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Abstract

IFNP has been implicated as an effector of oviduct pathology resulting from genital chlamydial
infection in the mouse model. In this study, we investigated the role of cytosolic DNA and
engagement of DNA sensors in IFNp expression during chlamydial infection. We determined that
TREX-1, a host 3’to 5’ exonuclease, reduced IFNP expression significantly during chlamydial
infection using siRNA and gene knock out fibroblasts, implicating cytosolic DNA as a ligand for
this response. The DNA sensor cGAS has been shown to bind cytosolic DNA to generate cGAMP,
which binds to the signaling adaptor STING to induce IFNf expression. We determined that cGAS
is required for IFNP expression during chlamydial infection in multiple cell types. Interestingly,
although infected cells deficient for STING or cGAS alone failed to induce IFNp, co-culture of
cells depleted for either STING or cGAS rescued IFNP expression. These data demonstrate that
cGAMP produced in infected cGAS*STING™ cells can migrate into adjacent cells via gap
junctions to function in trans in cGAS™STING™ cells. Further, we observed cGAS localized in
punctate regions on the cytosolic side of the chlamydial inclusion membrane in association with
STING, indicating that chlamydial DNA is likely recognized outside the inclusion as infection
progresses. These novel findings provide evidence that cGAS-mediated-DNA sensing directs
IFNP expression during C.trachomatis infection and suggests that effectors from infected cells can
directly upregulate IFNp expression in adjacent uninfected cells during in vivo infection,
contributing to pathogenesis.
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Introduction

Chlamydia trachomatis is the most common sexually transmitted bacterial pathogen in the
world and infection can lead to pelvic inflammatory disease and infertility in women.
Chlamydial infection of epithelial cells upregulates proinflammatory cytokines, chemokines,
type I IFNs, and IFN stimulatory genes (1-3). We and others have shown that type | IFN
(IFNa and IFNB) signaling exacerbates host pathology during the course of genital (4) or
pulmonary (5) C. muridarum infection in the mouse model. Further, IFNp depletion protects
mice from oviduct pathology during genital chlamydial infection (6), demonstrating a
significant contribution of IFN to host pathology. A similar detrimental effect of IFNf
signaling has been reported during other bacterial infections as well [reviewed in (7)].

A consensus mechanism for IFNp induction during intracellular bacterial infection is yet to
be defined. However, multiple host pathogen recognition receptors that can induce IFNJ
expression during viral infection [reviewed in (8)] have been identified. These include the
RNA sensors, RIG-I (Retinoic acid-inducible gene) and MDA5 (Melanoma differentiation-
associated protein 5) (9, 10), which recognize viral RNA and signal via the adaptor MAVS
(Mitochondrial antiviral signaling) to induce IFNp expression (11). In addition, several
DNA sensors have been identified that recognize cytosolic DNA and induce IFNB
expression. These include RNA polymerase I11 (9, 10), DAI (DNA-dependent activator of
IFN regulatory factors) (12), IFI16 (IFNy inducible protein 16) (13), LRRFIP1 (Leucine rich
repeat protein FLII interacting protein) (14), DDX41 (DEAD box polypeptide 41) (15),
MRE11 (Meiotic recombination 11 homolog) (16), LSm14A (member of LSm protein
family) (17) and DNA-PKcs (DNA-protein kinase catalytic subunit) (18). The large number
of DNA sensors identified in the host suggests that they may play redundant roles during
infection. On the other hand, STING (Stimulator of IFN genes), an ER resident
transmembrane protein, has been reported to be crucial for independent recognition of
cytosolic DNA during viral infection and induction of IFN-B (19). STING is not a direct
sensor of DNA, but functions as an integral adaptor molecule in DNA recognition. STING
binds to a novel second messenger, cyclic GAMP (cGAMP) generated by a host DNA
sensor, cGAS (cyclic GMP-AMP synthase) (20) upon DNA-binding in the cytosol (21).
This interaction of cGAMP with STING activates the signaling events that lead to IFNJ
expression. Additionally, STING also directly binds bacterial second messengers, cyclic di-
GMP and di-AMP to induce IFN (22), suggesting that it can also function as a direct sensor
of intracellular pathogens. Indeed, cyclic di-AMP has been shown to be produced by Listeria
monocytogenes (23) and Chlamydia trachomatis (24). However, the direct contribution of
STING relative to its co-operation with DNA sensors in IFNB expression during bacterial
infection remains unclear.

We have shown that STING is required for IFN induction during chlamydial infection in
HelLa cells and murine oviduct epithelial cells, while the cytosolic RNA sensing pathway is
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dispensable for this response (25). In this study, we demonstrate for the first time that
cytosolic DNA is a trigger for IFNp expression during C. trachomatis infection and that the
DNA sensor cGAS plays an integral role in sensing this DNA to induce IFNp expression.
CGAS localized in close proximity to the chlamydial inclusion membrane and co-localized
with STING, suggesting that chlamydial DNA is likely recognized on membrane
compartments outside the chlamydial inclusion. We also provide indirect evidence for
cGAS-mediated generation of cGAMP during infection, by demonstrating rescue of IFNf
expression during co-culture of cGAS*STING™ cells with cGAS™STING™ cells, suggesting
that cGAMP from infected cGAS™ cells can migrate into adjacent cells to induce STING-
dependent IFN expression.

Materials and Methods

Cell culture, Primary cells, Reagents, cDNA constructs, chlamydial stocks and infection

HeLa cells, WT (wild-type) and TREX1 KO mouse embryonic fibroblasts (MEFs), and
HEK?293T were cultured in supplemented DMEM and mouse J774 cells cultured in
complete media for macrophages, as described earlier (25). Mouse BM1.11 cells (26) and
human OE-E6/E7 (oviduct epithelial cells) (27) were cultured in supplemented F12-DMEM
as described (25). Poly dA:dT/LyoVec (100 pg/ml), Poly I:C/LyoVec (50 pg/ml) and 2’3’
cGAMP (1 mg/ml) were purchased from Invivogen. Carbenoxolone (working concentration
0.2 mM) was purchased from SIGMA. pBluscript vector (1-2.5 pg) was used as
immunostimulatory DNA (ISD). cDNA constructs for human cGAS (pCMV-cGAS) and
STING (pCMV-STING) were purchased from Origene. C. muridarum, C. trachomatis D and
L2 were propagated in McCoy cells and infections performed at 1 MOI or as indicated, as
previously described (25).

Small interfering RNA (siRNA)

siRNA targeting human cGAS (MB21D1) (s41746 and s453378), human DDX41 (s28120),
human TRIM56 (s37816), human LSM14A (525051), human STING (s50645), or
corresponding non-targeting (NT; control, Cat #4390843) were obtained from Ambion Life
Technologies, and were used for HeLa and OE cells. For BM1.11 cells, accell™ SMART
pool siRNA duplexes targeting mouse STING (E-055528), mouse cGAS (E-055608) and
corresponding accell™ non-targeting siRNA (D-001910-10) from Dharmacon, were used.
For J774 cells, two mouse cGAS (MB21D1) siRNA oligos (Cat# 2675, SIGMA), described
earlier (20) were used in parallel with the corresponding non-targeting siRNA from SIGMA
(Cat# SIC001). For TREX-1 knock down siGenome SMART pool mouse TREX1
(M-042223-00) were used in BM1.11 cells, while siGenome SMART pool human TREX1
(M-013239-02) were used in HeLa cells with corresponding non-targeting pools.

siRNA, ISD transfection and cGAMP treatment

HeLa cells were plated at 1 x 10° cells /well in 24-well plates for 18 to 24 h before
transfection. Thirty pmol of SiRNA were transfected using Lipofectamine RNAIMAX
reagent (Invitrogen). Forty-eight hours post-transfection, siRNA transfected cells were split
into 4 wells in a 24 well dish for multiple treatments. sSiRNA (10 pmol) transfections were
repeated on each well the next day to achieve maximal knock down in expression. Twenty-
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four hours after second siRNA transfection, one set of cells were infected with Chlamydia
and harvested 18-24 h post infection. In parallel, cells were transfected with ISD (positive
control) or with poly I:C (negative control), 6-8 h prior to harvest, so that all cells, including
untreated controls were harvested at the same time. BM1.11 cells were transfected directly
using accell™ siRNA (100 pmol/well) in a 24 well dish for multiple treatments. OE-E6/E7
cells and J774 cells were transfected with siRNA (100 pmol/well and 30 uM, respectively)
in a 24 well dish for multiple treatments using INTERFERin (Polyplus transfection™).
Seventy-two hours after sSiRNA transfection, cells were infected with C. trachomatis or
transfected with ISD (positive control) 8 h before harvest, as described previously. The
effect of specific SiRNAs on target gene mRNA was assessed by gRT-PCR. For ISD
transfection, 1 ug of 1ISD were transfected into HelLa, and 2.5 ug of ISD was transfected into
OE-E6/E7 or BM1.11 cells using FuGene HD transfection reagent (Promega). For cGAMP
treatment, cGAMP (1 pg/ml) was added to cells at 37°C in a permeabilization buffer (50
mM HEPES, 100 mM KCI, 3 mM MgCl2, 85 mM Sucrose, 0.1 mM DTT, 0.2% BSA, 1mM
ATP, 10 pg/ml Digitonin) described earlier (23) and replaced with media 30 min after
treatment. Cells were harvested 6 h post treatment.

RNA extraction, quantitative RT-PCR analysis and ELISA

The ISD transfected cells, infected cells, or un-treated cells (UT) were processed at the same
time for RNA extraction using the RNeasy kit (Qiagen). The RNA were then processed for
reverse transcription and quantitative PCR using an SsoAdvanced SYBR mix (Bio-Rad)
using a CFX iCycler (Bio-Rad) as described previously (25) . Primers sequences for IFN,
IL-8, 16S rRNA were described previously (25). Additional primers include, mcGAS-F:
TAGCGGTCTCAACTCAAG, mcGAS-R: TGGTGTCTGTTCATAGCA, hcGAS-F:
CCTGCTGTAACACTTCTTAT, hcGAS-R; TTAGTCGTAGTTGCTTCCT, hTREX1-F:
TGCCTTCTGTGTGGATAG, hTREX1-R: AGTGTAGATGCTGCCTAG, mTREX1-F:
CAATAGCCACTCTGTATG, and mTREX1-R: TGACCGCTATGACTTTCC. All primers
were designed using Beacon Design software (Bio-Rad). Culture supernatants were
collected at 24 h post infection (p.i) for IFNp and CXCL10 by ELISA (R&D).

HeLa cell co-culture following siRNA transfection to demonstrate cGAMP transfer

Twenty-four hours after second individual siRNA transfection, the cells were trypsinized
and counted. cGAS siRNA and STING siRNA cells were re-plated individually or mixed at
different ratio (1:3, 1:1, and 3:1). Equal numbers of the mixed or individual SIRNA
transfected cells were plated into a new 24-well plate (2 x 105cell /well) and were infected
with C. muridarum (3 moi) 18 h later. ISD transfection (1 pg/well) was done on parallel
wells 6 h before harvest, so that all cells were harvested at the same time for RNA
extraction. In an independent experiment, cGAS KD and STING KD cells were co-cultured
in a transwell separated by permeable support, to determine the requirement of cell-cell
contact.

HEK?293T transfection and Immunoblots

HEK?293T cells were transfected with pCMV-cGAS (Origene), pPCMV-STING (Origene) or
pcDNAS3.1 vector (60 ng DNA). Cells were trypsinized 24 post transfection and re-plated
individually or mixed at 1:1 ratio, such that each well contained a total of 4 x 10° cells/well
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in a 24 well dish. Cells were infected, or permeabilized with positive control ligands
cGAMP (1ug/ml) or transfected with 1ISD (1ug), 6 hours after plating and harvested at
indicated times and processed for RNA and gRT-PCR. Immunoblots for cGAS or STING
protein in HEK293, HEK293T and HeLa cells were carried out using cell lysate prepared
using RIPA buffer (Pierce-Thermo Scientific) and protease inhibitor cocktails (Sigma). Anti
cGAS Ab (Cat# AP10510c, Abgent), anti-STING poly clonal Ab (Cat# PA5-26751, Thermo
Scientific) and anti-actin Ab (Cat# A2228, Sigma) were used at the 1:500, 1:500 and 1:1000
concentration respectively.

Confocal microscopy

HelL a cells were grown on 12 mm glass coverslips (#1, 0.17 mm thickness) at 50% density
in 24-well plate, one day before infection with 1 MOI of C. muridarumor C. trachomatis.
Twenty four hours post-infection (pi), cells were fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA) for immunostaining as described previously (25).
Rabbit anti cGAS was used at 1:200 dilution. Chlamydiae were stained with C. muridarum
antiserum obtained from convalescent mice post infection diluted 1:300, while Alexa Fluor
(AF) 488 conjugated anti-mouse and AF568 anti-rabbit (Invitrogen) were used at 1:1000
dilution as secondary Abs for detection. AF488 conjugated mouse mAb for STING (R & D)
was used at 1:100 dilution in conjunction with anti-cGAS polyclonal antibody for co-
localization studies. AF647 anti GM130 (BD BioScience) was used for Golgi staining at
1:100 dilution in some experiments. Transfected cells were stained using mouse anti-FLAG
(Origene). Cells were washed and mounted using Prolong anti-fade containing DAPI
(Invitrogen). Confocal images were acquired with the 63X oil 0.8 numerical aperture
objective using Zeiss confocal microscope (LSM 510 META) and images analyzed using
AxioVision software (Thornwood, NY).

Statistical analysis

Results

At least three independent repeats were performed for each siRNA experiment and a
representative experiment shown. Error bar indicates the standard error for technical
replicates for gRT-PCR. To determine statistical significance in siRNA experiments, percent
decrease/increase in expression levels of IFNf relative to non-targeting (NT) siRNA (100%)
were averaged from multiple experiments and significance determined by paired T test or
one-way ANOVA with Holm-Sidak multiple comparison test using Graphpad Prism™. For
transfection experiments in HEK293T cells, fold changes from 3 independent experiments
were averaged, represented with SD, and significance determined by one way ANOVA with
Holm-Sidak multiple comparison test.

Cytosolic nucleic acid is a potential ligand for IFNP expression during chlamydial infection

During intracellular bacterial or viral infection, nucleic acids released into the cytosol can
result in IFNP expression. Host exonucleases, such as Three prime Repair EXonuclease-1
(TREX1), cleave intracellular DNA and have been shown to regulate IFNp expression
during viral (28) or bacterial infection (29). To determine if cytosolic DNA contributes to
IFNB expression during chlamydial infection, TREX1 KO mouse embryonic fibroblast
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(MEF) and their corresponding WT controls (Fig 1A) were infected with C. muridarum.
TREX1 KO cells showed a significant 2-3 fold increase in IFNp expression compared to
wild type (WT) MEF during C. muridarum infection (Fig 1B), without altering chlamydial
growth, as measured by comparable levels of chlamydial 16S rRNA (Fig 1C). TREX1 KO
cells were also hyper-responsive to the DNA analog poly (dA-dT), used as a positive control
(Fig 1B). Further, complementation of TREX1 KO cells with a cDNA construct expressing
human TREX1 (Fig 1D), resulted in 50-70% reduction in IFNp expression during
chlamydial infection or poly (dA-dT) treatment (Fig 1E) relative to their respective vector
controls, without altering chlamydial replication (Fig 1F).

To further establish the contribution of cytosolic DNA to IFNf expression in chlamydial
infection, siRNA knock down of TREX1 was carried out in mouse oviduct epithelial cells
BM1.11 (Fig 2A). A significant increase in IFNP expression was observed in cells
transfected with TREX1 siRNA compared to non-targeting (NT) siRNA, during poly (dA-
dT) treatment (P=0.04) or C. muridarum infection (P=0.01) (Fig 2B and Fig S1), again
without affecting chlamydial replication (Fig 2C). The role of TREX-1 was further
confirmed in HeLa cells, where siRNA transfection can be performed with high efficiency.
Knock down of TREX-1 (Fig 2D) resulted in significant increase (P=0.045) in chlamydia-
induced IFNP expression relative to NT siRNA (Fig 2E and Fig S1), without altering
chlamydial replication (Fig 2F). The effect of TREX-1 siRNA was specific for
immunostimulatory DNA (ISD)- but not RNA-induced IFNP expression as evidenced in
cells transfected with the RNA-analog poly I:C (Fig 2E and Fig S1). Overall, these data
suggest that cytosolic DNA is a ligand required for IFN expression during chlamydial
infection.

The DNA sensor, cyclic GMP-AMP synthase (cGAS) is essential for IFNB expression during
C. muridarum and C. trachomatis infection

That DNA serves as a ligand for IFNf expression during chlamydial infection suggested that
host DNA sensors detect cytosolic DNA during infection. We have previously shown that
the adaptor molecule STING is required for IFNP expression during chlamydial infection in
Hel a cells (25). Using these cells, we investigated potential DNA sensors involved in
recognition of this ligand during infection. siRNA knockdown of several DNA sensors,
specifically DAI, IF116, LRRFIP1, DDX41, Lsm14A, and TRIM56 in HeLa cells had no
effect on IFNP expression during infection (data not shown). Recently, the host enzyme
cGAS was shown to catalyze the generation of the STING ligand, cyclic GAMP, after
binding cytosolic DNA (20, 21). We tested the contribution of cGAS to IFNP expression
during chlamydial infection via knock down using two independent siRNAs directed against
cGAS in comparison to a non-targeting (NT) siRNA from the same provider. siRNA-
mediated knock down for cGAS and STING resulted in >90% and >99% reduction in
MRNA expression of cGAS and STING, respectively (data not shown). cGAS knock down
with cGAS1 siRNA and cGAS2 siRNA decreased the expression of IFNp by > 75%
(p<0.001) and >97% (p<0.001) relative to NT controls during C. muridarum infection. (Fig
3A and Fig 3K). Similar results were observed with human C. trachomatis serovar D, and C.
trachomatis L2 (Fig 3A). Cells transfected with ISD, where induction of IFNP was
significantly compromised in STING and cGAS knock down cells, served as positive
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controls for functional siRNA knockdown, showing >95% decrease (P<0.001) in IFNJ
expression relative to NT controls (Fig 3B and Fig 3K). To demonstrate the specificity of
the siRNAs used, cells were transfected with poly I:C in parallel. cGAS and STING siRNA
did not decrease IFNP induction in poly IC transfected cells suggesting that RNA-sensing
pathways or downstream effectors for IFN expression were not targeted (Fig 3C and 3K),
although some increase in IFNf expression was observed in cells transfected with one of the
2 cGAS siRNA tested (P=0.024). cGAS and STING siRNA significantly reduced the
expression of another IRF3-dependent gene IFNX during infection and ISD transfection (Fig
3D-F), but did not reduce the expression of IL-8, an IRF3-independent (Fig 3G),
demonstrating a specific effect on IRF3 pathway. Chlamydial replication remained unaltered
in response to cGAS or STING knockdown as evidenced by 16S rRNA levels (Fig 3H).
IFNP protein was not detectable in supernatants because it is likely rapidly endocytosed by
its receptor IFNAR. Therefore, protein levels of an interferon response gene, CXCL10,
which serves as a functional surrogate for biologically active IFNp, was measured in the
culture supernatants by ELISA and was found to correspond to IFNf mRNA levels in the
cells (Fig 31). siRNA knock down of STING and cGAS resulted in undetectable or low
levels of the respective proteins in cell lysates detected by western blot (Fig 3J). Further,
cGAS knock down did not alter STING levels and vice versa (Fig 3J), confirming the effect
of cGAS on IFNP expression was independent of STING protein levels.

The role of cGAS and STING was further assessed in mouse and human oviduct epithelial
cells infected with C. muridarum or C. trachomatis, respectively (Fig 4). About 50% and
90% reduction in IFNp expression was observed in mouse oviduct epithelial cells (BM1.11)
with cGAS and STING knock down, respectively during C. muridarum infection (Fig 4A
and 4D). These results paralleled a 50% and 80% decrease of cGAS and STING expression,
respectively (Fig 4B and 4C) while chlamydial growth remained unaffected by cGAS and
STING knock down (data not shown). IFNp expression during ISD transfection in BM1.11
cells was also significantly reduced in cells transfected with cGAS and STING siRNA
relative to NT siRNA (Fig 4A and 4D). In OE-E6/E7 cells (27), a transformed human
oviduct cell line, a similar effect of cGAS and STING knock down was observed (Fig 4E
and 4H), although these cells only induced low levels of IFNB during C.trachomatis
infection. The reduction in IFNp expression paralleled about 50% knock down achieved for
both cGAS and STING expression in these cells (Fig 4F and 4G). cGAS was also found to
be essential for IFNP expression during chlamydial infection in the mouse macrophage line
J774 (data not shown), which supports the growth of C. muridarum. These data indicate that
DNA sensing by cGAS during chlamydial infection occurs in multiple cells types and with
both mouse and human C. trachomatis strains.

CGAS is recruited to the inclusion membrane during chlamydial infection

We have previously shown that STING and the ER protein Sec16a localized in close
proximity to the chlamydial inclusion (25). cGAS has been shown to colocalize with
transfected DNA in the host cytosol (20). To determine the intracellular niche(s) where
cGAS recognizes DNA during chlamydial infection, immunostaining of endogenous cGAS
and STING was performed in infected cells. Antibody specificity was confirmed by
transfecting cGAS or STING into HEK293T cells (data not shown), which do not express
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either protein at high levels (20). Endogenous cGAS was found to localize in close
proximity to chlamydial inclusion membrane during both C. muridarum (Fig 5A) and C.
trachomatis (Fig 5B) infection. In uninfected cells, cGAS was found distributed in the
cytosol (Fig 5C), while in infected cells cGAS was found enriched at certain points around
the chlamydial inclusion membrane (Fig 5D). Co-localization of STING and cGAS was
observed at several contact points around the inclusion (Fig 5D), but no co-localization of
STING or cGAS was observed with the Golgi marker GM130 (data not shown). To confirm
the data obtained by endogenous staining of cGAS, we examined trafficking and localization
of cGAS in HelLa cells transfected with FLAG-cGAS. A distinct enrichment of FLAG-
CcGAS was observed as punctate staining around the inclusion in infected cells (Fig 5E).
These data are reminiscent of what was previously observed with STING (25). cGAS is a
cytosolic protein and not associated with the membrane component of the cells. Therefore,
these data suggest that cGAS is trafficked to the inclusion membrane during chlamydial
infection.

Evidence for cGAMP generation during chlamydial infection

Recognition of DNA by cGAS results in the generation of the STING ligand, cGAMP (20,
21). To determine if cGAMP is generated during chlamydial infection, we used an indirect
approach based on the recent finding that cGAMP can cross gap junctions between epithelial
cells (30). HeLa cells knocked down for STING expression should retain the capacity to
generate CGAMP, since they express cGAS, but are incapable of inducing IFNp expression
in the absence of STING. Similarly, cells knocked down for cGAS cannot generate cGAMP,
but retain their ability to activate IFNp signaling because STING can respond to cGAMP
provided in #rans. Therefore, we hypothesized that IFNP expression would be rescued if the
cells knocked down for cGAS or STING were mixed prior to infection (Fig 6A). sSiRNA
knock down of these proteins (cGAS or STING) was carried out in HeLa cells as before and
cells were mixed at varying ratios with equal cell number in all wells. IFNf expression was
rescued by >10-20 fold in infected cells that were co-cultured relative to cells with cGAS or
STING knock downs, respectively (Fig 6B). Chlamydial growth was similar in co-cultured
cells relative to individually plated cells as evidenced by 16s rRNA levels (data not shown).
Cells transfected with 1SD served as a positive control and showed a similar trend of rescue
of IFNP expression resulting from cGAMP transfer (Fig 6C). GAP junction inhibitors such
as Carbenoxolone, were able to abrogate cGAMP transfer in co-cultured cells transfected
with ISD (data not shown) as previously reported (30), but could not be used in conjunction
with infected cells as they also function as Pannexin inhibitor and abrogated chlamydial
growth (31). Cell-cell contact was essential for IFNJ rescue to occur during co-culture, since
IFNP rescue was compromised when the STING KD and cGAS KD cells were cultured
separately on a transwell (Fig S2). Together, these results provide indirect evidence for
generation of cGAMP during infection and its transfer from infected cell to adjacent cell
through gap junctions.

DNA is the predominant ligand inducing IFNP expression during chlamydial infection

Recently it was reported that chlamydial EBs produce the bacterial second messenger cyclic
di-AMP, which can directly bind to STING to induce IFNp expression (24). This was shown
by infecting HEK293T cells overexpressing STING, and transfected with IFN promoter-
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driven luciferase reporter construct. In light of our finding that cGAS is required for
chlamydia-induced IFNp, we investigated the contribution of STING in the presence or
absence of cGAS, to determine the relative contributions of DNA and chlamydial cyclic di-
AMP to IFN expression. HEK293 cells (without T antigen) express STING but not cGAS,
while HEK293T (with T antigen) have undetectable cGAS and STING protein, as reported
earlier (20) contrasting with HeLa cells, which express high levels of both STING and
CGAS (Fig 7A). The STING protein in HEK293 cells was fully functional as evidenced by
high levels of IFNP expression in response to the commercially available STING ligand
2’3’cGAMP (Fig 7B), but these cells expressed very low levels of endogenous IFNf
expression (2-fold increase) in response to chlamydial infection (Fig 7C). These data
suggested that STING expression alone was insufficient to drive biologically relevant
endogenous IFNp expression. HEK293T cells were then used to examine the independent
and combined role of cGAS and STING in IFNP expression during infection. Co-
transfection of cGAS and STING cDNA into HEK293T cells resulted in significant
background IFNP expression- a consequence of recognition of transfected DNA by cGAS
protein in the presence of STING (20). Therefore, the alternative approach of examining the
contribution of cGAS in trans was employed. HEK293T cells were transfected with STING
or cGAS, which resulted in equivalent levels of STING or cGAS mRNA (data not shown).
HEK?293T cells transfected with STING were responsive to exogenous cGAMP but did not
induce IFNp expression to transfected DNA. Conversely, cGAS transfected cells were
unresponsive to either cGAMP or ISD transfection in the absence of STING signaling (Fig
7D). When cGAS-expressing cells were co-cultured with STING-expressing cells, 6 hours
before infection at a 1:1 ratio, IFNP expression was rescued 40-fold, relative to infected cells
expressing STING or cGAS alone (Fig. 7E). Chlamydial growth was similar in co-cultured
cells to individually plated cells as evidenced by 16s rRNA levels (data not shown). Cells
transfected with ISD served as positive control (Fig. 7E). These data suggest that cGAMP
produced in cGAS-expressing cells migrated into STING-expressing cells to induce IFN
expression during infection, and DNA transfection. Together these data demonstrate that
STING alone is insufficient to rescue significant IFNP expression in the absence of cGAS,
and that both cGAS and STING function cooperatively to induce maximal IFNf expression
during chlamydial infection.

Discussion

A previous study from our laboratory showed that STING, the central adaptor molecule
involved in cytosolic DNA recognition, is essential for IFNS induction during chlamydial
infection (25). Recent identification of the DNA sensor, cGAS that catalyzes the formation
of cGAMP, a STING ligand (20), led us to investigate if this was the major pathway leading
to IFNP expression during chlamydial infection. Our results show that cGAS is required for
IFNB expression during infection with multiple Chlamydia strains in HeLa, epithelial cell
lines that were derived from human Fallopian tube or mouse oviducts, mouse macrophages
and HEK293T cells. cGAS meets the requirements for the DNA sensor during chlamydial
infection, because it is specifically required for IRF3-mediated IFNp expression and it is
localized adjacent to inclusion membrane. This is the first report on a role for cGAS during
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intracellular bacterial infection, although its role as a DNA sensor during viral infection has
been described (32).

The first evidence that DNA is a potential ligand for IFNp expression during infection came
from TREX1 KO cells. TREX1, a member of TREX-family of proteins, is essential for
degradation of cytosolic DNA (33) and could function to reduce autoimmune response to
host DNA. During HIV infection, host TREX1 targets HIV DNA to abrogate IFNf
expression, a classic example of viral hijacking of host machinery (28). Using siRNA knock
down of TREX1 in mouse epithelial cells and HeLa cells and TREX1 KO cells, we
determined that cytosolic DNA is targeted by these nucleases during chlamydial infection.
Subsequent screening of multiple host DNA sensors did not identify a Chlamyadia-specific
sensor until we tested the role for cGAS in IFNP expression and correlated its function to its
cellular localization during chlamydial infection. In addition to demonstrating a role for
cGAS in chlamydia-induced IFNJ expression, we also provide indirect evidence for
generation of cGAMP during chlamydial infection and its transfer from infected cell to
adjacent cells. These experiments were built on the recent finding that cGAMP can cross
gap-junctions and activate STING in neighboring cells (30). These data suggest that during
in vivo infection, IFNP induced in uninfected cells adjacent to infected epithelial cells could
either make them refractory to infection, as during viral infection or induce cell death
pathways to affect tissue pathology.

It has been shown that the expression level of cGAS in multiple cell types is correlated to
IFNP expression in response to ISD (20). Therefore, the contribution of cGAS to IFNP
expression during chlamydial infection, relative to other receptors is likely dependent on
their expression levels in multiple cell types. We have shown that cGAS is active in multiple
cell types during chlamydial infection, including those where other candidate receptors e.g.
TLR3 (34) have been associated with IFNJ expression. Interestingly, cGAS is a bonafide
IFN-inducible protein (35) and we have observed a significant increase in cGAS expression
following infection or ISD transfection. Therefore, during in vivo infection, both IFNp and
IFNYy can induce cGAS expression in epithelial cells. Analysis of cGAS and STING gene
knock out mice should provide a more definitive answer on the relative contribution of
CGAS over other receptors on IFNp expression in the genital tract during in vivo genital
infection.

Barker et al recently showed that Chlamydia trachomatis strain L2 generates the bacterial
second messenger cyclic di-AMP which induced a IFNJ promoter-driven luciferase-reporter
in HEK293T cells over expressing STING (24). Further the authors concluded that cyclic di-
AMP is the predominant inducer of IFN during chlamydial infection using a mouse STING
mutant (mR231A) defective for cyclic di-AMP binding (22, 36), in STING KO mouse
fibroblasts. Our findings conflict with the conclusions of Barker et al (24) because our data
supports a model where DNA sensing via cGAS rather than cyclic di-AMP is the
predominant pathway of IFNp induction during chlamydial infection of human epithelial
cells, but without disregarding the findings that chlamydial EBs generate cyclic di-AMP.
Our model is supported by the following observations. Firstly, if recognition of cyclic di-
AMP by STING was sufficient to drive IFNp expression during chlamydial infection, cGAS
knockdown should not have altered IFNp expression significantly in multiple cell types that
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express abundant and functional STING. Secondly, STING expression was insufficient to
rescue endogenous IFN expression during infection in cell lines expressing a functional
STING but not cGAS, such as HEK?293 cells. Finally, HEK293T transfected with cGAS or
STING did not induce significant endogenous IFNJ expression during chlamydial infection.
However co-culturing the cells rescued expression, further confirming the requirement of
cGAS-mediated cGAMP generation and transfer during infection. cGAMP binds to the
same pocket in STING as cyclic di-AMP/di-GMP, but at much lower concentration with
higher affinity (21). Indeed, the cGAS product, 2’3’cGAMP, is a much more potent ligand
of STING than all other bacterial cyclic di-nucleotides described (37). Further, human
STING is responsive only to cGAMP and unresponsive to the STING ligands CMA (38)
and cyclic di-AMP/cyc di-GMP (39), unlike mouse STING which is responsive to both
cyclic dinucleotides and cGAMP (40). These studies combined with our findings would
significantly shift the importance of cGAMP over bacterial cyclic dinucleotides during
Chlamyadia trachomatis infection in human cells.

An important question that remains unclear at present is what is the source of the cytosolic
DNA during infection? We speculate that the source of the DNA is chlamydial.
Mitochondrial damage has not been observed at 24 h p.i (data not shown). Further, addition
of chloramphenicol to block chlamydial growth after inclusion formation abrogates IFNf
expression, confirming the consistent requirement of bacterial growth (41). The localization
of cGAS in punctate regions around the inclusion is also suggestive of a chlamydial source
for the DNA. Manzanillo et al. have shown that during Mycobacterium tuberculosis
infection, phagosomal permeabilization mediated by the bacterial ESX-1 secretion system
allows cytosolic recognition pathways access to DNA (29). Numerous studies have linked
IFNP expression to bacterial secretion systems (42-45) and we have shown that IFN
expression is abrogated in C. muridarum infected cells exposed to drugs that inhibit type I11
secretion system (T3SS) (41), suggesting a similar role for chlamydial T3SS in
permeabilization of inclusion membrane. Previous studies (46) have shown that chlamydial
reticulate bodies (RB) make direct contact with the inclusion membrane, likely through
T3SS. These could be potential permeabilization points where nucleic acids could leak into
cytosol and made available for host recognition. It is important to note that only viable
chlamydiae induce IFNp expression. This would suggest that condensed DNA from UV-
killed chlamydial EBs do not provide an acceptable form of DNA for recognition by cGAS.
While EB are a known source of cyclic di-AMP (24), when these developmental forms
transition into RB, and RB replicate, this may initiate and accelerate DNA recognition,
significantly amplifying IFNp expression levels. Lateral gene transfer has been shown to
occur between chlamydial RBs (47), consistent with a model where extra-chlamydial DNA
is available for sensing and supporting the possibility of DNA transfer into cytosol, although
DNA could be also released as a passive process resulting from non-viable RBs inside the
inclusion. It has been shown that Chlamydia hijacks the host ER and several ER proteins
were found localized on inclusion membrane (48, 49). The localization of the ER protein
STING (25) and cytosolic cGAS in close proximity to the inclusion membrane suggest that
STING could serve as a membrane scaffold for the interactions between DNA-cGAS to take
place. Activation of STING would then result in phosphorylation and nuclear translocation
of the critical transcription factor IRF3 for IFNp expression (Fig 8).
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An IFNP response occurs during a vast number of intracellular infections, arising from
bacteria that can occupy diverse niches in the cell (cytosolic, lysosomal, or vacuolar). In all
cases cytosolic DNA could be available for sensing, thus we predict that cGAS may be a
common recognition mechanism for sensing other intracellular pathogens. Further, the
intensity of IFNp expression could be directly correlated with the availability of foreign
DNA in the cytosol, with cytosolic pathogens inducing a stronger response relative to those
sequestered in membrane organelles. Collectively, our data demonstrates that cGAS is a
novel pathogen recognition receptor involved in recognition of chlamydial infection and
implicate cytosolic DNA-recognition during infection as an inducer of this response. The
requirement of cGAS for chlamydia-induced IFNP expression also provides a novel
therapeutic target to block this response using a cCGAMP antagonist in order to protect
against oviduct disease during genital chlamydial infection.
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Figure 1. IFNB expression during chlamydial infection iselevated in TREX1 KO MEFsand
reduced by TREX-1 over-expression

(A-C) Control MEFs and TREX1 KO MEFs were infected with C. muridarum at 1 MOI or
transfected with poly dA:dT for 6 h, before harvest. Infected cells were harvested at 24 h p.i.
TREX1 mRNA (A), IFNS mRNA (B) and chlamydial 16S rRNA (C) levels were measured
by gRT-PCR. (D-F) TREX1 KO cells were transfected with human TREX1 or vector
control. Twenty four hour post transfection, cells were infected with C.muridarum or
transfected with poly dA:dT. Relative expression levels of TREX1 (D), IFNB (E) and
chlamydial 16S rRNA (F) normalized to GAPDH are shown. Panels are representative of
three independent experiments and error bars represent the range in technical replicates.
Statistical significance for qPCR data between multiple experiments was determined by
using paired T tests on percent change in IFNp levels between WT and TREX1 KO infected
cells (P=0.01). In experiment involving transfection of TREX KO cells, percent change in
IFNP between vector and TREX-1 cDNA from multiple experiments were used to calculate
significance (Infection; P=0.001, poly dA:dT; P=0.009). UT = Untreated.
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Figure 2. SRNA knockdown of TREX-1in epithelial cellsincreases | FNB expression, during
chlamydial infection

(A-C) Mouse BM1.11 were transfected with TREX1 siRNA or non-targeting (NT) siRNA
(A) and infected with C. muridarumat 1 MOI, 72 h post transfection. TREX-1 (A) and IFNP
(B) mRNA were measured at 24 h p.i. In parallel, cells were transfected with dsDNA analog
poly dA:dT, 6 h before harvest. Chlamydial replication was monitored by comparing 16S
rRNA levels (C) in infected cells between treatments. (D-F) HeLa cells were transfected
with siRNA for human TREX1 or NT siRNA. Cells were infected with C.muridarum at 1
MOI for 24 h or transfected 6 h before harvest with ISD or RNA analog poly I:C. TREX1
(D), IFN beta (E) and chlamydial 16S rRNA levels (F) were measured by qRT-PCR. Panels
are representative of three independent experiments and error bars represent the mean +
error of technical replicates. Statistical significance for g°PCR data between multiple
experiments was determined by using paired T tests on percent change in IFNp levels
between TREX1 siRNA relative to NT siRNA in each experiment. For BM1.11 cells,
infection; P=0.014 and poly dA-dT; P=0.047. For HeLa, infection; P=0.04, ISD; P=0.04,
poly IC; P=NS. UT=Un-treated.
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Figure 3. cGASisrequired for IFNB expression in Hel a cellsinfected with C. muridarum or C.
trachomatis (D and L 2)

HeL a cells were transfected with non-targeting siRNA (NT), 2 different siRNA for cGAS
(cGAS1 and cGAS2), or a siRNA for STING as described in Methods. Significant knock
down of STING (99%) and cGAS (90%) mRNA was achieved. Cells were infected with 1
MOI of C. muridarum (C.M) or 5 MOI of C.trachomatis -serovar D (C.T-D) or C.
trachomatis L2 (C.T-L2). Cells were harvested at 24 h p.i and analyzed for expression of
IFNB (A), IFN A (D), IL-8 (G), and chlamydial 16S rRNA (H). In parallel, cells were
transfected with ISD (positive control) or poly IC-LyoVec (negative control) and harvested
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at 6 h post transfection and analyzed for expression of IFN (B, C), IFNA (E, F). Culture
supernatants from infected or transfected cells were collected at 24 h and CXCL10 protein
levels assayed by ELISA (1). Mean £ SD of samples from 3 independent experiments are
shown for ELISA. A representative western blot showing the levels of STING and cGAS
following siRNA knock down in uninfected HeLa cells (J). A representative of five
independent experiments is presented in A-H for gqRT-PCR data and error bars represent
range in technical replicates. Statistical significance for qPCR data between multiple
experiments was determined by one way ANOVA with multiple comparison tests on the
percent decrease in IFNP levels for the siRNA used relative to NT siRNA in each
experiment (K). UT=Un-treated.
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Figure4. cGASisrequired for IFNB expression during Chlamydia spp. infection of mouse
oviduct epithelial cells(BM 1.11 cells) and human oviduct epithelial cells (OE-E6/E7)

SiRNA knock down in mouse BM1.11 cells were carried out using accell™ NT, mouse
CGAS or STING siRNA pools. Seventy-two hours after transfection, cells were infected
with C. muridarum or transfected with ISD (DNA) 6 h before harvest, and analyzed
simultaneously at 24 h p.i for expression of mouse IFNf (A), cGAS (B) and STING (C).
Human oviduct epithelial cells (OE-E6/E7) were transfected with non-targeting (NT),
human cGAS (cGAS siRNA 1 and 2) or human STING siRNA. Seventy-two hours after
transfection, cells were infected with C. trachomatis (serovar D) at 5 MOI or transfected
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with ISD (DNA) 6 h before harvest and analyzed concurrently at 24 h p.i for expression of
human IFNP (E), cGAS (F) and STING (G). A representative of three experiments for
BM1.11 cells and OE cells is presented for qRT-PCR data. Statistical significance for q°PCR
data between multiple experiments was determined by one way ANOVA with multiple
comparison tests on the percent decrease in IFNp levels for the siRNA used relative to NT
SiRNA in each experiment (D and H).
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o] Uninfected cells D Infected cells

FLAG-cGAS

Figure 5. cGASlocalizesin punctate regions around the chlamydial inclusion membrane
HelLa cells infected with C. muridarum (A) or C. trachomatis, serovar D (B) were fixed and

stained for endogenous cGAS (red) and Chlamydia (green). Cells were fixed with Prolong
gold™ with DAPI (blue) and analyzed by confocal microscopy. Uninfected HeLa cells (C)
and cells infected with C. murigarum (D) for 18 h were fixed and stained for endogenous

CGAS (red) and STING (green). In an independent experiment HelLa cells were transfected
with FLAG-cGAS (E) and infected with C. muridarum 24 h later. Infected cells were fixed
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at 18 h p.i and stained using mouse monoclonal Ab for FLAG. Chlamydial inclusions and
cell nucleus are marked with an “I” and “N” respectively on the DAPI staining.
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Figure 6. Evidence of cGAMP transfer from infected cellsto adjacent cells
Schematic representation of the experimental plan (A). STING cGAS* can produce cGAMP

but cannot induce IFN since they lack STING, while STING*cGAS™ cells cannot produce
cGAMP upon infection. Co-culture can rescue IFNf expression during infection if cGAMP
from cGAS™ cells can migrate into STING™ cells. HeLa cells knocked down for STING
(>99% KD) or cGAS (>95% KD) were cultured individually or co-cultured at different
ratios 18 h before infection in 24 well dishes (2 x 10° cells/well). The mix numbers (1, 2,
and 3) represent cGAS KD:STING KD cells in the indicated ratios. Cells were infected with
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C. muridarumat 3 MOI and IFNB mRNA measured at 24 h post infection (B). A parallel set
of cells were transfected with ISD as a positive control, 6 h before harvesting all the cells for
RNA (C). Data is represented as mean of percent decrease relative to NT control from three
experiments with SD. Significance determined by one way ANOVA with multiple
comparison tests and indicated. Differences between Mix 1:3 and 1:1 co-culture were not
significant.
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Figure 7. Both cGASand STING arerequired for maximal |FNB expression during chlamydial
infection

Protein levels of cGAS and STING in HeLa, HEK293T, and HEK?293 cell lysates (A). Actin
blots were carried out using 1/ 10t of cell lysates used for cGAS and STING western blots.
HEK?293 cells were permeabilized with cGAMP and IFNp expression measured 6 h post
treatment (B). HEK?293 cells were infected with C. muridarum or transfected with 1SD and
IFNP expression measured 24 h post infection or 6 h post treatment, respectively (C).
HEK?293T cells were transiently transfected with pcDNA3.1 (vector), STING, or cGAS
expression constructs. Twenty-four hours post transfection, cells were trypsinized and plated
individually or mixed at indicated ratio. Six hours after plating, individual cells were
transfected with 1ISD or permeabilized with cGAMP (D). Individual or mixed cells were
transfected with ISD or infected with C. muridarum (E). Expression of IFNJ measured at 24
h p.i or 6 h after ISD/cGAMP transfection. Data represents average of three experiments and
error bars indicate SD. Significance was determined by one way ANOVA with multiple
comparison test. For (D), p=0.004 for STING transfected-untreated (UT) vs cGAMP treated
cells.
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Figure 8. A schematic model of cGASrecognizing DNA during Chlamydia infection, in human
epithelial cells
Left panel shows an electron micrograph of an inclusion, where chlamydial RBs are in close

contact with the inclusion membrane and rough ER (arrows). Right panel shows a
hypothetical model of DNA recognition by cGAS leading to cGAMP generation, STING
activation and IRF3 phosphorylation, resulting in IFN expression during infection.
Contribution of TREX-1 in diminishing this response is also shown.
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