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Infection with the obligate bacterial intracellular pathogen
Chlamydia trachomatis leads to the sustained activation of the
small GTPase RAS and many of its downstream signaling com-
ponents. In particular, the mitogen-activated protein kinase
ERK and the calcium-dependent phospholipase cPLA, are
activated and are important for the onset of inflammatory
responses. In this study we tested if activation of ERK and cPLA,
occurred as a result of RAS signaling during infection and deter-
mined the relative contribution of these signaling components
to chlamydial replication and survival. We provide genetic and
pharmacological evidence that during infection RAS, ERK, and,
to a lesser extent, cPLA, activation are uncoupled, suggesting
that Chlamydia activates individual components of this signal-
ing pathway in a non-canonical manner. In human cell lines,
inhibition of ERK or cPLA, signaling did not adversely impact
C. trachomatis replication. In contrast, in murine cells, inhibi-
tion of ERK and cPLA, played a significant protective role
against C. trachomatis. We determined that cPLA,-deficient
murine cells are permissive for C.trachomatis replication
because of their impaired expression of 3 interferon and the
induction of immunity-related GTPases (IRG) important for
the containment of intracellular pathogens. Furthermore, the
MAPK p38 was primarily responsible for cPLA, activation in
Chlamydia-infected cells and IRG expression. Overall, these
findings define a previously unrecognized role for cPLA, in the
induction of cell autonomous cellular immunity to Chlamydia
and highlight the many non-canonical signaling pathways
engaged during infection.

Mammalian cells detect microbial invaders and activate sig-
naling pathways to restrict pathogen growth and to initiate the
release of soluble mediators that recruit immune cells with anti-
microbial functions (1). For example, infection with Chlamydia
trachomatis, an obligate intracellular Gram-negative bacterial
pathogen, leads to sustained activation of the MEK/ERK? mito-
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gen-activated protein kinases (MAPK) signaling pathway (2-5).
ERK has emerged as a focal point of signaling during Chlamy-
dia infection, with roles as a regulator of bacterial nutrient
acquisition (5), IL-8 synthesis (2, 6) and the expression anti-
apoptotic factors early in infection (4). Indeed, ERK-mediated
signaling is required for the robust induction of inflammatory
responses responsible for the bulk of the pathology (e.g. pelvic
inflammatory disease and infertility) associated with recurrent
and chronic genital chlamydial infections (2, 7).

Chlamydia infections begin with the attachment of an ele-
mentary body (EB), the invasive but non-replicative form of the
pathogen, to epithelial cells of the genital tract. Shortly after
entry, EBs transition into metabolically active reticulate bodies
(RBs) that replicate within a membrane-bound bound patho-
genic vacuole termed an “inclusion” (8). Midway through the
infectious cycle, replication becomes asynchronous, with some
RBs transitioning back to the infectious EB stage (8). Eventually,
EBs are released into the extracellular space to initiate sub-
sequent rounds of infection in adjacent cells. The entire
infectious lifecycle is complete within 48 —72h, depending on
the C. trachomatis serovar. Throughout infection, Chlamy-
dia translocates a diverse cohort of proteins into host mem-
branes and cytoplasm to re-program membrane dynamics,
protein transport, and cell signaling (9).

In canonical RAS signaling, growth factors bind to receptor-
tyrosine kinases, leading to their dimerization and activation
(10). Phosphorylated tyrosine residues on these receptors
recruit adaptor proteins and RAS guanine nucleotide exchange
factors (GEFs). Upon binding GTP, RAS undergoes a confor-
mational switch that allows the binding and activation of down-
stream effectors via RAS-binding domains (RBD) (11). There
are three main classes of RAS effectors: RAF kinases, PI(3)P-de-
pendent kinases and a diverse family of proteins that regulate
cytoskeletal organization and membrane dynamics (12). Acti-
vated RAF phosphorylates dual specificity MAPK/ERK (MEK)
kinases, which in turn phosphorylate and activate the MAPKs
ERK1 and ERK2. ERK phoshorylates transcription factors
and other proteins (e.g. ribosomal protein kinases (RSK) and
MAPK-interacting kinases (MNK)) that control cell growth
and proliferation (10).

Epithelial cells infected with Chlamydia display sustained
activation of RAS and many of its downstream effectors includ-
ing the PI3P-dependent kinase AKT and components of the
MEK/ERK MAPK signaling module (5, 13). The activation of
both AKT and ERK enhance Chlamydia survival by protecting
infected cells from apoptosis (4, 13). For example, ERK-depen-
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dent expression of Mcl-1 protects infected cells from apoptotic
signal delivered by innate immune mediators early in infection
(4).

One prominent target of ERK1/2 is the calcium-dependent
cytoplasmic phospholipase A, (cPLA,) which removes the acyl
chain at the sn2 position of glycerophospholipids to generate a
lysophospholipid and a free fatty acid (14). Lysophospholipids
are readily transported to the inclusion, re-acylated with
Chlamydia-derived branched fatty acids and incorporated into
bacterial membranes (15). Because calcium chelators and spe-
cific inhibitors of cPLA, significantly impair chlamydial repli-
cation and inhibit the transport of host-derived glycerophos-
pholipids, it has been postulated that a host PLA, activity is
co-opted by Chlamydia to generate lipid precursors important
for bacterial replication (5). In addition, cPLA,-mediated
changes in the lysophospholipid content of the lipid bilayer can
modulate membrane transport by influencing the curvature of
phospholipid bilayers and the formation of membrane tubules
(16) from endosomes and Golgi apparatus (17), both membrane
transport events important for chlamydial replication (18, 19).
Finally, activation of cPLA, leads to pro-inflammatory re-
sponses, as its free fatty acid byproduct arachidonate is a sub-
strate for lipoxygenases and prostaglandin generating enzymes
(20). These observations combined suggest a prominent and
central role for cPLA, in chlamydial pathogenesis.

Chlamydia, like other bacterial pathogens, has evolved
mechanisms to modulate signaling events to enhance their own
replication and dissemination (21, 22). The observed activation
of RAS signaling components in Chlamydia-infected cells and
their apparent requirement for optimal bacterial replication
has led to a model wherein activation of canonical RAS signal-
ing may be important for bacterial survival and initiation of
inflammatory responses (2, 4, 5). However, very recent evi-
dence suggests that RAS may not be responsible for ERK acti-
vation (23). In this study we provide genetic and pharmacolog-
ical evidence that confirms that components of the RAS
signaling pathway are independently activated indicating that
RAS and ERK signaling in response to chlamydial infection are
uncoupled. Furthermore, we determined that in murine cells
cPLA,, a downstream effector of ERK signaling, regulates cell
autonomous innate immune responses by modulating the
expression of type I interferons specifically in response to
C. trachomatis infections.

EXPERIMENTAL PROCEDURES

Strains, Infections, and Cell Culture Reagents—HeLa and
293T cells were obtained from ATCC and maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (Invitrogen). HEK-tTH cells were derived as
described in Ref. 24. MEFs from cPLA2 '~ knock-out mice
were obtained from J. Bonaventre (Harvard Medical School)
and have been previously described (25). All cells were main-
tained at 37 °C in a 5% CO, incubator. Primary embryonic kid-
ney cell lines were immortalized as previously described (24).
C. trachomatis serovar LGV-L2 was propagated and stored as
described in Ref. 26. Chlamydia muridarum was obtained from
H. Caldwell (Rocky Mountain Laboratories, NIH). For infec-
tions, EBs were diluted in complete cell culture media and
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added to appropriate cells at an MOI of 1 and centrifuged at
1600 X g for 30 min at 4 °C. For experiments using chemical
inhibitors, the medium was replaced 30 min after infection with
media containing the appropriate inhibitor after which the
infection was allowed to proceed for prescribed times. Other
reagents: EGF (Sigma) was used at a concentration of 1-10
ng/ml for 5 min. [FN-vy 100 units/ml (Calbiochem 407303) and
IFN- (Calbiochem 407298) 100 units/ml were used for 5 h to
overnight.

Inhibitors—The MEK 1/2 inhibitor U0126 (Cell Signaling
Technologies 9903) was used at a concentration of 10 um. The
cPLA, inhibitor AACOCEF3 (Calbiochem 100109) was used at a
concentration of 50 um unless otherwise stated. The farnesyl
transferase inhibitor L-744,832 (Calbiochem 422720) was used
at a concentration of 10 uM. The p38 inhibitor SB203580 (Cal-
biochem 559389) was used at a concentration of 20 um. All
inhibitors were diluted in DMSO.

Virus Production—293T cells seeded in 10 cm plates for both
lenti- and retrovirus production. For retroviral production, the
pBabe retroviral system was used (27) and used as outlined in
O’Hayer and Counter (24). Briefly, packaging plasmid (pCL-
10A1) and transfer vector (pBabe) were transfected ina 1:1 ratio
using Fugene6 (Roche) into 293T cells. The media was col-
lected 40 h post-transfection, filtered with 0.44 pwm filters
(Whatman), supplemented with Polybrene (hexadimethrine
bromide) (Sigma) at a concentration of 4 mg/ml and placed
directly onto target cells. For lentivirus production (28), cPLA,
specific sShRNA plasmid (Open Biosystems) was transfected
with packaging plasmid (pCMV-dR8.74) and envelope protein
pMD2.G (Micah Luftig, Duke University) into 293T cells.
Virus-containing medium was collected 48 h post-transfection.
Stable transductants were selected with puromycin 1-2 pg/ml
24 h post-infection.

Plasmids and Constructs—RBD-EGFP-cDNA5 and H-RAS(wt)-
c¢DNADS5 expression plasmids were obtained from Mark Phillips,
laboratory (NYU). H-RAS'™ was generated by site-directed
mutagenesis with QuikChange (Invitrogen) as described by the
manufacturer. cDNA5-EGFP was generated in our laboratory.
For transient transfections, cells were seeded at 50 -70% con-
fluence and treated with FugeneHD (Roche)- DNA complexes
as indicated by the manufacturer. Cells were analyzed 24 h
post-transfection unless otherwise noted.

RAS-GTP Pulldown Assays—Cell lysates were collected in
radioimmune precipitation assay buffer (1% Nonidet P-40, 20
mMm Tris, pH 8.0, 137 mm NaCl, 10% glycerol, 2 mm EDTA)
supplemented with phenylmethylsulfonyl fluoride (1 mm) and
aprotinin (1%). Levels of GTP-bound RAS were assessed by
incubating cell lysates with glutathione-agarose beads (29)
bound to GST-tagged RAS binding domain of RAF (GST-RBD)
for 45 min at 4 °C. Lysates were washed in lysis buffer and
bound proteins were solublized in 2X Laemmli sample buffer.
Bound RAS-GTP was detected by Western blot with a pan-RAS
or isoform-specific anti-RAS antibodies.

Immunofluorescence Microscopy—Cells were fixed using
either methanol or formaldehyde for 20 min and permeabilized
using 0.1% Triton in phosphate-buffered saline for 5 min and
then blocked with 5% bovine serum albumin (Sigma) in phos-
phate-buffered saline. Primary antibody staining at appropriate
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concentration was conducted at 4 °C for 1 h and followed by
staining using fluorophore-conjugated secondary antibodies
(Molecular Probes) for 30 min. DNA was labeled using either
Hoechst or Topro (Molecular Probes) at a concentration of
1:10,000 or 1:1,000, respectively. Cells were mounted to slides
using mounting media (Invitrogen) and were stored at 4 °C, prior
to analysis by Laser Scanning Confocal Microscopy on a LEICA.

Protein Analysis/Western Blot and Antibodies—Protein
lysates were generated from tissue cultures cells in freshly made
cold lysis buffer (25 mm Tris pH 7.4, 150 mm NaCl, 5mM EDTA,
1% Triton X-100) supplemented with Complete EDTA-free
protease inhibitor mixture tablets (Roche), 1 mm Na;VO,, and
1 mMm NaF. Samples were resolved by SDS-PAGE and blotted
onto nitrocellulose membranes (Bio-Rad) for immunoblotting.

The following antibodies were used: Pan-RAS (Oncogene
Ab-4), H-RAS (Santa Cruz Biotechnology sc-520), K-RAS
(Santa Cruz Biotechnology sc-30), N-RAS (Santa Cruz Biotech-
nology sc-31). ERK 1/2 (9102), phospho-Erk 1/2 (Thr-202/Tyr-
204) (9154), C-RAF (9422), phospho-c-RAF (Ser-338) (9427),
cPLA, (2832), phospho-cPLA, (Ser-505) (2831), COX2 (4892),
phospho-p38 (Thr-180/Tyr-182) (9211), and phospho-MEK
(Ser-217/221) (9121) were purchased from Cell Signaling Tech-
nologies (Boston, MA). Anti-tubulin (B-5-1-2) and GAPDH
(9483) antibodies were purchased from Sigma and Abcam,
respectively. Anti-Irgm1, Irgm3, and Irgh6 have been previ-
ously described (30-32) and were given by G. Taylor (VA
Durham). Anti-RpoD (M. Tang, UC Irvine) and IncA antibod-
ies (33) were used to monitor Chlamydia replication.

Inclusion Forming Unit Assay/Inclusion Quantification—
Cells were seeded at 2 X 10° cells/well in a 24-well plate. Infec-
tions were conducted in quadruplicate as described above at
MOI <1. At 40 h, postinfection cells were lysed in SPG
(sucrose-phosphate-glutamate) buffer by sonication. Serial
dilutions were used to infect HeLa monolayers for 24 h. Cells
were fixed with methanol and immunostained with anti-
LGV-L2 antisera (P. Bavoil, University of Maryland) or anti-
chlamydial LPS (H. Caldwell, RML/NIH). The number of inclu-
sions per infection condition was determined with a Cellomics
High Content Screening System (Thermo Scientific).

RT-PCR—Total RNA was collected from MEFs using Qiagen
RNAeasy kit (Qiagen 74106). RNA (100 ug) from each sam-
ple was treated with Ambion DNA-free DNase kit (Ambion
1906) and cDNA generated using iScript cDNA synthesis kit
(BioRad) as per the manufacturer’s instructions. Relative
transcript abundances were assessed by PCR using
ChoiceTaq Blue Mastermix (Denville) with the following
oligonucleotide primers: GAPHDH: 5'-AGG TCG GTG
TGA ACG GAT TTG-3" and 5'-TGT AGA CCA TGT AGT
TGA GGT CA-3’; IFN-B: 5'-CAG CTC CAA GAA AGG
ACG AAC-3' and 5'-GGC AGT GTA ACT CTT CTG
CAT-3'.

Type I Interferon Bioassay and Luciferase Reporter Assay—
Lentiviruses containing and ISRE-luciferase reporter construct
(SABioscience) were used to create stable cell lines that express
luciferase in response to IFN via STAT1/STAT?2 transcription
factor. Cells were seeded in 6-well plates and infected with
LGV-L2 for 24 h or stimulated by transfection of 8 ug of poly(I):
poly(C) (Sigma P9043) for 6 h or IFN-vy treatment. Cells were
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washed twice in phosphate-buffered saline and lysed in Pas-
sive Lysis Buffer (Promega) as per the manufacturer’s
instructions. Lysates were collected, and luciferase activity
assessed with firefly luciferase (Promega) as recommended
by the manufacturer.

RESULTS

Chlamydia Infection Leads to Broad Activation of RAS
GTPases in Human Cells—C. trachomatis infection leads to the
sustained activation of RAS and its downstream effectors (2, 4,
5, 13). As a result, it has been proposed that a canonical RAS
signaling pathway is engaged during infection (5). We tested
this model by following the activation of selected components
of the RAS signaling pathway in Chlamydia-infected cells. We
first assessed levels of active RAS-GTP in cell lysates by co-
precipitation with glutathione-Sepharose beads after incuba-
tion with recombinant glutathione S-transferase (GST) fused to
the RAS-GTP binding domain of RAF (RAFyyp). As previously
reported (4, 5), we observed a significant accumulation of GTP-
loaded RAS in HeLa cells during the exponential growth phase
of C. trachomatis serovar LGV-L2 at 24 and 36 h postinfection
(Fig. 1A and not shown). Because different isoforms of RAS can
differ in both their ability to activate effectors (34, 35) and sub-
cellular localization (36), we next determined which RAS iso-
forms were activated. GTP-bound RAS was isolated from
infected and uninfected HeLa lysates and H-RAS, N-RAS, and
K-RAS were identified by immunoblot analysis with specific
antibodies. All major RAS isoforms were activated, suggesting a
broad engagement of RAS signaling during the replicative
phase of infection (Fig. 14).

Next, we addressed if RAS was activated within specific sub-
cellular compartments by monitoring the localization of
RAFpp-EGFP in infected cells (37). In uninfected cells treated
with EGF or serum, RAS-GTP pools were observed at the
plasma membrane, the Golgi apparatus and the endoplasmic
reticulum. This activation pattern was largely unchanged in
infected cells (Fig. 1B). We did not observe a distinct recruit-
ment of active RAS to the inclusion membrane as has been
described for other small GTPases like RhoA and Rabs (38—
40), although a pool of RAF,-EGFP localized to the vicinity of
the inclusion. It is unclear if this pool represents ER and Golgi,
which envelope the inclusion (41, 42), or preferential RAS acti-
vation at these sites.

We tested if RAS activation also occurred in a genetically
defined, recently immortalized cell line. Human embryonic
kidney (HEK) cells were immortalized by retroviral delivery of
SV40 large and small T-antigen (T/t), and the catalytic domain
of human telomerase (hTert), (24) and tested for the activation
of RAS during infection. As with HeLa cells, infection of HEK-
t/TH cells led to increases in RAS-GTP and phosphorylation of
ERK (Fig. 1C). These results indicate that the activation of RAS
and ERK in Chlamydia-infected cells infection is not an artifact
of the highly transformed status of HeLa cells.

In canonical RAS signaling, the activation of downstream
components is dependent on RAS. We first determined the
kinetics of how this signaling circuitry is engaged in Chlamy-
dia-infected cells by monitoring the accumulation of acti-
vated forms of RAF1, MEK, ERK1/2, and cPLA, by immuno-
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FIGURE 1. Chlamydia infection leads to the broad activation of RAS GTPases. A, Hela cells were left
untreated or infected with C. trachomatis (Ct-L2) for 24 h, and RAS-GTP levels were assessed by co-precipitation
with GST-tagged RAS binding domain (RBD) on glutathione-agarose beads. RAS isoforms were detected with
specific antibodies. B, the localization of active forms of RAS was assessed by monitoring the localization of
EGFP-RBD in infected Hela cells. Bacterial inclusions (arrows) were identified with anti-IncA antibodies. C, RAS
isactivated in primary cell lines (HEK-T/th) upon infection with L2. RAS-GTP pulldown assays were performed as
in Fig. 1A. Epidermal growth factor (EGF) treatment for 5 min is shown as a control for RAS activation. D, total
protein lysates from infected cells were harvested at various times postinfection, and the presence of active
forms of the RAF, MEK, ERK, and cPLA, were assessed by immunoblot analysis with antibodies specific for the
phosphorylated forms of these proteins. The levels of the chlamydial RNA polymerase o subunit (RpoD) and the
host glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are shown as markers for chlamydial replication
and loading controls, respectively. Note activation of all components of the RAS signaling pathway. Immuno-

blots are representative of at least three independent experiments.

blot analysis with antibodies specific for the activated forms
of these signaling proteins. As previously reported (5),
infected cells displayed increasing levels of phosphorylated
RAF, MEK, ERK1/2, and cPLA,, indicating sustained en-
gagement of this signaling branch (Fig. 1D). However, while
phosphorylation of MEK and ERK1/2 increased throughout
infection, the accumulation of active forms of RAF peaked at
12 h and then dropped abruptly. Phosphorylated forms of
cPLA, peaked at 24 h but did not increase significantly after
that (Fig. 1D). This potential discrepancy in the kinetics and
magnitude with which activate forms of RAF, cPLA,, and
MEK/ERK accumulated, led us to postulate that the activa-
tion of individual components of this signaling pathway may
not be linked during infection.
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these cells (44).

Because FTI does not inhibit N-
and K-RAS it was formally possible
that these minor RAS isoforms in
HEK cells were capable of mediating
ERK activation. As a complemen-
tary approach, we expressed a
dominant negative allele of RAS
(RAS™™), which broadly inhibits
RAS activation by sequestering
RAS-GEFs (45). Transient transfec-
tion of H-RAS'™™ effectively inhibited the ability of HeLa cells
to activate ERK in response to EGF, while transfection of wild-
type H-RAS led to increased basal levels of activated ERK (Fig.
2B). Next, we transfected infected HeLa cells with an empty
vector control (as a control for DNA transfection), or vectors
expressing H-RAS or H-RAS'”N, and monitored the accumula-
tion of activated ERK at 24 h postinfection. Consistent with our
observations with FTI in HEK cells, activation of ERK in
Chlamydia-infected HeLa cells was unaffected by expression of
RAS'™ (Fig. 2B). Overexpression of wild-type H-RAS only led
to a modest increase in ERK activation.

Given that RAS function was not essential for ERK activa-
tion, we tested if the converse was true, and if RAS activation
required ERK function. We performed RAS-GTP pulldowns in
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FIGURE 2. RAS and ERK activation are uncoupled in Chlamydia-infected cells. A, HEK-Tth cells were treated 30 min postinfection with the farnesyl
transferase inhibitor (FTI) L-744/832 or the MEK inhibitor U0126. At 24 h, cells were harvested, and the levels of active ERK were assessed by immunoblots. Note
increase in active ERK levels in response to infection despite FTI treatment. Control experiments show FTI-mediated inhibition of ERK phosphorylation in
response to serum growth factors. B, Hela cells were transfected with EGFP empty vector (DNA expression control), RAS, or dominant-negative RAS'"™
expression constructs for 20 h prior to infection with L2 or treatment with EGF. Transfection of RAS'”N did not prevent the accumulation of active ERK in
response to Chlamydia infection. C, infected HeLa cells were treated with U0126 and levels of RAS-GTP were assessed as in Fig. 1A. Inhibition of ERK activation
did not prevent the accumulation of RAS-GTP in response to infection. All blots are representative from at least three independent experiments.

infected HeLa cells treated with the MEK inhibitor U0126.
Inhibition of ERK phosphorylation and activation had minimal
effect on the levels of RAS-GTP that accumulate in response to
chlamydial infection (Fig. 2C). Overall these findings indicate
that RAS and ERK activation are largely uncoupled during
Chlamydia infection.

ERK Activation and cPLA, Are Dispensable for Chlamydia
Replication in Human Cells—The activation of ERK and cPLA,
have been linked to the generation of pro-inflammatory factors
and lipid precursors important for bacterial replication (5). To
assess the role of this branch of the ERK signaling pathway, we
tested the effect of the MEK inhibitor U0126 and the cPLA,
inhibitor AACOCF3 on chlamydial replication. Treatment
with AACOCEF3 reduced the yield of chlamydial infectious
units, although the concentrations of inhibitor required for
>90% growth inhibition (Fig. 3A4) were significantly higher than
previously reported (5). These concentrations of inhibitor were
not toxic to HeLa cells (data not shown) indicating that reduc-
tion of growth was not due to the loss of host cells. In contrast,
U0126 only had a marginal effect on the yield of infectious units
at concentrations that completely inhibited ERK phosphoryla-
tion and activation. These results are consistent with reports
indicating mild effects for this inhibitor on C. trachomatis rep-
lication (2).

Because cPLA, is phosphorylated and activated by ERK, we
were surprised that MEK inhibitors did not have a similar effect
on bacterial replication as cPLA, inhibitors. To directly address
the role of cPLA, during infection, we generated stable knock-
down HelLa cell lines by lentiviral transduction of a ¢PLA2-
specific ShARNA. Expression of cPLA, in these cell lines was
<10% that of HeLa cells expressing a control shRNA. Control
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FIGURE 3. C. trachomatis replicates in HelLa cells silenced for the expres-
sion of cPLA,. A, relative yield of infectious units of L2 was assessed in cells
treated with different concentration of the cPLA, inhibitor AACOCF3 (left
panel), the MEK inhibitor U0126 and Hela lines stably expressing a cPLA,
specific ShRNA (right panel). B, cPLA2 silenced Hela cells were infected with L2
and tested for the activation of ERK and COX2. Note normal activation of ERK
in the absence of cPLA,. Error bars indicate one standard deviation from the
mean.

and cPLA, shRNA knock-down cell lines were infected with
C. trachomatis and bacterial replication was assessed by the
generation of infectious units. As we observed with moderate
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FIGURE 4. cPLA2~/~ MEFs are highly permissive for C. trachomatis replication. A, MEFs derived from cPLA2*'" and cPLA2~/~ mice were infected with
C. muridarum or C. trachomatis and the relative yield of infectious units was assessed. Note enhanced replication of C. trachomatis in cPLA,-defficient MEFs.
B, expression of IRG in wild-type and cPLA2~/~ knockout MEFs in response to C. trachomatis and C. muridarum infection for 24 h was assessed by immunoblot
analysis. Note impaired expression of Irgm1, Irgm3, Irgb6, and the IFN-inducible transcription factor STAT1. Similar results were obtained by inhibiting cPLA,
activity in wild-type MEFs with AACOCF3 (C). D, inhibition of cPLA, activity (100 um AACOCF3) or ERK activation (10 um U0126) in wild-type MEFs also led to
increase yield of infectious units. Error bars in all experiments indicate one standard deviation from the mean. All results are representative from at least three

independent experiments.

concentrations of AACOCEF3, cPLA2 knockdown cell lines did
not exhibit any defects in the generation of infectious EBs,
making it unlikely that this lipase contributes significantly to
chlamydial replication in HeLa cells (Fig. 3B). Nonetheless,
cPLA, knockdown cell lines displayed enhanced levels of ERK
phosphorylation and COX2 expression, another ERK-depen-
dent response (6), in response to chlamydial infection, suggest-
ing a potential regulatory role for cPLA, in ERK signaling in
HelLa cells (Fig. 3C).

C. trachomatis Displays Enhanced Replication in cPLA ,-de-
ficient Mouse Embryo Fibroblasts—To unambiguously deter-
mine the role of ¢cPLA, in Chlamydia infections, we tested
MEFs derived from cPLA, '~ knockout mice for their ability to
support chlamydial replication. Surprisingly, C. trachomatis
LGV-L2 replicated in cPLA, '~ MEFs at levels 5- 6-fold higher
than MEFs derived from the same C57B/L6 mouse background
(Fig. 4A). These cells are not broadly defective in the control of
intracellular bacterial replication as Listeria monocytogenes
replicated to similar levels in wild type and cPLA2~/~ MEFs
(not shown). To test if this replication defect was specific to
human chlamydial species, we tested the yield of infectious
units of C. muridarum, a Chlamydia that infects mice (46), in
these MEFs. Unlike, C. trachomatis, C. muridarum replicated
to similar levels in wild type and ¢cPLA2~’~ MEFs (Fig. 4B),
indicating that cPLA, plays a protective role for mouse cells
against human but not mouse-adapted Chlamydia strains.

¢PLA , Controls the Expression of the p47 Family of Immune-
regulated GTPases (IRG)—The differential ability of mouse
cells to contain the replication of human-adapted Chlamydia
species has been linked to the expression of a family of immu-
nity-related GTPases (IRG) (47). The immunoprotective func-
tion of a subset of these IRG proteins involves their recruitment
to pathogenic vacuoles (48). We tested if the susceptibility of
cPLA2~'~ MEFs to C. trachomatis infection was linked to the
expression or localization of IRGs to inclusions. Wild-type and
cPLA2~'~ MEFs were infected with C. trachomatis and the
expression of a panel of IRG proteins was assessed by immuno-
blot analysis. Infection of wild-type MEFs with C. trachomatis
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led to the robust expression of Irgm1, Irgm3, and Irgb6. In con-
trast, Irgm1, Irm3, and, to a lesser extent, Irgh6 were poorly
expressed in infected cPLA2~ '~ MEFs (Fig. 4C). Irgb10, an IRG
that is recruited to inclusions (49), was also poorly expressed
(not shown), suggesting a broad defect in the expression of IRG
proteins in cPLA,-deficient MEFs.

Next, we tested if the phenotype of cPLA2~ '~ MEFs could be
recapitulated by inhibiting cPLA, enzymatic activity. Wild-
type MEFs and mouse lung fibroblasts (not shown) treated with
a sublethal dose (100 um) of the cPLA, inhibitor AACOCEFS3,
were incapable of mounting a robust IRG response (Fig. 4C).
This is likely due to the inability of cells lacking cPLA, activity
to properly sense Chlamydia and induce the expression of
STAT1 (Fig. 4C), a transcription factor that regulates the
expression of IRGs and other genes containing interferon-stim-
ulated response elements (50, 51). Consistent with these obser-
vations, treatment of cPLA2*’" MEFs with AACOCF3 led to a
4 -5-fold increase in the replication of C. trachomatis in mouse
cells (Fig. 4D). Overall these findings indicate that in murine
cells cPLA, plays a protective role in the control of C. tracho-
matis infections. We also determined that treatment with the
MEK inhibitor U0126 increased the yield of infectious units
>2.5-fold in MEFs. We postulate that the enhanced replication
of Chlamydia in these cells is partially due to impaired activa-
tion of cPLA, in these MEFs.

The Expression of Type I Interferons in Chlamydia-infected
Murine Cells Is Regulated by cPLA,—We next addressed
whether decreased IRG expression in cPLA,-deficient cells was
due to impaired autocrine production of interferons, which are
known to regulate IRG expression (52), or whether signaling
events distal to the activation of IFN receptors were impaired.
To test if cPLA,-deficient cells were capable of responding to
IFN-mediated signals, we treated wild-type and c¢PLA2 '~
MEFs with IFN-vy and assessed IRG expression by immunoblot
analysis. Both wild-type and cPLA2~'~ MEFs expressed IRGs
robustly in response to IFN-v, indicating that ¢cPLA, is not
required for the recognition of exogenous IFNs and IFN-medi-
ated signaling (Fig. 54). Not surprisingly, IFN-vy treatment
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effectively restricted C. trachomatis replication in cPLA2™ '~
MEFs (Fig. 5B). Irgb6 prominently localized to inclusions in
IFN- treated wild type (53) and cPLA2~ '~ MEFs (not shown),
suggesting that cPLA, is unlikely to play a role in the localiza-

cPLA, Controls Type I IFN Response to Chlamydia

We next tested if C. trachomatis infected MEFs secrete fac-
tors that activate the expression of IRGs. Conditioned medium
from infected and uninfected MEFS was filter sterilized and
added to uninfected cells in which the expression of IRGs was

tion of IRGs during infection. monitored by immunoblot analysis. Conditioned medium from

infected wild-type but not cPLA2~'~ MEFs led to the expres-

A cPLA2++ cPLAZ- B - IFN-y + IFNy sion of IRG proteins (Fig. 64). These results strongly indicate
TN T N 100 that cPLA,-deficient cells cannot secrete a factor in response

to Chlamydia infection that mediates the activation of anti-
pathogen responses. Because recent reports indicate that
murine epithelial cells secrete IFN-3 in response to C. murida-
rum infection (54) we tested whether cPLA, was required for
the expression of IFN- in MEFs. Total RNA was isolated from
infected and uninfected wild-type and cPLA2~/~ MEFs and the
levels of IFN-B mRNAs assessed by RT-PCR. As previously
reported, Chamydia infection led to the induction of IFN-
mRNAs (55, 56). However, this increase in expression was sig-
nificantly lower in infected ¢cPLA2~/~ MEFs (Fig. 6B) even
though the bacterial load in these cells was higher. This obser-
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FIGURE 5. cPLA2™/~ MEFs are responsive to exogenous interferon.
cPLA2™* and cPLA2~/~ MEFs were treated with 100 units/ml IFN-y and
tested for the expression of IRG proteins (A) and the ability contain chlamydial
replication, as assessed by the yield of infectious units (B). Note that both
wild-type and cPLA2~/~ MEFs express IRGs and contain C. trachomatis repli-
cation. Error bars indicate one standard deviation from the mean.
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FIGURE 6. cPLA2~/~ MEFs do not express type | interferons in response to C. trachomatis. A, conditioned medium from infected and uninfected cPLA2*/*
and cPLA2~/~ MEFs were placed onto uninfected cPLA2*/* and cPLA2~’~ cells. The ability of the medium to induce IRG expression in uninfected cells was
assessed by immunoblots with specific antibodies. Note that conditioned medium from L2-infected cPLA2™/*, but not cPLA2~/~ MEFs, activates IRG expression
in both wild-type and knockout MEFs. Also note the lower basal levels of IRG expression in cPLA,-deficient cells. B, expression of IFN-B in response to
C. trachomatis infection (L2) was assessed by RT-PCR. cPLA,-deficient cells were incapable of expression IFN-B during C. trachomatis infection, but retained the
ability to respond to poly(l:C). C, cPLA2*/* and cPLA2*/* MEFs were transduced with an IFN-inducible luciferase reporter construct and tested for luciferase
activity in response to infection, IFN-y and transfection of poly(l:C). C. trachomatis-dependent induction of the luciferase reporter is dependent on cPLA,.
D, cPLA2*"* and cPLA2™’~ MEFs were treated with 100 units/ml of IFN-B and assessed for expression of IRG proteins by immunoblot. Both wild-type and cPLA,
deficient MEFs are capable of responding to treatment with IFN-B. Irgm1 and Irgm3 were similarly induced (not shown). E, cPLA2™/* and cPLA2~’~ MEFs were
infected C. trachomatis (L2), treated with 100 units/ml of IFN-B and bacterial replication was assessed by the generation of infectious units. Both wild-type and
cPLA,-deficient cells are capable of containing bacterial growth after treatment with IFN-B. Results shown are representative of at least three independent
experiments.
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FIGURE 7. cPLA, activation in Chlamydia-infected MEFs is mediated by the MAPK p38. A, MEFs were infected with C. trachomatis and treated with
inhibitors of the ERK (U0126) or p38 (SB203580) MAPK pathways and the levels of activated signaling and IRG proteins were determined by immunoblots. Note
that inhibition of p38, but not ERK, completely abolished cPLA, phosphorylation at Ser-505 and expression of the IRG protein Irgb6. B, MEFs transduced with
an IFN-inducible luciferase reporter were treated with ERK or p38 inhibitors and the levels of luciferase expression in response to C. trachomatis infection was

determined.

vation was independently confirmed by monitoring the expres-
sion of a luciferase reporter driven from an IFN-stimulated
response element (ISRE) (Fig. 6C). As control for the ability of
these cells to activate canonical type I interferon responses, we
transfected double-stranded RNA (poly I:C) into wild-type and
knock-out MEFs. Both wild-type and cPLA2~/~ MEFs showed
similar responses, indicating that cPLA, is not required for
the cytoplasmic-sensing mechanisms in classical antiviral
responses or expression and assembly the core transcriptional
machinery that controls type I IFN expression.

A prediction from our findings is that IRG expression in
response to type I IFNs is responsible for the bulk of the cPLA,-
mediated protection of murine cells from C. trachomatis infec-
tion. To test this premise, we assessed if the enhanced replica-
tion of C. trachomatis in cPLA2~'~ MEFs could be suppressed
by addition of exogenous IFN-B. Recombinant exogenous
IFN-B (100 units) decreased C. trachomatis replication in both
wild-type and cPLA2~'~ MEFs (Fig. 6D). The addition of exog-
enous IFN-f to cPLA,-deficient MEFs led to Irgb6 levels simi-
lar to those of wild-type MEFs infected with C. trachomatis
(Fig. 6E).

cPLA, Is Activated by p38 MAPK during Chlamydia Infection—
Pharmacological inhibition the ERK1/2 increased Chlamydia
replication in MEFs to levels well below to those obtained by
cPLA, inhibition (Fig. 4D), suggesting that cPLA, activity may
be regulated independently of ERK1/2. Because cPLA, is acti-
vated by phosphorylation at Ser-505 by both ERK1/2 and the
MAPK p38 (14), we assessed the role of p38 in cPLA, activation
in Chlamydia-infected MEFs and in the expression of IRGs.
Cells were infected with C. trachomatis for 24 h in the presence
of U0126 or the p38 MEK inhibitor SB203580 and the levels of
activated cPLA,, p38, and ERK1/2 were monitored by immu-
noblot analysis with antibodies specific for phospho-activated
forms of these proteins. U0126 and SB203580 prevented the
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accumulation of activated forms of ERK1/2 and p38, respec-
tively, in response to Chlamydia infection. Interestingly, U1026
partially decreased cPLA, phosphorylation at Ser-505 while
SB203580 completely abolished it (Fig. 7A). This finding sug-
gests that cPLA, activation in infected MEFs occurs primarily
via a p38-dependent pathway. Consistent with this, SB203580-
treated MEFs failed to express IRGs in response to infection
(Fig. 7A) most likely due to the inability to these cells to activate
Type I IFNs as assessed with IFN-inducible luciferase reporters
(Fig. 7B). Our findings are consistent with very recent observa-
tions indicating a role for p38 in IFN-S expression during
C. muridarum infection (57). Interestingly, while ERK1/2 con-
tributes to cPLA, phosphorylation, it is not required for activa-
tion of type IFN responses (Fig. 7B). Overall, these results estab-
lish that autonomous expression of type I IFNs in murine cells
in response to Chlamydia infection requires cPLA, activity and
that multiple signaling events contribute independently to the
activation of this lipase.

DISCUSSION

Upon encountering a pathogenic organism, mammalian cells
activate signaling pathways that control cell autonomous
microbicidal functions and alert the broader immune system to
the presence of a foreign organism (1). If the invading pathogen
is equipped with the proper arsenal of virulence factors, it will
dampen these signaling events to avoid antimicrobial responses
or harness them to further its own replication. During Chlamy-
dia infections, activation of the RAS-ERK signaling pathway
has been linked to the induction of pro-inflammatory cytokines
and the generation of lipid precursors for the replicating bacte-
ria (2, 5). In this study we confirmed the activation of various
components of the RAS-RAF-MEK/ERK-cPLA, signaling cas-
cade and provide additional evidence through pharmacological
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and genetic approaches that individual components of this sig-
naling circuitry are likely activated in a non-canonical manner.

We observed broad activation of all main RAS isoforms by
24 h postinfection (Fig. 1A); but this activation, as assessed by
the localization of RAF;,-EGFP expressed in infected cells,
did not appear to be compartmentalized to any specific subcel-
lular location (Fig. 1B). Although activated forms of ERK and
cPLA, have been reported to localize to the periphery of inclu-
sions (5), the diffuse localization of RAF;,,,-EGFP is more con-
sistent with RAS signaling occurring at multiple areas within
the infected cell. At this time we cannot exclude a role for RAS
in the activation of ERK at the inclusion. However, a time
course analysis of when activated forms of RAF, MEK, ERK, and
cPLA, accumulate during infection, suggested that these sig-
naling components are not activated in a linear fashion as
would be expected in response to serum growth factors (43).
For example, RAF activation peaked at 12 h postinfection, while
MEK, ERK and to a lesser extent cPLA,, activation increased
throughout the infectious cycle (Fig. 1D). Consistent with this
apparent temporal disconnect in the activation of RAS and its
downstream signaling components, ERK activation was largely
insensitive to pharmacological and genetic inhibitors of RAS
(Fig. 2, A and B), indicating that ERK and RAS activation are
uncoupled in Chlamydia infected cells. Our data are in agree-
ment with recent work by Gurumurthy et al. (23) showing that
activation of ERK can occur the absence of at least one isoform
of RAS. We have also observed enhancement of replication of
C. trachomatis during stable shRNA-mediated knock-down of
all three isoforms of RAS (data not shown).

It is unclear what signals activate RAS in infected cells.
Because cytokines and inflammatory factors can activate RAS
(58) and Chlamydia-infected cells secrete IL-6, IL-8, and pros-
taglandins (2, 6, 59, 60), we postulate that RAS activation may
occur in response to both endocrine and paracrine inflamma-
tory signals. Consistent with this, we have observed that condi-
tioned medium from infected cells can activate RAS in unin-
fected cells (not shown). Interestingly, the release of these
extracellular RAS activating factors appear to be independent
of ERK-dependent signaling as infected HeLa cells treated with
levels of MEK inhibitor that block IL-8 expression still activated
RAS-GTP (Fig. 2C).

ERK-dependent activation of cPLA, has been postulated to
generate essential lysophospholipid precursors for transport
into the inclusion (5). Consistent with this, MEK and cPLA,
inhibitors inhibit the incorporation of host-derived glycero-
phospholipids into bacterial membranes and limit bacterial
replication (5). To further define the role of the RAS-ERK-
cPLA, signaling pathway during infection, we tested the effect
of specific inhibitors in Chlamydia replication. Treatment with
the farnesyl transferase inhibitor L-744/832, did not have any
negative effect on inclusion size in HEK cells (not shown),
where FTI-sensitive H-RAS is the predominant RAS isoform.
Similarly, the MEK inhibitor U0126 had a minimal effect on
chlamydial replication at concentrations that abolish accumu-
lation of phosphorylated forms of ERK and IL-8 expression (2).
In contrast, treatment with the cPLA, substrate analogue
AACOCEF3 resulted in a marked decrease in the yield of infec-
tious units. However, we note that we found variability among
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different commercial batches of cPLA, inhibitors® and the con-
centrations required in our experiments to inhibit chlamydial
replication were significantly higher than those previously
reported as inhibitory to Chlamydia growth (5).

To independently address the role of cPLA, in Chlamydia
infection we generated stable knock-down cell lines by lentivi-
ral transduction of cPLA,-specific ShRNAs. Chlamydia repli-
cated in cells expressing <10% of wild-type levels of cPLA, to
levels similar to control cell lines (Fig. 3A4). Because it was for-
mally possible that residual levels of cPLA, in these knockdown
cell lines was sufficient to support chlamydial replication, we
tested if C. trachomatis replicated in fibroblasts derived from
cPLA2 knock-out mice. Although mouse cells are less permis-
sive for C. trachomatis replication than human cells, we rea-
soned that if cPLA, was essential for chlamydial replication,
these cells should be highly resistant to bacterial infection.
Unexpectedly, mouse fibroblasts lacking cPLA, were highly
susceptible to C. trachomatis but not other intracellular patho-
gens (Fig. 4A). Similarly, treatment of cPLA2™'* MEFs with low
levels of AACOCF3 promoted C. trachomatis replication in
these cells (Fig. 4D), indicating that cPLA,, at least in mouse
cells, plays a protective role against C. trachomatis infections.

The differential susceptibility of mouse strains to C. tracho-
matis infections is linked to the expression of a family of IRGs
important for the containment of intracellular parasites (47).
How these GTPases exert their anti-parasitic functions is not
well understood, although at least a subset of these proteins can
be recruited to the surface of pathogenic vacuoles and cause a
loss of membrane integrity and autophagic mediated clearance
(49, 53, 61-63). Given that C. muridarum is resistant to this
arm of the rodent’s innate immune system, and that cPLA,-
deficient MEFs were as permissive as wild-type MEFs for their
replication, we explored the role that cPLA, may play in the
expression or function of IRGs. Indeed, we found that
cPLA2~'~ MEFs were impaired in IRG expression during
C. trachomatis infection (Fig. 4B) and that this effect is
mimicked by treating cPLA2"’" MEFs with PLA, inhibitors
(Fig. 4C).

Because IRG expression is tightly controlled by IFNs, we
tested if cPLA, was necessary for the ability of MEFs to respond
to exogenous IFNs. Both wild-type and cPLA2™/~ MEFs
treated with type I and type Il interferons expressed IRGs (Figs.
5A and 6E) and contained C. trachomatis replication (Figs. 5B
and 6D). Similarly, the intracellular signaling pathways
required for induction of type I interferons in response to
nucleic acids appear intact, as transfection of poly(I:C) induced
a robust interferon response in both wild-type and cPLA,-de-
ficient MEFs (Fig. 6, B and C). These findings suggest that
cPLA, is not required for the recognition of IFNs or the activa-
tion of IFN-regulated genes. Instead, it is likely that cPLA,
activity is required at some stage in the recognition of
Chlamydia and the induction of type I interferon responses
(Fig. 4, A-C).

It is increasingly clear that membrane bound intracellular
pathogens can effectively activate type I interferon responses,

3 R. H. Valdivia, unpublished observations.
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FIGURE 8. Model for the activation of RAS signaling and the cPLA,-depen-
dent activation cell autonomous IFN responses in Chlamydia-infected
cells. RAS and ERK activation are uncoupled during Chlamydia infection and
RAS may be activated by exocrine factor released during infection indepen-
dently of ERK. The MAPK p38 mediates the activation of cPLA, to regulate the
expression of type | interferons in response to C. trachomatis infection of
mouse cells. This may be achieved by modulating pattern-recognition recep-
tor signaling either directly or indirectly by altering membrane transport
events or lipid signaling. Alternatively, cPLA, activity may influence the per-
meability of the inclusion membrane and enhance leakage of microbial prod-
ucts that can be recognized by cytosolic PRR to initiate IFN responses. In
murine cells, activation of IFN-B by Chlamydia leads to the expression of IRG
proteins, which directly contribute to anti-chlamydial immune responses.

an innate immune pathway that is normally associated with
anti-viral responses (64). C. trachomatis and C. muridarum
infection of both human and murine cells leads to the secretion
of type I interferons (55, 56, 65— 67). How chlamydial products
activate this innate immune pathway is less clear. In HeLa cells
it requires the JAK/STAT1 signaling pathway (55) and in
murine cells the adaptor protein TRIF and the transcription
factor IRF3 (54). TRIF can interact with TLR3 and TLR4 in
endosomal compartments to activate IRFs in response to
nucleic acids and lipopolysaccharide, respectively (68, 69) and
Ly6C-positive monocytes, have been reported to induce the
expression of type I interferons upon recognition of non-nu-
cleic acid viral components by TLR2 (70).

During the review of our work, Pratner et al. (57) provided
evidence that the initiation of IFN-B expression during
C. muridarum infection of mouse macrophages is a TLR-inde-
pendent process and that NOD1 and the endoplasmic reticu-
lum/mitochondrial protein STING in conjunction with NF-«B,
and p38 MAPK-mediated signaling are required for a full IFN-3
response. We have confirmed the importance of p38 MAPK in
IEN- expression and shown that this kinase is required for the
phosphorylation and presumably activation of cPLA, during
C. trachomatis infection of MEFs. It is unclear if cPLA, plays a
role in proper signaling by STING, NOD], or the p38 MAPK
cascade that is responsible for IFN-f expression in mice or in
the proper localization or function of pattern recognition
receptors within intracellular compartments (Fig. 8). Alterna-
tively, like other intracellular pathogens, it is possible that many
chlamydial compounds, ranging from metabolites to bacterial
RNAs, leak into the cytoplasm and are sensed by pattern recog-
nition receptors (71, 72) and that cPLA, plays a role in their
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recognition by modulating bacterial or inclusion membrane
stability.
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