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Chlamydia trachomatis infections cause severe and irrevers-
ible damage that can lead to infertility and blindness in both
males and females. Following infection of epithelial cells,
Chlamydia induces production of reactive oxygen species
(ROS). Unconventionally, Chlamydiae use ROS to their advan-
tage by activating caspase-1, which contributes to chlamydial
growth. NLRX1, a member of the Nod-like receptor family
that translocates to the mitochondria, can augment ROS pro-
duction from the mitochondria following Shigella flexneri in-
fections. However, in general, ROS can also be produced by
membrane-bound NADPH oxidases. Given the importance of
ROS-induced caspase-1 activation in growth of the chlamydial
vacuole, we investigated the sources of ROS production in epi-
thelial cells following infection with C. trachomatis. In this
study, we provide evidence that basal levels of ROS are gener-
ated during chlamydial infection by NADPH oxidase, but ROS
levels, regardless of their source, are enhanced by an NLRX1-
dependent mechanism. Significantly, the presence of NLRX1 is
required for optimal chlamydial growth.

During electron transfer reactions, eukaryotic cells generate
highly reactive O2 metabolites collectively known as reactive
oxygen species (ROS).2 Given their high cellular toxicity, cells
have developed mechanisms to maintain the levels of ROS in
a homeostatic state and utilize them in cellular functions, in-
cluding signaling pathways, gene expression regulation, and
host defense mechanisms (1–3). Intracellular ROS generation
is mediated by several enzymatic reactions, but the bulk of
ROS is generated from two sources: the mitochondrial elec-
tron transport chain complex and membrane-bound NADPH
oxidase (NOX and DUOX) (4).
During oxidative phosphorylation in the mitochondria, O2

is reduced to O2
. , which in turn is converted by superoxide

dismutase into H2O2, which then diffuses across the mito-
chondrial membrane to the cytoplasm (4). Notably, NLRX1, a

member of the intracellular Nod-like receptor (NLR) family
that is localized in mitochondria, enhances ROS production
induced by poly(I�C), TNF�, and Shigella flexneri infection
(5). Although there is evidence that NLRX1 is the only NLR
member that is found in mitochondria, its exact dynamic lo-
calization remains to be determined. Results from one study
suggested that NLRX1 localizes to the outer mitochondrial
membrane (6), but subsequent characterization suggests that
NLRX1 is transported to the mitochondrial matrix, where it
interacts with UQCRC2, a matrix-facing protein of respira-
tory chain complex III (bc1 complex). The bc1 complex is
known to play an essential role in ROS generation from the
mitochondria (5, 7).
Chlamydia trachomatis is the first cause of bacterial sexu-

ally transmitted disease in the United States, and the inci-
dence of infection has been increasing for the past 20 years
(8–10). The bacteria infect their preferred target cells, cervi-
cal epithelial cells, through entry vacuoles that avoid fusion
with host cell lysosomes and then grow by subverting cell sig-
naling pathways in the host cells and acquiring lipids from the
Golgi apparatus (11–14). Host cells often produce ROS in
response to bacterial infections as a defense mechanism to
impair metabolism and growth of intracellular bacteria by
inflicting damage to the pathogen’s lipids, proteins, and nu-
cleic acids (15). However, in the case of chlamydial infection
of epithelial cells, the intracellular Chlamydiae stimulate the
host cell to generate moderate amounts of ROS. These low
levels of ROS lead to NLRP3 inflammasome-mediated
caspase-1 activation, which contributes to chlamydial infec-
tion (16). Although the basis for caspase-1 stimulation of
chlamydial infection is not known, caspase-1 has many non-
inflammatory substrates and can stimulate metabolism of
host cell lipids (17, 18). Therefore, we investigated the sources
of intracellular ROS generation in epithelial cells during infec-
tion with C. trachomatis.
Here, we show that both NOX/DUOX and NLRX1 contrib-

ute to C. trachomatis-dependent ROS production. Inhibition
of NOX/DUOX resulted not only in abrogation of ROS pro-
duction but also lower chlamydial growth. Specifically, deple-
tion of NOX/DUOX superfamily members NOX4, DUOX1,
and DUOX2 resulted in lower ROS production during infec-
tion. Similarly, silencing NLRX1 expression led to a signifi-
cant decrease in ROS levels during chlamydial infection,
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whereas overexpression of NLRX1 augmented Chlamydia-
induced ROS production. NLRX1 enhanced ROS levels even
when cells were treated with extracellular H2O2, suggesting
that mitochondrial NLRX1 can enhance ROS levels regardless
of their source. Our data indicate that ROS, usually produced
in large quantities by immune cells to limit the growth of in-
vading pathogens, is utilized by Chlamydia to promote its
own growth and is generated from two sites: membrane-
bound NOX and mitochondrial NLRX1.

EXPERIMENTAL PROCEDURES

Cells, Bacteria, and Chemical Reagents—Human cervical
epithelial cells (HeLa 229 cells) were obtained from American
Type Culture Collection, and Nlrx1�/� mouse embryonic
fibroblast (MEF) cells were derived from Nlrx1�/� animals
(produced together with genOway). The LGV/L2 strain of
C. trachomatis was grown as described previously (19). HeLa
cells were cultured in a humidified incubator at 37 °C with 5%
CO2 in DMEM/F-12 (Invitrogen) supplemented with 10%
FBS (Invitrogen) and 10 �g/ml gentamycin (Omega Scientific,
Tarzana, CA). MEF cells were cultured in a humidified incu-
bator at 37 °C with 5% CO2 in RPMI 1640 medium (Invitro-
gen) supplemented with 10% heat-inactivated FBS (Invitro-
gen), 1% nonessential amino acids (Invitrogen), and 10 �g/ml
gentamycin. C. trachomatis cells were grown in infected HeLa
cell monolayer cultures to determine the number of bacterial
inclusion-forming units as described previously (20). Diphe-
nyliodonium chloride (DPI) was purchased from Alexis Bio-
chemicals. Lipofectamine 2000 was purchased from Invitro-
gen. Hydrogen peroxide and the monoclonal antibody against
tubulin were purchased from Sigma. The anti-NLRX1 poly-
clonal antibody was made as described previously (7).
Generation of siRNA against Human NLRX1—The se-

quences (sense strand) of the siRNA targeting NLRX1 and the
scrambled siRNA were as follows: 5�-GAGGAGGACTACTA-
CAACGAT-3� (NLRX1) and 5�-GTGCAGGAGTAGGGCA-
TTTAA-3� (scrambled). The pLKO.1 lentiviral knockdown
system (Addgene, Cambridge, MA) was used to generate len-
tiviral shRNA particles, and oligonucleotides containing the
siRNA sequences were designed according to the pLKO.1
protocol of Addgene. Annealed oligonucleotides were ligated
with digested pLKO.1 plasmid (EcoRI/AgeI) for 4 h at
16 °C, and positive clones were identified by restriction
enzyme digestion (EcoRI/NcoI). shRNA constructs were
fully sequenced with the pLKO.1 sequencing primer
(5�-AAGGCTGTTAGAGAGATAATTGGA-3�).
Lentiviral Packaging—Packaging and purification of the

lentivirus were performed according to standard procedures.
HEK293T cells (1.6 � 106 cells) were seeded in a 10-cm cul-
ture dish in DMEM supplemented with 10% FBS without an-
tibiotics. The following day, cells were cotransfected with the
lentiviral vector (1 �g) and the lentiviral packaging/envelope
vectors psPAX2 (750 ng) and pMD2.G (250 ng). Viruses were
collected from the culture supernatant 24–48 h post-trans-
fection and spun at 1250 rpm for 5 min, and the medium was
passed through a 0.45-�m filter.
Lentiviral Transduction in HeLa cells—Cells were seeded in

6-well plates and then incubated with lentivirus for at least 3

days in the presence of Polybrene (10 �g/ml). Cells that were
successfully transfected were selected by adding a fresh me-
dium that contained 2 �g/ml puromycin (Sigma) and further
incubated for 24 h. Knockdown of NLRX1 protein expression
was confirmed by Western blotting using rabbit anti-NLRX1
polyclonal antibody designed against CQLVAQRYTPLKEV
(amino acids 214–227) of NLRX1 (Cedarlane Laboratories,
Hornby, Canada).
Transient Transfection of HeLa Cells—The NLRX1-FLAG

overexpression construct described previously (5) was tran-
siently transfected into HeLa cells using Lipofectamine 2000
reagent according to the manufacturer’s instructions. Briefly,
cells were plated 1 day before transfection so that cells would
be 95% confluent at the time of transfection. Lipofectamine
2000 mixture was prepared by diluting the appropriate
amount in serum-free medium (4 �l of Lipofectamine/1.6 �g
of DNA) and incubating for 5 min at room temperature. A
plasmid mixture was then prepared by diluting plasmid DNA
in serum-free medium. The DNA and Lipofectamine mix-
tures were combined gently and incubated for 20 min at room
temperature. DNA/Lipofectamine complexes were then
added dropwise to each well containing cells and serum-free
medium, and cells were incubated at 37 °C with 5% CO2 for
6 h, detached using TrypLETM Express (Invitrogen), and
plated to obtain 50% confluency after 18 h.
NADPH Oxidase Components—NOX1, NOX4, DUOX1,

and DUOX2 were each depleted with three different siRNA
constructs as described previously (21). The sequences of the
NOX1 siRNA constructs were 5�-AAAACAUUCAGC-
CCUAACCaa-3�, 5�-AAUGUUGACCCAAGGAUUUtt-3�,
and 5�-UGUGAUCCAAUUGCUUUCUca-3�. The sequences
of the NOX4 siRNA constructs were 5�-GUGAUACUCUG-
GCCCUUGGtt-3�, 5�-UUAUCCAACAAUCUCCUGGtt-3�,
and 5�-UGGUUAUACAGCAAGAAGGtt-3�. The sequences
of the DUOX1 siRNA constructs were 5�-AUCUUCAAC-
CAACACAUGGTC-3�, 5�-UACACGCCAUCUG-
CAUAGCtg-3�, and 5�-GUACCACCCAUCAAAUCGCtg-3�.
The sequences of the DUOX2 siRNA constructs were 5�-
CAUUAGACGGGACUUAUCCtg-3�, 5�-ACCUUCCG-
GAAAUGACAGCTG-3�, and 5�-UUCAACCACUAUGUU-
GUCCtc-3�. Control siRNA (MISSION siRNA universal
negative control, Sigma) was used as a control for the knock-
down procedure. Cells were transfected with siRNA con-
structs and Lipofectamine 2000 reagent following the manu-
facturer’s instructions.
Cell Culture, Infection, and Treatments—HeLa cells grow-

ing at 50% confluency on tissue culture plates (Costar, Corn-
ing, NY) were infected with the LGV/L2 strain of C. tracho-
matis at a multiplicity of infection (m.o.i.) of 3.0 unless
specified otherwise and incubated for the indicated times in
an incubator at 37 °C with 5% CO2. MEF cells growing at 80%
confluency on tissue culture plates were infected with the
LGV/L2 strain of C. trachomatis at an m.o.i. of 3.0 and incu-
bated for 24 h in an incubator at 37 °C with 5% CO2. Treat-
ment with inhibitors or other reagents was performed at the
indicated times and concentrations.
Measurement of ROS Production—HeLa cells were labeled

with the cell-permeant ROS indicator 5(6)-chloromethyl-
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2�,7�-dichlorodihydrofluorescein diacetate acetyl ester (DCF;
Invitrogen) following the manufacturer’s instructions. Briefly,
cells were plated in phenol red-free DMEM containing 10%
FBS and then infected and/or treated for the indicated times.
Cells were detached using TrypLETM Express, loaded with 2.5
�M DCF in PBS for 15 min at 37 °C, washed with PBS, resus-
pended in growth medium, and finally analyzed by flow cy-
tometry with a Guava EasyCyte system with a 15-milliwatt
argon ion laser at 488 nm. Fluorescence was measured on the
FL1 (green) channel, gating only on live cells.
FLICA Staining—During the last hour of incubation, cells

were labeled using a carboxyfluorescein-YVAD-fluoromethyl
ketone caspase-1 FLICATM kit (ImmunoChemistry Technolo-
gies, Bloomington, IN), which binds to activated caspase-1.
Flow cytometric analysis was performed as described previ-
ously (16). Briefly, cells were detached using TrypLETM Ex-
press and then incubated with FLICA for 1 h, followed by two
washes and analysis using the Guava EasyCyte system.
Immunocytochemical Staining and FluorescenceMicroscopy—

For MitoTracker and indirect anti-FLAG immunocytochemi-

cal staining, cells were grown on coverslips and then trans-
fected with the NLRX1-FLAG construct as described above.
Cells were loaded with 500 nM MitoTracker� Orange (Molec-
ular Probes) and incubated for 45 min at 37 °C, followed by
fixation with 4% paraformaldehyde (Sigma) for 15 min at
room temperature (22). Fixed cells were probed with anti-
FLAG monoclonal antibody M2 (1:1000; Sigma) for 2 h at
37 °C, followed by incubation with FITC-conjugated anti-
mouse IgG antibody (Sigma) for 45 min at 37 °C. During the
last 5 min of incubation, Hoechst stain (Sigma) was added,
and cells were viewed on a wide-field fluorescence micro-
scope (Leica, Deerfield, IL). Hoechst, NLRX1-FLAG, and Mi-
toTracker� were viewed with blue, green, and red filters, re-
spectively. For direct anti-FLAG immunocytochemical
staining, cells were fixed with a freshly prepared mixture of
methanol/acetone (1:1) and incubated with Cy3TM-conju-
gated anti-FLAG monoclonal antibody M2 (Sigma) at 1
mg/ml for 1 h. Anti-chlamydial antibody (Argene, Massape-
qua, NY) and Hoechst stain were added during the last 15 and
5 min of incubation, respectively. Cells were mounted on a

FIGURE 1. NLRX1 translocation to mitochondria in infected and uninfected cells. HeLa cells growing on coverslips were transfected using Lipo-
fectamine 2000 reagent with the NLRX1-FLAG construct and infected or mock-infected with the LGV/L2 strain of C. trachomatis at an m.o.i. of 3 for 24 h.
A, uninfected cells were fixed and stained with Hoechst stain (blue), MitoTracker� (red), and anti-FLAG antibody (green). B, infected cells were stained with
Cy3-conjugated anti-FLAG antibody (red) and anti-chlamydial antibody (green). In both cases, the cells were visualized on a fluorescence microscope. WT,
wild-type (Lipofectamine only).
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glass slide, sealed with nail polish, and viewed with a Leica
wide-field fluorescence microscope. Hoechst, Chlamydiae,
and NLRX1-FLAG were viewed with the blue, green, and red
filters, respectively.
RNA Isolation and Real-time PCR—mRNA was isolated

from cells after the indicated treatments or infections using
the Qiagen RNeasy kit following the manufacturer’s instruc-
tions, and total RNA was converted into cDNA by standard
reverse transcription with the TaqMan reverse transcriptase
kit (Applied Biosystems, Foster City, CA). For measurements
of chlamydial 16 S rRNA, total mRNA was isolated using
TRIzol reagent (Invitrogen) following the manufacturer’s in-
structions. Quantitative PCR was performed with the cDNA
preparation (1:50) in the Mx3000P system (Stratagene, La
Jolla, CA) in a 25-�l final volume with Brilliant QPCR Master
Mix (Stratagene). The primers for human GAPDH were 5�-
CTTCTCTGATGAGGCCCAAG-3� (forward) and 5�-
GCAGCAAACTGGAAAGGAAG-3� (reverse). The primers
for human NLRX1 were 5�-GTGCCCGGAAGCT-
GGGCTTG-3� (forward) and 5�-CCGGGCACCACCT-
TCAGCAG-3� (reverse). The primers for human NOX1 were
5�-CACCCCAAGTCTGTAGTGGGAG-3� (forward) and
5�-CCAGACTGGAATATCGGTGAC-3� (reverse). The
primers for human NOX4 were 5�-GGGCTTCCACT-
CAGTCTTTG-3� (forward) and 5�-GTTGAGGGCATTCAC-
CAGAT-3� (reverse). The primers for human DUOX1 were
5�-TTCACGCAGCTCTGTGTCAA-3� (forward) and 5�-

AGGGACAGATCATATCCTGGCT-3� (reverse). The prim-
ers for human DUOX2 were 5�-ACGCAGCTCTGTGT-
CAAAGGT-3� (forward) and 5�-TGATGAACGAGACTCG-
ACAGC-3� (reverse). The primers for C. trachomatis 16 S
rRNA were 5�-CCCGAGTCGGCATCTAATAC-3� (forward)
and 5�-CTACGCATTTCACCGCTACA-3� (reverse). The
primers for murine IFN-� were described previously (23).
Real-time PCR included initial denaturation at 95 °C for 10
min, followed by 40 cycles at 95 °C for 30 s, 55 °C for 1 min,
and 72 °C for 1 min and one cycle at 95 °C for 1 min, 55 °C for
30 s, and 95 °C for 30 s. For human genes, the CT values were
normalized to the housekeeping gene GAPDH. For chlamy-
dial 16 S RNA measurements, equal amounts of cDNA were
loaded in all samples.
Statistical and Flow Cytometric Analyses—Statistical analy-

sis was performed using GraphPad InStat software by Stu-
dent’s t test and was considered significant at p � 0.05. Flow
cytometry data were analyzed using FlowJo software (Tree
Star Inc., Ashland, OR).

RESULTS AND DISCUSSION

NLRX1 Overexpression Augments C. trachomatis-induced
ROS Production—A recent study demonstrated that NLRX1,
the only NLR family member that translocates to the mito-
chondria, enhances ROS production induced by cytokines
and S. flexneri infection (5). To test whether NLRX1 may play
a role in Chlamydia-induced ROS production, we overex-

FIGURE 2. NLRX1 overexpression augments C. trachomatis-induced ROS production. HeLa cells were transfected using Lipofectamine 2000 reagent (Lipo)
with empty vector (pcDNA3.1) or the NLRX1-FLAG construct and infected or mock-infected with the LGV/L2 strain of C. trachomatis at an m.o.i. of 3. A, cells were
infected or mock-infected for 24 h. ROS production was measured with the ROS-sensitive dye DCF and analyzed by flow cytometry. Non-fluorescent cells were
gated in the first log decade, and the fluorescence intensity was proportional to the level of ROS production. Flow cytometry data of infected cells are presented as
a histogram (left panel), and the amount of ROS production in infected cells relative to uninfected controls (Ctrl) is presented as a bar chart (right panel). Data are
from one representative experiment. B, cells were infected or mock-infected for 0, 16, 20, or 24 h, and ROS production was measured by flow cytometry under the
same conditions as described for A. Relative ROS levels were quantified as the mean DCF fluorescence, and the values measured in uninfected wild-type cells were
subtracted from the other conditions. Error bars represent S.D. (n � 3). *, p � 0.05 compared with wild-type infected cells (Lipofectamine only).
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pressed NLRX1 using the NLRX1-FLAG construct in HeLa
cells. First, we confirmed by immunofluorescence microscopy
that NLRX1 is overexpressed in HeLa cells and that it translo-
cates to mitochondria (Fig. 1A). We also verified that C. tra-
chomatis infection of NLRX1-overexpressing epithelial cells
does not affect the distribution of NLRX1 (Fig. 1B).
We then measured ROS production in C. trachomatis-in-

fected HeLa cells treated with Lipofectamine alone or trans-
fected with empty vector or with NLRX1-FLAG. We demon-
strated that NLRX1-overexpressing HeLa cells produced
higher levels of ROS in response to C. trachomatis infection
than those treated with Lipofectamine (control) or transfected
with empty vector (Fig. 2A). Consistent with the previous ob-
servation that ROS production during C. trachomatis infec-
tion increases 20 h post-infection and continues to increase at
24 h post-infection (16), NLRX1-dependent enhancement of
ROS production was observed especially at 20 and 24 h post-
infection (Fig. 2B). These data imply that NLRX1 may con-
tribute to Chlamydia-induced ROS production in epithelial
cells.

NLRX1 Enhances ROS Generation during Chlamydial
Infection—The NLRX1 overexpression system suggested a
potential role for NLRX1 in C. trachomatis-induced ROS pro-
duction. We further investigated this possibility by reducing
expression of endogenous NLRX1 in epithelial cells using
shRNA that specifically targets NLRX1 mRNA. Expression of
NLRX1 mRNA was significantly reduced in comparison with
cells transfected with non-target shRNA as measured by real-
time PCR (Fig. 3C), and depletion of NLRX1 protein was con-
firmed by Western blot analysis (Fig. 3C, inset). Depletion of
NLRX1 caused a reduction of �50% in the production of ROS
after 24 h of C. trachomatis infection compared with HeLa
cells that were transfected with scrambled shRNA (control)
(Fig. 3, A and B). These results were confirmed using MEFs
from Nlrx1 knock-out mice. When Nlrx1 knock-out MEFs
were infected with C. trachomatis for 24 h, there was signifi-
cantly less ROS produced than when wild-type MEFs were
infected (Fig. 4, A and B). Collectively, these data indicate that
NLRX1 contributes to generation of ROS during infection
with C. trachomatis.

FIGURE 3. NLRX1 contributes to C. trachomatis-induced ROS production in epithelial cells. HeLa cells were transfected using Lipofectamine 2000 rea-
gent with scrambled (shScr Ctrl) and NLRX1 (shNLRX1) shRNA constructs and infected or mock-infected with C. trachomatis at an m.o.i. of 3 for 24 h. A, ROS
production was measured with DCF and analyzed by flow cytometry. Non-fluorescent cells were gated in the first log decade, and the fluorescence inten-
sity was proportional to the level of ROS production. B, the bar chart represents ROS production in C. trachomatis-infected HeLa cells analyzed by flow cy-
tometry under the conditions described for A. C, mRNA expression of NLRX1 was quantified by real-time PCR and compared with the scrambled shRNA (sh
Scramble). Inset, HeLa cells were transduced for 72 h with lentiviruses expressing either NLRX1 shRNA or scrambled shRNA (Scr shRNA), and NLRX1 expres-
sion was determined by Western blotting using anti-NLRX1 antibody. Protein loading was controlled using an anti-tubulin antibody. The asterisk indicates a
nonspecific band. Error bars represent S.D. (n � 3). *, p � 0.05; ***, p � 0.001 compared with scrambled shRNA-infected cells.
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NLRX1-mediated ROS Production Is Required for Optimal
Chlamydial Growth—To determine whether NLRX1-medi-
ated ROS production during chlamydial infection plays a role
in development of the chlamydial inclusion, we depleted
NLRX1 in epithelial cells with NLRX1 shRNA and measured
chlamydial 16 S rRNA by real-time PCR in cells infected with
C. trachomatis for 24 h. In fact, C. trachomatis growth was
significantly lower in epithelial cells that had a reduced ex-
pression of NLRX1 (Fig. 5A, sh NLRX1) compared with wild-
type cells or cells transfected with control reagents (Fig. 5A, sh
Scramble). Similarly, the complete absence of Nlrx1 expres-
sion in Nlrx1 knock-out MEFs led to a significantly reduced
level of chlamydial growth, as shown by the lower chlamydial

16 S rRNA obtained from these cells compared with wild-type
MEFs (Fig. 5B).
NLRX1 has been reported to inhibit IFN-� production by

interacting with the signaling adaptor MAVS (mitochondrial
antiviral signaling) (6). Infection by Chlamydophila pneu-
moniae and Chlamydia muridarum also leads to IFN-� pro-
duction. However, the production during C. pneumoniae in-
fection requires MAVS, whereas C. muridarum infection
induces IFN-� in the absence of MAVS (23, 24). We therefore
considered the possibility that some of the decrease in C. tra-
chomatis infection in Nlrx1 knock-out MEFs may be due to
enhanced IFN-� production, which could indirectly inhibit
chlamydial infection. However, on the contrary, we found that

FIGURE 4. NLRX1 contributes to C. trachomatis-induced ROS production in murine fibroblasts. Wild-type (WT) or Nlrx1 knock-out (KO) MEFs were in-
fected or mock-infected with C. trachomatis at an m.o.i. of 3 for 24 h. A, ROS production was measured with DCF and analyzed by flow cytometry. Non-fluo-
rescent cells were gated in the first log decade, and the fluorescence intensity was proportional to the level of ROS production. B, the bar chart represents
ROS production in C. trachomatis-infected MEF cells analyzed by flow cytometry under the conditions described for A. Error bars represent S.D. (n � 3). **,
p � 0.01 compared with wild-type infected cells. Ctrl, control.

FIGURE 5. NLRX1 expression enhances chlamydial growth. A, HeLa cells were transfected using Lipofectamine 2000 reagent with scrambled (sh Scram-
ble) and NLRX1 (sh NLRX1) shRNA constructs and infected with C. trachomatis at an m.o.i. of 3 for 24 h. B and C, wild-type (WT) or Nlrx1 knock-out (KO) MEFs
were infected with C. trachomatis at an m.o.i. of 3 for 24 h. Infection and IFN-� levels were quantified by real-time PCR. Total RNA was harvested for quantifi-
cation of chlamydial 16 S rRNA production (A and B) or IFN-� expression (C) using real-time PCR as described under “Experimental Procedures”. Error bars
represent S.D. of at least three separate experiments. **, p � 0.01 compared with infected cells treated with Lipofectamine only (A, WT) or wild-type cells (B
and C).
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Nlrx1 deficiency leads to a decrease in IFN-� production (Fig.
5C). These results suggest that lower chlamydial infection in
Nlrx1-deficient cells therefore leads to lower IFN-� produc-
tion. In addition, our results are consistent with the possibility
that IFN-� production during C. trachomatis infection is in-
dependent of MAVS, as in the case of C. muridarum
infection.
NADPH Oxidase Is Essential for ROS Production and

Chlamydial Growth—To investigate whether NOX is in-
volved in Chlamydia-induced ROS production in epithelial
cells, we infected HeLa cells with C. trachomatis for 24 h and
treated them 9 h post-infection with DPI, a potent and com-
monly used inhibitor of NOX or the NADPH oxidase family
member DUOX. Inhibition of these enzymes by DPI caused a
significant dose-dependent reduction in Chlamydia-induced
ROS production (Fig. 6A). Importantly, we used significantly
lower DPI concentrations (1–100 nM) in our study than the
concentrations (10 �M) often used for NOX inhibition (25–
27). As we recently showed that infection-dependent ROS
production results in caspase-1 activation in epithelial cells
(16), we verified that the same DPI concentrations also inhib-
ited caspase-1 activation during chlamydial infection using

FLICACasp1, a cell-permeable fluorescent reagent that can
specifically bind to the active form of caspase-1 (Fig. 6B).
We then tested whether the attenuation of ROS production

caused by inhibition of NOX or DUOX can affect chlamydial
growth by measuring the amount of chlamydial 16 S rRNA
produced by infected cells. Indeed, treatment of C. trachoma-
tis-infected HeLa cells with 100 nM DPI almost completely
abrogated 16 S rRNA production by 24 h post-infection in a
dose-dependent manner compared with controls (Fig. 6C).
These results suggest that NOX and/or DUOX is a key en-
zyme in ROS production during chlamydial infection, which
in turn is essential for caspase-1-dependent chlamydial
growth.
To confirm the results with the inhibitor DPI, we also de-

pleted, by RNA interference, the NOX/DUOX superfamily
members that are expressed in HeLa cells (21, 28, 29). Thus,
HeLa cells were transfected with siRNA constructs for NOX1,
NOX4, DUOX1, and DUOX2 before infection with C. tracho-
matis. Depletion of DUOX1 and DUOX2 reduced ROS pro-
duction significantly, whereas depletion of NOX4 had a
smaller effect (Fig. 6D). Depletion of NOX1 had a negligible
effect (data not shown), which may also be due to the previ-

FIGURE 6. Chlamydia-induced ROS production requires NADPH oxidase in epithelial cells. A and B, HeLa cells were infected or mock-infected with
C. trachomatis at an m.o.i. of 3 for 24 h in the presence of 0, 1, 10, 50, or 100 nM DPI (NOX and DUOX inhibitor) during the last 9 h of infection. A, ROS produc-
tion was quantified by staining cells with DCF and measuring by flow cytometry. B, caspase-1 activation was quantified using fluorescent FLICACasp1 rea-
gent and measuring by flow cytometry. C, HeLa cells were infected or mock-infected with C. trachomatis at an m.o.i. of 3 for 24 h and treated with 0, 5, 10,
50, or 100 nM DPI during the last 9 h of infection. Total RNA was harvested for quantification of chlamydial 16 S rRNA production using real-time PCR as de-
scribed under “Experimental Procedures.” D, HeLa cells were transfected with control (si Ctrl), NOX4 (si Nox4), DUOX1 (si Duox1), and DUOX2 (si Duox2) siRNA
constructs and infected or mock-infected with C. trachomatis at an m.o.i. of 3 for 24 h. ROS production was quantified by staining the cells with DCF and
measuring ROS by flow cytometry. Error bars represent S.D. of at least three separate experiments. **, p � 0.01; ***, p � 0.001 compared with infected un-
treated cells (A–C) or with uninfected cells treated with control siRNA (D).
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ous observation that NOX1 is expressed in HeLa cells at
much lower levels than NOX4 (28).
NLRX1 Can Amplify ROS Production due to Treatment

with Exogenous Hydrogen Peroxide—Although NLRX1 is par-
tially required for Chlamydia-induced ROS production, inhi-
bition of NOX and/or DUOX by DPI led to nearly complete
abrogation of ROS production following chlamydial infection.
This suggests that, following infection, ROS is first generated

by NOX/DUOX, and the ROS then diffuses into the mito-
chondria, resulting in further production of ROS in an
NLRX1-dependent fashion. To test this hypothesis, we
treated wild-type and NLRX1-depleted HeLa cells with differ-
ent concentrations of exogenous H2O2 for 45 min and mea-
sured its induced ROS production. In fact, the addition of 75
or 100 �M H2O2 led to significantly lower ROS levels in
NLRX1-depleted HeLa cells compared with control cells
treated with the same concentrations of H2O2 (Fig. 7). Higher
concentrations of H2O2 caused a saturated response inde-
pendent of NLRX1. These results suggest that moderate levels
of exogenous H2O2 can indeed stimulate mitochondrial
NLRX1 to augment ROS levels in epithelial cells.
Conclusions—We have shown previously that chlamydial

infection of epithelial cells leads to K� efflux in the host cells,
which results in ROS production and NLRP3-dependent
caspase-1 activation (16). In turn, chlamydial growth requires
caspase-1 activation.
ROS is generated mainly by NOX on the plasma membrane

and mitochondria. Other studies have reported ROS produc-
tion during chlamydial infection (30, 31), but they did not
identify the source of host cell-derived ROS production. In
this study, we have demonstrated that ROS production during
C. trachomatis infection of epithelial cells is due primarily to
two sources: NOX enzymes and NLRX1. Inhibition of NOX
almost completely abrogated Chlamydia-induced ROS pro-

FIGURE 7. Exogenous ROS leads to further ROS generation in an NLRX1-
dependent manner. HeLa cells were transfected using Lipofectamine 2000
reagent with scrambled (sh Scramble) and NLRX1 (sh NLRX1) shRNA con-
structs, and exogenous hydrogen peroxide (H2O2) was added at concentra-
tions varying from 50 to 400 �M for 45 min. ROS production was measured
with DCF and analyzed by flow cytometry. Non-fluorescent cells were gated
in the first log decade, and the fluorescence intensity was proportional to
the level of ROS production. Error bars represent S.D. of at least three sepa-
rate experiments. *, p � 0.05, NLRX1 shRNA-treated cells compared with
scrambled shRNA-treated cells.

FIGURE 8. NADPH oxidase and NLRX1-mediated mitochondrial production of ROS in response to C. trachomatis infection. Following infection,
Chlamydiae inject virulence factors via the type 3 secretion (T3S) apparatus into the host cell cytosol, causing efflux of potassium, activation of NADPH oxi-
dase, and production of ROS. ROS generated during chlamydial infection comes from two sources: NOX/DUOX and NLRX1. ROS then leads to NLRP3-medi-
ated caspase-1 (Casp1) activation, which is required for optimal chlamydial growth. ASC, apoptosis-associated speck-like protein.
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duction and the ability of Chlamydiae to maintain reproduc-
tive infection, whereas the NLR family member NLRX1 en-
hanced ROS production and was required for optimal
chlamydial growth. Thus, NLRX1 overexpression in epi-
thelial cells augments ROS production induced by chlamy-
dial infection, whereas NLRX1 depletion by shRNA leads
to a significant reduction in the amount of ROS produced.
Using fibroblasts from Nlrx1-deficient mice, we confirmed
the role of NLRX1 in the generation of ROS during
chlamydial infection because Nlrx1-deficient cells exhib-
ited a much lower level of ROS production compared with
wild-type cells.
During infection, Chlamydiae inject virulence factors via

the type 3 secretion apparatus into the host cell cytosol, caus-
ing efflux of K� and production of ROS. Because the presence
of endogenous NLRX1 did not overcome the inhibitory ef-
fects on ROS production of a NOX inhibitor, we propose that
intracellular Chlamydiae first induce NOX-dependent pro-
duction of ROS, which diffuse to the mitochondrial matrix
and interact with NLRX1, thereby stimulating a further round
of ROS production (Fig. 8). Moreover, we and others have
shown that chlamydial infection can also stimulate the NLR
family members Nod1 and Nod2 (32–35), and Nod2 has re-
cently been found to interact with DUOX2, resulting in
Nod2-dependent ROS production (21). Regardless of the
source of the ROS (NOX or DUOX2), the ROS then leads to
NLRP3-mediated caspase-1 activation, which is required for
optimal chlamydial growth.
Chlamydia is an astute pathogen because it can evade the

immune system in many ways and modulate host cell signal-
ing pathways in a well orchestrated and timely manner (14,
36–40). Paradoxically, C. trachomatis also turns one of the
host cell’s own defense mechanisms, ROS production, to its
own advantage, providing one further example of this patho-
gen’s ability to subvert the host immune response.
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