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ABSTRACT: 

Background & Aims 

Chronic gastritis from Helicobacter pylori infection is a major factor in development of 

gastric adenocarcinoma. Factors which regulate gastritis severity are important in 

determining which individuals are susceptible to H. pylori-associated disease. While 

Protease-activated receptor 1 (PAR1) has been identified as one such host factor, its 

mechanism of action is unknown.  

Methods & Results 

Using chimeric mice, we demonstrated that PAR1-mediated protection against H. pylori-

gastritis requires bone marrow-derived cells. Analyses of the gastric mucosa revealed that 

PAR1 suppresses cellular infiltration and both Th1 and Th17 responses to infection. 

Moreover, PAR1 expression was associated with reduced vaccine-mediated protection 

against H. pylori. Analyses of H. pylori stimulated macrophages revealed that PAR1 

activation suppressed secretion of IL-12 and IL-23, key drivers of Th1 and Th17 

immunity respectively. Further, PAR1 suppressed Interferon Regulatory Factor 5 (IRF5), 

an important transcription factor for IL-12 and IL-23, both in the infected mucosa and 

following bacterial stimulation. 

Conclusions  

PAR1 suppression of IRF5 and IL-12/23 secretion by macrophages provides a novel 

mechanism by which the host suppresses the mucosal Th1 and Th17 response to H. pylori 

infection. Dysregulation of this process is likely an important factor in the susceptibility 

of some individuals to H. pylori-associated disease.  
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INTRODUCTION 

The pathological consequences of infection by Helicobacter pylori, including gastric 

adenocarcinoma and peptic ulcer disease,1, 2 occur as a result of the chronic inflammation 

that develops from long term colonization by these pathogenic bacteria. This gastritis is 

characterized by a mixed Th1- and Th17-type immune response, and requires the 

presence of macrophages.3-7 Not all H. pylori infected persons develop disease, and 

factors which modify the severity of resulting inflammation appear to play a key role in 

determining an individual’s disease susceptibility. Progression to disease is highly 

complex and is influenced by an interaction of environmental factors, variability in H. 

pylori virulence factors including the cag pathogenicity island,8 as well as host genetic 

factors9, 10 such as cytokine polymorphisms.11, 12  

One such host factor is the Protease Activated Receptor 1 (PAR1). PARs comprise a 

family of cell surface G-protein-coupled receptors that are expressed on a wide range of 

cell types. PAR activation occurs via a unique mechanism of activation involving 

cleavage of an extracellular domain by a specific serine protease, unmasking a tethered 

ligand that binds to the body of the PAR.13 This initiates a signalling cascade that can 

result in a variety of cell responses, including proliferation, apoptosis and/or the 

production of cytokines and prostanoids.14-16 PAR-activating proteases are derived from 

numerous sources including epithelial and inflammatory cells, coagulation factors and 

bacteria. Activation of PAR by serine proteases, released during infection and 

inflammation, have been shown to play essential roles in regulating the innate immune 

response to infection.16 



 4

We have previously shown that PAR1 is a critical suppressor of H. pylori-induced 

gastritis in an animal model, with infected PAR1-deficient mice developing a severe 

atrophic gastritis, in contrast to controls expressing PAR1 which only developed mild 

gastritis.17 The clinical relevance of this observation is supported by studies from us and 

others that have associated human PAR1 polymorphisms with susceptibility to gastric 

cancer.18, 19 However, since PAR1 is expressed by numerous cell types, including 

epithelial, endothelial, smooth muscle and immune cells, the source and precise 

mechanism of its protective activity is unknown. 

Here we identify this mechanism, by showing that PAR1 inhibits both the Th1 and 

Th17 immune response to H. pylori in the gastric mucosa, and that suppression of these 

responses is mediated by PAR1 activation inhibiting the secretion of pro-inflammatory 

cytokines by macrophages. Further, we demonstrate that while PAR1 is protective against 

the pathogenic effects of H. pylori, it actually inhibits the ability of vaccinations to 

combat this infection. 

 

RESULTS 

H. pylori gastritis is regulated by PAR1-expressing bone marrow-derived cells 

Previously, we showed that at two months post-infection, PAR1-/- mice are colonized 

by significantly less H. pylori than wild-type controls and develop more severe 

pathology,17 though the cells responsible for this effect were not identified. PAR1 is 

expressed by a range of cell types found in the stomach, including gastric epithelial cells 

and a variety of immune cells.15, 16 Using bone marrow chimeras we now show that mice 

reconstituted with PAR1-/- bone marrow are colonized by significantly fewer H. pylori 
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than mice receiving wild-type bone marrow (Figure 1a). No significant increase in 

immune cell infiltration was detected in the infected gastric mucosa of mice receiving 

PAR1-/- bone marrow (Figure 1b). However, mice reconstituted with PAR1-/- bone 

marrow developed severe atrophic gastritis upon infection (median atrophy scores of 3), 

in stark contrast to mice receiving wild-type bone marrow, that only typically developed 

mild atrophy (median atrophy score of 1; Figure 1b-e). Notably, only mice reconstituted 

with PAR1-/- bone marrow developed severe atrophic gastritis (Figure 1c-f) and this was 

irrespective of the PAR1 status of the recipient, indicating PAR1 regulation of H. pylori-

induced gastritis was mediated by bone marrow-derived immune cell populations. 

PAR1 suppresses the T helper response to H. pylori infection in vivo 

As a key feature of H. pylori-induced gastritis is the induction of a mixed Th1 (i.e. 

IFNγ) and Th17 (i.e. IL-17A) response,3-6 we examined the effect of PAR1 on production 

of these cytokines in the infected mucosa. Gastritis in PAR1-/- mice does not develop until 

after one month infection with H. pylori.17 Gastric tissues from mice with severe gastritis 

would be expected to contain increased levels of pro-inflammatory cytokines compared 

to mice with mild gastritis. In order to measure the direct regulatory effects of PAR1 on 

the host response to infection, without the complication of cytokine levels increasing due 

to gastritis, we compared cytokine levels in the stomachs of wild-type and PAR1-/- mice 

at one week post-infection.. 

One week post-infection, both IFNγ and IL-17A were significantly elevated in PAR1-/- 

mice relative to wild-type controls (Figures 2a-b). The increased cytokine levels in 

infected PAR1-/- mice were not due to a failure of these mice to produce local IL-10 

(Figure 2c), which is known to be an important regulatory cytokine in this infection. 
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Analysis of the serum antibody response revealed that PAR1-/- mice infected with H. 

pylori for two months had a significantly greater IgG2c, but not IgG1 response compared 

to wild-type mice (Figure 2d), supportive of an increased Th1-type immune response in 

PAR1-/- animals.   

Flow cytometric analysis was used to quantify immune cells infiltrating into the 

gastric tissues of PAR1-/- mice infected with H. pylori for one week. This revealed a small 

but significant increase in the infiltration of CD4+ T cells, B cells, neutrophils and 

macrophages into the PAR1-/- stomach, relative to wild-type mice (Figure 3). The 

stomachs of infected PAR1-/- mice had significantly increased levels of CD4+ T cells, B 

cells and neutrophils compared to uninfected controls. There was a trend towards 

increased macrophage numbers, but this did not reach significance in this study (Figure 

3).  

In a further extension of this analysis and in order to evaluate the mucosal immune 

response to this infection draining the gastrointestinal tract, we also quantified cytokine 

levels in mesenteric lymph nodes from uninfected and infected mice. Once again, both 

IFNγ and IL-17A were significantly elevated in PAR1-/- mice relative to wild-type 

controls (Figure 4), whereas no significant increase was observed in the Th2 cytokine IL-

13, the immunosuppressive cytokines IL-10 and TGFß, nor in pro-inflammatory MIP2. 

The absence of an increased Th2 response in PAR1-/- mice is consistent with the similarity 

of the IgG1 antibody response between these animals and wildtype mice.   
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Vaccination-mediated protection against H. pylori is enhanced in the absence of 

PAR1  

IL-17 is potentially a key cytokine in vaccine-mediated protection against H. pylori.20, 

21 As our data indicated that PAR1 regulated the IL-17 response to H. pylori in vivo 

(Figure 2b), this raised the possibility that PAR1 activity may negatively impact upon 

vaccine effectiveness against H. pylori. To test this possibility, PAR1-/- and wild-type 

mice were orally vaccinated prior to challenge with live bacteria. Consistent with the 

antibody response to infection (Figure 2d), vaccinated and challenged PAR1-/- mice 

mounted a significantly greater H. pylori-specific serum IgG2c but not IgG1 response 

compared to wild-type controls (Figure 5a). In this study we also evaluated the intestinal 

antibody response and found IgG2c was also the only antibody class significantly 

increased in intestinal scrapings from vaccinated and challenged PAR1-/- mice (Figure 

5b).  

Vaccination significantly reduced H. pylori numbers in both wild-type and PAR1-/- 

mice, compared to sham-vaccinated controls (Figure 5c). However, vaccination of PAR1-

/- mice resulted in an average 93% reduction in H. pylori colonization, compared to only a 

63% reduction in wild-type mice (Figure 5d). Hence vaccination was significantly more 

protective against H. pylori colonization in mice lacking PAR1, supporting our 

hypothesis that PAR1-mediated suppression of cytokines opposes vaccine efficacy. 

PAR1 inhibits Th1 and Th17 cytokine secretion by suppressing macrophage 

production of IL-12 and IL-23 

To determine whether concurrent PAR1 activation was required for Th1 and Th17 

inhibition, we evaluated the in vitro cytokine response of murine splenocytes stimulated 
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with H. pylori. Addition of a PAR1-activating, but not control peptide significantly 

suppressed the IFNγ and IL-17A response of splenocytes stimulated with H. pylori for 24 

hours (Figure 6a). However this effect was preceded by PAR1-mediated suppression of 

both IL-12 (a key inducer of IFN) and IL-23 (a key inducer of IL-17) at 18 hours post-H. 

pylori stimulation (Figure 6b).  

These data indicated that PAR1 activation might not directly suppress T cells, but 

rather act upstream by inhibiting the secretion of IL-12 and IL-23. The main cell types 

that secrete IL-12 and IL-23 are macrophages and dendritic cells (DCs). Despite repeated 

attempts (six experiments) we found no evidence that PAR1 activation inhibits the 

secretion of IL-12 or IL-23 by DCs (Figure 7a). However, PAR1 activation reproducibly 

suppressed cytokine secretion by macrophages (Figure 7b). Importantly, we showed that 

H. pylori-induced secretion of IFN (a cytokine produced by T cells and innate immune 

cells, i.e. NK cells) by splenocytes was macrophage dependent, as depletion of 

macrophages blocked release of this cytokine (Figure 7c). Moreover, the suppressive 

effects of PAR1 peptide on IFN secretion could be reversed by the addition of rIL-12 

(Figure 7c).  

PAR1 suppression of IRF5 expression  

Bacterial-induced secretion of IL-12 and IL-23 by macrophages is promoted by the 

transcription factor Interferon Regulatory Factor 5 (IRF5).22 We thus hypothesized that 

PAR1 may regulate H. pylori-induced gastritis via IRF5. Analysis of complete gastric 

tissues revealed no significant difference in IRF5 mRNA levels between uninfected wild-

type and PAR1-/- mice. When infected with H. pylori however, PAR1-/- gastric tissues 

expressed significantly elevated IRF5, compared to wild-type mice (Figure 8a). A direct 
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comparison of immune cells revealed that PAR1-/- macrophages (Figure 8b) and 

splenocytes (Figure 8c) have elevated IRF5 even when unstimulated, demonstrating a 

fundamental role for PAR1 in IRF5 regulation. When wild-type splenocytes were 

stimulated with H. pylori in vitro, IRF5 expression was upregulated, but importantly, 

upregulation of IRF5 was completely blocked by the addition of a PAR1-activating, but 

not a control peptide (Figure 8d) proving that H. pylori induces IRF5 upregulation in 

immune cells via a process that is inhibited by PAR1 activation. 

In order to relate these in vitro observations back to the gastric mucosa, IRF5 levels 

were quantified in macrophages isolated from the stomachs of uninfected and infected 

mice. IRF5 levels were higher in PAR1-/- gastric macrophages from both uninfected and 

infected mice; due to small group sizes, this only reached significance when the groups 

were pooled (Figure 8).  

Finally, we confirmed that regulation of IRF5 mRNA levels in immune cells translated 

to modified expression of IRF5 protein. Western blot analysis showed that PAR1-/- 

splenocytes and macrophages both express increased levels of IRF5 protein compared to 

wildtype cells (Figure 9). 

 

DISCUSSION 

Host factors that regulate the severity of H. pylori-induced gastritis likely play a critical 

role in determining which individuals succumb to associated disease, including gastric 

adenocarcinoma. In this study we have demonstrated that one such host factor, PAR1, 

suppresses both Th1- and Th17-immune responses in the gastric mucosa of H. pylori-

infected mice, via a process involving bone marrow-derived cells. The latter observation 
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was surprising as we had previously shown that PAR1 inhibits the production of the 

inflammatory cytokine MIP-2 by primary gastric epithelial cells.17 These findings 

indicate that while PAR1 plays a role in regulating epithelial cytokine production in vitro, 

during gastric H. pylori infection it is PAR1 expressing immune cells that have the 

dominant effect. In support of this, in vitro analyses of immune cells revealed that PAR1 

suppresses Th1 and Th17 responses by inhibiting the secretion of both IL-12 (a key Th1-

promoting cytokine) and IL-23 (a key Th17-promoting cytokine) by macrophages.  

These data, combined with our previous demonstration of a greatly exacerbated atrophic 

gastritis in PAR1-/- but not wild-type mice,17 clearly indicate that in the case of H. pylori 

infection, PAR1 acts to suppress inflammation. However this is not always the role of 

PAR1. While the literature consistently demonstrates an important role for PAR1 in the 

regulation of inflammation, the nature of that role varies. For example, PAR1 is anti-

inflammatory in oxazolone-induced colitis,23 and H. pylori infection,17 but pro-

inflammatory in viral (influenza) infection of mice.25 These findings suggest a highly 

complex role for PAR1 in regulating inflammation and, in particular, indicate that PAR1 

can have either pro- or anti-inflammatory activity, depending on the nature of the 

stimulus, and/or the immune cells involved. The latter point is supported by observations 

that PAR1 is pro-inflammatory for dendritic cells (DCs) in a mouse model of endotoxic 

shock,26 while our data presented here clearly show anti-inflammatory activity for PAR1 

in macrophages.  

Related to this is the effect of PAR1 on vaccination. The mechanism by which vaccines 

reduce H. pylori colonisation in mice is unknown, but is believed to be antibody 

independent,27, 28 be T-cell mediated and has been linked to Th17 cells and IL-17,20, 21, 27 
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although not all evidence supports this.29 Hence while PAR1 protects against the 

pathological consequences of H. pylori infection by suppressing the production of pro-

inflammatory cytokines, the same property appears to also reduce the efficacy of vaccine-

mediated protection. The increased vaccine efficacy seen in PAR1-/- mice, which when 

infected have elevated levels of gastric IL-17, is consistent with protection being 

mediated via this cytokine However the effects of PAR1-suppression of other cytokines 

on vaccine-mediated protection cannot be ruled out. 

In support of this possibility, while PAR1 modifies vaccine-mediated protection, there 

is no evidence that it influences colonisation during natural infection in the absence of 

severe gastritis. We have shown that wild-type and PAR1-/- mice exhibit no difference in 

H. pylori colonisation levels from one day to one month post-infection,17 and this occurs 

despite elevated IL-17 levels in the gastric mucosa of infected mice (Figure 2). Hence 

increased gastric IL-17 levels alone were not sufficient to reduce H. pylori colonisation, 

and vaccination must therefore induce an additional, currently unidentified, response. 

Colonisation does drop in PAR1-/- mice relative to wild-type controls, but only after 2 

months infection and coincident with development of severe gastritis,17 which is well 

known to impact upon H. pylori numbers in the gastric mucosa.5 Interestingly, while 

macrophage PAR1 appears to inhibit H. pylori vaccine efficacy, dendritic cell PAR2 

appears to promote vaccine-mediated protection,30, 31 indicating a complex interaction of 

these two PAR family members exerting their effects via different immune cells.  

The most important discovery relating to the precise mechanism by which PAR1 

regulates H. pylori pathogenesis is the finding that this receptor not only suppresses 

expression of the important transcription factor IRF5 in the infected gastric mucosa, but 
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that it also regulates IRF5 expression by immune cells. It is notable that PAR1-/- 

macrophages express extremely high levels of IRF5 compared to other cells (Figure 

8b/c), and that PAR1-/- macrophages isolated from the gastric mucosa express more IRF5 

than wildtype macrophages (Figure 8e) This observation, combined with our 

demonstration of significantly higher macrophage numbers in the gastric mucosa of H. 

pylori infected PAR1-/- compared to wildtype mice (Figure 3) suggests the elevated levels 

of IRF5 observed in the infected PAR1-/-  stomach (Figure 8a)  is the result of gastric 

macrophages.  

As IRF5 is a key promoter of IL-12 and IL-23 secretion and thus Th1 and Th17 

immunity,22 our finding that PAR1 is an important regulator of IRF5 provides a 

mechanism for the suppression of inflammation by this receptor. Based on our data, we 

propose a model by which H. pylori infection activates IRF5 (as shown in Figure 8d), 

which then drive macrophages to secrete IL-12 and IL-23 (Figures 7b/c); these cytokines 

then promote the development of a mixed Th1 and Th17 immune response (Figures 2 and 

6). H. pylori infection has been shown to increase thrombin levels in the gastric mucosa.32 

Thrombin (considered the most important PAR1 activating serine protease)14 would then 

activate PAR1 on macrophages, causing reduced IRF5 expression, and Th1 and Th17 

responses, resulting in a suppressed gastritis. 

In conclusion, PAR1 suppression of IRF5 and IL-12/23 secretion by macrophages 

provides a novel mechanism by which the host can suppress the Th1 and Th17 response 

to H. pylori and thereby protect itself against the pathological consequences of this 

infection. Dysregulation of this process may be an important factor in the susceptibility of 

some individuals to H. pylori associated disease, and may explain the association of a 
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PAR1 polymorphism (PAR1 IVSn -14 A/T; known to affect PAR1 activity), with 

susceptibility to H. pylori associated gastric cancer.19  

 

METHODS 

Bacterial culture 

For infection of mice and cell stimulation assays, H. pylori strain SS1,33 was cultivated 

in brain heart infusion broth (BHI; Oxoid, Basingstoke, UK) containing 5% horse serum 

(JRH Biosciences, USA), 0.02% amphotericin B and Skirrow’s Selective Supplements, 

under microaerophilic conditions for 24 hours at 37°C. For formalin-fixation for 

vaccination,34 bacteria were suspended in 0.01 M formaldehyde in PBS and adjusted to 

an OD600 of 1.5. After 2 hours gentle shaking at 37°C, the bacteria were shaken overnight 

at room temperature, washed 3 times in PBS and resuspended at 108 bacteria/mL. 

Infection of mice 

PAR1-/-,35 and wild-type (WT) specific-pathogen free C57BL/6 mice were bred within 

the Veterinary Science animal house, University of Melbourne, Parkville. All 

experiments involved age-matched female mice and were performed under University of 

Melbourne Animal Ethics Committee approval. Mice were infected intragastrically once 

with 107 H. pylori suspended in 0.1 mL BHI. 

Generation of radiation chimeras 

Recipient mice were irradiated with 2 doses of 550 rads, three hours apart, using a 

Co60 source (Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia). 

The next day, bone marrow cells were harvested from the femurs and tibias of donor 

mice in PBS with 1% FCS (HyClone, Logan, UT, USA). Cells were washed once then 
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2×106 cells injected into recipients intravenously in PBS. Mice were maintained on 

drinking water containing 2 mg/mL neomycin (Gibco, Basel, Switzerland) for two weeks. 

Mice were left for two months prior to infection to allow reconstitution. 

Quantification of H. pylori colonization by colony-forming assay 

H. pylori infection levels within mouse gastric tissues were quantified by colony-

forming assay. Briefly, stomachs were opened along the inner curvature and divided into 

two halves. One half was placed in BHI and homogenized (GmbH Polytron® 

homogenizer, Kinematica, Switzerland). Ten-fold serial dilutions were prepared in BHI 

broth and aliquots spread over GSSA selective agar plates (Blood Agar Base No. 2 with 

5% horse blood, vancomycin hydrochloride (12 µg/mL), polymyxin B (0.4 µg/mL), 

bacitracin (24 µg/mL), nalidixic acid (1.3 µg/mL) and amphotericin B (5 mg/mL)). After 

5 days culture as above, colonies were counted and the number of colony forming units 

calculated per stomach.36 

Histological assessment of gastritis 

Gastritis was assessed histologically as described previously.37 Briefly, stomach halves 

were fixed in 10% neutral buffered formalin, embedded in paraffin and 4 m thick 

sections stained with H&E and scored blinded under light microscopy. Inflammation was 

assessed as: (i) Cellular infiltration (lymphocytes and neutrophils) into the lamina 

propria, graded from 0-6 (0=none; 1=mild multifocal; 2=mild widespread or moderate 

multifocal; 3=mild widespread and moderate multifocal, or severe multifocal; 

4=moderate widespread; 5=moderate widespread and severe multifocal; 6=severe 

widespread; (ii) Atrophy (loss of parietal cells), graded from 0-3 (absent, mild, moderate, 

severe). 
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Flow cytometry 

Gastric cellular infiltrate to be analysed by flow cytometry were isolated by perfusion 

using a technique modified from Alderuccio et al.38 Stomachs were collected into HBSS 

(Gibco), perfused with HBSS containing 5% FCS (Gibco), 5 mM EDTA and 1 mM 

dithiothreitol (perfusion solution) and incubated at 37°C for 15 min then cut into small 

pieces and poured through a 70 μM cell strainer. After a further 15 min in 10 mL of 

perfusion solution, pieces were vortexed and again poured through a 70 μM cell strainer. 

Cells in both filtrates were pooled and collected by centrifugation at 600 g for 5 min. The 

cell pellet was resuspended in 4 mL of 20% Percoll (Sigma), then overlaid on a 70%/40% 

Percoll discontinuous gradient and centrifuged at 600 g for 10 min. The interphase was 

collected, washed with 2% FCS in PBS and blocked in 100 μL of 20% mouse serum 

(collected in house) and 1 μg/mL anti-FcγII/FcγIII (2.4G2, Walter and Eliza Hall 

Institute) on ice for 20 min. Cells were stained with anti-MHCII-FITC (M5/114.15.2; 

Caltag Laboratories, Burlingame, CA, USA), anti-CD45-PE.Cy5.5 (30-F11; BioLegend, 

San Diego, CA, USA), anti-CD11b-Brilliant Violet 421 (M1/70; BioLegend), anti-CD19-

Brilliant Violet 510 (6D5; BioLegend), anti-CD4-Brilliant Violet 650 (RM4-5; 

BioLegend) and anti-Ly6G-APC.Cy7 (1A8; BioLegend). Cells were washed twice, 

resuspended in 0.25 mg/mL propidium iodide (ImmunoChemistry Technologies, 

Bloomington, MN, USA) to exclude dead cells and acquired on a BD Influx cell sorter 

(BD Biosciences, San Jose, CA, USA). Cell counts were normalised using AccuCount 

Fluorescent Particles (Spherotech, Lake Forest, IL, USA). Data was analysed using FCS 

Express (De Novo Software, Los Angeles, CA, USA). 

 



 16

 Cell stimulation assays 

Peritoneal macrophages and bone marrow-derived dendritic cells were prepared as 

described previously.17 Briefly, non-induced peritoneal cells obtained by sterile lavage 

with ice cold PBS supplemented with 1% (v/v) FCS were washed, and resuspended in 

RPMI 1640 with 10% FCS (Gibco, complete RPMI). Peritoneal macrophages were 

enriched to >95% purity by adherence to tissue culture plastic for 1 hour, with non-

adherent cells removed by washing. Red cell-depleted splenocytes, macrophages and 

BMDC were cultured at 106 cells/mL in complete RPMI with 100 µM TFLLR PAR1 

agonist peptide or FTLLR control peptide (Auspep, Victoria, Australia) for 10 minutes 

prior to addition of H. pylori (MOI 10). Macrophages were depleted from splenocytes as 

described above for peritoneal macrophage enrichment. Recombinant IL-12 was 

purchased from eBioscience (San Diego, CA, USA). 

Quantification of cytokine levels by ELISA 

Half stomachs and whole mesenteric lymph nodes were homogenized in PBS. Culture 

supernatants and homogenates were centrifuged to remove debris prior to ELISA. 96-

well Maxisorp plates (Nunc, Roskilde, Denmark) were coated overnight with anti-mouse 

IFNγ (0.1 μg/well) or IL-10 (0.05 μg/well) (BD Biosciences San Jose, CA, USA); IL-

17A (0.5 μg/well), IL-23 (0.1 μg/well), TGFβ (0.1 μg/well) or IL-13 (0.5 μg/well) 

(eBioscience) or MIP-2 (0.1 μg/well; R&D Systems, Minneapolis, MN, USA) in 

bicarbonate coating buffer, pH 9.6. Plates were blocked with 1% BSA (Sigma) in PBS 

(blocker) for one hour prior to addition of samples in duplicate for three hours at room 

temperature or 4°C overnight. Captured cytokines were then labelled with biotinylated 

anti-mouse IFNγ (0.05 μg/well) or IL-10 (0.05 μg/well; BD Biosciences); IL-17A (0.025 
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μg/well), IL-23 (0.05 μg/well), TGFβ (0.05 μg/well) or IL-13 (0.5 μg/well) 

(eBioscience); MIP-2 (0.1 μg/well) (R&D Systems) in blocker for one hour prior to the 

addition of 50 µL horseradish peroxidase conjugated streptavidin (Pierce, Rockford, IL, 

USA) 1/5000 in blocker for 30 min. Colour was developed with 100 µL of TMB solution 

prepared as 0.1% of 10 mg/mL TMB (Sigma) in DMSO and 0.006% hydrogen peroxide 

in phosphate-citrate buffer, pH 5.0, the reaction stopped with equal volume 2M sulphuric 

acid prior to reading absorbance at 450 nm. Sample concentration was determined against 

a standard curve of respective recombinant cytokines (same manufacturers as 

antibodies).. IL-12p70 was quantified by ELISA kit (R&D Systems) as per 

manufacturer’s instructions.  

Quantification of antibody response to infection 

Sera were collected by cardiac puncture. Intestinal mucus scrapings were collected 

from the lower 10 cm of the longitudinally opened small intestine using a scalpel blade, 

weighed, then mixed with an equal volume of PBS containing complete mini-EDTA-free 

proteinase inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Anti-

Helicobacter antibody levels were determined by direct ELISA. Maxisorp immunoplates 

(Nunc, Denmark) were coated overnight with 50 L of H. pylori lysate (100 g/mL) in 

bicarbonate buffer, then blocked as above for 45 min at RT. Samples were serially diluted 

1/10 in blocker and 50 µL added to duplicate wells, before incubation at RT for 1 hour. 

After washing, 50 µL of either horseradish peroxidase conjugated goat-anti-mouse IgG1 

(Southern Biotech, Birmingham, AL, USA; diluted 1/6,000), IgG2c (Immunology 

Consultants Laboratory, Newberg, OR, USA; diluted 1/5,000), or IgA (Southern Biotech; 

diluted 1/5,000) in blocker were added per well and incubated at RT for 45 min. Colour 
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was developed by addition of TMB solution, and the reaction stopped by adding 

sulphuric acid as above. Absorbance was read at 450 nm and end point titres calculated. 

Vaccination against Helicobacter pylori 

Mice (n=8) were dosed orogastrically with 200 µL of either (i) PBS, or (ii) 107 

formalin-fixed H. pylori SS1 mixed with 20 µg UEA-I.39 Mice received two vaccinations 

3 weeks apart. Four weeks after the second vaccination, all mice were challenged with a 

single oro-gastric dose of 107 H. pylori SS1 in 100 µL of BHI broth. Four weeks post-

challenge, H. pylori infection levels within mouse gastric tissues were quantified by 

colony-forming assay as above.  

Quantification of IRF5 

RNA from gastric tissues and cultured cells was extracted using Tri Reagent (Ambion, 

Austin, TX, USA) according to manufacturer’s instructions. RNA from FACS-sorted 

cells was extracted by disrupting in buffer RLT by passing through a 27G syringe, adding 

640 μg of carrier RNA (Qiagen, Venlo, Netherlands), then using the RNeasy Mini Kit 

(Qiagen) according to manufacturer’s instructions. cDNA was transcribed using the 

Quantitect Reverse Transcription Kit (Qiagen) according to manufacturer’s instructions. 

IRF5 mRNA expression levels in gastric tissues and cells were quantified by 

polymerase chain reaction (qPCR). Primers for murine Actb and IRF5 were as 

described.40, 41 The reaction was performed in duplicate in 25 µL containing 2 µL cDNA, 

0.2 M primers and 12.5 µL2x SYBR Green PCR Mastermix (Promega, Madison, WI, 

USA) using an Mx3005P cycler, (Stratagene, La Jolla, CA, USA). Cycling conditions: 1 

cycle at 94oC for 5 min, 40 cycles at 94oC for 30 s, 45 cycles at 60oC for 30 s and 40 
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cycles at 72oC for 30 s. Expression was determined by the REST formula,42 relative to ß-

actin. 

For western blot, macrophages were lysed in radioimmunoprecipitation buffer (150 

mmol/L NaCl, 1% IGEPAL, 0.5% deoxycholic acid, 0.1% SDS, 50 mmol/L Tris, pH 7.5) 

containing protease inhibitor cocktail (Roche). Protein samples were resolved on a 

denaturing 10% SDS-PAGE gel and transferred to nitrocellulose membrane (Amersham 

Biosciences). The membrane was blocked with PBS containing 5% skim milk and 0.05% 

Tween 20 (Sigma) then probed with anti-IRF5 monoclonal antibody (1:500, Abcam, 

Cambridge, UK) and anti-GAPDH (1:1000, Cell Signaling Technology, Danvers, MA, 

USA). The primary antibodies were detected with HRP-conjugated anti-rabbit antibody 

(1:1000, Dako, Glostrup, Denmark). Blots were developed with ECL Prime Detection 

Reagent (Amersham Biosciences, Amersham, UK) and visualized using an ImageQuant 

LAS 4000 (GE Healthcare, Fairfield, CT, USA). Densitometry was analysed using 

ImageJ. 

Statistics 

Statistical analyses were performed using SPSS software, version 21.0. Histological 

grading scores were compared by non-parametric Mann-Whitney analysis. All other data 

were log-transformed and compared by one-way ANOVA with Dunnett’s post-hoc 

analysis where required. 
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FIGURE LEGENDS 

Figure 1: H. pylori induced atrophic gastritis is associated with PAR1 expression on 

bone marrow-derived cells 

Irradiated wild-type (WT) or PAR1-/- mice (n=5-7) were reconstituted with WT or PAR1-/- 

bone marrow for 2 months prior to infection with H. pylori. (a) Two months post-

infection, stomachs were removed and H. pylori colonization determined by colony-

forming assay. Mice reconstituted with PAR1-/- bone marrow had significantly less H. 

pylori colonization than WT controls reconstituted with WT bone marrow (*ANOVA). 

(b-d) Severity of inflammation was scored histologically for cell infiltrate (0-6) and 

atrophy (0-3). (b) and (c) show cell infiltrate and atrophy scores for separate groups, 

while (d) presents scores with all mice grouped according to the genotype of their bone 

marrow donor. Mice reconstituted with PAR1-/- bone marrow developed more severe 

atrophic gastritis than those receiving WT bone marrow (*Mann-Whitney). Boxplots 

present the median (horizontal bar), interquartile range (box) and 10th and 90th percentiles 

(bars). Representative pictures of histology are shown of typical infected mice 

transplanted with (e) wildtype bone marrow and (f) PAR1-/- bone marrow. Bars represent 

200 µM. 
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Figure 2: PAR1 suppression of T helper cytokines in gastric tissues from mice with 

acute H. pylori infection 

(a-c) Cytokine levels in the gastric mucosa of WT or PAR1-/- mice, either uninfected 

(n=3) or infected (n=4) with H. pylori for 1 week, were quantified by ELISA. (d) Sera 

collected from WT and PAR1-/- mice infected with H. pylori for 2 months (n=8) were 

analysed by ELISA for IgG subclass antibody response. Uninfected control levels were 

subtracted. Box-plots present the median (horizontal bar), interquartile range (box) and 

10th and 90th percentiles (bars). H. pylori infected PAR1-/- mice had significantly greater 

levels of gastric IFNγ and IL-17A, and serum IgG2c compared to infected WT controls 

(*ANOVA). IL-10 levels were not significantly different (n.s.). 

 

Figure 3: Immune cell infiltration in H. pylori infected PAR1-/- mice 

Gastric cells perfused from the stomachs of uninfected (n=4) and 1 week H. pylori 

infected (n=5/6) wildtype and PAR1-/- mice were analysed by flow cytometry.  

a) Identification of immune cell subsets was as illustrated: Th cells were 

CD45+CD4+CD19-, B cells were CD45+CD4-CD19+, neutrophils were 

CD45+Ly6G+CD11b+, macrophages were CD45+Ly6G-CD11b+MHC-II+,CD19- (filled 

histogram = anti-CD19. Empty histogram = control cells without anti-CD19 antibody.  

b) Increased cell infiltration in infected PAR1-/- mice (ANOVA). 
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Figure 4: Increased Th1 and Th17 cytokines in lymphoid tissue draining the 

mucosal gastrointestinal tract of H. pylori infected PAR1-/- mice 

Cytokine levels in mesenteric lymph nodes (MLN) of WT or PAR1-/- mice, either 

uninfected (n=4) or infected (n=8) with H. pylori for 1 month, were quantified by ELISA. 

Box-plots present the median (horizontal bar), interquartile range (box) and 10th and 90th 

percentiles (bars). H. pylori infected PAR1-/- mice had significantly greater levels of 

lymphoid IFNγ and IL-17A compared to infected WT controls (*ANOVA), but not other 

cytokines tested. 

 

 

Figure 5: Increased efficacy of vaccinations against H. pylori in PAR1-/- mice 

WT or PAR1-/- mice (n=8) were orally vaccinated against H. pylori. Unvaccinated 

controls were sham-treated with PBS. Four weeks post-vaccination, mice were 

challenged with live H. pylori and samples collected a further four weeks later. Box-plots 

present the median (horizontal bar), interquartile range (box) and 10th and 90th percentiles 

(bars).  

(a) serum and (b) intestinal anti-H. pylori antibody responses were quantified by ELISA. 

Vaccinated/challenged PAR1-/- mice had a significantly greater serum and intestinal 

IgG2c response than WT controls (*ANOVA).   

(c) Efficacy of vaccination was determined by colony-forming assay. Vaccination of both 

WT and PAR1-/- mice resulted in a significant reduction in H. pylori colonization, as 

compared to unvaccinated controls (*ANOVA).  The percentage of protective immunity 

induced by vaccination of individual WT and PAR1-/- mice was calculated using the 
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following formula: [100-(CFU of vaccinated mouse/Median of unvaccinated control 

group)]x100. The percentage reduction of H. pylori colonization in vaccinated PAR1-/- 

mice was significantly greater than that resulting from vaccination of WT mice (*Mann-

Whitney). 

 

 

Figure 6: PAR1 mediated suppression of Th1 and Th17 cytokine production is 

preceded by inhibition of IL-12 and IL-23 secretion  

Splenocytes from WT mice (n=7) were stimulated with H. pylori SS1. After 18 and 24 

hours, cytokines secreted into supernatants were quantified by ELISA, with background 

levels from unstimulated cultures subtracted. Addition of a PAR1 activating, but not a 

control scrambled peptide, significantly reduced cytokine secretion (*ANOVA). Data 

presented are from one of three similar experiments. Box-plots present the median 

(horizontal bar), interquartile range (box) and 10th and 90th percentiles (bars). 
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Figure 7: PAR1 activation suppresses macrophage secretion of IL-12 and IL-23 

(a) Bone marrow-derived DCs and (b) peritoneal macrophages from WT mice (n=4) were 

stimulated with H. pylori SS1 for 12 or 18 hours, then secreted cytokines quantified by 

ELISA. Addition of a PAR1 activating (TF), but not control scrambled (FT) peptide, 

significantly reduced cytokine secretion by macrophages (*p<0.05, **p<0.01; ANOVA) 

but not DC. Data shown are representative of a) six and b) two experiments performed.  

(c) Splenocytes from WT mice (n=4) were stimulated with H. pylori SS1 for 24 hours, 

with or without PAR1 activating peptide and recombinant IL-12 (rIL-12) at 5 or 10 

µg/mL. The inhibitory effects of PAR1 activation on H. pylori induced secretion of IFN 

(*ANOVA) was reversed by addition of rIL-12 (#p<0.008 cf H. pylori + PAR1 peptide; 

ANOVA). In parallel cultures within the same experiment, depletion of macrophages 

significantly reduced secretion of H. pylori-induced IFN (^ANOVA). Box-plots present 

the median (horizontal bar), interquartile range (box) and 10th and 90th percentiles (bars). 
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Figure 8: PAR1 regulates IRF5 expression in both the infected gastric mucosa and 

in immune cells 

IRF5 mRNA in PAR1-/- and WT mice and cells was quantified by qPCR in (a) the 

stomachs of uninfected and H. pylori infected mice (n=8); (b) unstimulated peritoneal 

macrophages (n=4) and (c) unstimulated splenocytes (n=7). Data presented are from one 

of two similar experiments. PAR1 deficient cells contained significantly increased IRF5 

levels, even without stimulation (ANOVA).   

(d) Stimulation of splenocytes from WT mice (n=4) with live H. pylori induced a 

significant increase in IRF5 (*ANOVA cf unstimulated controls). The addition of PAR1 

activating peptide, but not a control peptide, specifically suppressed H. pylori induction 

of IRF5 to background levels.  

(e) Gastric macrophages were isolated from the stomach of uninfected (n=3) and 1 week 

infected (n=5) wildtype and PAR1-/- mice by flow cytometry using the parameters 

described in Figure 3 and IRF5 mRNA levels assessed by qPCR. PAR1-/- gastric 

macrophages had significantly higher levels of IRF5 (ANOVA). 

 

 

Figure 9: PAR1 suppresses IRF5 protein expression in immune cells. 

Basal IRF5 protein levels relative to GAPDH were assessed by western blotting in (a) 

splenocytes and (b) peritoneal macrophages. Densitometry values are shown (individual 

mice and median). PAR1-/- cells express significantly higher levels of IRF5 protein than 

WT cells (ANOVA). 
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