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Abstract 

	 Pseudomonas aeruginosa infection can be disastrous in chronic lung diseases 

such as cystic fibrosis and chronic obstructive pulmonary disease (COPD).  Its toxic 

effects are largely mediated by secreted virulence factors including pyocyanin, 

elastase and alkaline protease (AprA).  Efficient functioning of the endoplasmic 

reticulum (ER) is crucial for cell survival and appropriate immune responses, while 

an excess of unfolded proteins within the ER leads to “ER stress” and activation of 

the “unfolded protein response” (UPR).  Bacterial infection and Toll-like receptor 

(TLR) activation trigger the UPR most likely due to the increased demand for protein 

folding of inflammatory mediators.  In this study, we show that cell-free conditioned 

medium of the PAO1 strain of P. aeruginosa, containing secreted virulence factors, 

induces ER stress in primary bronchial epithelial cells as evidenced by splicing of 

XBP1 mRNA, and induction of CHOP, GRP78 and GADD34 expression.  Most aspects 

of the ER stress response were dependent on TAK1 and p38 MAPK, except for the 

induction of GADD34 mRNA.  Using various mutant strains and purified virulence 

factors, we identified pyocyanin and AprA as inducers of ER stress.  However, the 

induction of GADD34 was mediated by an ER stress-independent integrated stress 

response (ISR) mediated by the iron-sensing eIF2α kinase HRI.  This increased 

GADD34 expression protected against Pseudomonas-induced, iron-sensitive cell 

cytotoxicity.  In summary, the virulence factors from P. aeruginosa induce ER stress 

in airway epithelial cells, and also trigger the ISR via activation of the iron-sensing 

kinase HRI, to improve cell survival of the host.
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Introduction

	 The Gram-negative bacterium P. aeruginosa is an opportunistic pathogen that 

increases morbidity and mortality in chronic lung diseases, such as cystic fibrosis (CF) and 

chronic obstructive pulmonary disease (COPD; GOLD stages III-IV) (1-3).  P. aeruginosa 

often causes chronic infection due to its ease of developing antibiotic resistance and its 

ability to form biofilms in these patients.  Furthermore, its survival in the host in the early 

stages of infection is supported by the secretion of toxins and virulence factors, including 

pyocyanin and its proteases elastase and alkaline protease (AprA) (reviewed in (4, 5)).  

Interestingly, their production appears to be lower in the later stages of infection (6, 7).  

Therefore, the specific role of these virulence factors in chronic infections is incompletely 

understood.  Pyocyanin is a redox-active toxin that causes cellular senescence (8), 

ciliary dyskinesia (9), increased expression of interleukin (IL)-8 (10) and disruption of 

calcium homeostasis (11) in human lung epithelial cells.  Pyocyanin inactivates α1-

antitrypsin, contributing to the protease-antiprotease imbalance found in CF lungs (12), 

while  P. aeruginosa elastase additionally cleaves many proteins of the extra-cellular 

matrix including collagen, fibrinogen and elastin, and cleaves opsonin receptors, thus 

contributing to the invasion of bacteria into the lung parenchyma (13).  AprA is thought 

to modulate the host response and prevent bacterial clearance by degrading proteins of 

the host immune system, including TNFα and complement factors (14-16).

	 P. aeruginosa requires iron both for its respiration and for biofilm formation 

(17,18).  Competition with the host is fierce and so P. aeruginosa has evolved specific 

strategies to obtain iron (19).  It produces redox-active phenazine compounds to turn 

insoluble Fe3+ to the more soluble Fe2+, siderophores to scavenge iron and receptors for the 

uptake of iron-siderophore complexes, proteases to degrade host iron-binding proteins, 

and bacteriocins to eliminate competitors (reviewed in (19)).  Moreover, iron availability 

regulates the production of virulence factors such as pyocyanin, AprA and exotoxin A   

(20) .

	 The endoplasmic reticulum (ER) functions to fold secretory and membrane 

proteins and its quality control systems ensure that only properly folded proteins exit 
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the organelle.  Accumulation of incompletely folded proteins can impair ER homeostasis 

and induces “ER stress”, which activates intracellular signal transduction pathways 

collectively called the “unfolded protein response” (UPR; Figure 1).  This response restores 

ER homeostasis by reducing the influx of new proteins into the lumen of the ER and 

by enhancing the organelle’s capacity to fold proteins; however, if the stress cannot be 

resolved then apoptotic cell death pathways are invoked (reviewed by Marciniak and Ron 

(21)).

	 Three distinct sensors detect ER stress: protein kinase RNA (PKR)-like ER kinase 

(PERK), inositol-requiring enzyme-1 (IRE1) and activating transcription factor-6 (ATF6) 

(21).  Early during ER stress, the kinase PERK phosphorylates eukaryotic translation 

initiation factor 2 on its alpha subunit (eIF2α) causing the inhibition of protein synthesis 

and thus preventing the load on the ER from increasing further (22-24).  In addition, this 

promotes the translation of specific mRNAs, for example that encoding the transcription 

factor ATF4 (25).  One important target of ATF4 is the transcription factor called C/EBP 

homologous protein (CHOP), and both individually can trans-activate the GADD34 gene 

(26).  GADD34 is a phosphatase that selectively dephosphorylates eIF2α, completing a 

negative feedback loop and enabling the translation of other targets of the UPR (27).  In 

parallel, IRE1 initiates the unconventional splicing of the mRNA encoding X-box binding 

protein-1 (XBP-1) (28).  Spliced XBP-1 mRNA encodes an active transcription factor that, in 

concert with ATF6, induces expression of UPR genes, such as the chaperones GRP78 (also 

known as BiP) and GRP94 (28-30).

	 The phosphorylation of eIF2α is a point at which the responses to several forms 

of stress are integrated (31, 32).  During ER stress, PERK phosphorylates eIF2α, but eIF2α 

can also be phosphorylated by PKR responding to double-stranded RNA during viral 

infection (33, 34), by GCN2 during amino acid starvation (25, 35, 36), and by HRI during iron 

deficiency (reviewed in (31)).  For this reason, the events initiated by eIF2α phosphorylation 

have been termed the “integrated stress response” (ISR; Figure 1 and (37)).

	 Abnormal function of the ER has been implicated in the pathogenesis of many 

diseases, including diabetes mellitus, atherosclerosis, Alzheimer’s disease and cancer (21, 
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38).  Remarkably, the ER also plays an important role during immune responses to infection 

and malignancy.  For example, during bacterial infection, Toll-like receptor (TLR) activation 

triggers splicing of XBP1 mRNA, possibly in response to the increased biosynthesis of 

secreted inflammatory mediators, increasing the capacity for protein secretion and thus 

contributing to an augmented inflammatory response (39-41).  In addition, induction of 

GADD34 is required for cytokine expression during viral infection; however, in contrast to 

ER stress, pathogen-induced induction of GADD34 appears to be independent of CHOP 

(42, 43).  Nevertheless, sustained activation of the UPR can impair the immune response 

by triggering cell death (26, 44).

	 Previously, it has been shown that infection of airway epithelia or Caenorhabditis 

elegans with P. aeruginosa can elicit an UPR (40, 45, 46).  In worms, activation of the IRE1-

XBP-1 branch of the UPR was dependent on p38 MAPK-signalling (40), but it is unknown 

if this signalling response is conserved in humans.  Moreover, it is unclear whether living 

Figure 1. Schematic overview of the unfolded protein response (UPR) and integrated stress 

response (ISR).
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bacteria are required for the induction of ER stress or if unidentified secreted factors are 

sufficient.  

	 In the present study, we set out to test the hypothesis that virulence factors 

secreted by P. aeruginosa trigger the UPR in human cells via the p38 MAPK pathway.  

We found that p38 MAPK signalling was required for the response of human epithelial 

cultures to bacterial conditioned medium and that the secreted factors pyocyanin and 

AprA contribute to the induction of ER stress.  Furthermore, we showed that induction 

of the ISR target GADD34 is mediated by the iron-regulated kinase HRI and this induction 

protects the host against the toxic effects of P. aeruginosa. 
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Results

Conditioned medium of P. aeruginosa strain PAO1 (CM-PAO1) causes ER stress in primary 

bronchial epithelial cells

	 Infection with live P. aeruginosa has previously been shown to induce the UPR 

in mouse macrophages and human immortalized bronchial epithelial cells (41, 46).  To 

identify whether P. aeruginosa could induce the UPR in primary bronchial epithelial cells 

and whether living bacteria were necessary for this, we stimulated primary bronchial 

epithelial cells with filter-sterilised conditioned medium (CM) from P. aeruginosa strain 

PAO1 (CM-PAO1), containing secreted virulence factors without living bacteria.  Treatment 

with CM-PAO1 induced ER stress in a time- and dose-dependent manner, as evidenced by 

a 9.9-fold increase of splicing of XBP1 mRNA (p<0.001), a 12.8-fold increase of CHOP mRNA 

(p=0.02) and a 16.2-fold increase of GADD34 mRNA (p<0.05) after 8-12 hours (Figure 2A 

and 2B).  This was accompanied by an increase in phosphorylation of eIF2α and protein 

expression of GADD34 and GRP78 protein (Figure 2C).  This increase in phosphorylated 

eIF2α was accompanied by a decrease in global protein translation as assessed by 

puromycin incorporation into nascent proteins (Figure 2D) (47).  In line with previous 

reports (48-50), CM-PAO1 gradually impaired epithelial integrity until the monolayer 

was completely disrupted after 24 hours.  Although the epithelial layer was disrupted 

by CM-PAO1 (as reported by trans-epithelial resistance; Figure S1A), the cell membranes 

themselves remain intact as reported by exclusion of trypan blue stain (Figure S1B).  

Induction of ER stress in human bronchial epithelial cells by P. aeruginosa is dependent on 

p38 MAPK 

	 Infection of C. elegans with P. aeruginosa has been reported to cause splicing 

of XBP1 mRNA in a p38 MAPK-dependent manner (40).  To exclude the effects of donor 

variation and complex nutrient/growth factor requirement of primary cells, we therefore 

tested whether exposure of 16HBE cells, a SV-40 transformed bronchial epithelial cell line, 

to P. aeruginosa conditioned medium would trigger phosphorylation of p38 MAPK and 
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activate the UPR.  We observed that CM-PAO1 caused prolonged phosphorylation of p38 

MAPK in 16HBE cells up to 6 hours (Figure 3A).  We reasoned that the activation of p38 

MAPK after 15 minutes might represent the activation of TLR signalling, since stimulation 

of HEK-TLR2 or HEK-TLR4 cells (51) with CM-PAO1 demonstrated robust TLR2 and TLR4 

activation (data not shown).  The sustained activation was similar to that observed in C. 

elegans infected with Pseudomonas (40) (Figure 3A), which suggests the importance of 

p38 MAPK in the induction of the UPR.  To examine if p38 MAPK signalling was required 

for the ER stress response, we pre-treated 16HBE cells with an inhibitor of p38 MAPK 

(SB203580) or an inhibitor of TAK1 (5Z-7-oxozeanol, also known as LL-Z1640-2), a kinase 

upstream of p38 MAPK.  We then exposed cells to CM-PAO1, and observed that both 

compounds markedly reduced activation of p38 by CM-PAO1 (Figure 3B).  In addition, 

both compounds reduced secretion of IL-8 in response to CM-PAO1 treatment (Figure 

3C).  Of note, these compounds strongly inhibited splicing of XBP1 mRNA and abrogated 

the induction of CHOP and GRP78 mRNA (Figure 3D).  However, the induction of GADD34 

was insensitive to the inhibitors (Figure 3D) suggesting the involvement of an additional 

pathway independent of CHOP.

Pyocyanin is able to induce ER stress 

	 To prepare P. aeruginosa conditioned medium, cultures were grown for 5 days 

(see Experimental procedures and (48)) to a high optical density at which quorum-sensing 

is activated in this strain, thus triggering the production of a variety of virulence factors 

among which the cytotoxic exoproduct pyocyanin.  When pyocyanin levels in P. aeruginosa 

conditioned medium were measured, values up to 5.5 µg/ml (26 µM) were detected 

(Figure 4A), which were similar to values observed in sputum of CF patients colonised 

with P. aeruginosa (52).  We therefore tested whether purified pyocyanin could induce ER 

stress in 16HBE cells.  Treatment with purified pyocyanin caused dose-dependent splicing 

of XBP1 mRNA, induction of CHOP and GRP78 mRNAs and expression of GRP78 and GRP94 

protein (Figure 4B-C), maximal at 10 µM (2.1 µg/ml).  In contrast, GADD34 mRNA continued 

to rise up to a maximum at ≥ 30 µM (6.3 µg/ml) pyocyanin (Figure 4B).  Once again, this 
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Figure 2. P. aeruginosa secreted virulence factors induce ER stress in primary bronchial epithelial 

cells.  

A. Time-dependent induction of ER stress in primary bronchial epithelial cells, as assessed by spliced 

XBP1, CHOP and GADD34 mRNA after treatment with CM-PAO1 (n=5; mean ± SEM).  B. Dose-response of 

spliced XBP1, CHOP and GADD34 mRNA in primary bronchial epithelial cells treated with CM-PAO1 for 12 

hours (n=5; mean ± SEM).  C. Time-dependent phosphorylation of eIF2α and synthesis of GADD34 and 

GRP78 (visualised with anti-KDEL antibody).  Relative quantifications for each protein are shown within 

(representative of n=3).  D.  Time-dependent decrease of puromycin incorporation in nascent proteins.  

Total eIF2α and β-actin serve as loading controls.  * p<0.05, ** p<0.01, ***p<0.001 versus control (ctrl) 

two-way repeated-measurements ANOVA (Bonferroni post-hoc) or untreated (-) with a one-way repeated-

measurements ANOVA (Bonferroni post-hoc).
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suggested that induction of GADD34 in this system might not simply reflect activation 

by ER stress.  As expected, pyocyanin potently induced secretion of IL-8 by 16HBE cells 

(Figure 4D) (10).  

	 Next, we wished to determine if pyocyanin was also an important mediator of 

the observed ER stress response by CM-PAO1.  To this end, P. aeruginosa bacterial cultures 

were supplemented with iron to suppress pyocyanin production together with other 

iron-regulated factors (Figure 4A).  The conditioned medium prepared in this manner 

was significantly less efficient at triggering the splicing of XBP1 mRNA and at increasing 

expression of GRP78 mRNA (Figure 4E).  Surprisingly, CHOP mRNA was not significantly 

affected (Figure 4E), whereas GADD34 mRNA induction was completely abrogated.  These 

experiments provided only indirect support for the involvement of pyocyanin, since iron 

supplementation also affects production of other P. aeruginosa virulence factors and 

may also affect host cells. Since pyocyanin is a redox active toxin, we tested the effect 

of co-administration of the anti-oxidants N-acetylcysteine (10 mM) and glutathione 

reduced ethyl-ester (10 mM) for 24 hours.  Both failed to ameliorate the ER stress response 

suggesting that pyocyanin caused ER dysfunction independent of causing oxidative 

Figure 3. Conditioned medium of P. aeruginosa induces ER stress via TAK1-p38 MAP kinase (MAPK). 

A. Time-dependent phosphorylation of p38 MAPK in 16HBE after treatment with CM-PAO1.  Total 

p38 MAPK and β-actin serve as loading controls.  Numbers display the relative quantifications for 

phosphorylated p38 MAPK to total p38 MAPK (representative of n=3).  B. Western blot of phosphorylated 

p38 MAPK from 16HBE after pre-treatment for 30 min with the TAK-1 inhibitor LL-Z1640-2 (LL) or p38 

MAPK inhibitor SB203580 (SB), followed by CM-PAO1 stimulation for 6 hours.  Total p38 MAPK and β-actin 

serve as loading controls.  Numbers display the relative quantifications for phosphorylated p38 MAPK 

to total p38 MAPK (representative of n=3).  C. IL-8 release of 16HBE cells treated as in B (n=3; mean ± 

SEM).  D. Normalised mRNA levels of spliced XBP1, CHOP, GADD34 and GRP78 in 16HBE cells, treated as B 

(n=3; mean ± SEM).  All values are normalised to the housekeeping genes RPL13A and ATP5B.  * p<0.05, 

** p<0.01, ***p<0.001 versus untreated (-) with a one-way repeated-measurements ANOVA (Bonferroni 

post-hoc).

>>>
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stress (53, 54) (data not shown).

	 Taken together, these observations suggested that conditioned medium 

of P. aeruginosa caused ER stress via multiple virulence factors, including pyocyanin. 

Furthermore, the induction of GADD34 appeared to involve an additional pathway 

independent of CHOP. 
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Identifying other factors mediating ER stress

	 Having found evidence for the involvement of multiple virulence mechanisms 

in the induction of ER stress, we next attempted to determine their identities.  The P. 

aeruginosa AB toxin exotoxin A is known to cause translational attenuation by catalysing 

the ADP-ribosylation of elongation factor 2 (EF2) (55).  We investigated whether purified 

exotoxin A could also induce ER stress, but detected no increase in spliced XBP1, CHOP, 

GADD34 or GRP78 mRNA nor the phosphorylation of eIF2α (Figure S2A-B).  Next, to explore 

more broadly the involvement of other potential virulence factors, we made use of strains 

of P. aeruginosa that lacked specific toxic products: PAN8, a lasB aprE double mutant, which 

is deficient in the production of elastase (56) and the secretion of AprA; PAN11, a xcpR 

lasB mutant, which is deficient in the production of elastase and the secretion of all other 

substrates of the type II protein secretion system but still produces AprA; and PAO25,  a 

leu arg double mutant derivative of PAO1 and the direct parental strain of both mutants 

(table S1).  CM-PAO25 did not differ from CM-PAO1 in the content of all toxins measured 

(Figure S3A-C).  In spite of the aprE mutation, still traces of AprA were detected in the 

culture supernatant of the PAN8 strain (Figure 5A), presumably due to cell lysis during the 

5 days growth period.  

Figure 4. Pyocyanin is able to cause ER stress.  

A. Quantitation of pyocyanin in CM-PAO1.  Iron (Fe3+) was supplemented in the culture medium of the 

bacteria to inhibit virulence factor secretion (n=3; mean ± SEM).  B. Normalised mRNA expression levels 

of spliced XBP1, CHOP, GADD34 and GRP78 after pyocyanin treatment (0-1-3-10-30 µM) (n=3; mean ± 

SEM).  All values are normalised to the housekeeping genes RPL13A and ATP5B.  C. Western blot of GRP78/

GRP94 and GAPDH (loading control) from 16HBE cell lysates treated as in B. (representative of n=3).  D. IL-8 

release of 16HBE cells treated as in B (n=3; mean ± SEM).   E. Spliced XBP1, CHOP, GADD34 and GRP78 mRNA 

levels in 16HBE cells exposed to CM-PAO1 derived after growth in the presence or absence of iron (Fe3+) 

(n=3; mean ± SEM).  All values are normalised to the housekeeping genes RPL13A and ATP5B.  * p<0.05, 

** p<0.01, ***p<0.001 versus untreated (-) with a one-way repeated-measurements ANOVA (Bonferroni 

post-hoc).

>>>
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	 When 16HBE cells were incubated with CM-PAN8 (lacking elastase and AprA), 

induction of spliced XBP1 and GRP78 mRNA were completely abolished, and only minimal 

induction of CHOP mRNA remained (Figure 5B).  The CM-PAN11 (containing AprA, but no 

elastase or other substrates of the type 2 secretion system) caused measurable splicing of 

XBP1 mRNA and the induction of CHOP and GRP78 mRNA, albeit significantly less than the 

conditioned medium from the parental P. aeruginosa PAO25 strain (Figure 5B).  Of note, 
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stimulating 16HBE cells with purified elastase did not elicit an ER stress response within 

24 hours (data not shown).  On the other hand, incubation with 10 nM purified AprA 

induced the splicing of XBP1 mRNA, and up-regulated CHOP and GRP78 mRNA (Figure 

5C).  These experiments suggested that, in addition to pyocyanin, AprA also contributed 

to the induction of ER stress in 16HBE cells.

	 Remarkably, once again the induction of GADD34 mRNA followed a distinct 

trend from the other markers of ER stress.  Particularly a lack of AprA (in CM-PAN8) was 

correlated with an increased expression of GADD34 (Figure 5B).  Likewise, purified AprA 

did not induce GADD34 mRNA (Figure 5C).  This suggested that an unrelated mechanism 

regulated GADD34 induction by CM-PAO1 and that this might be independent of ER stress.

GADD34 is regulated via the integrated stress response (ISR) independent of PERK

	 To examine the involvement of ER stress-dependent and -independent responses 

to CM-PAO1, we next made use of the specific inhibitor of IRE1, 4µ8C, which blocks splicing 

of XBP1 mRNA during ER stress ((57) and Figure 6A).  Of note, this compound not only 

attenuated the ER stress response elicited by CM-PAO1, but, interestingly, also attenuated 

the secretion of IL-8 by 16HBE in response to CM-PAO1 (Figure S4A).  

	 During ER stress, the kinase PERK phosphorylates eIF2α, thereby activating the 

ISR.  When Perk-/- mouse embryonic fibroblasts (MEFs) were exposed to CM-PAO1, the 

induction of Gadd34 mRNA was unaffected, while the response to the ER stress-inducing 

agent tunicamycin (Tm) was abrogated (Figure 6B).  However, phosphorylation of eIF2α 

was required for the induction of Gadd34 mRNA in response to CM-PAO1 as demonstrated 

by the failure of the conditioned medium to induce Gadd34 mRNA in fibroblasts 

homozygous for the eIF2αAA mutation, which renders them insensitive to all eIF2α 

kinases (Figure 6C).  Moreover, Atf4, a transcription factor translationally up-regulated 

upon phosphorylation of eIF2α, was essential for the induction Gadd34 mRNA by CM-

PAO1 (Figure 6D).  As we have shown previously (26), Chop was only partially required 

for tunicamycin (ER stress)-induced expression of Gadd34 mRNA (Figure S4B).  The same 

was observed for CM-PAO1, although it did not reach statistical significance (Figure S4B).  
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Figure 5. The P. aeruginosa secreted virulence factors alkaline protease (AprA) and pyocyanin 

mediate ER stress.  

A. Western blot analysis of conditioned medium (CM) of strains PAO25, PAN8 and PAN11 for AprA 

(representative of n=2; complete blot is showed in Figure S1B).  Equal volumes of the conditioned 

medium were loaded onto the gel.  AprA displays 200 nM purified AprA and serves as a positive control.  

B. Normalised expression levels of spliced XBP1, CHOP, GADD34 and GRP78 mRNA in 16HBE cells after 

stimulation with CM-PAO25, CM-PAN8 or CM-PAN11 (n=3; mean ± SEM).  All values are normalised to the 

housekeeping genes RPL13A and ATP5B.  C. Normalised expression values of spliced XBP1, CHOP, GADD34 

and GRP78 mRNA in 16HBE cells after stimulation with 10 nM purified AprA.  All values are normalised to 

the housekeeping genes RPL13A and ATP5B.  * p<0.05, ** p<0.01, ***p<0.001 versus untreated (-) with a 

one-way repeated-measurements ANOVA (Bonferroni post-hoc).
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Interestingly, murine fibroblasts stimulated with CM-PAO1 failed to splice Xbp1 mRNA 

(Figure S4C), suggesting that activation of IRE1 by CM-PAO1 may be less important in this 

cell type than in human epithelial cells.  However, reassuringly, ISR-dependent signalling 

in response to P. aeruginosa toxins was preserved in these cells and, once again, expression 

of Chop mRNA was regulated via eIF2α and Atf4.  As had been observed for Gadd34, Chop 

induction was independent of PERK, suggesting that in MEFs treated with CM-PAO1, Chop 

was induced by a stimulus other than ER stress (Figure S4D-F). 

	 We next examined which eIF2α kinase was responsible for activation of the 

ISR by CM-PAO1.  To this end, we made use of Pkr-/-, Gcn2-/- and Hri-/- MEFs (25,58,59) and 

Figure 6. GADD34 mRNA expression is regulated via the activation of the integrated stress response 

by P. aeruginosa. 

A. Spliced XBP1 mRNA in 16HBE cells after treatment with CM-PAO1 in the presence of 30 µM 4µ8C, a 

selective inhibitor of the ER stress responsive kinase IRE1α (n=3; mean ± SEM).  All values are normalised 

to the housekeeping genes RPL13A and ATP5B.  B-G. Gadd34 mRNA normalised expression in Perk-/-, eIF2α 

AA, Atf4-/-, Pkr-/-, Gcn2-/- and Hri-/- mouse embryonic fibroblasts (MEFs) exposed to CM-PAO1 for 8, 16 or 24 

hours or tunicamycin (Tm) for 6 hours as a positive control (n=3; mean ± SEM).  All values are normalised 

to the housekeeping genes Actb and Sdha.  H. GADD34 mRNA levels in HeLa cells upon exposure to CM-

PAO1 after knock-down of GCN2 or HRI with siRNA  (n=3; mean ± SEM).  All values are normalised to the 

housekeeping genes RPL13A and ATP5B.  I.  Normalised expression values of spliced XBP1, CHOP, GADD34 

and GRP78 mRNA in 16HBE cells after stimulation with 1-100 nM deferoxamine (DFO).  All values are 

normalised to the housekeeping genes RPL13A and ATP5B.  J. Gadd34 mRNA levels in wild-type MEFs 

after repletion of the cell culture medium with iron (Fe3+) when treated with CM-PAO1 (n=3; mean ± SEM).  

The first lane (- Fe3+, - CM-PAO1) reflects medium control cells, without adding or depleting iron from 

the cell culture medium.  All values are normalised to the housekeeping genes Actb and Sdha.  * p<0.05, 

** p<0.01, *** p<0.001 versus untreated (-) with a two-way repeated-measurements ANOVA (Bonferroni 

post-hoc).

<<<
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observed a significant deficit of CM-PAO1 induction of Chop and Gadd34 mRNA in Hri-/- 

cells, suggesting the involvement of the iron-sensing kinase HRI (Figure 6E-G, and Figure 

S4G-I).  Although we observed no significant effect on the induction of Gadd34 mRNA 

in Gcn2-/- cells (Figure 6F), it has been suggested previously that GCN2 is involved in the 

stress response induced by P. aeruginosa in gut epithelial cells (60).  We therefore went on 

to deplete either GCN2 or HRI in HeLa cells using two separate siRNA oligonucleotides for 

each gene and obtained similar results, supporting a role for HRI rather than GCN2 (Figure 

6H and Figure S4J).

	 Since RPMI is an iron-poor medium, we reasoned that the CM-PAO1 would limit 

iron availability to epithelial cells (e.g. by siderophores; (61)), which might activate HRI 

through depletion of iron from the culture medium.  We therefore first evaluated the 

effect of iron depletion of the epithelial cell culture medium using deferoxamine (DFO).  

DFO treatment resulted in a marked increase in the expression of the ISR and UPR related 

genes CHOP and GADD34, whereas GRP78 and spliced XBP1 were not affected (Figure 6I).  

This is line with selective activation of the ISR by iron depletion.  We next confirmed the 

presence of the iron-chelating siderophore pyoverdine in the CM-PAO1 by the bright 

fluorescence of the medium upon exposure to UV light (data not shown).  To test the 

possible involvement of iron depletion in CM-PAO1-mediated Gadd34 induction, we 

supplemented the epithelial cell culture medium with iron, which indeed completely 

suppressed the induction of Gadd34 mRNA (Figure 6J, and Figure S4K).

	 Taken together, these data demonstrate that CM-PAO1 induces splicing of 

XBP1 mRNA (ER stress) in human bronchial epithelial cells, while induction of GADD34 

predominantly reflects an iron-dependent ISR mediated by the eIF2α kinase HRI.

The role of Gadd34 induction in cell survival

	 During chronic ER stress in cell and animal models of disease, the induction of 

GADD34 appears to mediate cellular toxicity (26, 44).  In contrast, during the acute stress 

of SERCA pump inhibition by thapsigargin, GADD34 has been shown to be protective (62).  

To test the role of ER stress-independent induction of GADD34 by exposure to CM-PAO1, 
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we made use of Gadd34ΔC/ΔC MEFs (62), which lack GADD34 phosphatase activity.   Cells 

expressing wild-type Gadd34 were more resistant to the cytotoxic effects of CM-PAO1 

compared with Gadd34ΔC/ΔC fibroblasts, as reported by the release of lactate dehydrogenase 

(LDH) (Figure 7A).  To confirm these findings, we repeated these experiments in HeLa cells 

Figure 7. Induction of GADD34 protects against P. aeruginosa mediated cell cytotoxicity. 

A. LDH release of Gadd34+/+ and Gadd34ΔC/ΔC MEFs after stimulation with CM-PAO1 for 16 and 24 hours 

(n=3; mean ± SEM).  B. MTT cell viability of HeLa cells conditionally expressing GADD34 (± dox) after 

treatment with CM-PAO1 (n=3; mean ± SEM).  C. LDH release (left) and cell viability assessed with a MTT 

assay (right) of wild-type MEFs treated with CM-PAO1 after repleting the cell culture medium with iron 

(Fe3+) (n=3; mean ± SEM).  * p<0.05, ** p<0.01, *** p<0.001 versus untreated (-) with a two-way repeated-

measurements ANOVA (Bonferroni post-hoc).
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expressing GADD34 from a tetracycline-responsive promoter.  The induction of GADD34 

protein with doxycycline significantly increased cell viability on exposure to CM-PAO1 

(Figure 7B).  When the cell culture medium of wild-type cells was supplemented with iron, 

the release of LDH was prevented (Figure 7C, left panel).  Iron supplementation was also 

observed to rescue the reduction of cell viability reported by MTT assay (Figure 7C, right 

panel).  Taken together, these data suggest that the toxicity of CM-PAO1 is sensitive to iron 

and that HRI-mediated induction of GADD34 is protective in this context.  Supplementation 

with iron relieves both the cytotoxicity and the requirement for induction of GADD34. 
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Discussion

	 It is known that a normal response to ER stress is required for an efficient innate 

immune response to bacterial infection (40), but whether live bacteria are required for 

this has been unclear.  In this study, we have shown that secreted virulence factors of P. 

aeruginosa cause ER stress in primary bronchial epithelial cells and in different cell lines, 

and that this is mediated by TAK1 and phosphorylated p38 MAPK.  In addition, we have 

identified GADD34 induction via an ER-stress independent ISR.  We have demonstrated 

pyocyanin to be one of the factors eliciting these responses, while AprA contributes to the 

activation of the UPR.  In contrast, activation of the ISR with induction of GADD34 mRNA 

is a response to reduced iron availability and serves a cytoprotective role during exposure 

to conditioned medium of P. aeruginosa.

	 In line with these observations, phosphorylation of p38 MAPK has previously 

been shown to be involved in the splicing of XBP1 upon infection with P. aeruginosa 

(40, 46), although the involvement of TAK1 upstream of p38 MAPK and its essential 

involvement in the activation of CHOP and GRP78 are novel findings.  Interestingly, 

GADD34, classically a downstream target of CHOP, was regulated independently of the 

TAK1-p38 MAPK pathway. The induction of GADD34 is only partially dependent on CHOP 

(Figure S2A and (26)), but it is absolutely reliant on phosphorylation of eIF2α and ATF4 

(26).  This is concordant with the recent description of a virus-induced “microbial stress 

response” mediated via the PKR/eIF2α/ATF4 pathway, which fails to induce CHOP, but 

potently induces GADD34 (42, 43).  

	 In contrast to the response of human airway epithelial cells, P. aeruginosa 

conditioned medium failed to cause splicing of Xbp1 mRNA in murine fibroblasts, 

suggesting that ER stress may not be a conserved feature of the cellular response to 

this insult.  This is unsurprising, as induction of ER stress is known to be highly cell-type 

dependent (41).  In the absence of ER stress in the murine fibroblasts, the induction of 

Chop and Gadd34 suggests that activation of the ISR by the secreted virulence factors 

may be a more conserved response.  Of note, in human primary bronchial epithelial cells, 

the induction of CHOP seems primarily subordinate to an ER stress-induced ISR, rather 
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than the microbial stress response (Figure S7).  Consequently, induction of CHOP was 

dependent on the TAK1-p38 MAPK pathway in those cells (Figure 2D) and its induction 

was only partially inhibited when bacterial cultures were supplemented with iron (Figure 

3E), in contrast to MEFs where Chop induction was dependent on HRI (Figure S2I).

	 Recent evidence suggests that bacterial components may function as triggers for 

the UPR.  Flagellin has been shown to induce an atypical ER stress response in CF bronchial 

epithelial cells during live infection (46), while N-(3-oxo-dodecanoyl) homoserine lactone 

(C12) has been observed to cause phosphorylation of eIF2α and activation of p38 MAPK 

(63).  We have now shown that at least two secreted virulence factors, pyocyanin and 

AprA, also contribute to this ER stress response to Pseudomonas.  More research has to be 

done to assess the involvement of (other) individual virulence factors.  

	 High concentrations of pyocyanin also mediated an ER stress-independent, ISR-

dependent induction of cytoprotective GADD34 (Figure 3B).  We were able to identify 

a crucial role for iron availability and for the iron-sensing kinase HRI in this response. 

Interestingly, AprA was not involved in the induction of this response but rather appeared 

to dampen it, since considerably higher GADD34 expression was observed when 

conditioned medium of the aprE mutant PAN8 was used to stimulate the cells (Figure 4B).  

Among other possibilities, an explanation for this observation could be that AprA present 

in the conditioned medium of the wild-type strain partially degrades HRI, a possibility 

that warrants further investigations.  The discovery of this ER stress-independent ISR may 

plausibly offer novel potential therapeutic targets.

	 It has been shown recently that spliced XBP1 is required for C12-mediated 

apoptosis (63).  Remarkably, exposure of cells to C12 does not itself trigger the splicing of 

XBP1 mRNA suggesting that basal levels of spliced XBP1 are both necessary and sufficient 

for this response.  Moreover, the transcriptional activity of spliced XBP1 does not appear 

to be required for this cell death, indicating that the spliced XBP1 protein may have 

additional, as yet unidentified, activities.  C12 appears able to trigger the ISR in an ER 

stress-independent matter, although the mechanism for this remains to be determined.  

It would be interesting to determine if C12 can activate HRI.
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	 Chronic elevation of GADD34 in ER stress can mediate cellular toxicity (26), but 

GADD34 has shown to be protective during the acute stress of SERCA pump inhibition 

with thapsigargin, which depletes the ER of calcium (62).  As with thapsigargin, P. 

aeruginosa has been associated with altered ER calcium signalling (39, 45).  It is therefore 

of interest that expression of GADD34 reduced cell toxicity and increased cell survival 

upon iron deficiency caused by treatment with conditioned medium from P. aeruginosa.  

It has been shown that lungs of cystic fibrosis patients lack the ability to induce GADD34 

(46), which might plausibly lead to increased cytotoxicity or altered innate immunity due 

to Pseudomonas infection of the lungs of CF patients. 

	 In summary, secreted virulence factors of the PAO1 strain of P. aeruginosa, 

including pyocyanin and AprA, are sufficient to elicit an ER stress response but the relative 

contribution of these virulence factors remains to be investigated. In contrast to these 

virulence factors, iron depletion causes an ER stress-independent ISR.  The induction 

of GADD34 via this response ameliorates the toxic effects of P. aeruginosa conditioned 

medium.
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Materials and Methods

	

Bacterial strains and preparation of conditioned medium of P. aeruginosa

	 All strains used in this study are listed in Table S1.  CM was prepared as described 

previously with slight modifications (48).  Briefly, overnight bacterial cultures in Luria Broth 

were inoculated 1:50 into RPMI 1640 (Gibco, Life Technologies, Breda, the Netherlands) 

and incubated at 37°C shaking at 200 rpm.  After 5 days, the cultures were centrifuged 

and supernatants were filter-sterilised through 0.22 µm pore-size filter (Whatman, Dassel, 

Germany) to obtain CM.  Pyocyanin and AprA levels in CM were measured as described 

previously (64, 65).

Cell culture

	 Primary bronchial epithelial cells were obtained from tumour-free resected 

lung tissue by enzymatic digestion as described previously (66).  16HBE cells (passage 

4-15; kindly provided by Dr. D.C. Gruenert, University of California, San Francisco, CA, 

USA) were cultured in MEM (Invitrogen) supplemented with 1 mM HEPES (Invitrogen), 

10% (v/v) heat-inactivated FCS (Bodinco, Alkmaar, the Netherlands), 2 mM L-glutamine, 

100 U/ml penicillin and 100 µg/ml streptomycin (all from BioWhittaker).  All MEFs were 

maintained as described previously (23, 26, 37, 67, 68).  HEK-TLR2 and HEK-TLR4 (51) were 

a kind gift from M. Yazdanbakhsh (Leiden University Medical Center, the Netherlands).  

HeLa cells were transfected for 6 hours with two different ON-TARGETplus Human EIF2AK1 

siRNA (GCACAAACUUCACGUUACU and GAUUAAGGGUGCAACUAAA) or EIF2AK4 siRNA 

(GGAAAUUGCUAGUUUGUCA and GACCAUCCCUAGUGACUUA) and knockdown was 

assessed 48 hours after transfection (Figure S5).

	 GADD34-N1-eGFP (kind gift form S. Shenolikar, Duke-NUS Graduate Medical 

School Singapore, Singapore) was excised with BglII and NotI and ligated into pTRE2-hyg 

plasmid (Clontech Laboratories, Mountain View, CA, USA) digested with BamHI and NotI.  

HeLa Tet-On advanced cells (Clontech Laboratories) were transfected with the pTRE2-hyg_

GADD34-eGFP plasmid and selected with 600 µM hygromycin to generate a stable cell 
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line conditionally expressing GADD34-GFP (Figure S6).  Positive cell clones were visualised 

by GFP expression in response to 1 µg/ml of doxycycline.  Once identified, expanded 

and characterised, these clones were maintained in DMEM (Sigma) supplemented with 

10% FBS and antibiotics (100 U/ml penicillin G, 100 µg/ml streptomycin, 200 µg/ml G418 

and 200 µM hygromycin).  Expression of GADD34 was typically induced using 1 µg/ml 

doxycycline (Sigma) for 24 hours.

	 Cells were exposed at 80-90% confluence for 24 hours (unless stated otherwise) 

to CM-PAO1 (1 in 5 dilution, unless stated otherwise), pyocyanin (1-30 µM), ammonium 

iron (III) citrate (100 µM; Fe3+), exotoxin A (1-10 ng/ml) and/or DFO (1-100 nM) as indicated 

(all from Sigma).  Puromycin (10 µg/ml; Sigma) was added 30 minutes before harvesting.  

Thapsigargin (100  nM; Sigma), TNFα and IL-1β (both 20 ng/ml; Peprotech, Rocky Hill, 

NJ) were used as positive controls.  The compounds SB203580 (10 nM; Sigma) and 5Z-7-

oxozeanol (also called LL-Z1640-2; 100 nM; TebuBio, Heerhugowaard, the Netherlands) 

were added 30 minutes before stimulation for the inhibition of p38 MAPK and TAK1, 

respectively.  The specific IRE1-inhibitor 4µ8C (30 µM) (57) was a kind gift from Prof. dr. D. 

Ron, University of Cambridge.  

Western Blot

	 Cells were lysed in buffer H (10 mM HEPES, pH 7.9, 50 mM NaCl, 500 mM sucrose, 

0.1  mM  EDTA, 0.5% (v/v) Triton X-100, 1  mM  PMSF, 1X Complete™ protease inhibitor 

cocktail (Roche Applied Science, Mannheim, Germany)) supplemented with phosphatase 

inhibitors (10  mM  tetrasodium pyrophosphate, 17.5  mM β-glycerophosphate, and 

100 mM NaF (25, 27)) for detection by antibodies directed against phospho-eIF2α (Cell 

Signaling Technology, Danvers, MA, USA), eIF2α (gift from Prof. D. Ron), KDEL (Enzo Life 

Sciences), GADD34 (ProteinTech, Chicago, IL, USA), puromycin (Millipore, Billerica, MA, 

USA), β-actin and GAPDH (CellSignalling), or in sample buffer (0.2 M Tris-HCl pH 6.8, 16% 

(v/v) glycerol, 4% (w/v) SDS, 4% (v/v) 2-mercaptoethanol, 0.003% (w/v) bromophenol 

blue) for detection by antibodies directed against phospho-p38 MAPK and total p38 

MAPK (both CellSignalling).  The proteins in the samples were separated using a 10% 
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SDS-PAGE gel and transferred onto a nitrocellulose membrane. After blocking with 

PBS containing 0.05% Tween-20 (v/v) and 5% skimmed-milk (w/v), the membrane was 

incubated overnight with the primary antibody (1:1000) in TBS with 0.05% Tween-20 (v/v) 

and 5%  BSA (w/v) at 4°C.  Next, the membrane was incubated with HRP-labelled anti-

mouse or anti-rabbit antibody (Sigma) in blocking buffer for 1 hour and developed using 

ECL (ThermoScientific).  

Quantitative reverse-transcriptase polymerase chain reaction (qPCR)

	 Total RNA was isolated using Qiagen RNeasy mini kit (Qiagen/Westburg, Leusden, 

the Netherlands).  Quantitative reverse-transcriptase polymerase chain reaction (qPCR) 

was performed as described previously (69) using the primer pairs as defined in Table  

S2.  Relative mRNA concentrations of RPL13A and ATP5B (GeNorm, PrimerDesign Ltd., 

Southampton, UK) were used as housekeeping genes for human genes and Actb (β-actin) 

and Sdha for mouse genes to calculate normalized expression.

ELISA

	 IL-8 (Sanquin, Amsterdam, the Netherlands) were measured using commercially 

available ELISA kit according to manufacturer’s instructions.

Cytotoxicity assays

	 LDH release was measured with a LDH-cytotoxicity colorimetric assay kit following 

manufacturer’s instructions (Biovision, Milpitas, CA, USA).  Thiazolyl blue tetrazolium 

bromide (MTT; Sigma) was dissolved in a 5 mg/ml stock concentration in sterile water and 

cells were incubated with a 1:10 dilution for 2 hours at 37°C.  Next, the water-insoluble 

formazan formed from MTT is viable cells was dissolved in isopropanol for 10 min before 

the absorbance was read at 570 nm wavelength.

Electric Cell-sensing Impedance Sensing

	 Epithelial barrier function was measured using ECIS (Applied Biophysics, Troy, NY, 
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USA) as described previously (70).  Resistance was measured at 1000 Hz and cells were 

stimulated with CM-PAO1 when the resistance was stable.

Statistical analysis

	 Results are expressed as mean ± SEM.  Data were analysed using one- or two-way 

analysis of variance (ANOVA) and corrected with the Bonferroni post-hoc test.  Differences 

with p-values < 0.05 were considered to be statistically significant.

Acknowledgements

	 We would like to thank Huub J. van Eyk and Vincent van Unen for their technical 

assistance and Dr. S.H.M. Rooijakkers (University Medical Center Utrecht, the Netherlands) 

for providing the AprA antibody and purified AprA for the western blots and cell culture 

experiments.  



94

Chapter 4  •

References

1.	 Gomez MI, et al. (2007) Opportunistic infections in lung disease: Pseudomonas infections in cystic 

fibrosis. Curr Opin Pharmacol 7(3):244-251.

2.	 Soler N, et al. (1998) Bronchial microbial patterns in severe exacerbations of chronic obstructive 

pulmonary disease (COPD) requiring mechanical ventilation. Am J Respir Crit Care Med 157(5 Pt 

1):1498-1505.

3.	 Sethi S, et al. (2002) New strains of bacteria and exacerbations of chronic obstructive pulmonary 

disease. N Engl J Med 347(7):465-471.

4.	 Rada B, et al. (2013) Pyocyanin effects on respiratory epithelium: relevance in Pseudomonas 

aeruginosa airway infections. Trends Microbiol 21(2):73-81.

5.	 Bleves S, et al. (2010) Protein secretion systems in Pseudomonas aeruginosa: A wealth of pathogenic 

weapons. Int J Med Microbiol 300(8):534-543.

6.	 Hunter RC, et al. (2012) Phenazine content in the cystic fibrosis respiratory tract negatively correlates 

with lung function and microbial complexity. Am J Respir Cell Mol Biol 47(6):738-745.

7.	 Smith EE, et al. (2006) Genetic adaptation by Pseudomonas aeruginosa to the airways of cystic fibrosis 

patients. Proc Natl Acad Sci U S A 103(22):8487-8492.

8.	 Muller M (2006) Premature cellular senescence induced by pyocyanin, a redox-active Pseudomonas 

aeruginosa toxin. Free Radic Biol Med 41(11):1670-1677.

9.	 Wilson R, et al. (1987) Pyocyanin and 1-hydroxyphenazine produced by Pseudomonas aeruginosa 

inhibit the beating of human respiratory cilia in vitro. J Clin Invest 79(1):221-229.

10.	 Denning GM, et al. (1998) Pseudomonas pyocyanin increases interleukin-8 expression by human 

airway epithelial cells. Infect Immun 66(12):5777-5784.

11.	 Denning GM, et al. (1998) Pseudomonas pyocyanine alters calcium signaling in human airway 

epithelial cells. Am J Physiol 274(6 Pt 1):L893-900.

12.	 Britigan BE, et al. (1999) The Pseudomonas aeruginosa secretory product pyocyanin inactivates 

alpha1 protease inhibitor: implications for the pathogenesis of cystic fibrosis lung disease. Infect 

Immun 67(3):1207-1212.

13.	 Tamura Y, et al. (1992) Effect of proteolytic enzyme on experimental infection of mice with 

Pseudomonas aeruginosa. J Vet Med Sci 54(3):597-599.



95

•  P. aeruginosa induces the UPR and ISR

14.	 Bardoel BW, et al. (2011) Pseudomonas evades immune recognition of flagellin in both mammals and 

plants. PLoS Pathog 7(8):e1002206.

15.	 Parmely M, et al. (1990) Proteolytic inactivation of cytokines by Pseudomonas aeruginosa. Infect 

Immun 58(9):3009-3014.

16.	 Hong YQ, et al. (1992) Effect of Pseudomonas aeruginosa elastase and alkaline protease on serum 

complement and isolated components C1q and C3. Clin Immunol Immunopathol 62(2):133-138.

17.	 Singh PK, et al. (2002) A component of innate immunity prevents bacterial biofilm development. 

Nature 417(6888):552-555.

18.	 O’May CY, et al. (2009) Iron-binding compounds impair Pseudomonas aeruginosa biofilm formation, 

especially under anaerobic conditions. J Med Microbiol 58(Pt 6):765-773.

19.	 Vasil ML, et al. (1999) The response of Pseudomonas aeruginosa to iron: genetics, biochemistry and 

virulence. Mol Microbiol 34(3):399-413.

20.	 Kim EJ, et al. (2005) Expression of the quorum-sensing regulatory protein LasR is strongly affected by 

iron and oxygen concentrations in cultures of Pseudomonas aeruginosa irrespective of cell density. 

Microbiology 151(Pt 4):1127-1138.

21.	 Marciniak SJ, et al. (2006) Endoplasmic reticulum stress signaling in disease. Physiol Rev 86(4):1133-

1149.

22.	 Harding HP, et al. (1999) Protein translation and folding are coupled by an endoplasmic-reticulum-

resident kinase. Nature 397(6716):271-274.

23.	 Harding HP, et al. (2000) Perk is essential for translational regulation and cell survival during the 

unfolded protein response. Mol Cell 5(5):897-904.

24.	 Sood R, et al. (2000) Pancreatic eukaryotic initiation factor-2alpha kinase (PEK) homologues in 

humans, Drosophila melanogaster and Caenorhabditis elegans that mediate translational control in 

response to endoplasmic reticulum stress. Biochem J 346 Pt 2:281-293.

25.	 Harding HP, et al. (2000) Regulated translation initiation controls stress-induced gene expression in 

mammalian cells. Mol Cell 6(5):1099-1108.

26.	 Marciniak SJ, et al. (2004) CHOP induces death by promoting protein synthesis and oxidation in the 

stressed endoplasmic reticulum. Genes Dev 18(24):3066-3077.

27.	 Novoa I, et al. (2001) Feedback inhibition of the unfolded protein response by GADD34-mediated 



96

Chapter 4  •

dephosphorylation of eIF2alpha. J Cell Biol 153(5):1011-1022.

28.	 Yoshida H, et al. (2001) XBP1 mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress to 

produce a highly active transcription factor. Cell 107(7):881-891.

29.	 Haze K, et al. (1999) Mammalian transcription factor ATF6 is synthesized as a transmembrane protein 

and activated by proteolysis in response to endoplasmic reticulum stress. Mol Biol Cell 10(11):3787-

3799.

30.	 Yoshida H, et al. (2000) ATF6 activated by proteolysis binds in the presence of NF-Y (CBF) directly 

to the cis-acting element responsible for the mammalian unfolded protein response. Mol Cell Biol 

20(18):6755-6767.

31.	 Dalton LE, et al. (2012) Phosphoproteins in stress-induced disease. Prog Mol Biol Transl Sci 106:189-221.

32.	 van ‘t Wout EF, et al. (2014) The Integrated Stress Response in Lung Disease. Am J Respir Cell Mol Biol.

33.	 Clemens MJ, et al. (1997) The double-stranded RNA-dependent protein kinase PKR: structure and 

function. J Interferon Cytokine Res 17(9):503-524.

34.	 Samuel CE, et al. (1997) The PKR protein kinase--an interferon-inducible regulator of cell growth and 

differentiation. Int J Hematol 65(3):227-237.

35.	 Sood R, et al. (2000) A mammalian homologue of GCN2 protein kinase important for translational 

control by phosphorylation of eukaryotic initiation factor-2alpha. Genetics 154(2):787-801.

36.	 Berlanga JJ, et al. (1999) Characterization of a mammalian homolog of the GCN2 eukaryotic initiation 

factor 2alpha kinase. Eur J Biochem 265(2):754-762.

37.	 Harding HP, et al. (2003) An integrated stress response regulates amino acid metabolism and 

resistance to oxidative stress. Mol Cell 11(3):619-633.

38.	 Roussel BD, et al. (2013) Endoplasmic reticulum dysfunction in neurological disease. Lancet Neurol 

12(1):105-118.

39.	 Ribeiro CM, et al. (2005) Chronic airway infection/inflammation induces a Ca2+i-dependent 

hyperinflammatory response in human cystic fibrosis airway epithelia. J Biol Chem 280(18):17798-

17806.

40.	 Richardson CE, et al. (2010) An essential role for XBP-1 in host protection against immune activation 

in C. elegans. Nature 463(7284):1092-1095.

41.	 Martinon F, et al. (2010) TLR activation of the transcription factor XBP1 regulates innate immune 



97

•  P. aeruginosa induces the UPR and ISR

responses in macrophages. Nat Immunol 11(5):411-418.

42.	 Clavarino G, et al. (2012) Induction of GADD34 is necessary for dsRNA-dependent interferon-beta 

production and participates in the control of Chikungunya virus infection. PLoS Pathog 8(5):e1002708.

43.	 Clavarino G, et al. (2012) Protein phosphatase 1 subunit Ppp1r15a/GADD34 regulates cytokine 

production in polyinosinic:polycytidylic acid-stimulated dendritic cells. Proc Natl Acad Sci U S A 

109(8):3006-3011.

44.	 Han J, et al. (2013) ER-stress-induced transcriptional regulation increases protein synthesis leading to 

cell death. Nat Cell Biol 15(5):481-490.

45.	 Martino ME, et al. (2009) Airway epithelial inflammation-induced endoplasmic reticulum Ca2+ store 

expansion is mediated by X-box binding protein-1. J Biol Chem 284(22):14904-14913.

46.	 Blohmke CJ, et al. (2012) Atypical Activation of the Unfolded Protein Response in Cystic Fibrosis Airway 

Cells Contributes to p38 MAPK-Mediated Innate Immune Responses. J Immunol 189(11):5467-5475.

47.	 Liu J, et al. (2012) Imaging protein synthesis in cells and tissues with an alkyne analog of puromycin. 

Proc Natl Acad Sci U S A 109(2):413-418.

48.	 Halldorsson S, et al. (2010) Azithromycin maintains airway epithelial integrity during Pseudomonas 

aeruginosa infection. Am J Respir Cell Mol Biol 42(1):62-68.

49.	 Soong G, et al. (2008) The type III toxins of Pseudomonas aeruginosa disrupt epithelial barrier function. 

J Bacteriol 190(8):2814-2821.

50.	 Vikstrom E, et al. (2006) Pseudomonas aeruginosa quorum sensing molecule N-(3 oxododecanoyl)-l-

homoserine lactone disrupts epithelial barrier integrity of Caco-2 cells. FEBS Lett 580(30):6921-6928.

51.	 van der Kleij D, et al. (2004) Responses to Toll-like receptor ligands in children living in areas where 

schistosome infections are endemic. J Infect Dis 189(6):1044-1051.

52.	 Wilson R, et al. (1988) Measurement of Pseudomonas aeruginosa phenazine pigments in sputum 

and assessment of their contribution to sputum sol toxicity for respiratory epithelium. Infect Immun 

56(9):2515-2517.

53.	 O’Malley YQ, et al. (2003) The Pseudomonas secretory product pyocyanin inhibits catalase activity in 

human lung epithelial cells. Am J Physiol Lung Cell Mol Physiol 285(5):L1077-1086.

54.	 Malhotra JD, et al. (2007) Endoplasmic reticulum stress and oxidative stress: a vicious cycle or a 

double-edged sword? Antioxid Redox Signal 9(12):2277-2293.



98

Chapter 4  •

55.	 Yates SP, et al. (2006) Stealth and mimicry by deadly bacterial toxins. Trends Biochem Sci 31(2):123-133.

56.	 Braun P, et al. (1998) Secretion of elastinolytic enzymes and their propeptides by Pseudomonas 

aeruginosa. J Bacteriol 180(13):3467-3469.

57.	 Cross BC, et al. (2012) The molecular basis for selective inhibition of unconventional mRNA splicing by 

an IRE1-binding small molecule. Proc Natl Acad Sci U S A 109(15):E869-878.

58.	 Yang YL, et al. (1995) Deficient signaling in mice devoid of double-stranded RNA-dependent protein 

kinase. EMBO J 14(24):6095-6106.

59.	 Han AP, et al. (2001) Heme-regulated eIF2alpha kinase (HRI) is required for translational regulation 

and survival of erythroid precursors in iron deficiency. EMBO J 20(23):6909-6918.

60.	 Chakrabarti S, et al. (2012) Infection-induced host translational blockage inhibits immune responses 

and epithelial renewal in the Drosophila gut. Cell Host Microbe 12(1):60-70.

61.	 Visca P, et al. (2007) Pyoverdine siderophores: from biogenesis to biosignificance. Trends Microbiol 

15(1):22-30.

62.	 Novoa I, et al. (2003) Stress-induced gene expression requires programmed recovery from translational 

repression. EMBO J 22(5):1180-1187.

63.	 Valentine CD, et al. (2013) X-Box Binding Protein 1 (XBP1s) Is a Critical Determinant of Pseudomonas 

aeruginosa Homoserine Lactone-Mediated Apoptosis. PLoS Pathog 9(8):e1003576.

64.	 Essar DW, et al. (1990) Identification and characterization of genes for a second anthranilate synthase 

in Pseudomonas aeruginosa: interchangeability of the two anthranilate synthases and evolutionary 

implications. J Bacteriol 172(2):884-900.

65.	 Laarman AJ, et al. (2012) Pseudomonas aeruginosa alkaline protease blocks complement activation 

via the classical and lectin pathways. J Immunol 188(1):386-393.

66.	 van Wetering S, et al. (2000) Regulation of secretory leukocyte proteinase inhibitor (SLPI) production 

by human bronchial epithelial cells: increase of cell-associated SLPI by neutrophil elastase. J Investig 

Med 48(5):359-366.

67.	 Scheuner D, et al. (2001) Translational control is required for the unfolded protein response and in vivo 

glucose homeostasis. Mol Cell 7(6):1165-1176.

68.	 Kumar A, et al. (1997) Deficient cytokine signaling in mouse embryo fibroblasts with a targeted 

deletion in the PKR gene: role of IRF-1 and NF-kappaB. EMBO J 16(2):406-416.



99

•  P. aeruginosa induces the UPR and ISR

69.	 van Schadewijk A, et al. (2012) A quantitative method for detection of spliced X-box binding protein-1 

(XBP1) mRNA as a measure of endoplasmic reticulum (ER) stress. Cell Stress Chaperones 17(2):275-279.

70.	 Wegener J, et al. (2000) Electric Cell–Substrate Impedance Sensing (ECIS) as a Noninvasive

71.	 Means to Monitor the Kinetics of Cell Spreading to Artificial Surfaces. Exp Cell Res  259(1);158-166

72.	 Haas D, et al. (1976) R factor variants with enhanced sex factor activity in Pseudomonas aeruginosa. 

Mol Gen Genet 144(3):243-251.

73.	 Scott DW, et al. (2005) Increased GADD gene expression in human colon epithelial cells exposed to 

deoxycholate. J Cell Physiol 202(1):295-303.

74.	 Hirota M, et al. (2006) Quantitative measurement of spliced XBP1 mRNA as an indicator of endoplasmic 

reticulum stress. J Toxicol Sci 31(2):149-156.

75.	 Fitch SR, et al. (2012) Signaling from the sympathetic nervous system regulates hematopoietic stem 

cell emergence during embryogenesis. Cell Stem Cell 11(4):554-566.

76.	 Song B, et al. (2008) Chop deletion reduces oxidative stress, improves beta cell function, and promotes 

cell survival in multiple mouse models of diabetes. J Clin Invest 118(10):3378-3389.

77.	 Lipson KL, et al. (2008) The role of IRE1alpha in the degradation of insulin mRNA in pancreatic beta-

cells. PLoS One 3(2):e1648

Table S1. Bacterial strains

Strain Characteristics Ref.

PAO1 Wild-type ATCC; BAA-47

PAO25 PAO1 leu arg (71)

PAN8 PAO25 lasB::kmR aprE::ΩHg (56)

PAN11 PAO25 xcpR-54 lasB::kmR (56)

Supplementary data
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Table S2. qPCR primers

Name Forward primer / Reverse primer Melting temp (°C) Ref.

HUMAN

CHOP 5’ GCACCTCCCAGAGCCCTCACTCTCC 3’

5’ GTCTACTCCAAGCCTTCCCCCTGCG 3’

62 (69)

GADD34 5’ ATGTATGGTGAGCGAGAGGC 3’

5’ GCAGTGTCCTTATCAGAAGGC 3’

62 (72)

GRP78 5’ CGAGGAGGAGGACAAGAAGG 3’

5’ CACCTTGAACGGCAAGAACT 3’

62 (73)

XBP1spl 5’ TGCTGAGTCCGCAGCAGGTG 3’

5’ GCTGGCAGGCTCTGGGGAAG 3’

62 (69)

MOUSE

Actb 5’ TCCTGGCCTCACTGTCCA 3’

5’ GTCCGCCTAGAAGCACTTGC 3’

59 (74)

Chop 5’ GGAGCTGGAAGCCTGGTATGA G 3’

5’ GCAGGGTCAAGAGTAGTGAAGG 3’

59 (57)

Gadd34 5’ CCCGAGATTCCTCTAAAAGC 3’

5’ CCAGACAGCAAGGAAATGG 3’

59 (75)

Sdha 5’ TTGCTACTGGGGGCTACGGGC 3’

5’ TGACCATGGCTGTGCCGTCC 3’

59 -

Xbp1s 5’ CTGAGTCCGAATCAGGTGCAG 3’

5’ GTCCATGGGAAGATGTTCTGG 3’

59 (76)
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Figure S1.  Conditioned medium of strain PAO1 causes disruption of the epithelial barrier function.  

A. Time- and dose-dependent decrease in epithelial resistance measured by ECIS®.  Primary bronchial 

epithelial cells were cultured on golden electrodes a described previously and epithelial resistance was 

measured every 5 minutes at 1000 Hz.  Values are displayed as a relative number of the resistance at time 

point 0 (n=3; mean ± SEM).  B. Trypan blue staining of primary bronchial epithelial cells incubated for 12 

hours with CM-PAO1.

A B

-2 0 2 4 6 8 10 12 14 16 18 20 22 24
0.0

0.5

1.0

1.5

2.0 ctrl
PAO1 1/5
PAO1 1/10
PAO1 1/25

time (h)

no
rm

al
is

ed
 re

si
st

an
ce

at
 1

00
0 

H
z 

0h

12h



102

Chapter 4  •

Figure S2. Exotoxin A does not elicit an ER stress response in 16HBE cells.  

A. Normalised expression levels of spliced XBP1, CHOP, GADD34 and GRP78 mRNA in 16HBE cells after 

stimulation with 0, 1 or 10 ng/ml P. aeruginosa exotoxin A (ETA) (n=3; mean ± SEM).  All values are 

normalised to the housekeeping genes RPL13A and ATP5B.  B.  Normalised expression levels of spliced 

XBP1, CHOP, GADD34 and GRP78 mRNA in 16HBE cells after stimulation with in 16HBE cells after 

stimulation with CM-PAO25, CM-PAN8 or CM-PAN8+Fe3+ (n=3; mean ± SEM).  All values are normalised to 

the housekeeping genes RPL13A and ATP5B.  C. AprA western blot of a standard curve of purified AprA.  

Undiluted CM-PAO25 is used to semi-quantify AprA content within.  * p<0.05, ** p<0.01, *** p<0.001 

versus untreated (-) with a two-way repeated-measurements ANOVA (Bonferroni post-hoc).
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Figure S3. Conditioned medium of strain PAO1 and PAO25 are comparable in inducing ER stress.  A. 

Quantitation of pyocyanin in CM-PAO1 and CM-PAO25 (n=3; mean ± SEM).  B. Western blot for AprA levels 

present in CM-PAO1, -PAO25, -PAO25 cultured in the presence of iron (PAO25 + Fe3+), -PAN8 and -PAN11 

(representative of n=3).  C. Spliced XBP1, CHOP, GADD34 and GRP78 mRNA levels in 16HBE cells treated 

with CM-PAO1 or CM-PAO25 (n=3; mean ± SEM).  * p<0.05, ** p<0.01, *** p<0.001 versus untreated (-) 

with a one-way repeated-measurements ANOVA (Bonferroni post-hoc).
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•  P. aeruginosa induces the UPR and ISR

Figure S4. CHOP can be regulated via the ER stress independent ISR.  

A. IL-8 release of 16HBE cells after treatment with CM-PAO1 in the presence of 30 µM 4µ8C, a selective 

inhibitor of the ER stress responsive kinase IRE1 (n=3; mean ± SEM).  B. Chop and Gadd34 mRNA induction 

in Chop+/+ or Chop-/- MEFs exposed to CM-PAO1 for 8, 16 or 24 hours or tunicamycin (Tm) for 6 hours as a 

positive control (n=3; mean ± SEM).  All values are normalised to the housekeeping genes Actb and Sdha.  

C. Splicing of XBP1 mRNA in wild-type MEFs after treatment as in B. (n=3; mean ± SEM).  All values are 

normalised to the housekeeping genes Actb and Sdha.  D-I. Chop mRNA normalised expression in Perk-/-, 

eIF2α AA, Atf4-/-, Pkr-/-, Gcn2-/- and Hri-/- mouse embryonic fibroblasts (MEFs) treated as in A.  (n=3; mean ± 

SEM).  All values are normalised to the housekeeping genes Actb and Sdha.  J. CHOP mRNA levels in HeLa 

cells upon exposure to CM-PAO1 after knock-down of HRI or GCN2 with siRNA  (n=3; mean ± SEM).  All 

values are normalised to the housekeeping genes RPL13A and ATP5B.  K. Gadd34 mRNA levels in wild-

type MEFs after repletion of the cell culture medium with iron (Fe3+) when treated with CM-PAO1.  The 

first lane (- Fe3+, - CM-PAO1) reflects medium control cells, without adding or depleting iron from the cell 

culture medium (n=3; mean ± SEM).  All values are normalised to the housekeeping genes Actb and Sdha.  

* p<0.05, ** p<0.01, *** p<0.001 versus untreated (-) with a two-way repeated-measurements ANOVA 

(Bonferroni post-hoc).

<<<
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Figure S5. HRI and GCN2 knock down in epithelial cells. 

HRI and GCN2 expression in HeLa cells after transfection with two different siRNA for each gene.  (n=3; 

mean ± SEM).  All values are normalised to the housekeeping genes RPL13A and ATP5B.  * p<0.05, ** 

p<0.01, *** p<0.001 versus untreated (-) with a two-way repeated-measurements ANOVA (Bonferroni 

post-hoc).
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Figure S6. Expression of GFP-tagged 

GADD34 in HeLa Tet-ON cells .

A. Response of HeLa cells incubated for 

24 hours with a range of doxycycline 

concentrations (n=3).  B. Time-

dependent induction of GFP-tagged 

GADD34 in HeLa cells treated with 0.5 

µg/ml doxycycline (n=3). 
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•  P. aeruginosa induces the UPR and ISR

Figure S7. Schematic overview.

Secreted virulence factors of P. aeruginosa induce both the UPR and the ISR.  UPR induction is dependent 

on the TAK1-p38 MAPK pathway, whereas the induction of the ISR is mediated via iron deficiency.  In 

human bronchial epithelial cells, the UPR causes XBP1 splicing, and the induction of GRP78 and CHOP 

(all in red).  Iron deficiency, most likely in part caused by sequestration of iron by secreted siderophores, 

leads to activation of GADD34 via the ER stress independent kinase HRI (in blue).  The common pathway 

is displayed in purple.  In our model, it seems unlikely that CHOP influences GADD34.  It is yet unknown 

whether cells distinguish between the phosphorylation of eIF2α by different kinases, and thereby 

influence specific induction of downstream targets.
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