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Introduction

The purpose of this study was to identify differentially expressed proteins in salivary glands of the ERdj5 knockout mouse model for Sjögren’s syndrome and to elucidate possible mechanisms for the morbid phenotype development. At the same time, we describe for the first time the sexual dimorphism of the murine submandibular salivary gland at the proteome level.



Methods

We performed Liquid Chromatography/Mass Spectrometry in salivary gland tissues from both sexes of ERdj5 knockout and 129SV wildtype mice. The resulting list of proteins was evaluated with bioinformatic analysis and selected proteins were validated by western blot and immunohistochemistry and further analyzed at the transcription level by qRT-PCR.



Results

We identified 88 deregulated proteins in females, and 55 in males in wildtype vs knockout comparisons. In both sexes, Kallikrein 1b22 was highly upregulated (fold change>25, ANOVA p<0.0001), while all other proteases of this family were either downregulated or not significantly affected by the genotype. Bioinformatic analysis revealed a possible connection with the downregulated NGF that was further validated by independent methods. Concurrently, we identified 416 proteins that were significantly different in the salivary gland proteome of wildtype female vs male mice and highlighted pathways that could be driving the strong female bias of the pathology.



Conclusion

Our research provides a list of novel targets and supports the involvement of an NGF-mediating proteolytic deregulation pathway as a focus point towards the better understanding of the underlying mechanism of Sjögren’s syndrome.
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Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disease that is characterised by monocellular lymphocytic infiltration in secretory tissues, such as the salivary (SG) and lachrymal (LG) glands, which results in reduced secretion of tears and saliva and has a potential for malignant lymphoma development (1, 2). Epithelial cells are considered to be conductors of the immune response in SS (3). Over the last years there have been increasing evidence that in the Endoplasmic Reticulum (ER) of epithelial cells, the disturbance of the protein folding process (ER-stress), which leads to the activation of the Unfolded Protein Response (UPR), plays an important role in the initiation and/or perpetuation of autoimmune responses (4) and has been implicated with SS (5–7).

Our recently established ER-stress related Sjögren’s syndrome animal model of ERdj5 knockout in mice (ERdj5-/-) also strengthens this connection: ERdj5 is a chaperone protein involved in the ER-associated protein degradation (ERAD) pathway and its removal in mice results in the development of pathological characteristics of SS, like salivary gland inflammatory infiltrations, anti-SSA/Ro and anti-SSB/La autoantibodies, xerostomia and a marked predilection towards female individuals (8). ER-stress and an activated UPR signaling are also prevalent within the salivary glands of both the ERdj5-/- mouse model (9) and in human patients (8).

Inadequate UPR and protein misfolding may contribute to autoimmunity through four possible mechanisms: Recognition of misfolded proteins by immune cells, release of neo-autoantigens by cells that are dying from unrecoverable ER-stress, perturbation of immune-tolerance mechanisms and conferring of a survival advantage to auto­reactive cells by upregulating ERAD proteins (10). The ERdj5-/- mouse model has allowed us to explore more specifically these possibilities and elicit plausible mechanisms of the SS-like phenotype in ERdj5-/- mice. Two major categories of identified proteins found through this research offer a compelling model that is explored in this study: The glandular kallikrein family of serine proteases and the nerve growth factor (NGF), which is a substrate of kallikreins.

Kallikreins (KLK) are a family of serine proteases that were first described for their ability to process kininogens to bradykinin and regulate vasodilation/constriction. Two distinct groups of this family were later identified, the plasma and the glandular kallikreins. In mice, a rich subfamily of the kallikrein 1-related proteins -Klk1b(x)s- is phylogenetically closer to the human glandular KLKs 1-3, containing an ortholog for the human KLK1 (the mouse Klk1, also named mGK6, Klk-6 or Klk1b6), and 13 other klk1b(x)s that do not have orthologs in humans (11). Of those proteases, some retain the specificity to cleave Met-Lys and Arg-Ser bonds in kininogen to release Lys-bradykinin. Others have completely different functions, like Klk1b3 and Klk1b4 which are part of the 7S NGF complex, and Klk1b22 which can cleave β-NGF, drastically reducing its binding potential to its receptor. Members of this family with reduced or additional known activities are described in Table 1.


Table 1 | Members of the mouse Kallikrein 1-related proteases with reduced or additional known activities.



NGF was originally described as an essential neurotrophin for the differentiation of the nervous system during development, but it is now recognized as having actions not restricted to the nervous system but also in immune system responses (12). In mice, the most abundant source of NGF are the submandibular salivary glands, where NGF is found mainly as a high molecular weight form, the 7S NGF complex (13). This complex contains the active β-NGF subunit, as well as Klk1b3 (mGK3) and Klk1b4 (mGK4) as the α- and γ- subunits (14–16). β-NGF can interact with its high affinity receptor, TrkA, or a low affinity, p75 receptor (17) to exert its biological activity. These receptors are expressed in many lymphoid organs, and neurotrophins, including NGF, have multiple documented immunomodulatory roles affecting among others the proliferation, differentiation, activation and chemotaxis of mast cells, B-cells, T-cells, monocytes/macrophages and other immune system cells (18). Despite that, information on the function of NGF with respect to SS is still limited.


Aims

The aim of this study was to elicit a deeper understanding of the mechanism which leads to the observed SS-like morbidity in ERdj5-/- mice through the identification of differentially regulated proteins within the afflicted SG tissue. Given the well-established sexual dimorphism that is exhibited in the submandibular salivary glands of mice, which has been described histologically and recently at the transcriptome level, we also aimed to describe it for the first time at the proteomic level, identifying the proteins that are prevalent at different abundances between sexes.




Materials and Methods


Mouse Cohorts

Submandibular salivary gland tissue samples (Figure 1) from twelve male and twelve female mice, aged 7-months, were used in this study, further divided according to their genotype in the following four cohorts: Female 129SV wildtype mice (n=6, cohort name FWT), female 129SV ERdj5 knockout mice (n=6, cohort name FKO), male 129SV wildtype mice (n=6, cohort name MWT) and male 129SV ERdj5 knockout mice (n=6, cohort name MKO). Tissue specimens from these animals had been previously histologically examined for the spontaneous development of inflammatory infiltration, and the 7-month timepoint was found to be when the lesions had been established in the submandibular SG tissues of all knockout animals. All animal experiments were conducted in full compliance to the Directive 2010/63/EU and approved by the Animal Care and Use Committee, Veterinarian Administration, Attiki prefecture (Protocol no. K/1279/11).




Figure 1 | Histological image of mouse submandibular salivary glands and the inflammatory infiltrations in ERdj5 knockout mice. H+E stain. (A) Low magnification reconstruction of whole sublingual (top right side)/submandibular (main tissue) gland sections, illustrating the macroscopic differences between males and females. Original magnification: 25x. (B) Graphical representation of tissue samples. (C) Representative images for all study animals (n=6) under microscopic examination of submandibular gland features. Top Row: Female mice 7 months old. Bottom row: Male mice 7 months old. Inflammatory regions in KO mice are circumscribed with a dashed line. SC: serous cells, MC: mucous cells, D: ductal area, MT: mucous tubule. Original magnification: 200x. (D) Morphometric analysis. For inflammatory information, all tissue area of all animals was examined. For mucous/serous/ductal area quantification, 3 randomly selected microscopic frames were analysed and measured per study animal. For tubule size, 119 (from all male animals) and 153 (for female animals) tubules were measured. Data are presented as mean values ± SEM. Statistically significant differences according to t-test are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.





Tissue Biopsy

The methods used for the acquisition of salivary gland tissue biopsies from the animals used in this study have been previously described (8). Briefly, mice were placed under ketamine/xylazine anaesthesia and operated upon for the excision of various tissue samples, including the submandibular salivary glands. The right submandibular SGs were snap frozen by immersion in dry-ice cold isopentane and stored at -80°C. These samples were used for mass spectrometry, qRT-PCR and western blotting. The left submandibular SGs were fixed in a 4% formaldehyde solution and subsequently processed with standard histology methods for embedding in paraffin blocks and are the samples used in this study for histochemical and immunohistochemical imaging.



Histological Morphometry

Microscopy images of the Haematoxylin-Eosin stained submandibular gland sections of all the study animals were morphometrically analysed using the Image J software (FIJI distribution, Image J version 1.49v) as follows: 25x magnification photos were acquired for capturing and measuring the whole tissue area. These photos were used to reconstruct whole tissue images by collaging them in Adobe Photoshop software (version 21.0.2). 200x magnification photos were also acquired in 3 random fields per animal tissue section for the quantification of mucous cell area, serous cell area, mucous tubule size and duct amount and size. The same slides were scanned at 200x magnification and all fields containing inflammatory infiltrations were captured for the quantification of the amount of inflammatory foci and the total area of inflammation. Regions of interest (ROIs) were drawn in Image J defining the morphology of each measured modality in each image, which was subsequently measured for the determination of its area within the section, after calibrating with image size data for each magnification.



FASP Preparation

For the preparation of salivary gland tissue samples for mass spectrometry analysis, we followed an adjusted method of Filtered Aided Sample Preparation (FASP) based on the Universal sample preparation method for proteome analysis (19). The detailed protocol is described in the Supplementary Methods.



Liquid Chromatography Mass Spectrometry (LC/MS)

The lyophilized samples were reconstituted in 10μL 0.1% formic acid in ddH2O and analyzed through an LTQ Velos pro Orbitrap LC/MS instrument (Thermo Fisher, San Jose, CA) for the identification of peptides and their relative abundances. All tandem mass spectrometry (MS/MS) samples were analyzed using Sequest (Thermo Fisher; version 1.4.0.288). Scaffold (version 4.5.3, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Additional information on the procedures of mass spectrometry is provided in the Supplementary Methods.



qRT-PCR

Total RNA was isolated from the submandibular salivary glands of the same animals whose tissue samples were used for the proteomic analysis (n=6), and first strand cDNA was synthesized from the total RNA. qRT-PCR was performed in duplicates. The gene expression levels were normalized to the housekeeping gene PPIA (20) and calculated using the 2–ΔΔCt method. Detailed protocols and the primer sequences used are listed in the Supplementary Methods.



IHC Visualization

In order to determine whether the proteins that arose as the primary focus of our study (klk1b22 and NGF) were acting within the structures of the salivary gland tissue, in the areas of inflammation, or in other more specific sites within these areas, they were visualized immunohistochemically. Paraffin sections of the left submandibular gland from all mice in all groups (n=6) were stained with primary antibodies against mouse anti-klk1b22 and mouse anti-β-NGF and HRP-conjugated secondary antibodies. The protocol used for immunohistochemistry in this study and the antibodies are described in detail in the Supplementary Methods.



Western Blot

Western blot of protein extracts from all the examined tissues (n=6) was performed in order to validate the difference in abundances between groups of the two main proteins of interest in this study, but also to ensure the protein specificity of the IHC images. Samples containing 30μg of total protein extract were loaded in a bis-acrylamide gel, transferred in a PVDF membrane and blotted against mouse anti-klk1b22 and mouse anti-β-NGF antibodies. The protocol and the antibodies used are detailed in the Supplementary Methods section.



Statistical Analysis

Descriptive statistics on the salivary gland morphometric data were calculated using the GraphPad Prism software v.8.3.0. Group comparisons were also done within GraphPad Prism with unpaired parametric t-tests. The relative abundances of the identified proteins in LC/MS were estimated using both the exponentially modified protein abundance index (emPAI) and the normalized spectral abundance factor (NSAF) in Scaffold software v4.5.3 (see Supplementary Methods). Afterwards, 3 instances of t-tests were performed within Scaffold between group pairs, using the total spectra count, the NSAF calculated relative abundances and the emPAI calculated relative abundances. The group pairs for which protein abundance comparisons were performed where the female wildtype mice vs the male wildtype mice (FWT vs MWT), the female wildtype mice vs the female ERdj5-/- mice (FWT vs FKO) and the male wildtype mice vs the male ERdj5-/- mice (MWT vs MKO). A p value <0.05 in t-tests between groups in either emPAI or NSAF relative abundances was accepted as statistically significant. Additionally, proteins that were found to differ significantly between wild type animals and knockouts in both sexes were compared using a 2-way ANOVA analysis in GraphPad Prism. Group comparisons for the qRT-PCR results were analyzed using unpaired parametric t-tests in GraphPad Prism.



Pathway Analysis

The resulting lists of proteins with significant differences in abundances between groups in these comparisons were further examined, for the determination of candidate targets for the development of a mechanistic model that could underly the observed phenotypic differences. The lists of these proteins were analyzed with the online functional protein association network tool STRING v11.0 (21) at www.string-db.org, as an aid for the identification of pathways and protein relations. In the case of female mice, the list of significantly changed proteins that we analyzed was enriched with β-NGF, which was found in our western blot and immunohistochemical experiments to be indeed downregulated in knockout animals, although its abundance was too small for significant differences to be detected in the mass spectrometry experiments. p values for significantly affected KEGG and reactome pathways were calculated automatically by the STRING tool.




Results


Histology – Sexual Dimorphism

The histological image of the examined tissues showed numerous inflammatory infiltrations in the knockout animals, which were more prominent and extensive in female knockout animals (Figures 1C, D). Furthermore, both wildtype and knockout animals presented a sexually dependent dimorphism regarding the morphology, size and distribution of acini, and the striated ducts. Specifically, males presented a histological image of more numerous and larger mucous tubules, also containing larger cells with more eosinophilic stain. Overall, the male submandibular gland tissue had a significantly higher content in mucous cells. In contrast, in the female tissues the serous acinar cells were significantly more prominent, comprising the most part of the observed tissue, and ducts were smaller, but also significantly more numerous, thus occupying a significantly larger percentage of the tissue area, although individually smaller (Figure 1D).



Proteomic Data

Overall, 1467 proteins were identified in the mouse SG samples. Out of those, 1341 proteins were identified in the SGs of wildtype animals and 1396 in those of knockout animals. Exhaustive lists of the identified proteins and the comparison data of relative abundances between groups are provided in the supplementary spreadsheets (Data Sheet 1: FWT vs FKO, Data Sheet 2: MWT vs MKO, Data Sheet 3: FWT vs MWT). A result summary of the proteomic data group comparisons is visualized in Figures 2, 3 and Supplementary Image 1. In the comparison between FWT and FKO animals, 88 proteins were found to have a significant difference in relative abundances according to our established criteria (Statistical Analysis section). Table 2 is a detailed list of these identified proteins along with the computed group difference t-test p-value. When comparing the relative abundances between MWT and MKO animals, 55 proteins were found to have a significant difference The detailed list of these proteins is illustrated in Table 3. Interestingly, an abundance of proteins that had a significant difference emerged when comparing wildtype male versus female animals, highlighting the already histologically observed sexual dimorphism: 416 proteins were found to have a significant difference (Supplementary Table 1). More than 28% of all identified proteins had a vast variability in their relative abundances between sexes, thus a direct comparison between wildtype and knockout animals disregarding the sex was impractical. Instead, we searched for proteins that were found differing in WT vs KO t-tests for both male and female group comparisons. We found that 12 proteins had significantly different abundances between WT and KO in both sexes. We additionally performed 2-way ANOVA analysis in the resulting list of common proteins with genotype (WT vs KO) and sex (male vs female) as the two variables. Eight of those twelve were indeed strongly validated in the stricter 2-way ANOVA analysis as genotype dependent; for those proteins, ANNOVA revealed a significant difference between WT and KO groups in both sexes (Figure 2). Interestingly, this short list of proteins was populated by multiple Kallikrein-1 peptidase family members: 5 out of the 12 proteins according to t-tests, 4 out of the 8 according to 2-way ANOVA were Klk1s. Out of those, only Klk1b22 was upregulated (Figure 4 and Supplementary Image 2) while all the other Kallikreins (Klk1b1, Klk1b8, Klk1b24 and Klk1b27) were downregulated by the ERdj5 deletion. Notably, Klk1b22 had the highest confidence and the lowest p-value in both sexes between all the identified proteins (p<0.0001 in all metrics in males, p<0.00025 in all metrics in females) and was upregulated by the highest fold-change ratio (>29 fold in males, >26 fold in females). Four additional kallikrein family members have been excluded from this list, although they had significantly different spectra counts in both sexes, but the NSAF and emPAI quantification methods gave confidence values above our threshold for one sex. These were the Klk1b3, Klk1b9 and Klk1b21 proteases which were downregulated in female knockout animals, and Klk1b4 that was downregulated in male knockout animals. Finally, four Kallikrein proteases, namely Klk1b5, Klk1b11, Klk1b16 and Klk1b26 were found with significantly lower abundances in female KO mice while no significant differences were detected in male mice.




Figure 2 | Venn diagram of the protein groups identified by the mass spectrometry proteomic analysis and the subsequent group comparisons. For the groups of proteins that were significantly different between FWT vs MWT, FWT vs FKO and MWT vs MKO animals (t-test p<0.05), the most significant KEGG pathways and reactome pathways for network enrichment in STRING interaction network analysis are listed. Additionally, 2-way ANOVA significance results of the NSAF quantification are presented for the commonly differing proteins (as initially identified by t-test) in both male and female WT vs KO: The spiked symbol indicates the 3 out of the 12 proteins that were not significantly different between sexes. n/s for not significant (p>0.05), *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.






Figure 3 | Comprehensive STRING interaction networks for the proteins that were found in significantly different relative abundances (t-test p<0.05) in the mass spectrometry proteomic data comparisons between FWT vs FKO animals (A) and MWT vs MKO animals (B). Protein nodes are color coded according to their classification based on the most significant biological processes and molecular functions of the network proteins (legend tables). Edge color code in image legend.




Table 2 | Identified proteins with significant differences in computed relative abundances between female wildtype and female knockout animals (FWT vs FKO).




Table 3 | Identified proteins with significant differences in computed relative abundances between male wildtype and male knockout animals (MWT vs MKO).






Figure 4 | Quantitative comparisons of various Kallikrein 1-related proteases in the murine submandibular salivary gland tissue, at the protein level (NSAF and emPAI mass spec quantifications of relative abundances) and at the transcription level (qRT-PCR comparative fold change amounts). All animals in the proteomic analysis (n = 6) were also subsequently analyzed with qRT-PCR. Data are presented as mean values ± SEM. Statistically significant differences according to t-test between FWT vs FKO or MWT vs MKO groups are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.



A Kallikrein interacting molecule and substrate for Kallikrein protease activity is the Nerve Growth Factor (NGF), and more specifically the mouse salivary 7S NGF complex. In our proteomic analysis data, the β-NGF subunit was also significantly downregulated in MKO mice compared to MWT mice according to the NSAF quantification method (Table 3, NSAF p=0.022, 3.3-fold decrease). However, β-NGF in wildtype animals was found at a 20-fold lower abundance in female mice according to NSAF, or at a more moderately, but still significantly decreased abundance according to emPAI (Supplementary Table 1, NSAF p=0.0029, emPAI p=0.0057). This significant difference was probably the reason why β-NGF was detectable at very low levels in FWT mice, and nearly undetectable in FKO mice, thus not producing results of statistical significance in females (Supplementary Sheet 1).



Protein Interaction Network

The analysis of the lists of proteins with significantly different abundances between wildtype and knockout animals with the STRING online analysis tool revealed significant pathways, reactomes and molecular functions of interest. Figure 2 lists the most significant KEGG pathways and reactome pathways that the proteins of interest were found to be part of. The renin-angiotensin system arose as the most significant in both sexes, followed by the endocrine/other factor-regulated calcium reabsorption pathway. Other pathways of significant interest in both sexes included metabolic pathways, inflammatory mediation pathways, the innate immunity system and neutrophil degranulation pathways. Expectedly, ER trafficking and processing pathways were also important but rose on top of the most significant pathway list only in males. The comprehensive networks of all the proteins of interest are graphically illustrated in Figure 3. In both sexes, the most abundant groupings of proteins based on molecular function and biological processes were those with peptidase or hydrolase activity, naturally participating in metabolic and proteolytic functions. β-NGF stands out as a possible connection linking the differentially expressed kallikreins to the rest of the network. At the center of the network in both sexes reside proteins of the Heat shock family, and specifically Heat shock cognate 71 kDa protein (Hspa8) that was significant in both male and female group comparisons, and was linked to β-NGF through 1 intermediate vertex, EGF in males and Ubiquitin-40S ribosomal protein S27a (Rps27a) in females. An alternative connection to β-NGF in females included the intermediary vertex of 40S ribosomal protein SA (Rpsa), which interestingly was also a protein found significantly changed in both males and females, and found to be significantly impacted by sex in our ANOVA analysis. In male mice though, a possible unidentified link prevented it from being connected to the β-NGF node. Regarding other proteins that were significantly changed in both group comparisons, Neprilysin (Mme) was connected through Renin (Ren1) to the kallikrein group in females, but was not part of any network in males. Annexin A11 (Anxa11) did not form part of any network in males, and in females it was a poorly connected node that did not seem to form relationships of significance to the network. Beta globin (Hbb-bs) was not a part of any significant network in any sex. Lastly, Beta-hexosaminidase subunit beta (Hexb) was part of a completely separate network in females, and a blind node in males. Interestingly though, in males, its connection to the network was via DnaJC3 to the central Hspa8. DnaJC3 is a protein belonging to the J-domain family of proteins, as is ERdj5 (DnaJC10).



RT-PCR Quantification of Transcription Levels

After the proteomic analysis of the SG samples, we selected the proteins of highest confidence and interest that differed between groups and proceeded to validate the results with independent methods that would also allow us to determine whether the differences in abundances were due to pre- or post-translational processes. We thus explored the expression profile of selected kallikrein proteases with qRT-PCR. Overall, the results were in agreement to the proteomic results for most of the tested kallikreins apart from some exceptions. Importantly, the differences that had the highest confidence in our proteomic analysis, were indeed confirmed with a high statistical significance at the transcription level: Klk1b22 was again, the only kallikrein found to be upregulated in the KO mice in both sexes, with a bigger than 20-fold change ratio (FWT vs FKO: p=0.04, 22-fold increase. MWT vs MKO: p=0.0033, 99.1-fold increase). The other kallikrein family members with significant results, largely consistent with the proteomic data are Klk1b5, Klk1b9, Klk1b24, Klk1b26 and Klk1b27 (Figure 4). Klk1b5 was downregulated in females (2.35-fold, p=0.0272) like it was at the proteome level, but also in males (2-fold, p=0.0162). The same result was found for Klk1b9, validating the downregulation in females (24.6-fold, p=0.0102) but we also measured a significant difference in males (20.6-fold, p=0.0002). Likewise, the Klk1b26 data validated the downregulation in FKO animals (10.9-fold, p=0.0482) but also showed a downregulation in MKO mice (14.7-fold, p<0.0001). The Klk1b24 data confirmed the downregulation in male mice (2.1-fold, p=0.0209) but did not validate the difference that was detected between female mice in the NSAF protein abundance. Inversely, the Klk1b27 PCR data confirmed the downregulation in FKO mice (4.6-fold, p=0.0064) but did not confirm the downregulation that was found in the MKO by both the NSAF and emPAI abundance quantifications. The results of the rest of the kallikreins that were tested (Klk1b1, Klk1b3, Klk1b4, Klk1b8, Klk1b11, Klk1b16, Klk1b21) are presented in the Supplementary Image 2. Of those, only Klk1b8 failed to validate at the transcription level the highly significant downregulation that was detected in the proteome of FKO mice, but did nonetheless have transcription levels that validated its downregulation in male mice (2.2-fold, p=0.0079).



IHC Visualization of Klk1b22 and β-NGF

Staining salivary glands with antibodies against Klk1b22 and the β subunit of the 7S NGF complex, we visualized the localization of these two proteins within the submandibular SGs of all study animals (n=6) (Figure 5A). Notably, both proteins were localized mainly in the mucous cells and not at all in the serous cells. Additionally, Klk1b22 was localized in the ductal cells, but that was not the case for β-NGF whose staining was exclusive to the mucosa. The inflammatory lesion regions had no positive signal, neither for Klk1b22 nor for β-NGF. In male KO mice, Klk1b22 within the mucous cells localization presented a polarization pattern: The regions of high Klk1b22 signal were in the basal side, oriented towards the ductal lumen and away from the cell nucleus. Such a pattern was not obvious in the WT male animals. Also, this pattern was not noticed in the ductal cells of female mice samples in which the Klk1b22 signal appeared both stronger and uniform. Additionally, in both male and female mice respectively, KO animals had a stronger Klk1b22 signal compared to WT. Although not quantifiable through immunohistochemical imaging, the difference in Klk1b22 abundance between male and female mice could at least in part be attributed to the histological differences between the two sexes, with the submandibular salivary glands of female mice having notably less mucous cells, which were the sources of positive signal, per examined area, but also smaller ducts in general.




Figure 5 | Detection of Kallikrein 1b22 and β-NGF in the murine submandibular salivary gland tissue with antibodies. (A) Representative images (n = 6) of in situ immunohistochemical visualization of kallikrein 1b22 and β-NGF in co-localized paraffin sections of murine salivary glands. All mice within groups presented the same respective staining pattern. Negative control sections were treated with Ab diluent without primary Ab, followed by the secondary Ab incubation, DAB and Hematoxylin staining. Positive signal: Brown, counterstain: Blue, hematoxylin. The black arrows indicate the same tissue regions in different stains, where the positive signal for kallikrein 1b22 coincides with a lack of positive stain for β-NGF. Rightmost column: Increased magnification of these regions for both Kallikrein 1b22 and β-NGF. (B) Representative western blot images (n = 6) for the detection of Kallikrein 1b22 (approximately at 28kD) and β-NGF (approximately at 12kD). Samples for female and male mice were run at individual gels in the case of kallikrein 1b22, and in the same gel but with different exposure times for each sex in the case of β-NGF.



Regarding the staining against the β-NGF subunit in males, the source of positive signal was the mucous cells that were positive for Klk1b22. Interestingly, β-NGF staining also presented a cellular polarization pattern in its localization, but opposite of that of Klk1b22; β-NGF was detected on the apical, nuclear side of the cell, juxtaposed to the basal surface. Moreover, in closely colocalized sections it was apparent that cellular regions with high Klk1b22 signal were negative for β-NGF staining. Also, in MWT animals the β-NGF signal localization was tighter and stronger towards the periphery of the duct, while in MKO animals the staining was fainter and more diffuse. In female wildtype animals the localization pattern was like their male counterparts, with the difference of the relative scarcity and smaller size of the mucous cells due to the observed histological sexual dimorphism. Moreover, staining appeared to be less intense, although it retained the tight localization towards the nuclear-side cellular membrane, distant from the lumen. In female ERdj5-/- animals on the other hand, the β-NGF signal was minimal, restricted to the periphery of some ducts and only in a faint manner if any.



Western Blot Validation

We also performed western blot in order to ensure that there was no nonspecific positive signal that could be interfering in the IHC images, and also as an additional validation of the differences observed in the proteomic analysis and the transcriptional quantification. Indeed, the results of the western blot for Klk1b22 validated its high upregulation in both male and female KO animals, in contrast to WT of both sexes (Figure 5B). Additionally, the difference in Klk1b22 abundance between FKO and MKO mice was observed by the longer exposure time that was needed in order to visualize the bands in female animals (double exposure time). The inverse pattern was observed for β-NGF in the same animals, where WT animals of both sexes had substantially higher amounts of β-NGF compared to the KO animals. Western blot being a substantially more sensitive method, the difference in β-NGF abundance between FWT and FKO animals was evident in the western blots, although it was only hinted at by the IHC images, and not detectable in the proteomic analysis due to the low β-NGF abundance in female mice.




Discussion

In this study we have explored the proteomic profile of the submandibular salivary glands of ERdj5 knockout and wildtype mice of both sexes in order to investigate the molecular basis of the observed SS-like pathology in the ERdj5-/- mouse model. After identifying proteins that are potentially involved in the morbid phenotype, we proceeded to validate those results with independent methods which also provided evidence on the nature of the regulation and the cellular localization of the target molecules. Importantly, since the immunohistochemical detection of the two main proteins of interest in this study was limited to the mucosal and ductal areas of the tissue and not within the inflammatory lesions, the observed differences cannot be attributed to the established different content of immune cells between the groups. These analyses have allowed us to form a working mechanistic model which connects ER-stress to observable differences in the expression of specific proteins that can explain the autoimmune pathology development (Figure 6).




Figure 6 | Schematic representation of our working mechanistic model for the involvement of ERdj5 ablation, ER-stress and kallikrein deregulation in the development of an SS-like phenotype in mice through NGF.



At the same time, this study provides a comprehensive proteomic report for the well-established sexual dimorphism of the murine salivary glands (22). To our knowledge, this is the first study documenting this at the proteome level. Two previous studies have focused on the sexual dimorphism in murine SGs at the transcriptome level, one using microarray analysis (23), and one using RNA deep sequencing (24). The results from the latter study are in notable agreement with our findings, especially regarding the key proteins of interest in our experiments. Specifically, all kallikrein 1b family members that were detected as differing in our study and validated by qRT-PCR were also prominently different in the RNA-seq transcriptome study (24). Additionally, the differential expression of NGF between males and females was a common finding, as was the beta-hexosaminidase subunit beta and two members of the Serpin protease inhibitor family. In the results of the RNA microarray study, there was important agreement with our data on the differential expression of EGF, NGF (higher in males) and Sialyltransferase 4 (higher in females). Overall, it is important that NGF, which arose as a key molecule in our study is also confirmed by both relevant studies in the literature, and that EGF was also confirmed in at least one study. Since these molecules, including the kallikrein protease family, were found to be important factors in the difference between our knockout, SS-phenotype mice and wildtype animals, their differential baseline levels between sexes is a highly plausible explanatory basis for the sexual discrepancy in the prevalence and severity of inflammatory lesions in the SGs of our mouse model, and by extension a possible explanation for the high female bias of Sjögren’s syndrome in the human population.

A similar study that explored the sexually dimorphic proteomic and transcriptomic profile in mouse secreted saliva had the kallikrein protease family prominently different between males and females (25). Notably though, although they detected all the kallikrein 1b members that arose as significant in our study also, they found them in significant higher abundances in females, while our results in the tissue samples have a high confidence of the exact opposite bias, ranging from 3.4 to 23-fold more abundant in males. Our data are in agreement with the secretory data only in the case of Kallikrein 1, which was also of 10-fold lower abundance in males. When focusing on the tissue rather than on the secreted saliva, it is noteworthy that a previous transcriptomic study is in agreement with our proteomic data regarding the sex bias direction (kallikrein 1b family RNA was higher in males) (24). Because as described below, at least some of these proteases have autoantigenic potential, the difference in their SG tissue vs saliva abundance suggests an interesting possibility, that the secretory status of these proteins could be the reason for the observed pathologies in females. It may be the case that male mice retain these proteases within the cellular bounds, while the females tend to secrete them, exposing them to the immune system which may have autoreactive responses towards them.

The Kallikrein 1b protease family that was significant in our study both as major contributor of sex dimorphism but also as key players in the knockout vs wildtype comparisons does not have one-to-one human analogs. This leaves open for investigation the prospect that other proteases, driven by the same ER-stress – NGF mechanisms might serve similar roles in the human pathology. Cathepsin S is such a potential, but not exclusive, target since it has been implicated in antigen presentation and autoimmune reactions including SS (26). A human salivary gland microarray mRNA analysis of SG sexual dimorphism provided some other candidates in the peptidase category, namely beta-secretase 2, signal peptidase complex, endoplasmic reticulum metallopeptidase 1, isoaspartyl peptidase/L-asparaginase, complement factor I, cytosolic carboxypeptidase 2, and STAM-binding protein (27). Although this list might not be exhaustive, due to the microarray nature of the study and the limitation of being able to sample only minor salivary glands in humans, it is still noteworthy that this study found seven proteins whose homologues in our mice were also sexually dimorphic (beta-hexosaminidase subunit beta, lysosomal alpha-mannosidase, pyrroline-5-carboxylate reductase 1, transmembrane 9 superfamily member 2, prohibitin, membrane-associated progesterone receptor component 2 and 4-trimethylaminobutyraldehyde dehydrogenase). Out of those seven, the first three were also found to significantly differ in our WT vs KO comparisons (Figure 3). Also, the closely related transmembrane 9 superfamily member 3 and various other aldehyde dehydrogenases were significantly different between female wildtype vs knockout animals. Overall, out of 7 homologue matches of the human sexual dimorphism proteome, 5 seem to be involved in the inflammatory phenotype of our mouse model. We believe that deeper investigation of those proteins has a great potential to provide significant insights on a complementary pathway to SS pathology to the one we have focused on in this study.

Previous studies have demonstrated that indeed, mouse glandular kallikreins can act as immunomodulatory molecules, enhancing the proliferation of specific lymphocytes while being cytotoxic to others (28). In our experimental data, kallikrein 1b22 stood out not only for the high confidence of the differences between wildtype and knockout animals of both sexes but also for the big fold induction it displayed. Moreover, it was the only member in the kallikrein family to be upregulated, when inversely, every other kallikrein was downregulated in the absence of ERdj5. Importantly, after it had been recognized that subcutaneous injections of salivary or lachrymal gland extracts were able to induce an inflammatory response and an SS-like phenotype in mice (29–31) and rats (32), kallikrein 1b22 has been isolated and identified as the sole extract fragment to be able to induce the SS-like phenotype in rats (33). Also, in the NOD Aec1/Aec2 mouse model for SS, a correlation of local IL-17 sequestration in the salivary gland and the reduction of tissue levels of Klk1b22 has been shown, further strengthening the connection between mechanisms relevant to SS and this particular molecule (34). Although not conclusive, this also implies that our results regarding the implication of kallikreins in the SS phenotype are not mouse strain specific, but may potentially apply to other models of the disease. For these reasons, we focused on this molecule in our subsequent analysis, looking at its potential downstream effects and how they could be leading to the observed immune responses. A plausible scenario is that this molecule can be acting as an autoantigen itself, being recognized by the immune system and eliciting its reaction. Although the mass spec method utilized in this study is not sensitive enough for the thorough analysis of the innate and adaptive inflammatory milieu and its dysregulation in SS, it is interesting that our previous research has demonstrated substantially higher IL-10 and IL-23 levels in aged KO female animals that manifest locally and of IL-18 in the male mice that were included in this study. Systemically, we have also found an age progressing IL-17A upregulation in male KO mice and an upregulation of IL-18 and IL-23 in KO female mice (8). We have additionally identified in the present study a small group of deregulated proteins that are implicated in innate or adaptive immune processes (Supplementary Table 2), although these findings cannot paint a complete picture without further research. Looking at the known functions of Klk1b22, another prospect also stands out, that of its ability to cleave the mature β-NGF (13) (remove 8 N-terminal a.a.) producing a form of β-NGF with > 50-fold less affinity to its TrKA receptor (35). Human NGF has been reported to be able to suppress inflammatory responses through this specific receptor (36). Thus, increased Klk1b22 activity could be driving the inactivation of NGF and its immunosuppressing function, thus enabling aberrant immune responses.

This hypothesis is bolstered by the fact that in the salivary glands of mice, the 7S NGF complex is an α2-β2-γ2 complex in which the β-NGF dimer (the active neurotrophin) is associated with two α-NGF and two γ-NGF subunits (14). The α and γ subunits belong to the glandular kallikrein family of serine proteinases. The α-NGF is an inactive kallikrein serine proteinase, Klk1b4 (mGK4) (16), whereas the γ-NGF subunit is an active serine proteinase, namely Klk1b3, capable of processing the precursor form of β-NGF by cleaving an Arg-Gly dipeptide from the β-NGF C-terminus (15, 37). In our experimental data, the lower amounts of Klk1b3 and other kallikrein 1b family members point to a reduced formation of the 7S NGF complex as a whole. Although the complex’s biological function has been reported to be of a competitive nature to NGF’s binding potential (38–40) by enclosing the active β-NGF in a horse-shoe structure (14), the reduced availability of the α and γ subunits would also leave β-NGF exposed to the proteolytic activity of Klk1b22, and at the same time prevent its C-terminal cleavage by the activity of γ-NGF (Klk1b3). Indeed, we have validated the high-throughput proteomic findings by western blot and by immunohistochemical visualization and confirmed that the increased abundance of Klk1b22 in knockout animals coincides with lower amounts of β-NGF both in males and in females, where in the latter, β-NGF is barely detectable. This inverse correlation also applied to the sub-cellular localization of β-NGF at least in male mice (where the β-NGF signal was visible): The Klk1b22 rich basal cell regions where negative for β-NGF signal, and β-NGF was only detected at the apical side.

The above observations led us to construct a working mechanistic model for the explanation of the observed SS-like phenotype in ERdj5 knockout animals (Figure 6). This model supposes an anti-inflammatory effect of NGF within the tissue in normal conditions, and attributes the increased immune responses and the subsequent inflammatory lesions to the lack of this inhibitory action, in conjunction with an initial auto-reactive stimulus that could be Klk1b22 itself or another autoantigen. The hypothesis that NGF exhibits an anti-inflammatory effect in the tissue is not without controversy, though. In one hand, a plethora of studies suggest that NGF indeed has anti-inflammatory actions, its blocking by antibodies can exacerbate inflammatory reactions (41) and it has been suggested and used as a treating agent (42). Inversely, there are several other studies which, in the serum, synovial fluid, cerebrospinal fluid and tissue samples of patients of various autoimmune diseases find levels of NGF that are either elevated compared to healthy individuals, or even correlated to disease activity (43). This apparent contradiction has been proposed to be due to the nature of NGF of both inciting immune responses, but also activating anti-inflammatory pathways to limit tissue damage (44). In the context of SS, knowledge on the involvement of NGF is limited to two studies in patient sera and one in cultured cells from patients. Serum levels of NGF have been found increased, but this was attributed mainly to its increased production from activated B-cells and chronic inflammation rather as driving force of inflammation (45). A different study did not find significant differences in the serum levels of NGF between patients and controls, but did associate NGF with T-cell activation and hypergammaglobulinaemia (46). Cultured epithelial cells from pSS patients were found to have elevated expression of both β-NGF and its TrkA receptor (47). The local activity of NGF in the salivary glands of SS patients has not yet been investigated.

In our model for the development of the SS-like phenotype in ERdj5 knockout mice, the upregulation of Klk1b22 can have three effects: It can directly reduce levels of β-NGF by cleavage, it may act as an autoantigen triggering immune responses and it also may be responsible for the limited transcription for all the other kallikreins, with which it shares adjacent loci (48). Regardless of the mechanism, the reduced transcription of other kallikreins that are components of the 7S NGF complex may result in its limited abundance in the tissue. This in turn results in reduced inhibitory potential against inflammatory reactions, leading to exacerbated and uncontrolled inflammation. Regarding the upstream triggers that can connect ERdj5 ablation to the increased Klk1b22 expression, it has been established that the absence of ERdj5 induces ER-stress in the murine salivary glands (9). In our proteomic data, heat shock cognate 71 kDa protein (Hspa8) is an ER-stress related molecular chaperone that stands out as significantly downregulated in both male and female knockout animals and was at the center of the ER-stress related STRING networks. This upstream intermediate link has not been explored deeper in this study, but it is a fertile ground for further investigation.

It is interesting that human kallikreins have been also found to differ between SS patients and healthy individuals in several previous studies. Also, in newer, high throughput proteomic and transcriptomic studies, various kallikreins, other proteases and proteins relevant to our results and working model have been found in significant deregulation in SS patients, although they were not the main focus of the specific studies. Specifically, the total kallikrein activity levels have been found elevated compared to healthy donors in SS patients (49, 50). Kallikrein levels in plasma and saliva were also found to be upregulated in SS patients using quantitative methods (51) and have been suggested as SS biomarkers (52). Even more, treatment with a kallikrein inhibitor has produced positive results in a limited number of chronic parotitis patients (53). In a proteomic study, human kallikreins 1, 6 and 11 have been found to have significantly different abundances in the saliva of SS patients, with KLK6 and KLK11 being upregulated in all patient groups vs healthy subjects, and KLK1 being downregulated in patients with high focus score and upregulated in patients with low focus score (54). Similarly, in a transcriptomic study, KLK6 was upregulated in cell lines derived from SS patients with high focus score compared to patients with low focus score (55). Overall, SS patient samples also presented a deregulation, compared to control samples, in various proteases like serpins, MMPs and their inhibitors (55). Another proteomic study found significantly elevated KLK14 in extracellular vesicles (EVs) isolated from whole saliva of non-SS subjects vs. pSS patients (56). The same study found multiple other deregulated proteins in the saliva or tears of SS patients that were either directly homolog or highly similar to significant proteins in our study as well (upregulated DnaJC3, Hspa1a, Annexin A1, Annexin A4 in SS patient EVs from whole saliva and Annexins A4, A6, A9 and Hsp74 in SS patient tear fluid). An earlier proteomic analysis of EVs from the same group had identified multiple proteasome subunit proteins, PDIs, Annexins, and Heat shock proteins deregulated in SS patients, as they were in our mouse model as well (57). A recent study of human minor salivary glands in female pSS patients also found multiple annexins with differential transcription regulation (A6 upregulated, A2, A3, A4, A5, A7 downregulated and the A2 receptor upregulated), deregulated HSPs, along with upregulated proteinases like MMP9 and various serpins (58). Also, a Weighted Gene Co-Expression Network Analysis identified the ER-stress signaling EIF2AK2 as a central hub protein in pathways relevant to SS (59). This complements our previous finding of elevated ER-stress in the salivary glands of SS patients due to increased XBP1s signaling (8), which seems to be a key factor to the disease development.

All the above published findings and our presented data validate the value of the ERdj5-/- mouse model that exhibits highly similar reactions to the human disease and can highlight potential pathways of significance to SS that might have been overlooked. Moreover, the establishment of a solid mechanistic model that can describe a sequence of interactions leading to the inflammatory response in the ERdj5-/- mouse will provide insights for further investigation towards the better understanding of the underlying mechanism in the fight against Sjögren’s syndrome.
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Supplementary Image 1 | Classification of proteins with significant proteomic relative abundance difference in the comparisons between wildtypes and knockouts according to KEGG pathways and reactome pathways in STRING analysis. Results for both sexes are presented. The proteins which were identified with significantly different relative abundances but were not part of any of the specific pathways are not presented.

Supplementary Image 2 | Quantitative comparisons of all Kallikrein 1-related proteases in the murine submandibular salivary gland tissue that were detected and tested in this study but were not presented in a main figure, at the protein level (NSAF and emPAI mass spec quantifications of relative abundances) and at the transcription level (qRT-PRC comparative fold change amounts). Statistically significant differences between FWT vs FKO or MWT vs MKO groups are indicated as *p < 0.05, and **p < 0.01.
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