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ABSTRACT Coxiella burnetii is an obligate intracellular bacterial pathogen that repli-
cates inside the lysosome-derived Coxiella-containing vacuole (CCV). To establish this
unique niche, C. burnetii requires the Dot/Icm type IV secretion system (T4SS) to
translocate a cohort of effector proteins into the host cell, which modulate multiple
cellular processes. To characterize the host-pathogen interactions that occur during
C. burnetii infection, stable-isotope labeling by amino acids in cell culture (SILAC)-
based proteomics was used to identify changes in the host proteome during infec-
tion of a human-derived macrophage cell line. These data revealed that the abun-
dances of many proteins involved in host cell autophagy and lysosome biogenesis
were increased in infected cells. Thus, the role of the host transcription factors TFEB
and TFE3, which regulate the expression of a network of genes involved in au-
tophagy and lysosomal biogenesis, were examined in the context of C. burnetii in-
fection. During infection with C. burnetii, both TFEB and TFE3 were activated, as
demonstrated by the transport of these proteins from the cytoplasm into the nu-
cleus. The nuclear translocation of these transcription factors was shown to be de-
pendent on the T4SS, as a Dot/Icm mutant showed reduced nuclear translocation of
TFEB and TFE3. This was supported by the observation that blocking bacterial trans-
lation with chloramphenicol resulted in the movement of TFEB and TFE3 back into
the cytoplasm. Silencing of the TFEB and TFE3 genes, alone or in combination, sig-
nificantly reduced the size of the CCV, which indicates that these host transcription
factors facilitate the expansion and maintenance of the organelle that supports C.
burnetii intracellular replication.
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Coxiella burnetii is a Gram-negative obligate intracellular pathogenic bacterium and
the causative agent of Q (query) fever, a life-threatening zoonosis (1, 2). The

clinical presentation of infection is quite varied, ranging from acute influenza-like
symptoms to debilitating chronic illness, such as hepatitis or endocarditis, with
significant mortality (2).

Human alveolar macrophages are the primary targets of C. burnetii (3). Following
internalization, C. burnetii transits through the endolysosomal pathway. Once the
pathogen reaches the acidic lysosomal environment, C. burnetii becomes metabolically
active and begins remodeling the vacuolar environment to support its replication. This
bacterially modified spacious and unique replicative niche is termed the Coxiella-
containing vacuole (CCV) (4). The Dot/Icm type IVB secretion system (T4SS) is essential
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for intracellular replication and biogenesis of the CCV (5, 6). This secretion system
translocates over 130 bacterial effector proteins into the host cytoplasm, where they
modulate various cellular processes (7). To date, the functional roles of very few of these
effectors have been defined.

The CCV is highly fusogenic and merges with endocytic vesicles, other CCVs, and
autophagosomes to create a large organelle that will rapidly occupy much of the host
cell’s cytoplasmic space. The CCV is positive for lysosomal markers, including lysosome-
associated membrane glycoproteins, CD63, the vacuolar ATPase, and cathepsin D
(8–10). More recent findings have demonstrated that the CCV remains in an autolyso-
somal state of maturation, with autophagosome-CCV fusion contributing to CCV bio-
genesis (11, 12). In agreement with this, the internal pH of the mature CCV was recently
shown to be slightly elevated from the normal lysosomal pH (13).

Degradative membrane transport pathways, both endocytic and autophagic, are
highly dynamic systems that play important roles in eukaryotic cell adaptation to
nutrient availability and defense against microbes (14). The transcription factors TFEB
and TFE3 are bona fide master transcriptional regulators of lysosomal biogenesis,
facilitating the expression of many genes implicated in lysosome-related processes,
including phagocytosis and autophagy (15, 16). When present in the nucleus, TFEB and
TFE3 form homo- or heterodimers that specifically bind to CLEAR (coordinated lyso-
somal expression and regulation) elements to induce the transcription of genes critical
for autophagosome and lysosome biogenesis (17, 18).

The activation of TFEB and/or TFE3 is controlled by a multifaceted lysosome-to-
nucleus signaling pathway. Under nutrient-rich conditions, TFEB/TFE3 is phosphory-
lated by active mammalian/mechanistic target of rapamycin complex 1 (mTORC1) at
the lysosomal membrane (19–21). The phosphorylation of TFEB/TFE3 promotes inter-
actions with 14-3-3 proteins, leading to their retention in the cytoplasm (20, 21). Under
nutrient-limited conditions, mTORC1 dissociates from the lysosome and is inactivated.
Calcium is released from the lysosome into the cytoplasm via the lysosomal calcium
channel mucolipin-1 (MCOLN1) (also known as TRPML1), leading to the localized
activation of the phosphatase calcineurin (22). Activated calcineurin dephosphorylates
TFEB and TFE3, facilitating their nuclear translocation and subsequent influence on the
cellular transcriptional profile (22).

Because C. burnetii creates a large lysosome-derived vacuole that subverts the host
autophagy pathway, we hypothesized that TFEB and TFE3 activation may be an
important element of infection. In support of this idea, an unbiased analysis of the host
proteome during infection demonstrated a significant increase in the abundance of
many proteins within the CLEAR network and that the activation of the transcription
factors TFEB and TFE3 during C. burnetii infection is important for CCV biogenesis.

RESULTS
C. burnetii infection leads to a host cell proteome shift that supports increased

lysosome biogenesis. To gain insight into the human host cell response to C. burnetii
infection, quantitative proteomics using stable-isotope labeling by amino acids in cell
culture (SILAC) was employed to examine changes to the host proteome of human
macrophage-like THP-1 cells during infection. Labeled and differentiated THP-1 cells
were infected with C. burnetii expressing mCherry for 3 days, allowing CCV establish-
ment and intracellular replication. To ensure that all cells were infected, cells were
sorted for mCherry fluorescence prior to mixing with mock-sorted uninfected cells.
Proteins were digested and analyzed by mass spectrometry, identifying a total of 5,112
proteins at a 1% false discovery rate (FDR), with 83% (4,266) of these proteins being
derived from the host proteome and 846 being derived from C. burnetii (see Table S1
in the supplemental material). Of the 4,266 host proteins, 851 were altered in abun-
dance when comparing infected to uninfected cells, as determined by a one-sample t
test with a Benjamini-Hochberg multiple-hypothesis correction of 5%, leading to a
significance cutoff of a �1.85 �log10(P value) (47). Analysis of these altered proteins
using Fisher’s exact enrichment analysis of protein-associated gene ontology (GO)
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terms identified significant enrichment of proteins involved in “phagosome matura-
tion” (15 out of 20 proteins identified; 75%), “cellular component organization or
biogenesis” (228 out of 1,257 proteins identified; 18%), and “organelle organization”
(128 out of 653 proteins identified; 20%) (Fig. 1A and Table S2). Importantly, 24% (60
of the 252) of the proteins regulated by TFEB (23) were significantly altered upon
infection with C. burnetii (Fig. 1A). The SILAC ratios revealed significant increases in
proteins within the TFEB/TFE3 regulatory network, which were consistent across all four
biological replicates (Fig. 1B), including many components of the vacuolar ATPase and
the autophagy receptor Sequestosome 1 (SQSTM1), which has previously been shown
to be increased in abundance during C. burnetii infection (12, 24). This proteomics-
based analysis demonstrated that 3 days after infection with C. burnetii, the abundances
of proteins associated with lysosomal biogenesis were increased.

Nuclear translocation of TFEB-GFP during C. burnetii infection of HeLa TFEB-
GFP cells. Given the increased abundance of proteins involved in lysosome biogenesis
and autophagy observed during C. burnetii infection, the nuclear translocation of TFEB
was examined. The subcellular localization of TFEB-green fluorescent protein (GFP) was
monitored in uninfected HeLa cells and compared to that in cells infected with C.
burnetii for 1, 3, or 5 days. In uninfected cells, the majority of the TFEB-GFP was retained
within the cytoplasm (Fig. 2A). Cells infected with C. burnetii for 1 day (24 h) showed a
similar cytoplasmic TFEB-GFP distribution. In contrast, at 3 and 5 days postinfection,
when C. burnetii was replicating within the CCV, TFEB-GFP nuclear translocation was
observed (Fig. 2). The nuclear translocation of TFEB-GFP was quantified by calculating
the nuclear-to-cytoplasmic ratio of the TFEB-GFP ratio. This ratio was quantified for at
least 30 cells under each experimental condition for each of three independent
biological replicates. Regardless of individual cell variability (Fig. 2B), a consistent
increase in the nuclear/cytoplasmic TFEB-GFP signal was observed at days 3 and 5 of C.
burnetii infection (Fig. 2C). By day 5 postinfection, this increase was equivalent to that
in uninfected cells treated with chloroquine (CQ), a lysosomotropic agent that induces
TFEB nuclear translocation by causing lysosomal stress (20) (Fig. 2).

FIG 1 C. burnetii infection leads to a host cell proteome shift that supports increased lysosome biogenesis. (A)
GO-based enrichment of proteins involved in various biological processes analyzed using Fisher’s exact enrichment
analysis. Percentages represent the proportions of proteins enriched in each category compared to the observable
proteome. (B) Heat map of proteins with TFEB-associated gene expression. Color represents the SILAC ratio for each
of four biological replicates, where red represents an increase in C. burnetii-infected THP-1 cells.
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C. burnetii infection induces nuclear translocation of endogenous TFEB. To
discount the potential impact of TFEB overexpression on its nuclear translocation
during C. burnetii infection, the localization of endogenous TFEB was examined. HeLa
cells (Fig. 3A) and differentiated THP-1 cells (Fig. 3B) were fixed and stained with
anti-TFEB and anti-C. burnetii antibodies under the following conditions: uninfected,
treated with CQ for 24 h, or infected with C. burnetii for 3 or 5 days. Consistent with our
previous findings, TFEB was observed to be enriched within the nucleus 3 and 5 days
after infection with C. burnetii in both cell lines (Fig. 3). The anti-TFEB antibody
demonstrated significant cross-reactivity with C. burnetii, hampering the possibility of
quantifying the nuclear/cytoplasmic intensity of TFEB during infection. Visual observa-
tion confirms that TFEB is recruited into the host cell nucleus during C. burnetii
infection, which may account for the increased production of host proteins that
contribute to lysosome biogenesis and autophagy observed in our SILAC studies.

Endogenous nuclear translocation of TFE3 is induced during C. burnetii infec-
tion. Given that both TFEB and TFE3 upregulate the expression of genes involved in
lysosomal biogenesis and autophagy, the subcellular localization of TFE3 during C.
burnetii infection was also examined. HeLa cells (Fig. 4A) and differentiated THP-1 cells
(Fig. 4B) were infected with C. burnetii for 1, 3, and 5 days before being fixed and
stained with anti-TFE3 and anti-C. burnetii. These samples were compared to uninfected
cells that remained untreated or were treated with CQ for 24 h. As expected, in
uninfected cells, the majority of TFE3 was present in the cytoplasm. TFE3 was observed
to translocate into the host cell nucleus throughout the course of infection. The
nuclear/cytoplasmic intensity of TFE3 was calculated for at least 30 HeLa cells under

FIG 2 Nuclear translocation of TFEB-GFP during C. burnetii infection of HeLa TFEB-GFP cells. (A) Representative
confocal images of HeLa TFEB-GFP cells that were uninfected (UI); infected for 1, 3, or 5 days with C. burnetii NMII
at an MOI of 100; or treated for 24 h with 50 �g/ml chloroquine (CQ). Following infection and/or treatment, cells
were fixed and immunolabeled with anti-C. burnetii (red), and nuclei were stained with DAPI (blue). White arrows
and asterisks denote TFEB nuclear translocation and CCVs, respectively. Bars, 10 �m. (B) Representative nuclear/
cytoplasmic ratios of TFEB-GFP from 30 uninfected, infected, or treated cells at the time points indicated. (C)
Average nuclear/cytoplasmic ratios of TFEB-GFP from three biological replicates. The means and SD for each time
point are presented. An unpaired two-tailed t test was used to determine the statistical significance between
samples. NS, not significant.
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each experimental condition (Fig. 4C) for each of three independent experiments (Fig.
4D). A statistically significant increase in nuclear TFE3 was observed from day 1
postinfection, compared to uninfected cells, and this ratio increased at day 3 and day
5 postinfection, approaching the TFE3 nuclear translocation observed with CQ treat-
ment (Fig. 4D). These results demonstrate that TFE3, in addition to TFEB, is actively
recruited into the host nucleus during C. burnetii infection. Interestingly, TFE3 nuclear
localization was observed at an earlier stage of infection than TFEB.

Nuclear localization of TFEB-GFP and TFE3 during C. burnetii infection is
Dot/Icm dependent and reversed upon inhibition of bacterial protein translation.
To determine whether the nuclear translocation of TFEB and TFE3 is driven by C.
burnetii, the localization of these host proteins was visualized in HeLa cells infected for
3 days with Dot/Icm-deficient C. burnetii. C. burnetii with a disrupted T4SS did not
induce the nuclear translocation of TFEB-GFP or TFE3 3 days after infection of HeLa cells
(Fig. 5). In order to account for the absence of replication of this C. burnetii mutant, a
10-fold-increased multiplicity of infection (MOI) of C. burnetii icmL::Tn (6) was included,
but there was still no observable increase in the nuclear-to-cytoplasmic ratio of
TFEB-GFP (Fig. 5A and C) or TFE3 (Fig. 5B and D).

In order to examine whether the sustained nuclear localization of TFEB-GFP and
TFE3 required C. burnetii activity, HeLa cells infected with C. burnetii for 3 days, to
induce the nuclear translocation of TFEB-GFP and TFE3, were treated with 10 �g/ml of
chloramphenicol for 8 h (Fig. 5). Chloramphenicol blocks bacterial protein synthesis and
has previously been used to demonstrate the importance of C. burnetii protein syn-
thesis during infection (6, 25). Similar to the results seen with Dot/Icm-deficient C.
burnetii, blocking of bacterial protein translation with chloramphenicol led to a loss of
nuclear TFEB-GFP and TFE3. Quantification of the ratio of nuclear to cytoplasmic signals

FIG 3 C. burnetii infection induces nuclear translocation of endogenous TFEB. (A) Representative immunofluorescence images of HeLa
CCL2 cells that were uninfected, infected with C. burnetii NMII at an MOI of 100 for 3 or 5 days, or treated using 50 �g/ml chloroquine (CQ)
for 24 h. (B) Differentiated THP-1 macrophage cells were uninfected, infected with C. burnetii NMII at an MOI of 100 for 3 or 5 days, or
treated using 50 �g/ml CQ for 24 h. Cells after infection and upon treatment were fixed for immunolabeling with antibodies against C.
burnetii (red) and TFEB (green), and nuclei were stained with DAPI (blue). Bars, 10 �m. White arrows and asterisks denote endogenous TFEB
nuclear translocation and CCVs, respectively.
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was confirmed by immunofluorescence microscopy (Fig. 5C and D). Together, these
data indicate that the sustained nuclear localization of TFEB-GFP and TFE3 during C.
burnetii infection depends on bacterial protein synthesis and the activity of the Dot/Icm
secretion system.

FIG 4 C. burnetii infection induces nuclear translocation of endogenous TFE3. (A and B) Representative confocal images of HeLa CCL2 cells
(A) or THP-1 cells (B) that were uninfected or infected with C. burnetii NMII at an MOI of 100 for 1, 3, or 5 days. After infection or following
chloroquine (CQ) treatment, cells were fixed and immunolabeled with antibodies against C. burnetii (red) and TFE3 (green), and nuclei
were stained with DAPI (blue). White arrows and asterisks denote endogenous TFE3 nuclear translocation and CCVs, respectively. Bars,
10 �m. (C) Representative nuclear/cytoplasmic ratios of endogenous TFE3 from 30 uninfected, infected, or treated HeLa CCL2 cells at the
time points indicated. (D) Average nuclear/cytoplasmic ratios of endogenous TFE3 in HeLa CCL2 cells from three independent
experiments. The means and SD for each time point are presented. An unpaired two-tailed t test was used to determine the statistical
significance between samples.
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TFEB and TFE3 are important for vacuole biogenesis during C. burnetii infec-
tion. The nuclear translocation of TFEB and TFE3 and the increase in the abundances
of many proteins controlled by TFEB and TFE3 during C. burnetii infection call for a
direct assessment of these transcription factors toward a productive C. burnetii infec-
tion. To examine the effects of these transcription factors on CCV biogenesis and the

FIG 5 C. burnetii drives nuclear translocation of TFEB-GFP and TFE3. (A) HeLa cells constitutively expressing TFEB-GFP were infected with
either wild-type (WT) C. burnetii or a Dot/Icm-deficient mutant (icmL::Tn) and treated as indicated before being fixed at 3 days
postinfection and stained for C. burnetii. “Cm” refers to addition of chloramphenicol 8 h before fixation. The average nuclear/cytoplasmic
ratio of TFEB-GFP was calculated from three independent experiments. (B) HeLa cells were infected as described above and stained for
endogenous TFE3 and C. burnetii at 3 days postinfection. The average nuclear/cytoplasmic ratio of TFE3 was calculated from three
independent experiments. In both scenarios, the signal ratio from a minimum of 30 individual cells was calculated under each condition
tested in each independent experiment. The mean ratio for each independent experiment is shown, and the gray bar represents the
average mean from the independent experiments. Error bars represent standard deviations. An unpaired two-tailed t test was used to
determine statistical significance between WT infection and other samples, and P values of �0.05 are displayed. (C and D) Representative
images of TFEB-GFP (C) and TFE3 (D). WT CCVs are labeled in the merged images with asterisks, and nucleus-localized TFEB-GFP or TFE3
is highlighted with an arrow. Collapsing CCVs and nonreplicating C. burnetii cells are indicated with arrowheads. Bars, 10 �m.
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replication of C. burnetii, small interfering RNA (siRNA) was used to silence the expres-
sion of TFEB or TFE3. HeLa cells were transfected with siRNA targeting TFEB (siTFEB) or
TFE3 (siTFE3) or the OnTarget Plus nontargeting (OTP-NT) control (siOTP-NT). Reduc-
tions in TFEB and TFE3 were confirmed by immunoblotting lysates collected at 1, 3, and
5 days posttransfection (Fig. 6A). Two days after siRNA transfection, HeLa cells were
infected with C. burnetii, and bacterial replication was measured by collecting cell
lysates at 4 h (day 0), 3 days, and 5 days postinfection (corresponding to 2, 5, and 7 days
posttransfection). Across 4 independent experiments, siTFEB treatment led to a small
but significant (P � 0.011) reduction in C. burnetii replication (Fig. 6C). HeLa cells treated
with siOTP-NT supported a fold change in C. burnetii genome equivalents of 205.00 �

81.60 over 5 days, compared to 52.81 � 18.81 for siTFEB treatment (P � 0.011). Gene
silencing of TFE3 induced a similar trend toward less C. burnetii replication, with
siOTP-NT control-treated cells supporting a fold change in C. burnetii genome equiva-
lents of 272.24 � 131.84 across 5 days, compared to 91.84 � 58.12 for TFE3-silenced
cells (P � 0.055) (Fig. 6D). At 3 days postinfection, samples were fixed and stained with
anti-Coxiella and anti-lysosome-associated membrane protein 1 (LAMP1) to monitor
CCV size upon the depletion of TFEB and TFE3 (Fig. 6F, G, and J). The microscopy
analysis independently validated the functional impact of TFEB and TFE3 gene silenc-
ing, as significantly less LAMP1 was observed in gene-silenced cells (Fig. 6J and K). The
sizes of the CCVs formed during gene silencing of TFEB or TFE3 were significantly
reduced compared to those of vacuoles that formed with siOTP-NT treatment (Fig. 6F,
G, and J). Figure 6F demonstrates the range of CCV sizes in individual host cells in one
experiment, and Fig. 6G shows the average CCV sizes and standard deviations from three
independent experiments. With siOTP-NT treatment, CCVs were 315.40 � 30.95 �m2,
compared to 101.43 � 6.04 �m2 in the absence of TFEB (P � 0.0003) and 122.03 � 7.21
�m2 in the absence of TFE3 (P � 0.0005).

To determine whether TFEB and TFE3 act independently or have overlapping roles
during C. burnetii infection of HeLa cells, double-knockdown experiments were per-
formed. Here, the expression of both TFEB and TFE3 was silenced (Fig. 6B), and C.
burnetii infection was compared to that in siOTP-NT control-treated cells. C. burnetii
intracellular replication in the absence of both TFEB and TFE3 was comparable to that
with siOTP-NT treatment (Fig. 6E). Even at 5 days postinfection, there was no observable
difference in bacterial numbers (n � 5; P � 0.6467). However, in agreement with the
silencing of either TFEB or TFE3, the CCV area was significantly impacted by the absence
of both TFEB and TFE3 (Fig. 6H, I, and K). Consistent with previous measurements, the
average CCV size 3 days after infection of siOTP-NT-treated HeLa cells was 236.41 �

69.44 �m2, compared to 53.80 � 14.63 �m2 for cells treated with both siTFEB and
siTFE3 (P � 0.0112). These data demonstrate that TFEB and TFE3 contribute to the
biogenesis of the normally spacious CCV.

DISCUSSION

Intracellular bacterial pathogens mediate complex interactions with eukaryotic host
cells that similarly have evolved many strategies to recognize and respond to infection.
Deciphering this arms race can inform our understanding of bacterial pathogenesis and
reveal a novel understanding of eukaryotic cell function and dysfunction. Here, a
SILAC-based proteomics approach was employed to capture a global snapshot of the
host proteomic changes that occur during C. burnetii infection. This revealed a signif-
icant increase in many lysosomal proteins within the TFEB and TFE3 CLEAR regulatory
network.

In support of previous findings, the SILAC experiments performed here demon-
strated an increase in the abundance of the autophagy receptor SQSTM1 during C.
burnetii infection (12, 24). A previous study showed the noncanonical recruitment of
SQSTM1 to the CCV during infection, where it is proposed to act as a signaling molecule
activating the Nrf2-Keap1 cytoprotective pathway (24). Rab7, a marker of late endo-
somes, showed a marked increase in abundance during infection with C. burnetii. As a
key regulator of endocytic maturation and autophagosome-lysosome fusion, Rab7 is
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FIG 6 Functional importance of TFEB and TFE3 during C. burnetii infection. HeLa cells were transfected with nontargeting siRNA (siOTP-NT)
or siRNA specifically targeting TFEB (siTFEB), TFE3 (siTFE3), or both siTFEB and siTFE3 (siTFEB/TFE3) and harvested at days 0, 3, and 5 days
posttransfection. (A) Immunoblot analysis of whole-cell lysate showing the absence of TFEB and TFE3 with siTFEB and siTFE3 treatment.
(B) Immunoblot analysis of whole-cell lysates showing the loss of both TFEB and TFE3 5 days after siTFEB/TFE3 treatment. �-�-Actin was
used as a loading control in both panels A and B. (C to E) siRNA-transfected HeLa cells were infected with C. burnetii at an MOI of 100,
and intracellular replication was quantified by enumerating genome equivalents (GE) by qPCR at 0, 3, and 5 days postinfection.
Nontargeting siRNA (siOTP-NT) treatment was compared to siTFEB (C), siTFE3 (D), and siTFEB/TFE3 (E) treatments. (F) CCV area
measurement from 30 individual infected cells from one experiment showing variation in CCV size following siRNA treatments. (G)
Quantification of the average CCV area from three biological replicates comparing siOTP-NT treatment with silencing of the expression
of either TFEB or TFE3. (H) CCV area measurement from 30 individual infected cells from one experiment showing variation in CCV size

(Continued on next page)
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required for the biogenesis of the CCV and the activation of the C. burnetii T4SS (26, 27).
Additionally, the abundances of eight subunits of the vacuolar ATPase, the proton
pump responsible for the acidification of the endocytic network, were increased during
C. burnetii infection.

Examination of TFEB and TFE3 localization throughout infection demonstrated
significant nuclear translocation of these host transcription factors. Interestingly, sig-
nificant nuclear localization of TFE3 was detected at 1 day postinfection, and TFEB
nuclear translocation was notable from 3 days postinfection, corresponding to CCV
expansion and C. burnetii replication. This nuclear translocation of TFEB and TFE3 likely
accounts for the increased abundance of CLEAR network proteins observed during C.
burnetii infection.

In HeLa cells, the nuclear translocation of TFEB and TFE3 appears to be controlled
by C. burnetii, as blocking bacterial translation with chloramphenicol leads to TFEB/TFE3
movement back into the cytoplasm. In support of this hypothesis, a Dot/Icm-deficient
C. burnetii mutant was unable to induce the nuclear recruitment of TFEB and TFE3.
Intriguingly, these data suggest that C. burnetii may encode Dot/Icm effectors that
promote the activation of this signaling pathway to facilitate increased lysosomal
biogenesis and autophagy.

To determine the impact of TFEB or TFE3 on C. burnetii infection, we used siRNA
gene silencing in HeLa cells and measured the consequences for C. burnetii intracellular
success. The loss of TFEB or TFE3 had a significant impact on CCV expansion but little
impact on the intracellular replication of C. burnetii. The absence of both TFEB and TFE3
recapitulated a nonredundant role for these proteins in CCV expansion. Despite these
host transcription factors not influencing bacterial replication, C. burnetii replication
within a noncanonical, tightly bound CCV may have important downstream conse-
quences for C. burnetii fitness that can be observed only in multicellular models of
infection.

The findings reported here should be considered in the context of similar research
published during the preparation of this article (28). In agreement with our findings,
that study also demonstrated TFE3 nuclear translocation during C. burnetii infection of
HeLa cells and reported that this may be linked to the observation that mTORC1 activity
is inhibited during infection in a Dot/Icm-dependent manner (28). Knockout of both
TFEB and TFE3 in RAW 264.6 macrophage-like cells also led to the production of smaller
CCVs but, surprisingly, more C. burnetii replication across 3 days. This finding supports
our observation that TFEB and TFE3 are important for the formation of the hallmark
spacious CCV but are not necessary for bacterial replication. Interestingly, Larson et al.
demonstrated that infection with Dot/Icm-deficient C. burnetii can also induce the
nuclear translocation of TFE3 in HeLa cells (28). This TFE3 activation appears to be
independent of mTORC1 inhibition and may represent a host response to bacterial
infection independent of the pathogen-driven activation of this pathway that we
observed here. Given the opposing findings presented here and by Larson et al., it will
be interesting to explore whether any Dot/Icm effector proteins can, either directly or
indirectly, influence the nuclear localization of TFEB and TFE3 and the activity of
mTORC1.

Research into the relationship between other bacterial pathogens and TFEB has
demonstrated that the activation of this pathway can have divergent consequences for
different infections. Acinetobacter baumannii, a Gram-negative pathogen predomi-
nantly associated with hospital-acquired infections, induces the activation of TFEB in
alveolar epithelial cells, and this promotes the internalization and intracellular success

FIG 6 Legend (Continued)
following treatment with either siOTP-NT or siTFEB/TFE3. (I) Quantification of the average CCV area from three biological replicates
comparing siOTP-NT and siTFEB/TFE3 treatments. Error bars in panels F to I represent the SD. An unpaired two-tailed t test was used to
determine statistical significance between siOTP-NT and the other siRNAs tested, and all P values of �0.05 are displayed. (J and K)
Immunofluorescence images of HeLa cells depicting CCVs at 3 days postinfection. Cells were fixed and immunolabeled with antibodies
against LAMP1 (green) and C. burnetii (red), and DNA was stained with DAPI (blue). White asterisks indicate CCVs. Bars, 10 �m.
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of this pathogen (29). In contrast, TFEB activation during both Staphylococcus aureus
and Salmonella enterica serovar Typhimurium infections is considered an important
host response to infection (30–32). Interestingly, Mycobacterium tuberculosis, the caus-
ative agent of tuberculosis, has been shown to inhibit TFEB activation by inducing the
increased expression of the host microRNA miR-33 (33).

To date, the factors that influence the host cell transcriptome during C. burnetii
infection are not clearly understood. The proteomics data presented here reflect the
complex interplay between host and bacterial signaling influences, both transcriptional
and posttranscriptional. Not all TFEB/TFE3-regulated proteins demonstrate increased
abundances during C. burnetii infection. Despite the observed nuclear translocation of
TFEB and TFE3, there are other host and bacterial factors that contribute to the host
transcriptome during infection. For example, the Nrf2-Keap1 antioxidant pathway,
regulated by SQSTM1, was recently shown to be exploited by C. burnetii with the
transcription factor Nrf2 present in the nucleus of infected cells (24). C. burnetii can
influence host transcription through Dot/Icm effector proteins. C. burnetii has many
effectors with the capacity to enter the host nucleus, including CaeA and AnkG, both
of which possess antiapoptotic activity, and CBU1314, which has been shown to
interact with chromatin and induce transcriptional changes when ectopically expressed
in eukaryotic cells (34–36). Both host and bacterial factors may be acting in potentially
cooperative and antagonistic manners to impact the host proteome profile defined
here.

This research demonstrates that C. burnetii actively manipulates host cell transcrip-
tion to promote autophagy and lysosomal biogenesis. The mechanism by which the Q
fever pathogen controls this pathway is important for developing our understanding of
the virulence strategies possessed by this emerging pathogen. Cumulative evidence
suggests that the regulation of lysosomal biogenesis and autophagy by TFEB can
influence important human diseases such as lysosomal storage disorders and neuro-
degenerative diseases (37). Thus, understanding how C. burnetii controls the lysosome-
nucleus signaling axis may provide novel insights into understanding mammalian cell
function and the mechanisms contributing to several important human disease states.

MATERIALS AND METHODS
Mammalian cell culture and C. burnetii. HeLa CCL2 and HeLa TFEB-GFP stable cells (a kind gift from

Shawn Ferguson, Yale University) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
GlutaMAX (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS) at 37°C with 5%
CO2. THP-1 cells were maintained in RPMI 1640 supplemented with 10% FBS at 37°C with 5% CO2. C.
burnetii Nine Mile phase II (NMII) strain RSA439, clone 4, and C. burnetii icmL::Tn (6) were axenically
cultured in liquid ACCM-2 (38) with chloramphenicol added at 3 �g/ml, when required, at 37°C with 5%
CO2 and 2.5% O2 for 7 days.

C. burnetii infections. HeLa cell lines were plated at a density of 5 � 104 cells/well into 24-well tissue
culture plates 1 day prior to infection, with or without 10-mm glass coverslips. THP-1 cells were seeded
into 24-well tissue culture plates at a density of 5 � 105 cells/well and treated with 10 nM phorbol
12-myristate 13-acetate (PMA) for 72 h to induce differentiation into adherent, macrophage-like cells.
Axenically grown C. burnetii cells were quantified using the Quant-iT PicoGreen double-stranded DNA
(dsDNA) assay kit (Thermo Fischer Scientific) according to the manufacturer’s instructions. Sample values
were compared to DNA standards of known concentrations, and quantification of C. burnetii genome
equivalents was performed using the mass of the Coxiella genome (2.2 � 10�9 �g) to enumerate the
multiplicity of infection (MOI). In all experiments, HeLa cells were infected with C. burnetii at an MOI of
100, and THP-1 cells were infected at an MOI of 25. Cells were incubated for 4 h at 37°C with 5% CO2,
washed once in phosphate-buffered saline (PBS), and further incubated in fresh DMEM with 5% FBS
(HeLa cells) or RPMI 1640 with 10% FBS (THP-1 cells). At defined times postinfection, samples were either
fixed with 4% paraformaldehyde (PFA) for microscopy analysis or lysed with H2O and collected for C.
burnetii genomic DNA quantification.

Western blot analysis. Samples for Western blotting were collected at the indicated time points
throughout infection by resuspension in 2� SDS-PAGE sample buffer. Proteins were resolved using Bolt
4 to 12% Bis-Tris Plus gels (Thermo Fischer Scientific, Invitrogen) and transferred to nitrocellulose
membranes using the iBlot 2 transfer system (Life Technologies, Thermo Fischer Scientific). Membranes
were blocked using 5% skim milk in Tris-buffered saline containing 0.1% Tween 20 (TBST). The following
antibodies were diluted in 5% bovine serum albumin (BSA) or skim milk in TBST and incubated with a
nitrocellulose membrane at 4°C overnight: polyclonal anti-TFEB (1:1,000; Cell Signaling Technology),
polyclonal anti-TFE3 (1:1,000; Sigma), monoclonal anti-�-actin AC-74 (1:5,000; Sigma), anti-mouse horse-
radish peroxidase (HRP) (1:3,000; Perkin Elmer), and anti-rabbit HRP (1:3,000; Perkin Elmer). Blots were
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developed using Clarity Western ECL reagent (Bio-Rad) and exposed on an MF-ChemiBIS system, version
3.2 (DNR Bio-Imaging Systems, Ltd.). Immunoblots were analyzed using GelCapture software, version
7.0.18 (DNR Bio-Imaging Systems, Ltd.).

SILAC labeling and infection of the THP-1 cell line. SILAC labeling of undifferentiated THP-1 cells
was performed as previously described (39, 40). Briefly, RPMI 1640 (Cambridge Isotope Laboratories, Inc.)
lacking arginine and lysine was supplemented with 10% dialyzed FBS (Sigma). Arginine and lysine were
added in either a light (L-arginine and L-lysine [Sigma] [Arg0; Lys0]) or heavy (L-[13C6, 15N4]arginine and
L-[13C6, 15N2]lysine [Cambridge Isotope Laboratories] [Arg6; Lys4]) combination to final concentrations of
1.15 mM for arginine and 0.274 mM for lysine. THP-1 cells were split and passaged independently 5 times
to allow for the incorporation of labeled amino acids into the cellular proteome. THP-1 cells were PMA
differentiated 72 h prior to infection with C. burnetii expressing mCherry (5) at an MOI of 100. Cells were
washed with PBS at 24 h postinfection to remove any extracellular bacteria and maintain infections
within a 24-h window. Infected cells were incubated for a further 2 days prior to isolation and sorting for
mCherry fluorescence using fluorescence-activated cell sorting (FACS). An equal number of uninfected
cells were similarly counted via FACS and combined 1:1 with the infected cells. Cells were snap-frozen
in liquid nitrogen prior to preparation for proteomic analysis.

Proteomics of whole-cell SILAC samples. Whole-cell SILAC samples were lysed in guanidine
hydrochloride (GdHCl) lysis buffer [6 M GdHCl, 100 mM Tris (pH 8.0), 10 mM tris(2-carboxyethyl)
phosphine, 40 mM 2-chloroacetamide (CAA)] at 95°C at 1,400 rpm (41). Lysates were cooled, and the
protein concentration was determined using a bicinchoninic acid (BCA) kit (Pierce). A total of 50 to
100 �g of protein was acetone precipitated (4 volumes of acetone, 1 volume of water, and 1 volume of
the sample) overnight at �20°C. Precipitated material was then pelleted at 16,000 � g for 10 min at 4°C
and dried, to remove the remaining acetone, at 65°C. Pellets were resuspended in buffer containing 6 M
urea, 2 M thiourea, and 10 mM dithiothreitol (DTT) and incubated at room temperature (RT) in the dark
for 1 h to reduce disulfide bonds. Samples were then alkylated by the addition of 40 mM CAA and
incubated for a further hour. Alkylation was halted by the addition of 20 mM DTT, and the samples were
incubated at RT for 15 min. Samples were digested with endoproteinase Lys-C (1/200 [wt/wt]; Wako Lab
Chemicals) for 4 h at RT before dilution with 20 mM ammonium bicarbonate and digestion with trypsin
(1/50 [wt/wt]; Sigma) overnight at 25°C. Digested peptides were then acidified by the addition of 2%
formic acid and desalted using homemade C18 (Empore C18; Sigma) stage tips (42) before being dried
down for analysis by liquid chromatography-mass spectrometry (LC-MS). Prior to loading, samples were
reconstituted in MS running buffer (2% acetonitrile, 0.1% trifluoroacetic acid) to a concentration of
0.5 �g/�l, of which 2 �g was loaded for analysis.

Samples were analyzed by LC-MS on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo
Fisher Scientific) coupled to a Dionex Ultimate 3000 ultraperformance liquid chromatography system
(Thermo Fisher Scientific) using a two-column chromatography setup composed of a PepMap100 C18

20-mm by 75-�m trap column and a PepMap C18 500-mm by 75-�m analytical column (Thermo Fisher
Scientific). Samples were concentrated at 5 �l/min onto the trap column for 5 min with buffer A (2%
acetonitrile and 0.1% formic acid) prior to the initiation of analytical separation, which was performed at
300 nl/min. Liquid chromatography separation was undertaken by altering the composition of buffer B
from 3% to 30% over 180 min and then from 30% to 40% over 7 min and 40% to 90% over 5 min, with
holding at 90% for 5 min and then a drop to 3% buffer B (80% ACN and 0.1% formic acid) over 3 min,
with the column then equilibrated by holding at 3% buffer B for 5 min. Data from experiments were
acquired using data-dependent acquisition with a 120,000-resolution MS1 scan of a mass-to-charge (m/z)
range of 400 to 1,600 (automatic gain control [AGC] set to 5 � 105 or a maximum injection time of 50 ms)
acquired every 3 s, followed by MS2 scans. MS2 scans were acquired using high-energy collision
dissociation fragmentation with a normalized collision energy of 35, a resolution of 15,000, and an AGC
of 2 � 105 or a maximum injection time of 40 ms.

All raw files were analyzed using the MaxQuant platform (version 1.6.3.4), searching against the
UniProt human and C. burnetii databases (UniProt accession numbers UP000005640 and UP000215556,
respectively; downloaded July 2017) containing reviewed, canonical, and isoform variants and a database
containing common contaminants generated by the Andromeda search engine (43). A multiplicity of 2
was used, denoting either the canonical amino acids (Arg0 and Lys0) or the SILAC amino acids (Arg6 and
Lys4). Searches were performed with cysteine carbamidomethylation as a fixed modification and
methionine oxidation and N-terminal acetylation as variable modifications. A false discovery rate (FDR)
of 1% was applied as defined within the default parameters. “Re-quantify” and “match between runs”
functions were enabled, with a match time window of 2 min. Unique and razor peptides were used for
identification, with a minimum ratio count of 2. The “protein groups” output file was then imported into
the Perseus platform (version 1.6.2.3) for further analysis (44). Identifications labeled by MaxQuant as
“only identified by site,” “potential contaminant,” and “reverse hit” were removed, and the SILAC ratios
were log2 transformed. Identifications were matched to human and C. burnetii annotation files (UniProt)
using gene name identifiers. Mean log2-transformed heavy/light ratios and P values for each group were
calculated using a single-sample two-sided t test. Proteins determined to be significantly altered
between groups were assessed using Fisher’s exact enrichment analysis to identify overrepresented GO
terms. Both the determination of altered proteins and Fisher’s exact enrichment analysis were subjected
to multiple-hypothesis correction using Benjamini-Hochberg correction at an FDR of 5%. Data were
exported into the R framework for visualization.

C. burnetii intracellular replication. To enumerate C. burnetii genome equivalents by quantitative
PCR (qPCR), infected cells were lysed in sterile distilled H2O and collected. Lysed samples were pelleted
to obtain the C. burnetii and mammalian cell debris before being resuspended in 100 �l of sterile H2O.

Padmanabhan et al. Infection and Immunity

March 2020 Volume 88 Issue 3 e00534-19 iai.asm.org 12

https://iai.asm.org


C. burnetii genomic DNA was extracted using the Quick-DNA miniprep kit (Zymo Research), and bacterial
genome equivalents were enumerated by qPCR using ompA-specific primers and comparison to refer-
ence samples (45).

Confocal microscopy. Immunofluorescence labeling was performed in TFEB-GFP stable cells to monitor
TFEB nuclear localization. At the desired times postinfection, the cells were washed once with PBS and fixed
with 4% (wt/vol) paraformaldehyde for 20 min at room temperature. The fixed cells were blocked and
permeabilized using 0.05% saponin and 2% BSA in PBS, followed by staining using the following primary and
secondary antibodies: rabbit polyclonal anti-C. burnetii (1:10,000; in-house [6]) and secondary antibody
conjugated to Alexa Fluor 568 (1:2,000; Life Technologies). To monitor the endogenous nuclear translocation
of TFEB and TFE3, cells were washed once with PBS, fixed with 4% PFA, and permeabilized with 0.2% Triton
X-100 in PBS for 10 min at room temperature. This was followed by primary antibody staining in 10% FBS and
0.1% saponin for 1 h at RT with the following antibodies: rabbit polyclonal anti-TFEB (1:100; Cell Signaling) or
rabbit polyclonal anti-TFE3 (1:200; Sigma), mouse monoclonal anti-LAMP1 (1:200; Developmental Studies
Hybridoma Bank), and mouse anti-C. burnetii (1:1,000; in-house). Secondary antibodies conjugated to rabbit
Alexa Fluor 488 (1:2,000; Invitrogen) and mouse Alexa Fluor 568 (1:2,000; Invitrogen) were used in the same
blocking buffer. Antibody incubations were followed by PBS washes and incubation with 4=,6-diamidino-2-
phenylindole (DAPI) (diluted 1:10,000 in PBS) to stain DNA. Coverslips were mounted using ProLong gold
antifade mountant (Invitrogen). Images were acquired with a Zeiss LSM700 confocal laser scanning micro-
scope (Zeiss, Germany) and processed using Fiji software (46).

siRNA gene silencing of TFEB and TFE3. For siRNA-mediated gene silencing of TFEB and TFE3 in
HeLa cells, cells were reverse transfected with small interfering RNA (siRNA) siGenome SMARTpools
(Dharmacon, GE Life Sciences) against human TFEB or TFE3 or OnTarget Plus nontargeting (OTP-NT)
siRNA using DharmaFECT-1 (Dharmacon, GE Life Sciences). Cells were seeded at a density of 2.5 � 105

cells in 24-well plates with a final concentration of 40 nM siRNA. Cells treated with both siTFEB and siTFE3
were transfected with 40 nM each siRNA. At 24 h posttransfection, the medium was changed, and cells
were incubated for a further 2 days. Transfected cells were then infected with C. burnetii at an MOI of 100
for 4 h and washed once with PBS, and the medium was replaced with DMEM containing 5% FBS. This
time point was designated day 0. Samples for immunoblotting were collected by resuspending them in
2� SDS-PAGE sample buffer at 1, 3, and 5 days posttransfection. Cells were processed for C. burnetii
genome quantification at days 0, 3, and 5 postinfection as described above. At 3 days postinfection, cells
were fixed and processed for immunofluorescence as described above.

Quantification of the nuclear-to-cytoplasmic ratio. The nuclear-to-cytoplasmic ratios of TFEB and
TFE3 were measured using Fiji (46). The image analysis workflow was semiautomated with a custom
ImageJ macro where the microscope images were imported and the fluorescence intensity on the
segmented nucleus and cytoplasm was measured automatically. The cytoplasm, nucleus, and infected
area were segmented from TFEB/TFE3, DAPI, and infection channels, respectively. The segmentation
threshold was determined from the background of each channel or by using the negative-control image
and applied identically to every image. In noninfected cells, the applied threshold yielded no positive
segmentation. The applied threshold was further checked by visual inspection and minimally adjusted,
if necessary, prior to use for segmentation. Following segmentation, cells that were touching the
boundary of the image were excluded. All complete cells were sorted based on infection status. For each
cell, the mean intensity of cytoplasm and nucleus areas were measured, and the nucleus-to-cytoplasm
ratio was calculated as nuclear mean intensity/cytoplasmic mean intensity.

Statistical analysis and quantification. Data graphs were generated using GraphPad Prism, version
7.03. All graphs display means � standard deviations (SD). Unpaired two-tailed Student’s t test was used
for comparisons between two groups.
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