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Abstract: Protein kinase RNA activated (PKR) is a crucial rat of anti-viral responses
but is reported to be activated by multiple noralstimuli. However, mechanisms
underlying PKR activation, particularly in resporieéacterial infection, remain poorly
understood. We have investigated mechanisms of &iiRation in human primary
monocyte-derived dendritic cells in response tecdtibn byChlamydia trachomatis.
Infection resulted in potent activation of PKR thats dependent on TLR4 and MyD88
signalling. NADPH oxidase was dispensable for atibn of PKR as cells from chronic
granulomatous disease (CGD) patients, or micelaélc&tNADPH oxidase activity, had
equivalent or elevated PKR activation. Significgngdtimulation of cells with endoplasmic
reticulum (ER) stress-inducing agents resultedoiteipt activation of PKR that was blocked
by an inhibitor of IRE& RNAse activity. Crucially, infection resulted iobust IRE%
RNAse activity that was dependent on TLR4 signglivhilst inhibition of IREkx RNAse
activity prevented PKR activation. Finally, we demtrate that TLR4/IREd mediated PKR
activation is required for the enhancement of fietein8 production followingC.
trachomatis infection. Thus, we provide evidence of a novel hagism of PKR activation
requiring ER stress signalling that occurs as aequence of TLR4 stimulation during
bacterial infection and contributes to inflammatoggponses.

Key words: PKR; ER stressChlamydia
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1. Introduction

Protein kinase RNA activated (PKR) was originatlgmtified as a cytosolic kinase that was
activated by double stranded RNA (dsRNA) that cdetchinate protein translation by acting
as an elF& kinase [1-3]. PKR activation occurs as a consecgi@fh auto phosphorylation at
several serine and threonine residues followingbthding of dsRNA within the N'terminus
and phosphorylation of Thr451 within the activatdopmain is critical for PKR function [4].
The role of PKR during viral infection is well daoented. However, PKR is also activated
during Toll Like Receptor (TLR) signalling, indepemt of dsRNA, and regulates
inflammatory responses and cell death [5-6]. Addailly, PKR has been reported to be
necessary for NLRP3 and NLRC4 inflammasome actiwdfr] although these findings have
proved controversial [8]. Furthermore, sterile agtsmsuch as cholesterol, palmitic acid [9-10]
and the endoplasmic reticulum (ER) stress-induagpnts tunicamycin and thapsigargin can
all induce PKR activation [10-11]. These data iatkcthat in addition to its function during
viral infection, PKR also responds to a varietystimuli such as bacterial infection, and to
metabolic or ER stress. However, despite overwhegrmevidence that PKR is activated by a
wide range of stimuli, the mechanisms of how tlususs, particularly as a result of TLR
stimulation and bacterial infection, are poorly arglood. We have investigated mechanisms
of PKR activation in response to a common intradatlbacterial infectionChlamydia
trachomatis, and the role that TLR4, ER stress and the NADPidase system play in the

process.
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2. Methods

2.1 Reagents

Ultra pure LPSE. coli) and Poly I:C were obtained from Invivogen (Franpeptidoglycan
(B. subtilis) was obtained from Sigma (U.K.), and curdlAnféecalis) was obtained from
Wako (U.S.A). Anti-phospho Thr451-PKR was obtaifresn Millipore (U.K.), anti-PKR
(D20) from SantaCruz (U.S.A) and anti-actin fromca (U.K.). The IRE4 inhibitor (4u8c)
was obtained from Tocris (U.K.), the PKR inhibi{@16) from Calbiochem (Germany) and
the PERK inhibitor (GSK PERK inhibitor-D3) from Tamto Research Chemicals (Canada).
Anti-TLR4 blocking antibody, inhibitory peptidesrflyD88 and TRIF were all from

Invivogen (France).

2.2 Cell culture

Human monocyte-derived dendritic cells (mDC) warkured from monocytes obtained
from apheresis transfusion cones (National transfuservice U.K.) by ficoll density
centrifugation and positive CD14 selection usingnaibeads (Miltenyi, U.K.) to achieve
monocyte cultures that were >90% pure. Monocytae® waltured for 6-days in RPMI1640
containing 5% FCS, 20ng/ml GM-CSF (Gibco, U.K.) @mdy/ml IL-4 (BD Pharmingen,
U.K.). Murine bone marrow derived macrophages (BMDére isolated from the femurs of
littermate wild type ¢ybb™* or pkr*’*), gp91 phox deficientcybb”) or PKR deficientgkr”)
C57BL6 mice and cultured for 7-days in RPMI1640tearing 10% FCS and supplemented
with 5% L929 conditioned media. Wild typgch2**) or GCN2 deficientdcn2”) mouse
embryonic fibroblasts (MEF’'s) were cultured in DMEdntaining10% FCS and

supplemented with 581 B-mercaptoethanol.
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2.3 Cell stimulations and infections

BMDM or mDC were harvested by scraping and plateska® cells/well of a 24-well plate
(Costar). Human mDC were stimulated for 4-hourwither ug/ml LPS, 1@g/ml
peptidoglycan (PGN), 2/ml Poly I:.C (PIC), or 100g/ml Curdlan (CUR). BMDM or
human mDC were infected witbhlamydia trachomatis at a multiplicity of infection (MOI)
of 20 (unless stated otherwise) for indicated tidggenuatedC. trachomatis was prepared
by gamma irradiation or heat inactivation. Wheithitors were used, cells were pre-treated
at least 1hr prior to cell stimulation or infectiasth the exception of the MyD88 and TRIF
inhibitory peptides that were used at least 4hi@ po stimulation or infection. MEF’'s were
plated at 5x19cells/well of a 6-well plate (Corning) and infecteith the murine pathogen
Chlamydia muridarum or Chlamydia trachomatis at MOI=10 followed by centrifugation at

2000xG for 40 minutes to aid infectivity.

2.4 Preparation of cytoplasmic lysates for immunoblotting

BMDM and mDC were washed once in cold PBS. Thesaedire then lysed on ice in 300

of ice cold cytoplasmic lysis buffer (10mM HEPE®n@M NaCl, 0.5M Sucrose, 0.1Mm
EDTA, 0.5% v/v Triton X-100, 10mM Tetrasodium pytasphate, 17.5mM-
glycerophosphate and one complete mini-proteasbiiahcocktail tablet). After lysis the
cytoplasmic extract was frozen at -20°C overnigible thawing to aid cell lysis. The lysate
was then centrifuged 15000xG for 15 minutes ata#¥@the supernatant retained. Protein

quantification of the lysates was carried out bgdord assay (Thermo, U.K.).
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2.5 SDSPAGE and Immunoblotting

Equal amounts of cytoplasmic protein lysate weneeahiwith 5x gel loading buffer (10% wi/v
SDS, 0.3M TRIS-HCL, 25% v/g-Mercaptoethanol and glycerol) and boiled for 10umes.
The samples were then loaded on to pre-cast grta@i€t0%) acrylamide gels (BioRad, U.K.)
and run for 2hrs at constant 30mA. After SDS PAGE,separated protein was transferred to
PVDF membrane using the BioRad midi system andd tifansblot (BioRad, U.K.). PVDF
membranes were then blocked for 1hr in 5% wi/v mpititein in TBS. Blocked membranes
were then incubated with specific antibodies a0Qfildilution (p-PKR and PKR) or 1:5000
(Actin) in blocking buffer overnight at 4°C witlyigation. Detection of specific proteins was
achieved by incubating the membranes in specifi® ldBnjugated secondary antibodies
(eBioscience, U.K.) (1:2000 dilution in blockingffar) for 1hr at room temperature.
Membranes were washed 3 times in TBS 0.1v/v Tweernpaoteins detected using ECL

(PerkinElmer, U.K.) and HyperFilm (Amersham, U.K.).

2.6 RNA extraction cDNA synthesis and gPCR

Total RNA was prepared as per the manufacturestuntions (Bioline). For analysis of
XBP1 splicing, total RNA was subjected to cDNA gysis using Superscript cDNA
synthesis kit (LifeTechnologies) as per the martui&e’s instructions. The resultant cDNA
was then subjected to gPCR using SYBR Green (AmachikeK.) specific primers for spliced
XBP1 (forward: 5-TGCTGAGTCCGCAGCAGGTG-3' reversg:
GCTGGCAGGCTCTGGGGAAG-3’) and normalised to HPRT megsion (forward: 5'-
GACACTGGCAAAACAATG-3 reverse: 5-ACAAAGTCTGGCTTATACC-3'. For
CHOP and interferofi-expression, qRT-PCR was employed using commeuoidle/primer

sets (LifeTechnologies) and analysed using the Baxfone-step’ system.
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2.7 ELISA of Interferon- in BMDM supernatants

Wild type (PKR™) and PKR knock out (PKR BMDM were plated at 1xP0cells per well
of a 96-well plate. Cells were infected withtrachomatis at an MOI of 20 for 24hrs. Plates
were centrifuged at 2000xG for 5-minutes and thpematants harvested. ELISA was
performed on the supernatants to analyse interf@rsecretion using an in-house assay
utilising capture antibody (monoclonal rat anti-reeuFN3 IgG1; Santa Cruz: sc57201),
detection antibody (polyclonal rabbit anti-moussIffi-RnD Systems: 32400-1) and
secondary antibody (goat anti-rabbit-HRP; Cell 8ltgng Technology 7074). Interferon
standard curve was prepared using recombinant motgéeronf (Interferon Source;

U.S.A).

2.8 Satistical analysis

Differences between multiple data sets were andlysang 1-Way ANOVA with Tukey’s or
Dunnet’s post test correction where appropriatéfeBances between two data sets were
analysed using Student’s t-test. Differences betweitd type and knock out data sets were

analysed using 2-Way ANOVA. p values of <0.05 waeemed significant.

3. Results

3.1 Agonists of Pathogen Recognition Receptors or Chlamydia infection are potent activators
of PKRin human mDC

Previous work demonstrated that TLR4 or TLR2 agsrase potent inducers of PKR
phosphorylation in murine alveolar macrophagesH®\wever, little is known about

activation of PKR in primary human mDC, we therefexamined whether PKR activation
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occurred in response to stimulation of specific RRRgure 1A). Stimulation of mDC with
agonists of TLR4 (LPS), TLR2 (Peptidoglycan), TLE@ly I:C) or Dectin-1 (Curdlan) all
induced a significant increase in PKR phosphorgtasuggesting that PKR activation is a
universal response to PRR ligation in mDC. We mexe¢stigated whether PKR is activated in
response to infection with the intracellular baetigrathogerChlamydia trachomatis. To
examine this, we infected human mDC at differenttiplicities of infection (MOI) ranging
from a ratio of 20 infectious units (IFU) per cébbwn to a ratio of 1:1 (fig 1B). We found
that higher MOI's of 10-20 IFU’s per cell inducdtetgreatest increase in PKR
phosphorylation compared to the non-infected comind that this was reduced at lower
MOI’s. We therefore conducted all futu@lamydia infection experiments at an MOI of 20.
We next investigated whether intracellular replmaif C. trachomatis was a requirement

for PKR activation. To do this, we infected mDC miive and heat-treated or gamma-
irradiated attenuated. trachomatis (which fail to replicate intracellularly in Helalk®, or
stimulated cells with LPS or heat-treated LPS esrdrol (figure 1C). Both heat-treated and
gamma-irradiated attenuat€dtrachomatis were able to stimulate PKR activation in mDC to
the same extent as liv& trachomatis, indicating that replication df. trachomatis
intracellularly, or the production by tlghlamydiae of a heat-labile pathogen associated
molecular pattern (PAMP), were not responsibletlieractivation of PKR. Heat-treating LPS
had no effect on its ability to activate PKR comfing its heat stability and suggests tGat
trachomatis LPS is the likely PAMP required for PKR activatidhis unlikely to be
Chlamydia hsp60, which has previously been implicated in Zldynalling during

Chlamydia infection [13].

FIG 1.
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3.2 Chlamydia activates PKR through TLR4 and MyD88 signalling in contrast to E. coli LPS
which required TLR4 and TRIF

Chlamydiae sp infection or stimulation with chlamydial heabsk proteins have previously
been reported to activate TLR2 and TLR4 signaltmgitiate inflammatory responses and
cell death [12-13] [14-17]C. trachomatisis a Gram negative organism and as such contains
LPS in its outer membrane [18]; given that he#ediC. trachomatis could induce PKR
activation, suggesting that heat stable LPS mighelsponsible, we tested the hypothesis that
TLR4 was the pathogen recognition receptor (PRR)ired. To do this, we infected mDC
with C. trachomatis (figure 2A) or, as a control, stimulated mDC witRS (figure 2B), in the
presence of a TLR4 blocking antibody or the TLR#agonist; lipid IVa. Blocking TLR4
signalling by either of these means potently inkithC. trachomatis-induced PKR activation
indicating a requirement for TLR4 in the inductiolhPKR activation in response to infection.
TLR4 signalling can utilise two adaptor proteinsyD88 and TRIF [19-20], and a previous
study demonstrated that activation of PKR in respdo LPS was TRIF-dependent [6]. We
therefore tested the hypothesis tBatrachomatis-induced PKR activation also required
TRIF. To do this, we infected mDC with trachomatis (figure 2C) or, as a control,
stimulated the cells with LPS (figure 2D), in thregence of MyD88 or TRIF inhibitory
peptides, or a control peptide (CP). Comparedeaatntrol peptide (CP), LPS-induced PKR
phosphorylation was entirely TRIF-dependent. Umrexgdly however, infection-induced
PKR phosphorylation required MyD88 but was una#ddby TRIF inhibition compared to

the control peptide (CP). Thus, there are distiliitérences in the use of the adaptor proteins
duringC. trachomatis infection or stimulation witlt. coli-derived LPS that contribute to

PKR activation.

FIG 2.
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3.3 Infection induced PKR activation is independent of NADPH oxidase

We next investigated what signals might be requimeatidition to TLR4 signalling to induce
PKR activation. The mammalian NADPH oxidase sysffi@X) is an important component
of cellular host defence against microbial pathegebeletion or mutation of NOX2 results
in immunodeficiency characterised by recurrent éxdat infection as observed in patients
suffering with chronic granulomatous disease (C2}22]. ROS signalling is known to be
involved in many aspects of innate responses tooiés and sterile inflammation. Indeed,
NOX-derived ROS have been implicated in the adtivedf PKR in response to cholesterol
loading [9]. We therefore examined whether NADPHbase was required for PKR
activation in response to infection in mDC and merBMDM. Infection of BMDM (figure
3A) from wild type Cybb*’*) or NOX deficient mice@Qybb”) or mDC (figure 3B) from CGD
patients who lack a functional NADPH oxidase systhiifection of NADPH oxidase
deficient cells resulted in equivalent or even ated (in the case of human mDC) PKR
phosphorylation compared to healthy controls, iatiiigy that NADPH oxidase is not required
for chlamydia induced PKR activation and differs from cholesktermwever, we cannot rule
out the possibility that ROS derived from otherrses, such as the mitochondria, are
involved in the activation of PKR in responseXdrachomatis infection.

FIG 3.

3.4 The Endoplasmic Reticulum stress-inducing chemicals Tunicamycin and Thapsigargin
induce PKR activation that is blocked by an inhibitor of IRE1a RNAse activity

The unfolded protein response (UPR) is a physicklgnechanism that is initiated when the
protein folding capacity of the ER is exceeded iegqdo ER stress [23]. Three ER sentinel
proteins regulate the UPR: PERK, IRE1 and ATF6 Wigictivate specific and shared target

genes in response to ER stress resulting in eidstoration of homeostasis or induction of
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cell death [23]. Additionally, activation of ER ess signalling pathways has been shown to
be crucial for certain inflammatory responses tasglfrom TLR signalling and bacterial
infections [12, 24-25]. Significantly, ER stresshiting agents are known to activate PKR
[10-11]. We therefore examined the hypothesis BRatstress signalling could activate PKR
in mDC using chemical inducers of ER stress poaxamining the effects @hlamydia
infection. Stimulation of mDC with either tunicamigyor thapsigargin (figure 4A) resulted in
potent phosphorylation of PKR, albeit with diffegikinetics, confirming that ER stress leads
to PKR activation. We next tested the hypothesas tthe ER stress sentinels IREdr PERK
regulated the mechanism of PKR activation. To dg the utilised the well characterised
inhibitors 418c and GSK PERK inhibitor D3, which inhibit IRERNAse activity and PERK
activation respectively [26]. To confirm thgi8 and GSK PERK inhibitor D3 blocked the
relevant ER stress pathways, we analysed CHOP ssipre(figure 4B) and XBP-1 splicing
(figure 4C) as readouts of PERK or IRERNAse activity respectively, in response to
tunicamycin stimulation. As expected, stimulatidnm®C with tunicamycin potently induced
expression of CHOP and XBP-1 splicing that was alneatirely blocked by the specific
inhibitors. We next examined PKR phosphorylatiomdsponse to thapsigargin stimulation in
the presence ofic or GSK PERK inhibitor D3 (figure 4D). Interegily PKR
phosphorylation was completely blocked i84 but only partially by GSK PERK inhibitor
D3, indicating that ER stress- induced PKR actoratelied entirely on IRELRNAse

activity and PERK activation to a lesser extent.

FIG 4.
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3.5 C. trachomatis infection of mDC induces TLR4-dependent and -independent ER stress

responses

We have previously reported th@alamydia trachomatis infection of mDC induces
activation of the Integrated Stress Response (t8&JIting in CHOP expression that
enhances inflammatory responses [12]. Howeveretaesr no published data investigating
IREla activation in response thlamydia infection. We therefore investigated XBP-1
splicing as an indicator of IRllactivation in response . trachomatis infection (figure

5A). Infection induced robust XBP-1 splicing thaasvnhibited by g8c but not by GSK
PERK inhibitor D3 demonstrating th@t trachomatis infection was causing activation of
IRElo. RNAse activity. Furthermore, we found tt@hlamydia infection-induced IREA
activation was dependent on TLR4 signalling as XIB$plicing was reduced in the presence
of a TLR4 blocking antibody, and similar resultsrevebtained with LPS as a control (figure
5C and figure 5D). We also confirmed ti@ttrachomatis infection induced CHOP
expression in mDC, indicating activation of the I@igure 5E). Surprisingly, CHOP
expression was independent of IREdnd PERK activation asu8c and GSK PERK inhibitor
D3 had no effect on CHOP mRNA expression. Furtheeyhlamydia infection- induced
CHOP expression was independent of TLR4 signalfiiggire 5F) as blocking TLR4
signalling with the TLR4 blocking antibody, reswlt® increased CHOP expression in
response t&. trachomatis suggesting that induction of the ISR occurs inadeeatly of LPS
and TLR4 and is therefore distinct to the activaiod IREln and PKR. Mammalian cells also
express two additional eleXinases, namely GCN2 and HRI, which are activated
response to amino acid or heme depletion respéci{@é]. Chlamydiae sp have been termed
‘energy parasites’ as they utilise host cell melitdgsuch as amino acids [28]. Given that we
have provided evidence that CHOP induction waspeddent of PERK and TLR4 induced

PKR activation, we tested the hypothesis that CHt@Rction in response ©Ghlamydia
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infection occurs through activation of the aminalaesponsive elFkinase GCN2. To do
this, we infected wild typegen2**) or GCN2 knock outgen2’) MEF’s with C. trachomatis

or the murine pathogeBhlamydia muridarum (that induces a more potent CHOP response
thanC. trachomatis in MEF’s) and examined CHOP expression (figure.3@&grestingly,
induction of CHOP expression I/ trachomatis or C. muridarum infection was entirely
GCN2 dependent indicating that although infectiesutted in PKR activation, GCN2 is the
likely elF2a0. kinase responsible for the induction of the ISR enndependent of IRE]

PKR, PERK and TLR4 signalling.
FIG 5.

3.6 TLR4/IRELa signalling mediates PKR activation and is required for enhancement of type-

1interferon in responseto C. trachomatis infection

We have demonstrated that ER stress induced PK¥&ah was inhibited by 4l8C
suggesting that PKR activation in response to E&sstrequires IRELRNASse activity.
Furthermore, we have shown tl@ttrachomatis infection or LPS stimulation resulted in
potent PKR phosphorylation that was TLR4 dependadtindependent of NADPH oxidase.
Lastly, we provided evidence that infection or L&hulation results in the activation of
IREla that is also TLR4 dependent. We therefore testedhypothesis that infection- and
LPS- induced PKR phosphorylation occurs as a careseg of IREd RNAse activity. To do
this we infected mDC witle. trachomatis (figure 6A) or stimulated with LPS (figure 6B) in
the presence ofic or GSK PERK inhibitor D3. Importantlyu8c, but not GSK PERK
inhibitor D3, potently blocked bot@. trachomatis- and LPS-induced PKR activation. These
data are suggestive of a novel, universal mechafasthe activation of PKR during non-
viral infection, in the absence of viral dsSRNA, Buas occurs during bacterial infection.

Finally, we wished to address a role for PKR du@ntamydia infection. Previous reports
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have demonstrated that PKR activation in respam3é&.R4 stimulation is required for the
enhancement of type-1 interferon production [6)éBithat we observed an apparent
redundancy for PKR in the activation of the intégdastress response, we hypothesised that
PKR may play an alternative inflammatory role isgense t&Chlmaydia infection.
Importantly, 448c and the specific PKR inhibitor-C16 (PKRIi), sigrantly reduced
interferon$ transcription in mDC, while the PERK inhibitor &ihdid not affect PKR
activation) had no effect (figure 6C). This suggdebat TLR4/IRE& mediated PKR
activation enhances type-1 interferon responseviatig Chlamydia infection and indicates
that the role of PKR during infection is one of wkding inflammatory, rather than
translational responses. To confirm our resultsiman mDC, we infected PKR wild type
and PKR knock-out BMDM wittC. trachomatis and analysed interferghsecretion (figure
6D). Crucially, PKR deficient BMDM showed reduceddrferon secretion in response to

infection than the wild-type cells reinforcing adetta using mDC.

FIG 6.

4. Conclusions

In this study we have demonstrated that infectiome@nocyte-derived DC witk.

trachomatis or stimulation with LPS results in TLR4-dependadtivation of the IREd

branch of the UPR, and that an inhibitor of IRERNAse activity blocks PKR
phosphorylation. Furthermore, inducing ER stressldC also resulted in PKR
phosphorylation that was dependent on IRE1a RNABeity. Taken together, these data
suggest a universal mechanism of PKR activatiomldy signalling in the absence of dsRNA.
A possible explanation for the central role for IREis that host mMRNAS, processed by

IRElo-through Regulated IRE1Dependent Decay (RIDD) [29], may provide RNA
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structures that are recognised by PKR as damageiatei molecular patterns (DAMP’s). In
support of this hypothesis, RIDD processed mRNAaaas a DAMP by activating the
cytosolic PRR, RIG-1 [30]. It is therefore temptitagspeculate that a similar process may
occur duringC. trachomatis infection resulting in PKR activation through dsten of host
degraded mRNA, possibly through interactions witGR. Alternatively, a recent report has
suggested that small nucleolar RNA (snoRNA) arebbgof activating PKR in response to
metabolic stress induced by palmitic acid [31].tRermore, it has been demonstrated that
PKR phosphorylation in response to thapsigargipabmitic acid stimulation relies upon a
functional dsRNA binding domain in PKR [10]. Agaime suggest these previous findings
support our hypothesis that PKR activation in resedao TLR4 stimulation or infection is
occurring through detection of host RNA species #na induced or modified through IR&E1
RNAse activity. In further support of this hypotiseghe inhibitor 48C, does not affect the
kinase activity of IRE4, but functions by forming a Schiff base with aical lysine residue

within the endonuclease domain of IRE]32].

Interestingly, we found th&. trachomatis induced PKR activation utilised MyD88 as an
adaptor while we found in accordance with otheorey thate. coli derived LPS utilised
TRIF [6]. This finding is surprising given th@t trachomatis is an intracellular pathogen and
MyD88 signalling is thought to integrate TLR4 siggariginating from the plasma
membrane, while TRIF is utilised by TLR4 signalliigm endosomal compartments [33].
This suggests that MyD88 may have a role duringuaalular bacterial infection signalling
from endosomal compartments leading to PKR actimath further explanation for the
difference in adaptor use betweentrachomatis andE. coli LPS is the structure of the lipid
A moieties. Lipid A fromC. trachomatis is penta-acylated whilg. coli lipid A is hexa-
acylated. Recent evidence has demonstrated tisamparison to hexa-acylated LPS, penta-

acylated LPS induces weak TLR4 signalling as itsdoa& induce TLR4 dimerisation and
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endocytosis. Furthermore, penta-acylated LPS dabitrhexa-acylated LPS induced TRIF
responses but maintain myddosome formation [34i fihding may explain TLR4 reliance
on MyD88 and not TRIF as an adaptor in responge toachomatis infection to induce PKR
activation. To our knowledge there are no publisstedies investigating the lipid A acylation
status of LPS and PKR activation. Studies have shbwat the acylation status of lipid A is
crucial for determining activation of inflammatamgsponses [35], therefore investigating
whether acylation status of lipid A determines adapsage during TLR4 induced PKR
activation would be worthwhile. Importantly, otheports have demonstrated MyD88
signalling is the predominant adaptor protein imedl inChlamydia species-induced

inflammatory responses and our data complimengtpesvious findings [36-37].

Infection induced PKR activation did not require DIRH oxidase, in contrast to cholesterol
loading induced PKR activation [9]. However, otbelular sources of ROS have been
identified, notably mitochondrial-derived ROS thatve been demonstrated to be a key
component of the innate inflammatory response ielog cells [38-39]. Furthermore,
mitochondrial derived ROS have been implicatedKiRRctivation [7]. Although we have
demonstrated that NADPH oxidase and likely, NADB¢itlase derived ROS are dispensable
for Chlamydia induced PKR activation, we cannot entirely rul¢ @wole for ROS produced

from alternate sources such as the mitochondria.

We also report the interesting, but paradoxicakoletion that activation of the integrated
stress response (ISR) resulting in CHOP expressanconsequence Ghlamydia infection
was independent of TLR4 and by extension, theekt2ase PKR. This observation is
supported by evidence that demonstrates that Thd®éking actually suppresses activation
of the ISR [40]. However, despite TLR4 suppressfartrachomatis infection still resulted in

CHOP expression, indicating activity of anotherzelkkinase that was distinct from
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TLR4/IRE10. mediated PKR activation. Significantly, inhibitiof PERK also failed to
preventChlamydia-induced CHOP expression, indicating that anothie2eekinase distinct
from PERK or PKR was responsible. Mammalian ceatissess the ellekinases GCN2 and
HRI in addition to PERK and PKR. GCN2 respondsrtore acid starvation and represents a
highly conserved mechanism of nutrient sensingn@ §CN2 deficient MEF’s we have
demonstrated that induction of the ISR@iytamydia infection was dependent on GCN2,
suggesting thaChlamydiae induce an amino acid-deprived state within theatéd host cell.
Chlamydiae sp are known to utilise host cell amino acids 42]-and this could potentially
lead to depletion of intracellular amino acid levkdading to GCN2 activation. However,
given that our experiments were carried out usglbgrowth medium that has excess
concentrations of amino acids, Chlamydial depletibhost amino acids through metabolism
appears unlikely. An alternative possibility is gagted by the observation that, intracellular
infection withShigella flexneri  induces host cell membrane damage that resudtstivation

of GCN2 through amino acid depletion via an undadimechanism [43hlamydiae

replicate intracellularly within a membrane bouradlgsitophorous vacuole termed the
inclusion [44]. Recent work has demonstrated thatnclusion membrane is attacked during
infection by host GTPases leading to membrane daraad the induction of antimicrobial
autophagy responses [45]. Therefore, GTPase-induestbrane damage duri@lamydia
infection could lead to GCN2 responses via a simmiachanism to that identified during
Shigella infection. A further possibility is thaChlamydia infection results in reduced
tryptophan concentrations intracellularly, as assmuence of catabolic metabolism of
tryptophan by the enzyme, Indoleamine 2,3-dioxyger(¢DO) [46]. Reduced tryptophan
concentrations secondary to host responses caeleftine drive activation of GCN2 and the
ISR. We have previously demonstrated a pro-inflatomy role for CHOP during@.

trachomatis infection, enhancing IL-23 production; this reuaifive, replicatingChlamydia
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[12]. Thus the role of GCN2 responses in the indmodbf CHOP and its consequences for
cytokine responses represents an intriguing linengfuiry. Additionally, further investigation
is required to understand why PKR- despite it b@aoatgntly activation by TLR4 signalling, is
not required for ISR activation through its etH@nase activity? We have provided evidence
that PKR contributes to the enhancement of inflatonyaesponses as a consequence of
TLR4 activation and suggests a potential dual fmé°’KR as either an ellekinase or an

inflammatory mediator depending on its activatagnal.

Finally, using PKR deficient BMDM and inhibitors weh block PKR activation, we have
demonstrated that PKR activation contributes t@typnterferon production in responsedo
trachomatis infection. PKR has previously been reported taouate to the induction of
interferon$ transcription during TLR4 stimulation of macropkad6] and our findings with
Chlamydia infection are in agreement with this. Cruciallye wiso find that g8c which
blocked PKR activation in mDC, also reduced traipsion of interferonf to a similar extent
as the specific PKR inhibitor C16 (PKRi) therebinfercing our findings that IRE-€l

RNAse activity contributes to PKR activation anthsequent PKR mediated responses.

In summary we have demonstrated a novel mecharfiftKR activation in response to
Chlamydia infection, which requires TLR4 and IR&&and that PKR enhances inflammatory
responses. We have also demonstrated that activattibie ISR followingChlamydia

infection occurs through the el&&inase GCN2, presumably due to reduced amino acid
availability, and is independent of TLR4, IREPKR and PERK. We therefore suggest that
TLR4 activation of IRE& RNAse activity, results in the production of maeiif host RNA
species which are detected by PKR, leading tactisation. These data provide an attractive
explanation for the activation of PKR during batzkinfections in the absence of viral

dsRNA.
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Figure captions

Figure 1. Chlamydia trachomatisinduces PKR activation in mDC

(A) Western blot of PKR phosphorylation followingnsulation with indicated PRR agonists
for 4hrs. Panel below indicates quantification leypsitometry of the phosphorylated PKR
band. (B) Western blot of PKR phosphorylation (pBK#&lowing infection withC.
trachomatis for 8hrs at different multiplicities of infectiofMOl). (C) Western blot of PKR
phosphorylation (pPKR) following stimulation wittvé C. trachomatis (CT), gamma ray -
attenuatecC. trachomatis (y-CT), heat-treate@. trachomatis, LPS or heat-treated LPS for

8hrs. Right panel indicates by densitometry ofggthesphorylated PKR band.

Figure 2. Chlamydia trachomatisinduces PKR activation via TLR4 and MyD88
signalling

(A) Western blot of PKR phosphorylation (pPKR) @iling infection withC. trachomatis
(MOI=20) for 4hrs in the presence of lipid IVauml) or TLR4 blocking antibodyu{TLR4)
(10ug/ml). (B) Western blot of PKR phosphorylation (pRKfollowing LPS stimulation
(1ug/ml) for 4hrs in the presence of lipid IVau@ml) or TLR4 blocking antibodyuTLR4)
(10ug/ml). (C) Western blot of PKR phosphorylation (fRKollowing infection withC.
trachomatis (MOI=20) for 4hrs in the presence of (@) control peptide (CP), TRIF
inhibitory peptide (TRIFi) or MyD88 inhibitory peioe (MyD88i). (D) Western blot of PKR
(pPPKR) phosphorylation following LPS stimulationuml) for 4hrs in the presence of
(50uM) control peptide (CP), TRIF inhibitory peptideRTFi) or MyD88 inhibitory peptide
(MyD88i). Panels below western blots indicate queation by densitometry of the

phosphorylated PKR band. * denotes non specificban
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616 Figure3. PKR activation isindependent of NADPH oxidase and mitochondrial derived
617 reactive oxygen species

618 (A) Western blot of PKR phosphorylation (pPKR) ifiditype ybb™*) or NADPH oxidase-
619 deficient cybb”) BMDM following infection with C. trachomatis for 8hrs. Panel on the right
620 indicates quantification by densitometry of the gptworylated PKR band. (B) Western blot of
621 PKR (pPKR) phosphorylation in mDC from a healthyxdoor a CGD donor following

622 infection withC. trachomatis for 6hrs. Panel on the right indicates quantifaraby

623 densitometry of the phosphorylated PKR band.

624

625 Figure4. ER stressactivates PKR that isblocked by an inhibitor of IRE1la RNAse

626 activity

627 (A) Western blot of PKR phosphorylation (pPKR) iiD@ following stimulation with

628 Tunicamycin (LM) or Thapsigargin (0.28M) for indicated times. (B) CHOP mRNA

629 expression in mDC following stimulation with tuniogcin (1uM) for 4hrs in the presence of
630 GSK PERK inhibitor D3 (PERKI) (IM) n=4 independent donors **p=<0.001. Data

631 represented as = SEM. (C) XBP-1 splicing in mDQofeing stimulation with tunicamycin
632 (1uM) for 4hrs in the presence ofidC (3QuM) n=4 independent donors ***p=<0.001. Data
633 represented as = SEM. (D) Western blot of PKR phosgation (pPKR) in mDC following
634 stimulation with thapsigargin (0.2M) for 6hrs in the presence ofi&C (3QuM) or GSK

635 PERK inhibitor D3 (PERKI) (tM). Panel below indicates quantification by densiétry of
636 the phosphorylated PKR band. * denotes non spdudind.

637

638

639

640



641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

27

Figure 5. Chlamydia infection activates ER stress pathways that are dependent and
independent of TLR4 signalling

(A) XBP-1 splicing in mDC following infection witkZ. trachomatis (CT) MOI=20 for 4hrs

in the presence ofC (3QuM) or GSK PERK inhibitor D3 (PERKI) (iM) n=4 independent
donors **p=<0.01. Data represented as + SEM. (BPXBsplicing in mDC following
infection withC. trachomatis (CT) MOI=20 in the presence of a TLR4 blockingiboty
(aTLR4) (1Qug/ml) n=4 independent donors *p=<0.05. (C) XBP-licapg in mDC following
LPS stimulation (fkg/ml) for 4hrs in the presence ai8C (3QuM) or GSK PERK inhibitor
D3 (PERKI) (1tM) n=4 independent donors **p=<0.01. Data represeis + SEM. (D)
XBP-1 splicing in mDC following LPS stimulation f/ml) for 4hrs in the presence of a
TLR4 blocking antibodydTLR4) (1Qug/ml) n=6 independent donors **p=<0.01. (E) CHOP
MRNA expression in mDC following infection witB. trachomatis (CT) MOI=20 for 4hrs in
the presence ofidC (3QuM) or GSK PERK inhibitor D3 (PERKI) ({@M) n=4 independent
donors. Data represented as = SEM. (F) CHOP mRibession in mDC following
infection withC. trachomatis (CT) MOI=20 for 24hrs in the presence of a TLRddking
antibody ¢TLR4) (1Qug/ml). Data represented as £ SEM from 1 experirpenfiormed in
triplicate wells ***p=<0.001. (G) CHOP mRNA expréss in wild type gcn2*") or GCN2
knock out gcn2”) MEF's following infection withC. trachomatis or C. muridarum (CM)
MOI=10 for 24hrs. Data represented as £ SEM froexgderiment performed in triplicate

wells **p=<0.001.
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665 Figure6. TLR4 induced PKR activation isblocked by an inhibitor of IREle RNAse

666 activity but not PERK phosphorylation and isrequired for enhancement of Interferon-§
667 production

668 (A) Western blot of PKR phosphorylation (pPKR) @lling infection withC. trachomatis

669 (MOI=20) for 4hrs in the presence qi8C (3QuM) or GSK PERK inhibitor D3 (PERKIi)

670 (1uM). Panel on the right indicates quantificationdgnsitometry of the phosphorylated PKR
671 band. (B) Western blot of PKR phosphorylation (pPK&lowing LPS stimulation (ftg/ml)
672 for 4hrs in the presence ofi8C (3QuM) or GSK PERK inhibitor D3 (PERKI) @M). *

673 denotes non-specific band. Panel on the right atdgquantification by densitometry of the
674 phosphorylated PKR band. (C) Interfe@mRNA expression in mDC following infection
675 with C. trachomatis (CT) MOI=20 for 8hrs in the presence @8C (3QuM), PKR inhibitor

676 C16 (PKRI) (500nM) or the GSK PERK inhibitor D3 (RKi) (1uM). Data represented as +
677 SEM from 1 experiment performed in triplicate wett¥p=<0.001. Right panel depicts

678 western blot of PKR phosphorylation (pPKR) in mDésponse t€. trachomatis infection
679 for 4hrs in the presence of the PKR inhibitor CR&RI) (500nM). (D) ELISA of interferorp-
680 secretion (U/ml) in supernatants from wild type @K) or PKR knock-out (PKR) BMDM
681 infected withC. trachomatis (CT) MOI=20 for 24hrs. Data represented as + SEWf1l

682 experiment performed using BMDM obtained from thseparate individual wild type or

683 knock out mice **p=<0.001. (E) Schematic represeioin of pathways activated in response
684 to C. trachomatis infection.

685
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