cell endolysosomal
maturation, resulting in less acidic mature endosomes and decreased host lysosomes (41).
While mature endosomes of WT-infected cells have a pH of ;5.6, we found that mature
endosomes of Dstmp1 mutant-infected cells were more acidic (pH ;5.1), suggesting that
the Dstmp1 mutant does not efficiently block endosomal maturation (Fig. 4E). To further
explore this, we quantitated the endolysosomal content of mock-, C. burnetii WT-, and
DdotA and Dstmp1 mutant-infected HeLa cells using the early endosomal marker EEA1
and the lysosomal marker LAMP1. The EEA1 and LAMP1 fluorescence intensities were
measured at 3 dpi and normalized to cell area. Confirming our previous results, we found
comparable EEA1 levels in all groups and reduced LAMP1 intensity in WT-infected cells
compared to both mock- and DdotAmutant-infected cells (Fig. S2). We observed an interme-
diate phenotype in Dstmp1mutant-infected cells, with the LAMP1 intensity being significantly
higher than that of WT-infected cells but reduced compared to mock- and DdotA mutant-
infected cells. This suggests that the C. burnetii Dstmp1mutant only partially inhibits endolyso-
somal maturation, leading to an increase in the number of lysosomes available to fuse with
the CCV.

To further examine whether the lack of Stmp1 affects CCV membrane dynamics, we
used live cell imaging to visualize changes in CCV morphology. HeLa cells expressing
LAMP1-GFP were infected with either mCherry-expressing WT or Dstmp1 mutant bacteria
and imaged every 30 min for 24 h by live-cell microscopy. Despite the small size observed
for Dstmp1 CCVs (Fig. 2E and F), they appear as dynamic as WT CCVs (Video S1). Taken to-
gether, these data suggest that Dstmp1 CCVs have an altered membrane composition, are

FIG 3 Dstmp1 mutant bacteria have a functional T4BSS. Intracellular cAMP levels were determined
following infection of HeLa cells with C. burnetii WT, DdotA (T4BSS mutant), or the Dstmp1 mutant
expressing CyaA alone or fused to CvpA (T4BSS effector protein). The expression of each C. burnetii
transformant was confirmed by Western blotting analysis (data not shown). Results are expressed as
the fold change over cAMP levels obtained from infection with C. burnetii expressing CyaA alone.
Compared to the C. burnetii DdotA T4BSS mutant, both C. burnetii WT and Dstmp1 mutant bacteria
secrete CyaA-CvpA into the host cytoplasm. Data are shown as the mean 6 SEM of six independent
experiments. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test.
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FIG 4 Dstmp1 CCVs preferentially fuse with lysosomes and become more acidic. (A) Quantification of CCVs
positive for markers of host autophagosomes, late endosomes, and lysosomes indicates that Dstmp1 CCVs are
deficient in autophagosome and late endosome markers. Infected cells were stained by immunofluorescence
for CD63 or LAMP1 or transfected with LC3-GFP, ORP1L-GFP, RAB7-GFP, or RILP-GFP and analyzed by fixed
microscopy. Images were visually scored for the presence or absence of the host proteins on the CCV at 3 dpi.
Data are shown as the mean 6 SEM of at least 20 CCVs in each of three independent experiments. Statistical
significance was determined by multiple t tests; ***, P , 0.005; ****, P , 0.001. (B) Representative images of
fluorescence dextran trafficking to the CCV at 3 dpi. mCherry-expressing WT- or Dstmp1 mutant-infected HeLa
cells were pulsed with Alexa 488 dextran for 10 min, followed by live cell spinning disk confocal microscopy,
where the cells were imaged at 0 min postpulse and then every 4 min for 28 min. (C) Quantification of changes
in dextran fluorescence intensity reveal no significant difference in dextran trafficking to WT and Dstmp1 CCVs.
The fluorescence intensity of Alexa 488 dextran was measured from an identical region of interest (ROI) within
the CCV at each time point. The mean fold change of fluorescence intensity over the initial time point (t = 0)
was plotted against time. Data are shown as the mean 6 SEM of at least 20 CCVs in each of three independent

(Continued on next page)
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dynamic, and preferentially fuse with lysosomes, which enhances their acidification and
likely leads to bacterial death.

Stmp1 influences CCV cholesterol levels. Given the similarities between the Dstmp1
CCV phenotype and our previous studies demonstrating that elevated CCV cholesterol
acidifies the CCV (10), we hypothesized that Stmp1 lowers CCV membrane cholesterol levels.
To test this, we determined the relative cholesterol levels in WT and Dstmp1 CCVs by labeling
infected cells with the fluorescent sterol-binding compound filipin. As a positive control, the
infected cells were treated with U18666A, a drug that traps cholesterol in lysosomes as well as
the CCV membrane (10). CCV filipin labeling was quantitated by measuring the fluorescence
intensity from fixed-cell microscopy images. As expected, after U18666A treatment there was
a significant increase in filipin intensity in WT CCVs compared to untreated WT-infected cells,
indicating cholesterol accumulation (Fig. 5A and B). Filipin levels were significantly higher in
Dstmp1 CCVs than in WT CCVs (Fig. 5B), indicating that the Dstmp1 CCV accumulates choles-
terol. Importantly, there is no correlation between the CCV size and cholesterol levels (Fig. S3).
Therefore, these findings further support our hypothesis that C. burnetii Stmp1 lowers CCV
membrane cholesterol.

Given the cholesterol accumulation on Dstmp1 CCVs (Fig. 5A and B), we tested whether
host cholesterol levels influence CCV formation and growth of Dstmp1mutant bacteria. Using
our established cholesterol-free cell model system based on mouse embryonic fibroblast cells
(MEFs) lacking DHCR24, the final enzyme in cholesterol biosynthesis (16), we measured
Dstmp1 mutant growth and CCV size under different cholesterol concentrations. Interestingly,
in cholesterol-free cells, the Dstmp1 mutant grew similarly to WT bacteria (Fig. 6A). However,
even under low cholesterol concentrations (1.25 to 2.5 mM) that do not affect WT bacteria,
growth of the Dstmp1 mutant was significantly impaired (Fig. 6A). Furthermore, low choles-
terol concentrations (1.25 mM) did not affect the WT CCV size, while the Dstmp1 CCVs were
significantly smaller than CCVs in cholesterol-free cells (Fig. 6B and C). The CCV size of both
WT and Dstmp1mutant bacteria was smaller in DHCR242/2 MEFs treated with higher choles-
terol concentrations (2.5 and 5mM). Surprisingly, while WT and Dstmp1mutant bacteria grew
similarly in the absence of cholesterol (Fig. 6A), the average Dstmp1 CCV size in cholesterol-
free MEFs was at least 5 times smaller than WT CCVs. However, we and others have observed
that CCV size and bacterial growth do not always correlate (35, 42, 43). Next, to determine
whether cholesterol directly affects the Dstmp1mutant, we assessed axenic growth of Dstmp1
mutant bacteria in the presence or absence of cholesterol. Similar to WT C. burnetii (10), choles-
terol had no effect on Dstmp1 mutant growth in axenic media (Fig. 6D). These data suggest
that the poor intracellular growth of the Dstmp1mutant is related to cellular cholesterol levels,
and not a direct effect on the bacteria.

25-hydroxycholesterol accumulates in Dstmp1mutant-infected cells, blocking C.
burnetii growth in a dose-dependent manner. In order to test whether Stmp1 alters
host cell sterol content, we determined the sterol profile of MH-S macrophages either mock-
infected or infected with either WT or Dstmp1mutant bacteria. While the levels of most ster-
ols remained similar among uninfected and infected cells, or between uninfected and
Dstmp1mutant-infected cells, we found increased levels of 25-hydroxycholesterol (25-HC) in
Dstmp1mutant-infected cells compared to mock- and WT-infected cells (Fig. 7). The oxysterol
25-HC plays a central role in mediating cholesterol homeostasis, as it can promote cholesterol
efflux and suppress cholesterol biosynthesis and uptake (44, 45). Therefore, we tested whether

FIG 4 Legend (Continued)
experiments. Statistical significance was determined by multiple t tests. (D) The pH of CCV and host cell endosomes
was determined at 3 dpi using a ratiometric fluorescence assay. mCherry-expressing WT- or Dstmp1 mutant-infected
HeLa cells were labeled with Oregon green 488 and Alexa Fluor 647 dextran for 4 h followed by a 1-h chase. (E) Z-
stacked images were acquired by live cell spinning disk confocal microscopy, and Oregon green 488, and Alexa 647
intensities were quantitated for each CCV and host cell endosomes and compared to a standard curve to generate
individual CCV pH measurements and mean endosomal pH. Dstmp1 CCVs are significantly more acidic than WT
CCVs. Increased acidification of mature endosomes in Dstmp1 mutant-infected cells indicates that Dstmp1 mutant
bacteria are unable to completely block endosomal maturation at 3 dpi. Data are shown as the mean 6 SEM of at
least 30 cells in each of three independent experiments. Each circle represents an individual cell or CCV. Statistical
significance was determined by one-way ANOVA with Tukey’s post hoc test.
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25-HC affects C. burnetii intracellular growth. Compared to untreated cells, C. burnetii growth
was inhibited by 25-HC in a dose-dependent manner in MH-S cells (Fig. 8A), cholesterol-free
DHCR242/2 MEFs (Fig. 8B), and HeLa cells (Fig. 8C). Treatment with 25-HC also led to increased
levels of the lysosomal marker LAMP1 on the CCV membrane (Fig. 8D and E) and negatively
affected CCV expansion (Fig. S4). As LAMP1 staining suggested 25-HC increased fusion
between CCVs and lysosomes, we measured the proteolytic activity of the lysosomal protease
cathepsin B in CCVs, using a fluorescence-based Magic Red assay (37, 41). The Magic red
detection substrate is membrane-permeable and uses the photostable red fluorophore cresyl
violet, which is linked to two cathepsin B target peptide sequences. Following enzymatic
cleavage at one or both sites, the cresyl violet generates red fluorescence, and the fluores-
cence intensity becomes brighter as the enzymatic activity progresses (46). Using live cell con-
focal microscopy, we analyzed cathepsin B activity in the CCVs of Dstmp1 mutant-infected
cells and WT-infected cells, with or without 25-HC treatment. Similar to Dstmp1 CCVs, the WT
CCVs treated with 25-HC had a higher proteolytic activity compared to untreated WT CCVs
(Fig. 8F and G). Together, these data suggest that the absence of Stmp1 leads to dysregulated

FIG 5 The Dstmp1 mutant CCV accumulates cholesterol. Relative cholesterol levels, measured by
filipin labeling, indicate that the Dstmp1 CCVs have elevated cholesterol. HeLa cells were infected
with mCherry-expressing WT or Dstmp1 mutant bacteria and sterols stained at 3 dpi using filipin. As
a positive control, WT-infected cells were treated for 4 h with 5 mM U18666A, a drug that traps
cholesterol in lysosomes and CCVs. (A) Filipin is shown as a heat map, with yellow showing the
highest filipin intensity and blue showing the lowest filipin intensity. The white arrows point to the
CCVs. Bars = 10 mm. (B) Filipin intensity was measured using ImageJ and normalized to the CCV area.
Each circle represents an individual CCV. Data are shown as the mean 6 SEM of at least 30 CCVs per
condition in each of three independent experiments. Statistical significance was determined by one-
way ANOVA with Dunnett’s post hoc test.
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25-HC levels, which negatively affects bacterial growth by increasing the CCV fusogenicity
with the host lysosomes.

DISCUSSION

C. burnetii is uniquely sensitive to dysregulated host cell cholesterol levels (10, 20).
While cholesterol-rich lipid rafts enhance entry into host cells, cholesterol is not essential
for C. burnetii replication (16). In fact, high cholesterol levels are detrimental to C. burnetii
during the early stages of CCV biogenesis and growth, as cholesterol accumulation leads
to increased acidification of the CCV lumen and bacterial death (10). Further, both genetic
mutations (e.g., NPC1, a lysosomal cholesterol transporter) and inhibitors which alter cellu-
lar cholesterol homeostasis negatively affect C. burnetii growth, indicating the bacteria are
sensitive to cholesterol levels within the intracellular niche (20). Based on these data, we
hypothesize that C. burnetii tightly regulates CCV cholesterol levels to create an optimal
microenvironment for bacterial growth. Here, we characterized C. burnetii sterol modifying
protein 1 (Stmp1) as the first non-T4BSS protein that directly modifies a host cell process.

FIG 6 The C. burnetii Dstmp1 mutant is hypersensitive to cellular cholesterol. Cholesterol-free DHCR242/2 MEF cells were infected
with WT or Dstmp1 mutant bacteria for 2 h, followed by treatment with different cholesterol concentrations (0, 1.25, 2.5, or 5 mg/
mL). (A) Growth over 6 days indicates that while Dstmp1 mutant bacteria grow similarly to WT in the absence of cholesterol, they
are sensitive to low cholesterol levels which do not affect WT bacteria. The fold change over day 0 was determined by CFU assay
at 6 dpi. Statistical significance was determined by one-way ANOVA test with Dunnett’s post hoc test; *, P , 0.05; ****, P , 0.001.
(B) CCVs were stained using immunofluorescence at 6 dpi using LAMP1 (green) and (C) their size was measured using ImageJ.
Dstmp1 CCVs were smaller than WT CCVs, regardless of cellular cholesterol levels. Each circle represents an individual CCV. Data
are shown as the mean 6 SEM of at least 30 CCVs per condition in each of three independent experiments. Values that are
significantly different from the control value (no cholesterol) were determined by one-way ANOVA; *, P , 0.05; ****, P , 0.001.
(D) Dstmp1 mutant bacteria are not sensitive to cholesterol outside the host cell, as demonstrated by growth in axenic cultures.
BSA-cholesterol or BSA alone was added to WT or Dstmp1 mutant bacteria axenic cultures, and bacterial viability was determined
by CFU assay over 5 days. Statistical significance was determined by multiple t tests.
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The absence of Stmp1 causes cholesterol accumulation and increased CCV-lysosome fusion
and acidification, thus inhibiting C. burnetii intracellular growth. Dstmp1 mutant bacteria
are hypersensitive to cellular cholesterol yet grow at WT levels in the absence of cholesterol.
Notably, we found that C. burnetii Dstmp1mutant-infected cells accumulate the cholesterol
metabolite 25-hydroxycholesterol (25-HC). Further, 25-HC treatment of C. burnetii WT-infected
cells enhances CCV proteolytic activity and decreases bacterial growth, suggesting that Stmp1
plays a role in reducing both CCV cholesterol and 25-HC cellular levels. Together, these data
reveal that Stmp1 regulation of host cholesterol homeostasis is essential for C. burnetii intra-
cellular survival.

The replication defect of the Dstmp1 mutant implicates cholesterol in heterotypic
fusion of early and late endosomes, autophagosomes, and lysosomes with the CCV (4). The
C. burnetii T4BSS directs biogenesis of the CCV, which is required to support bacterial replica-
tion (5–7, 47). While we show that the growth and CCV defects of the Dstmp1 mutant are
not due to a dysfunctional T4BSS, a high percentage of Dstmp1 CCVs lack several known
CCV markers, including the autophagy protein LC3 (33), the late endosomal markers Rab7
(33), RILP, and ORP1L (35), and the late endosomal/lysosomal marker CD63 (37). This suggests
that the heterotypic fusion between the host endocytic pathway and the CCV is altered in bac-
teria lacking Stmp1. In fact, these data, along with the increased levels of LAMP1 on Dstmp1
CCVs and higher Dstmp1 CCV acidity, indicate that Dstmp1 CCVs primarily fuse with lyso-
somes. It is unclear if increased CCV-lysosome fusion is due to the altered cholesterol composi-
tion of the CCV membrane or a change in the pool of endosomes/lysosomes available to fuse
with the CCV. In a previous study, we showed that the C. burnetii T4BSS indirectly regulates
CCV pH by inhibiting endolysosomal maturation (41). While the Dstmp1 mutant has a func-
tional T4BSS, due to the Dstmp1 growth defect, fewer effector proteins are likely secreted at

FIG 7 25-HC accumulates in C. burnetii Dstmp1 mutant-infected cells. Heat map of the percentage of
sterols in mock-, mCherry-expressing WT-, or Dstmp1 mutant-infected MH-S cells at 3 dpi. Data are
shown as mean values from four independent experiments and normalized to the number of cells.
Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test.
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later time points of infection. This would explain our data showing that endolysosomal matu-
ration is not fully blocked in the Dstmp1 mutant-infected cells at 3 dpi; this results in a larger
pool of mature lysosomes available for heterotypic fusion with the CCV. However, we cannot
rule out a defect in fusion between Dstmp1mutant CCVs and host endosomes or autophago-
somes. Regardless, our data suggest that the intracellular growth defect of the Dstmp1mutant
may be partially caused by increased fusogenicity between the CCV and host lysosomes,
resulting in CCV acidification and bacterial degradation.

FIG 8 25-HC blocks C. burnetii growth by increasing proteolytic activity in the CCV. (A to C) 25-HC inhibits C. burnetii
growth in a concentration-dependent manner in (A) MH-S macrophages, (B) DHCR242/2 MEFs, and (C) HeLa cells. Cells
were infected with C. burnetii WT and treated with vehicle control (–) or different 25-HC concentrations (0, 0.625, 1.25,
2.5, or 5 mM). The fold change in growth over day 0 was determined by CFU assay at 6 dpi. Statistical significance was
determined by one-way ANOVA test with Dunnett’s post hoc test; *, P , 0.05; **, P , 0.01, ***, P , 0.005; ****, P , 0.001.
(D) Representative immunofluorescence images of C. burnetii CCVs (arrows) stained for LAMP1 at 3 dpi in HeLa cells. (E)
Quantitation of CCV LAMP1 intensity, normalized to CCV area, indicates 25-HC CCVs have more LAMP1. Each circle represents
an individual CCV. Data are shown as the mean 6 SEM of at least 30 CCVs per condition in each of three independent
experiments. Statistical significance was determined by t test. (F) Representative images of HeLa cells infected with clover-
expressing WT or Dstmp1 mutant bacteria, treated with vehicle control or 25-HC (5 mM) 24 h before imaging. Infected cells
were stained with cathepsin B Magic Red at 3 dpi to visualize proteolytically active lysosomes. Magic Red is shown as a heat
map, with white showing the highest intensity and red showing the lowest intensity. The white arrows point to the CCVs.
Bars = 10 mm. (G) Quantification of Magic Red shows that Dstmp1 CCVs and WT CCVs treated with 25-HC are more
proteolytically active than untreated WT CCVs. Magic Red intensity was measured using ImageJ and normalized to CCV area.
Each circle represents an individual CCV. Data are shown as the mean 6 SEM of at least 30 CCVs per condition in each of
three independent experiments. Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test.
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In the absence of Stmp1, cholesterol accumulates in the CCV membrane early during
infection. While cholesterol accumulation in the Salmonella-containing vacuole and the
Anaplasma phagocytophilum-containing vacuole is associated with increased intracellular
bacterial replication (48, 49), elevated cholesterol in the Coxiella vacuole is bacteriolytic
(10). This bacteriolytic effect is not entirely due to increased CCV-lysosome fusion, as
drugs which trap cholesterol in the CCV cause rapid CCV acidification (,30 min) followed
by bacterial death (10), and it is unlikely that fusion events would acidify the CCV that
quickly. Further, C. burnetii is most sensitive to elevated CCV cholesterol at 1 and 2 dpi,
prior to CCV expansion (10). The Dstmp1 mutant is hypersensitive to cholesterol supple-
mentation compared to WT bacteria, suggesting that Stmp1 reduces CCV cholesterol to
avoid its toxic effect. Importantly, as Stmp1 contains 10 potential transmembrane
domains, is not secreted through the T4BSS (26), and localizes to the bacterial outer
membrane, C. burnetii may directly modify CCV membrane sterols. C. burnetii is found in
close contact with the CCV membrane, as this is a requirement for T4BSS secretion of
effector proteins into the cytoplasm. As there is no evidence that C. burnetii utilizes cho-
lesterol as a carbon source or incorporates cholesterol into its cell envelope, the bacteria
most likely detoxifies CCV cholesterol during interactions with the CCV membrane.

Based on homology, Stmp1 is predicted to reduce sterol double bonds at carbon 24 as a
final step of cholesterol biosynthesis, yet C. burnetii does not synthesize cholesterol from
host cell precursors (16). However, Stmp1 is an active enzyme with broad substrate specific-
ity, as it can bind and modify yeast sterols to generate ergosterol, the yeast functional homo-
log of mammalian cholesterol (25). We hypothesize that the Stmp1 enzymatic modification
of cholesterol leads to a sterol species that is no longer labeled with filipin. While quantifi-
cation of specific sterols in isolated CCVs is currently not feasible, total cell sterol profiling
indicated that cellular cholesterol levels do not change among mock, WT, or Dstmp1 mu-
tant-infected macrophages. In contrast, the oxysterol 25-HC does accumulate in Dstmp1
mutant-infected macrophages, indicating that Stmp1 is directly or indirectly involved in
host 25-HC metabolism. 25-HC is synthesized from cholesterol by the addition of a hydroxyl
group at position 25 carbon and regulates cholesterol biosynthesis through inhibiting ste-
rol-responsive element binding proteins (SREBPs) (50, 51) and activating cholesterol efflux
by liver X receptors (LXRs) (52). 25-HC also plays an important role in mediating the immune
response against a variety of pathogens, including highly pathogenic viruses such as human
immunodeficiency virus (HIV), Ebola virus, Zika virus, and SARS-Cov2 (53, 54). A recent study
found that 25-HC, among other oxysterols, provides innate immunity to Listeria monocyto-
genes and Shigella flexneri by inhibiting their cell-to-cell spread due to mobilization of cell
surface-accessible cholesterol (55). Here, we found that 25-HC blocks C. burnetii growth in
different cell types, including in cholesterol-free MEFs that likely lack all oxysterols, as these
are cholesterol metabolites. A previous study also showed that 25-HC inhibited C. burnetii
replication in Vero cells (21). Interestingly, they observed that 25-HC causes an unusually
intense LAMP1 labeling on the CCV membrane (21). In agreement with this report, we found
that CCVs have a higher LAMP1 intensity with 25-HC treatment, and the CCVs are signifi-
cantly smaller. Further, by measuring cathepsin B activity using live cell microscopy, we
detected increased proteolytic activity in 25-HC-treated CCVs, suggesting that elevated lev-
els of 25-HC in infected cells either directly or indirectly increases fusion between lysosomes
and CCVs. While our data do not demonstrate a direct link between 25-HC, proteolytic activ-
ity, and bacterial death, elucidating how 25-HC and CCV cholesterol levels lead to C. burnetii
degradation may reveal a novel innate immune response against C. burnetii.

In summary, C. burnetii Stmp1 is a unique sterol-modifying enzyme which plays an
essential role in regulating host cholesterol homeostasis. Further, 25-HC was revealed
as a potential host defense mechanism against C. burnetii. Interestingly, C. burnetii
expresses a second putative sterol-modifying enzyme, CBU1158, which has homology
to eukaryotic D7 sterol reductases. While it is not yet known if CBU1158 also has enzy-
matic activity, it may work together with Stmp1 to modify CCV cholesterol. Although the enzy-
matic mechanism of Stmp1 is not yet known, our work reveals that it may be an attractive
drug target and further demonstrates C. burnetii’s unique sensitivity to host cholesterol.
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MATERIALS ANDMETHODS
Bacteria and mammalian cells. C. burnetii Nine Mile phase II (NMII clone 4, RSA 439) Dstmp1mutant

bacteria were generated by targeted deletion followed by sacB counterselection as previously described
(56, 57), and the mutant was complemented by single copy using the stmp1 gene and associated pro-
moter region (56). The mCherry-expressing Dstmp1 mutant was generated by electroporating pJB-CAT-
1169-mCherry into the Dstmp1 mutant as described previously (58). Clover-expressing WT and Dstmp1
mutant bacteria were generated by cloning clover into pJB-CAT-proA plasmid followed by electropora-
tion into the bacteria. Wild type (WT), mCherry-expressing WT (10), Dstmp1 mutant, mCherry-expressing
Dstmp1 mutant, clover-expressing WT, clover-expressing Dstmp1 mutant, and Dstmp1 complement
(Dstmp1 comp) were grown for 4 days in ACCM-2, washed twice with phosphate-buffered saline (PBS),
and stored as previously described (10). Human cervical epithelial cells (HeLa, ATCC CCL-2; American
Tissue Culture Collection, Manassas, Virginia) and mouse alveolar macrophages (MH-S; ATCC CRL-2019)
were maintained in RPMI (Roswell Park Memorial Institute) 1640 medium (Corning, Corning, NY) contain-
ing 10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA) and 2 mM L-alanyl-L-glutamine
(Glutagro, Corning) at 37°C and 5% CO2. To obtain human monocyte-derived macrophages (hMDMs),
peripheral blood mononuclear cells were isolated from deidentified buffy coats (Indiana Blood Center,
Indianapolis, IN) using Ficoll-Paque (GE Healthcare, Chicago, IL). Monocytes were isolated and differenti-
ated in macrophages as described in reference 59. DHCR242/2 mouse embryonic fibroblasts (MEFs)
were cultured in fibroblast medium supplemented with a serum-free growth kit (ATCC) as previously
described (16). The multiplicity of infection (MOI) was optimized for each bacterial stock, cell type, and
infection condition for a final infection of one internalized bacterium per cell.

Fractionation of C. burnetii. Fractionation was performed as previously described in reference 27
with modifications. Briefly, 200 mL of Stmp1-3xFlag-expressing C. burnetii was grown for 7 days in
ACCM-D, centrifuged at 16,000 � g for 15 min at 4°C, washed in ice-cold PBS, and resuspended in 3 mL
ice-cold lysis buffer (50 mM Tris-HCl, pH 7.6, 1 mM ethylenediaminetetraacetic acid [EDTA], complete
EDTA-free protease inhibitor cocktail tablet [Sigma-Aldrich, St. Louis, MO], and 10% glycerol). Samples
were sonicated on ice using a Whatman GE50 ultrasonic sonicator at 50 W for 10 s, followed by 20 s of
rest, until the total sonication time reached 3 min. Samples were then centrifuged at 3,220 � g for
15 min at 4°C to remove intact bacterial cells. Then, 100 mL of the supernatant was reserved as the
whole-cell lysate sample. The remaining supernatant was centrifuged at 100,000 � g at 4°C for 1 h to
separate the membrane fraction from the cytoplasmic fraction; 100 mL of the cytoplasmic fraction (su-
pernatant) was reserved. The pellet was resuspended in lysis buffer using a 26-G needle and centrifuged
at 100,000 � g at 4°C to remove residual cytoplasmic proteins. The pellet was then resuspended in 1 mL
ice-cold membrane solubilization buffer (50 mM Tris-HCl, pH 7.6, 200 mM MgCl2, 1% Triton X-100) using
a 26-G needle and then incubated for 2 h on a rotating mixer at 4°C. Samples volumes were adjusted
with solubilization buffer to an equivalent total supernatant volume (cytoplasmic fraction), followed by
centrifugation at 100,000 � g at 4°C for 1 h to separate the inner and outer membranes. Then, 100 mL of
the Triton X-100 soluble fraction (inner membrane) was collected, and the insoluble pellet (outer mem-
brane) was immediately resuspended in 4� Laemmli loading buffer in equivalent volumes to the other
fractions. All reserved samples were diluted in 4� Laemmli loading buffer sample buffer and boiled at
95°C for 5 min. Protein lysates were resolved by 10% SDS-PAGE and transferred to nitrocellulose mem-
brane (GE Healthcare). The membranes were then probed separately using mouse anti-flag (Sigma-
Aldrich 1:500), rabbit anti-DotH/IcmK (1:2,000), rabbit anti-EF-Ts (1:100), rabbit anti-DotB, and rabbit
anti-IcmD (1:200) in 2% bovine serum albumin (BSA) in PBS overnight. After washing in TBS-T (TBS con-
taining 0.05% Tween 20), the membranes were incubated with horseradish peroxidase-conjugated anti-
mouse (1:1,000; Thermo Fisher Scientific, Waltham, MA) or anti-rabbit (Thermo Fisher Scientific; 1:1,000)
secondary antibodies in 4% nonfat milk in TBS-T and developed using enhanced chemiluminescence
(ECL) reagent (SuperSignal West Pico PLUS; Thermo Fisher Scientific).

C. burnetii growth in cell-free medium. WT or Dstmp1 mutant bacteria were diluted to approxi-
mately 106 CFU/mL in ACCM-2 with or without BSA or BSA-cholesterol (10), and 6 mL was transferred
into a T25 flask and incubated at 37°C in 2.5% O2 and 5% CO2. Every 24 h for 5 days, 10 mL was removed
from the culture and diluted 1:10 in ACCM-2 and plated in serial dilutions onto 0.25% ACCM-2 agarose
plates (30). Each of the three experiments was performed in biological duplicate, and the bacteria were
spotted in triplicate.

C. burnetii intracellular growth by CFU assay. HeLa cells were plated in a 6-well plate (2 � 105 cells
per well) and allowed to adhere overnight. Cells were infected with WT, Dstmp1 mutant or Dstmp1 com-
plement in 0.5 mL RPMI for 2 h, washed extensively with PBS, and scraped into 2 mL of fresh 10% RPMI.
Infected cells were replated in a 24-well plate (2.5 � 104 cells/well for day 2, 104 cells/well for day 4, and
5 � 103 cells per well for day 6). To determine the number of internalized bacteria at day 0, 5 � 104

infected cells were spun and lysed in sterile water for 5 min, diluted in ACCM-2 and spotted onto ACCM-
2 agarose plates. For the subsequent time points, the attached cells were lysed in sterile water for 5 min.
Monocytes were plated (105 cells per well into a 24-well plate), treated for 7 days with 50 ng/mL human
macrophage colony-stimulating factor (M-CSF; Fisher Scientific) to differentiate them into hMDMs, and
then infected with WT or Dstmp1 mutant bacteria in 0.25 mL 10% RPMI for 2 h, washed extensively with
PBS, and incubated in 0.5 mL 10% RPMI. MH-S cells plated in a 6-well plate (2 � 105 cells per well) were
infected with WT, Dstmp1 mutant or Dstmp1 complement bacteria in 0.5 mL 10% RPMI for 2 h, washed
extensively with PBS, and incubated in 2 mL 10% RPMI. At days 0 and 6 postinfection, both types of cells
were lysed in sterile water for 5 min, and the released bacteria were diluted in ACCM-2 and spotted onto
0.25% ACCM-2 agarose plates (30). The plates were incubated for 7 to 9 days at 37°C in 2.5% O2 and 5%
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CO2, and the number of colonies was counted to measure bacterial viability. Each of the three experi-
ments was performed in biological duplicate, and the bacteria were spotted in triplicate.

Quantification of CCV area. HeLa cells were plated in a 6-well plate (2 � 105 cells/well) and allowed
to adhere overnight. Cells were infected with WT, Dstmp1 mutant, or Dstmp1 complement bacteria for 2
h, washed extensively with PBS, and scraped into 2 mL of 10% RPMI. Infected cells were replated onto
coverslips in a 24-well plate (5 � 103 cells per well). At 6 dpi, cells were fixed with 2.5% paraformalde-
hyde (PFA) for 15 min, washed in PBS, and blocked/permeabilized in 1% BSA and 0.1% saponin in PBS
for 20 min. Coverslips were stained with rabbit anti-LAMP1 (1:1,000; Abcam, Cambridge, UK) along with guinea
pig anti-C. burnetii (1:2,500) for 1 h followed by Alexa Fluor secondary antibodies (1:1,000; Invitrogen, Carlsbad,
CA) for 1 h. Following washing with PBS, coverslips were mounted with ProLong gold with DAPI and visualized
on a Leica inverted DMI6000B microscope using a 63� oil immersion objective. Images were captured and
processed identically, and the CCV area was measured using ImageJ software. At least 30 CCVs were measured
per condition for each of three independent experiments.

CyaA translocation assay. Fc gamma receptor (Fcg) HeLa cells, kindly provided by Stephanie
Shames (Kansas State University), were plated in a 24-well plate (5 � 104 cells/well) and allowed to
adhere overnight. WT, DdotA mutant, or Dstmp1 mutant bacteria, harboring pJB-CAT-CyaA-CvpA or vec-
tor alone (6), were opsonized with rabbit anti-C. burnetii antibody (1:1,000) for 20 min, at room tempera-
ture under rotation. The cells were infected with the opsonized bacteria and incubated in 10% RPMI for
48 h. At 2 dpi, the concentration of cAMP in lysates from infected cells was determined using the cAMP
enzyme immunoassay (GE Healthcare) as previously described in reference 6.

Quantitation of CCV markers. HeLa cells were plated in a 6-well plate (5 � 104 cells per well) and
allowed to adhere overnight. Cells were infected with either mCherry-expressing WT or Dstmp1 mutant
bacteria in 0.5 mL RPMI for 2 h, washed extensively with PBS, and incubated in 2 ml 10% RPMI. At 2 dpi,
infected cells were replated onto coverslips in a 24-well plate (5 � 104 cells per well). At 3 dpi, cells were
fixed with 2.5% PFA for 15 min, washed in PBS, and blocked/permeabilized in 1% BSA and 0.1% saponin
in PBS for 20 min. Coverslips were stained with rabbit anti-LAMP1 (1:1,000; Abcam) or mouse anti-CD63
(1:1,000; BD Biosciences, Franklin Lakes, NJ) for 1 h, followed by Alexa Fluor 488 secondary antibody
(1:1,000; Invitrogen) for 1 h. Following washing with PBS, coverslips were mounted with ProLong gold
with 49, 69-diamidino-2 phenylindole (DAPI) (Thermo Fisher Scientific). Alternatively, HeLa cells (2 � 104

cells per well of a 24-well plate) were reverse transfected with 0.4 mg of pEGFP plasmids encoding ORP1L,
Rab7, RILP, or LC3, using Fugene6 (Promega, Madison, WI) according to the manufacturer’s instructions.
Approximately 24 h posttransfection, cells were infected with either mCherry-expressing C. burnetii WT or
Dstmp1 in 0.25 mL 10% RPMI for 2 h, washed extensively with PBS, and incubated in 10% RPMI. At 3 dpi, the
coverslips were fixed with 2.5% PFA for 15 min, and coverslips were mounted using ProLong gold with DAPI.
Images were visualized and captured on a Leica inverted DMI6000B microscope using 63� oil immersion
objective. The CCVs were visually scored as positive or negative to determine host cell protein recruitment. At
least 20 CCVs were scored for each condition of three independent experiments.

Dextran trafficking. Dextran trafficking and fusion with CCVs were measured as described previ-
ously (38). Briefly, HeLa cells were infected with either mCherry-expressing WT or Dstmp1 mutant bacte-
ria in a 6-well plate (5 � 104 cells per well). At 2 dpi, cells were trypsinized, resuspended to 3 � 105 cells/
mL, and plated onto ibidi-treated channel m-slide VI0.4 (9 � 103 cells per channel; ibidi, Verona, WI). On a
Nikon spinning disk confocal microscope (60� oil immersion objective) with an Okolab Bold Line stage
top incubator, CCVs were identified and marked using NIS elements (Nikon, Melville, NY) prior to labeling with
Alexa Fluor 488 dextran (Thermo Fisher Scientific) for 10 min in 10% RPMI (HeLa cells). The cells were washed
with PBS 5 to 6 times and replaced with medium. Z-stacked confocal images were obtained for each CCV every
4 min for 28 min (t = 0 through 28; 8 time points). The mean dextran fluorescence intensity of an identical
region of interest (ROI) within each CCV was quantified for each time point (ImageJ). The fold change of dex-
tran fluorescence intensity over the initial time point (t = 0) was plotted against time. At least 20 CCVs were
imaged per condition for each of three independent experiments.

CCV and vesicular pH measurements. The CCV pH was measured as described previously (39) with
modifications. Briefly, HeLa cells (5 � 104 cells per well) were infected with either mCherry-expressing
WT or Dstmp1 mutant bacteria in a 6-well plate for 2 h, washed extensively with PBS, and incubated in
10% RPMI. At 2 dpi, cells were trypsinized, resuspended to 3 � 105 cells/mL, and plated onto ibidi-treated
channel m-slide VI0.4 (9 � 103 cells per channel). The next day cells were labeled with pH-sensitive Oregon
green 488 dextran (Thermo Fisher Scientific) and pH-stable Alexa Fluor 647 dextran (Thermo Fisher Scientific)
at a final concentration of 0.5 mg/mL in 10% RPMI for 4 h, followed by a 1-h chase to allow for endosomal mat-
uration. After being washed with PBS, cells were incubated in 10% RPMI, and individual CCVs were imaged live
using z-stacks of 0.2-mm steps with a Nikon spinning disk confocal microscope (60� oil immersion objective)
and an Okolab Bold Line stage-top incubator for environmental control (Okolab, Pozzuoli, Italy). Images were
captured and processed identically, fluorescence intensity from maximum-intensity projections was measured
for Oregon green 488 and Alexa Fluor 647 using ImageJ (Fiji [60]), and the 488/647 ratio was calculated. For
measuring endosomal pH from mock-infected cells, the 488/647 ratio of the entire cell was calculated, whereas
for the same analysis from C. burnetii-infected cells, the CCV was excluded from the cell area. To generate a pH
standard curve, WT C. burnetii-infected HeLa cells were incubated in equilibration buffer (143 mM KCl, 5 mM
glucose, 1 mM MgCl2, 1 mM CaCl2, and 20 mM HEPES) containing the ionophores nigericin (10mM) and mon-
ensin (10 mM) for 5 min followed by incubation in standard buffers of pH ranging from 4.0 to 7.0 containing
ionophores for 5 min before imaging. At least 20 CCVs were measured at each pH, and the 488/647 ratio was
plotted against the pH of the respective buffer to obtain a sigmoidal standard curve. The experimental samples
were then interpolated to the standard curve to determine the pH; a standard curve was generated for each
individual experiment. At least 20 CCVs or cells were measured for each of 3 independent experiments.
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Quantitation of early endosomes and lysosomes. HeLa cells were infected with either mCherry-
expressing WT or Dstmp1 mutant bacteria in a 6-well plate for 2 h, washed extensively with PBS, and
incubated in 10% RPMI. At 2 dpi, the infected cells were replated onto coverslips placed in a 24-well
plate (5 � 104 cells per well). The next day, cells were fixed in 2.5% PFA for 15 min and blocked/perme-
abilized for 20 min in 1% bovine serum albumin (BSA) and 0.1% saponin in PBS. Cells were then incu-
bated with mouse anti-EEA1 (1:500; BD Biosciences) and rabbit anti-LAMP1 (1:1,000; Abcam) for 1 h followed
by Alexa Fluor secondary antibodies (1:1,000) for 1 h. Following washing with PBS, coverslips were mounted
using ProLong gold with DAPI and visualized on a Leica inverted DMI6000B microscope using a 63� oil
immersion objective. Images were captured and processed identically, and the fluorescence intensity of EEA1
and LAMP1 was measured (ImageJ) and normalized to cell area, excluding the CCV from intensity measure-
ments. At least 20 cells were measured per condition for each of three independent experiments.

Filipin labeling for quantification of sterols. HeLa cells were plated in a 6-well plate (2 � 105 cells/
well) and allowed to adhere overnight. Cells were infected with either mCherry-expressing WT or
Dstmp1 mutant bacteria for 2 h, washed extensively with PBS, and incubated in growth media. At 2 dpi,
the infected cells were replated onto coverslips in a 24-well plate (5 � 104 cells per well). The next day cells
were treated with dimethyl sulfoxide (DMSO) control or U18666A at 5 mM for 4 h. After the drug treatment,
the cells were fixed with 2.5% PFA on ice for 15 min and incubated with 1:100 filipin (5 mg/mL stock in DMSO;
Cayman Chemicals, Ann Arbor, MI) in PBS with 1% BSA for 1 h. Following washing with PBS, coverslips were
mounted with ProLong gold and visualized on a Leica inverted DMI6000B microscope with a 63� oil immer-
sion objective. Images were captured under identical capture settings and processed identically using ImageJ
(30). At least 30 CCVs were measured per condition for each of the three independent experiments.

C. burnetii growth and CCV size in DHCR242/2 MEFs. DHCR242/2 MEFs were plated at 105 cells per
well in a 6-well plate and allowed to adhere overnight. MEFs were infected with either WT or Dstmp1
mutant bacteria for 1 h in 500 mL fibroblast medium supplemented with a serum-free growth kit,
washed with PBS to remove extracellular bacteria, and then gently scraped into 3 mL of medium. For
the day 0 sample, 1 mL of infected cells was lysed in sterile water for 5 min, and the released bacteria were
diluted in ACCM-2 and plated onto 0.25% ACCM-2 agarose plates, while the remaining cells were replated in a
24-well plate (5 � 103 cells per well) under different cholesterol (Synthechol; Sigma-Aldrich) conditions. The
medium was changed daily to ensure constant cholesterol concentrations. At 6 dpi, the cells were either lysed
in sterile water for 5 min and the released bacteria diluted in ACCM-2 and spotted onto 0.25% ACCM-2 agarose
plates or processed for immunofluorescence in order to measure the CCV size, as described above. Each of the
three experiments was performed in biological duplicate, and the bacteria were spotted in triplicate for the
CFU assay. At least 30 CCVs were measured for each CCV size experiment.

Sterol profiling.MH-S cells (2 � 105 cells per well) were infected with either mCherry-expressing WT
or Dstmp1 mutant bacteria in a 6-well plate for 2 h, washed extensively with PBS, and incubated in 10%
RPMI. At 2 dpi, the cells were gently scraped into 2 mL of fresh 10% RPMI, centrifuged at 280 � g for
5 min, and resuspended to 107 cells/mL in 1% RPMI. Using a BD-SORP Aria sorter, infected cells were
sorted using mCherry fluorescence. Equal numbers of uninfected cells were counted and plated at
2� 105 cells per well in a 6-well plate in 2 mL of 10% FBS. The next day cells were scraped, counted, and then
centrifuged. The pellets were kept at 280C prior to preparation for sterol profiling analysis. Lipids were
extracted using the Bligh and Dyer method and analyzed by liquid chromatography tandem mass spectogra-
phy (LC/MS/MS) at the Purdue Metabolite Profiling Facility–Bindley Bioscience Center. Quantitative analysis of
13 free sterols was done for 7 different experiments, using mass spectrometry standards available from Avanti
Polar Lipids. Samples from four independent experiments were analyzed (Table S1). The sterol quantification
was shown as a heat map of each indicated sterol percentage related to the total amount of sterols detected.
The percentage of cholesterol and lathosterol together was approximately 91.5% of total sterols. Therefore,
these two sterols were removed from the heat map to facilitate data interpretation. Statistical significance was
determined by one-way analysis of variance (ANOVA) with Dunnett’s post hoc test.

25-hydroxycholesterol treatment of C. burnetii-infected cells. MH-S cells, DHCR242/2 MEFs, and
HeLa cells infected with WT bacteria were extensively washed with PBS and gently scraped into 3 mL of
medium. For the day 0 sample, 1 mL of infected cells was lysed in sterile water for 5 min, and the
released bacteria were diluted in ACCM-2 and spotted onto 0.25% ACCM-2 agarose plates, while the
remaining cells were replated in a 24-well plate (5 � 104 cells per well) and incubated with different con-
centrations of 25-hydroxycholesterol (25-HC) or vehicle control (ethanol). 25-HC (Avanti Polar Lipids,
Alabaster, AL) was reconstituted in ethanol at a final concentration of 10 mM and stored at 220°C. The me-
dium was changed daily to ensure constant 25-HC concentrations. At 6 dpi, infected cells were lysed in sterile
water for 5 min, and the released bacteria were diluted in ACCM-2 and spotted onto 0.25% ACCM-2 agarose
plates. C. burnetii-infected HeLa cells were also replated onto coverslips placed in a 24-well plate (5 � 104 cells
per coverslip), and at 3 dpi they were processed for immunofluorescence as described above. Images were
captured on a Leica inverted DMI6000B microscope using a 63� oil immersion objective and processed identi-
cally, and the fluorescence intensity of LAMP1 on the CCV area was quantitated (ImageJ). At least 30 cells were
measured per condition for each of three independent experiments.

Magic Red assay for cathepsin B activity. Active cathepsin B was quantitated using Magic Red as
described previously (41), with modifications. Briefly, HeLa cells were plated in a 6-well plate (2 � 105

cells/well) and allowed to adhere overnight. Cells were infected with clover-expressing WT or Dstmp1
mutant bacteria for 2 h, washed extensively with PBS, and incubated in 10% RPMI. At 2 dpi, cells were
trypsinized, resuspended to 3 � 105 cells/mL, and plated onto an ibidi-treated channel m-slide VI0.4 (9 � 103

cells per channel). Cells were treated with vehicle control or 25-HC at 5mM for 24 h. The next day cells were la-
beled with 50 mL diluted Magic Red (ImmunoChemistry Technologies, Bloomington, MN) in phenol-red free
10% RPMI and incubated for 30 min at 37°C and 5% CO2, and individual CCVs were live imaged, with identical
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capture settings, using z-stacks of 0.3-mm steps with a Nikon spinning disk confocal microscope. The Magic
Red fluorescence intensity was measured and normalized to the CCV area. At least 20 CCVs were measured
per condition in each of three independent experiments.

Data analyses. Image processing and analyses were done in ImageJ (Fiji) software. Statistical analy-
ses were performed using an unpaired Student’s t test, ordinary one-way ANOVA (with Tukey’s correc-
tion), or multiple t tests as appropriate in Prism (GraphPad, La Jolla, CA).
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